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Atopy
The impact of environmental factors such as diet and genetic predisposition in the 

development of atopic disorders has been defined in the concept of the atopic 

march [1]. Atopy signifies an inherited hypersensitive state of the immune system 

leading to one or more pathological conditions (e.g., atopic dermatitis, asthma and 

food allergies) triggered by environmental allergens [2]. Starting with eczema and 

decreased skin barrier integrity, the sequential occurrence of atopic disorders in early 

life leads to (persistent) food allergies. A strong association between the severity 

and chronicity of atopic dermatitis in early life and food sensitization via antigen-

presenting cells in disrupted skin has been described [3]. In addition, the absence of 

T helper 1 (Th1)-stimulating infections during immune development leads to a Th2-

skewed response in the gastrointestinal tract of infants and excessive IgE production 

[4]. The epithelial barrier in the gut is exposed to a continuous high food antigen 

load and any disruptions in the integrity can further compromise tolerance induction 

toward food antigens [5].

Food allergy 
Although high-quality data based on oral food challenge-proven food allergies 

in large populations are lacking, the general assumption is that the prevalence of 

food allergies in Western countries has increased over de past decades [6-8]. It has 

been estimated that food allergies affect up to 6% of the European population [9]. 

The number of hospital admissions due to food-induced anaphylaxis has doubled 

in children from 0-14 years of age over the last decades [10]. Moreover, increased 

prevalence of food sensitization and food allergies has been reported in developing 

countries in Asia and Africa that adapt to a Westernized life style and diet [11]. The 

high burden of food allergies on health, social and economic factors stress the need 

to intervene in the progression of food allergies and develop effective and safe 

treatment strategies. 

In case of failure of the ‘default’ specific immunological unresponsiveness toward 

harmless food antigens recognized as oral tolerance, IgE-mediated food allergies 

are initiated upon a first encounter of a (dietary) protein in the intestinal lumen or 

skin and the uptake and processing by antigen-presenting cells (APC). Subsequently, 

APC present specific peptides to naïve CD4+ T cells in the lymph nodes via the 

MHC-T cell receptor complex. Under the influence of IL-4, IL-5 and IL-13, naïve T cells 

differentiate into Th2 cells. Th2 cells activate B cells in the lymphoid tissues resulting 

in class-switching from IgM to antigen-specific IgE production. IgE opsonizes effector 

cells like basophils present in the circulation and tissue-resident mast cells, a process 
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1recognized as sensitization. A secondary encounter of the culprit food with IgE-

opsonized effector cells induces cross-linking of the IgE-FcεRI complexes and initiates 

release of pro-inflammatory mediators into the systemic circulation and peripheral 

tissues [12]. The food allergic response can involve multiple organ systems (e.g., 

gastrointestinal tract, skin, respiratory system and oral cavity) and is characterized by 

various clinical symptoms: nausea, abdominal pain, constipation, diarrhea, skin rash, 

coughing, wheezing, edema and even systemic anaphylaxis [13]. 

Cow’s milk allergy
Among the major food allergens (e.g., peanut, tree nuts, fish, shellfish, hen’s egg, 

soy, wheat and seeds) are cow’s milk proteins. Cow’s milk contains over 25 different 

proteins; however, only a minority shows allergenic properties. Acidification of raw 

milk (pH 4.6 at 20°C) separates two main fractions: the casein proteins accounting 

for 80% and the whey proteins accounting for 20% of the total milk proteins [14]. 

The major allergenic proteins within the casein and whey fractions are αS1-casein, 

α-lactalbumin and β-lactoglobulin [15]. Cow’s milk allergy (CMA) is recognized as 

one of the earliest food allergies observed in newborns. The EuroPrevall birth cohort 

study conducted in 9 European countries recruited 12,049 newborns and followed 

them until 2 years of age (77.5% of the participants). Oral food challenge-proven 

CMA was observed in 0.54% of the infants, with the highest rates observed in the 

Netherlands and the UK (both 1%) [16]. Natural resolution of food allergies typically 

occurs in children suffering from cow’s milk, hen’s egg, wheat and soy allergies, 

whereas allergies against peanut, tree nuts, fish and shellfish are characterized by 

a more persistent phenotype [17]. However, variable resolution rates have been 

reported in cow’s milk allergic infants followed up to three to four years of age in a 

Danish cohort (75%) and a US cohort (19%) of children [18, 19]. It has been reported 

that the rate of natural outgrowth of allergies commonly known to resolve in early 

childhood is slowing down [20]. A Portuguese cohort of cow’s milk allergic infants 

was followed to identify predictive factors of persistence of IgE-mediated CMA: high 

skin-prick-test (SPT) wheal diameter and high levels of specific IgE were associated 

with a reduced likelihood of natural tolerance induction [21]. After 2 years of age, 

none of the IgE-mediated cow’s milk allergic individuals developed tolerance against 

cow’s milk proteins compared to 34% in the non-IgE-mediated cow’s milk allergic 

infants [21]. In addition, earlier age of first clinical signs and the severity of reactions 

to an oral food challenge were shown to be associated with CMA persistence in 

infants up to five years of age [22]. 



General introduction

12

Food allergy management 
Food allergies affect health-related quality of life of both patients and their care-

takers due to dietary and social restrictions and anxiety for accidental exposures on a 

daily basis [23]. Current guidelines to manage food allergies are focused on complete 

allergen avoidance in the diet to prevent clinical symptoms and the administration of 

epinephrine in case of systemic anaphylaxis [24]. Long-term avoidance of specific food 

proteins can cause nutritional deficits and should be monitored carefully, especially 

in young infants with specific dietary requirements. Restoring oral tolerance toward 

food antigens by means of antigen-specific immunotherapy (AIT) has gained more 

interest over the past years and might provide a long-term solution for food allergic 

patients. 

AIT consists of administration of controlled (gradually increasing) amounts of 

allergen on a daily basis to increase the threshold of adverse reactions during 

continuous exposure (i.e., ‘desensitization’). Protection against allergic symptoms 

upon exposure observed after discontinuation of treatment is referred to as 

‘sustained unresponsiveness’ or ‘oral tolerance’ [25]. Several routes of administration 

have been assessed, with the majority of the studies in food allergic patients focusing 

on oral immunotherapy (OIT) and sublingual immunotherapy (SLIT). Evidence for the 

clinical effectiveness of subcutaneous immunotherapy (SCIT) has been provided for 

respiratory allergies (e.g., allergic rhinitis, allergic rhino-conjunctivitis and allergic 

asthma) and insect venom hypersensitivities [26, 27]. A systematic evaluation of 

SCIT to treat allergic asthma indicated improved quality of life and reduced allergen-

specific airway hyperreactivity (AHR); however, an increased risk of local and systemic 

adverse events was reported [28]. Moreover, severe systemic reactions induced by 

SCIT during two peanut allergy trials were common, even though clinical effectiveness 

was suggested [29, 30]. Research into the application of SCIT to treat food allergies 

has shifted to the use of recombinant hypo-allergenic proteins unable to elicit such 

severe adverse events [31]. 

Oral immunotherapy 
The first reported case of OIT to treat a patient suffering from egg-induced 

anaphylaxis has been published in The Lancet in 1908 (A.T. Schofield, “A case of 

egg poisoning”). Gradual desensitization and prolonged maintenance dosing led 

to the recovery of tolerance toward egg proteins. To date, clinical studies provide 

evidence for the efficacy of OIT to treat cow’s milk, peanut and hen’s egg allergies; 

however, long-term protection in the absence of continuous allergen exposure 

remains a challenge [32, 33]. Evaluation of long-term safety of OIT to treat CMA was 
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1conducted in an intervention study with 81 cow’s milk allergic patients aged 5-18 

years. 75% of cow’s milk allergic patients subjected to OIT reacted occasionally and 

mild to the therapy and the treatment protocol was considered safe and efficacious 

for this group. However, 25% of the participants suffered from frequent, more severe 

and unpredictable adverse reactions upon treatment. Reaction persistence during 

treatment was associated with high specific IgE, increased SPT wheal size and 

increased symptom severity scores at baseline food challenges [34]. A systematic 

review and meta-analysis evaluating safety features of OIT trials showed significantly 

more adverse reactions (local and systemic) in the treated patients compared to the 

controls [35]. The current recommendation for treatment of IgE-mediated CMA states 

application under strict medical supervision in a specialized center with access to 

rescue medication in case of systemic anaphylaxis [36]. 

Successful clinical outcomes of OIT trials are associated with characteristic features 

of the antigen-specific immune response. Understanding the immunological 

changes induced by OIT during both desensitization and oral tolerance induction 

will contribute to optimization of the therapeutic approach. Initiation of OIT via 

frequent (low-dose) antigen exposure leads to sub-threshold activation of basophils 

and mast cells primed with specific IgE on surface expressed high-affinity FcεRI. 

Reduced release of granule content is observed despite the presence of high levels 

of specific IgE. Repeated stimulation of murine mast cells was shown to interfere 

with intracellular actin cytoskeleton arrangements with the FcεRI, thereby disabling 

the receptor-induced Ca2+ response needed to initiate degranulation [37]. Low-

level allergen exposure controls responsiveness of effector cells and allows for 

dose escalation needed for the specific modulation of the Th2-mediated allergic 

response [38]. Continued high-level allergen exposure stimulates the differentiation 

of antigen-specific regulatory T cells and B cells (Tregs, Bregs) that target Th2 cell 

functionality and clonal expansion via the production of IL-10 and TGFβ [39, 40]. Treg-

mediated class switching of antibody producing B cells and production of specific 

IgG4 by Bregs, substantially decrease the IgE/IgG4 ratio within months after initiation 

of OIT [41]. Specific IgG4 present in plasma samples of peanut-sensitized but tolerant 

individuals or peanut-allergic patients treated with OIT was shown to inhibit peanut-

induced activation of sensitized basophils and mast cells in vitro. Depletion of IgG4 

in plasma samples could partially restore effector cell activation [42]. Antigen-

crosslinking of IgG subtypes bound to FcγRIIb and IgE bound to FcεRI expressed on 

the mast cell surface composes an inhibitory signal. In addition, IgG4 can bind and 

neutralize free allergens and thus prevent allergen-IgE complex formation on effector 

cells [43]. Long-term OIT results in a reduction in the number of tissue-resident 

mast cells and basophils circulating in the blood stream [44] and ensures sustained 
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unresponsiveness in a higher proportion of OIT-treated subjects [45]. A 6-year follow-

up of OIT-treated individuals indicated that prolonged continuous allergen exposure 

is associated with the achievement of sustained unresponsiveness, irrespective of low 

(300 mg protein) or high (2 g protein) maintenance dosing [46]. Despite elaborative 

research into immunological mechanisms underlying OIT, knowledge gaps remain. 

We need an in-depth understanding of both local and systemic immune mechanisms 

to ensure optimal desensitization and long-term induction of tolerance next to 

ensured safety during and after treatment in each allergic individual. 

Adjunct therapies
The use of immunomodulatory adjuvants (pre- and probiotics, Toll-like receptor 

ligands, modified bacteria expressing allergens, IFNγ) or anti-IgE monoclonal 

antibodies (omalizumab) provides new avenues in the optimization of OIT protocols 

[47]. Adjuvants might suppress the acute allergic response and thereby improve 

the safety and/or contribute to oral tolerance induction and improve the efficacy of 

OIT. Omalizumab was shown to prevent binding of IgE to the FcεRI and FcεRII and 

down-regulates receptor expression by mast cells and basophils [48]. Omalizumab 

treatment prior to and during a relatively rapid desensitization protocol in eleven 

cow’s milk allergic children was accompanied by only mild side effects in 1.6% of 

the total doses provided (2199 doses in total). Although the results needed to be 

confirmed in future placebo-controlled phase II/III trials, the authors concluded 

that omalizumab treatment might improve the safety of OIT and allows for a more 

rapid dose escalation scheme [49]. Additional studies with either cow’s milk, peanut 

or multiple food allergic subjects have found profound benefit of omalizumab 

treatment in rapidity of desensitization, higher maintenance dosing and reduced risk 

of (severe) side effects [50-52]. OIT with omalizumab treatment in three hen’s egg 

allergic children successfully achieved desensitization; however, recurrence of allergic 

symptoms was observed after OIT was continued in the absence of omalizumab [53]. 

Questions remain with regard to the feasibility of long-term omalizumab treatment 

and whether patient safety is ensured upon discontinuation of the injections. 

Oral administration of probiotics in combination with OIT has been studied once 

in a double-blind placebo-controlled randomized trial with 62 peanut allergic 

children. A fixed dose of Lactobacillus rhamnosus CGMCC and peanut protein was 

administered daily for a total of 18 months. Main findings of the study indicate 

successful achievement of sustained unresponsiveness in 82.1% of the subjects 

treated with OIT+probiotics compared to 3.6% in the placebo group upon a double-

blind placebo-controlled food challenge (DBPCFC) performed 2 to 5 weeks after 
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1therapy [54]. Effective desensitization was associated with reduced peanut-specific 

IgE levels, increased peanut-specific IgG4 levels and reduced SPT wheal size. A 

repeated DBPCFC after 4 years of follow-up showed sustained unresponsiveness 

in 58.1% in the OIT+probiotics group compared to 6.7% in the placebo group [55]. 

Further clarification of the additional benefit of probiotic supplementation on OIT 

efficacy is needed, since the study did not include a group with OIT only. Other 

attempts to study improved tolerance induction via oral probiotic administration 

included an open controlled trial in which cow’s milk allergic infants were fed 

extensively hydrolyzed cow’s milk-based infant formula (EHF) either or not combined 

with administration of Lactobacillus rhamnosus ATCC or non-cow’s milk based protein 

formula’s (rice-, soy- and amino-acid-based) which were considered as allergen 

avoidance groups. Tolerance induction rates after 12 months revealed significantly 

elevated tolerance levels in children receiving EHF+probiotics [56]. Although the 

data is limited, co-administration of probiotics or other nutritional compounds with 

immunomodulatory properties comprises a promising approach in the effort to 

optimize OIT protocols for food allergic patients.

Microbiome and fiber fermentation
Immune and metabolic systems are dependent on the availability of specific 

metabolites in the gastrointestinal tract. Human digestion of dietary components 

yields a substantial part of these healthy metabolites; however, an important role for 

the microbiome in the production of immunogenic metabolites has been recognized. 

Dietary fiber consists of plant-derived poly- and oligosaccharides resistant to 

enzymatic and chemical digestion during passage in the human digestive tract [57]. 

Dietary fiber is fermented in the human colon by the commensal microbes into short-

chain fatty acids (SCFA), e.g., acetate, butyrate and propionate [58]. In addition to 

carbohydrates, SCFA can be formed after fermentation of dietary proteins and glyco-

proteins. Protein fermentation has suggested detrimental effects on host health, 

since it can simultaneously result in the production of toxic molecules (ammonia, 

amines, phenols and sulfides) [59]. The composition of the diet in combination 

with the abundance and activity of specific bacterial species resident in the colon, 

influence the availability of specific bioactive metabolites and thereby immune 

fitness. SCFA can cross the intestinal epithelial barrier and can interact with immune 

cells resident in the lamina propria via G-protein coupled receptors (GPCR), e.g., 

GPR41, GPR43 and GPR109a and were shown to support Treg differentiation in the 

human colon [60]. SCFA form an essential energy source for colonic epithelial cells 

and influence epigenetic mechanisms via inhibition of histone deacetylases in cell 

nuclei [61]. A limited amount of human studies has shown an association between 
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microbial diversity and the development or natural resolution of food allergies 

[62]. The gut microbiota composition in children suffering from food allergies was 

analyzed by means of high throughput 16S rRNA sequencing and revealed signs of 

microbial dysbiosis associated to gut inflammation compared to healthy controls 

[63]. In addition, cow’s milk allergic infants were shown to have dysbiosis in their 

bacterial profile in faecal samples compared to healthy children [64]. Targeting the 

microbiome via nutritional interventions to support the growth of beneficial SCFA-

producing bacteria might be a promising approach in food allergy management [65].

Biomarkers
Future application of adjunct therapies in combination with immunotherapy 

might benefit from the identification and validation of non-invasive and specific 

biomarkers. To date, immunotherapy trials rely mainly on serum levels of the gold-

standard biomarker allergen-specific IgE, followed by specific IgG4, total IgE and/

or the specific IgE/IgG4 ratio [66]. Immunoglobulin kinetics are used to determine 

patient inclusion criteria, monitor immunotherapy efficacy, determine successful 

(long-term) sustained unresponsiveness and were shown to be associated with safety 

features of highly-reactive patients [67]. Achievement of sustained unresponsiveness 

in egg allergic subjects treated with OIT was associated with lower baseline IgE 

specific for ovomucoid and egg white protein and higher post-treatment levels of 

IgG4 and IgA specific for egg white protein [68]. Recent advances in the biomarker 

field include the identification of a novel functional read-out in human basophils: 

intracellular fluochrome-labeled diamine oxidase expression in allergen-stimulated 

basophils derived from AIT-treated allergic subjects was elevated in comparison to 

non-treated participants with seasonal allergic rhinitis [69]. Transcription factors 

present in dendritic cells or surface expression of specific markers on B cells, T cells 

and innate lymphoid cells are currently under investigation as potential biomarkers, 

since mechanistic insight into both the innate and adaptive immune response during 

AIT rises [70]. Nevertheless, truly confirmed predictive and accessible biomarkers for 

the clinical responsiveness to immunotherapy are lacking to date.

Aim and outline of this thesis
A graphic outline of this thesis is depicted in Figure 1. The overall aim was to investigate 

whether supplementation with nutritional adjuvants can improve the efficacy of AIT 

to treat CMA. We used a pre-clinical murine model of oral food sensitization and 

applied OIT and SCIT to skew the allergic immune response toward a regulatory 

response. Dietary supplementation with non-digestible oligosaccharides or butyrate 
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1was provided with or without OIT. Acute allergic symptoms upon food provocation 

tests were used as primary read-out for immunotherapy efficacy. Furthermore, we 

sought to gain more insight into the underlying mechanisms of desensitization 

and oral tolerance induction via cellular and humoral immunological parameters 

measured in blood, lymph organs and bone marrow and performed microbiome and 

bacterial metabolite analyses on faecal and cecum content samples. Murine models 

can provide valuable mechanistic insight into specific immunological processes 

taking place in non-accessible mucosal sites that are often excluded in human 

studies. We conducted in-depth immunological analyses in blood and tissue samples 

collected at several time points before, during and after the treatment protocol to 

study the kinetics of specific changes induced by OIT. In addition to the in vivo model, 

we performed in vitro experiments to investigate the epigenetic influence of dietary 

interventions on bone marrow-derived immune precursors. Together, the presented 

data of this thesis contribute to the future translation of alternative immunotherapy 

protocols with improved efficacy to treat food allergic patients. 

Figure 1. Graphic outline of this thesis.
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In chapter 2, the influence of environmental factors such as maternal and infant diet, 

breast milk composition, exposure to pathogens, allergenicity of dietary proteins, 

allergen avoidance strategies and the Th2-skewed immune response in newborns 

was described in relation to the development of allergies in early life. Moreover, 

the immunomodulatory properties of probiotics, prebiotics, vitamins and poly-

unsaturated fatty acids (PUFA) in the context of allergy prevention were discussed 

and present the rationale for the main research question of this thesis. 

In order to study immunotherapy efficacy and the potential added benefit provided 

by nutritional interventions, we first developed a murine model of OIT and SCIT to 

treat CMA and peanut allergy (PNA) and investigated the dose of allergen needed to 

suppress acute allergic symptoms and induce immunologic changes as observed in 

human studies of AIT in chapter 3. It was shown that both OIT and SCIT effectively 

reduced acute allergic symptoms upon food challenges in the CMA and PNA models. 

Kinetics of allergen-specific immunoglobulins in serum were similar in the CMA and 

PNA models; however, T cell subset analysis and cytokine responses in lymph organs 

showed potential mechanistic differences between the two types of food allergy. 

In chapter 4, we investigated whether supplementation with non-digestible 

oligosaccharides (fructo-oligosaccharides, FOS) could improve the efficacy of OIT in 

the CMA model. The severity of acute allergic symptoms upon local and systemic 

food challenges was reduced in mice treated with the combination of OIT and FOS. 

The challenge-induced increase in allergen-specific IgE observed in sensitized mice 

was absent after OIT+FOS treatment. An adoptive transfer experiment confirmed the 

involvement of antigen-specific CD4+CD25+ Tregs in the allergy protective effect 

induced by OIT+FOS. 

To support future translation of the current approach to human trials, we collaborated 

with system biologists at TNO and performed multi-parameter analyses on the CMA 

and PNA immunotherapy data using Bayesian networks (BN) and topological data 

analysis (TDA) (chapter 5). This innovative approach compared mechanistic features 

of the CMA and PNA studies and contributes to the identification and validation of 

relevant biomarkers. Furthermore, TDA demonstrated a close link between in vivo 

SCFA data (e.g., butyrate, acetate and propionate) and the primary clinical outcomes 

in the CMA model. 

We further explored the relation between the SCFA butyrate and the enhanced 

reduction in allergic symptoms induced by OIT+FOS in chapter 6. Oral butyrate 

administration in combination with OIT reduced acute allergic symptoms and 
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1suppressed effector cell activation (basophils and mast cells). The combination of OIT 

and butyrate enhanced the suppressive activity of spleen-derived Tregs toward bone 

marrow-derived mast cells (BMMC) in vitro. It was concluded that both butyrate and 

FOS administration effectively improved efficacy of OIT in cow’s milk allergic mice 

and are potential candidates for human OIT trials. 

Chapter 7 presents the analysis of the microbial diversity and abundance in faecal 

samples in combination with bacterial metabolite (SCFA) levels in cecum content 

derived from mice treated with OIT+FOS. Relative abundances of specific bacterial 

genera were elevated in mice fed the FOS supplemented diet compared to the control 

diet. BMMC cultured from FOS exposed mice showed reduced expression of the 

FcεRI and c-Kit receptors and were less responsive in an IgE-mediated degranulation 

assay. We observed an increase in the abundance of the dysbiosis-associated 

phylum Proteobacteria in mice subjected to OIT alone and we proposed that FOS 

supplementation could counteract these unwanted inflammation-associated effects 

during treatment. 

To support future application of OIT and FOS supplementation in clinical practice, we 

assessed the value of the gold-standard biomarker allergen-specific IgE in predicting 

the acute allergic response in an in vitro degranulation system in chapter 8. Effector 

cell degranulation observed after sensitization using experimental mouse serum 

and activation with allergen was shown to be associated with in vivo mucosal mast 

cell degranulation upon oral food provocation and correlated to the abundance of 

allergen-specific IgE in serum. 

In chapter 9, we discussed the main findings of this thesis and proposed the potential 

underlying mechanisms of action of the allergy-suppressive effect induced by OIT and 

supplementation with FOS and butyrate. We pointed out the possible adverse effects 

of OIT on gut health and discussed future directions for the presented therapeutic 

strategies to enable translation to humans. Lastly, the thesis was finalized with the 

overall conclusion that the efficacy of OIT can be improved by co-administration of 

nutritional adjuvants with beneficial effects on immune, microbial and intestinal 

features, representing a promising novel approach for human food allergy trials.
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ABSTRACT
The prevalence of food allergies in infants has increased, indicating that the maturation 

of the infant’s immune system and the development of oral tolerance to food antigens 

are hampered. Exposure to an altered Western diet and hygienic living conditions 

appear to skew the infant’s immune response toward an atopic phenotype. Allergen 

avoidance strategies are challenged nowadays and active tolerance induction via 

immunomodulatory food components and/or modified allergens is of key interest. 

Dietary interventions with probiotics, prebiotics, synbiotics, n-3 polyunsaturated fatty 

acids or antioxidants show potential in supporting tolerance induction. Clinical trials 

have provided promising results. However, variation in the timing, dose, duration and 

type of dietary intervention used delay its implementation in early life strategies for 

allergy prevention. Modulation of the infant’s immune response might benefit from 

applying dietary interventions both prenatally as well as postnatally.
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INTRODUCTION
Allergy is a serious health concern that might have life-threatening consequences. In 

recent years there has been a tendency for the number of allergic disorders to increase. 

One group of allergic disorders particularly prevalent in infancy and early childhood 

is food allergy. Estimates show that approximately 8% of children compared with 3-4% 

of adults have food allergies [1, 2]. Together with atopic eczema, food allergy is one of 

the earliest manifestations of the atopic march, which is defined as the progression 

from a food-allergic state in early life to inhalant-triggered hypersensitivity and/or 

asthma later in life [3]. An important characteristic of the allergic sensitization state 

is the presence of allergen-specific immunoglobulin E (IgE) levels at various stages 

of life, including the prenatal period [4]. About 80% of food allergies are triggered 

by proteins such as milk, peanuts, eggs, soybeans, tree nuts, and wheat [5]. The most 

common food allergy, but also the earliest, occurring within the first year of life is cow’s 

milk allergy (CMA). Although early life food allergies are spontaneously outgrown with 

time, those tend to become more persistent. CMA is outgrown in about 85-90% of 

children by age 3 [6], and egg allergy in about 80% by age 5 [7]. However, studies show 

that percentages of spontaneous remission are declining to 79% for CMA and 68% for 

egg allergy by age 16 [8, 9]. Other food allergies, such as peanut and tree nut allergy, 

are more persistent (only 20% might spontaneously resolve) and are associated with 

most life-threatening and fatal anaphylaxis [10, 11]. 

Currently, there is no treatment for food allergy. Both preventive and therapeutic 

approaches in the clinic focus on avoiding the culprit food. In the meantime, research 

has been considerably influenced by the hypothesis that food allergies result from the 

inability to build oral tolerance or from defects in already established oral tolerance 

to the ingested food proteins. Therefore, scientific interest has been intensively 

shifting from the allergen avoidance to the tolerance induction approach. The first 

days of life, or maybe even the time before birth, are considered an important window 

of opportunity for applying preventive strategies to reduce the risk of food allergic 

sensitization. Preventive approaches in this period might be able to interfere with 

the immune system development and maturation in a beneficial way to promote the 

proper establishment of naturally occurring tolerance.

The underlying mechanisms and the etiology are still largely unclear; food allergy 

is believed to rely on a complex interaction between genetic and environmental 

factors. Predisposition, or high-risk status, is considered when at least one first-degree 

relative is diagnosed with allergy. However, many children present with atopic diseases 

early in life even with no family history of allergy [3]. This highlights the importance 

of environmental exposure in early life, especially its considerable implication in food 
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allergy development. One of the most significant exposures for immune maturation in 

early life is the diet. The increasing prevalence of atopic diseases is suggested to relate 

to decline in breast feeding, changes in modern Western diet (e.g., increased intake of 

n-6 over n-3 polyunsaturated fatty acids [PUFA]), and reduction in microbial exposure 

(hygiene hypothesis) [12, 13]. Furthermore, some dietary components are suggested 

to possess beneficial immunomodulatory effects. All of these point to the major role of 

environmental and dietary exposures in the pathogenesis of allergy. It is therefore of 

great interest to consider dietary interventions with specific dietary components or 

supplements with recognized beneficial effects on the immune system for prevention 

strategies in early life. Many dietary components such as breast milk, probiotics, 

prebiotics, synbiotics, n-3 long-chain PUFA (LCPUFA), and antioxidants are currently 

being investigated for their potential effect on altering food allergy outcome. In 

addition, modifying food proteins to reduce their allergenicity might contribute to 

food allergy prevention and oral tolerance induction. Most important, some strategies 

might be applicable not only postnatally, but also prenatally because of the implications 

that certain nutrients in the maternal diet can influence predisposition to allergies via 

epigenetic changes [14, 15].

The gut, the diet, and oral tolerance in early life
The gastrointestinal (GI) tract is the largest immune organ in the human body. In 

early life, it is the central site for natural immune tolerance evolution. Rapidly after 

birth, depending on the method of delivery, the neonatal GI tract is colonized by 

many types of microorganisms. This process takes about a week, but the number and 

composition of the bacteria are relatively unstable during the first year of life [16]. A 

complex interplay between those commensal microorganisms, the mucosal barrier, 

oral exposure to dietary factors, and host-related factors is responsible for maturation 

of the gut-associated lymphoid tissue (GALT) and mucosal immune network [13, 15]. 

The importance of the gut microbiota for the immune response is emphasized in 

studies with germ-free animals that present with abnormal development of Peyer’s 

patches and mesenteric lymph nodes (MLN), together with an impaired resistance 

to infections [17]. Beyond microbiota, mice fed a balanced protein-free diet were 

reported to present with poorly developed GALT, reduced levels of IgG, IgA, and 

lymphocytes, and a predominant Th2-type immune response [18]. Such studies point 

to the importance of exposure to both microbes and dietary antigens for proper 

development and maturation of the immune system in the newborn.



33

2

Inflammatory responses to harmless antigens are undesirable and are prevented 

by the evolution of default homeostatic mechanisms leading to local and systemic 

specific unresponsiveness, also referred to as oral tolerance [19]. This phenomenon 

specifically occurs in the gut and develops after exposure to a dietary antigen via the 

oral route. This highlights the fact that the normal development of oral tolerance is 

strongly antigen-dependent and might require early exposure to food proteins [20]. 

The mechanisms underlying oral tolerance are not yet understood, but some studies 

indicate that they involve induction of anergy or deletion of antigen-specific T cells 

and differentiation of regulatory T cells (Tregs) [21]. The induction of Tregs is facilitated 

by professional antigen-presenting cells (APC) with regulatory properties, such as 

dendritic cells (DC), and suppressive soluble factors, such as interleukin-10 (IL-10) 

and transforming growth factor β (TGFβ) cytokines [22]. The role of Tregs in inducing 

and maintaining oral tolerance is considered crucial. Furthermore, Peyer’s patches 

and MLN are important sites for tolerance induction because they accommodate 

the interactions between DC and naïve T cells [23]. The MLN appear to be the major 

site for mucosal allergen presentation and tolerance induction because lack of MLN 

results in no tolerance development [24]. Other factors such as the availability of the 

antigen, the immune microenvironment, the type and activation status of the APC, 

the intestinal flora, and the age and genetics of the host are essential for tolerance 

development [25, 26].

Although neonates have an immature gut and immunomodulatory network, their 

immune system is considered prone to tolerance induction. Regardless of the Th2-

skewed effector response, it is suggested that any kind of immune response could 

be induced in the neonate if the appropriate conditions are provided [27]. Therefore, 

modifiable factors such as gut colonization and diet in early life can be targeted for 

optimizing immune system maturation and susceptibility to tolerance induction.

Allergens in the diet: from avoidance toward tolerance 
induction
The classical approach for preventing and reducing food allergic reactions is to avoid 

the offending food. Restriction diets and strict allergen avoidance have been applied 

not only to adults but also to infants, neonates, and even fetuses by implementing 

allergic protein avoidance during early life, lactation, and pregnancy [27]. However, 

the dogma of allergen avoidance is currently challenged by increasing interest in 

early life, even prenatal, allergen exposure for its crucial role in tolerance induction.
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Allergens in the maternal diet
Next to early postnatal exposures, prenatal exposure to food allergens may have 

a crucial role in allergy development, and therefore preventive measures during 

pregnancy might prove effective. In utero exposure to food allergens is suggested 

to take place via transplacental transport [28] and/or the amniotic fluid [29]. Reports 

describe that the fetal immune system might be ready for sensitization as early as 

20 weeks of gestation, based on the presence of IgM-positive B cells [30]. Around this 

time, allergen-specific responses to mitogenic and allergenic stimuli have been 

demonstrated in cord blood [31]. Furthermore, allergen-specific IgE has been 

detected at birth and allergic disease has been reported as early as 8 days after birth, 

both of which imply that in utero acquired antigens could initiate fetal lymphocyte 

proliferation and sensitization [32]. Such evidence suggests that mothers should 

avoid allergenic proteins in their diet during pregnancy. However, maternal restriction 

diets during pregnancy have not resulted in protection from food allergy in high-risk 

offspring. On the contrary, adverse effects on the maternal and fetal nutrition together 

with higher, although not significant, risk of preterm delivery and lower birth weight 

were documented [33]. Maternal exposure to food allergens during pregnancy, on 

the other hand, can benefit allergy prevention. Studies in guinea pigs have shown 

that oral antigen exposure not only during pregnancy, but also before conception is 

important for developing tolerance and can prevent postnatal IgE sensitization [32]. 

Mechanistically, this effect could be attributed to the transfer of maternal allergen-

specific IgG, which 1) blocks IgE, 2) suppresses B cells by facilitating the cross-link 

between neonatal FcεRIIb and B cell receptor, or 3) helps antigenic determinants 

destruction by phagocytosis [32]. Results from studies in rats confirm that maternal 

IgG that is passively transferred to the offspring ensures long-lasting suppression 

against IgE sensitization [34].

After birth, there is also a risk that allergens from the maternal diet can be transferred 

during breast feeding. Intact dietary antigens such as bovine β-lactoglobulin (BLG), 

hen’s egg ovalbumin (OVA), gliadin from wheat, and Ara h 1 from peanuts have been 

detected in human breast milk [35]. This implies that mothers should avoid allergens 

during lactation as well. However, maternal restriction diets during lactation have 

failed to prevent food allergy development [33]. Instead, evidence from animal 

studies suggests that maternal exposure to a dietary antigen during lactation 

facilitates antigen-specific tolerance induction [36]. Studies in non-atopic mice 

revealed that combined exposure to allergen and TGFβ in breast milk was necessary 

for the development of Tregs and allergen-specific tolerance in the offspring [16]. In 

contrast, allergen exposure of lactating allergic mice induces tolerance in the offspring 

via antigen-IgG complexes formed in breast milk, rather than TGFβ [37]. The intake 
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of allergenic proteins by pregnant or lactating mothers can influence the immune 

system of the newborn. However, the exact mechanism of oral tolerance induction 

in the child via maternal exposure to allergens or allergen alternatives alone or 

combined with dietary components needs to be clarified.

Allergens in the infant diet
Allergen avoidance in children at risk is an intensive topic of debate. The gold standard 

for primary allergy prevention in high-risk infants is avoidance of allergens. The 

rationale behind this approach is that delaying the introduction of complementary 

feeding and avoiding allergenic foods would reduce the risk of systemic allergic 

responses in the leaky gut of infants whose mucosal immune system is still immature 

[38]. In case of peanuts, this approach was applied for up to age 3 years [39]. However, 

later findings in the field triggered re-evaluation of the practices, and in 2008 it was 

concluded that there is no sufficient evidence to support specific food avoidance and 

complementary feeding delay [40]. In their article, Palmer et al. reviewed older and 

newer (after 2008) birth cohort studies and suggested that early allergen avoidance 

is associated with increased risk of sensitization [38]. This has been further confirmed 

in animal models in which allergen restriction in early life was linked to increased IgE 

sensitization [41]. Studies in humans and animals suggest the existence of alternative 

routes of sensitization in early life, such as via the skin, which could contribute to 

the disruption of normal oral tolerance development [18, 42]. By avoiding mucosal 

allergen exposure in early life, the normal acquisition of tolerance upon oral exposure 

is circumvented and as a consequence the risk of allergen sensitization via the skin is 

increased [18].

In past years, scientific interest has shifted toward immune tolerance induction in early 

life as a prospective preventive strategy. Evidence from animal studies shows that 

the process of oral tolerance is strongly antigen dependent and that exposure to the 

certain antigen during a specific time period might be essential for the process [43]. 

Studies that support early life allergen exposure as an important factor for tolerance 

induction in toddlers have observed that children from families in which a peanut 

snack is consumed early in life are reported to have a low incidence of peanut allergy 

[44]. A key study emphasizing the importance of early introduction to allergenic foods 

in oral tolerance reported a lower peanut allergy rate in Israeli infants fed roasted 

peanut butter products in their first year of life, compared with Jewish infants on a 

restricted diet in the United Kingdom (0.17% vs 1.85%, respectively) [45]. Animal studies 

further suggest that early life exposure to a large amount of allergen is more prone to 

promoting tolerance by means of suppressing IgE responses [46]. To further investigate 
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the potential eff ect of early allergen exposure on tolerance induction and prevention 

of allergic sensitization, a number of randomized controlled trials were started [47, 48].

In general, the strategy of active tolerance induction for food allergy prevention 

shows promising efficacy, but more insight is needed into the proper presentation of 

the allergen (such as form, dose, and timing) that will benefit the natural mechanisms 

of tolerance.

Immunomodulation via dietary interventions
The paradigm for allergen avoidance is being challenged; currently, restriction diets for 

both mother and child are not recommended as long as they are not already diagnosed 

with food allergy. Early dietary interventions for allergy prevention therefore focus on 

alternative protocols or dietary supplements with immunomodulatory properties 

(Figure 1). The underlying reasoning is that such dietary components might be able to 

modulate food allergy development by actively improving immune system maturation 

and supporting natural oral tolerance induction. An important determinant of the 

effi  cacy of dietary interventions aiming to prevent allergy in early life is the timing of 

the supplementation. Most clinical studies focus on dietary interventions after birth, 

but suggestions point to prenatal supplementation as a potential contributor to oral 

tolerance induction.

Breast milk

Epigenetics ?

Food antigens
• Partial hydrolysates
• Tolerogenic peptides?

Dietary components:
• Probiotics
• Prebiotics
• Synbiotics
• N-3 PUFA
• Vitamins

Immunomodulation via:

Maternal diet

Infant diet

Figure 1. Early dietary interventions with immunomodulatory effects.
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Breast milk
In early life, the most important dietary source that offers ideal nutritional, 

immunologic, and physiologic provision for healthy growth and development is 

breast milk. Because the developing immune system of the newborn requires not 

only protective factors against infections but also a suitable microenvironment 

for oral tolerance development, breast milk provides nutrients, growth factors, 

immunomodulatory molecules (e.g., immunoglobulins, lactoferrin, oligosaccharides, 

LCPUFA, cytokines, hormones, antioxidants), and antigens from the maternal diet and 

maternal immune cells [13]. Therefore, additional information on maternal diet and 

its influence on breast milk composition might create new horizons for the use of 

maternal imprinting or epigenetic modifications for allergy prevention strategies.

Hydrolysates
Because it is not always possible to feed an infant exclusively with breast milk, infant 

formulas based on cow’s milk proteins are given in the first months of life. Cow’s 

milk protein formulas are considered to provide infants with 106 times higher oral 

antigenic load compared with breast milk [49]. Modifications of the standard milk 

formulas are necessary to reduce the antigenic load, especially in infants at high risk 

of developing allergy. The most common modifications of cow’s milk proteins are 

enzymatic hydrolysis, heat treatment, and/or ultrafiltration. The goal is to reduce 

the molecular weight, peptide size, and allergenicity of cow’s milk proteins [50]. 

Lower-molecular-weight proteins are normally expected to induce immunological 

tolerance rather than sensitization upon uptake by GALT cells [49]. Depending on 

the cow’s milk protein source, hydrolyzed formulas can be casein-based or whey-

based. In addition, the degree of hydrolysis and the length of the remaining peptides 

classify hydrolysates as partial and extensive. In some cases, even amino acid-based 

formulas are used. Although no clear definitions exist, partially hydrolyzed formulas 

are considered to contain a high percentage of fractions with a molecular weight 

between 3 and 10 kDa, whereas extensive hydrolysates mainly contain peptides of 

less than 3 kDa [49]. Partially hydrolyzed formulas are often used for prevention in 

high-risk babies, whereas extensive and amino acid formulas are recommended for 

infants with a diagnosed food allergy or high risk of anaphylaxis, respectively [51]. 

This reflects the fact that partial hydrolysates contain larger fragments and may still 

induce allergic symptoms. Both partially and extensively hydrolyzed infant formulas 

have been investigated for food allergy prevention in the past decade, and both 

have shown a potential to reduce the risk of developing atopic dermatitis (AD) and 

CMA in high-risk infants compared with standard infant formula [12, 50, 52-55]. Most 

of the effects observed, regardless of their magnitude, have been reported to persist 
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for up to 24 months [49]. Long-term preventive effects of partial whey hydrolysates 

have been monitored after 5 years; they reduced the cumulative number of atopic 

manifestations significantly compared with standard formula [56]. A large clinical 

trial on the preventive effects of partial whey, extensive whey, and extensive casein 

hydrolysates demonstrated that the cumulative allergy-preventive effects on AD of 

both partial whey hydrolysate and extensive casein hydrolysate persist after 6 years 

[55] and 10 years [57].

Not much is known about the mechanisms by which hydrolysates might reduce the 

risk of allergy. In most clinical studies, hydrolyzed infant formulas have been used to 

avoid the sensitizing epitopes, so there is not much information about whether the 

clinical effects could result from active oral tolerance induction. Suggestions are that 

the larger fragments in partial hydrolysates account not only for higher allergenicity 

compared with extensive hydrolysates, but also for the higher immunogenicity 

that might lead to allergy prevention via tolerance induction [58]. Such hypotheses 

have been strongly supported by data from animal studies in which partial rather 

than extensive hydrolysates were demonstrated to induce tolerance to the allergen, 

implying the presence of tolerogenic milk protein fragments or peptides in the former 

but not in the latter one [59-61]. In a more recent study, Van Esch et al. investigated the 

tolerizing capacity of hydrolyzed whey formulas in an animal model of orally induced 

CMA. They not only demonstrated oral tolerance induction after feeding naïve 

mice partial hydrolysate before sensitization, but they also observed an increased 

frequency of Foxp3+ Tregs in the MLN. In addition, they reported that the protective 

effect against allergy development is transferrable to a recipient animal by means of 

an MLN transfer [62].

An important aspect is that most studies testing the capacity of hydrolysates to prevent 

allergic sensitization have been conducted in infants at high risk for allergic disease. 

However, atopic diseases in early life have also been observed in children without a 

family history of allergy. Therefore, the allergy-preventive effect of partial hydrolysate-

based infant formulas might need to be investigated further in a wider group of 

children who are in need of breast feeding supplementation or substitution [49].

Tolerogenic peptides
Pre-exposure to intact allergen via the oral route results in oral tolerance to the 

protein. Previously, we described that partial hydrolysates, although having higher 

residual allergenicity, have better tolerance-inducing capacities than extensive 

hydrolysates. This suggests possible oral tolerance induction by peptide fractions 
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present in the partial hydrolysates. Knipping et al. demonstrated a specific time at 

which protein hydrolysis resulted in peptides possessing reduced IgE cross-linking 

capacity and preserved T cell-activating properties [63]. An attractive approach 

for oral tolerance induction is the selection of specific peptides with tolerogenic 

capacities to supplement protein mixtures with low allergenicity [64]. Tolerogenic 

peptides are relatively small (around 20 amino acids) protein fragments, comprising 

T cell-binding epitopes. In a preventive animal model, it was demonstrated that 

prior intradermal administration of a T cell-dominant αS1-casein peptide results in 

immunologic tolerance in both the T cell and the antibody response to the native 

protein [65]. Focusing on specific peptides from hydrolysates might enhance oral 

tolerance induction via Tregs and also direct the immune system away from Th2 

phenotype and allergic sensitization. A good example of this hypothesis is the study 

of Bogh et al. which showed that co-immunization of intact BLG with BLG-derived 

peptide fragments can reduce the sensitizing capacity of the intact protein [66]. 

This emphasizes that the locations of allergenic and tolerogenic sites on proteins 

might be independent from each other, resulting in the possibility of separating 

tolerogenicity from allergenicity [67]. In a later study, it was shown that appropriate 

selection of peptides with tolerogenic properties after tryptic hydrolysis of BLG and 

their enrichment in a formula reduced the allergic response to the naïve protein in 

a mouse model of CMA [67]. It was indicated that this specific fraction was 50 times 

less allergenic compared with the total BLG hydrolysate. Both intestinal and serum 

antigen-specific IgE were suppressed, whereas delayed-type hypersensitivity and 

proliferative responses were prevented. Another study on tolerogenic peptides from 

BLG reported that early exposure to specific T cell epitope-containing peptides is 

able to prevent the allergic skin response in a murine model of orally induced CMA 

[68]. The tolerogenic potential of one of the peptides was remarkable because it 

suppressed the frequency of Th2 cells while it enhanced Foxp3+ Tregs in the MLN and 

tended to reduce the allergen-specific antibody response.

Regardless of the great potential of this approach to induce immunologic tolerance, 

there are still many questions concerning the underlying mechanisms and the various 

MHC class II molecules expressed on APC of different individuals. This emphasizes 

the need for further research that might lead to a more personalized tolerogenic 

approach to prevention and therapy for food allergies. Furthermore, combining this 

strategy with a tolerizing dietary component might result in even more powerful 

protection against allergy development.
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Probiotics
During pregnancy, the immune system of the infant is skewed toward a Th2-dominant 

profile to reduce the risk of uncontrolled inflammation that could lead to premature 

birth [69]. The balance between Th1 and Th2 cells needs to be restored after birth to 

avoid the development of atopic disorders. Commensal microbes present in the infant 

gut (such as bifidobacteria and lactobacilli) stimulate the maturation of Th1 and 

Treg-mediated immune responses, thereby supporting the development of immune 

homeostasis [70]. A strong association has been found between the development of 

atopic disorders in early childhood, changes in the diet, and microbial colonization 

patterns [15]. Studies on delayed gut colonization describe failure in oral tolerance 

development [71], which suggests that allergen exposure alone is not sufficient 

and healthy gut colonization is necessary for tolerance to both self-antigens and 

allergens [43]. On the other hand, disruption of the microflora by antibiotic treatment 

enhanced the allergic sensitization to peanut protein in a murine food allergy model 

[72]. In line with this, significant differences were found when intestinal microbiota 

composition of healthy infants and infants with atopic disorders were compared [73].

Beneficial microbes ensure mucosal integrity and are involved in maturation of 

the immune system of the infant by inducing oral tolerance [74]. The presence 

of beneficial microbes prevents colonization by exogenous pathogens and 

simultaneously stimulates the production of secretory IgA (sIgA) antibodies by the 

mucosal immune system [75]. Secretory IgA binds to microorganisms in the gut and 

prevents adherence to the mucosal surface, contributing to intestinal homeostasis. 

In allergic diseases, it is suggested that beneficial microbes induce pro-inflammatory 

and regulatory cytokines that favor the development of the Th1 and Treg phenotypes, 

skewing the immune response away from the Th2-mediated allergic phenotype. 

Levels of inflammatory markers were elevated in eczema-free infants receiving 

probiotics, which indicates that a low-grade inflammatory status may reduce the risk 

of developing eczema [76].

Providing a favorable microflora via probiotic supplementation in the diet might be a 

promising strategy to support tolerance induction and suppress the allergic response. 

Probiotics are defined as “live microorganisms which, when consumed in adequate 

amounts, confer a health benefit on the host” [77]. Long-term outcomes of clinical trials 

using probiotic interventions in early childhood are inconsistent in terms of effective 

allergy prevention. A randomized placebo-controlled study performed by Jensen et 

al. used Lactobacillus acidophilus as a supplement during the first 6 months of life in 

a high-risk group of children [78]. After 5 years, all participants were invited to the 

clinic for a diagnosis of eczema, IgE-mediated food allergies, allergic rhinitis, asthma, 

and sensitization to common food and aeroallergens. No significant differences were 
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observed between the placebo group and the probiotic group regarding allergy 

prevalence, indicating that postnatal L. acidophilus supplementation does not provide 

long-term protection against allergic manifestations [78]. Two other clinical studies 

investigated the long-term effects of probiotic supplementation during the last 4 

weeks of pregnancy and the first 6 months of life of the neonate [79, 80]. Kalliomaki 

et al. showed a reduction in the development of eczema during the first 7 years of 

life after both prenatal and postnatal Lactobacillus rhamnosus GG supplementation 

[79]. Kuitunen et al. used a probiotic mixture (L. rhamnosus GG, L. rhamnosus LC705, 

Bifidobacterium lactis Bb12, and Propionibacterium) and found a decrease in IgE-

mediated allergic disorders only in the cesarean-delivered infants and not in the total 

cohort after 5 years of follow-up [80]. Starting probiotic supplementation before birth 

might enhance the efficacy of a probiotic intervention in early childhood [32, 81]. 

Maternal microbial transfer to the offspring might result in imprinting of the microbiota 

of the fetus during a critical window in immune development [82]. A review published 

by Kuitunen regarding clinical trials aimed to prevent eczema with probiotics stated 

that most studies indeed show a protective effect until age 2 [83]. However, the effect 

is highly dependent on the strain used, the timing of supplementation, duration and 

dose, mode of delivery, and allergy risk status of the infant.

Prebiotics
Human milk is composed of several immunomodulatory components that ensure 

optimal maturation of the infant immune system. It also provides beneficial microbes 

that will colonize the infant gut [84, 85]. Furthermore, the growth of beneficial microbes 

such as lactobacilli and bifidobacteria is supported by human milk oligosaccharides 

(HMOS), because they function as a substrate in fermentation by the microbiota [86]. 

In addition, a growing body of evidence suggests that HMOS can interact directly 

with cells of the immune system [86]. The prebiotic effect of HMOS is suggested to be 

of key importance in preventing the onset of atopic manifestations such as eczema, 

food allergies, allergic asthma, and allergic rhinitis in early childhood [87, 88]. Human 

milk contains 10-12 g/L oligosaccharides, which makes them the major component in 

the diet of breast-fed infants after lipids and lactose [89]. Endogenous enzymes active 

in the digestive tract are unable to cleave the specific linkages present in HMOS, 

which explains the finding that they reach the intestine intact [90].

To enhance the immunomodulatory capacity of infant formula, dietary non-

digestible oligosaccharides with specific functional capacities similar to HMOS 

were identified. Non-digestible oligosaccharides include, among others, galacto-

oligosaccharides (GOS) and fructo-oligosaccharides (FOS). Galacto-oligosaccharides 
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are β-galactosidase-linked galactose monomers derived from lactose, whereas FOS 

are obtained from enzymatic hydrolysis of chicory-derived inulin. The degree of 

polymerization is an important factor that determines functional activity; therefore, 

a distinction has been made between short-chain and long-chain oligosaccharides 

[86]. A specific combination of short-chain GOS and long-chain FOS (scGOS/lcFOS 

ratio 9:1) has been studied extensively in both pre-clinical and clinical setup. A 

large prospective randomized double-blind placebo-controlled study with formula-

fed infants at risk of developing atopic manifestations investigated the effect 

of prebiotic supplementation on the development of allergic diseases in early 

childhood. Prevalence of both atopic manifestations and infections was reduced in 

the prebiotic group during the first 6 months of life compared with the placebo group. 

The protective effect was still detectable 5 years after the prebiotic intervention, 

indicating that immune programming in early life has a long-term protective effect 

[88, 91]. The addition of scGOS/lcFOS to infant formula enhanced colonization with 

bifidobacteria and lactobacilli, resulting in an intestinal flora more similar to the one 

in breast-fed infants [92]. Supplementation with scGOS/lcFOS is associated with an 

increase in sIgA production, which indicates that prebiotics can modulate the mucosal 

immune system [93]. Furthermore, an intervention with scGOS/lcFOS in formula-

fed infants resulted in a metabolic profile analogous to breast milk-fed infants [94]. 

Fermentation of non-digestible oligosaccharides by bifidobacteria leads to the 

production of specific short-chain fatty acids (SCFA) and lactate and lowers the pH of 

the GI tract [75]. SCFA are involved in maintaining the epithelial barrier function and 

contribute to oral tolerance induction. Via direct interaction with cells of the immune 

system, SCFA are involved in regulating the inflammatory response [95].

Studies in mice using a dietary intervention with non-digestible oligosaccharides 

showed an enhanced Th1 and Treg response to the expense of Th2 cells in both an 

allergic asthma model and CMA model. The acute allergic response was suppressed 

and a reduction in the number of inflammatory cells was observed [96, 97]. 

Transferring splenocytes from oligosaccharide-treated cow’s milk allergic mice to 

naïve recipient mice could prevent an allergic response. Ex vivo depletion of CD25+ 

Tregs before the splenic transfer inhibited the protective effect, indicating that 

non-digestible oligosaccharides exert systemic effects via the induction of Tregs 

[98, 99]. In vitro studies were conducted to investigate the systemic uptake of non-

digestible oligosaccharides. In the gut, a monolayer of intestinal epithelial cells (IEC) 

forms a barrier between the luminal content and the mucosal tissue and selectively 

allows passage of food antigens into the lamina propria. The HMOS and dietary 

oligosaccharides were able to cross the intestinal epithelium via both receptor-

mediated transcytosis and paracellular transfer through a Caco-2 monolayer [100, 
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101]. Eiwegger et al. showed in an in vitro study that HMOS shifted the Th2-dominated 

profile typically seen in neonates toward a more balanced Th1/Th2 profile as they 

suppressed Th2-type cytokine production by CD4+ T cells in cord blood [102]. Co-

culture experiments using human IEC in combination with human peripheral blood 

mononuclear cells (PBMC) were used to elucidate the immunomodulatory mechanisms 

of scGOS/lcFOS. Incubation with oligosaccharides and a synthetic Toll-like receptor-9 

ligand (based on bacterial CpG DNA) increased the IEC expression and secretion of 

galectin-9 [103]. Galectin-9 is a soluble-type lectin with sugar-binding capacities. 

In addition, galectin-9 is able to bind cells of the adaptive immune system, thus 

enabling IEC to influence the effector response [104]. Increased galectin-9 secretion 

was associated with skewing toward a Th1 and Treg profile and an increase in both 

interferon gamma (IFNγ) and IL-10 production. It could also bind to IgE and prevent 

antigen-IgE complex formation in a rat basophilic leukocyte assay, thus preventing 

degranulation in vitro [105]. Dietary intervention with scGOS/lcFOS increased serum 

galectin-9 levels in a murine model of CMA, which was shown to contribute to the 

suppression of allergic symptoms [106]. The immunomodulatory characteristics of 

non-digestible oligosaccharides, such as their interaction with cells of the GALT 

via galectin-9, are suggested to contribute to tolerance induction and intestinal 

homeostasis in a microbiota-independent manner (Figure 2).

Synbiotics
The beneficial effect of supplementation with either probiotics or prebiotics has led 

to the hypothesis that an additional or synergistic effect could be induced when both 

components are combined. A study performed by Schouten et al. showed that a dietary 

intervention with scGOS/lcFOS and Bifidobacterium breve before sensitization could 

more efficiently reduce the allergic response in cow’s milk allergic mice compared 

with an intervention with either scGOS/lcFOS or B. breve alone [96]. Furthermore, the 

bifidogenic effect of the synbiotic concept was confirmed in a clinical study in which 

infants aged less than 7 months with AD were fed extensively hydrolyzed formula 

supplemented with a synbiotic mixture (scGOS/lcFOS and B. breve) for 12 weeks [107]. 

The prevalence of AD was not influenced by the dietary intervention, but the severity of 

symptoms in infants with IgE-mediated AD was reduced [107]. De Kivit et al. measured 

serum galectin-9 levels at baseline and after the 12-week intervention period and 

found a significant increase in the synbiotic group compared with the placebo 

group [106]. The one-year follow-up of this study showed a reduction in asthma-

like symptoms and asthma medication use in the synbiotic group [108]. However, no 

significant difference was observed between the placebo and the synbiotic group in 

plasma markers of allergy, cytokine profiles after ex vivo restimulation of PBMC, and 
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percentage of Tregs present in the circulation [109]. Another randomized double-

blind placebo-controlled clinical trial conducted by Kukkonen et al. provided high-

risk neonates with a combination of four probiotic strains and GOS during the first 

6 months of life. A reduction in the prevalence of eczema, but not in other allergic 

diseases, was observed after 2 years in the intervention group [110].

Underlying mechanisms of allergy modulation by probiotics, prebiotics, and 

synbiotics are not completely understood; however, both animal and clinical studies 

show promising results in terms of allergy prevention and suppression. Variation in 

protocols, probiotic strains, and type of non-digestible oligosaccharides complicates 

interpretation of the results. Timing of dietary interventions appears to be crucial for 

development of the immune system and intestinal flora of newborns. Even prenatal 

administration of probiotics and prebiotics might prove decisive for the development 

of a healthy gut flora and oral tolerance.

Figure 2. Effects of dietary components on the mucosal immune system. Upon 
sampling antigens, antigen-presenting DC present the proteins to naïve T cells and 
stimulate their differentiation into Th1, Th2 or Tregs. A special subtype of CD103+ DC in the 
lamina propria migrates to the MLN where it converts vitamin A into retinoic acid and in 
the presence of TGFβ induces differentiation of Tregs. Tregs can suppress Th2 effector cells 
and mast cell degranulation and contribute to oral tolerance to the food antigens. Dietary 
components such as B. breve (probiotics), scGOS/lcFOS (prebiotics) and/or n-3 LCPUFA 
might directly interact with adaptive immune cells, induce Tregs or enhance suppression of 
the allergic effector response via galectin-9. MLN, mesenteric lymph nodes; DC, dendritic 
cells; Tregs, regulatory T cells (depicted as Tr); Th1/2, T helper 1/2 (depicted as Th1/Th2); Vit. 
A, vitamin A; TGFβ, transforming growth factor β; B. breve, Bifidobacterium breve; scGOS/
lcFOS, short-chain galacto-oligosaccharides/long-chain fructo-oligosaccharides; LCPUFA, 
long-chain polyunsaturated fatty acids. 
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Polyunsaturated fatty acids
The change in composition of the Western diet involves a reduction of dietary 

fiber and antioxidant intake and an increase in the total intake of fat, all of which 

are suggested to contribute to the development of allergies [111]. In addition, the 

consumption of vegetable oils rich in n-6 PUFA has increased, leading to a rise in the 

n-6/n-3 PUFA dietary ratio. N-6 PUFA consists mainly of linoleic acid (LA), a precursor 

for the long-chain PUFA arachidonic acid (AA). Arachidonic acid can be converted 

into pro-inflammatory eicosanoids (e.g., prostaglandins) by cyclo-oxygenases and 

lipoxygenases [112]. Prostaglandins decrease the production of Th1-type cytokines 

(IFNγ and IL-2) and simultaneously stimulated the production of Th2-type cytokines 

(IL-4 and IL-5) in an in vitro human whole-blood assay [113]. In addition, prostaglandin 

E2 promotes IgE isotype switching in B cells, indicating that an increased intake of 

n-6 PUFA may contribute to an allergic phenotype [114]. N-3 PUFA consists mainly 

of α-linolenic acid (ALA), a precursor for the PUFA-eicosapentaenoic acid (EPA) and 

docosahexaenoic acid (DHA). EPA and DHA are able to replace AA in membrane 

phospholipids and change the structure and functionality of different cell types. T 

cell proliferation and the interaction between T cells and APC can be altered via the 

incorporation of n-3 PUFA into the cell membrane of lymphocytes [115]. Furthermore, 

the conversion of EPA into its metabolite Resolvin-E1 results in a reduced production 

of IL-12 and blocked transfer of inflammatory cells across the intestinal epithelium 

[116]. Interaction with G-protein-coupled receptor 120 present in the cell membrane 

is a possible mechanism of action by which EPA and DHA exert their anti-inflammatory 

effects [117]. In a murine CMA model, partial exchange of n-6 PUFA-rich soybean oil 

by n-3 PUFA-rich tuna oil in the diet largely prevented allergic sensitization in mice 

and enhanced Foxp3+ Tregs in the spleen [118]. Transferring splenocytes or isolated 

CD25+ Tregs from these mice to naïve recipients protected the latter from developing 

CMA [119].

During pregnancy, epigenetic factors such as nutrition and microbial exposure 

influence the immune status of the mother and have an indirect effect on fetal 

immune development [120]. Maternal dietary changes, resulting in an increased 

n-6/n-3 PUFA ratio, are proposed to contribute to a disturbed maturation of the 

neonatal immune system by inducing Th2-type cytokines. Dietary supplementation 

with fish oil rich in EPA and DHA might be involved in restoring immune balance. 

Maternal n-3 PUFA supplementation during pregnancy decreased cord blood levels of 

the Th2 cytokines IL-4 and IL-13 [121, 122]. In another intervention trial with prenatal 

n-3 PUFA supplementation from 20 weeks of gestation until birth, higher proportions 

of n-3 PUFA were found in neonatal erythrocyte membranes combined with reduced 

levels of IL-5, IL-13, IL-10, and IFNγ [123]. However, at 1 year of age no difference in the 



46

Dietary interventions in infancy

frequency of AD was found between the n-3 PUFA and the placebo group, although 

symptoms appeared to be less severe [123]. In another randomized, placebo-controlled 

intervention study, n-3 PUFA supplementation during both pregnancy and lactation 

significantly decreased the prevalence of food allergies and eczema at 1 year of age 

[124]. The preventive effect of fish oil against IgE-mediated disorders was sustained 

even after 2 years of follow-up [125]. Furthermore, allergy prevention by postnatal n-3 

PUFA supplementation in newborns until age 6 months resulted in higher DHA and 

EPA levels in plasma and reduced AA levels in erythrocyte membranes [126]. However, 

clinical outcomes of allergy were not significantly different between the placebo and 

the fish oil group, which indicated that postnatal supplementation with n-3 PUFA 

may not be sufficient to reduce the risk of developing allergies in early childhood. 

The same finding was observed in other postnatal fish oil supplementation studies: 

supplementation to the infant or to lactating mothers did not result in a reduced 

prevalence of allergies later in life [120]. The allergy-preventive effect of n-3 PUFA 

supplementation might depend on the presence of maternal factors involved in the 

development of the immune system in early life.

Antioxidants
Observational studies have linked the intake of dietary antioxidants such as vitamin 

A and its metabolites, vitamin C, D, E, zinc, selenium, and folate, to the prevalence of 

asthma and allergic disorders in early childhood [127]. Allergic disorders are known 

to cause oxidative stress, and it is difficult to define whether a reduced antioxidant 

status is a cause or a consequence of the allergic diseases in infants [128]. A systematic 

review published in 2011 by Patelarou et al. found an association between inadequate 

antioxidant status in utero and during early childhood and the development of allergic 

disorders [129]. Elevated antioxidant concentrations in maternal, child, or cord blood 

serum were related to a decreased prevalence of asthma, wheezing, or eczema during 

early life. A Danish birth cohort included 44,594 mother-infant pairs and examined 

the relationship between maternal intake of vitamins A, E, and K during pregnancy 

and the development of asthma and allergic rhinitis in the offspring during the first 

7 years of life. A weak beneficial effect of vitamin A and E intake during pregnancy on 

the prevalence of allergic rhinitis at a young age was found. In contrast, high vitamin K 

intake was linked to an increased prevalence of asthma [130].

To date, evidence from well-conducted randomized controlled trials is lacking and 

the exact mechanism of action of antioxidants in the development of a balanced 

immune system in neonates has not been clarified. Some studies point to CD103+ 

DC present in the lamina propria that convert vitamin A into retinoic acid, which is 
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essential for the development of Tregs in the MLN and the promotion of a sIgA switch 

of B cells in the presence of IL-10 and TGFβ [131, 132]. The influence of vitamin A and its 

derivatives, the retinoids, on postnatal lymphocyte proliferation and differentiation 

was determined in an in vivo OVA-induced postnatal allergy model in mice. Dams 

were fed a regular diet, a vitamin A-elimination diet, or vitamin A-supplemented diet 

during lactation, and similar diets were fed directly to the pups after weaning. Allergic 

sensitization was induced via a single intraperitoneal OVA injection in 28-day-old pups. 

Vitamin A supplementation was associated with a decrease in the amount of CD4+ 

and CD8+ splenic lymphocytes and significantly enhanced IL-4 and OVA-specific IgE 

concentrations after allergic sensitization. The authors concluded that despite its 

suggested role in Treg induction, vitamin A supplementation of the maternal diet 

during lactation and of the pups’ diet after weaning increased the severity of allergic 

sensitization in the offspring [133].

Animal studies found a positive effect of vitamin E on IgE-mediated atopic disorders, 

and a similar association was found in a human cohort in which the relation between 

vitamin E intake, serum IgE concentrations, and allergic skin sensitization was 

investigated [134]. Vitamin E suppressed the production of IL-4 in peripheral blood 

T cells by blocking transcription factor NF-κB and thus inhibiting activation of the 

promoter sites [135]. An inverse association between maternal vitamin D status during 

pregnancy and the development of asthma and wheezing in early childhood was 

found in several birth cohort studies with more than 750 mother-infant pairs [136]. To 

test the hypothesis whether maternal supplementation with vitamin D from 27 weeks 

of gestation could reduce the prevalence of wheezing at age 3 years in the offspring, 

a randomized controlled trial was conducted. No significant differences were found 

between the vitamin D and control groups for infant wheezing, atopy, or eczema at 

age 3 [137]. On the other hand, high maternal and cord blood vitamin D status was 

positively associated with a risk for the development of food allergies during the first 

2 years of life in infants enrolled in the German LINA birth cohort [138]. These studies 

show conflicting results on allergic outcomes upon vitamin D supplementation, 

revealing both inhibitory and stimulatory properties, depending on the timing and/

or dosing and duration of supplementation [139-141].

Clear evidence from randomized controlled trials is needed to determine the role 

of antioxidants during postnatal immune development and to learn whether 

supplementation during pregnancy and lactation decreases or increases the risk 

of atopic disorders in early childhood. Until safe recommendations can be made, a 

healthy balanced diet is the best way to control the development of allergic diseases 

in infants.
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CONCLUSION
The increasing prevalence of allergic disorders among infants might reflect 

changes in Western diet composition and reduced exposure to microorganisms 

in early childhood. Food allergy is one of the first allergic outcomes developing 

from a Th2-prone state that can progress to respiratory allergies and asthma later 

in life. It is important to intervene as early as possible, even prenatally, to actively 

prevent sensitization to foods and stop the development of the atopic march. 

Early introduction to larger protein fragments or small peptides with tolerogenic 

capacities appears to be an attractive approach for oral tolerance induction and 

allergy prevention. The exposure to food proteins with reduced allergenicity and 

tolerogenic properties might prevent allergic disease development by supporting 

maturation of the neonatal gut and/or by stimulating normal tolerance establishment. 

Clinical trials are needed to further clarify the preventive effect of this approach, and 

might resolve the dilemma of early life exposure to allergenic proteins. Using dietary 

components with immunomodulatory properties as adjuvants is another approach 

to skew the Th2-dominated immune response toward a more tolerogenic response in 

early childhood. Although evidence from clinical trials points to the beneficial effects 

of supplementation with dietary components on prevention of allergic sensitization, 

this approach has not been implemented as an allergy-preventive strategy yet. 

Supplementing the diet with probiotics, prebiotics, n-3 PUFA, or specific antioxidants 

is suggested to support oral tolerance induction and prevent allergy development 

in early childhood. Contradictory findings on some dietary components, such as 

vitamins, emphasize the importance of clarifying the exact window of opportunity 

in early life, before specific recommendations on this approach can be made. Recent 

evidence suggests that dietary interventions should start during gestation because 

maternal factors may influence the development of both the microflora and the 

immune system of the offspring. Epigenetic changes induced by maternal (dietary) 

factors might be needed for lifelong protection against allergic disorders in the infant. 

More clinical trials are needed to confirm the beneficial effects of dietary interventions 

and to promote their use as a strategy for (food) allergy prevention.
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Efficacy of OIT and SCIT in murine CMA and PNA models

ABSTRACT
Background: Antigen-specific immunotherapy (AIT) is a promising therapeutic 

approach for both cow’s milk allergy (CMA) and peanut allergy (PNA), but needs 

optimization in terms of efficacy and safety.

Aim: Compare oral immunotherapy (OIT) and subcutaneous immunotherapy (SCIT) 

in murine models for CMA and PNA and determine the dose of allergen needed to 

effectively modify parameters of allergy. 

Methods: Female C3H/HeOuJ mice were sensitized intragastrically (i.g.) to whey 

or peanut extract with cholera toxin. Mice were treated orally (5 times/week) or 

subcutaneously (3 times/week) for three consecutive weeks. Hereafter, the acute 

allergic skin response, anaphylactic shock symptoms and body temperature were 

measured upon intradermal (i.d.) and intraperitoneal (i.p.) challenge, and mast cell 

degranulation was measured upon i.g. challenge. Allergen-specific IgE, IgG1 and 

IgG2a were measured in serum at different time points. Single cell suspensions derived 

from lymph organs were stimulated with allergen to induce cytokine production and 

T cell phenotypes were assessed using flow cytometry. 

Results: Both OIT and SCIT decreased clinically related signs upon challenge in the 

CMA and PNA model. Interestingly, a rise in allergen-specific IgE was observed during 

immunotherapy, hereafter, treated mice were protected against the increase in IgE 

caused by allergen challenge. Allergen-specific IgG1 and IgG2a increased due to both 

types of AIT. In the CMA model, SCIT and OIT reduced the percentage of activated Th2 

cells and increased the percentage of activated Th1 cells in the spleen. OIT increased 

the percentage of regulatory T cells (Tregs) and activated Th2 cells in the MLN. Th2 

cytokines IL-5, IL-13 and IL-10 were reduced after OIT, but not after SCIT. In the PNA 

model, no differences were observed in percentages of T cell subsets. SCIT induced 

Th2 cytokines IL-5 and IL-10, whereas OIT had no effect. 

Conclusion: We have shown clinical protection against allergic manifestations after 

OIT and SCIT in a CMA and PNA model. Although similar allergen-specific antibody 

patterns were observed, differences in T cell and cytokine responses were shown. 

Whether these findings are related to a different mechanism of AIT in CMA and PNA 

needs to be elucidated.
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INTRODUCTION
Food allergy is an important socio-economic health problem estimated to occur in 

10% of pre-school children (Westernized countries) and 1-2% of adult individuals 

(USA) [1, 2]. Two of the major allergenic foods, peanut- and cow’s milk protein, show 

different disease patterns. Cow’s milk allergy (CMA) is most prevalent during early 

childhood, but is often outgrown [3] while peanut allergy (PNA) is more persistent 

and is the most frequent cause of life-threatening allergic reactions in adults [4]. 

Unfortunately, current treatment options for food allergies are limited, being a strict 

elimination diet and self-administration of epinephrine in case of an anaphylactic 

response. The need for effective and safe therapeutic options has elicited intensive 

research into antigen-specific immunotherapy (AIT) as an active tolerance-inducing 

strategy. 

One form of AIT, subcutaneous immunotherapy (SCIT), is effective and safe in 

respiratory allergies and insect venom hypersensitivities [5-7] and has been 

recognized as the gold-standard immunotherapy method for decades [8]. However, 

to date, SCIT has not been used to treat food allergies due to the high incidence of 

severe side effects in two conducted peanut allergy trials [9, 10]. The less invasive 

alternative, oral immunotherapy (OIT), has been shown to increase the threshold of 

food tolerated in a double-blind placebo-controlled food challenge (DBPCFC) in a 

majority of the subjects in several randomized placebo-controlled clinical trials when 

on therapy [11]. Nonetheless, OIT for food allergy is still an experimental therapeutic 

strategy because of the risk of side effects and accidental symptoms toward a 

previously tolerated dose. OIT in cow’s milk- and peanut allergic children was 

accompanied by persistent adverse reactions during treatment [12, 13]. In addition, 

sustained unresponsiveness to a food challenge after discontinuation of OIT has only 

been demonstrated in a minority of the subjects [14]. This clearly leaves OIT open for 

improvement in both therapy safety and efficacy.

Specific immunological aspects have been suggested to be involved in desensitization 

and the development of clinical tolerance, including a suppressed T helper 2 (Th2) 

cell response [11] and the induction of regulatory T cells (Tregs) [15-17], decreased 

antigen-specific IgE and increased antigen-specific IgG4 levels [18] and effector cell 

unresponsiveness [19] in mice and/or human. Further attempts to link immunologic 

changes induced by AIT to clinical protection have been made using murine models 

of egg allergy. The induction of long-term tolerance was unsuccessful; however, 

significant changes in intestinal gene expression were observed in clinically protected 

mice [20, 21]. In humans, clinical tolerance was associated with hypomethylation of 

the forkhead box protein 3 (Foxp3) locus in Tregs [22].
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The goal of this study was to compare the efficacy of OIT and SCIT and to determine 

the dose of allergen needed to effectively modify parameters of allergy in a murine 

CMA and PNA model.

MATERIALS AND METHODS
Mice
All animal procedures were performed according to governmental guidelines and 

approved by the Ethical Committee of Animal Research of Utrecht University, Utrecht, 

the Netherlands. Specific-pathogen free six-week-old female C3H/HeOuJ mice (n=6-

8/group) were purchased from Charles River Laboratories (L’Arbresle Cedex, France) 

and were fed a peanut- and cow’s milk protein-free standard mouse chow (AIN-93G 

soya, Special Diets Services, Witham, UK). The animals were housed at the animal 

facility of Utrecht University on a 12 h light/dark cycle with unlimited access to food 

and water. 

Reagents
Peanut protein extract (PE) was prepared from raw peanuts (provided by Intersnack 

Nederland BV, the Netherlands) as described previously [23]. Concisely, protein was 

extracted from ground peanut by mixing 150 g of ground peanut with 750 ml of 

20 mM Tris buffer (pH 7.2). After stirring every 10 min for 2 h at room temperature 

(RT), the aqueous fraction was collected after centrifugation (3000 × g for 30 min) 

and subsequently centrifuged at 10,000 × g for 30 min to remove residual traces of 

fat and insoluble particles. The extract contained 30 mg/ml protein as determined 

by Bradford analysis with Bovine Serum Albumin (BSA) as a standard. Whey protein 

powder was provided by Nutricia Research (Utrecht, the Netherlands). Cholera toxin 

(CT) was purchased from List Biological Laboratories Inc. (Campbell, CA, USA).

Experimental design: oral sensitization, 
immunotherapy and challenges
Mice were sensitized intragastrically (i.g.) to whey (20 mg in 0.5 ml PBS) or PE (6 mg 

in 200 µl PBS) using CT (15 μg/mouse) as an adjuvant [23, 24] (day 0, 7, 14, 21 and 

28 for whey and day 0, 1, 2, 7, 14, 21 and 28 for PE) (Figure 1). Sham-sensitized mice 

received CT in PBS alone. One week after the last sensitization (day 42), the mice 

were treated orally (OIT: 0.1, 1, 10 and 100 mg whey or 0.15, 1.5 and 15 mg PE in 

500 µl PBS) for 5 times/week or subcutaneously (SCIT: 2.5, 10 and 25 μg whey or 1, 

10 and 100 µg PE in 200 µl PBS) for 3 times/week, for three consecutive weeks (day 
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42-60). Sham-sensitized and allergen-sensitized control mice were treated i.g. with 

PBS alone. On day 65, all mice were challenged intradermally (i.d.) in both ear pinnae 

with 10 μg whey or 1 µg PE in 20 μl PBS to determine the acute allergic skin response, 

anaphylactic shock symptom scores and body temperature levels. On day 70 and 84, 

i.g. challenges (using 50 mg whey or 15 mg PE in 500 µl PBS) were performed to 

measure mucosal mast cell degranulation in blood samples collected after 30 min. 

After intraperitoneal (i.p.) challenges on day 77 and 91 (using 100 μg whey or 100 µg 

PE in 200 µl PBS) anaphylactic shock symptom scores and body temperature levels 

were measured. At day 92, mice were killed with cervical dislocation and blood and 

organs were collected. 

Figure 1. Experimental set-up of PNA and CMA model. Mice were sensitized i.g. 
to whey, PE or PBS alone in combination with CT (day 0, 7, 14, 21 and 28 for CMA and 
day 0, 1, 2, 7, 14, 21 and 28 for PNA). From day 42, the mice were treated orally for 5 
times/week or subcutaneously for 3 times/week with allergen or PBS alone, for three 
consecutive weeks (day 42-60). On day 65, all mice were challenged i.d. to determine the 
acute allergic skin response, anaphylactic shock symptom scores and body temperature 
levels. On day 70 and 84, i.g. challenges were performed to measure mucosal mast cell 
degranulation. After i.p. challenges on day 77 and 91, anaphylactic shock symptom scores 
and body temperature levels were measured. At day 92, the mice were killed with cervical 
dislocation and blood and organs were collected. PE, peanut extract; CT, cholera toxin; 
SCIT, subcutaneous immunotherapy; OIT, oral immunotherapy; i.d., intradermal; i.g., 
intragastric; i.p., intraperitoneal.



68

Efficacy of OIT and SCIT in murine CMA and PNA models

Acute allergic skin response, anaphylaxis symptom 
score and body temperature after challenge
After AIT, on day 65, all mice were anesthetized using inhalation of isoflurane to 

measure ear thickness in duplicate prior to and 1 h after an i.d. injection with allergen 

in both ear pinnae. Basal ear thickness (μm) was subtracted from the ear thickness 1 

h post-challenge to determine ear swelling as a measure for the acute allergic skin 

response. Body temperature was measured 30 min after the i.d. challenge using a 

rectal thermometer and signs of anaphylaxis were scored according to the method 

described by Li et al. [25]. The anaphylaxis-associated drop in body temperature 

reaches a maximum at time point 30 min after i.d. challenge. In addition, body 

temperature was measured every 10 min after the i.p. challenge on day 77, using a 

rectal thermometer and anaphylaxis was scored at time point 40 min after challenge 

[25]. 

Levels of mMCP-1 and allergen-specific IgE, IgG1, 
IgG2a in serum
Blood samples were collected at nine specific time points during the animal experiment 

(day 35, 50, 63, 65, 70, 78, 84, 92) via cheek puncture and after centrifugation (10,000 

rpm for 10 min) sera were stored at -20°C until further analysis. 

Levels of whey-specific immunoglobulin (Ig) E, IgG1 and IgG2a were determined by 

means of ELISA as described previously [24]. Briefly, 96-wells high-binding plates 

(Costar 3590, Corning Incorporated, Corning, NY, USA) were coated overnight at 4°C 

with 100 μl (20 μg/ml) whey in coating buffer (carbonate-bicarbonate buffer, 0.05 

M, pH 9.6; Sigma-Aldrich Chemicals, Zwijndrecht, the Netherlands). The plates were 

washed (PBS with 0.05% Tween20) and blocked for 1 h (RT) in ELISA buffer (50 mM 

TRIS, 137 mM NaCl, 2 mM EDTA and 0.05% Tween20) with 0.5% BSA. Serum samples 

were diluted and incubated on the plates for 2 h (RT). After washing, 100 μl biotin-

labeled rat anti-mouse IgE, IgG1 and IgG2a (1 μg/ml; BD Biosciences, Alphen a/d Rijn, 

the Netherlands) was incubated for 1.5 h (RT). Subsequently, plates were washed 

and incubated with streptavidin poly horseradish peroxidase (Sanquin, Amsterdam, 

the Netherlands) for 1 h (RT). After washing, a color reaction was initiated by adding 

o-phenylendiamine (Sigma). The reaction was stopped using 4 M H
2
SO

4
 and optical 

density was measured with a Benchmark microplate reader (BioRad, Hercules, CA, 

USA) at 490 nm. 
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PE-specific IgE, IgG1 and IgG2a levels in serum were detected by ELISA as previously 

described [23]. Briefly, for IgG1 and IgG2a, 96-wells high-binding plates (Costar 3590, 

Corning Incorporated, Corning, NY, USA) were coated overnight at 4°C with 10 µg/ml 

PE in PBS followed by blocking 1 h (RT) with 0.5% BSA-ELISA buffer. Serum samples 

were diluted and incubated for 2 h (RT). For detection, AP-coupled anti-IgG1 and 

anti-IgG2a were added for 1 h (RT). Subsequently, 1 mg/ml p-nitrofenylphosphate 

in diethanolamine buffer was used for the color reaction, which was stopped with a 

10% EDTA solution and absorbance was measured at 405 nm using an Asys expert 96 

plate reader (Biochrom, Cambourne, UK). 

To measure PE-specific IgE, 96-wells high-binding plates (Costar 3590, Corning 

Incorporated, Corning, NY, USA) were coated overnight at 4°C with 1 µg/ml rat anti-

mouse IgE (BD Biosciences) followed by blocking for 1 h (RT) with 0.5% BSA-ELISA 

buffer. Serum samples were diluted and incubated for 2 h (RT). Subsequently, PE-DIG 

conjugate solution was added for 1 h (RT). The coupling of DIG to PE was performed 

according to the manufacturer’s instructions. Briefly, the coupled proteins were 

separated on a sephadex G-25 column and labeling efficiency was determined by 

means of spectrophotometry at 280 nm. After incubation for 1 h (RT) with peroxidase-

conjugated anti-DIG fragments, a tetramethylbenzidine substrate (0.1 mg/ml) 

solution was used and the color reaction was stopped with 2 M H
2
SO

4
. Absorbance 

was measured at 450 nm. Concentrations of IgE, IgG1 and IgG2a were calculated in 

arbitrary units (AU) using a standard curve of pooled sera from alum-i.p. whey- or 

PE-sensitized mice.

Mucosal mast cell protease-1 (mMCP-1) was determined by using a mMCP-1 Sandwich 

ELISA kit (Mouse MCPT-1 Ready-SET-Go!® ELISA, eBioscience, Breda, the Netherlands) 

according to the manufacturer’s instructions. Levels of mMCP-1 were determined in 

serum samples obtained 30 min after i.g. challenge.

Analysis of T cell populations using flow cytometry
After collection and homogenization of the spleen (incl. red blood cell lysis) and 

the mesenteric lymph nodes (MLN; only in the CMA model), single cell suspensions 

were used to analyze T cell subsets by flow cytometry. 5-10x105 cells per well were 

collected in fluorescence activated cell sorting (FACS) buffer (PBS containing 0.25% 

BSA, 0.05% NaN
3
 and 0.5 mM EDTA) and plated. The cells were blocked for 20 min 

using PBS containing 1% BSA and 5% fetal calf serum (FCS) in the CMA experiment 

and Fc block (anti-mouse CD16/32 clone 93, eBioscience) in the PNA experiment. 

Subsequently, cells were stained with the following antibodies in FACS buffer for 
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30 min at 4°C: anti-CD4-PerCpCy5.5 (1:100, clone RM4-5), anti-CD25-AlexaFluor 488 

(1:100, clone PC61.5), anti-Foxp3-APC (1:50, clone FJK-16s), anti-CD69-APC (1:100, 

clone H1.2F3), anti-CXCR3-PE (1:50, clone CXCR3-173), anti-CD3e-PerCpCy5.5 (1:100, 

clone 145-2C11), anti-CD8α-PE (1:100, clone 53-6.7), anti-CD4-FITC (1:200, clone RM4-

5), anti-CD25-PE (1:200, clone PC61.5), anti-CD3e-FITC (1:200, clone 145-2C11) from 

eBioscience, anti-T1St2-FITC (1:50, clone DJ8) from mdbioproducts, anti-CD4-FITC 

(1:100, clone RM4-5), anti-CD4-PerCp (1:200, clone RM4-5), anti-CD8α-PerCp (1:100, 

clone 53-6.7), anti-CD4-APC (1:200, clone RM4-5), anti-CD69-PE (1:200, clone H1.2F3) 

from BD Biosciences. Antibody concentrations were individually titrated beforehand 

and isotype controls were used. Dead and/or aggregated cells were excluded based 

on forward/sideward scatter properties. Cut-off gates for positivity were established 

using the fluorescence-minus-one (FMO) technique. Cells stained for extracellular 

markers were fixed using 1% paraformaldehyde and cells stained for intracellular 

Foxp3-APC were permeabilized and fixed using the buffer set purchased from 

eBioscience according to the manufacturer’s protocol. Analysis of the CMA samples 

was performed on the FACS Canto II (BD Biosciences) and Flowlogic software (Inivai 

Technologies, Mentone, Australia). Analysis of the PNA samples was performed on 

the BD Accuri™ C6 flow cytometer and BD sampler software (BD Biosciences). 

Cytokine release after ex vivo stimulation with  
whey or PE
8x105 cells per well in 200 μl derived from spleen and MLN (in CMA model) were 

cultured in U-bottom culture plates (Greiner, Frickenhausen, Germany) using 

RPMI 1640 medium (Lonza, Verviers, Belgium) with 10% FCS, penicillin (100 U/ml)/ 

streptomycin (100 μg/ml) (Sigma) and β-mercaptoethanol (CMA model, 20 μM). 

All cells received either stimulation with culture medium as a negative control, a 

polyclonal stimulation with anti-CD3 (CMA model; 1 μg/ml, clone 17A2, eBioscience) 

or anti-CD3/CD28 (PNA model; 1 μg/ml, clone 145-2C11 and clone 37.51, eBioscience) 

or antigen-specific stimulation with whey (50 μg/ml) or PE (100 μg/ml). Plates were 

incubated for 48 h (anti-CD3 or anti-CD3/CD28) or 96 h (whey or PE) to assess 

production of interleukin (IL)-5, IL-10, IL-13 and Interferon γ (IFNγ) by T cells. Culture 

supernatants were collected and stored at -20°C until further analysis with the Ready-

SET-Go!® ELISA (eBioscience) according to the manufacturer’s instructions.
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Statistics
The acute allergic skin response, body temperature levels, flow cytometry data, 

cytokine concentrations and serum mMCP-1 and immunoglobulin levels are depicted 

as mean ± SEM and were statistically analyzed with GraphPad Prism software version 

6.00 (GraphPad software, La Jolla, CA, USA) using one-way ANOVA and Dunnett’s 

post-hoc test for multiple comparisons to compare the treatment groups with the 

sensitized control animals within each individual experiment. Body temperature 

curves were statistically analyzed using a repeated measures two-way ANOVA and 

Dunnett’s post hoc test for multiple comparisons with matched values. Anaphylaxis 

symptom scores were analyzed using Kruskal-Wallis test for nonparametric data with 

Dunn’s post hoc test. Results were considered statistically significant when p<0.05.

RESULTS 
Reduction in allergic manifestations upon challenge 
with whey or PE in OIT and SCIT mice
The acute allergic skin response, measured as ear swelling after i.d. injection with 

whey or PE, was increased in sensitized mice (whey/PE no IT) compared to sham-

sensitized mice (PBS no IT) (Figures 2A,B). In the CMA model, SCIT reduced the acute 

allergic skin response only at a dose of 10 μg, whereas OIT reduced acute allergic 

skin responses at all dosages (Figure 2A). Furthermore, both SCIT (10, 25 μg) and 

OIT (1, 10, 100 mg) reduced anaphylactic shock symptom scores (Figure 2C). SCIT 

and OIT prevented the characteristic drop in body temperature observed during 

anaphylaxis and this effect appeared to be dose-related (Figure 2D). In the PNA 

model, SCIT (100 μg) and OIT (0.15, 15 mg) reduced the acute allergic skin response 

(Figure 2B). No anaphylactic response was induced after i.d. administration of the 

used PE dosage, therefore no body temperature and anaphylactic shock symptom 

score data were included. The i.p. challenge performed in PE-sensitized mice on 

day 77 indicated protection against clinical responses in a dose-related manner 

after both SCIT and OIT. Both the drop in body temperature (Figures 2G,H) and 

the anaphylactic shock symptom scores (Figure 2I) were significantly reduced in 

all AIT groups. The i.p. challenge performed in the whey-sensitized mice on day 

77 did not show protection against clinical signs, since the used dose of 100 μg 

induced severe anaphylaxis in all groups (data not shown). In addition, a second 

i.p. challenge performed on day 91 in both food allergy models did not induce an 

anaphylactic response in allergen-sensitized control animals (data not shown).  
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To determine the effect of OIT and SCIT on the local effector response in the 

gastrointestinal tract, mMCP-1 concentrations were measured in serum collected 30 

min after i.g. challenge (day 70) (Figures 2E,F). Mast cell degranulation was reduced 

in all treatment groups in the CMA model, except OIT with 0.1 mg whey (Figure 2E). 

A second i.g. challenge (day 84) did not induce detectable mMCP-1 levels in serum 

(data not shown). In PE-sensitized animals, a reduction in mMCP-1 was observed in 

all SCIT groups and the 0.15 mg and 1.5 mg OIT groups (Figure 2F). The second i.g. 

challenge (day 84) showed a similar induction of mMCP-1 in sensitized animals and 

this increase was absent in SCIT (100 μg) and OIT (0.15, 15 mg, data not shown). In 

short, SCIT and OIT induced clinical protection against food challenges in both the 

CMA and PNA model.

A B

DC
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Figure 2. Allergic manifestations evaluated in whey- or PE-sensitized mice after receiving SCIT 
and OIT. (A,B) Acute allergic skin response measured as Δ ear swelling 1 h after i.d. challenge. (C) 
Anaphylactic shock symptom scores determined 30 min after i.d. challenge in CMA model. (D) Body 
temperature measured 30 min after i.d. challenge in CMA model. (E,F) Concentrations of mMCP-1 in 
serum collected 30 min after i.g. challenge. (G,H) Change in body temperature after i.p. challenge in 
PNA model. (I) Anaphylactic shock symptom scores determined 40 min after i.p. challenge in PNA 
model. Data are represented as mean ± SEM n=6-8 mice/group. Statistical analysis was performed 
using one-way ANOVA and Dunnett’s post hoc test for multiple comparisons or a repeated measures 
two-way ANOVA and Dunnett’s post hoc test for multiple comparisons with matched values for 
the temperature curve in (G,H). #p<0.05, ##p<0.01, ###p<0.001, ####p<0.0001 compared to sham 
control. *p<0.05, **p<0.01, ***p<0.001,  ****p<0.0001 compared to whey- or PE-sensitized control. 
OIT, oral immunotherapy; SCIT, subcutaneous immunotherapy; PE, peanut extract; CT, cholera toxin; 
mMCP-1, mucosal mast cell protease-1; IT, immunotherapy.
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Induction of allergen-specific IgE upon challenge 
absent in OIT and SCIT mice
Allergen-specific IgE, IgG1 and IgG2a levels in serum were measured in particular to 

investigate whether OIT and SCIT modulated the humoral response. During and after 

AIT (day 50-63), SCIT increased allergen-specific IgE levels in the PNA model (Figure 

3B) and in the CMA model with a dose of 25 μg (Figure 3A). At day 70, five days 

after the i.d. challenge, the rise in allergen-specific IgE observed in sensitized control 

animals compared to sham-sensitized control animals was absent in the OIT and SCIT 

mice (Figures 3A-D). In addition, OIT with 100 mg whey showed significantly lower 

whey-specific IgE levels compared to the whey-sensitized control group (Figure 3C). 

High dose SCIT and OIT induced IgG1 and IgG2a in the CMA and PNA model (day 

63, Figures 3E-L). The induction of allergen-specific IgG1 and IgG2a was delayed in 

sensitized control mice; an increase was observed after the i.d. challenge (day 70) and 

levels appeared to continuously rise upon repeated challenges (day 70, 78, 84 and 

92). However, allergen-specific IgG1 levels in the SCIT and OIT mice did not further 

increase after day 70/78 (Figures 3E-H) despite the challenges. In summary, the 

data demonstrate that for both allergens OIT and SCIT protect against a challenge-

induced rise in allergen-specific IgE and induced allergen-specific IgG1 and IgG2a 

during immunotherapy.

A
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Figure 3. Allergen-specifi c IgE, IgG1 and IgG2a levels in serum determined by ELISA. (A,B) 
Allergen-specifi c IgE in SCIT groups. (C,D) Allergen-specifi c IgE in OIT groups. (E,F) Allergen-specifi c 
IgG1 in SCIT groups. (G,H) Allergen-specifi c IgG1 in OIT groups. (I,J) Allergen-specifi c IgG2a in SCIT 
groups. (K,L) Allergen-specifi c IgG2a in OIT groups. Data are represented as mean ± SEM n=6-8 
mice/group. Statistical analysis was performed on each individual time point using one-way ANOVA 
and Dunnett’s post hoc test for multiple comparisons. All treatment groups were compared to the 
sensitized control group and signifi cant diff erences were indicated with letters e.g., ap<0.05, aap<0.01, 
aaap<0.001, aaaap<0.0001. In CMA fi gures: a for SCIT 2.5 μg and OIT 0.1 mg, b for SCIT 10 μg and OIT 1 
mg, c for SCIT 25 μg and OIT 10 mg, d for OIT 100 mg and s for sham control. In PNA fi gures: a for SCIT 
1 μg and OIT 0.15 mg, b for SCIT 10 μg and OIT 1.5 mg and c for SCIT 100 μg and OIT 15 mg and s for 
sham control. OIT, oral immunotherapy; SCIT, subcutaneous immunotherapy; IT, immunotherapy; PE, 
peanut extract; i.d., intradermal challenge; i.g., intragastric challenge; i.p., intraperitoneal challenge.
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Shifted T cell profile in lymph organs after OIT  
and SCIT
In the spleen, the percentage of activated Th2 cells (T1St2+CD69+ of CD4+ cells) was 

elevated in whey-sensitized control animals compared to sham-sensitized control 

animals (Figure 4A). OIT (all dosages) and SCIT (10, 25 μg) reduced the percentage 

of activated Th2 cells. This reduction coincided with an increase in the percentage of 

activated Th1 cells (CXCR3+CD69+ of CD4+ cells) in the 25 μg SCIT and 10 mg and 

100 mg OIT groups (Figure 4C) compared to the whey-sensitized control animals. 

In contrast to the CMA model, no difference in the percentage of activated Th2 cells 

was observed in PE-sensitized control animals compared to sham-sensitized control 

animals (Figure 4B). The percentage of activated Th1 cells was decreased in PE-

sensitized mice compared to sham-sensitized mice (Figure 4D). In addition, SCIT and 

OIT with PE (15 mg) increased the percentage of activated CD4+ T cells (CD4+CD69+ 

of CD3+ cells) compared to the PE-sensitized control animals (Figure 4F). 

In the MLN collected in the CMA model, the percentage of CD4+CD25+Foxp3+ Tregs 

was elevated in OIT mice (1, 10 mg) (Figure 4I) compared to whey-sensitized control 

animals. In addition, an increase in percentage of activated Th2 cells in the 10 mg OIT 

group was observed. No effect of OIT and SCIT on the induction of Tregs was found 

in spleen in either the CMA or the PNA model (Figures 4G,H). Briefly, we observed 

differences in the percentages of T cells in the lymph organs of the cow’s milk and 

peanut allergic mice in response to therapy. 

Figure 4. Flow cytometric analysis of T cell populations in the spleen and MLN. 
Cells were gated based on FSC–SSC properties and the Fluorescence-minus-one (FMO) 
technique. (A,B) Percentage of activated Th2 cells (T1St2+CD69+ of CD4+) in spleen. (C,D) 
Percentage of activated Th1 cells (CXCR3+CD69+ of CD4+) in spleen. (E,F) Percentage 
of activated CD4+ cells (CD4+CD69+ of CD3+) in spleen. (G,H) Percentage of Tregs 
(CD25+Foxp3+ of CD4+) in spleen. (I) Percentage of Tregs (CD25+Foxp3+ of CD4+) in MLN 
of CMA animals. (J) Percentage of activated CD4+ cells (CD4+CD69+ of CD3+) in MLN 
of CMA animals. (K) Percentage of activated Th2 cells (T1St2+CD69+ of CD4+) in MLN 
of CMA animals. (L) Percentage of activated Th1 cells (CXCR3+CD69+ of CD4+) in MLN 
of CMA animals. All data are represented as mean ± SEM n=6-8 mice/group. Statistical 
analysis was performed using one-way ANOVA and Dunnett’s post hoc test for multiple 
comparisons. #p<0.05, ##p<0.01, ###p<0.001 compared to sham control. *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001 compared to whey- or PE-sensitized control. PE, peanut extract; 
OIT, oral immunotherapy; SCIT, subcutaneous immunotherapy; IT, immunotherapy.
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Shifted T cell profile in lymph organs after OIT 
and SCIT
In the spleen, the percentage of activated Th2 cells (T1St2+CD69+ of CD4+ cells) was 

elevated in whey-sensitized control animals compared to sham-sensitized control 

animals (Figure 4A). OIT (all dosages) and SCIT (10, 25 μg) reduced the percentage 

of activated Th2 cells. This reduction coincided with an increase in the percentage of 

activated Th1 cells (CXCR3+CD69+ of CD4+ cells) in the 25  μg SCIT and 10 mg and 

100 mg OIT groups (Figure 4C) compared to the whey-sensitized control animals. 

In contrast to the CMA model, no difference in the percentage of activated Th2 cells 

was observed in PE-sensitized control animals compared to sham-sensitized control 

animals (Figure 4B). The percentage of activated Th1 cells was decreased in PE-

sensitized mice compared to sham-sensitized mice (Figure 4D). In addition, SCIT and 

OIT with PE (15 mg) increased the percentage of activated CD4+ T cells (CD4+CD69+ 

of CD3+ cells) compared to the PE-sensitized control animals (Figure 4F). 

In the MLN collected in the CMA model, the percentage of CD4+CD25+Foxp3+ Tregs 

was elevated in OIT mice (1, 10 mg) (Figure 4I) compared to whey-sensitized control 

animals. In addition, an increase in percentage of activated Th2 cells in the 10 mg OIT 

group was observed. No effect of OIT and SCIT on the induction of Tregs was found 

in spleen in either the CMA or the PNA model (Figures 4G,H). Briefly, we observed 

differences in the percentages of T cells in the lymph organs of the cow’s milk and 

peanut allergic mice in response to therapy. 

Figure 4. Flow cytometric analysis of T cell populations in the spleen and MLN. 
Cells were gated based on FSC–SSC properties and the Fluorescence-minus-one (FMO) 
technique. (A,B) Percentage of activated Th2 cells (T1St2+CD69+ of CD4+) in spleen. (C,D) 
Percentage of activated Th1 cells (CXCR3+CD69+ of CD4+) in spleen. (E,F) Percentage 
of activated CD4+ cells (CD4+CD69+ of CD3+) in spleen. (G,H) Percentage of Tregs 
(CD25+Foxp3+ of CD4+) in spleen. (I) Percentage of Tregs (CD25+Foxp3+ of CD4+) in MLN 
of CMA animals. (J) Percentage of activated CD4+ cells (CD4+CD69+ of CD3+) in MLN 
of CMA animals. (K) Percentage of activated Th2 cells (T1St2+CD69+ of CD4+) in MLN 
of CMA animals. (L) Percentage of activated Th1 cells (CXCR3+CD69+ of CD4+) in MLN 
of CMA animals. All data are represented as mean ± SEM n=6-8 mice/group. Statistical 
analysis was performed using one-way ANOVA and Dunnett’s post hoc test for multiple 
comparisons. #p<0.05, ##p<0.01, ###p<0.001 compared to sham control. *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001 compared to whey- or PE-sensitized control. PE, peanut extract; 
OIT, oral immunotherapy; SCIT, subcutaneous immunotherapy; IT, immunotherapy.
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Altered cytokine production after ex vivo stimulation 
of lymphocytes with whey or PE
Cellular activation was confirmed in the control conditions of the ex vivo stimulation 

assay; a significant increase in IL-5, IL-10, IL-13 and IFNγ production was observed in 

all groups after polyclonal stimulation of cultured cells using anti-CD3 (CMA model) 

or anti-CD3/CD28 (PNA model) compared to stimulation with only medium in both 

food allergy models (data not shown). Ex vivo stimulation with whey increased the IL-

5, IL-10 and IL-13 concentration in supernatants of splenocyte cultures derived from 

whey-sensitized control animals (Figures 5A,C,E). OIT (1, 10 and 100 mg) reduced 

the release of IL-5 and IL-13. Except for 100 mg OIT, IL-10 levels remained high in the 

OIT groups. SCIT did not change cytokine levels. The Th1-related IFNγ release upon 

stimulation did not differ among the groups (Figure 5G). In the PNA model, cytokine 

production was affected by SCIT but not by OIT (Figures 5B,D,F,H). Compared to PE-

sensitized control mice, SCIT increased antigen-induced release of IL-5 at 1 and 10 µg 

(Figure 5B) and IL-10 at 10 and 100 µg (Figure 5D). No change in IL-13 production 

was observed in the SCIT groups (Figure 5F). Again, IFNγ release upon stimulation 

did not differ between groups (Figure 5H). Overall, SCIT induced an increase (IL-5, IL-

10) in the PNA model, whereas SCIT in the CMA model did not affect cytokine levels. 

OIT did not affect cytokine production in the PNA model, whereas it reduced Th2-

associated cytokine production in the CMA model. 

Figure 5. Cytokine concentrations after ex vivo stimulation of splenocytes with whey 
or PE determined by ELISA. Splenocytes were cultured for 96 h in the presence of PE, whey 
or medium (medium data not shown). (A,B) IL-5 concentration, (C,D) IL-10 concentration, 
(E,F) IL-13 concentration and (G,H) IFNγ concentration. Data are represented as mean 
± SEM n=6-8 mice/group. Statistical analysis was performed using one-way ANOVA 
and Dunnett’s post hoc test for multiple comparisons. ####p<0.0001 compared to sham 
control. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 compared to whey- or PE-sensitized 
control. PE, peanut extract; OIT, oral immunotherapy; SCIT, subcutaneous immunotherapy; 
IT, immunotherapy. 
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Altered cytokine production after ex vivo stimulation 
of lymphocytes with whey or PE
Cellular activation was confirmed in the control conditions of the ex vivo stimulation 

assay; a significant increase in IL-5, IL-10, IL-13 and IFNγ production was observed in 

all groups after polyclonal stimulation of cultured cells using anti-CD3 (CMA model) 

or anti-CD3/CD28 (PNA model) compared to stimulation with only medium in both 

food allergy models (data not shown). Ex vivo stimulation with whey increased the IL-

5, IL-10 and IL-13 concentration in supernatants of splenocyte cultures derived from 

whey-sensitized control animals (Figures 5A,C,E). OIT (1, 10 and 100 mg) reduced 

the release of IL-5 and IL-13. Except for 100 mg OIT, IL-10 levels remained high in the 

OIT groups. SCIT did not change cytokine levels. The Th1-related IFNγ release upon 

stimulation did not differ among the groups (Figure 5G). In the PNA model, cytokine 

production was affected by SCIT but not by OIT (Figures 5B,D,F,H). Compared to PE-

sensitized control mice, SCIT increased antigen-induced release of IL-5 at 1 and 10 µg 

(Figure 5B) and IL-10 at 10 and 100 µg (Figure 5D). No change in IL-13 production 

was observed in the SCIT groups (Figure 5F). Again, IFNγ release upon stimulation 

did not differ between groups (Figure 5H). Overall, SCIT induced an increase (IL-5, IL-

10) in the PNA model, whereas SCIT in the CMA model did not affect cytokine levels. 

OIT did not affect cytokine production in the PNA model, whereas it reduced Th2-

associated cytokine production in the CMA model. 

Figure 5. Cytokine concentrations after ex vivo stimulation of splenocytes with whey 
or PE determined by ELISA. Splenocytes were cultured for 96 h in the presence of PE, whey 
or medium (medium data not shown). (A,B) IL-5 concentration, (C,D) IL-10 concentration, 
(E,F) IL-13 concentration and (G,H) IFNγ concentration. Data are represented as mean 
± SEM n=6-8 mice/group. Statistical analysis was performed using one-way ANOVA 
and Dunnett’s post hoc test for multiple comparisons. ####p<0.0001 compared to sham 
control. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 compared to whey- or PE-sensitized 
control. PE, peanut extract; OIT, oral immunotherapy; SCIT, subcutaneous immunotherapy; 
IT, immunotherapy. 

D
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G H



80

Efficacy of OIT and SCIT in murine CMA and PNA models

DISCUSSION
We aimed to compare the efficacy of OIT and SCIT in models of PNA and CMA and to 

determine the dose of allergen needed to effectively modify parameters of allergy. 

We have shown in both models that OIT and SCIT reduced clinical manifestations of 

food allergy and resulted in comparable changes in serum levels of allergen-specific 

IgE and IgG subtypes. Differences in T cell populations and cytokine profiles suggest 

a potential difference in the mechanism of AIT for PNA and CMA.

While both types of immunotherapy were able to decrease allergic manifestations 

upon challenge, the effective therapeutic dose differed per allergen. OIT using 0.1 

mg whey did not decrease signs of anaphylaxis and only mildly prevented the drop in 

body temperature. The efficacy of OIT was evident in the groups receiving 1 mg whey 

or higher. In SCIT, 10 μg whey was the most effective dose. In the PNA model, the 

intermediate and high dosages (1.5, 15 mg OIT and 10, 100 μg SCIT) were the most 

effective in modulation of disease parameters. 

To investigate the effect of OIT and SCIT on mucosal mast cell degranulation, all mice 

were challenged per oral gavage. Although OIT with 0.1 mg whey was ineffective, 

SCIT and OIT effectively reduced mMCP-1 levels in both food allergy models. This 

finding indicates that regular administration of an allergen dose above a certain 

threshold influences responsiveness of effector cells along the gastrointestinal tract. 

This is a known effect of AIT and reflects desensitization. Repeated stimulation of the 

FcεRI present on basophils during OIT in peanut allergic individuals reduces basophil 

activation as shown by down-regulation of the activation marker CD63 [26]. Another 

possible explanation for the reduced release of mediators by effector cells might be 

a reduced number of basophils and mast cells in the early phase of immunotherapy 

[19]. In addition, repeated exposure to the allergen can contribute to exhaustion of 

effector cells [27]. In the CMA model, a second i.g. challenge after two weeks resulted 

in a low mMCP-1 concentration in the serum of the whey-sensitized control group. 

This observation might be associated with the low levels of allergen-specific IgE in 

serum of the whey-sensitized control animals on day 84, while whey-specific IgG2a 

levels were increased. Such low IgE levels may be insufficient to re-sensitize mucosal 

mast cells [28]. In vitro studies showed that mast cells are able to refill their granules 

and respond again to an allergen challenge after 24 h to 48 h [29]. In accordance, 

PE-specific IgE levels in serum of the sensitized control animals were not decreased 

and IgG2a levels were not elevated at day 84 and similar mMCP-1 levels were found 

upon a second i.g. challenge when compared to the first i.g. challenge. Although 

protection against i.p. challenge-induced anaphylaxis was shown in OIT and SCIT 

mice in the PNA model (day 77), a second i.p. challenge did not induce anaphylaxis 
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in allergen-sensitized animals (both CMA and PNA model, day 91). We hypothesized 

that repeated systemic (i.p.) challenges, as conducted in the current models to ensure 

a detectable Th2 cell-mediated effector response, leads to exhaustion of the effector 

cells present in the peritoneum and this unintentionally affects allergic outcomes.

In humans, AIT is known to increase antigen-specific IgE in serum. However, if the 

treatment is prolonged for a period of months or even years, IgE levels tend to decline 

[30]. Peanut allergic individuals subjected to OIT showed an initial increase in IgE, but 

levels were stabilized despite an oral food challenge [31]. In accordance, our findings 

indicate an increase in allergen-specific IgE in mice receiving OIT and SCIT, followed 

by a return to baseline when immunotherapy was discontinued. Remarkably, IgE 

levels failed to increase after the allergen challenges in the SCIT and OIT groups. 

The induction of allergen-specific IgG1 and IgG2a by OIT and SCIT appeared to be 

dose-dependent. In humans, IgG4 levels are elevated during immunotherapy and 

are associated with protection against clinical symptoms [31, 32]. IgG subtypes are 

proposed to capture the antigen and thereby inhibit binding to IgE present on mast 

cells and basophils and thus prevent degranulation [19]. The reduced mMCP-1 release 

measured after i.g. challenge might be explained by the elevated IgG subtype levels 

in serum. Furthermore, IgG levels were increased by the challenge protocol, including 

in the serum of the allergen-sensitized control animals. This finding might explain the 

absence of clinical signs in the follow-up challenges in the CMA model. 

The effect of OIT and SCIT on the humoral response can be linked to the percentages 

of T helper cell subsets in the lymphoid organs in the CMA model, but not in the PNA 

model. Specific IgE production by plasma cells is sustained by a Th2 cell dominated 

immune response in the presence of IL-4, IL-5 and IL-13 [33]. Clinical protection after 

OIT in peanut allergic subjects in a randomized controlled study was accompanied 

by a reduction in IL-5 and IL-13 concentration [31]. Skewing of the immune response 

from a Th2 profile toward a more regulatory profile is associated with a modified 

cytokine milieu [34]. The reduced percentage of activated Th2 cells in the spleen of 

OIT mice (CMA model) was accompanied by a dose-dependent reduction in the IL-5 

and IL-13 concentration in stimulated cultures. This observation is consistent with 

the fact that exposure to a high allergen dose leads to anergy in specific T cells [35]. 

On the contrary, IL-5 and IL-13 production was not decreased in the SCIT groups, 

although the percentage of activated Th2 cells was decreased in the 10 μg and 

25 μg groups. These findings suggest that the route of antigen administration is 

important in the modulation of specific T cell responsiveness during immunotherapy. 

Th2-associated cytokine IL-4 was not detected in the stimulated cell cultures, as 

was previously described for the current food allergy model with the C3H/HeOuJ 

strain [36]. A similar pattern of IL-5 and IL-13 levels as described for spleen was 
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observed in MLN culture supernatants in the CMA model, indicating a suppressed 

Th2 responsiveness after OIT but not after SCIT. Nevertheless, a tendency toward an 

increase in activated Th2 cells was observed in the MLN of the OIT groups, with a 

significant difference in the OIT 10 mg group. In the PNA model, SCIT increased levels 

of IL-5 and IL-10 compared to the PE-sensitized control animals, whereas OIT did not 

have an effect on cytokine production. Earlier studies show that tolerance induction 

by SCIT is accompanied by a shift from a Th2 cytokine profile toward a Th1 cytokine 

profile, but there are discrepancies in the literature [37]. The observed differences 

in Th2 cytokine production between OIT and SCIT and between the CMA and PNA 

models might be explained by the induction of antigen-specific Tregs that can exert 

a suppressive function toward effector T cells [38, 39]. 

High dose SCIT and OIT induced a shift in the percentages of activated splenic Th1 and 

Th2 cells after the final i.p. challenge in the CMA model but not in the PNA model. The 

observation in the CMA model is in accordance with the hypothesis that oral tolerance 

induction is characterized by a shift from a Th2 response toward a Th1 response [33]. 

Furthermore, low-dose induction of tolerance is accompanied by increased numbers 

of CD4+CD25+Foxp3+ Tregs [33]. Indeed, this was observed in the CMA model where 

OIT (1, 10 mg) increased the percentage of CD4+CD25+Foxp3+ Tregs in the MLN. The 

fact that no difference in percentage of Foxp3+ Tregs was observed in spleen (PNA 

and CMA), is contradictory to the results published by Dioszeghy et al, who have 

shown an increase in Foxp3+ Tregs in the spleen of peanut-allergic mice subjected 

to OIT [17]. This dissimilarity might be explained by the different mouse strains used 

in both studies; C3H/HeOuJ and BALB/c show differences in allergic responses [36]. 

In addition, we could not link splenic ex vivo IL-10 levels to the presence of Tregs 

in both food allergy models. An increase in the IL-10 concentration was found in 

allergen-stimulated cultures derived from lymph organs of allergic mice, indicating 

the contribution of Th2-derived IL-10 [40, 41]. Hence, clinical protection observed 

after AIT and allergen challenge in both the CMA and PNA models might partially 

be explained by the induced IgG1 and IgG2a levels in combination with low IgE 

levels. Given the fact that IgG can also drive an alternative food-induced anaphylaxis 

pathway [42], the potential protective effect of IgG1 and IgG2a needs to be confirmed 

with a more mechanistic approach. 
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Despite differences between the CMA and PNA models, overall, the reported clinical, 

cellular and humoral data can be linked to our current understanding of oral tolerance 

and immunotherapy mechanisms in humans [19]. However, future use of both 

models would require further investigation of the exact role of immunoregulatory 

mechanisms, such as regulatory T cells or antibody-mediated protection, and of long-

term effects of the therapeutic strategies. 

CONCLUSION
In conclusion, the murine CMA and PNA studies showed that clinical protection can 

be achieved via OIT and SCIT. Although similar allergen-specific immunoglobulin 

patterns were observed, differences in T cell populations and cytokine responses 

were shown. More insight into the mechanism of (long- term) tolerance induction 

is needed; nonetheless, our findings contribute to the development of effective AIT 

protocols. In the future, the current OIT models will be used to study the possible 

benefit of using immunomodulatory food components (e.g., non-digestible 

oligosaccharides) as adjunct therapy to support antigen-specific immunotherapy in 

terms of efficacy and safety. 
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Non-digestible oligosaccharides improve immunotherapy efficacy

ABSTRACT
Background: Oral immunotherapy (OIT) is a promising therapeutic approach to treat 

food allergic patients. However, there are some concerns regarding its safety and 

long-term efficacy. The use of non-digestible oligosaccharides might improve OIT 

efficacy since they are known to directly modulate intestinal epithelial and immune 

cells in addition to acting as prebiotics.

Aim: To investigate whether a diet supplemented with plant-derived fructo-

oligosaccharides (FOS) supports the efficacy of OIT in a murine cow’s milk allergy 

model and to elucidate the potential mechanisms involved.

Methods: After oral sensitization to the cow’s milk protein whey, female C3H/HeOuJ 

mice were fed either a control diet or a diet supplemented with FOS (1% w/w) and 

received OIT (10 mg whey) 5 days a week for 3 weeks by gavage. Intradermal (i.d.) 

and intragastric (i.g.) challenges were performed to measure acute allergic symptoms 

and mast cell degranulation. Blood and organs were collected to measure antibody 

levels and T cell and dendritic cell populations. Spleen-derived T cell fractions (whole 

spleen- and CD25-depleted) were transferred to naïve recipient mice to confirm the 

involvement of regulatory T cells (Tregs) in allergy protection induced by OIT+FOS. 

Results: OIT+FOS decreased acute allergic symptoms and mast cell degranulation 

upon challenge and prevented the challenge-induced increase in whey-specific IgE 

as observed in sensitized mice. Early induction of Tregs in the mesenteric lymph 

nodes (MLN) of OIT+FOS mice coincided with reduced T cell responsiveness in 

splenocyte cultures. CD25 depletion in OIT+FOS-derived splenocyte suspensions 

prior to transfer abolished protection against signs of anaphylaxis in recipients. 

OIT+FOS increased serum galectin-9 levels. No differences in short-chain fatty acid 

(SCFA) levels in the cecum were observed between the treatment groups. Concisely, 

FOS supplementation significantly improved OIT in the acute allergic skin response, 

%Foxp3+ Tregs and %LAP+ Th3 cells in MLN, and serum galectin-9 levels.

Conclusion: FOS supplementation improved the efficacy of OIT in cow’s milk allergic 

mice. Increased levels of Tregs in the MLN and abolished protection against signs of 

anaphylaxis upon transfer of CD25-depleted cell fractions, suggest a role for Foxp3+ 

Tregs in the protective effect of OIT+FOS.
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INTRODUCTION
The prevalence of food allergies has been increasing in recent decades, in particular 

in Western countries. Persistence of food allergies instead of natural outgrowth is 

observed in patients and is likely to contribute to this increase in the future [1]. To 

date, strict avoidance of the culprit foods and symptomatic treatments are the only 

options in the management of food allergies. The significant impact of food allergies 

on health-related quality of life for patients and their families emphasizes the need 

for safe and efficacious curative treatments [2]. 

The strategy to induce desensitization and/or oral tolerance to food allergens via 

antigen-specific immunotherapy (AIT) has been studied extensively. Several routes 

of administration are possible, with the majority of the studies focusing on oral 

administration. Oral Immunotherapy (OIT) with milk, peanut and hen’s egg effectively 

desensitized food allergic patients in randomized controlled clinical trials, measured as 

the absence of clinical symptoms upon food challenge [3]. However, discontinuation 

of OIT for a period of weeks to months leads to ‘sustained unresponsiveness’ in only 

a minority of the formerly desensitized patients [3]. In addition, safety concerns 

are relevant, since adverse events ranging from mild to near-fatal reactions have 

been reported [4]. 95% of cow’s milk allergic children subjected to OIT experienced 

adverse events during treatment, including 25% suffering from severe, frequent and 

unpredictable reactions [5]. A systematic review and meta-analysis focused on AIT 

for IgE-mediated food allergies concluded that AIT may be effective in increasing the 

threshold of reactivity toward allergens, but simultaneously increases the risk of local 

and systemic adverse events [6]. Current limitations regarding safety and long-term 

protection restrict the use of OIT to treat food allergies in routine clinical practice. 

Understanding the mechanism of OIT-induced desensitization and tolerance will 

contribute to optimizing the therapeutic strategy. A key role has been identified for 

naturally occurring CD4+CD25+Foxp3+ regulatory T cells (Tregs) and inducible type 

1 Tregs (Tr1) in securing tolerance toward (food) antigens [7]. During immunotherapy, 

new antigen-specific Tregs are formed under the influence of IL-10 and TGFβ, and 

they suppress allergen-specific T helper 2 (Th2) and Th1 cells [8]. In addition, Tregs 

control the allergic response by suppressing the antigen-presenting cells responsible 

for effector T cell induction, shifting the production of antigen-specific IgE to antigen-

specific IgG4 and suppressing mast cell and basophil activity [7]. Hence, improved 

Treg responses might be key in successful tolerance induction by OIT.

Nutritional interventions may provide a new window of opportunity to improve the 

efficacy of OIT for food allergic patients. Dietary non-digestible oligosaccharides 
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(i.e., carbohydrates) mimic the immunomodulatory effects exerted by human milk 

oligosaccharides (HMOS) in breast-fed infants and have been shown to reduce 

the risk of developing allergic diseases [9]. Non-digestible oligosaccharides show 

prebiotic activities by stimulating the growth of protective commensal microbes 

in the gut [10] and are fermented into short-chain fatty acids (SCFA), e.g., butyric 

acid, by the intestinal bacteria [11]. SCFA directly stimulate both immune cells and 

intestinal epithelial cells (IEC) via G-protein coupled receptors and thereby enhance 

gut integrity [12] and promote oral tolerance [13]. In addition to the prebiotic 

effect, non-digestible oligosaccharides can cross the intestinal epithelial barrier and 

directly affect immune cells involved in the process of oral tolerance induction [14, 

15]. The capacity of non-digestible oligosaccharides to induce generic modulation 

of the immune response [16] and dampen allergic reactions in murine food allergy 

models [17-19] suggests they may provide a potential benefit in combination with 

OIT strategies. 

With this research we aimed to assess whether dietary supplementation with non-

digestible oligosaccharides supports the efficacy of OIT in a murine cow’s milk 

allergy (CMA) model, and we aimed to elucidate the potential mechanisms involved. 

To that end, sensitized female C3H/HeOuJ mice were fed either a control diet or a 

diet supplemented with plant-derived fructo-oligosaccharides (FOS) and were 

subjected to OIT for 3 weeks. Subsequently, acute allergic symptoms and mast cell 

degranulation were measured upon intradermal (i.d.) and intragastric (i.g.) challenges. 

Blood and organs were collected to measure antigen-specific antibody levels and T 

and dendritic cell (DC) populations. Donor spleens derived from sensitized control 

mice and OIT+FOS mice were used to transfer whole spleen- and CD25-depleted 

cell fractions to naïve recipient mice to confirm the involvement of Tregs in allergy 

protection induced by OIT+FOS. 

MATERIALS AND METHODS
Diets
A specific mixture of FOS derived from chicory inulin consisted of short-chain FOS 

[scFOS: oligofructose, Raftilose P95, degree of polymerization (DP) <6] and long-

chain FOS (lcFOS: long-chain inulin, Raftiline HP, average DP 23 or higher, <1% DP 

<5) and was provided by Orafti (Wijchen, the Netherlands). FOS were added to the 

base recipe of the semi-purified cow’s milk protein-free pelleted AIN-93G diet (scFOS/

lcFOS ratio 9:1, 1% w/w) at Ssniff Spezialdiäten GmbH (Soest, Germany) (Table 1). The 

AIN-93G diet without FOS supplementation was used as control diet. Both diets were 

similar in color and were kept in sealed packages at 4°C prior to use. 
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Table 1. Dietary composition of control diet and FOS supplemented diet.

 
 
 

Control diet
AIN-93G  

(g/kg) 

FOS diet
scFOS:lcFOS 

(9:1, 1%) (g/kg)

Carbohydrates   

Cornstarch 397.5 397.5

Dextrinized cornstarch 132.0 132.0

Sucrose 100.0 100.0

Fibers

Arbocel B800 50.0 39.9

Inulin HP (lcFOS) (97%) 0.0 1.03

Raftilose P95 (scFOS) (95%) 0.0 9.47

Protein

Soy protein 200.0 200.0

L-cystine* 3.0 3.0

Fat

Soybean oil 70.0 70.0

Others

Mineral mix 35.0 35.0

Vitamin mix 10.0 10.0

Choline bitartrate 2.5 2.5

Tert-butylhydroquinone 0.014 0.014

*0.2% DL-Met & 0.1% L-Cys
FOS, fructo-oligosaccharides; lc, long-chain; sc, short-chain.

 

Mice
Specific-pathogen-free 6-week-old C3H/HeOuJ female mice were purchased from 

Charles River Laboratories (Erkrath, Germany). Upon arrival, all mice were randomly 

allocated to the control and experimental groups: sham-sensitized control group 

(n=5/subgroup), sham no IT; sensitized control group (n=6/subgroup), sens no IT; 

FOS supplemented group (n=6/subgroup), FOS no IT; OIT group (n=6/subgroup), 

OIT; and the OIT with FOS supplementation group, OIT+FOS (n=6/subgroup) (Figure 

1). Mice were housed in filter-topped macrolon cages (n=5-6/cage) at the animal 

facility of Utrecht University, Utrecht, the Netherlands on a 12 h light/dark cycle with 
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unlimited access to food and water. All mice were fed the AIN-93G control diet and 

were acclimatized for 6 days. Experimental procedures were approved by the Ethical 

Committee of Animal Research of Utrecht University and complied with the principles 

of good laboratory animal care following the European Directive for the protection of 

animals used for scientific purposes. 

Figure 1. Experimental timeline of the animal experiment. Female C3H/HeOuJ mice were 
randomly allocated to the control and experimental groups: sham-sensitized control group (n=5/
subgroup), sham no IT; sensitized control group (n=6/subgroup), sens no IT; FOS supplemented group 
(n=6/subgroup), FOS no IT; OIT group (n=6/subgroup), OIT; and the OIT with FOS supplementation 
group, OIT+FOS (n=6/subgroup). Mice were i.g. sensitized to the cow’s milk protein whey (20 mg 
in 0.5 ml PBS) with cholera toxin as an adjuvant (15 μg in 0.5 ml PBS). The FOS supplemented diet 
was provided from D35 to the end of the protocol and OIT with 10 mg whey in 0.5 ml PBS was 
given from D42-D59 (fi ve oral gavages/week for 3 weeks). Acute allergic symptoms were measured 
upon i.d. challenge at D64 (10 μg whey in 20 μl PBS/ear), mast cell degranulation was measured 
upon i.g. challenge at D70 (50 mg whey in 0.5 ml PBS) and an i.p. challenge (50 μg whey in 200 μl 
PBS) was conducted at D77 to stimulate T cell responses prior to organ collection. At 6 time points 
throughout the animal experiment (D0, D35, D50, D63, D71 and D78), subgroups of mice (n=5-6/
group) from each control and experimental group were killed by cervical dislocation, and blood 
and organs were collected. Additional groups of donor mice were used in a follow-up experiment 
to perform the adoptive splenocyte transfer experiment: whole splenocyte suspensions and CD25-
depleted fractions collected at D71 from sensitized control mice and OIT+FOS mice (n=8/group) were 
adoptively transferred to naïve recipient mice (n=6/group). Recipients were sensitized and challenged 
as described above prior to section at D35. OIT, oral immunotherapy; FOS, fructo-oligosaccharides; 
i.d., intradermal; i.g., intragastric; i.p., intraperitoneal. 



95

4

Intragastric sensitization, OIT, and challenges
The timeline of the animal experiment is depicted in Figure 1. At experimental day 

(D) 0, 7, 14, 21 and 28, mice were sensitized i.g. to the cow’s milk protein whey (DMV 

International, Veghel, the Netherlands) dissolved in PBS (20 mg whey in 0.5 ml PBS, 

Lonza, Verviers, Belgium) using cholera toxin (CT) as an adjuvant (15 μg CT in 0.5 ml 

PBS, List Biological Laboratories Inc., Campbell, CA, USA). After sensitization (D35), 

the FOS and OIT+FOS groups received the FOS diet until the end of the protocol. 

The sham-sensitized control groups, whey-sensitized control groups and OIT groups 

were fed the control diet throughout the experiment. Starting at D42, OIT was 

administered five times per week for three consecutive weeks (i.g. 10 mg whey in 

0.5 ml PBS) (D42-D59). On D64, all mice were challenged i.d. in both ear pinnae (10 

μg whey in 20 μl PBS/ear) to induce an anaphylactic response. The acute allergic skin 

response (i.e., ear swelling after i.d. injection), drop in body temperature, and severity 

of clinical symptoms were measured. Subsequently, mice received an i.g. challenge at 

D70 (50 mg whey in 0.5 ml PBS) and mast cell-derived mucosal mast cell protease-1 

(mMCP-1) was measured in serum samples collected via cheek puncture 30 min after 

challenge. Finally, all mice were challenged intraperitoneally (i.p.) on D77 to stimulate 

T cell responses prior to organ collection (50 μg whey in 200 μl PBS). At 6 time points 

throughout the animal experiment (D0, D35, D50, D63, D71 and D78), subgroups of 

mice (n=5-6/group) from each control and experimental group were killed by cervical 

dislocation, and blood and organs were collected (Figure 1). Additional groups of 

donor mice were used in a follow-up experiment to perform the adoptive splenocyte 

transfer experiment and histological analyses in colon tissue. 

Acute allergic skin response, body temperature and 
anaphylaxis symptom scores upon i.d. challenge
The magnitude of the acute allergic skin response after i.d. injection of the allergen 

was measured as Δ ear swelling by subtracting the mean basal ear thickness from 

the mean ear thickness 1 h post-challenge (in duplicate in both ears). Ear thickness 

in micrometers was measured using a digital micrometer (Mitutoyo, Veenendaal, the 

Netherlands). After blinding the cages, all mice were anesthetized using inhalation 

of isoflurane to perform the i.d. injection and both ear measurements [n=10-12/

group, data represent the mean of two subgroups: mice scheduled for section at D71 

and D78 (Figure 1)]. Body temperature was measured 45 min after i.d. challenge to 

monitor the anaphylaxis-associated drop in temperature using a rectal thermometer 

and severity of anaphylaxis symptoms was scored according to the method described 

by Li et al. [20].
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Adoptive splenocyte transfer
At D71, pooled spleen suspensions derived from sensitized control and OIT+FOS mice 

(n=8/group) from a follow-up experiment were adoptively transferred to naïve specific-

pathogen-free 6-week-old C3H/HeOuJ female mice (Charles River Laboratories, n=6/

group), which were fed the control diet and were housed under similar conditions 

as described earlier. After homogenization and red blood cell lysis, whole spleen 

suspensions and CD25-depleted fractions were intravenously (i.v.) injected into the 

tail vein of recipient mice (1x106 cells in 100 μl PBS) prior to sensitization and i.d. 

and i.g. challenges as described in previous sections. CD25-depleted CD4+ fractions 

were obtained using a CD4+CD25+ purification kit according to the manufacturer’s 

instructions (Miltenyi Biotec, Leiden, the Netherlands). Flow cytometric analysis of 

CD25-depleted fractions showed that <1% of the cells were positive for Foxp3. In 

addition, whole spleen suspensions showed on average 14% Foxp3 positivity. At 

D35 after transfer, recipient mice were killed by cervical dislocation 30 min after i.g. 

challenge, and blood and spleens were collected for further analysis. 

Serum levels of whey-specific antibodies, mMCP-1  
and galectin-9
Blood was collected via cheek puncture at D0, D35, D50, D63, D71 and D78 prior 

to sectioning of the mice and from one corresponding subgroup (n=10-12 samples/

group) and at D35 in case of the recipient mice (n=6 samples/group). Blood samples 

were centrifuged (10,000 rpm for 10 min) and serum was stored at -20°C until 

analysis of mMCP-1, whey-specific antibodies and galectin-9 by means of ELISA. 

Determination of whey-specific antibodies was performed as described previously 

[21]. Concentrations of mMCP-1 in serum collected 30 min after i.g. challenge [D70; 

n=10-12 samples/group, data represent the mean of two subgroups: mice scheduled 

for section at D71 and D78 (Figure 1) and D35 in recipients; n=6/group)] were 

measured by using a mMCP-1 Sandwich ELISA Kit (Mouse MCPT-1 ELISA Ready-

SET-Go kit, eBioscience, Breda, the Netherlands) according to the manufacturer’s 

instructions. Serum collected from mice killed at D50, D63 and D71 was used to 

measure galectin-9 concentrations. Overnight incubation (4°C) with 100 μl of coating 

antibody in coating buffer (0.75 μg/ml, mouse galectin-9 affinity purified polyclonal 

goat IgG antibody, R&D Systems, Oxon, UK) in 96-wells high-binding plates (Corning 

Incorporated, Corning, NY, USA) was followed by a washing step. The wells were 

blocked for 1 h (RT) with 200 μl blocking buffer (PBS with 1% BSA) and washed prior 

to 2 h (RT) incubation of serum samples diluted (100x) in dilution buffer (PBS with 1% 

BSA and 0.05% Tween20) and a standard curve with recombinant mouse galectin-9 

(serial 1:1 dilution starting with 500,000 pg/ml, R&D Systems). After washing, the 
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plates were incubated with 100 μl capture antibody (0.75 μg/ml, mouse galectin-9 

biotinylated affinity purified goat IgG antibody, R&D Systems) for 1 h at RT. Afterward, 

the plates were washed and incubated with 100 μl Strep-HRP (Sanquin, Amsterdam, 

the Netherlands) for 1 h at RT in the dark. The color reaction was initiated by adding 

100 μl 3,3′,5,5′-tetramethylbenzidine (1-Step Ultra TMB, Thermo Fisher Scientific, 

Waltham, MA, USA) and the reaction was stopped with 4 M H
2
SO

4 
(50 μl). Optical 

density was measured with a Benchmark microplate reader (Biorad, Hercules, CA, 

USA) at a wavelength of 450 nm. 

Spleen, mesenteric lymph nodes (MLN), and lamina 
propria (LP) cell isolation
Spleen and MLN were collected (n=5-6/group) at D0, D35, D50, D63, D71 and D78 and 

homogenized using a syringe and a 70-μm cell strainer. Red blood cells were lysed 

in the splenocyte suspensions using lysis buffer (8.3 g NH
4
Cl, 1 g KHC

3
O and 37.2 

mg EDTA dissolved in 1 L demi water, filter sterilized). Cell suspensions were either 

dissolved in RPMI 1640 medium (Lonza) supplemented with 10% fetal bovine serum 

(FBS) and penicillin (pen, 100 U/ml)/streptomycin (strep, 100 μg/ml, Sigma-Aldrich 

Chemicals, Zwijndrecht, the Netherlands) and β-mercaptoethanol (20 μM) prior to 

ex vivo antigen-specific stimulation assays or dissolved in FACS buffer (PBS with 1% 

BSA) prior to flow cytometry stainings. At D63 and D71, small intestine LP tissue 

(n=4/group) was collected to isolate lymphocytes as follows: fat and Peyer’s patches 

were removed from small intestine tissue and after washing in Hank’s Balanced Salt 

Solution (HBSS, Invitrogen, Life Technologies, Carlsbad, CA, USA) with 15 mM Hepes 

(Gibco, Life Technologies) at pH 7.2, longitudinally opened tissue was cut into small 

fragments (0.5 cm). After washing in HBSS/Hepes, tissue samples were incubated 

in HBSS/Hepes buffer supplemented with 10% FBS, pen/strep, 5 mM EDTA and 1 

mM dithiothreitol (DTT) for 20 min at 37°C (2x). Subsequently, tissue samples were 

washed in RPMI/FBS/DTT to remove EDTA followed by incubation in RPMI/FBS/DTT 

with collagenase type D (1 mg/ml, Roche Diagnostics Inc., Almere, the Netherlands) 

and DNAse (20 μg/ml, Sigma) for 45 min on a plate shaker at 37°C (2x). After 

digestion, remaining tissue fragments were re-suspended using a syringe (10 ml) and 

a needle (18G) and suspensions were filtered with a 100-μm cell strainer afterward. 

LP-derived cell suspensions were washed in HBSS/Hepes and purified using a percoll 

(GE Healthcare, Uppsala, Sweden) 40-80% mediated separation after centrifugation. 

Purified cell fractions were washed to remove traces of percoll and cells were taken 

up in FACS buffer prior to flow cytometry stainings.
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Ex vivo antigen-specific stimulation of splenocytes for 
cytokine measurements
8x105 cells/well in 200 μl culture medium (RPMI 1640, 10% FBS, pen/strep, 

β-mercaptoethanol) in 96-wells U-bottom plates (Greiner, Frickenhausen, Germany) 

were stimulated with either culture medium, anti-CD3 (1 μg/ml, eBioscience) or 

anti-CD3/CD28 (10 μg/ml anti-CD3 and 1 μg/ml anti-CD28, eBioscience, transfer 

experiment) or whey (50 μg/ml). Polyclonal stimulation (48 h) and whey stimulation 

(96 h) were conducted at 37°C and 5% CO
2
. Culture supernatant was collected and 

stored at -20°C until measurements of IL-5, IL-10, IL-13 and IFNγ production by means 

of ELISA according to the protocol described earlier for galectin-9. Purified rat anti-

mouse coating antibodies (1 μg/ml for IL-5 and IFNγ and 2 μg/ml for IL-10 and IL-

13), recombinant mouse cytokines for the standard curve and biotinylated detection 

antibodies (1 μg/ml for IL-5, IL-10 and IFNγ and 400 ng/ml for IL-13) were purchased 

at BD Biosciences. 

Flow cytometry
To increase the expression of latency-associated peptide (LAP) on the surface of 

MLN-derived lymphocytes, cells were incubated in culture medium (RPMI 1640, 10% 

FBS, pen/strep) and received polyclonal stimulation with anti-CD3/CD28 (10 μg/ml 

anti-CD3 and 1 μg/ml anti-CD28, eBioscience) for 24 h at 37°C and 5% CO
2
 prior to 

staining. Otherwise spleen, MLN and LP-derived cell suspensions in FACS buffer were 

plated in 96-wells U-bottom Falcon plates (BD Biosciences, 1-0.5 x 106 cells/well). The 

cells were incubated with anti-mouse CD16/CD32 (mouse Fc Block, BD Biosciences) 

in FACS buffer to block non-specific binding sites (15 min, on ice). Subsequently, cells 

were stained extracellularly with the following fluorescent antibodies (all purchased 

at eBioscience unless stated otherwise) in FACS buffer for 30 min on ice in the dark: 

anti-CD4-PerCpCy5.5 (1:100, clone RM4-5), anti-CD69-APC (1:100, clone H1.2F3), anti-

CXCR3-PE (1:50, clone CXCR3-173), anti-T1St2-FITC (1:50, clone DJ8, mdbioproducts, 

St. Paul, MN, USA), anti-CD25-AlexaFluor 488 (1:100, clone PC61.5), anti-F4/80-APC-

eFluor 780 (1:100, clone BM8), anti-CD103-APC (1:100, clone 2E7), anti-CD11b-PE 

(1:50, clone M1/70), anti-CD11c-PerCpCy5.5 (1:50, clone N418), anti-MHCII-FITC 

(1:100, clone NIMR-4), anti-CD45-PE-Cy7 (1:100, clone 30-F11), anti-CD4-FITC (1:100, 

clone GK1.5) and anti-LAP-PerCP-eFluor 710 (1:50, clone TW7-16B4). Cells stained for 

extracellular markers were fixed using 1% IC fixation buffer (eBioscience), and cells 

receiving additional intracellular staining for the transcription factor Foxp3 were 

fixed and permeabilized using the Foxp3 staining buffer set purchased at eBioscience 

according to the manufacturer’s instructions. Afterward, cells were incubated for 30 

min on ice in the dark with anti-Foxp3-APC (1:50, clone FJK-16s) in permeabilization 
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buffer. Live cells were distinguished from dead cells using Fixable Viability Dye eFluor 

780 (FVD, 1:2000, eBioscience) and single cells were separated from aggregated cells 

based on forward/sideward scatter properties. Isotype controls were used for each 

antibody and cutoff gates for positivity were established using the fluorescence-

minus-one (FMO) technique. Fluorescence was measured on the FACS Canto II (BD 

Biosciences) and analyzed with Flowlogic software (Inivai Technologies, Mentone, 

Australia).

Histological staining for mast cells and Foxp3+ Tregs 
in colon tissue 
The colon was dissected (n=3-6/group), opened longitudinally, washed in PBS and 

Swiss roles were prepared by rolling the tissue from distal to proximal end with the 

mucosal side down. Tissue roles were fixed in formalin (10% v/v) and embedded in 

paraffin (Leica IG1150c, Leica Microsystems, Rijswijk, the Netherlands). Tissue sections 

(5 μm) were cut with a microtome (Leica Microsystems) and mounted on slides 

prior to deparaffinization and hydration. To stain mast cells in the tissue sections, 

May-Grunwald and Giemsa solutions were used according to the manufacturer’s 

instructions (Giemsa Stain, Abcam, Cambridge, UK). Intracellular Foxp3 expression 

was stained as described previously [22]. After dewaxing, the sections were boiled 

in sodium citrate buffer (0.01 M) for 15 min. Then the sections were incubated 

with 0.2% Tween20 in PBS for 20 min. After blocking with 5% rabbit serum (Dako, 

Heverlee, Belgium) in PBS with 1% BSA (PBS/BSA) for 30 min, the sections were 

incubated overnight (4°C) with rat anti-mouse Foxp3 purified antibody (10 μg/ml, 

eBioscience). Afterward, sections were incubated with 3% H
2
O

2 
in PBS for 30 min. 

Detection of the primary antibody was conducted with a biotinylated rabbit anti-rat 

IgG (2.5 μg/ml in PBS/BSA, Jackson ImmunoResearch, West Grove, PA, USA) for 1 h 

(RT). Then sections were incubated with avidin biotin complex (ABC HRP kit, Vector 

Laboratories, Peterborough, UK) in PBS/BSA for 1 h. The color reaction was developed 

with 3,3’-diaminobenzidine (Sigma) and counterstaining was performed with 

hematoxylin. After dehydration, the sections were covered with Pertex mounting 

medium (Histolab, Göteborg, Sweden) and cover glass. Stained cells were counted 

per 100 intact cripts in each colon section.
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Foxp3 and IL-10 mRNA expression in colon tissue
One centimetre of the proximal colon was dissected and stored in RNAlater (Sigma) at 

-80°C until further processing (n=5-6/group). After homogenization, RNA extraction 

was conducted using the Qiagen RNeasy isolation kit and the RNAse-free DNAse Set 

(Qiagen GmbH, Hilden, Germany) and cDNA was synthesized using the iScriptTM cDNA 

synthesis kit (Biorad) according to the manufacturer’s instructions. RT2 qPCR Primer 

Assays to measure pPIP5k1 (housekeeping gene), Foxp3 and IL-10 were purchased at 

SA Biosciences (Qiagen, German Town, MD, USA) and quantitative real-time PCR was 

performed on a CFX96 real-time PCR detection system (Biorad) using iQ SYBR green 

supermix as described previously [19]. Foxp3 and IL-10 mRNA expression data were 

normalized to pPIPk1 and depicted as the fold change in expression compared to the 

sham-sensitized control group. 

SCFA analysis in cecum content
Short-chain fatty acid (SCFA) analysis was conducted as described elsewhere [23]. 

Briefly, cecum content was collected (n=5-6/group) and frozen at -80°C until further 

analysis. Samples were defrosted, homogenized by vortexing and diluted in ice cold 

PBS (1:10). After centrifugation (13,000 rpm for 10 min), the supernatant was analyzed 

using a Shimadzu GC2010 gas chromatograph (Shimadzu Corporation, Kyoto, Japan) 

and acetic, propionic, butyric, iso-butyric, valeric and iso-valeric acid concentrations 

were quantitated (based on 2-ethylbutyric acid internal standard). 

Data analysis and statistics
Data are depicted as mean ± SEM and were statistically analyzed with GraphPad 

Prism software version 6.00 (GraphPad software, La Jolla, CA, USA) using one-way 

ANOVA and Bonferroni’s post-hoc test to compare pre-selected combinations. 

Calculated p-values were adjusted for the total number of comparisons made and 

were considered statistically significant when p<0.05. In addition, whey-specific 

antibody data were log transformed prior to testing. The anaphylaxis symptom scores 

were analyzed using Kruskal-Wallis test for non-parametric data with Dunn’s post-hoc 

test to compare pre-selected combinations.
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Figure 2. Acute allergic symptoms and mast cell degranulation upon challenge. (A) Acute allergic 
skin response measured as Δ ear swelling 1 h after i.d. injection at D64. (B) Body temperature levels 
and (C) anaphylaxis symptom scores during anaphylaxis measured 45 min after i.d. challenge at D64. 
(D) Serum mMCP-1 concentrations 30 min after i.g. challenge at D70. (E) Mast cell numbers in colon 
Swiss role cross sections after May-Grunwald/Giemsa staining (total number in one cross section). (F) 
Representative slide with stained mast cell (OIT+FOS). Data are represented as mean ± SEM n=10-
12/group in (A-D) and n=3-6/group in (E). Statistical analysis was performed using one-way ANOVA 
and Bonferroni’s post hoc test and anaphylaxis symptom scores were analyzed using Kruskal-Wallis 
test for non-parametric data with Dunn’s post hoc test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
Sens, sensitization; OIT, oral immunotherapy; FOS, fructo-oligosaccharides; no IT, no immunotherapy; 
i.d., intradermal; i.g., intragastric; mMCP-1, mucosal mast cell protease-1.

RESULTS
Allergic symptoms
Sensitization to the cow’s milk protein whey increased the acute allergic skin response 

measured as ear swelling (p<0.0001) and caused severe anaphylaxis (p<0.0001) 

with a characteristic drop in body temperature (p<0.0001) upon i.d. challenge 

(D64) compared to sham-sensitization (Figures 2A-C). An increased serum mMCP-

1 concentration, indicative for mast cell degranulation, was observed upon i.g. 

challenge (D70) in the sensitized control animals compared to sham-sensitized control 

animals (p<0.0001) (Figure 2D). OIT+FOS induced protection against these allergic 

symptoms: the acute allergic skin response was reduced after OIT+FOS compared to 

FOS (p=0.0048) or OIT alone (p=0.023) (Figure 2A), indicating the improved efficacy 

A

D

B

E

C
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of the combination strategy. OIT+FOS protected against the anaphylaxis-associated 

drop in body temperature compared to sensitized control mice (p=0.0045) and FOS 

no IT (p=0.0123) (Figure 2B) and both OIT and OIT+FOS reduced the severity of 

anaphylaxis symptoms (Figure 2C) compared to the sensitized control (p=0.0322 

and p=0.0002, respectively). After i.g. challenge (D70), OIT+FOS reduced mast cell 

degranulation (mMCP-1) compared to the sensitized control (p=0.0321) (Figure 2D). 

The reduction in mMCP-1 coincided with reduced local mast cell numbers in colon 

tissue of OIT+FOS mice, but only compared to FOS supplementation alone (FOS no 

IT, p=0.0227) (Figures 2E,F). 

Figure 3. Whey-specifi c IgE, IgG1 and IgA levels in serum. (A) Whey-specifi c IgE levels, (B) Whey-
specifi c IgG1 levels and (C) Whey-specifi c IgA levels in serum measured by means of ELISA. Data 
are represented as mean ± SEM n=10-12/group/time point and n=5-6/group at D78 in (A-C). Data 
were log transformed and statistical analysis was performed using one-way ANOVA and Bonferroni’s 
post hoc test per individual time point. $$$$p<0.0001 for whey-sensitized control group compared 
to sham-sensitized control group. *p<0.05, **p<0.01, ****p<0.0001 compared to sensitized control 
group. #p<0.05, ##p<0.01, ####p<0.0001 compared to FOS no IT group. Sens, sensitization; OIT, oral 
immunotherapy; FOS, fructo-oligosaccharides; no IT, no immunotherapy; i.d., intradermal; i.g., 
intragastric; i.p., intraperitoneal; AU, arbitrary units.
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Whey-specific antibody levels in serum
Oral sensitization to whey increased the level of whey-specific IgE, IgG1 and IgA 

in serum compared to sham-sensitized mice (p<0.0001) (D35, D50, D63, D71 and 

D78) (Figures 3A-C). As observed after immunotherapy (D63), OIT increased whey-

specific IgG1 and IgA levels compared to sensitized controls (p=0.0026 for IgG1 and 

p<0.0001 for IgA) and a similar pattern was observed for IgE (Figures 3A-C). FOS 

supplementation did not affect the OIT-induced rise in whey-specific antibodies, 

since no differences were observed between OIT and OIT+FOS. Whey-specific IgG1 

and IgA levels decreased despite a series of challenges (D63-D78) in the OIT and 

OIT+FOS groups (Figures 3B,C). Interestingly, OIT+FOS protected against the rise 

in whey-specific IgE (D71) observed after i.d. and i.g. challenge, since levels were 

comparable to the time point preceding the challenges (D63) (Figure 3A). 

Figure 4. Flow cytometric analysis of T helper cell populations in spleen and MLN. (A) Percentage 
of activated Th1 cells (CXCR3+ of CD4+CD69+ cells) in spleen and (B) in MLN after immunotherapy 
(D63). (C) Percentage of activated Th1 cells and (D) Th2 cells (T1St2+ of CD4+CD69+ cells) in spleen 
after i.p. challenge (D78). (E) Percentage of activated Th1 cells and (F) Th2 cells in MLN after i.p. 
challenge (D78). Data are represented as mean ± SEM n=5-6/group in (A-F). Statistical analysis was 
performed using one-way ANOVA and Bonferroni’s post hoc test. *p<0.05, **p<0.01, ***p<0.001. 
Sens, sensitization; OIT, oral immunotherapy; FOS, fructo-oligosaccharides; no IT, no immunotherapy; 
i.p., intraperitoneal; Th, T helper; MLN, mesenteric lymph nodes.

A

B

C

E

D

F



104

Non-digestible oligosaccharides improve immunotherapy effi  cacy

A B

D

FE

C



105

4

Figure 5. Treg analysis with fl ow cytometry, immunohistochemistry and qPCR. (A) Percentage of 
CD4+CD25+Foxp3+ cells in MLN measured with fl ow cytometry. (B) Percentage of CD4+CD25+Foxp3+ 
cells in LP measured with fl ow cytometry after immunotherapy (D63) and after i.g. challenge (D71). 
(C) Percentage of CD103+ DC (CD103+CD11b- of CD11c+MHCII+ cells) in LP measured with fl ow 
cytometry after immunotherapy (D63) and after i.g. challenge (D71). (D) Percentage of LAP+ Th3 
cells (LAP+ of CD4+Foxp3- cells) in MLN measured with fl ow cytometry after i.g. challenge (D71). (E) 
Representative slide with Foxp3+ cells (OIT). (F) Foxp3+ cells in colon Swiss role cross sections stained 
with immunohistochemistry and counted in at least 100 intact crypts. (G) Relative mRNA expression 
of Foxp3 and (H) IL-10 in colon tissue measured with qPCR. (I) IL-5 concentrations and (J) IL-10 
concentrations in supernatant after ex vivo stimulation of splenocytes with medium, anti-CD3 and 
whey halfway immunotherapy (D50). Data are represented as mean ± SEM n=5-6/group in (A,D,G-J), 
n=4/group in (B,C) and n=3-6/group in (F). Statistical analysis was performed using one-way 
ANOVA and Bonferroni’s post hoc test. *p<0.05, **p<0.01, ***p<0.001 [(A): *compared to sens no IT, 
#compared to FOS no IT, $compared to OIT]. Sens, sensitization; OIT, oral immunotherapy; FOS, fructo-
oligosaccharides; no IT, no immunotherapy; i.d., intradermal; i.g., intragastric; i.p., intraperitoneal; 
Tregs, regulatory T cells; Th, T helper; DC, dendritic cell; MLN, mesenteric lymph nodes; LP, lamina 
propria; LAP, latency-associated peptide.
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T helper cell subsets in lymphoid organs
No differences in Th1 and Th2 cell percentages were shown between OIT and OIT+FOS 

animals; however, differences were observed at D63 (after OIT) and D78 (after i.p. 

challenge) between OIT+FOS mice and sensitized controls (Figure 4). At D63, an 

increase in activated Th1 cells (CXCR3+ of CD4+CD69+) was observed in the OIT+FOS 

group compared to the sensitized control group in the MLN (p=0.0159) (Figure 4B) 

and compared to the FOS no IT group in the spleen (p=0.0096) (Figure 4A). At D78, 

activated Th2 cells (T1St2+ of CD4+CD69+) were increased in the sensitized control 

animals compared to sham-sensitized control animals (p=0.0009) and both FOS 

(p=0.0259) and OIT+FOS (p=0.0419) reduced the percentage of Th2 cells in spleen 

(Figure 4D). No differences were observed in the MLN at D78, except the elevated 

percentage of activated Th2 cells in the OIT+FOS group compared to the sensitized 

control (p=0.0297) and FOS no IT (p=0.0121) groups (Figures 4E,F). 

Induction of tolerance-associated cell types
As shown in Figure 5A, an early increase in the percentage of CD4+CD25+Foxp3+ 

Tregs was observed halfway immunotherapy (D50) in the MLN of the OIT+FOS mice 

compared to OIT (p=0.0457). The higher percentage of Foxp3+ Tregs in MLN coincided 

with reduced IL-5 concentrations upon antigen-specific stimulation of splenocytes 

derived from OIT+FOS mice (D50) compared to the sensitized control (p=0.0365) 

(Figure 5I). A similar pattern was found for IL-10 (p=0.0651; not significant) (Figure 

5J). No differences in cytokine concentrations were observed after medium and anti-

CD3 stimulation of splenocytes (Figures 5I,J). At D63, the percentage of Foxp3+ 

Tregs in LP-derived lymphocyte fractions suggests an increase in the OIT+FOS mice 

compared to sensitized control mice; however, these results are not statistically 

significant (Figure 5B). A tendency toward increased percentages of CD103+CD11b- 

DC in LP was observed in the OIT+FOS group compared to the sensitized control 

(p=0.0889; not significant) after challenge (D71), but not after immunotherapy (D63) 

(Figure 5C). The percentage of LAP+ Tregs was increased in the OIT+FOS group 

compared to OIT at D71 in MLN (p=0.0327) (Figure 5D). Levels of Foxp3+ cells and 

Foxp3 and IL-10 mRNA expression in colon tissue were not statistically different 

between the groups at D71 (Figures 5E-H). A trend (p=0.0983) toward an increase in 

the number of Foxp3+ cells was observed in colon samples of FOS-treated animals 

compared to sensitized control animals (Figure 5F).
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Transfer of protection against allergic symptoms 
To confirm the involvement of the induced Foxp3+ Tregs in protection against allergic 

symptoms, pooled whole spleen suspensions and CD25-depleted fractions derived 

from sensitized control mice and OIT+FOS mice were adoptively transferred to naïve 

recipients. In contrast to body temperature (Figure 6B), challenge-induced acute 

allergic skin responses were significantly increased in the whey-sensitized recipient 

control mice compared to the sham-sensitized recipient control mice (p<0.0001), 

indicating that cell transfer was not responsible for the allergen-induced ear swelling 

response (Figure 6A). OIT+FOS splenocyte transfer did not protect against the 

increased ear swelling response (Figure 6A). CD25 depletion induced a more severe 

drop in body temperature in the OIT+FOS recipients compared to the recipients of 

the whole spleen suspension (p=0.0426) (Figure 6B). Similarly, challenge-induced 

mast cell activation was increased in mice which received the CD25-depleted fraction 

compared to the recipients of the OIT+FOS whole spleen suspension (p=0.0003) 

(Figure 6C). In addition, CD25 depletion increased the IL-10 concentration in whey-

stimulated splenocyte cultures derived from OIT+FOS recipients (p=0.0125) (Figure 

6E). A similar pattern was observed for IL-5, IL-13 and IFNγ; however, differences were 

not significant (Figures 6D,F,G). No differences in cytokine concentrations were 

observed after medium and anti-CD3/CD28 stimulation (Figures 6D-G).

Direct and indirect modulation of the intestinal 
environment by OIT+FOS
Bacterial fermentation of FOS leads to production of SCFA. After sensitization at D35, 

the mean total SCFA level was higher in the cecum of sensitized control mice than 

in sham-sensitized control mice (p=0.017) (Figure 7A). Considering individual SCFA, 

a similar pattern was observed for butyric acid; however, differences between the 

groups were not significant (Figure 7B). The intestinal epithelium-derived factor 

galectin-9 was measured in serum halfway- (D50) and after immunotherapy (D63) 

and after challenge (D71) (Figures 7C-E). OIT+FOS increased serum galectin-9 levels 

at D63 (p=0.0014 compared to sensitized control, p=0.001 compared to FOS no IT 

and p=0.0161 compared to OIT) (Figure 7D) and at D71 (compared to sensitized 

control, FOS no IT and OIT, all p<0.0001) (Figure 7E).
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Figure 6. Adoptive cell transfer of whole spleen- and CD25-depleted pooled splenocyte 
suspensions derived from sensitized control mice and OIT+FOS mice. (A) Acute allergic skin 
response measured as Δ ear swelling 1 h after i.d. injection at D34 in the recipients. (B) Body 
temperature levels during anaphylaxis measured 45 min after i.d. challenge at D34 in the recipients. 
(C) Serum mMCP-1 concentrations 30 min after i.g. challenge at D35 in the recipients. (D) IL-5 
concentrations, (E) IL-10 concentrations, (F) IL-13 concentrations and (G) IFNγ concentrations in 
supernatant after ex vivo stimulation of recipients-derived splenocytes with medium, anti-CD3/
CD28 and whey. Data are represented as mean ± SEM n=6/group in (A-G). Statistical analysis was 
performed using one-way ANOVA and Bonferroni’s post hoc test. *p<0.05, ***p<0.001, ****p<0.0001. 
Sens, sensitization; OIT, oral immunotherapy; FOS, fructo-oligosaccharides; no IT, no immunotherapy; 
mMCP-1, mucosal mast cell protease-1; i.d., intradermal; i.g., intragastric. 
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Figure 7. SCFA analysis in cecum content and serum galectin-9 levels. (A) Mean total SCFA 
concentrations and (B) mean butyric acid concentrations in homogenized cecum content supernatant 
collected after sensitization (D35), halfway immunotherapy (D50) and after immunotherapy (D63). 
(C) Serum galectin-9 levels halfway immunotherapy (D50), (D) after immunotherapy (D63) and (E) 
after i.g. challenge (D71). Data are represented as mean ± SEM n=5-6/group in (A,B) and n=10-12/
group in (C-E). Statistical analysis was performed using one-way ANOVA and Bonferroni’s post hoc 
test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Sens, sensitization; OIT, oral immunotherapy; FOS, 
fructo-oligosaccharides; no IT, no immunotherapy; i.g., intragastric; SCFA, short-chain fatty acids. 

DISCUSSION

Overall, our study shows that the combination of OIT and a FOS supplemented 

diet effectively reduces allergic symptoms upon challenge. We observed increased 

percentages of Foxp3+ Tregs and a reduction in T cell responsiveness and mast 

cell number and activation. The presence of both FOS and whey protein in the gut 

induces release of IEC-derived galectin-9, a factor that directly supports the process 

of tolerance induction via Treg differentiation [24]. Although the exact mechanism of 

action has to be determined, to our knowledge, this is the first demonstration of the 

improved efficacy of oral immunotherapy in combination with immunomodulatory 

food components in a murine CMA model. 

A

C D E

B



110

Non-digestible oligosaccharides improve immunotherapy efficacy

In the current study, OIT with 10 mg whey induced desensitization as shown by 

decreased anaphylaxis symptom scores after i.d. challenge. However, the combination 

of OIT and FOS was the most effective approach in terms of clinical protection against 

challenge-induced acute symptoms of anaphylaxis and reduced activation and 

number of mast cells in the gastrointestinal tract. The supporting effect of FOS during 

OIT was evident from the reduction of the challenge-induced ear swelling in OIT+FOS 

mice compared to OIT mice. In line with previous results, OIT effectively increased 

whey-specific IgG1 and IgA in serum [25]. As demonstrated in human studies, 

increased allergen-specific IgG and IgA levels observed during OIT are associated with 

allergy protection [8, 26]. The most striking difference in the humoral response in our 

study is the prevention of the challenge-induced increase in whey-specific IgE only 

observed in OIT+FOS mice.

Induction of Foxp3+ Tregs occurs in the MLN via CD103+ DC and involvement of 

TGFβ and retinoic acid (RA) [27]. Under the influence of CD103+ DC and MLN stromal 

cells, gut-homing receptors are expressed on the surface of Tregs [28] which facilitate 

migration to the intestine [29]. In the current study, a significant induction of Foxp3+ 

Tregs was only observed during immunotherapy in the MLN of OIT+FOS mice. Since 

clinical protection was observed upon challenge at a later stage of the experiment 

in the OIT+FOS mice, we hypothesize that the Foxp3+ Tregs traveled to other sites of 

action after immunotherapy. It has been described that trafficking of Tregs between 

multiple compartments contributes to their suppressive effect [30]. In accordance, 

we confirmed the presence of Foxp3+ Tregs in the LP of the small intestine after 

immunotherapy. A trend toward an increased percentage of CD103+ DC was observed 

in the LP of OIT+FOS mice after i.g. challenge. Functionality of spleen-derived Foxp3+ 

Tregs was shown by the loss of protection against allergic symptoms after transfer 

of depleted cell fractions. In addition, murine models of peanut AIT have shown that 

several routes of administration modulate the allergic response via IL-10-secreting 

Type 1 regulatory cells (Tr1) and TGFβ-secreting LAP+ Th3 Tregs [31]. In the current 

study, we were not able to measure IL-10 producing CD4+CD25+ Tr1 cells, but the 

percentage of LAP+CD4+Foxp3- cells was increased in the MLN of OIT+FOS mice 

compared to OIT alone at the time point of clinical protection. Together, the data 

of MLN-, LP- and spleen-derived Tregs indicate an important role for Tregs in the 

protective mechanism of OIT+FOS.

The induction of Foxp3+ Tregs in the MLN of OIT+FOS mice halfway immunotherapy 

was accompanied by reduced antigen-specific T cell responsiveness in splenocyte 

cultures. Only OIT+FOS reduced IL-5 production upon whey stimulation. Reduced 

cytokine production may either be due to the presence of suppressive Tregs or to 
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anergy of specific T cells during immunotherapy. With the current data it is not possible 

to distinguish between the two; however, the results of the whey stimulation assay 

in the adoptive transfer experiment show that depletion of CD25+ cells in OIT+FOS-

derived cell fractions increases responsiveness of specific T cells toward the allergen. 

Mast cell suppression by Tregs via the OX40-OX40 ligand interaction is an important 

control mechanism of the allergic response [32]. In the current study, ex vivo Treg 

depletion in OIT+FOS- derived cell fractions prior to transfer increased mucosal mast 

cell activation in vivo. FOS supplementation might enhance the ability of Tregs to 

suppress mast cell activation directly. It has been reported that CD4+CD25+ T cells 

derived from HMOS-treated OVA allergic mice efficiently suppressed in vitro IgE-

mediated mast cell degranulation [33].

The immunomodulatory activities of non-digestible oligosaccharides have been 

described in both human and animal studies of gastrointestinal disorders and 

allergies including asthma [34-36]. Carbohydrate structures are recognized by specific 

glycan receptors (e.g., C-type lectins) present on IEC and immune cells and contribute 

to the orchestration of the mucosal immune response [36]. Moreover, epithelial 

transport of non-digestible oligosaccharides was shown in vitro [14], indicating the 

possible direct interaction with lymphocytes residing in the LP. Direct modulation of 

human monocyte-derived DC and induction of Foxp3+ Tregs by a mixture of short-

chain galacto-oligosaccharides and long-chain FOS (scGOS/lcFOS) was shown in vitro 

[37]. Galectins are soluble type lectins expressed by IEC that were identified to be 

involved in the immunomodulatory effects of the scGOS/lcFOS mixture in an in vitro 

setting using IEC and human peripheral blood mononuclear cells [24]. In particular 

IEC-derived galectin-9 played a key role in Th1 and Treg polarization possibly via 

conditioning of tolerogenic DC [24]. Elevated galectin-9 levels were observed in serum 

of cow’s milk allergic mice after scGOS/lcFOS supplementation [38]. In the current 

study, OIT+FOS increased serum galectin-9 levels, suggesting direct modulation of 

intestinal epithelial cells and a potential role in allergy protection by OIT+FOS. FOS 

supplementation without exposure to whey protein (OIT) could not induce galectin-9 

secretion. 

The influence of whey protein on the gut environment was further supported by 

the SCFA analysis in the cecum content. Whey administration during sensitization 

increased bacterial butyric acid production in the allergic mice compared to the 

sham-sensitized mice, suggesting altered microbiota composition and/or abundance. 

In the colon, the microbiota are involved in the fermentation of both (non-digestible) 

carbohydrates and proteins that were not digested in the upper part of the digestive 

tract into e.g., acetate, propionate and butyrate [39]. The type and quantity of the 
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produced SCFA can be a reflection of both the bacterial and dietary composition in 

the colon [40]. Our findings could not confirm that the combination of OIT and FOS 

supplementation favors the growth of butyrate-producing bacteria in the gut. Butyrate 

is a major energy source for colonocytes [41] and can promote the production of RA by 

epithelial cells via inhibition of histone deacetylase [42]. RA is converted from dietary 

vitamin A by retinaldehyde-dehydrogenase-2, an enzyme expressed by epithelial 

cells and CD103+ DC. Increased RA levels were associated with improved tolerogenic 

activity of CD103+ DC in vitro [34] and stimulate the differentiation of naïve T cells 

into Tregs [43]. Oral butyrate administration via the drinking water of antibiotic-

treated mice induced extrathymic differentiation of Foxp3+ Tregs, showing direct 

modulation of the immune response independent of the microbiota [44]. In addition, 

preventive butyrate administration mimicked the high fiber diet-induced protection 

against allergic symptoms and reduced total IgE levels in the serum of peanut allergic 

mice [34]. The involvement of butyrate in the tolerance-associated immune response 

suggests a role in the protective mechanism induced by OIT+FOS; however, since no 

significant differences were found, butyric acid levels cannot explain the changes in 

allergic- and immunologic parameters observed in the current study.

The use of immunomodulatory food components in combination with AIT is a 

promising strategy to combine specific- and generic modulation of the immune 

response. A first attempt was made by co-administration of the probiotic Lactobacillus 

rhamnosus CGMCC during OIT in peanut allergic children. The authors report sustained 

unresponsiveness to a food challenge in 82.1% of the treated children after 2-5 weeks 

off-therapy [45]. However, human data concerning the additive effect of pre- and/or 

probiotic supplementation on the efficacy of OIT is limited. 

In conclusion, we show the potency of a specific mixture of FOS to support the efficacy 

of OIT in cow’s milk allergic mice. Foxp3+ Tregs play a potential role in the protective 

effect induced by OIT+FOS; however, the exact contribution of galectin-9 and butyric 

acid should be further studied. In addition, future research is necessary to investigate 

the potential of the current strategy to improve the safety of OIT and induce long-

term tolerance toward food proteins after discontinuation of therapy. Understanding 

the complex interplay between the gut epithelium, the microbiota, and the immune 

system during OIT will contribute to knowledge-based application of nutritional 

interventions in human food allergy trials in the future.
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ABSTRACT
Background: Oral immunotherapy (OIT) is a promising therapeutic approach to treat 

food allergic patients. Recently, we have shown that the use of a mixture of short-

chain and long-chain fructo-oligosaccharides (scFOS/lcFOS) improves the efficacy of 

OIT in cow’s milk and peanut allergic mice. However, concerns with regards to safety 

and long-term efficacy of OIT remain. There is a need to identify novel biomarkers 

that predict, monitor and/or evaluate the effects of OIT. Here we present a method 

to select candidate biomarkers for efficacy and safety assessment of OIT using the 

computational approaches Bayesian networks (BN) and topological data analysis 

(TDA).

Methods: Data were used from scFOS/lcFOS diet-supported OIT experiments 

performed in two independent cow’s milk allergy (CMA) and two independent 

peanut allergy (PNA) experiments in mice. First, a subset of the data was analyzed 

to understand the data structure and its interactions in terms of a BN. This BN was 

used to compare the key parameters in CMA and PNA. Finally, the relations within 

the dataset in combination with the BN were explored to identify and rank candidate 

biomarkers that show the effect of OIT by applying TDA.

Results: The BN predicted the efficacy of OIT in the CMA and the PNA model with 82% 

and 80% accuracy respectively, thereby identifying a set of 5 parameters (allergen-

specific IgE and IgG1, body temperature, mMCP-1, ear swelling) which are key players 

in the mechanisms involved in both scFOS/lcFOS-aided OIT food allergy models. The 

TDA zoomed in on the full set of 67 previously analyzed parameters and identified 

clusters of biomarkers closely linked to biologically relevant clinical symptoms and 

also unrelated and redundant parameters within the network. Taken together, this 

enabled the prioritization of candidate biomarkers. Moreover, the TDA indicated 

differences between PNA and CMA models in how the data are related to each other.

Conclusion: Here we provide promising computational approaches to a) compare 

mechanistic features during OIT between two different food allergies b) determine 

the biological relevance of candidate biomarkers c) generate new hypotheses to 

explain why CMA has a different disease pattern than PNA and d) select relevant 

biomarkers for future studies.
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INTRODUCTION
Food allergy is an important socio-economic and health problem estimated to occur 

in 6-8% of children and in 1-2% of adults [1-3]. Unfortunately, to date there is no 

effective and safe therapy available and only symptomatic treatment and elimination 

diets are currently available. 

Human studies have shown that both subcutaneous immunotherapy (SCIT) and oral 

immunotherapy (OIT) which are based on the regular administration of the culprit 

food in increasing doses, have promising therapeutic potential in allergy. Even 

though SCIT may have some clinical efficacy for food allergy (increased food allergen 

thresholds), treatment has been shown to be associated with a high incidence of 

allergic side effects, which currently limits its application in clinical practice [4-6]. Few 

clinical trials have shown encouraging results of specific OIT in CM and PN allergic 

children [7-10]. OIT increases food allergen thresholds, diminishes skin prick test 

responses, enhances allergen-specific IgG4, decreases allergen-specific IgE, increases 

the activation threshold of basophils and temporarily increases regulatory T cells 

(Tregs) and relevant cytokine levels [8-11]. OIT is considered safer than SCIT, and 

hence more suitable for human treatment [5, 9]. However, although OIT has some 

efficacy, it is hampered by the high incidence of allergic side effects [10, 12-14]. 

Moreover, to date OIT has not yet resulted in long-lasting protection against food 

allergy: children subjected to OIT appear desensitized (i.e., protection against clinical 

effects), but not tolerized to peanut (i.e., induction of complete non-responsiveness 

or selective modulation of B and T cell responses) [8, 15], so the continuous ingestion 

of the allergen is still required to protect against clinical symptoms.

Data suggest that in addition to the food itself, an immune modulating agent 

(adjuvant) may be helpful to induce tolerance rather than desensitization [16-20]. In 

addition, an immune modulating agent may enhance the safety of the IT procedure 

by reducing the optimal allergen dose required to induce tolerance or by direct 

suppression of the allergic effector response over shorter treatment periods. Recent 

in vitro studies, as well as studies in animals and in allergic children, suggest that 

non-digestible carbohydrates, such as fructo-oligosaccharides (FOS) may improve 

both the efficacy and the safety of subcutaneous and oral therapeutic approaches. 

FOS has been shown to directly interact with the epithelium and to modulate the 

intestinal mucosal and systemic immune system from an allergic tuning toward a 

Treg and Th1 setting [21], thereby suppressing allergic inflammation [22-24].
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One of the major challenges in immunotherapy of food allergy is the lack of food 

allergy-specific biomarkers for disease diagnosis, illness monitoring, therapy 

evaluation, and prognosis prediction. To improve our understanding and ability to 

intervene in complex multifactorial food allergy, it is important to investigate the 

molecular networks underlying the biological system and elucidate which interactions 

contribute to pathology and how this occurs. Biomarkers involved in these processes 

should be measurable indicators of normal biologic processes, pathogenic processes, 

or therapeutic responses, for the risk assessment, early diagnosis, and predicting and 

monitoring responses to therapies and toxicities. 

This article focuses on applying data mining to search for hidden trends within 

large data sets. Here, Bayesian modeling in combination with technologies from 

topological data analysis and network science were used to analyze complex data 

from experimental OIT studies in mice by unraveling the complex relationships 

between analyzed parameters and prioritizing candidate biomarkers.

A Bayesian network (BN) is a type of probabilistic graphical model that lies at 

the intersection between statistics and machine learning. A BN is a compact 

representation of a probability distribution over a set of discrete variables. It can 

help to create a simplified overview of a complicated experiment, depicting an 

intuitive representation of relationships between variables, where it combines prior 

knowledge (such as the known relationships between variables) with data from 

observations. It captures the relationships between variables, and may be used to 

make inferences about unobserved variables. BNs are particularly suitable to deal 

with multiple cause-effect relationships within a complex system. Furthermore, a 

trained BN describing general relationships among variables can be used to make 

inferences about what-if scenarios and can as such be used to test hypotheses. 

Application of BNs has progressed enormously over the last decades leading to its 

use spanning all fields. 

We use techniques that borrow extensively from topological data analysis (TDA) and 

network science to extract information from high-dimensional data sets. The ‘shape’ 

of data, as it can be elucidated by topological analysis, can provide information about 

the observed system. The geometric shape of our application of these techniques 

corresponds to the way in which different features within the system interact. The use 

of Bayesian networks in combination with topological analysis enables the discovery 

of therapeutic mechanisms that trigger a specific cascade of processes underlying OIT 

and subsequently identify a wide range of relevant disease parameters. In this way the 

study design of future studies may be optimized in silico, saving time and resources.
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The aim of this study was i) to compare the key drivers of the mechanisms of scFOS/

lcFOS diet-supported OIT in peanut allergy and cow’s milk allergy and ii) to identify 

the biological relevance of biomarker (panels) of immunotherapy of food allergy 

thereby enabling the prioritization of candidate biomarkers.

MATERIALS AND METHODS
Data sources
Data were obtained from previously published studies describing experimental 

peanut allergy (PNA) and cow’s milk allergy (CMA) models, in which female C3H/

HeOuJ mice were sensitized to the allergens and treated with/without OIT and fed 

a diet supplemented with/without scFOS/lcFOS [24] (Wagenaar et al., manuscript 

submitted). The treatment efficacy was assessed with an intradermal (i.d.), 

intragastric (i.g.) and intraperitoneal (i.p.) food provocation. The outline of the studies 

is depicted in Figure 1. The results of these murine studies indicated that scFOS/

lcFOS supplementation improved the efficacy of OIT in cow’s milk allergic mice. 

Bayesian network analyses
For Bayesian data analysis, a selection of variables was made from both the CMA and 

PNA model datasets to ensure that the selected variables were present in all data and 

that these were measured under equivalent circumstances. The model used here was 

trained using data from two CMA model datasets. In order to integrate the data to 

train a single model, some considerations had to be made. Because several variables, 

which were to be included, were measured in assays that use relative values, pooling 

the data for use in the model required normalization and discretization. The two 

datasets were normalized by rescaling the variables with relative values to a new 

mutual scale, while keeping the variables with an absolute scale (such as temperature) 

unchanged. 

Because of the relatively small amount of data available for model training, it was 

decided to train a discrete Bayesian network. In a discrete Bayesian network, each 

node represents a variable. Each node contains a conditional probability table that 

represents the joint probabilities of the states of this node and the states of the 

parent nodes. In order to express the variables and their dependencies as conditional 

probabilities, the variables have to be discrete. Discretization was therefore performed, 

using ‘Hartemink’s algorithm’. This is a method of discretization that automatically finds 

quantiles that preserve and maximize mutual information among variables within the 

network. It was applied as implemented by package ‘bnlearn’ [25, 26]. 
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The structure of the network was not taken from the data, but provided by expert 

knowledge. After the model structure was defined, conditional probabilities were 

estimated using maximum likelihood estimation as implemented in package ‘bnlearn’ 

[26]. Model performance was assessed using a multiclass area under the ROC curve 

algorithm [27].

Figure 1. Experimental timelines of PNA and CMA models. Six-week-old female C3H/HeOuJ mice 
were randomly allocated to the control and experimental groups: sham-sensitized control group, 
sensitized control group, FOS supplemented group, OIT group, and the OIT with FOS supplementation 
group. Mice were i.g. sensitized to the cow’s milk protein whey or PE (20 mg whey in 0.5 ml or 6 mg 
PE in 0.5 ml PBS) with cholera toxin as an adjuvant (15 μg in 0.5 ml PBS). The FOS supplemented diet 
was provided from D35 to the end of the protocol and OIT with 10 mg whey or 1.5 or 15 mg PE in 0.5 
ml PBS was given from D42-D59 (5 oral gavages/week for 3 weeks). Acute allergic symptoms were 
measured upon i.d. challenge at D64 (10 μg whey or 1 μg PE in 20 μl PBS/ear), mast cell degranulation 
was measured upon i.g. challenge at D70 (50 mg whey or 15 mg PE in 0.5 ml PBS) and an i.p. challenge 
(50 μg whey or 100 μg PE in 200 μl PBS) was conducted at D77 to stimulate T cell responses prior to 
organ collection. At six time points throughout the animal experiment (D0, D35, D50, D63, D71 and 
D78), subgroups of mice from each control and experimental group were killed by cervical dislocation 
and blood and organs were collected. PE, peanut extract; CT, cholera toxin; OIT, oral immunotherapy; 
FOS, fructo-oligosaccharides; i.d., intradermal; i.g., intragastric; i.p., intraperitoneal; LP, lamina propria 
of small intestine; SCFA, short-chain fatty acids. 
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Topological data analyses
Data were taken from the CMA and PNA model datasets for topological visualization. 

For the CMA model, two experiments were merged into one dataset while for the 

PNA model data from one experiment was used. During this merge, features were 

discarded when only one of the two datasets contained said feature. This was done to 

prevent situations where the similarity of two features cannot be determined because 

of mutually exclusive sample sets. The processing procedure for both datasets was 

identical. 

Among the included variables were mucosal mast cell protease-1 (mMCP-1) upon 

i.g. food challenge and allergen-specific IgE, IgG1, IgG2a in serum, acute allergic 

skin response (ear swelling) upon i.d. food challenge, anaphylaxis symptom score 

and body temperature after challenge, leukocyte phenotypes by flow cytometry, 

cytokine release of MLN, LP and spleen-derived lymphocytes after ex vivo stimulation 

with anti-CD3, whey protein or peanut extract (PE) and short-chain fatty acids (SCFA).

To construct the graph, an adjacency matrix was calculated using Spearman’s rank 

correlation similarity. Using the resulting adjacency matrix, a mutual k-nearest 

neighbors graph was constructed as described [28]. The same publication shows 

that the graph, given large enough n, will be connected if we choose k on the order 

of log(n) where n is the number of samples in the data. Therefore, for each of the 

datasets, k equaled log(n).

To aid visualization and interpretation of the mutual nearest neighbors network, 

the nodes of the network were assigned to clusters using the multilevel modularity 

optimization algorithm [29].

RESULTS
Bayesian network illustrates beneficial effects of 
scFOS/lcFOS diet and OIT on CMA
Internal validation of the performance of the BN-model trained on the CMA model 

data was performed to assess how well the model can infer the clinical severity of 

allergy in light of the diet and treatment effects. mMCP-1 was chosen as a meaningful 

objective representation of allergic severity. The predictive performance of the model 

on mMCP-1 quantiles from CMA model data was good, as assessed from a multiclass 

area under the ROC curve of 0.86. 
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Next we used the BN to make inferences to test the influence of sensitization with 

or without OIT on the probability distribution of BN variables. In Figure 2A the 

probability distribution of the BN parameters is shown irrespective of the animal 

treatments (sensitization, scFOS/lcFOS dietary supplementation, or OIT), showing 

84.6% probability of being sensitized, 54.2% probability of having received the scFOS/

lcFOS supplemented diet and 42.6% probability of having received OIT treatment 

and the other probability distributions of the parameters analyzed in the animals. 

The probability distributions of the analyzed parameters changed upon the 

assumption of the model that all animals were sensitized (Figure 2B) resulting in 

only a small shift in probability distributions of the variables. This can be explained 

by the fact that the chance of sensitization irrespective of the animal treatments was 

already 84.6% (Figure 2A), so the increase to 100% sensitization does not have a 

major effect. The effect on the probability distributions change significantly upon the 

assumption of the model that all animals were sensitized and received OIT treatment 

(Figures 2B,C). This results in a clear decrease in probability of high specific IgE 

(from 21.51% to 17.82%), specific IgG1 (from 81.72% to 60.40%), ear swelling upon 

i.d. challenge(from 64.58% to 60.79%) and mMCP-1 (from 84.96% to 51.99%) levels, 

indicating the clear effect of OIT on these allergy parameters.

Figure 2A. Bayesian network.
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Figure 2B. Eff ect of sensitization.

Figure 2C. Eff ect of sensitization + OIT.

Figure 2. Bayesian network trained on CMA data, eff ects of sensitization and/or OIT. BN depicting 
the relationships between the analyzed parameters and the animal treatments (sensitization, 
scFOS/lcFOS diet, or OIT treatment) using CMA data. Moreover, the probability distributions of all 
BN variables are depicted (A) irrespective of animal treatments, (B) assuming that all animals were 
sensitized and (C) assuming that all animals were sensitized and received OIT. 
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Figure 3A. Eff ect of sensitization + FOS diet.

Figure 3B. Eff ect of sensitization + FOS diet + OIT.

Figure 3. Bayesian network trained on CMA data, eff ects of scFOS/lcFOS diet with or without 
OIT. BN depicting the relationships between the analyzed parameters and the animal treatments 
(sensitization, scFOS/lcFOS diet, OIT treatment) using the CMA data. The probability distributions of 
all BN variables are depicted assuming that all animals were sensitized and (A) received scFOS/lcFOS 
diet or (B) received scFOS/lcFOS diet in combination with OIT.
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Next we investigated the effect of the scFOS/lcFOS supplemented diet on the 

probability distributions in sensitized animals (Figures 2B and 3A). This modeling 

showed a clear decrease in probability of high specific IgE (from 21.51% to 3.42%), 

high specific IgG1 (from 81.72% to 64.10%), high mMCP-1 (from 84.96% to 66.72%) 

and an unexpected increase in high ear swelling (from 64.58% to 80.11%). Together, 

these calculations indicate a clear effect of scFOS/lcFOS diet on these allergy 

parameters. This effect of the scFOS/lcFOS diet on the probability distributions in 

sensitized animals is further increased by the extra addition of OIT in the model 

(Figures 2B and 3B). This results in a major decrease in probability of high mMCP-1 

(from 84.96% to 32.46%) and high ear swelling (from 64.58% to 55.36%).

Together these data indicate clearly the added effect of supplementing the diet with 

scFOS/lcFOS on the efficacy of OIT in CMA, which confirms previous work [24]. These 

examples illustrate how the BN is suitable to easily test and generate hypotheses by 

visualizing the consequences of what-if scenarios. Instead of analyzing the effects 

of interventions on the entire population, the modeling also enables to focus on 

the effects of interventions on subpopulations of subjects, which clearly makes this 

approach even more valuable for future applications (e.g., mechanism elucidation, 

patient stratification), although this goes beyond the scope of this manuscript.

Bayesian network indicates similar key drivers  
in PNA and CMA
Although both CMA and PNA seem clinically similar diseases, they differ in the fact 

that CMA is most prevalent during early childhood, but is often outgrown [30] while 

PNA is more persistent and is the most frequent cause of life-threatening allergic 

reactions in adults [31].

To assess whether key features of the CMA and PNA models have similar properties, 

we used the Bayesian network that was trained on data from the CMA model to make 

inferences on the PNA model data. Inferences on mMCP-1 quantiles in the BN from 

a PNA model experiment, using the network trained on the CMA model data gave a 

multiclass area under the ROC curve of 0.76; which is considered a fair performance. 

From these analyses, it is reasonable to deduce that the effects of the allergen, 

treatment and diet are similar within our Bayesian network abstraction of CMA across 

peanut and cow’s milk models. Therefore, we can regard the model as a reasonable 

representation of the core mechanisms and characteristics of allergy, treatment and 

diet. 
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Topological data analyses prioritize candidate 
biomarkers
The BN indicated that the core characteristics of allergy, treatment and diet in both 

the PNA and CMA models are similar. Because many more parameters were analyzed 

throughout the course of each study in each individual mouse, the next question 

was whether it would be possible to indicate whether the relevance of the analyzed 

parameters differs between PNA and CMA by determining how the parameters are 

related to each other and to the clinical endpoints of food allergy.

Figure 4. The mutual nearest neighbors network of the CMA model. Topological 
network showing the clustering of parameters (dots with same color). The clusters were 
used to identify the cluster relationships in CMA. Moreover, the encircled clusters were 
used to compare the cluster relationships between CMA and PNA (Figure 5). 
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Figure 4 shows the overview of the mutual nearest neighbors network of parameters 

that were measured in the CMA model. From this experiment, 66 parameters were 

available for analysis. These were organized in 7 large (6-12 parameters) and 4 small 

clusters (1-2 parameters). The parameters most closely related to clinical outcomes 

(ear swelling, shock scores, body temperature and mMCP-1) were located in the 

same cluster as antigen-specific antibodies (dark green dots), indicating how closely 

they are connected. The remaining parameters closely linked to clinical outcomes 

(shock score and body temperature after i.p. challenge) were clustered together with 

splenocyte-derived parameters, both located in a cluster (yellow dots) which was 

quite closely linked to this antibody/clinical parameter cluster.

 

The antibody/clinical parameter cluster (dark green dots) was most closely related 

to the SCFA cluster (purple dots) and to the cluster with spleen-derived/clinical 

parameters (yellow dots). The remaining harboring MLN and remaining splenocyte-

derived parameters showed quite indirect relationships (light blue, orange, 

magenta and green dots) with the antibody/clinical parameter cluster or had no 

relationship (purple, brown and seagreen dots) at all (spleen CXCR3+ cells, T1St2+ 

cells, CD19+B220+ cells and IL-10 production of anti-CD3 stimulated MLN-derived 

lymphocytes). The indirect or absent relationship with clusters harboring clinical 

parameters indicates that they are of lesser importance to the process of OIT of food 

allergy. 

Figure 5 shows the TDA of the PNA model. In the PNA model, 33 parameters were 

analyzed which were organized in 6 clusters containing 4-7 parameters. The parameters 

most closely related to clinical outcomes (ear swelling, body temperature, shock scores 

and mMCP-1) were located in the same cluster as spleen Th1 (CD183+CD69+) and 

Th2 (T1St2+CD69+) cells. In contrast to the CMA model, all clinical parameters were 

located in the same cluster (purple dots). Moreover, the antigen-specific antibodies 

were not linked in the same cluster as the clinical parameters, although they were 

closely linked (light blue dots). Another cluster (sea green dots) closely linked to the 

clinical parameter cluster, consisted of the Tregs of spleen and MLN, Th2 cells in MLN, 

IFNγ production of anti-CD3/CD28 stimulated splenocytes and the %CD11b-CD103+ 

cells of CD11c+MHCII+ DC in MLN. The cluster (orange dots) harboring parameters of 

cytokine production by stimulated splenocytes was indirectly linked to the clinical 

symptoms via the antibody cluster (light blue dots). The remaining clusters showed 

quite an indirect relationship (dusky pink dots) with the clinical parameter cluster or 

had no relationship at all (light green dots, SCFA cluster). The latter finding is quite 

remarkable, since in the CMA model the SCFA cluster was quite closely linked to the 

clinical parameter clusters. 
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In summary, even though not all analyzed parameters were identical in both models, 

there is a substantial similarity in topology and clustering of features from both PNA 

and CMA models (clinical parameters, antibodies, SCFA, cytokines from stimulated 

splenocytes) and the connections between the clusters, indicating that both models 

have largely similar mechanistic relationships. Nevertheless, topological data 

analyses also indicate differences between parameters and the clinical outcome (e.g., 

importance of SCFA). These differences identified by in the mutual nearest neighbors 

networks may be useful to generate new hypotheses for observed clinical differences 

and prognoses of CMA and PNA. 

Figure 5. The mutual nearest neighbors network of the PNA model. Depicted is the topological 
network showing the clustering of parameters (dots with same color). The clusters were used to 
identify the cluster relationships in PNA. Moreover, the encircled clusters were used to compare the 
cluster relationships between PNA and CMA (Figure 4). 
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DISCUSSION
Immunotherapy is currently the most promising therapy for patients with food 

allergy, who now rely on avoidance and carrying adrenaline auto injectors in case 

of accidental exposure. Unfortunately, current immunotherapy treatments of food 

allergy are too often accompanied by allergic side effects and do not appear to 

give long-term protection [17]. Recent in vitro studies, studies in animal models and 

studies in children with atopic dermatitis indicate that the addition of non-digestible 

sugars may improve the efficacy and safety of therapeutic approaches [22, 23, 32, 33]. 

However, the mechanism of action of these approaches is still largely unclear and as 

a result possibilities, limitations and safety /risks of these types of interventions are 

not known. The lack of insight into the mechanism also results in a large number of 

parameters being measured in studies, while the usefulness of results for a large part 

of these parameters is unclear and the studies become extremely elaborate.

Here we use ways of data mining to search for hidden trends within existing sets 

of data, by using computational solutions (including algorithms, models and tools) 

which can be used to optimize experimental designs, data analyses and interpretation 

and hypotheses generation. We show that network analysis methods can be applied 

to investigate the underlying molecular mechanisms involved in immunotherapy 

of food allergy and the prioritization of biomarkers. By applying Bayesian networks 

and topological data analyses, ‘hidden’ information was discovered in the available 

data by visualizing the complex relationships between measured parameters and 

symptoms. In this study, we analyzed data from animal experiments with the major 

allergenic foods, peanut and cow’s milk, which show different disease patterns. CMA 

is most prevalent during early childhood, but is often outgrown [30] while PNA is 

more persistent and is the most frequent cause of life-threatening allergic reactions 

in adults [31]. Our analyses suggest that the mechanisms involved in immunotherapy 

of CMA and PNA are very similar but not completely identical on the basis of the 

measured parameters. Possibly, slight differences can help to explain differences 

between patients.

One of the most striking differences was that our data clearly indicates the role 

of SCFA in CMA, but not in PNA. Previously, we have shown that in PNA and CMA, 

increased levels of SCFA, specifically butyric acid, coincided with allergy reduction 

[24] (Wagenaar et al., manuscript submitted). These findings are confirmed in 

literature, where accumulating evidence indicates that SCFA have several anti-

allergic properties by amongst others Treg induction and enhancement of the 

gut barrier function [34]. Previous findings also show that dietary fibers which are 

metabolized by the gut microbiota into SCFA are able to down-regulate PNA [35] 
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and inflammatory airway responses in asthma [36]. Moreover, in CMA, levels of faecal 

butyrate were increased in tolerant infants [37]. So even though we have observed 

that increased levels of SCFA coincided with an allergy reduction in both PNA and 

CMA using the dataset used in current analyses [24] (Wagenaar et al., manuscript 

submitted), we here show that the structure of how the experimental data are 

correlated with each other are different between the allergy models. This means 

that the relationship between the SCFA and the clinical outcomes in PNA is a) more 

indirect and/or b) occurs via different mechanisms or parameters which were not 

analyzed in the studies and/or c) is not essential for the outcome of the allergy, so 

the level of SCFA could be an epiphenomenon which is in contrast to the current 

opinion in literature as mentioned before. This example nicely illustrates how these 

types of network-based analyses, enable the generation of new hypotheses, in this 

case the role of the different biomarkers in (treatment of ) food allergy and to explain 

the differences between the disease patterns of CMA and PNA.

Another important feature of these types of network analyses is that they create a 

new view of the dataset which can be used to determine the biological relevance of 

the measured parameters. Using the mutual nearest neighbors networks from the 

topological data analyses, several criteria can be applied to prioritize the measured 

parameters: i) it became clear that several more or less ‘standard’ study parameters 

seem to have little relevance because they had no clear link to the clinical outcomes 

of immunotherapy, while others had a very direct link; ii) clusters of parameters were 

identified that individually were linked in a comparable manner to the biologically 

relevant parameters, so one could argue that analyses of only a few cluster-members 

would be sufficient instead of analyzing the entire panel; iii) mutual nearest neighbors 

networks enabled the prioritization of parameters based on the invasiveness of the 

measurements of the parameter in case of ‘equally’ relevant linked parameters to the 

clinical parameters. For instance, SCFA analyses in faecal samples or IgE in serum are 

far less invasive for the subject than determining the skin response upon challenge, 

both in experimental animal models and in humans. 

The BN approach demonstrated here allows investigators to more productively 

mine the currently available and/or future data sets of phenotypes for food allergy-

related traits to discover testable hypotheses for physiological mechanisms that lead 

to a food allergic phenotype. Here we show that in this approach, the addition of 

oligosaccharides with or without immunotherapy reduced the food allergy in both 

CMA and PNA. Moreover, even though the analyzed parameters in CMA and PNA 

were not identical, we showed that the key mechanisms between CMA and PNA 

are comparable. The BN shown here is quite simple in this experimental setting 



135

5

containing a limited set of parameters. For future clinical applications, it would 

be very interesting to expand this BN with patient characteristics (e.g., epigenetic 

factors, genetic factors, age, sex, medication), analyzing multiple parameters on 

multiple time points. This would result in a so called dynamic BN which would enable 

a stratification strategy to predict before the start of treatment whether a patient will 

benefit from undergoing immunotherapy. These new insights provide good starting 

points for selecting relevant biomarkers to monitor and predict safety and efficacy in 

later clinical studies, but also eventually in clinical applications.

CONCLUSION
Here we provide a promising bioinformatics method to compare mechanistic features 

between different food allergies and to identify the biological relevance of biomarker 

(panels) of immunotherapy of food allergy. We have shown that the key drivers that 

influence PNA and CMA are similar but that these phenotypically similar diseases 

show mechanistic differences in their subnetworks. This method may be useful to 

generate new hypotheses to explain why CMA has a different disease pattern than 

PNA and to select biomarkers that are useful in for future clinical studies.
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ABSTRACT
Background: In previous studies, we showed that a fructo-oligosaccharide (FOS) 

supplemented diet enhanced oral immunotherapy (OIT) efficacy in a mouse model 

for cow’s milk allergy. Fermentation of FOS by intestinal bacteria leads to production 

of short-chain fatty acids (SCFA) including butyrate. 

Aim: To investigate the contribution of butyrate in the enhanced efficacy of OIT+FOS.

 

Methods: C3H/HeOuJ mice were sensitized and received OIT with or without FOS or 

butyrate supplementation. After treatment, whole blood was collected to conduct a 

basophil activation test (BAT) and allergen challenges were performed to measure 

acute allergic symptoms. CD4+CD25+ regulatory T cells (Tregs) were isolated from 

treated mice or differentiated in vitro and used in a bone marrow-derived mast 

cell (BMMC) suppression assay. Cecum content was collected to analyze SCFA 

concentrations. 

Results: Allergen-induced basophil activation was reduced in OIT+butyrate 

samples compared to OIT. In accordance, the acute allergic skin response and mast 

cell degranulation were reduced in OIT+butyrate and OIT+FOS mice compared to 

sensitized controls. Butyric acid was increased in the cecum content of OIT+FOS mice 

compared to OIT mice and sensitized controls. Treg-mediated BMMC suppression 

was enhanced after in vivo butyrate and FOS exposure in combination with OIT. 

Conclusion: Butyrate supplementation enhanced OIT-induced desensitization of 

basophils and mast cells and Treg functionality. Both butyrate and FOS are promising 

candidates to improve OIT efficacy in human studies to treat food allergies. 
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INTRODUCTION
Population-based sampling of Australian one-year-old infants showed oral challenge-

proven IgE-mediated food allergy in over 10% of the infants [1]. This high prevalence 

of food allergies among infants, in combination with an associated reduced growth 

and increased risk of asthma development later in life [2, 3], stress the need for 

effective interventions. To date, food allergy management largely consists of allergen 

avoidance and administration of epinephrine in case of systemic anaphylaxis. Human 

trials with antigen-specific immunotherapy (AIT) to treat food allergies have shown 

promising results. However, safety and efficacy concerns have obstructed wide-

spread clinical application [4, 5]. A recent meta-analysis confirmed an AIT-induced 

increase in the tolerated dose in food allergic patients, but also reported an increased 

risk of mild to severe adverse (systemic) reactions [6]. 

Oral immunotherapy (OIT) to treat cow’s milk, peanut and hen’s egg allergies has 

been shown to reduce clinical symptoms upon food challenge, but unsuccessfully 

maintained the protective state upon discontinuation of the therapy [7]. Effective 

desensitization of effector cells like mast cells and basophils in combination with 

active modulation of the adaptive immune response via antigen-presenting cells and 

T and B lymphocytes are key mechanisms in OIT [8]. The use of dietary adjuvants 

with immunomodulatory properties might open a new window of opportunities to 

improve the efficacy of OIT for food allergies. 

Pre- and probiotics have been shown to promote oral tolerance and attenuate the 

allergic phenotype via the growth of beneficial microbes in the gut and the increased 

production of short-chain fatty acids (SCFA) [9, 10]. Co-administration of a probiotic 

during OIT in peanut allergic children induced sustained unresponsiveness to a food 

challenge in 82.1% of the participants, even after 2-5 weeks without therapy [11]. 

Previous studies from our group have shown that dietary supplementation with 

fructo-oligosaccharides (FOS, prebiotics) during OIT improved the efficacy of the 

therapy in a murine cow’s milk allergy model [12]. We observed a reduction in clinical 

symptoms upon food challenge and showed the involvement of Foxp3+ regulatory 

T cells (Tregs) in the protective effect induced by OIT+FOS [12]. In addition, the 

interaction of proteins and non-digestible oligosaccharides with intestinal epithelial 

cells (IEC) can induce release of soluble galectin-9, a glycan-recognizing protein 

involved in tolerance induction and direct suppression of IgE-mediated mast cell 

degranulation [13]. A significant increase in serum galectin-9 levels was observed 

after OIT+FOS treatment in cow’s milk allergic mice [12]. 
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Fermentation of non-digestible oligosaccharides and proteins by commensal 

microbes, present in the colon and cecum, leads to formation of SCFA. Specific 

bacterial groups are responsible for the production of butyrate from acetyl-CoA and 

butyryl-CoA, propionate from propionyl-CoA and acetate from acetyl-CoA [14]. After 

absorption into colonic or cecal epithelial cells via diverse mechanisms, SCFA enter 

the circulation and modulate metabolic and immune processes in peripheral tissues 

[15]. Via the inhibition of histone deacetylases (HDAC) and activation of G-protein 

coupled receptors (GPCR), e.g., GPR41, GPR43 and GPR109a, on epithelial and immune 

cells, SCFA can alter gene expression and inflammatory responses [16]. To gain more 

insight into the role of butyrate in the allergy protective effect induced by OIT and 

FOS supplementation, we administered butyrate directly to cow’s milk allergic mice 

during OIT and evaluated the allergic response to food challenges. 

MATERIALS AND METHODS
Mice
Six-week-old female specific-pathogen free C3H/HeOuJ mice were purchased 

(Charles River laboratories, Erkrath, Germany) and randomly allocated to the control 

and experimental groups (Figure 1). All mice were housed in filter-topped macrolon 

cages (one cage/group) on a 12 h light/dark cycle with unlimited access to food and 

water at the animal facility of Utrecht University and were acclimatized for 6 days. 

All experimental procedures were approved by the Ethical Committee of Animal 

Research of Utrecht University and complied with the principles of good laboratory 

animal care as stated by the European Directive for the protection of animals used for 

scientific purposes.

Control diet and FOS supplemented diet
All animals were fed the AIN-93G control diet during acclimatization and oral 

sensitization (D0 to D35). The FOS supplemented diet was provided from D35 to the 

end of the protocol in the FOS and OIT+FOS groups (Figure 1). Shortly, a specific 

mixture of plant-derived short-chain FOS (scFOS: oligofructose, Raftilose P95, degree 

of polymerization (DP) <6) and long-chain FOS (lcFOS: long-chain inulin, Raftiline 

HP, average DP of 23 or higher with <1% DP of 5 or lower) was provided by Orafti 

(Wijchen, the Netherlands) and added to the base recipe of the semi-purified cow’s 

milk protein-free AIN-93G diet (scFOS/lcFOS, 9:1, 1%, w/w, Ssniff Spezialdiäten GmbH, 

Soest, Germany) [12]. 
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Experimental animal procedures
All mice were intragastrically (i.g.) sensitized to the cow’s milk protein whey (DMV 

International, Veghel, the Netherlands) dissolved in PBS (20 mg whey in 0.5 ml PBS, 

Lonza, Verviers, Belgium) with cholera toxin (CT, 15 μg CT in 0.5 ml, List Biological 

Laboratories Inc., Campbell, CA, USA) to induce food allergy or were sham-sensitized 

with PBS and CT alone on D0, 7, 14, 21 and 28 (Figure 1). OIT consisted of 10 mg whey 

in 0.5 ml PBS and was provided per oral gavage from D42-D59 (5x/week, for 3 weeks). 

The butyrate and OIT+butyrate mice were weighted prior to D42, D49 and D56 and 

received 0.6 g/kg bodyweight/day sodium butyrate (Sigma-Aldrich, Zwijndrecht, the 

Netherlands) dissolved in PBS with or without whey based on mean bodyweight of 

the group. All mice received an intradermal (i.d.) challenge in both ear pinnae (10 μg 

whey in 20 μl PBS/ear) to measure the acute allergic skin response and symptoms 

of anaphylaxis (D64). Mean basal ear thickness in μm (using a digital micrometer, 

Mitutoyo, Veenendaal, the Netherlands) was subtracted from mean ear thickness 1 h 

post-challenge (in duplicate, in both ears, blinded measurement) to calculate Δ ear 

swelling (i.e., the acute allergic skin response) per mouse. To perform the i.d. injection 

and both ear measurements, all mice were anesthetized twice using inhalation of 

isoflurane. On D69, all mice were i.g. challenged with 50 mg whey in 0.5 ml PBS. Serum 

samples were collected via cheek puncture 30 min after i.g. provocation to measure 

mucosal mast cell protease-1 (mMCP-1) concentrations. The mice were sectioned at 

D70 to collect blood and organs. 

Table 1. Experimental groups and treatments.

group n sens treatment challenge diet

sham 5 PBS + CT PBS whey control

sens 9 whey + CT PBS whey control

FOS 8 whey + CT PBS whey FOS

butyrate 8 whey + CT PBS + butyrate whey control

OIT 8 whey + CT 10 mg whey whey control

OIT+FOS 8 whey + CT 10 mg whey whey FOS

OIT+butyrate 8 whey + CT
10 mg whey  
+ butyrate

whey control
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Figure 1. Experimental timeline. Female C3H/HeOuJ mice were grouped as depicted in Table 
1: sham, sham-sensitized control; sens, whey-sensitized control; FOS, FOS supplemented group; 
butyrate, butyrate supplemented group; OIT, OIT group; OIT+FOS, OIT with FOS supplementation 
group; OIT+butyrate, OIT with butyrate supplementation group. All mice were fed the AIN-93G control 
diet upon arrival and during i.g. sensitization with whey (20 mg in 0.5 ml PBS) and cholera toxin (15 
μg in 0.5 ml PBS) on day 0, 7, 14, 21 and 28. The FOS supplemented diet was provided from D35 to the 
end of the protocol in the FOS and OIT+FOS groups. OIT with 10 mg whey in 0.5 ml PBS was given 5x/
week for 3 weeks (D42-59). Sodium-butyrate was co-administered during OIT (0.6 g/kg bodyweight/
day) based on mean bodyweight per group. At D63, whole blood samples were collected via cheek 
puncture to perform a BAT and an i.d. challenge (D64, 10 μg whey in 20 μl PBS/ear) and i.g. challenge 
(D69, 50 mg whey in 0.5 ml PBS) were conducted to measure the acute allergic skin response and 
mucosal mast cell degranulation (mMCP-1), respectively. At D70, all mice were sectioned and blood 
and organs were collected. OIT, oral immunotherapy; FOS, fructo-oligosaccharides; CT, cholera toxin; 
i.d., intradermal; i.g., intragastric; BAT, basophil activation test; mMCP-1, mucosal mast cell protease-1.

Basophil activation test
Whole blood samples from all control and experimental groups were collected via 

cheek puncture at D63 to conduct a basophil activation test (BAT) according to the 

method described by Torrero et al [17]. Briefly, whole blood was incubated (1.5 h 

at 37°C) with RPMI-1640 medium (Lonza), αIgE (125 ng/ml, eBioscience, Breda, the 

Netherlands) or whey (20 μg/ml, DMV International) to activate basophils. After red 

blood cell lysis (Whole Blood Lysing Reagents, Beckman Coulter, Fullerton, CA, USA), 

cells were stained with anti-IgE-FITC, anti-CD49b-APC, anti-CD4-PE and anti-B220-PE 

(eBioscience) to select the basophil population while excluding T and B cells. Median 

fluorescence intensity (MFI) of activation marker CD200R-PerCp-eFluor 710 was 

determined with flow cytometry using a FACS Canto II (BD Biosciences, Alphen a/d 

Rijn, the Netherlands). 

ELISA
Serum samples collected prior to sectioning were stored at -20°C until analysis of 

whey-specific antibodies (IgE, IgA, IgG1 and IgG2a), mMCP-1 and galectin-9. Culture 



147

6

supernatants from bone marrow-derived mast cell (BMMC) assays were collected 

and stored at -20°C to measure IL-6 and IL-13 concentrations. All procedures were 

conducted as described elsewhere [12].

SCFA analysis in cecum supernatant
To determine SCFA concentrations, cecum content was collected and stored at -80°C 

until further processing according to the method described previously [18]. Cecum 

supernatant was analyzed using a Shimadzu GC2010 gas chromatograph (Shimadzu 

Corporation, Kyoto, Japan). 

Tregs and BMMC suppression assays
BMMC were cultured from naïve female C3H/HeOuJ mice in RPMI-1640 medium 

(Lonza) supplemented with 10% FCS, 26 mM Hepes, 0.12 mM MEM non-essential 

amino acids, 2.4 mM Glutamax, 1.2 mM sodium pyruvate (all from Gibco Thermo 

Fisher Scientific, Waltham, MA, USA), penicillin-streptomycin (100 U/ml-100 μg/ml, 

Sigma-Aldrich) and IL-3 and stem cell factor (SCF, both 10 ng/ml, Prospec, Ness-Ziona, 

Israel) at 37°C with 5% CO
2
. 

CD4+CD25+ Tregs were purified from pooled whole spleen suspensions derived from 

all control and experimental groups of mice in a follow-up experiment according to 

the manufacturer’s instructions (Miltenyi Biotec, Leiden, the Netherlands) and were 

co-cultured in a 1:1 ratio with BMMC sensitized with anti-DNP-IgE (dinitrophenol) 

according to the method described elsewhere [19]. Subsequently, BMMC were 

activated with 25 ng/ml DNP-HSA (DNP hapten conjugated to human serum 

albumin) and release of β-hexosaminidase (β-hex) was measured. Activated BMMC 

were incubated in fresh medium for 24 h to collect culture supernatant for cytokine 

analysis.

In vitro Treg induction from naïve CD4+CD25- splenocytes was conducted according 

to the method described previously [20]. 125 μM sodium butyrate (Sigma-Aldrich) 

and 0.05% scFOS/lcFOS (9:1, Orafti) were added to the culture medium. After 6 days of 

incubation at 37°C with 5% CO
2 

in the presence of IL-2 and TGFβ, cells were harvested 

and co-cultured with BMMC sensitized with anti-DNP-IgE as described earlier. Beta-

hex release was measured upon BMMC activation using DNP-HSA. An aliquot of cells 

was stained for anti-CD4-FITC, anti-CD25-PE, anti-Foxp3-APC and anti-OX40-PerCp-

eFluor 710 (eBioscience) and analysed using flow cytometry.
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Data analysis and statistics
Data were presented as mean ± SEM and were analyzed using GraphPad Prism 

software version 7 (GraphPad software, La Jolla, CA, USA). We used one-way ANOVA 

and Bonferroni’s post-hoc test to compare sham with sens; sens with FOS, butyrate, 

OIT, OIT+FOS and OIT+butyrate; FOS with OIT+FOS; butyrate with OIT+butyrate 

and OIT with OIT+FOS and OIT+butyrate. Whey-specific antibody data were log-

transformed prior to testing and the median is depicted per group. Beta-hex data 

(mean ± SD) in Figure 6 were analyzed using a two-way ANOVA for non-repeated 

measures. Calculated p-values were corrected for the number of comparisons and 

were considered statistically significant when p<0.05. 

Figure 2. Reduced activation of allergic eff ector cells upon challenge after OIT and butyrate or 
FOS supplementation. (A) Reduced acute allergic skin response (Δ ear swelling 1 h after i.d. injection 
with whey) in OIT+FOS and OIT+butyrate mice compared to sensitized controls. (B) Reduced 
mucosal mast cell degranulation (serum mMCP-1 concentration) in OIT+butyrate mice compared to 
sensitized controls. Decreased MFI of CD200R in basophils activated with (C) whey in OIT+butyrate 
blood samples compared to OIT and butyrate samples. No diff erences in MFI observed after basophil 
stimulation with (D) αIgE and (E) medium. Data are represented as mean ± SEM, n=5-9/group in 
(A,B) and n=3-5/group in (C,D) (whole blood samples were pooled per 2 mice). Statistical analysis 
was performed using one-way ANOVA and Bonferroni’s post-hoc test to compare pre-selected 
combinations. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. i.d., intradermal; i.g., intragastric; mMCP-
1, mucosal mast cell protease-1; MFI, median fl uorescence intensity.
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RESULTS
Butyrate supplementation supported OIT efficacy 
shown by reduced effector cell activation upon 
challenge
The sensitized control group showed increased acute allergic skin responses 

(i.e., magnitude of the ear swelling response) and increased mucosal mast cell 

degranulation (i.e., serum mMCP-1) after challenge compared to the sham-sensitized 

control group (Figures 2A,B). OIT+butyrate reduced the acute allergic skin response 

and mucosal mast cell degranulation compared to sensitized controls (Figures 

2A,B). A trend (p=0.0507) toward a reduction in ear swelling was observed in the 

animals which were only exposed to oral butyrate supplementation (Figure 2A). 

In addition, basophils derived from whole blood of OIT+butyrate mice showed 

reduced expression of activation-associated receptor CD200R upon antigen-

specific stimulation compared to OIT- and butyrate-derived basophils (Figure 2C). 

No differences between the groups were observed after stimulation with αIgE and 

medium, indicating modulation of the antigen-specific basophil response (Figures 

2D,E). In accordance with previous results [12], OIT+FOS effectively reduced the 

acute allergic skin response (Figure 2A) and a trend (p=0.0535) toward a reduction 

in mucosal mast cell degranulation was observed compared to sensitized controls 

(Figure 2B). Despite the observed reduction in the acute allergic skin responses in 

OIT+butyrate and OIT+FOS mice, no protection against symptoms of anaphylaxis, 

e.g., body temperature drop, induced by the i.d. challenge was observed (data not 

shown).

OIT influenced whey-specific IgE levels in serum
Levels of whey-specific IgE, IgA, IgG1 and IgG2a in serum collected at D70 were 

increased in the sensitized controls compared to the sham-sensitized controls 

(Figures 3A-D). Except the whey-specific IgE levels which were lowered in the 

OIT+butyrate group compared to butyrate (Figure 3A), no significant differences 

in whey-specific antibody levels were found between the control and experimental 

groups. However, in accordance with previous results [21], the level of whey-specific 

IgE was lower in OIT-exposed animals. No additional effect of the dietary intervention 

with either FOS or butyrate was observed in the current study with respect to whey-

specific IgE (Figure 3A). In contrast, whey-specific IgA, IgG1 and IgG2a levels were 

higher in the combination group OIT+FOS (Figures 3B-D). 
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Figure 3. OIT infl uenced whey-specifi c IgE responses in mice. Whey-specifi c antibodies were 
measured by means of ELISA in serum collected at D70. (A) whey-specifi c IgE, (B) whey-specifi c 
IgA, (C) whey-specifi c IgG1 and (D) whey-specifi c IgG2a levels were increased in whey-sensitized 
control mice compared to sham-sensitized controls. OIT decreased whey-specifi c IgE independent 
of the dietary interventions. OIT+FOS had the most pronounced eff ect on whey-specifi c IgA, IgG1 
and IgG2a. Data are depicted as individual data points with the median per group, n=5-8/group. 
Statistical analysis was performed by log-transforming the data followed by a one-way ANOVA with 
Bonferroni’s post-hoc test to compare pre-selected combinations. *p<0.05, ***p<0.001, ****p<0.0001. 
AU, arbitrary units.
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OIT+FOS increased local butyric acid levels
OIT+FOS increased levels of butyric acid in cecum content compared to the sensitized 

control and the OIT groups which were fed the control diet (Figure 4A). As expected, 

no increase in butyric acid in the cecum content was observed in butyrate and 

OIT+butyrate mice, suggesting systemic uptake of orally administered butyrate. Oral 

sensitization against whey increased propionic acid and acetic acid concentrations as 

observed in cecum content of the whey-sensitized controls compared to the sham-

sensitized controls (Figures 4B,C). Total SCFA levels in cecum content of sensitized 

control mice were increased accordingly (Figure 4D). In the current study, no 

significant differences in serum galectin-9 concentrations were observed between 

the groups (Figure 4E). 

Tregs derived from OIT+butyrate mice showed 
enhanced suppression of BMMC responses
A schematic representation of the ex vivo Treg-BMMC suppression assay is shown 

in Figure 5A. Spleen-derived CD4+CD25+ cells were isolated and verified for Foxp3 

expression (Figures 5B-D, approximately 70% positivity) and co-cultured with anti-

DNP-IgE-sensitized naïve BMMC. OIT+butyrate and OIT+FOS-derived Tregs reduced 

β-hex release upon BMMC activation with DNP-HSA compared to the control condition 

without Tregs. Butyrate- and OIT-derived Tregs also reduced BMMC degranulation; 

however, a reduction in IL-13 release by BMMC was only observed in OIT+butyrate 

compared to OIT (Figures 5E,F). No difference in release of IL-6 by activated BMMC 

was observed in the Treg-BMMC co-cultures (Figure 5G).

FOS exposure, but not butyrate exposure, during in 
vitro Treg induction enhanced BMMC suppression
In vitro stimulation of naïve spleen-derived CD4+CD25- cells with TGFβ and IL-2 led 

to differentiation into Foxp3+ Tregs with functional suppressive capacities shown by 

reduced BMMC activation (Figures 6A,B). The percentage of Foxp3+ cells after 6 days 

of stimulation was similar in all conditions (Figure 6C). Although exposure to butyrate 

during Treg induction could not further improve the suppressive action of the Tregs 

toward BMMC (Figure 6A), direct exposure to FOS did enhance Treg-mediated BMMC 

suppression (Figure 6B). In particular, BMMC activation with 50 ng/ml antigen was 

significantly reduced in the presence of FOS exposed Tregs compared to control Tregs 

(Figure 6B). We hypothesized that the OX40-OX40L interaction is involved in the Treg-

mediated suppression of BMMC; however, FOS exposure did not increase expression 

of OX40 by CD4+CD25+Foxp3+ cells compared to the control condition (Figure 6D).
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Figure 4. Increased butyric acid concentrations in cecum content of OIT+FOS mice. SCFA analysis 
in cecum content (upon local fermentation) indicated that (A) butyric acid levels were increased in 
OIT+FOS mice compared to OIT mice and sensitized controls. (B) Propionic acid and (C) acetic acid 
levels in cecum content were increased in sensitized controls compared to sham-sensitized controls. 
(D) Mean total SCFA levels were increased in the sensitized controls correspondingly. (E) Serum 
galectin-9 concentrations measured by means of ELISA. Data are represented as mean ± SEM, n=5-
8/group. Statistical analysis was performed using one-way ANOVA and Bonferroni’s post-hoc test 
to compare pre-selected combinations. *p<0.05, ***p<0.001, ****p<0.0001. SCFA, short-chain fatty 
acids.
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Figure 5. Enhanced Treg-mediated BMMC suppression after exposure to OIT and butyrate or 
FOS supplementation in vivo. CD4+ cells derived from pooled spleen suspensions were separated 
based on CD25 positivity. (A) Schematic representation of BMMC-Treg suppression assay. (B) 
CD4+CD25+ cells were verifi ed for Foxp3 expression with fl ow cytometry and showed ± 70% positivity 
in all groups. (C) CD4+CD25- cells and (D) CD4+CD25+ cells after MACS separation. Subsequently, 
CD4+CD25+ cells were co-cultured with BMMC sensitized with anti-DNP-IgE. (E) Reduced release of 
β-hex upon BMMC activation with 25 ng/ml DNP-HSA was observed in the presence of Tregs derived 
from butyrate, OIT, OIT+FOS and OIT+butyrate mice compared to the control condition without 
Tregs. Additional 24 h incubation of BMMC in fresh culture medium indicated (F) reduced production 
of IL-13 after co-culture with OIT+butyrate-Tregs compared to OIT-Tregs and (G) no diff erences in IL-6 
release by activated BMMC. Data are represented as mean ± SD in (E-G), duplicate measurements. 
Statistical analysis was performed using one-way ANOVA and Bonferroni’s post-hoc test to compare 
pre-selected combinations. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. FSC-A, forward scatter-
area; OIT, oral immunotherapy; FOS, fructo-oligosaccharides; but, butyrate; Treg, regulatory T cell; MC, 
mast cell; BMMC, bone marrow-derived mast cell; β-hex, β-hexosaminidase; DNP-HSA, dinitrophenol 
hapten conjugated to human serum albumin.
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Figure 6. Enhanced Treg-mediated BMMC suppression after in vitro exposure to FOS, but not 
butyrate. TGFβ and IL-2-mediated induction of Tregs from naïve CD4+CD25- splenocytes resulted 
in functional cells, shown by reduced BMMC activation. (A) Exposure to butyrate (125 μM) did not 
enhance Treg-mediated suppression of BMMC. (B) Exposure to FOS (0.05%) signifi cantly improved 
Treg-mediated BMMC suppression upon activation with 50 ng/ml DNP-HSA compared to control 
Tregs. No diff erences in Foxp3 yield (C) and OX40 expression (D) were observed in the control, 
butyrate or FOS condition. Data are depicted as mean ± SD, (A,B) representative experiment, 
duplicate measurements per concentration DNP-HSA. (C,D) mean of 3 independent experiments, 
duplicate measurements. Statistical analysis was performed using two-way ANOVA for non-repeated 
measures in (A,B) and one-way ANOVA in (C,D) with Bonferroni’s post-hoc test to compare pre-
selected combinations. *p<0.05, **p<0.01, ***p<0.001. BMMC, bone marrow-derived mast cells; 
Treg, regulatory T cells; FOS, fructo-oligosaccharides; DNP-HSA, dinitrophenol hapten conjugated to 
human serum albumin; but, butyrate; MFI, median fl uorescence intensity. 
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DISCUSSION
The presented data indicate that butyrate supplementation is as effective as FOS 

supplementation in supporting OIT-induced desensitization in a murine cow’s milk 

allergy model. Both therapeutic strategies reduced responsiveness of effector cells to 

an antigen-specific challenge and enhanced the suppressive capacity of Tregs toward 

cultured mast cells. Interestingly, differences in local butyric acid levels suggest 

specific alteration of the microbiome in the gastrointestinal tract.

In the current study, mice receiving OIT without a dietary intervention showed no 

reduction in acute allergic symptoms upon antigen-specific challenge. It has been 

described that desensitization of effector cells like mast cells and basophils is one 

of the earliest events observed in antigen-specific immunotherapy [22]. Despite 

the presence of (high levels of ) specific IgE, mast cells and basophils show reduced 

degranulation capacity followed by suppressed systemic anaphylaxis symptoms [22]. 

Cross-linking of surface-bound IgE by intact allergens simultaneously up-regulates 

expression of the inhibitory histamine receptor 2 on basophils, thereby providing 

a control system for cell activation [23]. The combination therapies OIT+butyrate 

and OIT+FOS effectively induced desensitization of mast cells as observed at two 

distinct sites in the mice: connective tissue-mast cells residing in the skin of the ear 

(upon i.d. challenge) and mucosal-mast cells residing in the gastrointestinal tract 

(upon i.g. challenge). Systemically available butyrate might have affected mast cell 

functionality at both sites, since it has been shown in vitro that butyrate reduced 

proliferation and cytokine production by mast cells via HDAC inhibition [24]. 

Firstly, as observed in the current study, oral butyrate supplementation alone did 

not lead to a significant reduction in mast cell degranulation provoked by food 

challenge compared to the sensitized controls. Moreover, ex vivo whey-specific 

basophil activation in whole blood samples was only reduced after providing OIT and 

butyrate supplementation simultaneously. Thereby, it was demonstrated that both 

butyrate and whey are key components in the desensitization process of basophils 

in cow’s milk allergic mice. Secondly, a direct effect of FOS supplementation on in 

vivo mast cell degranulation was not observed; however, it has been shown in vitro 

that specific human milk oligosaccharides (HMOS) are able to directly inhibit IgE-

mediated mast cell activation, but only at a high concentration of 1 mg/ml [19]. 

Previous studies showed epithelial transfer of non-digestible oligosaccharides in 

vitro [25] and confirmed systemic availability of HMOS in breast-fed infants [26]. It 

needs to be elucidated whether physiologically relevant FOS concentrations reach 

mast cells residing in the mucosal or connective tissues, and whether FOS directly 

contribute to the observed reduced degranulation response. 
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The involvement of CD4+CD25+Foxp3+ Tregs in controlling the allergic response 

has been described earlier [27]. Here, we showed enhanced suppression of BMMC 

responses upon FcεRI-mediated activation by Tregs derived from OIT+butyrate and 

OIT+FOS treated mice. Enhanced Treg functionality was also observed in an adoptive 

transfer experiment using OIT+FOS donor mice: ex vivo Treg-depleted cell fractions 

could not control mucosal mast cell degranulation upon allergen challenge in 

recipients [12]. Data derived from in vitro experiments indicate that FOS exposure, but 

not butyrate exposure, directly affects in vitro Treg functionality without increasing 

expression of the co-stimulatory OX40 molecule. Direct cell-cell contact between 

Tregs and mast cells via the OX40-OX40 ligand interaction was previously shown to 

directly suppress mast cell degranulation and the following hypersensitivity response 

via increased intracellular cyclic adenosine monophosphate (cAMP) concentrations 

and reduced Ca2+ influx [28, 29].

As described previously, oral butyrate supplementation exerts anti-inflammatory 

effects in pre-clinical models of colitis and liver disease [30, 31]. In addition, butyrate 

enemas were shown to ameliorate symptoms in ulcerative colitis patients [32]. In the 

context of food allergy prevention, protection against anaphylaxis and a reduction 

in total IgE were observed in peanut allergic mice after oral supplementation with 

butyrate or acetate during sensitization, mimicking the beneficial effects mediated 

by high fiber intake [33]. In the current experiment, butyrate was either directly 

available per oral gavage or indirectly available after FOS fermentation. However, 

administration of FOS or butyrate might lead to different alterations in microbial 

communities present in the gastrointestinal tract. A reflection of microbial activity 

and/or abundance can be observed in SCFA levels in cecum content: OIT+FOS 

mice showed increased butyric acid levels whereas OIT+butyrate mice did not. 

FOS supplementation in combination with Bifidobacterium breve M16V (synbiotics) 

in non-IgE mediated cow’s milk allergic infants that were fed an amino acid-based 

infant formula, improved microbiota composition shown by Bifidobacteria levels 

approximating healthy breast-fed infants [34]. To date, the direct effect of (high) 

butyrate exposure on composition and activity of the microbiome is poorly defined. 

Butyrate treatment in mice suffering from enteritis affected the abundance of specific 

bacterial species in addition to reduced intestinal inflammation [35]. However, clinical 

trials on the application of SCFA to treat colonic inflammatory disorders reported 

varying success rates and do not include microbiome data [36]. 
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In addition to the microbiota effects, direct interaction of non-digestible 

oligosaccharides via glycan receptors with IEC and immune cells resident in the lamina 

propria of the gut contributes to orchestration of the mucosal immune response [37]. 

In vitro stimulation of IEC with non-digestible oligosaccharides in combination with 

bacterial DNA or a TLR-9 ligand, leads to release of galectin-9. IEC-derived galectin-9 

induced IFNγ secretion by activated PBMC and stimulated proliferation of Th1 cells 

and Tregs [38]. Galectin-9 present in serum derived from whey-sensitized mice 

supplemented with non-digestible oligosaccharides and Bifidobacterium breve M16V 

suppressed in vitro degranulation of RBL-2H3 cells [39]. However, the contribution of 

galectin-9 in effector cell suppression remains elusive in this experimental model, 

since no differences in serum galectin-9 levels were observed in the current study. 

The used butyrate dose was previously shown to be safe in mice [30] and no signs of 

(mild) toxicity were detected. However, butyrate administration should be performed 

with caution, since previous studies reported cases of hypokalemia, nausea and 

seizure after intravenous injection [40, 41]. FOS supplementation has been considered 

to be safe and is used as a supplement in infant formula for cow’s milk allergic infants 

[42]. 

CONCLUSION
Butyrate supplementation enhanced desensitization of effector cells induced by OIT 

in cow’s milk allergic mice. Improvement of OIT efficacy was previously only described 

for FOS supplementation. We showed effective reduction of mast cell and basophil 

activation and alteration of the suppressive activity of Tregs. More insight into the 

interaction of butyrate and FOS with the intestinal epithelium, the immune system 

and the microbiota is needed; however, both supplements are promising candidates 

to improve OIT efficacy in human food allergy trials.
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Microbial alterations induced by OIT+FOS in cow’s milk allergic mice

ABSTRACT
Background: Previously, we showed a reduction in clinically-related symptoms and 

mast cell degranulation in cow’s milk allergic mice after oral immunotherapy (OIT) 

and co-administration with fructo-oligosaccharides (FOS, prebiotics). Prebiotics are 

fermented by gut bacteria, affecting both bacterial composition and availability of 

metabolites [i.e., short-chain fatty acids (SCFA)]. 

Aim: To explore potential changes in the microbiota composition and availability of 

SCFA induced by OIT+FOS and to study changes in bone marrow-derived mast cell 

(BMMC) development. 

Materials and methods: C3H/HeOuJ mice were sensitized and received OIT 

with or without a FOS supplemented diet. After three weeks, faecal samples were 

collected to analyze gut microbiota composition using 16S rRNA sequencing. SCFA 

concentrations were determined in cecum content. Bone marrow cells from treated 

mice were differentiated into mast cells and expression of the FcεRI and c-Kit receptor 

was analyzed. BMMC functionality was assessed using an IgE-mediated degranulation 

assay. 

Results: FOS supplementation in sensitized mice changed the overall microbial 

community structure in faecal samples compared to sensitized mice fed the control 

diet (p=0.03). In contrast, a high level of resemblance in bacterial community structure 

was observed between the non-sensitized control mice and the OIT+FOS treated mice. 

OIT mice showed an increased relative abundance of the dysbiosis-associated phylum 

Proteobacteria compared to the OIT+FOS mice. FOS supplementation increased the 

relative abundance of genus Allobaculum (Firmicutes), putative butyrate-producing 

bacteria. OIT+FOS reduced the abundances of the genera’s unclassified Rikenellaceae 

(Bacteroidetes, putative pro-inflammatory bacteria) and unclassified Clostridiales 

(Firmicutes) compared to sensitized controls and increased the abundance of 

Lactobacillus (Firmicutes, putative beneficial bacteria) compared to FOS. OIT+FOS 

mice had increased butyric acid and propionic acid concentrations. BMMC from FOS-

exposed mice showed reduced FcεRI and c-Kit expression and degranulation. 

Conclusion: OIT+FOS induced a microbial profile closely linked to non-allergic mice 

and increased concentrations of butyric acid and propionic acid. FOS increased 

the butyrate-producing Allobaculum and affected in vitro development of BMMC, 

suggesting epigenetic changes in mast cell progenitors via bacterial metabolites. 

Future research should confirm whether there is a causal relationship between 

microbial modulation and the reduction in allergic symptoms induced by OIT+FOS.
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INTRODUCTION
IgE-mediated food allergies embody a serious public health concern affecting up to 

5% of children and 8% of adults in Westernized countries [1]. Prevalence rates in a birth 

cohort study were shown to peak in early childhood with partial natural resolution 

during late childhood. However, late adolescence was associated with acquirement 

of novel food sensitizations and was accompanied by an increased prevalence [2]. To 

date, food allergy management relies on strict allergen avoidance and symptomatic 

treatment to control adverse clinical events upon accidental exposure. A significant 

amount of antigen-specific immunotherapy trials to treat IgE-mediated food allergies 

shows promising results, especially using the oral route of administration, i.e., 

oral immunotherapy (OIT) [3]. A recent review discussing advances in OIT to treat 

peanut, hen’s egg and cow’s milk allergies concluded that overall achievement of 

clinical desensitization was the most successful in OIT compared to sublingual 

immunotherapy (SLIT) and epicutaneous immunotherapy (EPIT) and the highest 

tolerable dose of antigen could be consumed upon OIT [4]. Nevertheless, OIT causes 

the highest numbers of adverse events during and after treatment compared to SLIT 

and EPIT and thus needs to be improved [4].

The use of immunomodulatory adjuvants with beneficial effects on gut health or 

immune regulatory processes might support skewing of the allergic immune response 

during OIT. Co-administration of a probiotic, Lactobacillus rhamnosus CGMCC, during 

an 18 month OIT trial in peanut allergic subjects resulted in a high percentage of 

potential sustained unresponsiveness in the treatment group (82.1%) compared 

to the placebo group (3.6%) during a food challenge conducted 2-5 weeks post-

treatment [5]. In previous work, we showed the added value of a diet supplemented 

with fructo-oligosaccharides (FOS, prebiotics) in supporting OIT efficacy to treat 

cow’s milk allergy (CMA) in mice [6]. OIT+FOS treatment improved desensitization 

shown by a reduction in clinically-related symptoms and mast cell degranulation 

[6]. It has been described in literature that prebiotic fibers protect against peanut 

allergy in mice via bacterial fermentation into short-chain fatty acids (SCFA) which 

enhance oral tolerance induction to peanut [7]. However, the contribution of dietary 

fiber-mediated modulation of the microbial composition and metabolism in the gut 

with respect to OIT-induced suppression of food allergy, and more specifically CMA, 

remains to be elucidated.

The human gut is colonized with bacterial species that belong to the following main 

phyla: Bacteroidetes, Firmicutes, Proteobacteria, Actinobacteria and the Fusobacteria 

[8]. Bacterial communities feature complex metabolic activities and their interaction 

with the human host ensures both states of health and disease [9]. Firmicutes and 
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Bacteroidetes are the two major bacterial phyla that comprise the majority of the 

normal gut microbiota of healthy humans. Altered ratio of Firmicutes to Bacteroidetes 

has been linked to a variety of pathologies associated with aging or disease [10, 11]. 

In addition, the gut microbial composition of healthy humans is recognized by a low 

abundance of Proteobacteria [12]. Expansion of Proteobacteria members is linked to 

gut dysbiosis and a pro-inflammatory state in the host as shown for inflammatory 

bowel disease and Parkinson’s disease [13, 14]. Furthermore, airway microbial 

dysbiosis was shown to be related to exacerbations in severe asthmatics and was 

dominated by increased abundance of Proteobacteria in the lower airways [15].

Considering (food) allergy development, the importance of the microbiome has 

been recognized in the concept of the ‘hygiene hypothesis’ [16]. In utero or post-

natal exposure to environmental factors such as maternal or infant diet and invading 

pathogens, shapes the gut microbiota composition and functionality with long-

term effects on allergy or asthma development [17, 18]. Differences in microbial 

diversity and abundance of specific taxa were observed in infants showing early 

life sensitization against egg proteins or actual development of egg allergy [19]. 

Furthermore, resolution of CMA at 8 years of age was associated with enrichment of 

the phylum Firmicutes in infant gut microbiota samples collected at 3 to 6 months of 

age [20]. Manipulation of the bacterial composition has gained interest in the field of 

food allergy management: cow’s milk allergic infants fed an extensively hydrolyzed 

casein formula with the probiotic Lactobacillus rhamnosus GG showed accelerated 

tolerance induction after 6 months [21]. Tolerant infants showed a significant increase 

in the abundance of Oscillospira (Firmicutes) compared to allergic infants and had 

elevated butyric acid levels in faecal samples [21]. 

The interplay between the gut microbiome and the host immune system stretches 

beyond local communication, since bacterial metabolites like SCFA can enter the 

systemic circulation and exert anti-inflammatory properties at distinct sites in the 

organism [22]. It has been shown that symptoms of allergic asthma in mice could 

be suppressed by a dietary intervention with fermentable fibers which increased 

systemic concentrations of SCFA [23]. In addition, the authors showed that oral 

supplementation with propionate affected bone marrow hematopoiesis leading 

to generation of dendritic cells (DC) with reduced ability to initiate T helper 2 

(Th2) cell-driven allergic inflammation [23]. We hypothesized that alteration of 

the gut microbial composition and/or function, via OIT and FOS supplementation, 

increases the availability of immunogenic bacterial metabolites that might influence 

the development of immune precursors in the bone marrow. We focused on mast 

cell progenitors, based on previous results of reduced mast cell degranulation 
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after OIT+FOS [6], and since mast cells are main drivers of allergic inflammation. 

Modification of mast cell precursors might yield substantial (long-term) benefit in 

food allergy therapies. Moreover, development of mast cells is highly dependent on 

the micro-environment [24].

The aim of the current experiment was to analyze the gastrointestinal tract’s 

microbiota and SCFA profiles in cow’s milk allergic mice subjected to OIT and FOS 

supplementation that had previously shown reduced acute allergic symptoms 

upon food challenge (i.e., reduced acute allergic skin response, reduced symptoms 

of anaphylaxis and reduced mucosal mast cell degranulation) [6]. Furthermore, we 

sought to investigate if OIT and FOS could mediate their effects through changes 

in bone marrow hematopoiesis leading to potential altered mast cell development.

MATERIALS AND METHODS
Animals
Female specific-pathogen free mice (6-week-old) were purchased (Charles River 

Laboratories, Erkrath, Germany) and randomly allocated to the following groups: 

sham-sensitized control, sham (n=5); whey-sensitized control, sens (n=8); FOS 

supplementation group, FOS (n=8); OIT group, OIT (n=8); and the combination group 

of OIT and FOS supplementation, OIT+FOS (n=8). All mice were acclimatized for six 

days prior to the first sensitization and were housed in filter-topped macrolon cages 

(one cage/group) at the animal facility of Utrecht University on a 12 h light/dark cycle 

with unlimited access to food and water. All experimental procedures were approved 

by the Ethical Committee of Animal research of Utrecht University and conducted 

according to the principles of good laboratory animal care as stated in the European 

Directive for the protection of animals used for scientific purposes. 

Control and experimental diets
Upon arrival and during acclimatization and oral sensitization, all mice received 

the semi-purified cow’s milk protein-free pelleted AIN-93G control diet. After 

oral sensitization, mice in the FOS and OIT+FOS groups were fed the AIN-93G 

diet supplemented with a specific mixture of plant-derived short-chain fructo-

oligosaccharides (scFOS: oligofructose, Raftilose P95, degree of polymerization (DP) 

<6) and long-chain fructo-oligosaccharides (lcFOS: long-chain inulin, Raftiline HP, 

average DP of 23 or higher with <1% DP of 5 or lower) in a 9:1 scFOS/lcFOS ratio (1% 

w/w) produced by Ssniff Spezialdiäten GmbH, Soest, Germany as specified previously 

[6]. Both scFOS and lcFOS were provided by Orafti (Wijchen, the Netherlands).
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Sensitization and oral immunotherapy
According to the experimental set-up depicted in Figure 1, all mice were intragastrically 

(i.g.) sensitized against the cow’s milk protein whey (DMV International, Veghel, the 

Netherlands) on day 0, 7, 14, 21 and 28 [20 mg whey in 0.5 ml PBS with 15 μg cholera 

toxin (CT, List Biological Laboratories Inc., Campbell, CA, USA) per mouse]. The sham-

sensitized control group received CT in PBS alone. From D42-D59, mice in the OIT and 

OIT+FOS groups were subjected to oral dosing with 10 mg whey in 0.5 ml PBS (5x/

week for 3 consecutive weeks). After three weeks of FOS supplementation and OIT, 

faecal samples were collected and the mice were sectioned in order to isolate bone 

marrow and cecum content at D63. 

Microbiota profiling and bioinformatics analysis
Total DNA was extracted from mice faeces collected after three weeks of experimental 

interventions utilizing the FastDNA bead-beating Spin Kit for Soil (MP Biomedicals, 

Solon, OH, USA), and verified with fluorometric quantitation (Qubit, Life Technologies, 

Grand Island, NY, USA). Primers 515FB/806RB (515FB:GTGYCAGCMGCCGCGGTAA; 

806RB:GGACTACNVGGGTWTCTAAT) targeting the V4 variable region of microbial 

small subunit (SSU or 16S) ribosomal RNA (rRNA) genes were used for PCR [25], and 

prepared for high-throughput amplicon sequencing using a modified two-step 

targeted amplicon sequencing (TAS) approach, as described previously [26]. Negative 

controls were used with each set of amplifications, which indicated no contamination. 

Samples were pooled in equal volume using an EpMotion5075 liquid handling robot 

(Eppendorf, Hamburg, Germany). The pooled library was purified using an AMPure 

XP cleanup protocol (0.6X, vol/vol; Agencourt, Beckmann-Coulter, Brea, CA, USA) to 

remove fragments smaller than 300 bp. The pooled libraries, with a 20% phiX spike-

in, were loaded onto an Illumina MiniSeq mid-output flow cell (2x153 paired-end 

reads) and sequenced using Fluidigm sequencing primers. Based on the distribution 

of reads per barcode, the amplicons (before purification) were re-pooled to generate 

a more balanced distribution of reads. The re-pooled and re-purified libraries were 

then sequenced on a high-output MiniSeq run. Library preparation, pooling, and 

MiniSeq sequencing were performed at the DNA Services (DNAS) facility, Research 

Resources Center (RRC), University of Illinois at Chicago (UIC). Raw sequence data 

(FASTQ files) were deposited in the NCBI Sequence Read Archive under project 

PRJNA434262.
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Raw FASTQ files for each sample were merged using the software package PEAR 

(Paired-end-read merger) (v0.9.8) [27, 28]. Merged reads were quality trimmed and 

sequences shorter than 250 bases were discarded (CLC Genomics Workbench, v10.0, 

CLC Bio, Qiagen, Boston, MA). Sequences were screened for chimeras (usearch8.1 

algorithm) [29], and putative chimeric sequences were removed from the dataset 

(QIIME v1.8) [30]. Each sample was rarefied (47,000 sequences/sample) and data 

were pooled, re-named, and clustered into operational taxonomic units (OTU) at 97% 

similarity (usearch8.1 algorithm). Representative sequences from each OTU were 

extracted and classified using the uclust consensus taxonomy assigner (Greengenes 

13_8 reference database). A biological observation matrix (BIOM) [31] was generated 

at each taxonomic level from phylum to species (“make OTU table” algorithm) 

and analyzed and visualized using the software packages Primer7 [32] and the R 

programming environment [33].

Alpha-diversity (α-diversity) indices (within-sample) and Beta-diversity (β-diversity) 

(between-sample) were used to examine changes in microbial community structure 

between mice faecal group samples. Alpha-diversity indices (i.e., Shannon, Simpson, 

richness, and evenness) were generated using the package ‘vegan’ implemented in 

the R programming language [34]. To examine β-diversity differences in microbial 

community composition between samples, pairwise Bray-Curtis dissimilarity (non-

phylogenetic) metric was generated using the Primer7 software package and used to 

perform analysis of similarity (ANOSIM) calculations. ANOSIM was performed at the 

taxonomic level of genus, using square-root transformed data. Also, Primer7 was used 

to conduct both non-metric multi-dimensional scaling (nMDS) and Bootstrapping 

(average values and dispersion within each sample’s group) plots to visualize each 

mice group’s overall microbial differences, at the genus level.

Beta-diversity differences in relative abundance of individual taxa, between mice 

faecal group samples, were assessed for significance using Kruskal-Wallis test 

controlling for false-discovery rate (FDR), implemented within the software package 

QIIME [30]. Furthermore, mice faecal group sample’s community functional predictions 

were performed using PICRUSt (Phylogenetic Investigation of Communities by 

Reconstruction of Unobserved States) [35] and differences in Kyoto Encyclopedia 

of Genes and Genomes (KEGG) ortholog (KO) abundances between groups were 

identified [36].
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SCFA analysis in cecum content
SCFA analysis was conducted as described elsewhere [37]. In short, cecum content 

was collected and stored at -80°C until further processing. Samples were defrosted, 

diluted in ice cold PBS (1:10) and homogenized by vortexing. Supernatant was 

collected after centrifugation at 13,000 rpm for 10 min and analyzed using the 

Shimadzu GC2010 gas chromatograph (Shimadzu Corporation, Kyoto, Japan) and 

concentrations of acetic acid, butyric acid, propionic acid, valeric acid, iso-butyric acid 

and iso-valeric acid were quantitated based on 2-ethylbutyric acid internal standard. 

Bone marrow isolation and mast cell culture
The femurs and tibiae of five mice per control and experimental group were collected 

and bone marrow cells were isolated by flushing the bones under sterile conditions 

using BMMC culture medium (RPMI-1640 medium (Lonza, Verviers, Belgium) 

supplemented with 10% FCS, 26 mM Hepes, 0.12 mM MEM non-essential amino acids, 

2.4 mM Glutamax, 1.2 mM sodium pyruvate (all from Gibco, Thermo Fisher Scientific, 

Waltham, MA, USA), penicillin-streptomycin (100 U/ml-100 μg/ml, Sigma-Aldrich, 

Zwijndrecht, the Netherlands). Pooled cell suspensions were flushed through a 70-

μm cell strainer and centrifuged (1200 rpm for 6 min) and washed. Lysis of red blood 

cells was performed with filter sterilized lysis buffer consisting of 1.5 M NH4Cl, 0.1 M 

NaHCO3, 10 mM EDTA (all from Merck, Darmstadt, Germany) in demineralized water. 

White blood cells were dissolved in freeze medium consisting of 40% BMMC culture 

medium, 10% DMSO (Sigma-Aldrich) and 50% FCS and aliquots were frozen at -80°C 

for at least 24 h and subsequently stored in liquid nitrogen until culture. Cells were 

cultured for 8 weeks in BMMC culture medium supplemented with IL-3 and stem cell 

factor (SCF), (both 10 ng/ml, Prospec, Ness-Ziona, Israel) at 37°C with 5% CO
2 

in 175 

cm2 culture flasks (Costar, Corning Incorporated, Corning, NY, USA) to induce BMMC 

differentiation (Figure 1). Half of the BMMC culture medium was refreshed once a 

week and aliquots of cells were collected to measure expression of specific mast cell 

receptors (P1-8, Figure 1).

Flow cytometry
The BMMC phenotype is recognized by surface expression of the FcεRI (IgE receptor) 

and the c-Kit receptors (SCF receptor, CD117). Aliquots of cells were harvested 

during passage once a week and plated (400,000 cells/well) in 96-wells Falcon plates 

(BD Biosciences, Alphen a/d Rijn, the Netherlands). The cells were incubated with 

1:100 anti-mouse CD16/CD32 (mouse Fc block, BD Biosciences) for 10 min on ice 

to block non-specific binding sites. After centrifugation (1400 rpm for 5 min), cells 
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were stained with anti-FcεRI-PE-Cy7 and anti-c-Kit-APC (1:100 in BMMC medium, 

from Thermo Fisher Scientific) and incubated for 45 min on ice. After centrifugation 

and washing in FACS buffer (PBS with 1% bovine serum albumin, BSA), cells were 

stained with viability dye (1:1000 YO-PRO-1 in FACS buffer, Thermo Fisher Scientific). 

Fluorescence was measured using a FACS Canto II (BD Biosciences) and data was 

analyzed with Flowlogic software (Inivai Technologies, Mentone, Australia). Single 

cells were distinguished from aggregates based on forward/sideward scatter 

properties. Cut-off gates for positivity of FcεRI and c-Kit expression were determined 

with the fluorescence-minus-one technique (FMO) and isotype controls were used. 

Figure 1. Experimental timeline of in vivo and in vitro experiments. Female C3H/
HeOuJ mice were fed the AIN-93G control diet and grouped as depicted: sham, sham-
sensitized control (n=5); sens, whey-sensitized control (n=8); FOS, FOS supplementation 
group (n=8); OIT, OIT group (n=8); OIT+FOS, combination of OIT and FOS supplementation 
group (n=8). On experimental day 0, 7, 14, 21 and 28, mice were i.g. sensitized to the cow’s 
milk protein whey using CT as an adjuvant (20 mg whey in 0.5 ml PBS with 15 μg CT/
mouse). Sham-sensitized mice received 0.5 ml PBS with 15 μg CT alone. From day 35, FOS 
and OIT+FOS mice were fed the AIN-93G diet supplemented with 1% FOS until the end of 
the protocol. OIT was provided per oral gavage from day 42-59 (10 mg whey in 0.5 ml PBS, 
5x/week for 3 weeks). On day 63, faecal samples were collected and mice were sectioned 
to collect bone marrow and cecum content. Pooled bone marrow samples were used to 
culture BMMC in the presence of mast cell-stimulating factors IL-3 and SCF (10 ng/ml). An 
aliquot of cells was collected during passage (P1 to P8) to measure expression of FcεRI and 
c-Kit with fl ow cytometry. From P5 to P8, β-hex degranulation assays were performed to 
measure mast cell functionality. CT, cholera toxin; OIT, oral immunotherapy; FOS, fructo-
oligosaccharides; β-hex, β-hexosaminidase; i.g., intragastric; BMMC, bone marrow-derived 
mast cells. 
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Beta-hexosaminidase degranulation assay
In vitro release of β-hexosaminidase (β-hex) can be used as a marker for mast cell 

degranulation. At culture week 5 to 8 (Figure 1), BMMC were harvested and washed 

with assay medium (RPMI-1640 with 2.4 mM L-Glutamine and without phenol red 

(Lonza) supplemented with 1% FCS) and sensitized using 20% anti-dinitrophenol 

(DNP)-IgE from hybridoma clone 26.82 at 37°C and 5% CO
2 

for 2 h. IgE-sensitized 

BMMC were transferred to a sterile 96-wells plate (Costar, Corning Incorporated, 

25,000 cells/well). Cells were activated upon incubation with DNP hapten conjugated 

to human serum albumin (DNP-HSA) in a dose-response concentration range at 

37°C and 5% CO
2 

for 1 h. The maximal level of degranulation was determined by 

adding 10% Trition (TX100, Merck) and background values were measured by adding 

assay medium without antigen. Subsequently, cells were centrifuged (1500 rpm for 

5 min) and the supernatant was transferred to a new 96-wells plate together with 

4-methylumbelliferyl-N-acetyl-ß-D-glucosaminide solution (4MUG, Sigma-Aldrich) 

in 0.1 M citrate buffer (pH=4.7, Merck) as a substrate for β-hex. The reaction was 

stopped with 0.2 M glycine-HCl buffer (Merck). The release of β-hex was measured 

by fluorescence (excitation 351 nm, emission 462 nm) with a Fluoroskan Ascent™ 

Microplate Fluorometer (Thermo Fisher Scientific). Release of β-hex in percentages 

was calculated with the following formula:

                     stimulated cells — unstimulated cells
% release= (       ) *100
                     maximum release TX100 — unstimulated cells

Data analysis and statistics
Alpha- and β-diversity were measured at each taxonomic level from phylum to genus. 

In SPSS (v.22, IBM, Chicago, IL, USA), all mice variables were checked for normality 

assumptions. The Shapiro-Wilk-Normality test was performed across the five control 

and experimental mice groups. Parametric one-way ANOVA, with Bonferroni’s post-

hoc test, or non-parametric Kruskal-Wallis test, with Dunn’s post-hoc test, were used to 

compare the following mice groups: sham with sens; sens with FOS, OIT and OIT+FOS; 

FOS with OIT+FOS; OIT with OIT+FOS. Data with regard to α-diversity (within-sample) 

calculated indices (richness, evenness, Simpson and Shannon) [38, 39], β-diversity 

(between-sample) microbial compositions (relative abundance of bacterial taxa) [40, 

41], SCFA concentrations and BMMC degranulation were exported, analyzed, and 

graphically depicted as mean ± standard error mean (SEM) with GraphPad Prism (v.7) 

software (GraphPad Software, La Jolla, CA, USA).

Alpha-diversity indices were calculated such as: Shannon index (H’=-∑ sum(Pi/log(Pi)) 

where Pi = the relative abundance of each taxon), Pielou’s evenness (J’=H’/log(S)) 
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where S = number of taxa present in each sample), richness (number of taxa present 

in each sample), and Simpson’s index (D=∑(Pi2)) where Pi = the relative abundance 

of each taxon. 

Beta-diversity stacked histograms represent the percent relative abundance of 

individual taxa per mice group. Furthermore, the Firmicutes to Bacteroidetes (F/B) 

ratio between mice groups was studied. Correlations between SCFA concentrations 

(total SCFA, acetic acid, propionic acid, butyric acid and total butyric acid-to-total 

SCFA) and individual microbial taxa (phylum, family, and genus) were analyzed by 

Pearson’s correlation analysis. Calculated p-values were corrected for the number 

of comparisons and statistical significance was set at p<0.05. Additionally, PICRUSt 

significance was accepted at p<0.05 based on the experiment’s hypothesis derived a 

priori functional pathways.

Figure 2. Alpha-diversity scores in faecal samples derived from treated mice, at 
the taxonomic level of genus. (A) Richness, (B) evenness, (C) Shannon Index and (D) 
Simpson Index indicate no diff erences in (within-sample) diversity between the control 
and experimental groups of mice. Data are represented as mean ± SEM, n=5-8/group. 
Statistical analysis was performed between groups using one-way ANOVA for parametric 
data with Bonferroni’s post-hoc test for richness data; Kruskal-Wallis test for non-parametric 
data with Dunn’s post-hoc test for evenness, Shannon Index and Simpson Index data.
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RESULTS
Microbiota analysis revealed no differences in 
α-diversity index across the groups
Alpha-diversity represents the microbial diversity (richness and evenness) within a 

sample or, in this case, group of mice. The faecal microbiota analysis indicated no 

significant changes in α-diversity indices across the control and experimental groups 

at all taxonomic levels. Depicted are the results of the taxonomic level of genus 

(Figures 2A-D). 

Bacterial community structures in sensitized mice 
treated with the combination of OIT+FOS showed a 
high level of resemblance with non-allergic mice 
Beta-diversity measures the variety in bacterial communities between samples or 

groups of mice. ANOSIM was performed at the taxonomic level of genus to investigate 

the level of similarity in bacterial community structures between the control and 

experiment groups (Table 1, Figure 3). FOS supplementation significantly impacted 

microbiota community structure in allergic mice. Calculated p-values indicated 

a significant difference (global r=0.203; p=0.03) in overall bacterial community 

structure in the allergic mice receiving the FOS supplemented diet (shown in green) 

compared to the allergic mice receiving the control diet (shown in red). Interestingly, 

a high level of similarity in bacterial community structure was observed between the 

sham-sensitized control group (shown in dark blue) and the OIT+FOS group (shown 

in light blue) (global r=0.05; p=0.24) (Figure 3). 

OIT and/or FOS supplementation induced specific 
differences in relative abundance of bacterial 
communities at the taxonomic level of phylum  
and genus 
Figure 4A shows the relative abundance of the four main phyla (Firmicutes, 

Bacteroidetes, Actinobacteria and Proteobacteria) in the specific groups of mice. 

Figure 4B specifies the relative abundance distribution per group at the taxonomic 

level of genus. Group comparisons of the relative abundance data were analyzed at all 

taxonomic levels and only the significantly differing phylum and genera are depicted 

in Figure 5. As shown in Figure 5A, the relative abundance of the putative pro-

inflammatory phylum Proteobacteria was increased in the OIT group compared to 

the OIT+FOS group. The ratio of the Firmicutes to Bacteroidetes was determined, but 

no significant differences between the groups were observed (data not shown). An 
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increase in relative abundance of the genus Allobaculum (Firmicutes) was observed in 

sensitized mice fed the FOS supplemented diet (FOS group) compared to the control 

diet (sens group) (Figure 5B). Three genera were shown to be different between the 

sensitized control mice fed the control diet and the OIT+FOS group: unclassified 

Rikenellaceae (Bacteroidetes, Figure 5C), unclassified Clostridiales (Firmicutes, Figure 

5D) and Oscillaspira (Firmicutes, Figure 5E). In addition, the relative abundance 

of the putative pro-inflammatory Oscillaspira was reduced in the OIT+FOS group 

compared to the OIT group (Figure 5E). The genus Lactobacillus (Firmicutes) was 

increased in faecal samples of OIT+FOS mice compared to FOS mice, almost reaching 

the level measured in the non-allergic control mice (sham) as shown in Figure 5F. 

It is important to note that the relative abundance of the genus Lactobacillus is 

proportionately higher compared to the other genera depicted.
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Figure 3. Overall microbial community structures in a metric multi-dimensional scaling plot, 
at the taxonomic level of genus. The bacterial community structure in sensitized control mice 
fed the control diet (shown in red) was signifi cantly diff erent from sensitized mice fed the FOS diet 
(shown in green) (ANOSIM: global r=0.203; p=0.03). A high level of resemblance was observed in the 
community structures of the sham-sensitized control mice (shown in dark blue) and the sensitized 
mice treated with the combination OIT+FOS (shown in light blue). A: sham, B: sens, C: FOS, D: OIT 
and E: OIT+FOS; MDS, multi-dimensional scale; Av, average value per group (based on Bootstrapping 
procedure in PRIMER 7).
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Table 1. Across-group analysis of similarity (ANOSIM) results for mice faecal microbiota 
compositions.

Comparisons - genus taxonomic level n global r p value

(A) PBS Sens_PBS Tx_Control Diet 
vs. (B) Whey Sens_PBS Tx_Control Diet

12 0.104 0.18

(B) Whey Sens_PBS Tx_Control Diet 
vs. (C) Whey Sens_PBS Tx_FOS Diet

15 0.203 0.03

(B) Whey Sens_PBS Tx_Control Diet 
vs. (D) Whey Sens_OIT 10mg Whey_Control Diet

14 -0.007 0.46

(B) Whey Sens_PBS Tx_Control Diet 
vs. (E) Whey Sens_OIT 10mg Whey_FOS Diet

15 0.071 0.15

(C) Whey Sens_PBS Tx_FOS Diet 
vs. (E) Whey Sens_OIT 10mg Whey_FOS Diet

16 0.064 0.18

(D) Whey Sens_OIT 10mg Whey_Control Diet 
vs. (E) Whey Sens_OIT 10mg Whey_FOS Diet

15 0.076 0.12

(Sens) = sensitivity; (Tx) = treatment; (n) = number of samples; global r comparison was based on ANOSIM 
performed within the software package Primer7. P values were calculated based on a permutational 
analysis, employing 999 permutations; square-root transformation analysis. 

Figure 4. Stacked column plots showing the average relative abundance, at the taxonomic 
levels of phylum and genus. (A) Relative abundances (%) of the four main phyla (Firmicutes, 
Bacteroidetes, Actinobacteria and Proteobacteria) in each control and experimental group of mice. 
(B) Relative abundances (%) of the twelve most enriched bacterial genera in faecal samples in each 
control and experimental group of mice.

A B
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Figure 5. Signifi cant diff erences in β-diversity in faecal samples derived from treated mice, at 
the taxonomic levels of phylum and genus. (A) OIT mice showed increased relative abundance of 
the phylum Proteobacteria compared to OIT+FOS mice. (B) FOS supplementation in sensitized mice 
signifi cantly increased the relative abundance of the genus Allobaculum (Firmicutes) compared to 
sensitized control mice fed the control diet. OIT+FOS treatment in cow’s milk allergic mice reduced 
the relative abundance of the genera (C) unclassifi ed Rikenellaceae (Bacteroidetes) (D) unclassifi ed 
Clostridiales (Firmicutes) and (E) Oscillospira (Firmicutes) compared to the sensitized control mice. In 
addition, the latter genus was signifi cantly diff erent from OIT mice. (F) OIT+FOS treatment increased 
the relative abundance of the genus Lactobacillus (Firmicutes) compared to FOS mice with levels 
approximating the abundance observed in sham-sensitized controls. Data are represented as mean 
± SEM, n=5-8/group. Statistical analysis was performed using Kruskal-Wallis test for non-parametric 
data with Dunn’s post-hoc test to compare pre-selected combinations as indicated. *p<0.05. 
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Predictive functional assessment showed up-
regulation of metabolic pathways in allergic mice 
compared to non-allergic mice
Predictive assessment of the microbial community functional potential (PICRUSt 

analysis) was used to infer whether functional differences exist between resident 

microbial communities in the control and experimental groups. The level of 

expression of the amplified 16S rRNA subunit genes was predicted and assigned to 

relevant metabolic pathways. Group comparisons suggested significant differences 

in the predicted functional potential in a subset of metabolic pathways. We 

focused on the pathways which were associated with fatty acid metabolism or fiber 

fermentation, according to the a priori defined hypothesis that these pathways are 

involved in modulation of the allergic response. In Figure 6A, significant pathways 

were suggested to differ between the sham-sensitized controls and the sensitized 

controls: all pathways showed an increase in gene expression upon oral food 

sensitization compared to non-allergic mice. It should be noted that the overall 

amount of significantly altered pathways in the PICRUSt analysis was the highest in the 

analysis of non-allergic vs allergic mice. Interestingly, comparison of the control diet 

with the FOS supplemented diet in sensitized mice suggested reduced expression of 

genes associated to fiber fermentation and fatty acid and retinol metabolism in FOS 

supplemented mice (Figure 6B). Additional group comparisons (sens vs OIT+FOS, 

FOS vs OIT+FOS and OIT vs OIT+FOS) showed differences in only a limited number of 

(non-relevant) metabolic pathways (data not shown).

 
OIT+FOS treated mice showed increased  
concentrations of butyric acid and propionic acid  
in cecum content
Cecum content was collected and processed to measure concentrations of the fer-

mentation-derived bacterial metabolites SCFA and branched-chain FA (BCFA) to in-

vestigate functional aspects of the microbiota. OIT+FOS treatment increased butyric 

acid levels compared to sensitized controls and OIT mice (Figure 7A). A similar re-

sult was observed for propionic acid (Figure 7C). No differences were observed in 

the amount of acetic acid present in cecum content (Figure 7B). Concentrations of 

valeric acid were increased in OIT+FOS samples compared to the FOS group and the 

sensitized control group (Figure 7D). The BCFA iso-butyric acid and iso-valeric acid 

were increased in the OIT+FOS samples compared to the FOS samples (Figures 7E,F). 

However, valeric acid and BCFA levels showed a limited contribution to the total SCFA 

load. 
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Figure 6. PICRUSt community functional predictions in relevant metabolic pathways. (A) 
Depicted are the inferred signifi cantly increased metabolic pathways in whey-sensitized mice 
compared to sham-sensitized mice which can be linked to starch and fatty acid metabolism. (B) 
Signifi cantly increased metabolic pathways in sensitized control mice compared to FOS supplemented 
mice. PICRUSt, Phylogenetic Investigation of Communities by Reconstruction of Unobserved States.

Figure 7. SCFA and BCFA concentrations in cecum content of treated mice. (A) Butyric acid was 
increased in OIT+FOS mice compared to sensitized controls and OIT mice and a trend was observed 
compared to FOS (p=0.0504). (B) No diff erences in acetic acid concentrations were observed. (C) 
OIT+FOS increased propionic acid concentrations compared to sensitized controls, FOS and OIT mice. 
(D) Valeric acid concentrations were increased in OIT+FOS mice compared to sensitized controls 
and FOS mice. The BCFA (E) iso-butyric acid and (F) iso-valeric acid were increased in OIT+FOS 
mice compared to FOS mice. Data are represented as mean ± SEM, n=5-8/group. Statistical analysis 
was performed using one-way ANOVA and Bonferroni’s post-hoc test to compare pre-selected 
combinations. *p<0.05, **p<0.01. SCFA, short-chain fatty acids; BCFA, branched-chain fatty acids.
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The relative abundance of specific bacterial genera 
positively correlated to levels of propionic acid and 
acetic acid, but not butyric acid
Pearson’s correlation analysis was conducted at the taxonomic level of phylum, family 

and genus to investigate a potential link between the relative abundance of specific 

bacteria in faecal samples and the main SCFA (butyric acid, acetic acid and propi-

onic acid) concentrations in cecum content. In Table 2, only the correlations with 

(p<0.05) are depicted at the taxonomic level of family and genus, since no significant 

correlations were observed at phylum level. The total SCFA concentration in cecum 

content showed a positive correlation with the abundance of the taxonomic family 

Bacteroidaceae (Bacteroidetes) and the following genera of bacteria: 1) Bacteroides 

(Bacteroidetes), 2) unclassified Erysipelotrichaceae (Firmicutes), 3) Blautia (Firmicu-

tes), 4) unclassified Coriobacteriaceae (Actinobacteria), 5) Proteus (Proteobacteria) 

and 6) Dorea (Firmicutes) (Table 2). The relative abundance of a total of 7 bacterial 

genera was positively correlated to acetic acid concentrations in mice. In addition, 

propionic acid concentrations were positively correlated to the relative abundance 

of 6 bacterial genera in faecal samples. Interestingly, none of the observed corre-

lations between either bacterial families or genera and butyric acid concentrations 

were positive; in fact there was a negative correlation between butyric acid levels 

and butyrate-producing Roseburia. This could potentially be due to the relatively low 

abundance of these bacteria in the cecal content in these mice. However, the ratio of 

butyric acid to total SCFA levels was positively correlated to the relative abundance of 

two bacterial genera within the order Lactobaccillales (Firmicutes): Lactococcus and 

unclassified Leuconostocaceae, both lactic acid-producing bacteria. It is well known 

that lactic acid could be used by butyrate-producing bacteria (i.e., cross-feeding), 

resulting in increased production of butyric acid without increasing the abundance 

of butyrate-producing bacteria [42-44]. 

BMMC cultured from FOS supplemented mice showed 
reduced FcεRI and c-Kit expression and IgE-mediated 
degranulation after 6 weeks of culture
Bone marrow cells were cultured in the presence of IL-3 and SCF for 8 weeks and 

expression of the mast cell-specific IgE receptor (FcεRI) and the c-Kit receptor (SCF 

receptor) was analyzed with flow cytometry to monitor development of BMMC. 

During the first passages (P1-4), no differences in receptor expression were observed 

(only P1 plots are depicted in Figure 8). At P6, a double-negative cell population 

appeared in the culture derived from FOS supplemented and sensitized mice (FOS). 

Assessment of the BMMC at P7 and P8 showed a further increase in the percentage 

B
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of cells that lost expression of the specific mast cell receptors in the FOS culture. It 

is important to note that all cultures showed signs of double-negative cells at P7 

and P8, but with a lower percentage compared to the FOS group. Functional analysis 

of BMMC at P5 showed decreased IgE-mediated degranulation (measured as β-hex 

release at the optimal antigen concentration) in the FOS-derived BMMC compared 

to sham-derived BMMC that were used as a reference for degranulation capacity 

(Figure 9A). BMMC cultured from sensitized control mice and OIT+FOS mice showed 

increased degranulation capacity at P5 compared to the control (Figure 9A). In 

accordance with the reduced FcεRI expression, IgE-mediated degranulation levels 

were decreased in the FOS-derived BMMC compared to the control at P6 and P8 

(Figures 9B,D). At P7, all BMMC cultures showed increased degranulation capacity 

compared to the control, except for the FOS-derived BMMC (Figure 9C). 

Figure 8. Expression of FcεRI and c-Kit on BMMC cultured from treated mice. BMMC 
cultured in the presence of IL-3 and SCF for 8 weeks (P1-8). Aliquots of cells were stained 
with anti-FcεRI-PE-Cy7 and anti-c-Kit-APC at every passage (once a week). No diff erences 
were observed from P1 until P5 (only P1 data shown). At P6, FOS-derived BMMC showed 
a reduced percentage of FcεRI and c-Kit double positive cells. At P7 and P8, all cultures 
showed signs of cells that lost receptor expression. BMMC, bone marrow-derived mast 
cells; SCF, stem cell factor; P, passage. 

The relative abundance of specific bacterial genera 
positively correlated to levels of propionic acid and 
acetic acid, but not butyric acid
Pearson’s correlation analysis was conducted at the taxonomic level of phylum, family 

and genus to investigate a potential link between the relative abundance of specific 

bacteria in faecal samples and the main SCFA (butyric acid, acetic acid and propi-

onic acid) concentrations in cecum content. In Table 2, only the correlations with 

(p<0.05) are depicted at the taxonomic level of family and genus, since no significant 

correlations were observed at phylum level. The total SCFA concentration in cecum 

content showed a positive correlation with the abundance of the taxonomic family 

Bacteroidaceae (Bacteroidetes) and the following genera of bacteria: 1) Bacteroides 

(Bacteroidetes), 2) unclassified Erysipelotrichaceae (Firmicutes), 3) Blautia (Firmicu-

tes), 4) unclassified Coriobacteriaceae (Actinobacteria), 5) Proteus (Proteobacteria) 

and 6) Dorea (Firmicutes) (Table 2). The relative abundance of a total of 7 bacterial 

genera was positively correlated to acetic acid concentrations in mice. In addition, 

propionic acid concentrations were positively correlated to the relative abundance 

of 6 bacterial genera in faecal samples. Interestingly, none of the observed corre-

lations between either bacterial families or genera and butyric acid concentrations 

were positive; in fact there was a negative correlation between butyric acid levels 

and butyrate-producing Roseburia. This could potentially be due to the relatively low 

abundance of these bacteria in the cecal content in these mice. However, the ratio of 

butyric acid to total SCFA levels was positively correlated to the relative abundance of 

two bacterial genera within the order Lactobaccillales (Firmicutes): Lactococcus and 

unclassified Leuconostocaceae, both lactic acid-producing bacteria. It is well known 

that lactic acid could be used by butyrate-producing bacteria (i.e., cross-feeding), 

resulting in increased production of butyric acid without increasing the abundance 

of butyrate-producing bacteria [42-44]. 

BMMC cultured from FOS supplemented mice showed 
reduced FcεRI and c-Kit expression and IgE-mediated 
degranulation after 6 weeks of culture
Bone marrow cells were cultured in the presence of IL-3 and SCF for 8 weeks and 

expression of the mast cell-specific IgE receptor (FcεRI) and the c-Kit receptor (SCF 

receptor) was analyzed with flow cytometry to monitor development of BMMC. 

During the first passages (P1-4), no differences in receptor expression were observed 

(only P1 plots are depicted in Figure 8). At P6, a double-negative cell population 

appeared in the culture derived from FOS supplemented and sensitized mice (FOS). 

Assessment of the BMMC at P7 and P8 showed a further increase in the percentage 

B
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Table 2. Significant correlations comparing microbiota and SCFA concentrations.

Taxa
SCFA 

acetic 
acid

propionic 
acid 

butyric 
acid

butyric 
acid/ SCFA

r, p value r, p value r, p value r, p value r, p value

Family

Bacteroidaceae
+0.38, 
0.02

+0.45, 
0.01

+0.39, 0.02 - -

Peptococcaceae -0.39, 0.02 -0.34, 0.04 -0.39, 0.02 -0.36, 0.03 -

Ruminococcaceae -0.34, 0.04 - -0.40, 0.02 - -

Alcaligenaceae -
+0.36, 
0.03

- - -0.36, 0.03

o_Clostridiales;f_Unclassified - - -0.39, 0.02 - -

Genus

Bacteroides
+0.38, 
0.02

+0.45, 
0.01

+0.39, 0.02 - -

f_Erysipelotrichaceae;g_Unclassified
+0.40, 
0.02

+0.47, 
˂0.00

+0.37, 0.03 - -

Ruminococcus -0.37, 0.03 - -0.40, 0.02 -0.35, 0.04 -

Blautia
+0.45, 
0.01

+0.52, 
˂0.00

+0.47, ˂0.00 - -

f_Coriobacteriaceae;g_Unclassified
+0.44, 
0.01

+0.47, 
˂0.00

+0.53, ˂0.00 - -

Proteus
+0.42, 
0.01

+0.39, 
0.02

+0.50, ˂0.00 - -

Dorea
+0.37, 
0.03

+0.43, 
0.01

+0.38, 0.02 - -

f_Peptococcaceae;g_Unclassified -0.39, 0.02 -0.34, 0.04 -0.39, 0.02 -0.36, 0.03 -

Roseburia -0.34, 0.04 - -0.37, 0.03 -0.37, 0.03 -

Sutterella -
+0.36, 
0.03

- - -0.36, 0.03

o_Clostridiales;f_;g_Unclassified - - -0.13, 0.02

f_Ruminococcaceae;g_Unclassified - - -0.40, 0.02 - -

Oscillospira - - -0.37, 0.03 -0.35, 0.04 -

f_Ruminococcaceae;Other - - -0.39, 0.02 - -

f_Leuconostocaceae;g_Unclassified - - - - +0.34, 0.04

Lactococcus - - - - +0.34, 0.04

r = Pearson r value; p value = (p˂0.05); no significant differences at phylum level.
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Figure 9. Functional analysis of BMMC cultured from treated mice using β-hex 
degranulation assay. β-hex release by anti-DNP-IgE sensitized BMMC upon activation with 
the optimal DNP-HSA concentration. (A) P5 and (B) P6 showed reduced degranulation of 
FOS-derived BMMC compared to control BMMC derived from sham-sensitized mice. (C) All 
groups showed increased degranulation capacity compared to control BMMC, except for 
FOS-derived BMMC. (D) At P8, FOS-derived BMMC showed reduced degranulation capacity 
compared to controls. Data are represented as mean ± SD, duplicate measurements per 
concentration DNP-HSA. Statistical analysis was performed using one-way ANOVA and 
Bonferroni’s post-hoc test to compare pre-selected combinations. *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001. β-hex, β-hexosaminidase; BMMC, bone marrow-derived mast 
cells; DNP-HSA, dinitrophenol hapten conjugated to human serum albumin; P, passage. 
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Figure 10. Proposed mechanism of action in cow’s milk allergic mice treated with OIT+FOS.
Based on the current data, it was hypothesized that alterations in microbial diversity and metabolic 
activity lead to increased availability of specific metabolites that can enter the systemic circulation 
and affect mast cell precursors resident in the bone marrow via epigenetic changes. Altered mast cell 
phenotypes might contribute to reduced allergic inflammation and long-term efficacy of treatment 
strategies. FOS, fructo-oligosaccharides; SCFA, short-chain fatty acids; MC, mast cell; MCp, mast cell 
precursor. 

DISCUSSION
In a previous study, we showed that dietary supplementation using FOS improved 

OIT-induced desensitization in cow’s milk allergic mice as demonstrated by enhanced 

suppression of acute allergic symptoms (i.e., acute allergic skin response and mast 

cell degranulation) upon food challenge. The suppressed clinical response was 

accompanied by control of specific IgE levels, reduced Th2-mediated cytokine 

production in splenocytes and an increased percentage of functionally active 

regulatory T cells (Tregs) in lymphoid organs of OIT+FOS mice [6]. In the current 

article, we performed additional analyses on faeces, cecum content and bone marrow 

samples collected from these mice, to investigate potential alterations in microbial 

composition and metabolism, underlying the allergy suppressive effects. 
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Our current study indicated that 16S rRNA sequencing of microbial communities 

resident in faecal samples revealed no differences in microbial diversity within 

each group of mice (α-diversity). Evenness and richness of bacterial communities 

were unaltered after induction of CMA and treatment with either OIT or FOS or the 

combination of both. In humans, the establishment of atopic disorders like asthma 

and allergies is characterized by alterations in microbial diversity and functionality 

in early infancy; however, there is an inconsistent association between allergy 

development and changes in α-diversity [21, 45-47]. Upon analyzing between-group 

bacterial diversity, clustering of bacterial communities in whey-sensitized mice 

(multi-dimensional plot) appeared to be different from the profile observed in sham-

sensitized mice. However, specification of relative abundances of bacterial phyla and 

genera did not show significant differences between whey-sensitized and sham-

sensitized mice.

A significant difference in the overall bacterial community structure was observed 

in sensitized mice receiving the FOS supplemented diet compared to sensitized 

mice receiving the control diet. In particular, the genus Allobaculum (family 

Erysipelotrichaceae, phylum Firmicutes) was increased in faecal samples of FOS 

supplemented mice. Furthermore, the abundance of a member of the same family 

of Erysipelotrichaceae (genus unclassified) positively correlated with the total SCFA, 

acetic- and propionic acid levels in cecum content of the mice. Allobaculum have 

been suggested to be putative SCFA-producers [48-52], and might benefit host-

health via the control of inflammatory responses. 

OIT+FOS treatment in cow’s milk allergic mice induced a bacterial profile with a high 

level of resemblance with the profile observed in non-allergic mice. Differences in 

β-diversity of specific genera were observed in OIT+FOS faecal samples compared to 

whey-sensitized control samples: OIT+FOS decreased the abundance of a member 

of the potentially pro-inflammatory unclassified Rikenellaceae (family Rikenellaceae, 

phylum Bacteroidetes). Food allergy-prone mice were shown to have a specific 

microbial signature recognized by changes in abundance of, amongst others, the 

family Rikenellaceae after sensitization to ovalbumin compared to wild-type mice 

[53]. Transfer of gut microbiota to germ-free wild-type mice resulted in induction of 

the allergic phenotype, suggesting the involvement of the family Rikenellaceae in 

the development of food allergies [53]. In the current study, two genera derived from 

the order Clostridiales (phylum Firmicutes), Oscillospira (family Ruminococcaceae) 

and unclassified Clostridiales (family unclassified), were both significantly reduced 

in abundance in OIT+FOS samples compared to sensitized controls. Moreover, the 

relative abundance of Oscillospira was decreased in OIT+FOS compared to OIT. 
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Both genera approximated the relative abundance observed in the sham-sensitized 

controls. Even though Clostridiales are recognized as the main commensals in the 

healthy murine colon [54] and Oscillospira have the ability to produce butyrate 

from host glycans or animal-derived sugar structures [55], our observations suggest 

that an increased abundance is associated with the allergic phenotype induced by 

sensitization and sustained by OIT. The use of host glycans, a major component of 

the mucus layer in the gut, represents a potential mechanism for involvement of 

Oscillospira in promoting the allergic phenotype, since disruption of the mucus layer 

might result in increased intestinal permeability and activation of mucosal immune 

cells including mast cells. In addition, negative correlations were observed between 

the abundance of Oscillospira and butyric- and propionic acid concentrations in the 

mice. Our observations are potentially in contrast with previously reported data 

obtained from an experimental food allergy model showing a pronounced role for 

Clostridiales clusters XIVa, IV, and XVIII in dampening inflammatory and allergic 

responses [56]. In addition, high levels of peanut-specific and total IgE and symptoms 

of anaphylaxis upon challenge in sensitized germ-free mice could be abrogated in 

mice colonized with commensal Clostridiales [57]. Nevertheless, the current study is 

the first to describe microbial changes in relation to OIT and FOS supplementation in 

allergic mice. To date, the opinion on Clostridiales with regard to favorable outcomes 

in food allergy studies in humans states ‘mostly beneficial’; however, heterogeneity 

in study protocols, diagnostic techniques and dietary composition restrict clear 

recommendations to date [58]. In future experiments, shotgun metagenomics will 

be required to detect specific genus and species taxonomic annotation, to better 

understand microbial changes associated with unclassified Clostridiales, as observed 

in the current study. 

The strategy to combine OIT and FOS supplementation to treat cow’s milk allergic 

mice induced a specific microbial profile in faecal samples, since limited similarity in 

bacterial community structures was observed compared to either OIT-treated mice 

or FOS-treated mice. An increase in abundance of the genus Lactobacillus (family 

Lactobacillaceae, phylum Firmicutes) was observed in OIT+FOS faecal samples 

compared to FOS faecal samples, with levels approximating the abundance in 

non-allergic mice. Amongst others, Lactobacillus species are used as probiotics in 

experimental models for the prevention of food allergy or allergic asthma [59, 60] 

and were shown to support natural resolution of CMA in infants fed extensively 

hydrolyzed casein formula in a randomized trial [61]. Presence of Lactobacilli in the 

gastrointestinal tract is associated with host-health and reduced development of 

allergies [62]. Interestingly, the relative abundance of the phylum Proteobacteria 

was significantly increased in faecal samples derived from mice subjected to OIT 
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compared to OIT+FOS. With regard to the available literature concerning gut dysbiosis 

and Proteobacteria [12-15], we hypothesize that a causal relationship exists between 

OIT and the suboptimal clinical outcomes we observed in cow’s milk allergic mice [6] 

and the increased abundance of Proteobacteria. One of the underlying mechanisms 

triggering Proteobacteria flares includes colonic epithelial dysfunction. Colonic 

epithelial cells are a main source of cellular oxygen [63] in an otherwise anaerobic 

gut environment and any disruption in the amount of oxygen diffusing into the 

lumen can alter the anaerobiosis and thereby the growth of opportunistic facultative 

anaerobes, including the Proteobacteria, in expense of the obligate commensal 

anaerobes, including the Firmicutes and Bacteroidetes [64].

As observed upon PICRUSt analysis, the allergic phenotype, but not the FOS 

supplemented diet, appears to be associated with an increased functional potential 

of the microbial community in relation to several metabolic pathways linked to starch 

and fatty acid metabolism. Taken together, the predictive functionality assessment 

inferred that the induction of the food allergic immune response increased bacterial-

driven metabolic pathways in the gut, since the majority of up-regulated pathways 

occurred in whey-sensitized mice. It has been described that resolution of CMA was 

associated with decreased expression of genes involved in fatty acid metabolism 

by the gut microbiome [20]. The current data showing decreased metabolic activity 

(i.e., fatty acid metabolism or starch fermentation) upon FOS supplementation in 

sensitized mice, suggest that prebiotic fibers help to restore a balanced state of the 

bacterial metabolome, rather than stimulating metabolic processes. However, future 

studies using shotgun metagenomics are required to confirm the results of the 

PICRUSt analysis.

Together, the composition of the gut microbiome and fermentation of both 

carbohydrates and dietary proteins determine the availability of specific bio-active 

compounds (e.g., SCFA) in local and peripheral tissues via uptake in the systemic 

circulation [65, 66]. In the current study, SCFA concentrations in cecum content 

were elevated in mice treated with the combination OIT+FOS, rather than FOS 

supplementation or OIT alone. We questioned whether the altered (allergic) immune 

response affected bacterial metabolic activity and thereby the availability of SCFA. 

Interestingly, correlation analyses revealed that none of the bacterial communities 

detected in murine faecal samples were positively correlated to butyric acid levels. It 

might point out that the increased butyric acid concentrations observed in OIT+FOS 

mice originate from indirect fermentative reactions that convert acetic acid into 

butyric acid [67]. Furthermore, a positive correlation was observed with the relative 

abundance of lactic acid-producing bacteria and the butyric acid/SCFA ratio. This 
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observation indicates another indirect mechanism of butyric acid production, since 

lactic acid can be converted into butyric acid by members of the Clostridiales cluster 

(Firmicutes) [43]. Concisely, OIT+FOS treatment in cow’s milk allergic mice might 

stimulate the activity of bacteria that either produce acetic acid and lactic acid, and/

or convert acetic acid and lactic acid, rather than butyrate-producing bacteria.

Bone marrow precursors derived from FOS supplemented mice and cultured in vitro 

for 6 weeks, showed a reduction in the percentage of mast cells: expression of the 

FcεRI and c-Kit receptors was lost in a subset of cultured cells with an increase in 

percentage observed upon continuation of the culture. In accordance, IgE-mediated 

degranulation upon DNP-HSA activation was reduced. These observations suggest 

a suboptimal development or lifespan of mast cells derived from precursors that 

have been exposed to bacterial metabolites upon FOS fermentation in vivo. FOS 

supplementation indeed caused an increase in the relative abundance of the 

butyrate-producing Allobaculum genus (Firmicutes). In addition, expression of fatty 

acid receptor GPR43 on mucosal mast cells has been observed in rat and human colon 

tissue [68, 69]. The bone marrow is an open system and systemically available bacterial 

metabolites and cytokines can influence the development of immune precursor cells, 

with wide-spread consequences for both health and disease of the host [70]. Bone 

marrow-derived DC (BMDC) from Lactobacillus johnsonii-supplemented mice showed 

altered cytokine production and reduced CD4+ T cell activation upon respiratory 

syncytial virus (RSV) infection. Moreover, co-incubation of BMDC with plasma derived 

from L. johnsonii-supplemented mice or docasahexanoic acid (DHA) could mimic this 

effect [71]. Although further research is necessary, impaired mast cell functionality 

via epigenetic changes might support long-term outcomes of immunotherapy 

strategies (Figure 10). 
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CONCLUSION
The combination of OIT+FOS to treat cow’s milk allergic mice altered microbial 

diversity and metabolism and induced a microbial profile closely linked to non-

allergic control mice. Moreover, correlation analysis revealed potential indirect 

butyric acid pathways via acetic acid and lactic acid, rather than stimulation of 

butyric acid-producing bacteria upon OIT+FOS treatment. Improved treatment 

efficacy of OIT by FOS supplementation was previously only shown by reduced 

allergic symptoms upon food provocation, and the current study contributes to our 

understanding of the involvement of the gut microbiota. In addition, we showed 

impaired development of mast cells from bone marrow of FOS supplemented mice. 

Further research, using metagenomics, will be required to better understand the 

composition of the gut bacteria and it’s functional/mechanistic roles and to link 

microbial profiles and availability of bacterial metabolites to the development of 

immune precursors originating from bone marrow that potentially influence long-

term efficacy of OIT and FOS. 
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ABSTRACT
Background: In previous work, we showed that supplementation with prebiotics 

(fructo-oligosaccharides, FOS) improved the efficacy of oral immunotherapy (OIT) 

in cow’s milk allergic mice. Thorough investigation of relevant biomarkers supports 

future application of the current treatment approach in food allergy patients. 

Aim: To evaluate the capacity of the gold-standard biomarker allergen-specific IgE 

to monitor changes in the acute allergic effector response induced by OIT+FOS in an 

antigen-specific in vitro degranulation system. 

Materials and methods: Female C3H/HeOuJ mice were sensitized intragastrically 

(i.g.) to the cow’s milk protein whey and received either a control diet or a diet 

supplemented with a specific mixture of plant-derived FOS (1% w/w). OIT with 10 

mg whey was provided 5x/week for three consecutive weeks per oral gavage. An 

intradermal (D64) and i.g. challenge (D70) were performed to measure acute allergic 

symptoms and mast cell degranulation. Serum was collected at three time points in 

the experiment [halfway IT (D50), after IT (D63) and after i.g. challenge (D71)] from a 

subgroup of each control and experimental group prior to sectioning. Serum samples 

were used in vitro to perform antigen-specific degranulation assays with a RBL-2H3 

cell line and primary bone marrow-derived mast cells (BMMC). Total IgE, whey-

specific IgE and IgG1, galectin-9 and galectin-9-IgE complex levels were determined 

by means of ELISA. The involvement of galectin-9 in effector cell suppression was 

studied with BMMC. 

Results: Sensitization of RBL-2H3 cells with experimental mouse serum enabled 

whey-induced degranulation. A positive correlation was shown between release of 

β-hexosaminidase by whey-stimulated RBL-2H3 cells and the abundance of whey-

specific IgE present in serum collected at D50 (r=0.684, p<0.0001) and D71 (r=0.605, 

p=0.0004). Incubation of DNP-specific IgE sensitized BMMC with experimental serum 

lowered activation with DNP-HSA and enabled degranulation with whey, indicating 

the difference in affinity for the FcεRI between DNP-specific IgE and whey-specific 

IgE. Mucosal mast cell degranulation induced by oral food provocation (D70) 

corresponded with in vitro degranulation levels of both RBL-2H3 and BMMC using 

experimental serum collected at D71. Galectin-9-IgE complexes were detected 

in experimental serum and recombinant galectin-9 was shown to reduce BMMC 

degranulation. 
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Conclusion: The current data demonstrate that the abundance of whey-specific IgE 

present in experimental mouse serum determined the whey-induced degranulation 

capacity of RBL-2H3 cells and BMMC. In vitro degranulation assays were shown to be 

a suitable model to monitor OIT+FOS induced (intermediate) changes in the in vivo 

allergic effector response induced by oral food provocation.

INTRODUCTION
The prevalence of food allergies has increased in Western countries over the last 

decades [1]. Food allergies have a severe impact on quality of life in patients and 

constitute a growing health, economic and social problem. Moreover, a recent review 

reported on the increased prevalence of food sensitization and oral food challenge-

proven food allergies in developing countries in Africa and Asia, potentially mediated 

by economic growth and adaptation to a Western lifestyle [2]. Current options in 

food allergy management are limited to strict allergen avoidance and symptomatic 

treatment in case of adverse events. 

To date, antigen-specific immunotherapy (AIT) is an effective treatment strategy 

for patients suffering from allergic rhinitis or asthma. International consensus exist 

on the safety and efficacy of subcutaneous immunotherapy (SCIT) and sublingual 

immunotherapy (SLIT) to induce tolerance toward allergens causing respiratory 

allergies and venom hypersensitivities [3]. In contrast, concerns with regard to the 

application of AIT in food allergies or atopic dermatitis remain, due to the high incidence 

of adverse local and systemic reactions and the need for long-term continuous 

exposure to the allergen [4]. Oral immunotherapy (OIT) to treat food allergies has 

been studied extensively and substantial benefit for patients suffering from hen’s 

egg, peanut or cow’s milk allergy has been shown upon continuous treatment [5]. 

However, a lack of high-quality randomized controlled trials and limited evidence 

on effectiveness post-discontinuation of therapy hamper clear recommendations 

for clinical use [6]. Thus far, OIT for food allergy should be performed in specialized 

centers with access to rescue medication in case of systemic anaphylaxis. 

Attempts to improve the efficacy and safety profile of AIT include the identification of 

new biomarkers that can be used to predict or monitor effectiveness of the therapy 

[7]. Quantitative and validated biomarkers which rely on non-invasive methods can 

contribute to the development of safe and well-defined AIT protocols. A consensus 

statement described six domains of potential biomarkers for allergen immunotherapy: 

1) antibodies (IgE, IgG4 and IgA), 2) serum inhibitory activity of IgE [IgE-Facilitated 

Allergen Binding (FAB)], 3) basophil activation, 4) cytokines and chemokines, 5) 
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cellular factors (T, B and dendritic cells) and 6) in vivo biomarkers upon provocation 

[8]. The gold-standard biomarker IgE (specific IgE, total IgE and/or specific IgE/total 

IgE ratio) has been used as an inclusion criterion for AIT studies and serves as a 

primary outcome for efficacy in respiratory allergies [9]. In addition, assessment of 

specific IgE in serum prior to SLIT in allergic patients was shown to correlate with 

responsiveness to the therapy [10]. In a cohort of children and teenagers aged 5-18 

years with a diagnosis of IgE-mediated egg allergy, the ovalbumin-specific IgE/total 

IgE ratio appeared to be the most suitable biomarker to predict natural tolerance 

development [11]. Furthermore, baseline and endpoint allergen-specific IgE levels 

were lowered in peanut allergic subjects with successful sustained unresponsiveness 

(12 out of 24) after 5 years of OIT [12]. Specific tolerance induction to cow’s milk 

proteins was successful in 30 out of 30 allergic subjects after one year of treatment 

and in 15 out of these 30 subjects cow’s milk-specific IgE was significantly lowered 

compared to baseline [13]. In addition, the baseline cow’s milk-specific IgE/total IgE 

ratio correlated to sustained unresponsiveness outcomes in a placebo-controlled OIT 

trial with cow’s milk allergic subjects either or not pre-treated with omalizumab [14, 

15].

Combinations of OIT and adjunct therapies (e.g., omalizumab, probiotics, prebiotics) 

to treat food allergies are currently under investigation. Supplementation 

with Lactobacillus rhamnosus CGMCC during peanut OIT induced sustained 

unresponsiveness in 82.1% of the treated individuals (1-10 years of age) and a 

decrease in peanut-specific IgE was observed [16]. In previous work, we showed 

enhanced desensitization in cow’s milk allergic mice subjected to OIT in combination 

with a diet supplemented with a specific mixture of short-chain and long-chain 

fructo-oligosaccharides (scFOS/lcFOS, 9:1, 1% w/w, FOS) [17]. An initial increase in 

whey-specific IgE was shown during OIT independent of the dietary intervention 

with FOS. Oral food provocation extensively increased whey-specific IgE in serum of 

sensitized control mice, but not in mice treated with OIT and FOS supplementation 

[17]. In addition, mucosal mast cell degranulation measured as serum mMCP-1 

(mucosal mast cell protease-1) was significantly decreased after OIT+FOS. In the 

current chapter, we aimed to examine whether changes in whey-specific IgE levels 

correspond to the reduced in vivo allergic effector response observed after OIT+FOS 

in mice and thus functions as a predictive biomarker. Confirmation of the predictive 

value of allergen-specific IgE for treatment efficacy might support future translation 

of the current treatment strategy to a human setting. Moreover, a functional IgE-

mediated degranulation assay could be used in addition to the gold-standard 

biomarker specific IgE to monitor (intermediate) responses during immunotherapy 

strategies.
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   We used two in vitro degranulation models with either bone marrow-derived mast 

cells (BMMC) or rat basophil leukemia cells (RBL-2H3) and collected experimental 

serum at three time points during an animal experiment in which mice were 

treated with OIT and FOS supplementation: halfway immunotherapy (D50), after 

immunotherapy (D63) and after intragastric (i.g.) food challenge (D71). The current 

in vitro approach is based on antigen-specific degranulation mediated by specific 

IgE and allows mimicking of the in vivo acute allergic degranulation response [18]. 

Moreover, the effect of OIT+FOS on serum factors with allergy protective capacities 

in cow’s milk allergic mice can be studied into more detail with this method. 

Specifically, we investigated the potential involvement of galectin-9 in suppression 

of mast cell activation. Galectin-9, a β-galactoside-binding protein, is a member of 

the lectin-family with glycan recognition capacities and is described to be involved 

in regulation of mast cell functionality [19, 20]. Previous studies performed by our 

group and others have shown a potential role for galectin-9 in enhanced efficacy of 

immunotherapy strategies for both food allergy and asthma treatment in mice [17, 

21]. 

MATERIALS AND METHODS
Mice
6-week-old female specific-pathogen-free C3H/HeOuJ mice were purchased at 

Charles River Laboratories (Erkrath, Germany). All mice were randomly assigned 

to the following groups: sham-sensitized control, sham (n=5/subgroup); whey-

sensitized control, sens (n=8/subgroup); FOS supplemented group, FOS (n=8/

subgroup); OIT group, OIT (n=8/subgroup) and the combination group of OIT and FOS 

supplementation, OIT+FOS (n=8/subgroup). The mice were housed in filter-topped 

macrolon cages at the animal facility of Utrecht University (one cage/subgroup) and 

acclimatized for 6 days. All mice had unlimited access to food and water and were on 

a 12 h light/dark cycle. The experimental procedures were approved by the Ethical 

Committee of Animal research of Utrecht University and conducted according to the 

principles of good laboratory animal care as stated in the European Directive for the 

protection of animals used for scientific purposes. 

Diet
All mice were fed the semi-purified cow’s milk protein-free pelleted AIN-93G control 

diet during acclimatization and sensitization. From D35, the FOS and OIT+FOS groups 

received the AIN-93G diet supplemented with a specific mixture of plant-derived 

short-chain fructo-oligosaccharides (scFOS: oligofructose, Raftilose P95, degree of 
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polymerization (DP) <6) and long-chain fructo-oligosaccharides (lcFOS: long-chain 

inulin, Raftiline HP, average DP of 23 or higher with <1% DP of 5 or lower) in a 9:1 ratio 

(scFOS/lcFOS, 1%, w/w, Ssniff Spezialdiäten GmbH, Soest, Germany) [17]. Fructo-

oligosaccharides were provided by Orafti (Wijchen, the Netherlands). 

Figure 1. Experimental timeline, blood sample collection and schematic 
representation of in vitro degranulation assays. Female C3H/HeOuJ mice were 
randomly assigned to the following groups: sham-sensitized control, sham (n=5/
subgroup); whey-sensitized control, sens (n=8/subgroup); FOS supplemented group, FOS 
(n=8/subgroup); OIT group, OIT (n=8/subgroup) and the combination group of OIT and 
FOS supplementation, OIT+FOS (n=8/subgroup). Mice were i.g. sensitized to the cow’s 
milk protein whey (D0-D28) and fed either a control diet or a diet supplemented with 
a specifi c mixture of FOS from D35 to the end of the protocol. OIT was provided from 
D42-D59 (5x/week for 3 weeks). All mice were i.d. challenged at D64 to measure the acute 
allergic skin response, body temperature and severity of anaphylaxis symptoms. At D70, 
all mice were subjected to an oral food challenge and serum samples were collected 30 
min post-challenge to measure mMCP-1 concentrations as a marker for mucosal mast 
cell degranulation. At three time points in the animal experiment (D50, D63 and D71), 
serum samples were collected from subgroups of each control and experimental group 
prior to sectioning to perform in vitro antigen-specifi c degranulation assays as depicted 
in the schematic representation. RBL-2H3 cells and BMMC were sensitized overnight 
with experimental mouse serum and subsequently activated with antigens to measure 
release of β-hex as a marker for the degranulation response. CT, cholera toxin; OIT, oral 
immunotherapy; i.g., intragastric; i.d., intradermal; FOS, fructo-oligosaccharides; RBL-
2H3, rat basophil leukemia cell line, BMMC, bone marrow-derived mast cells; β-hex, 
β-hexosaminidase; DNP-HSA, dinitrophenol hapten conjugated to human serum albumin; 
mMCP-1, mucosal mast cell protease-1. 
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Experimental procedures and blood sample collection 
Sensitization was conducted per oral gavage on experimental day 0, 7, 14, 21 and 

28 using 20 mg whey (DMV International, Veghel, the Netherlands) in 0.5 ml PBS 

(Lonza, Verviers, Belgium) with 15 μg cholera toxin (CT, List Biological Laboratories 

Inc., Campbell, CA, USA) per mouse (Figure 1). Sham-sensitized control mice received 

CT dissolved in PBS. OIT (10 mg whey in 0.5 ml PBS) was provided 5x/week per oral 

gavage for three consecutive weeks (D42-D59) in the OIT and OIT+FOS groups. On 

D64, all mice were intradermally (i.d.) challenged to determine the acute allergic 

skin response, body temperature and symptom scores during anaphylaxis. All mice 

were anesthetized using inhalation of isoflurane to determine basal ear thickness 

(in duplicate in both ears) using a digital micrometer (Mitutoyo, Veenendaal, the 

Netherlands). Subsequently, both ears were i.d. injected with 10 μg whey in 20 μl 

PBS. One hour after i.d. injection, ear thickness was again measured under anesthesia 

and Δ ear swelling was determined by subtracting mean basal ear thickness from 

mean ear thickness 1 h post-challenge. Body temperature was measured with a rectal 

thermometer 30 min after challenge and the severity of anaphylaxis symptoms was 

scored according to the method described previously [22]. On D70, all mice were i.g. 

challenged (50 mg whey in 0.5 ml PBS) and blood samples were collected via cheek 

puncture 30 min after challenge to measure mucosal mast cell degranulation (serum 

concentration of mMCP-1). Subgroups of mice from each control and experimental 

group were sectioned at D50 (halfway immunotherapy), D63 (after immunotherapy) 

and D71 (after i.g. challenge) and serum samples were collected and stored at -20°C 

until further analysis and in vitro experiments. Additional subgroups of mice were 

included in the animal experiment to perform histological analysis on the intestines 

and were treated in parallel to the control and experimental groups of the current 

study. To increase sample size, all mice participated in the i.d. and i.g. challenge. 

Depicted are the results of n=5-14 mice/group. In addition, serum samples used in 

the galectin-9 experiments were derived from a follow-up experiment with identical 

groups.

RBL-2H3 cell line culture and β-hexosaminidase 
degranulation assay
Rat basophil leukemia cells (RBL-2H3) were cultured in a 75 cm2 culture flask with 

filter cap (Cellstar, Greiner Bio-One, Frickenhausen, Germany) in culture medium 

consisting of EMEM (Lonza) supplemented with 10% FCS and penicillin-streptomycin 

(100 U/ml-100 μg/ml, Sigma-Aldrich Chemicals, Zwijndrecht, the Netherlands) 

at 37°C and 5% CO
2
. Release of β-hexosaminidase (β-hex) by RBL-2H3 cells was 

used as a marker for in vitro mast cell degranulation. Optimization experiments to 
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determine concentrations of experimental serum, antibodies [DNP-specific IgE (2,4 

dinitrophenol-IgE) and αIgE] and antigens [DNP-HSA (DNP hapten conjugated to 

human serum albumin) and whey] were conducted previously to ensure optimal 

degranulation (data not shown). Concisely, RBL-2H3 cells were incubated overnight 

with 20% v/v experimental serum per individual mouse collected at D50, D63 or D71 in 

the animal experiment. Hereafter, cells were washed with assay medium (RPMI-1640 

with 2.4 mM L-Glutamine and without phenol red (Lonza) supplemented with 1% 

FCS) and transferred to a sterile 96-wells plate (Costar, Corning Incorporated, Corning, 

NY, USA; 25,000 cells/well). Activation of IgE-sensitized RBL-2H3 cells with αIgE (1 μg/

ml, eBioscience, Breda, the Netherlands) or whey (1 mg/ml, DMV international) for 3 h 

at 37°C and 5% CO
2
 resulted in release of β-hex. Incubation with Triton X100 (TX100, 

Merck, Darmstadt, Germany) was used as 100% degranulation control and incubation 

with only assay medium was used to determine background levels of degranulation. 

After centrifugation (5 min 1500 rpm), supernatant was transferred to a new 

96-wells culture plate and incubated for 1 h with 4-methylumbelliferyl-N-acetyl-β-

D-glucosaminide solution (4MUG, Sigma-Aldrich) in 0.1 M citrate buffer (pH=4.7, 

Merck). The reaction was stopped with 0.2 M glycine-HCl buffer (Merck). The release 

of β-hex was measured by fluorescence (excitation 351 nm, emission 462 nm) with 

a Fluoroskan Ascent™ Microplate Fluorometer (Thermo Fisher Scientific, Waltham, 

MA, USA). Release of β-hex in percentages was calculated with the following formula:  

                     stimulated cells — unstimulated cells
% release= (       ) *100
                     maximum release TX100 — unstimulated cells

 
BMMC isolation, culture and β-hexosaminidase 
degranulation assay
Bone marrow cells were isolated from naïve female C3H/HeOuJ mice by flushing femurs 

and tibiae under sterile conditions with BMMC culture medium (RPMI-1640 medium 

(Lonza) supplemented with 10% FCS, 26 mM Hepes, 0.12 mM MEM non-essential 

amino acids, 2.4 mM Glutamax, 1.2 mM sodium pyruvate (all from Gibco, Thermo 

Fisher Scientific), penicillin-streptomycin (100 U/ml-100 μg/ml, Sigma-Aldrich). Cell 

suspensions were flushed through a 70-μm cell strainer and subsequently centrifuged 

(6 min 1200 rpm) and washed. Red blood cells were lysed (lysis buffer consisted of 

1.5 M NH
4
Cl, 0.1 M NaHCO

3
, 10 mM EDTA (all from Merck) in demineralized water, 

filter sterilized) and remaining cells were dissolved in freeze medium consisting of 

40% BMMC culture medium, 10% DMSO (Sigma-Aldrich) and 50% FCS. Aliquots of 
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cells were frozen at -80°C for at least 24 h and stored in liquid nitrogen until culture. 

BMMC were cultured in a 175 cm2 culture flask with filter cap (Costar) in BMMC 

culture medium supplemented with IL-3 and Stem Cell Factor (SCF, both 10 ng/ml, 

Prospec, Ness-Ziona, Israel) at 37°C with 5% CO
2
. After 5 weeks of differentiation 

and proliferation, BMMC were harvested and used in β-hex degranulation assays as 

described for RBL-2H3 cells. Prior to sensitization of BMMC, Fcγ receptors were blocked 

with non-specific IgG (Oxazolone) antibodies to avoid unwanted antigen-mediated 

crosslinking with IgE bound to Fcε receptors. In contrast to the RBL-2H3 experiments, 

BMMC were overnight sensitized with 10% v/v IgE specific for DNP from hybridoma 

clone 26.82. Subsequently, cells were incubated with 10% v/v pooled experimental 

serum collected at D50, D63 or D71 from all control and experimental groups for an 

additional 24 h at 37°C with 5% CO
2
. After serum incubation, sensitized BMMC were 

activated with DNP-HSA, αIgE or whey in a concentration range to induce release of 

β-hex. In addition, a BMMC experiment was conducted to investigate the inhibitory 

effect of recombinant galectin-9 on degranulation capacity. Ionomycin stimulation 

(1 μM, Sigma-Aldrich) was used as a positive control for BMMC degranulation next to 

DNP-HSA activation (25 ng/ml). Recombinant galectin-9 (1 μM, R&D systems, Oxon, 

UK) was added prior to DNP-HSA activation. Galectin-9 was neutralized by adding 

lactose (20 mM, Acros Organics, Thermo Fisher Scientific) in the culture medium. 

ELISA
Whole blood samples collected via cheek puncture prior to sectioning of the mice 

were centrifuged (10 min at 10,000 rpm) and serum was stored at -20°C until analysis 

of mMCP-1, galectin-9, galectin-9-IgE complexes, whey-specific IgE and IgG1 and 

total IgE by means of ELISA. Concentrations of mMCP-1 were determined in serum 

collected 30 min after i.g. challenge according to the manufacturer’s instructions 

(Mouse MCPT-1 ELISA Ready-SET-Go kit, eBioscience). Galectin-9 and whey-specific 

antibodies were measured according to the method described previously [17]. 

Total IgE was measured according to the protocol described for whey-specific IgE 

except for coating. Concisely, 96-wells high-binding plates (Costar) were incubated 

overnight (4°C) with 100 μl of coating antibody (purified rat anti-mouse IgE, 1 μg/

ml, BD Biosciences, Alphen a/d Rijn, the Netherlands) in coating buffer. To measure 

galectin-9 bound to IgE in serum, anti-galectin-9 coating antibody (0.75 μg/ml, 

mouse galectin-9 affinity purified polyclonal goat IgG antibody, R&D systems) in 

combination with anti-IgE detection antibody (1 μg/ml, BD Biosciences) was used. 
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Data analysis and statistics
Data are depicted as mean ± SEM and were analyzed using GraphPad Prism software 

version 7 (GraphPad software, La Jolla, CA, USA). We used one-way ANOVA and 

Bonferroni’s post-hoc test to compare sham with sens; sens with FOS, OIT and 

OIT+FOS; FOS with OIT+FOS; OIT with OIT+FOS. The anaphylaxis symptom scores 

were analyzed using Kruskal-Wallis test for nonparametric data with Dunn’s post-

hoc test to compare the above mentioned combinations. Antibody data were log-

transformed prior to testing. Pearson’s correlation analysis was conducted with 

whey-specific IgE data and RBL-2H3 degranulation data per time point of serum 

collection. Calculated p-values were corrected for the number of comparisons and 

were considered statistically significant when p<0.05.

Figure 2. Acute allergic symptoms upon i.d. and i.g. food challenges. (A) Acute allergic 
skin responses measured as Δ ear swelling 1 h after i.d. injection of allergen in the ear (D64). 
(B) Anaphylaxis scores and (C) body temperature measured 30 min after i.d. challenge. (D) 
Serum mMCP-1 concentrations measured by means of ELISA as a marker for mucosal mast 
cell degranulation upon i.g. challenge at D70. Data are depicted as mean ± SEM, n=5-14 
mice/subgroup due to the inclusion of additional groups of mice with similar treatments in 
the challenges. Statistical analysis was performed using one-way ANOVA and Bonferroni’s 
post-hoc test to compare pre-selected combinations. Anaphylaxis symptom scores in (B) 
were analyzed using Kruskal-Wallis test for nonparametric data with Dunn’s post hoc test. 
*p<0.05, **p<0.01, ***p<0.001. OIT, oral immunotherapy; FOS, fructo-oligosaccharides; 
i.d., intradermal; i.g., intragastric; mMCP-1, mucosal mast cell protease-1. 

Figure 2. Acute allergic symptoms upon i.d. and i.g. food challenges. (A)Figure 2. Acute allergic symptoms upon i.d. and i.g. food challenges. (A) Acute allergic 

A

C

B

D
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RESULTS
The combination of OIT+FOS effectively reduced 
mucosal mast cell degranulation upon oral food 
provocation
I.g. sensitization to the cow’s milk protein whey induced a significant increase in 

the acute allergic skin response (Δ ear swelling) (Figure 2A), severity of anaphylaxis 

symptoms (Figure 2B) and decreased body temperature levels (Figure 2C) in 

sensitized control mice compared to sham-sensitized control mice upon i.d. challenge. 

FOS supplementation without OIT, but not the combination of OIT+FOS, reduced the 

ear swelling response in sensitized mice in the current experiment (Figure 2A). A trend 

(p=0.0681) toward a decrease in anaphylaxis symptom scores was observed in the 

OIT+FOS mice compared to sensitized controls (Figure 2B). The anaphylaxis-associated 

drop in body temperature was not significantly altered in the experimental groups 

compared to the sensitized controls; however, FOS and OIT+FOS mice showed a less 

severe temperature drop (Figure 2C). Only OIT+FOS effectively reduced mucosal mast 

cell degranulation (mMCP-1 concentration in serum collected 30 min after challenge) 

compared to sensitized control mice upon oral food provocation (Figure 2D).

OIT and OIT+FOS prevented the challenge-induced 
increase in whey-specific IgE observed in sensitized 
controls
Serum samples were collected at three time points in the animal experiment: halfway 

immunotherapy (D50), after immunotherapy (D63) and after i.g. challenge (D71). Total 

IgE levels and whey-specific IgE and IgG1 levels were measured by means of ELISA to 

gain more insight into changes in antibody profiles during and after immunotherapy. 

At D50 (halfway immunotherapy), OIT+FOS mice showed elevated total and whey-

specific IgE levels (Figures 3A,B), but no difference in whey-specific IgG1 was 

observed (Figure 3C). After three weeks of OIT (D63), treated mice showed increased 

serum levels of whey-specific IgE and IgG1 independent of FOS supplementation 

(Figures 3E,F). Total IgE levels in serum collected at D63 corresponded with whey-

specific IgE and were elevated in sensitized controls, OIT and OIT+FOS mice (Figure 

3D). All mice were subjected to an i.d. and i.g. challenge and serum levels of whey-

specific IgE were significantly increased in sensitized control mice (Figure 3H). 

OIT and OIT+FOS prevented the observed increase in whey-specific IgE upon food 

provocation (Figure 3H). Differences in total IgE levels were less pronounced at time 

point D71 (Figure 3G) compared to whey-specific IgE (Figure 3H). Whey-specific IgG1 

levels were similar to the previous time point (D63, after immunotherapy); however, 

levels seemed increased in sensitized control mice after challenge (Figure 3I). 
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Figure 3. Levels of total IgE, whey-specifi c IgE and whey-specifi c IgG1 in serum 
collected at D50, D63 and D71 in the animal experiment. (A)Total IgE, (B) whey-specifi c 
IgE and (C) whey-specifi c IgG1 measured in serum collected halfway immunotherapy 
(D50). (D) Total IgE, (E) whey-specifi c IgE and (F) whey-specifi c IgG1 measured in serum 
collected after immunotherapy (D63). (G) Total IgE, (H) whey-specifi c IgE and (I) whey-
specifi c IgG1 measured in serum collected after i.g. challenge (D71). Data are depicted 
as mean ± SEM, n=5-8 mice/subgroup. Statistical analysis was performed using one-way 
ANOVA and Bonferroni’s post-hoc test to compare pre-selected combinations. Antibody 
data was log-transformed prior to testing. *p<0.05, **p<0.01, ****p<0.0001. AU, arbitrary 
units; i.g., intragastric.
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Sensitization of RBL-2H3 with experimental serum 
enabled whey-induced degranulation 
Experimental serum collected during and after immunotherapy and challenges was 

used in vitro to sensitize RBL-2H3 overnight. IgE-sensitized RBL-2H3 were activated 

with αIgE or whey and release of β-hex was measured (Figure 4). Serum collected 

at D50 enabled RBL-2H3 degranulation upon activation with αIgE in all groups 

(Figure 4A); however, degranulation was significantly lowered with OIT+FOS serum 

compared to sensitized controls or FOS (Figure 4A). Whey activation increased RBL-

2H3 degranulation after OIT and OIT+FOS serum sensitization (Figure 4B). A positive 

correlation (r=0.684, p<0.0001) was shown between whey-specific IgE levels in serum 

collected at D50 and the percentage β-hex release by RBL-2H3 upon whey stimulation 

(Figure 4C). No pronounced differences in either αIgE- or whey-induced RBL-2H3 

degranulation were observed after sensitization with serum collected at D63 (after 

immunotherapy, Figures 4D-F). D71 serum (collected after i.g. challenge) induced a 

significant reduction in degranulation upon activation with αIgE in sensitized controls 

compared to sham-sensitized controls, OIT and OIT+FOS (Figure 4G). In contrast, 

whey-specific activation of RBL-2H3 sensitized with serum derived from sensitized 

controls significantly increased β-hex release compared to all groups (Figure 4H). As 

shown in Figure 4I, whey-specific IgE levels in serum collected at D71 were positively 

correlated to degranulation of RBL-2H3 upon whey stimulation (r=0.605, p=0.0004). 

Direct sensitization of BMMC with experimental serum collected at D71 resulted in 

similar β-hex concentrations upon whey stimulation as observed with RBL-2H3 cells, 

indicating that both cell types are suitable to study antigen-specific degranulation 

with the described approach (data not shown).

DNP-specific IgE sensitized BMMC incubated with 
experimental serum showed efficient degranulation 
upon whey stimulation
We sought to investigate whether serum factors (i.e., galectin-9) interfere with 

IgE-mediated degranulation of BMMC. Therefore, BMMC were sensitized with DNP-

specific IgE prior to 24 h incubation with experimental serum collected at D50, D63 

and D71. Subsequently, BMMC were activated with DNP-HSA, αIgE or whey and 

release of β-hex was measured (Figure 5). We hypothesized that the level of potential 

inhibitory factors in serum would differ between the control and experimental 

groups. However, incubation with serum for 24 h reduced DNP-HSA-induced BMMC 

degranulation in all groups, including the sham-sensitized control group which was 
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Figure 4. Beta-hexosaminidase release by RBL-2H3 sensitized overnight with 
experimental serum and activated with αIgE and whey. Beta-hex levels after overnight 
sensitization of RBL-2H3 using experimental mouse serum collected at D50 (halfway 
immunotherapy) and activated with (A) αIgE and (B) whey. (C) Pearson’s correlation 
analysis with whey-specifi c IgE in serum (D50) and degranulation levels of RBL-2H3 
sensitized with serum (D50) and activated with whey. Beta-hex degranulation assay 
using serum collected at D63 (after immunotherapy) upon activation with (D) αIgE and 
(E) whey. (F) Pearson’s correlation analysis with whey-specifi c IgE in serum (D63) and 
degranulation levels of RBL-2H3 sensitized with serum (D63) and activated with whey. 
Beta-hex degranulation assay using serum collected at D71 (after i.g. challenge) upon 
activation with (G) αIgE and (H) whey. (I) Pearson’s correlation analysis with whey-
specifi c IgE in serum (D71) and degranulation levels of RBL-2H3 sensitized with serum 
(D71) and activated with whey. Data are depicted as mean ± SEM, serum samples per 
individual mouse were tested separately, n=5-8 mice/subgroup. Statistical analysis was 
performed using one-way ANOVA and Bonferroni’s post-hoc test to compare pre-selected 
combinations. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. β-hex, β-hexosaminidase; 
RBL, rat basophil leukemia cell line; i.g., intragastric.
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used as a reference, compared to the control condition without serum incubation 

(data not shown). BMMC activation with αIgE showed no difference with experimental 

serum collected at D50 (Figure 5A). Interestingly, whey-specific activation led to 

increased β-hex release in OIT+FOS samples (Figure 5B). All groups showed reduced 

β-hex release after incubation with serum collected at D63 and activation with αIgE 

(Figure 5C). Whey stimulated BMMC degranulation after incubation with serum from 

OIT and OIT+FOS mice (Figure 5D). Serum collected from sensitized control animals 

at D71 reduced αIgE-mediated degranulation of BMMC (Figure 5E). Whey stimulation 

led to increased degranulation of BMMC after incubation with serum derived from 

sensitized control and FOS mice (Figure 5F). 

To circumvent the observed suppressive effect of 24 h serum incubation on DNP-

HSA-mediated BMMC degranulation compared to the control condition without 

serum, we tested 1.5 h incubation with serum collected at D71 in DNP-specific IgE 

sensitized BMMC and again activated the cells with DNP-HSA, αIgE and whey. DNP-

HSA activation did not show differences in degranulation capacity of sensitized BMMC 

exposed to experimental serum (Figure 5G). In accordance, no differences were 

observed with αIgE activation (data not shown). In contrast to 24 h serum incubation, 

whey stimulation was not able to activate BMMC after 1.5 h serum incubation (Figure 

5H).

Galectin-9-IgE complexes were present in serum 
samples of cow’s milk allergic mice
Galectin-9 concentrations in serum collected at D70 in a follow-up experiment were 

measured by means of ELISA. No significant differences between the groups were 

shown; however, galectin-9 levels had a tendency to be higher in OIT and OIT+FOS 

mice (Figure 6A). As shown in Figure 6B, galectin-9-IgE complexes were present in 

serum samples derived from all sensitized groups, except for sham-sensitized control 

samples. A significant difference between sham-sensitized controls and whey-

sensitized controls was observed (Figure 6B). To investigate the biological effect of 

galectin-9 on DNP-HSA activation of DNP-specific IgE sensitized BMMC, recombinant 

galectin-9 was added at 1 μM. The presence of recombinant galectin-9 resulted in 

decreased degranulation capacity, and the inhibitory effect was abrogated by adding 

lactose to the culture medium (Figure 6C). 
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Figure 5. Beta-hexosaminidase release by DNP-specific IgE sensitized BMMC 
incubated 24 h with experimental serum and activated with αIgE and whey. Beta-
hex release by DNP-specific IgE sensitized BMMC after 24 h incubation with experimental 
mouse serum collected at D50 (halfway immunotherapy) upon activation with (A) αIgE and 
(B) whey. Beta-hex degranulation assay after 24 h incubation with serum collected at D63 
(after immunotherapy) and activation with (C) αIgE and (D) whey. Beta-hex degranulation 
assay after 24 h incubation with serum collected at D71 (after i.g. challenge) and activation 
with (E) αIgE and (F) whey. Beta-hex release by DNP-specific IgE sensitized BMMC after 1.5 h 
incubation with experimental serum collected at D71 (after i.g. challenge) upon activation 
with (G) DNP-HSA and (H) whey. Data are depicted as mean ± SEM, serum samples per 
subgroup were pooled and measurements were performed in duplicate. BMMC, bone 
marrow-derived mast cells; β-hex, β-hexosaminidase; DNP-HSA, dinitrophenol hapten 
conjugated to human serum albumin; i.g., intragastric. 

DISCUSSION
With the current in vitro approach we sought to evaluate the predictive value of the 

gold-standard biomarker allergen-specific IgE in relation to the acute allergic effector 

response in mice treated with OIT and a FOS supplemented diet. The abundance of 

whey-specific IgE in serum collected at D50 and D71 positively correlated with in vitro 

whey-induced degranulation of RBL-2H3 cells. In addition, in vitro degranulation was 

aligned with the observed in vivo degranulation response upon oral food provocation. 

Previous results have shown that repeated food challenges unintentionally affect 

whey-specific antibody patterns in sensitized control animals [23]. Moreover, the 

current study showed increased whey-specific IgG1 levels in sensitized control animals 

G H
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upon dual food challenge. Hence, murine models of OIT might benefit from ex vivo 

functional assays that can either replace or reduce the number allergen challenges. 

Functional IgE-mediated assays, as described in the current chapter, can be used in 

addition to the gold-standard parameter allergen-specific IgE to monitor mast cell 

degranulation responses during and after immunotherapy strategies. Furthermore, 

functional read-outs linked to the specific IgE response might contribute to the 

improvement of (pre-)clinical OIT protocols, since immunotherapy efficacy can often 

only be evaluated upon food challenge after treatment. 

We showed previously that FOS supplementation enhanced the efficacy of OIT shown 

by a reduction in the acute allergic skin response upon i.d. challenge and in mucosal 

mast cell degranulation after oral food provocation [17]. In the current study, FOS 

supplementation without OIT reduced the acute allergic skin response induced by 

i.d. challenge. Although these observations were not in agreement with previous 

results, they were aligned with the low IgE levels observed in serum collected from 

FOS supplemented mice one day prior to the i.d. challenge conducted at D64.

Sensitization using experimental serum derived from cow’s milk allergic mice 

resulted in effective degranulation upon whey stimulation in both RBL-2H3 and 

BMMC cultures, though with lower efficiency compared to the combination of DNP-

specific IgE and DNP-HSA-induced degranulation. Whey-induced degranulation 

patterns were linked to whey-specific IgE abundance in serum samples. Interestingly, 

overnight incubation of DNP-specific IgE sensitized BMMC with experimental serum 

showed similar whey-induced degranulation patterns, despite the fact that the FcεRI 

were saturated in advance. No β-hex release upon whey activation was observed after 

1.5 h incubation with experimental serum. Hence, we hypothesized that the affinity 

of whey-specific IgE for the FcεRI may be higher compared to DNP-specific IgE and it 

has the ability to bind to the FcεRI in expense of DNP-specific IgE during the (longer) 

incubation of 24 h. Another possible explanation might be that simply the excess of 

whey-specific IgE in serum leads to replacement of DNP-specific IgE by whey-specific 

IgE. These phenomena in combination with the observation that serum incubation 

decreased DNP-HSA-mediated degranulation in all groups, including the sham-

sensitized control that was used as a reference, hindered our attempts to investigate 

the effect of inhibitory factors (i.e., intestinal epithelium-derived galectin-9) present 

in serum samples. It was shown that BMMC degranulation was primarily dependent 

on whey-specific IgE abundance in serum. 
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We aimed to study the role of galectin-9 in inhibition of BMMC degranulation, since 

galectin-9 has been described to bind strongly and specifically to IgE via glycosylated 

binding sites and can thus prevent IgE-antigen complex formation [24]. We confirmed 

by means of ELISA that galectin-9-IgE complexes are present in serum of cow’s milk 

allergic mice regardless of treatment and hypothesized that galectin-9 interferes 

with in vivo mast cell degranulation via this mechanism. With the current approach, 

we were not able to distinguish between IgE and whey-specific IgE; however, the 

absence of galectin-9-IgE complexes in sham-sensitized serum samples suggests 

that galectin-9 is bound to whey-specific IgE. Interestingly, OIT+FOS samples showed 

reduced levels of galectin-9-IgE complexes and higher levels of galectin-9, suggesting 

that the majority of the galectin-9 proteins was present in free form. Investigation of 

functionality of galectin-9 and/or galectin-9-IgE complexes present in murine serum 

samples was hampered by the relatively low (free) galectin-9 concentrations. Galectin-

9-mediated inhibition of RBL-2H3 activation was previously shown within the 0.1-1 

μM range [24], and we observed galectin-9 concentrations within a 20-fold lower 

molarity range in experimental mouse serum. A pilot experiment using plate-bound 

DNP-HSA and DNP-specific IgE sensitized BMMC to ensure suboptimal degranulation, 

could not show serum galectin-9-mediated inhibition of degranulation. Nevertheless, 

we confirmed the inhibitory effect of recombinant galectin-9 (1 μM) on BMMC 

degranulation and showed that neutralization of galectin-9 using lactose abrogated 

this effect, as described in previous studies [24, 25]. Recombinant galectin-9-mediated 

protection against asthma development and passive cutaneous anaphylaxis was 

observed in animal models [24], suggesting the use of galectin-9 as a therapeutic 

strategy in food allergy management. 

CONCLUSION
In vitro degranulation assays using experimental mouse serum were shown to 

be a suitable method to monitor OIT+FOS-induced changes in the in vivo allergic 

effector response upon oral food provocation. The abundance of allergen-specific 

IgE positively correlated with degranulation capacity of RBL-2H3 activated with 

allergen. Serum galectin-9 is a potential candidate in OIT+FOS-induced reduction in 

mucosal mast cell degranulation; however, mechanistic studies should confirm this 

observation.
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Figure 6. Galectin-9 concentrations and galectin-9-IgE complex levels in serum. (A) 
Galectin-9 concentrations measured by means of ELISA in serum samples collected at D70 
in a follow-up experiment. (B) Galectin-IgE complex levels measured with αGalectin-9 
coating antibody and αIgE detection antibody depicted in OD values. (C) Beta-hex 
degranulation assay with recombinant galectin-9 in the presence or absence of the 
neutralizing factor lactose. Data are depicted as mean ± SEM, n=5-8 samples/subgroup 
for ELISA and BMMC measurements were performed in duplicate. Statistical analysis 
was performed using one-way ANOVA and Bonferroni’s post-hoc test to compare pre-
selected combinations. *p<0.05, ****p<0.0001. OD, optical density; i.g., intragastric; gal-9, 
galectin-9; BMMC, bone marrow-derived mast cells. 
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General discussion

Food allergies impact the quality of life of both patients and their families and cause 

limitations in dietary and social habits. Moreover, food allergies can lead to life-

threatening situations in case of food-induced systemic anaphylaxis. The worldwide 

prevalence of IgE-mediated food allergies has been estimated to be 4% among 

children [1] and 1-3% in the adult population [2]; however, discrepancies remain 

between self-reported and oral food challenge-proven food allergy prevalence 

rates. To date, no curative treatments exist for food allergy patients and food allergy 

management relies primarily on avoidance of the offending food(s) [3]. 

Natural resolution of food allergies is observed in a subgroup of patients; however, 

risk factors associated with food allergy persistence have been identified [4, 5]. 

Furthermore, persistence of established food allergies can be triggered by genetic 

predisposition as was shown in school-aged Japanese children with filaggrin loss-

of-function mutations [6]. Filaggrin regulates skin barrier integrity and filaggrin 

mutations are an important predisposing factor for the development of atopic 

dermatitis followed by sensitization to food antigens via the disrupted skin. In 

addition, persistence of egg allergy has been shown to originate from a specific 

innate immune profile in peripheral blood mononuclear cells (PBMC) derived from 

one-year-old egg allergic infants [7]. Infants with persistent egg allergy at the age 

of 2-4 years showed increased numbers of circulating monocytes and dendritic cells 

(DC) and increased ex vivo production of inflammatory cytokines. Natural resolution 

of egg allergy was associated with higher vitamin D levels in serum, indicating a key 

role of vitamin D in controlling innate responses [7]. Besides the influence of genetics 

and early life immune status, the composition and activity of the gut microbiome 

is potentially involved in persistence of food allergies in humans [8]. Persistence of 

cow’s milk allergy (CMA) at the age of 8 years was associated with higher abundance 

of the families Bacteriodetes and Enterobacter in faecal samples compared to infants 

with natural resolution of CMA [9]. Patients suffering from persistent food allergies, 

either in childhood, during adolescence or in adulthood, benefit from therapeutic 

strategies aiming for specific induction of oral tolerance to the offending food(s). 

In particular oral immunotherapy (OIT) has been widely studied as a therapeutic 

approach to control (acute) allergic symptoms and enable reintroduction of the 

allergen into the diet. Human trials of OIT to treat IgE-mediated food allergies have 

delivered promising results to date; however, current recommendations are limited 

to the controlled application of OIT in specialized centers with access to rescue 

medication in case of (severe) adverse events [10]. 
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Substantial evidence of efficacy has been observed in studies of OIT in hen’s egg, 

peanut or cow’s milk allergic subjects upon continuous treatment, in other words 

successful desensitization can be acquired [11]. Long-term maintenance dosing 

during a 6 year follow-up of OIT participants resulted in safe consumption of 2 g 

of protein during an oral food challenge, irrespective of low dosing or high dosing 

during maintenance [12]. It has been shown that individuals subjected to egg OIT 

with a long duration of 4 years that successfully achieved sustained unresponsiveness, 

were more likely to ingest both unbaked and baked egg after treatment [13]. Clinical 

efficacy post-discontinuation of therapy, i.e., sustained unresponsiveness without 

maintenance dosing, has been suggested in several food allergy trials; however, 

convincing evidence is limited [14]. Nevertheless, heterogeneity in study designs, 

sample size, clinical outcomes and dosing regimens restrict the current body of 

evidence in relation to long-term efficacy of OIT to treat food allergies. In addition, 

knowledge gaps remain with regard to safety of OIT protocols [15], especially 

in the severe food allergic individuals that suffer an even higher risk of adverse 

events during treatment. A history of severe (life-threatening) food-induced clinical 

responses is often used as an exclusion criterion in clinical trials, therefore efficacy 

and safety of OIT in this specific patient group is poorly investigated [16]. Overall, 

OIT for food allergy shows the most promising efficacy, but needs improvement of 

the safety profile and confirmation of long-term (off-therapy) beneficial effects [17]. 

Adjunct therapies may represent a new window of opportunity to support 

OIT-induced modulation of the food allergic immune response and long-term 

induction of oral tolerance [18]. Selection of potential adjuvants is based on either 

immunomodulatory properties or enhancement of the safety profile by blocking the 

functionality of specific IgE, e.g., omalizumab [19]. Nutritional adjuvants targeting 

the microbiome and/or the gut-associated immune system, including probiotics 

[20] and prebiotics [21], or bacterial products stimulating TLR-signaling or Th1 

polarization, including CpG-oligodeoxynucleotides [22] are potential candidates. To 

date, one randomized placebo-controlled trial of peanut OIT has been conducted to 

investigate the beneficial effect of co-administration with the probiotic Lactobacillus 

rhamnosus on desensitization and allergen-specific antibody titers [23]. Despite the 

successful desensitization shown in the majority of the enrolled participants in the 

OIT with probiotics group, further confirmation of the added value of the adjuvant 

with respect to OIT alone is necessary.
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The main focus of this thesis was to investigate novel nutrition-based interventions 

that can support the efficacy of OIT to treat food allergy. In this thesis, we presented pre-

clinical data showing the improved efficacy of OIT via co-administration of prebiotics, 

i.e., a specific mixture of short-chain and long-chain fructo-oligosaccharides (scFOS/

lcFOS, 9:1, 1% w/w, FOS), and the short-chain fatty acid (SCFA) butyrate in cow’s milk 

allergic mice. We have shown enhanced desensitization of basophils and mast cells, 

effective modulation of the Th2-mediated allergic response, increased levels of Foxp3+ 

regulatory T cells (Tregs) with suppressive capacity toward mast cell degranulation 

and altered whey-specific antibody titers in mice treated with the combination of 

OIT and FOS or butyrate supplementation. Furthermore, we presented in vitro data i) 

confirming the predictive capacity of serum whey-specific IgE with regard to in vitro 

and in vivo degranulation of effector cells, ii) showing FOS-induced enhancement 

of the suppressive action of Tregs toward bone marrow-derived mast cells (BMMC) 

and iii) showing the potential epigenetic influence of FOS supplementation on 

bone marrow resident immune precursor cells. In addition, multi-parameter analysis 

using Bayesian networks and Topological plots yielded novel insight into potential 

biomarkers (i.e., the SCFA butyrate, acetate and propionate) with a close association 

with clinical outcomes in mice. Microbiome analysis in murine faecal samples using 

16S rRNA sequencing revealed modulation of gut bacterial diversity and activity upon 

treatment with OIT and FOS supplementation. In the current chapter, we sought to 

highlight our main experimental findings and discuss their relevance with respect 

to the available literature of both murine and human food allergy treatment studies.

Clinical outcomes
A food allergic patient’s primary concern is the (perceived) risk of allergic reactions 

accompanied by the dietary and social restrictions that require attention on a daily 

basis [24]. Furthermore, clinical side effects during OIT protocols occur frequently 

and can lead to withdrawal of participants [25]. Health-related quality of life in 

children subjected to peanut OIT [26] and egg OIT [27] was negatively influenced 

by adverse allergic symptoms during treatment. Therefore, controlling the severity 

and frequency of allergic symptoms related to OIT will contribute to treatment 

compliance and thereby efficacy of the therapeutic strategy. Several alternatives 

to control the occurrence of adverse reactions are under study: low-dose OIT was 

shown to effectively induce desensitization in severe egg-allergic patients [28], co-

administration of anti-IgE during OIT protocols in peanut, egg and cow’s milk allergic 

patients showed promising results with regard to severity of adverse events [29] and 

pre-treatment with a sublingual immunotherapy (SLIT) escalation protocol prior 

to OIT was studied in cow’s milk allergic patients [30]. In chapter 3 of this thesis, 
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we presented the data of murine CMA and peanut allergy (PNA) models in which 

mice were subjected to OIT or subcutaneous immunotherapy (SCIT) with different 

allergen dose ranges. Treatment efficacy was determined with a series of food 

challenges conducted via different routes (i.e., intradermal, i.d.; intragastric, i.g.; or 

intraperitoneal, i.p.). In the CMA model, the influence of the allergen dose on clinical 

efficacy of OIT was primarily indicated by the dose-related prevention of the drop in 

body temperature during anaphylaxis. Oral administration of 100 mg whey (during 

a three week protocol with 5 oral gavages per week) induced a stronger protective 

effect compared to oral dosing with 0.1, 1 or 10 mg whey. In addition, drop in body 

temperature during anaphylaxis was decreased in a dose-related manner in PNA mice 

treated with OIT. Even though the pre-clinical data suggest the use of the highest 

(safe) dose of allergen to conduct OIT to achieve maximal protection against clinical 

symptoms, low(er) dose OIT was shown to substantially decrease the severity of acute 

allergic symptoms upon challenge in both the PNA and CMA models. To date, studies 

have been conducted to investigate the possibility to replace conventional OIT by 

low-dose OIT and low-dose oral food challenges [31]. Low-dose OIT in food allergic 

patients was shown to be as effective as conventional OIT and was accompanied 

by less severe symptoms [32]. Immunological changes induced by conventional 

OIT were similar in low-dose OIT in hen’s egg allergic subjects shown by decreased 

specific IgE and increased specific IgG4 against hen’s egg proteins [33]. However, the 

exact minimal dose needed to induce (long-term) tolerance remains to be elucidated 

in humans. 

In the current OIT model, we treated cow’s milk allergic mice with 10 mg whey during 

a 3 week intervention period either or not combined with oral supplementation of 

FOS or butyrate (chapter 4 and chapter 6 of this thesis). The rationale to choose a 

suboptimal whey dose to conduct OIT is based on the main hypothesis of this thesis 

in which we propose that nutritional adjuvants can improve OIT efficacy to treat food 

allergy. A maximal desensitization response would not allow further improvement 

by the dietary intervention in the primary clinical parameters. Both combinations of 

OIT+FOS and OIT+butyrate showed the most pronounced effect on the acute allergic 

skin response induced by i.d. challenge and could significantly decrease mast cell 

degranulation induced by i.g. challenge (chapter 6). Despite the observation that 

the additive effect of FOS or butyrate was not significant compared to OIT alone, 

OIT without dietary adjuvants did not result in a significant reduction in allergic 

symptoms upon challenge compared to non-treated allergic control mice. Our 

observations relate to the limited amount of studies that have been conducted to 

improve OIT efficacy with immunomodulatory (bacterial) adjuvants: symptoms of 

PNA decreased in mice exposed to heat/phenol killed Escherichia coli encapsulated 
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recombinant modified peanut proteins Ara h 1, Ara h 2 and Ara h 3 [34]; however, a 

phase I trial in humans was accompanied by severe adverse reactions in 5 out of 10 

participants [35]. Tolerance induction was accelerated in cow’s milk allergic infants 

fed an extensively hydrolyzed cow’s milk-based formula compared to avoidance of 

cow’s milk proteins in the diet and this effect could be enhanced by co-administration 

with Lactobacillus rhamnosus GG [36, 37]. Nevertheless, a significant added effect of 

the adjuvant strategy compared to conventional OIT was not shown in the above 

mentioned studies, with some studies lacking the conventional OIT group as a 

reference for treatment efficacy [23].

Desensitization of effector cells
Mast cells and basophils are the main drivers of acute allergic symptoms in patients 

suffering from food allergies. Desensitization of basophils and mast cells has 

been recognized as one of the earliest phenomena induced by antigen-specific 

immunotherapy (AIT) [38]. Upon continuous exposure to the allergen during the first 

months of therapy, the threshold of degranulation increases substantially. Moreover, 

desensitization of basophils and mast cells occurs in the presence of high specific 

IgE levels that tend to further increase during the first months of OIT [39]. Proposed 

underlying mechanisms as studied in humans and mice involve expression of 

histamine receptor 2 induced by allergen-IgE-mediated activation of basophils that 

promotes a negative feedback loop for activation [40] and the generation of antigen-

specific IgG antibodies that bind to FcγRIIb leading to inhibition of IgE-mediated 

responses [41, 42]. With the current murine OIT model, the primary outcome for 

efficacy of the novel treatment approaches was the decreased degranulation 

capacity of effector cells like mast cells and basophils upon food challenge, i.e., 

the desensitization effect. OIT using 1, 10 and 100 mg whey reduced mucosal 

mast cell degranulation after i.g. challenge in cow’s milk allergic mice (chapter 3). 

In chapter 4 and chapter 6, we showed a more pronounced reduction in mucosal 

mast cell degranulation induced by the combinations OIT+FOS and OIT+butyrate. 

Moreover, oral butyrate supplementation further improved OIT-induced suppression 

of basophil activation in an ex vivo antigen-specific stimulation assay (chapter 6). 

Limited evidence exists with regard to the direct influence of SCFA on mast cell 

and basophil functionality. SCFA are known to exert anti-inflammatory properties 

that support gut homeostasis via G-protein-coupled receptors (GPR) 41, GPR43 

and GPR109A on immune and epithelial cells [43] and were shown to regulate the 

differentiation and functionality of colonic Tregs [44]. Mucosal mast cells resident in 

colon tissue of both rats and humans were shown to express GPR43 on their surface 

[45, 46]. In addition, butyrate suppressed in vitro murine mast cell proliferation and 
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FcεRI-mediated cytokine responses via inhibition of histone deacetylase (HDAC) [47]. 

Exposure to non-digestible oligosaccharides, including human milk oligosaccharides 

(HMOS), was shown to either directly suppress murine mast cell activation or enhance 

Treg-mediated suppression of mast cells in vitro [48]. Furthermore, non-digestible 

oligosaccharides were previously shown to interact with intestinal epithelial cells 

(IEC) and trigger the release of the soluble carbohydrate-binding protein galectin-9 

[49]. Galectin-9 has the capacity to bind to IgE with high affinity and can thereby 

reduce antigen-IgE complex-mediated activation of mast cells [50] and allergic 

symptoms [51]. Galectin-9 levels were increased in serum samples of mice treated 

with OIT+FOS (chapter 4), suggesting the involvement of galectin-9 in protection 

against allergic symptoms induced by OIT+FOS. The exact contribution of FOS and/

or bacterial metabolites including butyrate in control of IgE-mediated activation 

of mast cells and basophils needs further study; nevertheless, we have shown the 

added benefit of co-administration with immunomodulatory adjuvants on early OIT-

induced desensitization of basophils and mast cells in cow’s milk allergic mice. 

Long-term AIT is associated with reduced infiltration of mast cells into the peripheral 

tissues, recognized as the late desensitization response [52]. Mast cell numbers 

were significantly reduced in colon tissue of mice subjected to OIT+FOS and it was 

hypothesized that this reduction contributed to the decreased mast cell-associated 

mMCP-1 levels in serum after oral challenge (chapter 4). Homing of mast cell 

progenitors to the gut is dependent on expression of specific integrins, chemotactic 

receptors or the interaction of stem cell factor (SCF) with the c-Kit receptor, and 

alterations in the micro-environment could interfere with mast cell recruitment [53]. 

The increased levels of the anti-inflammatory mediator butyric acid, shown in cecum 

content of OIT+FOS mice (chapter 6), might contribute to reduced gut inflammation 

and thereby reduced recruitment of inflammation-responsive mast cells. 

Antibody responses 
The majority of OIT trials to treat food allergies reports primarily on clinical outcomes 

including skin prick test (SPT) wheal size, clinical symptoms related to oral food 

challenges and antigen-specific antibody levels at baseline, during immunotherapy 

and after treatment. Levels of antigen-specific IgE, total IgE or the specific IgE/total 

IgE ratio are currently used as the gold-standard biomarker(s) to identify food allergic 

patients eligible for treatment, monitor treatment efficacy and determine successful 

modulation after discontinuation of treatment [54, 55]. In chapter 8 of this thesis, 

we sought to confirm the relation between whey-specific IgE in serum of treated 

mice and mast cell degranulation responses. We showed that the kinetics of whey-
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specific IgE are associated with in vitro degranulation capacity of the RBL-2H3 cell 

line and BMMC exposed to experimental mouse serum, and corresponded with in 

vivo degranulation of mucosal mast cells in the gastrointestinal tract. Overall, whey-

specific IgE responses observed in the current pre-clinical model were influenced 

by immunotherapy and this effect could be enhanced by the dietary intervention 

with FOS (chapter 4) in cow’s milk allergic mice. In chapter 3, we showed a dose-

related increase in whey- and peanut-specific IgE during OIT and SCIT in mice, as 

observed in food allergic patients subjected to immunotherapy [56]. Interestingly, 

specific IgE levels increased in sensitized control mice upon challenge and this rise 

was prevented in OIT and SCIT mice (chapter 3) as well as in OIT+FOS mice (chapter 

4). This finding suggested early modulation of cellular responses (mediated by e.g., 

Tregs, regulatory B cells (Bregs) or de novo B cell proliferation [57]) responsible for 

antigen-specific antibody production induced by immunotherapy; however, at this 

stage, we could not determine the exact underlying mechanism.

Control of IgE-mediated allergies and anaphylaxis involves production of specific IgG 

subtypes during immunotherapy [58]. In particular, OIT elicits an antigen-specific 

IgG response, as observed after a 6 month OIT trial in cow’s milk allergic children: a 

significant increase in cow’s milk-specific IgG4 was measured after the intervention 

compared to baseline [59]. The presence of IgG blocking antibodies in blood is 

associated with achievement of sustained unresponsiveness and long-term protection 

in allergic patients [60]. In addition, plasma derived from either peanut-sensitized 

but tolerant children or OIT subjected peanut-allergic children, could suppress 

peanut-induced basophil activation, and this effect was dependent on detectable 

levels of peanut-specific IgG4 [61]. IgG4 as observed in humans is non-existing 

in mice; however, murine IgG1 and IgG2a responses can be studied to determine 

immunotherapy efficacy in murine CMA models [62]. In chapter 3, we showed a 

dose-related increase in whey- and peanut-specific IgG1 and IgG2a in OIT and SCIT 

mice, with a transient decrease in IgG titers upon discontinuation of the treatment. 

In chapter 4, OIT and OIT+FOS mice showed elevated levels of whey-specific IgG1 

compared to non-treated sensitized controls, with no (significant) additive effect of 

the dietary intervention with FOS (chapter 4 and 6). FOS supplementation or oral 

butyrate administration did not result in altered whey-specific IgG subtype levels. 

Although the direct suppressive effect of whey-specific IgG subtypes on allergic 

phenomena in the current model remains to be confirmed, we have shown a similar 

AIT-induced increase of antigen-specific IgG subtypes in mice as described in human 

studies [63, 64]. 
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In chapter 4, we observed increased levels of whey-specific IgA in OIT and OIT+FOS 

mice compared to non-treated sensitized controls during the treatment phase. 

Moreover, in chapter 6, whey-specific IgA levels were again higher in OIT and OIT+FOS 

mice at the time point of clinical challenge. It has been described that immunotherapy 

induces specific IgA [65]. Rush OIT in egg allergic children significantly increased 

serum levels of IgA, with a decrease observed during maintenance dosing [66]. 

Furthermore, children categorized as responders showed higher baseline IgA levels 

prior to OIT [66]. Low levels of IgA in early life were associated with an increased 

risk to develop allergies [67]. Overall, the changes in antibody levels presented in 

this thesis correspond to our current understanding of the important role of shifted 

antibody responses in effective treatment protocols. Supplementation with neither 

FOS nor butyrate in the absence of OIT could significantly affect whey-specific IgE, 

IgG or IgA levels, indicating that alteration of the humoral reponse during OIT can 

only be achieved via antigen-specific pathways. 

Cellular responses 
T helper 2 (Th2) cells are main drivers of allergic inflammation via production of 

IL-4, IL-5 and IL-13, leading to activation of IgE-producing B cells and recruitment 

of mast cells, basophils and eosinophils [68]. Evidence with regard to the AIT-

mediated induction of Tregs and the suppression of Th2 immunity is abundant in 

experimental models of food allergy, but less studied in human trials [69]. AIT led to 

increased numbers of CD4+CD25+Foxp3+ Tregs and decreased numbers of Th2 cells 

in affected tissue biopsies, and was accompanied by decreased Th2-mediated late-

phase skin responses in allergic patients [70]. We showed decreased %Th2 together 

with increased %Th1 in spleens derived from cow’s milk allergic mice subjected to 

OIT and SCIT (chapter 3). Stimulation via an i.p. antigen challenge prior to organ 

collection induced proliferation and revealed differences in T helper subsets in 

treated mice versus control mice. In chapter 4, OIT+FOS and FOS supplementation 

alone effectively reduced %Th2 compared to sensitized control mice in the spleen. 

Functionality of effector T cells was assessed by ex vivo antigen-induced cytokine 

production. As observed in chapter 3, OIT significantly decreased IL-5, IL-13 and IL-

10 production by spleen-derived lymphocytes in a dose-dependent manner upon 

whey stimulation, and this effect was absent in SCIT. OIT+FOS-derived lymphocytes 

collected halfway immunotherapy showed decreased production of IL-5 and IL-10 

compared to splenocytes derived from sensitized control mice upon whey stimulation 

in chapter 4. These observations are in accordance with the reduced production of 

IL-5, IL-13 and IL-10 upon β-casein-specific stimulation of PBMC derived from cow’s 

milk allergic infants showing successful OIT-induced desensitization [71]. IL-10 is 
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mostly described in the context of Treg and Breg induction [72] and, together with 

TGFβ, plays an important part in oral tolerance induction [73]. Nevertheless, our 

data suggest a reduction in Th2-mediated IL-10 production upon exposure to OIT 

and FOS supplementation. It has been described previously that IL-10 is essential in 

food allergy induction in mice via mucosal mast cell proliferation and activation: IL-10 

deficient knock-out mice were unable to develop food allergic symptoms [74]. 

Induction of antigen-specific Tregs is currently considered as one of the key 

mechanisms in restoring oral tolerance against allergens [75]. In chapter 3, we 

observed an increase in %Foxp3+ Tregs in mesenteric lymph nodes (MLN) of mice 

treated with 10 mg whey during OIT. Addition of a FOS supplemented diet further 

improved the regulatory immune response shown by increased %Foxp3+ Tregs in 

MLN halfway immunotherapy (chapter 4). Functionality of OIT+FOS-derived and 

purified Tregs was shown in an adoptive transfer experiment in which recipients of 

CD25-depleted cell suspensions were more susceptible to challenge-induced mast 

cell degranulation compared to recipients of the non-depleted fraction (chapter 4). 

Tregs derived from mice exposed to OIT+FOS and OIT+butyrate showed enhanced 

suppression of IgE-mediated degranulation of BMMC in vitro (chapter 6). 

Induction of Foxp3+ Tregs occurs in the MLN via tolerogenic CD103+ DC and 

involvement of TGFβ and vitamin A (i.e., retinoic acid (RA)) [76]. It has been described 

that dietary supplementation with non-digestible fibers increased the expression of 

the vitamin A-converting enzyme retinaldehyde dehydrogenase-1 (RALDH1) in IEC in 

mice, and this effect could me mimicked in vitro using SCFA [77]. Increased RALDH1 

expression by IEC was accompanied by increased activity of vitamin A-converting 

enzymes in MLN-derived DC and increased numbers of intestinal Tregs [77]. In 

addition, in a murine peanut allergy model, high fiber feeding was associated with 

protection against food allergic symptoms via up-regulation of RALDH activity in 

mucosal CD103+ DC responsible for oral tolerance induction [78]. Mice lacking SCFA 

receptors (GPR43 or GPR109A) showed exacerbated allergic symptoms and lower 

numbers of tolerogenic DC [78]. In our studies, the %CD103+ DC was increased in 

small intestine lamina propria tissue of mice treated with OIT and OIT+FOS, but not 

after FOS supplementation alone, after exposure to an oral food challenge (chapter 

4). In the future, it would be interesting to assess potential functional changes in 

CD103+ DC induced by OIT+FOS and to study whether altered DC responses are 

responsible for the observed Treg-mediated protection against allergic symptoms in 

the used pre-clinical model. 
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Synergy
Effective treatment of food allergies involves modulation of innate and adaptive 

immune responses with long-lasting memory to avoid recurrence of the allergic 

phenotype. In addition to the mucosal immune system, specific mediators derived 

from the diet, the intestinal epithelial lining and the resident gut microbiota influence 

regulatory responses [79]. Their involvement in modulation of the allergic immune 

response during antigen-specific immunotherapy is less well defined to date. It has 

been shown in mice that low dietary intake of fermentable fibers enhances secretion 

of TSLP by IEC, a cytokine known to induce Th2 immunity leading to development 

of allergy [78]. Next to prebiotic activity, structurally different HMOS were shown 

to exert distinct biological activities on intestinal epithelial cell lines in response to 

antigen-antibody complexes or pro-inflammatory cytokine stimulation, indicated 

by specific alteration of chemokine release (IL-8 and CCL20) and expression of 

transcription factor NF-κB and AP-1 [80]. As mentioned earlier, IEC-derived galectin-9 

was increased in serum samples of cow’s milk allergic mice treated with OIT+FOS 

(chapter 4). FOS supplementation in the absence of OIT did not significantly alter 

epithelial responses, underlining the complexity of the interplay between dietary 

components and intestinal responses in the context of allergy.

The involvement of the microbiome in the development and natural resolution of 

food allergies has been studied in humans, but limited evidence is currently available 

[81, 82]. As shown recently, 16S rRNA sequencing of faecal samples derived from 

children suffering from atopic dermatitis (AD) revealed a specific bacterial signature 

that could discriminate AD patients with additional food allergies from AD patients 

without food allergies [83]. Moreover, a specific microbial signature was recognized 

in food allergy-prone mice, and faecal transplantation to germ-free recipient mice 

could induce a similar food allergic phenotype as observed in the donors [84]. In this 

thesis, we showed a specific bacterial community structure in mice orally sensitized 

to the cow’s milk protein whey compared to non-allergic control mice (chapter 

7). Furthermore, oral supplementation with FOS in sensitized mice significantly 

shifted the bacterial community structure compared to sensitized mice receiving 

the control diet (chapter 7). Interestingly, OIT+FOS treatment induced a high level 

of similarity in bacterial community structure with non-allergic control mice. Our 

observation that faecal samples derived from OIT mice are enriched in members of 

the phylum Proteobacteria, raises the question whether OIT in cow’s milk allergic 

mice might trigger microbial dysbiosis. Abundance of members of the Proteobacteria 

is associated with asthma and respiratory pathologies [85] and gastrointestinal 

inflammatory disorders [86]. A causal relation between abundance of facultative 

anaerobic Enterobacteriaceae family members (phylum Proteobacteria) and colitis 
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severity has been confirmed in mice: selective inhibition of specific bacterial 

respiratory pathways that are up-regulated during episodes of inflammation could 

prevent expansion of Enterobacteriaceae families and thereby symptoms of colitis 

[87]. The authors mentioned that ‘microbiota-editing’ was not effective during states 

of homeostasis [87]. Specifically, stimulating the growth of beneficial commensals via 

FOS supplementation during OIT to treat food allergies might prevent expansion of 

opportunistic dysbiotic bacterial strains and contributes to a healthy state of the gut.

 

Additional benefit of FOS supplementation during OIT was shown upon analysis 

of SCFA (chapter 6 and 7). Butyric acid and propionic acid concentrations were 

significantly increased in OIT+FOS mice compared to OIT mice (chapter 6 and 7). FOS 

supplementation in the absence of OIT did not significantly increase the availability 

of SCFA in any of the experiments, again suggesting a more complex relationship 

between dietary fiber fermentation and microbiota characteristics in the context of 

allergy. Although GPR-knock out studies should confirm the involvement of SCFA 

including butyrate in the allergy protective effect induced by OIT+FOS in cow’s milk 

allergic mice, we suspect a major contribution of butyrate in supporting regulatory 

processes in the gut. In chapter 6 of this thesis, we showed that oral butyrate 

supplementation mimicked the supporting effect of FOS supplementation during 

OIT: butyrate enhanced OIT-induced desensitization of basophils and mast cells and 

regulatory T cell functionality. High fiber feeding in peanut allergic mice modulates 

gut microbiota composition and activity leading to increased levels of potent 

SCFA that can enhance oral tolerance induction and intestinal homeostasis [78]. 

Furthermore, increased fiber-derived SCFA can exert anti-inflammatory properties 

outside of the gastrointestinal tract and reduced allergic lung inflammation in mice 

[88]. Bacterial metabolites including SCFA influence immune precursor cells resident 

in bone marrow leading to alterations of the mucosal immune response in the 

airways of mice [88, 89]. The impact of the microbiota and their immunomodulatory 

metabolites on immune development and maturation gains more attention with 

respect to inflammatory disorders like asthma and food allergies [90, 91]. In chapter 

7, we proposed a similar mechanism of action linking dietary fiber (FOS) and in vitro 

development of mast cells derived from bone marrow precursors. Expression of the 

mast cell receptors c-Kit (CD117) and FcεRI was lost in a substantial subset of the IL-3 

and SCF-induced mast cells compared to the other groups after 6 weeks of culture. 

These findings need further confirmation; however, altered mast cell development 

and/or functionality might provide a potential long-term benefit of OIT+FOS as a 

treatment strategy for food allergy. 
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The relevance of SCFA analyses in the current experimental setting was further 

stressed by the observations derived from the topological data analysis in chapter 5: 

clinical outcomes of food allergy (e.g., acute allergic skin response, body temperature 

changes during anaphylaxis, symptom severity scores and mast cell degranulation-

related mMCP-1 concentrations) showed the closest connection with SCFA levels 

measured in cecum content, after antigen-specific antibodies. This indicates that 

patterns in the SCFA data are strongly linked to patterns observed in clinical response 

data in the current pre-clinical model. Once advanced (non-invasive) methods 

become available to measure SCFA in humans, SCFA might be used as potential 

biomarkers to predict immunotherapy efficacy in food allergy trials.

Food for thought
The robust influence of OIT on antigen-specific IgE, IgG subtype and IgA levels 

as shown in serum samples of cow’s milk allergic mice was in alignment with the 

current knowledge of antibody responses induced by OIT in food allergic patients 

[64]. Nevertheless, suboptimal clinical protection and less effective alteration of 

Th2-immunity were observed upon OIT. A possible explanation might be the dose 

of whey protein used (10 mg per daily oral gavage), since we aimed for an effective 

dose without reaching a maximal protective response. However, the microbiome 

analysis led to the observation that the Proteobacteria, a phylum associated with gut 

inflammation and dysbiosis [86], expanded in sensitized mice treated with OIT in the 

absence of the FOS intervention. In this project, we did not focus on parameters of 

(gut) inflammation (e.g., neutrophil infiltration, tissue damage, cytokines or signaling 

proteins) as a read-out for immunotherapy efficacy in allergic mice; however, 

targeting Th2-driven immune responses should result in reduced inflammation [73]. 

The current findings suggest exacerbation of gut inflammation in cow’s milk allergic 

mice subjected to OIT. Simultaneous supplementation with FOS might prevent the 

inflammatory triggers induced by administration of allergens on a daily basis. More 

research is necessary to confirm this hypothesis; however, it might be worthwhile to 

study markers of gut inflammation and microbial dysbiosis in OIT-participants with 

unsuccessful clinical outcomes in future trials. 
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Future perspectives
With the current efficacy data in mind, future (pre-clinical) studies should focus on 

the potential improved safety of OIT via co-administration with dietary adjuvants. 

Concerns with regard to safety represent a major issue in the field of allergy and 

antigen-specific immunotherapy to date [15]. Furthermore, improving the efficacy of 

OIT via FOS interventions might allow lowering of the dose of the offending protein 

during treatment, and this will reduce the risk of adverse reactions in patients. 

Translation of the current findings from mice to humans should be performed with 

caution. The used pre-clinical food allergy model provides a valuable proof-of-

concept for the combination strategy of OIT with FOS supplementation; however, it 

remains unknown to what extent bacterial community profiles or metabolic pathways 

in mice and humans are aligned. Non-digestible oligosaccharides including FOS are 

currently used as HMOS substitutes in infant formula and are regarded as safe food 

components [92, 93], which favors the use in food allergic patients during future OIT 

trials.

Overall conclusion - “Teaming up with the enemy”
In this thesis, we presented pre-clinical data showing the improved efficacy of a 

novel nutrition-based therapeutic strategy to treat food allergy in mice. Overall, 

the combination of OIT and supplementation with non-digestible oligosaccharides 

showed an improved allergy-suppressive effect compared to OIT. OIT+FOS induced 

the strongest reduction in acute allergic symptoms upon food challenge, and this 

was supported by alterations in antigen-specific antibody levels and shifted T cell 

and cytokine responses. Early desensitization effects in basophils and mast cells were 

accompanied by late effects including a reduction in the number of tissue-resident 

mast cells in the colon of treated mice. OIT+FOS induced microbiome alterations 

and increased concentrations of SCFA in cecum content. We sought to graphically 

summarize the highlights of the presented research in Figure 1, and propose the 

potential underlying mechanisms of action of OIT+FOS. The influence of dietary fiber 

and fermentation-derived SCFA on the innate and adaptive immune response, the 

intestinal epithelial lining and potentially also on bone marrow-resident immune 

precursors needs further exploration to prove a causal connection with the observed 

reduced allergic responses. Nevertheless, non-digestible oligosaccharides are shown 

to be promising candidates to support OIT efficacy in human food allergy patients. 
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Figure 1. Potential underlying mechanisms of OIT+FOS-mediated suppression of food allergy. 
Summary of main findings derived from pre-clinical CMA studies as presented in this thesis. (1) 
Administration of whey proteins during OIT leads to uptake of protein by DC resident in the LP of the 
small intestine. (2) IEC-derived mediators, dietary and bacterial metabolites (retinoic acid and SCFA) 
and cytokines can shape the immune response, including the tolerogenic phenotype of CD103+ 
DC. (3) CD103+ DC present specific epitopes to naïve T cells in the MLN. (4) Under the influence of 
IL-10 and TGFβ, T cells differentiate into antigen-specific Tregs. (5) Expansion of Tregs and homing 
to the LP or peripheral tissues. (6) Suppression of Th2-mediated immunity and IL-4, IL-5 and IL-13 
responses which is accompanied by stimulation of IgG producing B cells and reduced production of 
IgE. (7) Direct interaction of FOS with IEC and LP-resident immune cells, with increased release of IEC-
derived galectin-9. (8) Galectin-9 forms complexes with IgE and interferes with mast cell activation. 
(9) Enhanced Treg suppression toward mast cells mediated by FOS and/or butyrate exposure. (10) 
OIT provides a ‘high’ protein load causing desensitization of mast cells and reduced expression of the 
FcεRI. (11) Fermentation of FOS by bacteria into SCFA including butyrate providing an energy source 
for colonocytes. (12) Uptake of fermentation-derived butyrate or orally administered butyrate into 
the systemic circulation. (13) Bacterial metabolites might epigenetically affect bone marrow resident 
mast cell precursors. OIT, oral immunotherapy; FOS, fructo-oligosaccharides; CMA, cow’s milk allergy; 
DC, dendritic cell; LP, lamina propria; IEC, intestinal epithelial cells; SCFA, short-chain fatty acids; MLN, 
mesenteric lymph nodes; Tregs, regulatory T cells; Th2, T helper 2; GAL-9, galectin-9.
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Nederlandse Samenvatting

Voedselallergieën komen voor bij 6-8% van de kinderen en 1-2% van de volwassenen 

in de Westerse wereld. De laatste jaren neemt het aantal kinderen, jongeren en 

volwassenen dat lijdt aan een voedselallergie toe. De verminderde blootstelling aan 

(pathogene) micro-organismen op jonge leeftijd als het immuunsysteem nog niet 

optimaal is ontwikkeld en de afname van de hoeveelheid niet-verteerbare vezels in 

het dagelijks dieet, zorgen voor een verandering in de samenstelling en activiteit van 

bacteriën in de darmen en voor een overgevoelig immuunsysteem (hoofdstuk 1). 

De ‘standaard’ reactie van het immuunsysteem na opname van een voedingseiwit is 

gebaseerd op tolerantie, wat betekent dat het immuunsysteem het eiwit verwerkt en 

erkent als een veilig eiwit. In het geval van een voedselallergie, is het mechanisme 

van tolerantie verstoord en ontstaat er een overgevoeligheidsreactie. Preventieve 

maatregelen die kunnen leiden tot verbetering van tolerantie en vermindering van 

allergieën in kinderen zijn beschreven in hoofdstuk 2 van dit proefschrift. 

Opname van een voedingseiwit kan plaatsvinden via de huid of via het verteringsstelsel 

en kan leiden tot een T helper 2 cel (Th2)-gemedieerde immunologische respons 

en de productie van specifiek IgE door B cellen. Specifiek IgE kan binden aan de 

IgE-receptor (FcεRI) op basofielen in de circulatie en mestcellen in de mucosale 

weefsels, een proces genaamd sensibilisatie. Bij een tweede blootstelling reageert 

het immuunsysteem via het IgE mechanisme en zorgt voor degranulatie van 

basofielen en mestcellen. De vrijgekomen pro-inflammatoire cytokines zorgen voor 

klinische symptomen zoals vasodilatatie, oedeemvorming, respiratoire problemen, 

huiduitslag, misselijkheid, diarree, constipatie en zelfs systemische anafylaxis. Het 

vermijden van voedingseiwitten, genaamd allergenen, waartegen een individu een 

acute allergische reactie kan ontwikkelen, is op dit moment de enige beschikbare 

behandelmethode voor allergische patiënten. Daarnaast wordt gebruik gemaakt 

van adrenaline injecties om ernstige acute allergische symptomen zoals anafylaxis 

te onderdrukken. De dagelijkse beperkingen met betrekking tot het dieet gaan 

gepaard met sociale problemen en suboptimale voedselinname bij (jonge) kinderen. 

Daarnaast heeft de angst voor een onverwachte allergische reactie aanzienlijk effect 

op de kwaliteit van leven van individuen met een voedselallergie. 

De noodzaak om een effectieve en veilige therapie te ontwikkelen wordt benadrukt 

door het toegenomen aantal patiënten met een voedselallergie en de beperkte 

behandelmethoden die momenteel beschikbaar zijn. De toepassing van allergeen-

specifieke immunotherapie wordt momenteel onderzocht in patiënten die lijden 

aan voedselallergieën. Het hoofddoel van deze behandelmethode is het induceren 
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of herstellen van orale tolerantie tegen voedingsallergenen, zodat de patiënt 

het allergeen weer kan (her)introduceren in het dagelijkse dieet. Met behulp van 

een (lage) dagelijkse dosering van het allergeen wordt ervoor gezorgd dat de 

drempelwaarde voor degranulatie van basofielen en mestcellen wordt verhoogd 

(desensibilisatie). Vervolgens wordt de dosering opgeschroefd zodat de Th2-

gemedieerde immuunrespons naar een regulatoire immuunrespons kan worden 

gestuurd. Hoge dosering met het allergeen activeert regulatoire T cellen en B cellen 

en zorgt voor de productie van allergeen-specifiek IgG4 ten koste van IgE. Allergeen-

specifiek IgG4 kan voorkomen dat het allergeen bindt aan IgE en de activatie van 

mestcellen en basofielen onderdrukken. Na een langdurige behandeling wordt de 

patiënt blootgesteld aan een (hoge) testdosering met het allergeen, om te meten of 

de allergische respons en de daarbij behorende klinische symptomen zijn afgenomen. 

Verschillende toedieningsroutes worden momenteel onderzocht in immunotherapie 

studies (o.a. orale, sublinguale, epidermale en subcutane toediening) en worden 

vergeleken op basis van effectiviteit en veiligheid. Ondanks veelbelovende 

resultaten, vooral na orale immunotherapie, wordt klinische toepassing op grote 

schaal voorkomen door het optreden van (ernstige) allergische bijwerkingen tijdens 

behandeling en het terugkeren van de allergische status nadat de behandeling is 

gestopt. 

Het gebruik van voedingssupplementen met immunogene werking of met een 

positief effect op de samenstelling en de activiteit van bacteriën in de darmen 

(hoofdstuk 2: probiotica, prebiotica, synbiotica, meervoudig onverzadigde 

vetzuren en anti-oxidanten), lijkt een veelbelovende methode om de effectiviteit en 

veiligheid van immunotherapie te verbeteren. Het is bewezen dat de bacteriën in 

de darmen invloed hebben op de inductie van orale tolerantie en/of het ontstaan 

van voedselallergieën. Een verstoorde balans in de hoeveelheid en het soort 

bacteriën in de darmen beïnvloedt het immuunsysteem en wordt geassocieerd 

met ontstekingsziekten en allergieën. Niet-verteerbare vezels (koolhydraten) zijn 

mogelijke kandidaten om de groei van darmbacteriën en het immuunsysteem te 

stimuleren tijdens immunotherapie. In eerdere studies in zowel mensen als muizen 

is bewezen dat plantaardige niet-verteerbare vezels allergische symptomen kunnen 

verminderen. Daarnaast stimuleren de niet-verteerbare vezels de ontwikkeling van 

het immuunsysteem via de groei van gunstige darmbacteriën en gaan ze directe 

interacties aan met epitheel- en immuuncellen in de darmen. De werkzaamheid 

van plantaardige niet-verteerbare vezels komt overeen met de activiteit van vezels 

die aanwezig zijn in moedermelk en de ontwikkeling van de darmflora en het 

immuunsysteem van de pasgeborene kunnen bevorderen. Niet-verteerbare vezels 

blijven intact tijdens de spijsvertering en bereiken de darm in hun oorspronkelijke 
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vorm. Darmbacteriën fermenteren de vezels en produceren daarbij korte-keten 

vetzuren zoals butyraat, acetaat en propionaat. Korte-keten vetzuren hebben 

bewezen anti-inflammatoire effecten, zowel in de darm als in perifere weefsels via 

opname in de systemische circulatie. Korte-keten vetzuren zijn een energiebron voor 

darmcellen en kunnen direct communiceren met epitheelcellen en immuuncellen 

via specifieke receptoren. Orale toediening van korte-keten vetzuren leidde tot 

vermindering van allergische symptomen in muismodellen voor allergisch astma 

en pinda-allergie en dit effect was vergelijkbaar met het effect geobserveerd na 

toediening van de niet-verteerbare vezels. De exacte bijdrage van niet-verteerbare 

vezels, de samenstelling en activiteit van darmbacteriën en/of korte-keten vetzuren 

in het verminderen van de allergische respons is tot dusver nog niet bekend. 

In dit proefschrift is onderzocht of de effectiviteit van orale immunotherapie 

kan worden verbeterd door gelijktijdig de inname van niet-verteerbare vezels te 

verhogen met behulp van een dieet. Hierbij is gebruik gemaakt van een muismodel 

voor koemelkallergie, waarin gezonde muizen werden gesensibiliseerd tegen het 

koemelkeiwit wei en vervolgens werden behandeld met orale immunotherapie 

en/of een dieet met toegevoegde niet-verteerbare vezels. In hoofdstuk 3 is het 

model voor de behandeling van koemelkallergie geoptimaliseerd en zijn allergische 

muizen blootgesteld aan zowel orale als subcutane immunotherapie in oplopende 

doseringen. Na behandeling ondergingen de muizen specifieke provocaties met 

(hoge) doseringen wei. De mate van anafylaxis en de daarbij behorende symptomen 

(acute zwelling van de huid na injectie en daling van de lichaamstemperatuur) 

na behandeling werden gebruikt om de effectiviteit van orale en subcutane 

immunotherapie te bepalen. Dit hoofdstuk laat zien dat zowel orale als subcutane 

immunotherapie de acute allergische reactie na provocatie kan verminderen in een 

muismodel voor koemelkallergie. Deze vermindering ging gepaard met verlaagde 

allergeen-specifieke IgE en verhoogde allergeen-specifieke IgG1 en IgG2a niveaus. 

Deze bevindingen waren in overeenstemming met effecten van orale en subcutane 

immunotherapie in patiënten die last hebben van respiratoire allergieën en/of 

voedselallergieën. Vervolgens is het koemelkallergie model met de in hoofdstuk 

3 bepaalde (sub)optimale dosering orale immunotherapie gebruikt om het 

ondersteunende effect van niet-verteerbare vezels en korte-keten vetzuren verder 

te onderzoeken. 

De resultaten in hoofdstuk 4 lieten zien dat de combinatie van orale immunotherapie 

en een dieetinterventie met niet-verteerbare vezels de allergische reactie na 

provocatie sterk kon verminderen. Orale immunotherapie zonder dieetinterventie liet 

suboptimale bescherming tegen acute allergische symptomen zien. Daarnaast werd 
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de toename in wei-specifiek IgE, geïnduceerd door provocatie met het allergeen, 

voorkomen in allergische muizen die behandeld waren met de combinatietherapie. 

De niveaus wei-specifiek IgG1 en IgA in serum namen juist toe. Zowel toename in IgG1 

als IgA is geassocieerd met bescherming tegen allergische symptomen. Halverwege 

het immunotherapie protocol zijn subgroepen muizen opgeofferd om de aanwezige 

immuuncellen te typeren met flow cytometrie. De resultaten toonden aan dat het 

percentage regulatoire T cellen aanwezig in de mesenterische lymfeknopen significant 

toegenomen was in dieren behandeld met de combinatietherapie, in tegenstelling 

tot dieren die enkel orale immunotherapie ondergingen. Het overbrengen van 

immuuncellen uit de milt van donor muizen naar naïeve ontvanger muizen, liet zien 

dat deze regulatoire T cellen een belangrijke rol spelen in de bescherming tegen 

allergische symptomen na provocatie. De combinatietherapie liet het percentage 

Th2 cellen in de milt dalen en het percentage Th1 cellen stijgen en onderdrukte de 

daar bijhorende cytokineproductie. Deze bevindingen waren in overeenstemming 

met resultaten uit therapie studies in mensen. 

In hoofdstuk 5 van dit proefschrift werd de data uit de koemelkallergie experimenten 

gebruikt om een model te ontwerpen (Bayesiaans netwerk) dat het effect van 

sensibilisatie, orale immunotherapie en/of een dieetinterventie met niet-verteerbare 

vezels op de belangrijkste (klinische) allergische parameters kan voorspellen. 

Daarnaast liet een topologisch netwerk gebaseerd op alle gemeten parameters 

in de koemelkallergie experimenten zien dat er een belangrijk verband bestaat 

tussen de mate van allergische symptomen en de aanwezigheid van korte-keten 

vetzuren in muizen. Deze innovatieve methoden kunnen de identificatie van nieuwe 

(voorspellende) biomarkers bevorderen en het onderzoek naar het optimaliseren van 

immunotherapie ondersteunen in toekomstige studies. 

De bevinding dat er een sterk verband is tussen allergische symptomen en de 

aanwezigheid van korte-keten vetzuren in koemelkallergische muizen, versterkte 

de theorie dat korte-keten vetzuren een rol spelen in de beschermende effecten 

van orale immunotherapie en niet-verteerbare vezels. Om dit experimenteel 

te onderzoeken, werden er in hoofdstuk 6, naast de dieetinterventie met niet-

verteerbare vezels, groepen muizen geïncludeerd waar oraal butyraat werd 

toegediend tijdens immunotherapie. De uitkomsten na provocatie met wei lieten zien 

dat orale toediening van butyraat in koemelkallergische muizen net zo effectief de 

mate van allergische symptomen kan verminderen als het dieet met niet-verteerbare 

vezels. Muizen die behandeld waren met orale immunotherapie en butyraat lieten 

een verlaagde activiteit van basofielen in de circulatie en mestcellen in de mucosale 

weefsels na provocatie zien. De concentratie butyraat in de darmen van allergische 
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muizen was alleen significant verhoogd na orale immunotherapie en de interventie 

met niet-verteerbare vezels. Deze bevinding gaf aan dat de gunstige effecten op de 

samenstelling en/of de activiteit van de darmbacteriën alleen worden gestimuleerd 

door de aanwezigheid van niet-verteerbare vezels en dat dit mogelijk een voordeel 

kan zijn ten opzichte van het gebruik van butyraat tijdens therapie. 

Fecesmonsters van koemelkallergische muizen zijn geanalyseerd om de rol 

van darmbacteriën tijdens bescherming tegen de allergische respons na orale 

immunotherapie en de dieetinterventie met niet-verteerbare vezels verder te 

onderzoeken. De data in hoofdstuk 7 van dit proefschrift laten zien dat er significante 

veranderingen in de aanwezigheid van specifieke bacteriestammen volgen na 

de dieetinterventie met niet-verteerbare vezels en/of orale immunotherapie. Een 

toename van bacteriën die horen binnen het geslacht Allobaculum (producenten 

van korte-keten vetzuren) was gemeten in fecesmonsters van allergische muizen 

die het dieet verrijkt met niet-verteerbare vezels ontvingen. Allergische muizen die 

alleen blootgesteld waren aan orale immunotherapie lieten een toename zien in de 

aanwezigheid van bacteriën die behoren tot de stam Proteobacteriën. Een toename 

in Proteobacteriën wordt geassocieerd met verstoring van de balans in aanwezige 

darmbacteriën en is te zien bij ontstekingsziekten zoals colitis en allergisch astma. 

Naar aanleiding van deze resultaten werd geconcludeerd dat er een mogelijk verband 

is tussen de suboptimale klinische bescherming gemeten na orale immunotherapie 

in koemelkallergische muizen en de verstoorde samenstelling van de darmflora. Het 

gelijktijdig toedienen van niet-verteerbare vezels zou deze verstoring tegen kunnen 

gaan via de groei van korte-keten vetzuur-producerende bacteriën. Behandeling met 

de combinatie van orale immunotherapie en de dieetinterventie met niet-verteerbare 

vezels leidde tot de sterkste bescherming tegen acute allergische symptomen en liet 

daarnaast een bacterieprofiel zien dat een grote mate van overeenkomst had met het 

bacterieprofiel in niet-allergische (gezonde) controle muizen. 

Om in de toekomst de huidige behandelingsstrategie met orale immunotherapie 

en niet-verteerbare vezels te vertalen naar studies in mensen, werd de rol van 

de belangrijkste (voorspellende) allergische parameter allergeen-specifiek IgE 

in hoofdstuk 8 geëvalueerd met behulp van in vitro experimenten. Serum van 

koemelkallergische muizen was afgenomen tijdens en na immunotherapie en na 

provocatie om wei-specifieke IgE niveaus te bepalen. Het serum werd vervolgens 

gebruikt om gekweekte basofielen en mestcellen te sensibiliseren met wei-specifiek 

IgE en te activeren met wei. Er werd een positieve correlatie gevonden tussen wei-

specifieke IgE niveaus in serum en de mate van in vitro degranulatie van basofielen. De 

mate van degranulatie in vitro was eveneens geassocieerd met de mate van mestcel 
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degranulatie in vivo na provocatie. Deze observatie bevestigde dat vermindering 

van allergische symptomen zoals mestcel degranulatie na orale immunotherapie 

en een dieetinterventie met niet-verteerbare vezels in koemelkallergische muizen 

(tussentijds) geëvalueerd kan worden aan de hand van wei-specifieke IgE niveaus en 

functionele in vitro testen.

Samenvattend hebben de studies in dit proefschrift laten zien dat de effectiviteit van 

orale immunotherapie kan worden verbeterd door een dieetinterventie met niet-

verteerbare vezels in een muismodel voor koemelkallergie. De combinatietherapie 

liet de meest effectieve vermindering van allergische symptomen zien na 

provocaties met (hoge) doseringen allergeen. In overeenstemming met de effecten 

van orale immunotherapie in voedselallergie studies in mensen, werd er in het 

koemelkallergie model een toename waargenomen van wei-specifieke IgE, IgG1 

en IgA niveaus tijdens immunotherapie. De combinatie van orale immunotherapie 

en de dieetinterventie met niet-verteerbare vezels kon de stijging in wei-specifiek 

IgE na een allergeen provocatie voorkomen. De stijging in wei-specifiek IgG1 en IgA 

was afhankelijk van orale immunotherapie en leek niet beïnvloed door het dieet. De 

combinatietherapie kon de aanwezige T cel populaties in de milt en mesenterische 

lymfeknopen beïnvloeden: het percentage allergie-geassocieerde Th2 cellen daalde 

en het percentage Th1 cellen en regulatoire T cellen steeg. Zowel Th1 cellen als 

regulatoire T cellen worden geassocieerd met tolerantie. Analyses van korte-keten 

vetzuren in de darm en de samenstelling van darmbacteriën in fecesmonsters lieten 

significante veranderingen zien na orale immunotherapie en/of de dieetinterventie 

met niet-verteerbare vezels. Ondanks het feit dat mechanistische studies nodig zijn 

om de rol van korte-keten vetzuren in de vermindering van allergische symptomen 

na de combinatietherapie te bevestigen, geven de resultaten in dit proefschrift weer 

dat veranderingen in de samenstelling en activiteit van de darmbacteriën belangrijke 

factoren kunnen zijn die de effectiviteit van orale immunotherapie kunnen bevorderen. 

In Figuur 1 (hoofdstuk 9) van dit proefschrift, zijn de belangrijkste experimentele 

resultaten grafisch weergegeven en worden onderliggende mechanismen van orale 

immunotherapie en een dieetinterventie met niet-verteerbare vezels geschetst 

die mogelijk leiden tot bescherming tegen koemelkallergie. Concluderend, een 

dieetinterventie met niet-verteerbare vezels is een veelbelovende strategie om 

de effectiviteit van orale immunotherapie in voedselallergie studies in mensen te 

verbeteren.
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je en ik weet zeker dat je ook deze laatste periode je schouders eronder blijft zetten. 

Mijn paranimf Laura, lieve Lau, wij hebben van begin tot eind lief en leed gedeeld 

in het NUTRALL consortium. We zijn begonnen als twee kneuzen en hebben het 

geschopt tot doctor (bijna dan haha)! De dierexperimenten waren een gigantische 

klus en ik wil je bedanken voor je hulp en support. De NUTRALL meetings waren nooit 

zo goed vol te houden geweest zonder jou, vooral omdat je het voor mij allemaal 

goed wist te relativeren en we konden blijven lachen. We hebben samen genoten 

van het skiën in Italië en hebben een prachtige reis door Sri Lanka gemaakt. Lau, je 

bent een keiharde werker en ik waardeer je nuchtere instelling enorm! Ik weet zeker 

dat ook jouw verdediging niet lang op zich laat wachten, houd vol meid, zeker nu de 

laatste loodjes het zwaarst wegen. 

Mijn collega’s uit het NUTRALL consortium: Simone, Joost, Raymond, Linette, Henny, 

Marianne, Jolanda, Tim en Lars, dank voor de prettige samenwerking en voor jullie 

input tijdens het project. Ik heb erg veel geleerd van de discussies en het feit dat 

iedereen vanuit zijn eigen achtergrond naar een vraag of resultaat kijkt. Speciale dank 

voor de partners van TNO, ik ben erg blij dat we een stap hebben kunnen zetten in 

het gebruik van netwerk analyses om meer uit onze data-sets te halen. Lieve Simone, 

ik vond het erg fijn om met je samen te werken binnen ons project en ik wil je alle 

geluk wensen bij het afronden van jouw stuk van het NUTRALL project. 

De mestcel-man Bart, lieve Bart, ik wil je enorm bedanken voor je hulp en inzet tijdens 

de in vitro experimenten die we hebben uitgevoerd. Jouw liefde voor het labwerk 

deel ik helaas niet, maar samen met jou in de flowkast werken was toch altijd wel een 

feestje! We hebben gezellig op de racefiets gezeten tijdens de Tourtocht en de Giro 

in Utrecht en zelfs een reisje naar Praag mogen maken voor het EMBRN congres. We 

konden elkaar af en toe in de weg zitten, maar hoe harder jij roept “uit het oog, uit het 

hart”, hoe meer ik weet dat je me gaat missen. Ik ga jou in ieder geval zeker missen, 

onwijs bedankt voor de gezellige tijd en ik wil je heel veel geluk wensen met je twee 

kleine kanjers. 
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De opper mestcel-man Frank, dank voor je hulp en nuttige input in het onderzoek en 

voor je kritische blik op de laatste twee manuscripten. Ik vond het erg leuk om tijdelijk 

deel uit te maken van het mestcel-team, bekroond met de gezellige BBQ bij jou in 

de achtertuin! Ook wil ik Daniëlle bedanken voor je inzet en de fijne samenwerking 

tijdens je stage bij mij op het mestcel project. 

Mijn (ex)bureau-genoten, lieve Mara, Kirsten, Atanaska, Saskia B., Kim en Jitske, 

vooral jullie gezelligheid ga ik enorm missen! Jullie waren stuk voor stuk altijd bereid 

om te helpen tijdens de secties, tijdens het organiseren van borrels en ook jullie 

interesse en zorgzaamheid heb ik erg gewaardeerd. Lieve Mara, ik wil jou nog even 

extra bedanken voor je hulp tijdens de experimenten en voor alle taken die je voor 

me wilde overnemen. Je bent een onmisbare en fijne collega! Lieve Kirst, bedankt 

voor je niet-aflatende interesse en voor de geweldige tijd die we samen hebben 

gehad! Zet hem op de komende tijd, blijf in jezelf geloven, want je bent echt een 

topper! Lieve Nas, dank voor je steun en het feit dat je altijd wilde meedenken! Zelfs 

als je het bere-druk had, stond je voor me klaar om te helpen. Lieve Sas en Kim, dank 

voor het lachen en de gezellige klets-momenten, ik heb veel van jullie kunnen leren 

en waardeer jullie enorm! Lieve Jits, de nuchtere feestganger uit het Oosten, dank 

voor je gezelligheid en voor je heerlijke kijk op de dingen “gewoon afstoempen dat 

proefschrift”. Heel veel succes bij je nieuwe uitdaging in Nijmegen!

Lieve Paul J, het is eigenlijk een klein wonder dat ik mijn proefschrift op tijd heb 

kunnen inleveren met jou als vaste bron van afleiding. Zelfs in het schrijfhokje waar 

ik me vier maanden heb opgesloten wist je me te vinden om me even op te vrolijken 

of gewoon om extreem vervelend te doen. Ook al heb ik je menig maal achter het 

behang willen plakken, wil ik je bedanken voor de gezellige tijd, heel veel succes met 

je project!

My dearest Chinese friends, dear YingXin, Ling and Yulong, it has been a pleasure 

having you around! I would like to thank you for your interest and friendship, I truly 

admire your openness and your ability to adapt to the typical Dutch culture. Especially 

Wingyan, you are a special one, thanks for the nice talks.  

Mijn lieve collega’s en ex-collega’s die wilden helpen tijdens het experimentele 

werk: Gemma, Gerard, Suzan T., Astrid, Veronica, Caroline en Saskia O. Lieve allemaal, 

ontzettend bedankt voor jullie hulp en inzet, zonder jullie had ik het tijdens de 

secties niet gered! Dank dat jullie van die fijne collega’s voor me zijn geweest. Lieve 

Marianne, Manon en Laura van het IRAS, dank voor jullie hulp, het was erg fijn dat ik 

ook op jullie kon bouwen in tijden van nood. 
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Mijn (ex)collega’s van de Pharmacology group in het DDW: Martje, Sandra, Soheil, 

Mojtaba, Katja, Anne Metje, Arash, Paula, Peyman, Daphne, beide Marjoleins, Lucianne, 

Aletta, Gert, Lidija, Roos, Hamed, Adele, Charlotte, Meng, Yang, Silvia, Manoe, Judith, 

Lei, Susan V., Koen, Monika, Ingrid, Thea, Amer, Milos, Michèle, Puqiao, Rolf, Pieter, 

Liesbeth, Jing, Jelle, Brenda, Negisa and many others, thanks for the great ambiance 

that you help to create in our department! It was a pleasure getting to know you 

all and I wish you all the best for the future. Extra dank voor Daphne vanwege de 

hilarische lunch-momenten waarin we de laatste aflevering van Dreamschool konden 

analyseren. Dear Sarah, thanks for the great times when you visited our group for 

several months. It was a pleasure having you around! 

Mijn collega’s van de Immunology group van Nutricia Research: Desiree, Tjalling, 

Prescilla, Bea, Selma, Nicole, Laura B., Reinilde, Anita, Lieke, Karen, Laura M., Joost, 

Nienke en Jeroen. Dank voor de warme ontvangst die ik altijd kreeg als ik langskwam 

bij jullie en voor de interesse tijdens mijn PhD project. Ik denk dat de goede basis is 

gelegd tijdens mijn afstudeerstage bij jullie in de groep. Speciale dank aan Desiree, 

vanwege de fijne samenwerking en je behulpzaamheid. Ik wil je heel veel succes 

wensen bij je nieuwe uitdaging bij UIPS. Lieve Jeroen, dank voor je interesse en je 

humor en voor de goede start die je mij binnen de alliantie hebt gegeven. Lieve 

Prescilla, ik wil je heel erg bedanken voor je hulp tijdens mijn banenzoektocht, zo 

waardevol!

Bij deze zou ik ook graag van de gelegenheid gebruik willen maken om alle fijne 

mensen om me heen nog een keer extra te vertellen hoe enorm blij ik ben dat jullie 

er zijn. Jullie interesse en support, met name tijdens de laatste loodjes van het 

promotietraject, hebben me zeker geholpen.

Mijn lieve senaatjes, ik ben er trots op dat we nog zo’n hechte band hebben. Dank 

voor het lachen, de gezellige etentjes en voor de spontane ideeën die ons zelfs in een 

auto-rally in Limburg doen belanden. Lieve Em, bedankt voor de fijne gesprekken en 

de mooie vriendschap.

Mijn lieve schoolvriendinnen, ondanks dat we allemaal ons eigen pad volgen, blijven 

we bij elkaar. Jullie zijn stuk voor stuk kanjers waar ik heel blij mee ben.

Mijn gezellige hockeyteam bij Kampong, lieve teamies, dank voor de fijne afleiding 

en voor de kans om promotie-frustraties eruit te slaan op het veld. Op naar de winst 

en nog meer gezelligheid!
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Mijn lieve clubgenootjes, ik ben heel erg blij met jullie en wil jullie bedanken voor de 

waardevolle vriendschappen en oneindige gezelligheid! Speciale dank aan Charly en 

Linnie voor jullie vriendschap en de beste Tomorrowland feestjes ever! Lieve Lous, 

dank voor je luisterende oor en je vermogen om de juiste vragen te stellen. Daarnaast 

verdient de hele wintersport crew een speciale benoeming vanwege de fanatische 

week waarin alle promotie-stress eruit geskied en gedanst kon worden (volgend jaar 

weer?). 

Mijn lieve oud-huisgenootjes uit Wageningen, dank voor jullie steun en interesse en 

voor de fijne weekendjes weg! Tussen alle drukte door is er bij jullie altijd ruimte om 

je verhaal te doen, heel waardevol!

Lieve familie, in het bijzonder Liesbeth en Rene, ik wil jullie enorm bedanken voor 

de hulp en inzichten die jullie me gaven ter voorbereiding op de stappen na het 

promotie-traject. Fijn om op je familie terug te kunnen vallen. Lieve Patries, Duncan 

en Mika en lieve nichtjes Marissa en Lenneke, dank voor jullie gezelligheid en 

interesse, fijn om jullie dichtbij te hebben! Lieve oma Trees, ik ben er trots op dat je 

deze mijlpaal nog mee mag maken, je blijft altijd mijn grootste fan en ik bewonder je 

doorzettingsvermogen enorm. 

En dan the wolfpack! Lieve Fien, je bent een ontzettend waardevolle vriendin, een 

luisterend oor en een steun en toeverlaat. Bedankt dat je er altijd voor me bent en 

dat je me zo goed kunt lezen. Ik waardeer je eerlijkheid en je enthousiasme voor 

de kleine dingen om je heen. Lieve As, je talent om altijd het goede in mensen te 

zien waardeer ik enorm. Waar ik soms wat bot uit de hoek kan komen, weet jij altijd 

het juiste te zeggen. Je bent een rots in de branding en hebt oneindig geduld en 

interesse in de mensen om je heen. Lieve meiden, dank voor de ontspanning tijdens 

het sporten (dank ook aan Amber en Rens!) en tijdens de etentjes bij de Spaghetteria, 

maar vooral dank voor deze fijne vriendschap.

Homies! Lieve Richel, ex-huisgenoot aan de ASW, vanaf onze eerste dag in Wageningen 

zijn onze wegen onafscheidelijk. Ik zou je enthousiasme, je interesse in iedereen en je 

onuitputtelijke energie voor geen goud willen missen! Dank voor je support tijdens 

mijn promotie-traject, maar vooral dank voor je positieve kijk op het leven en voor 

het feit dat je me af en toe wakker kan schudden. Je bent er één uit duizenden en ik 

hoop dat we nog lang samen het licht uit doen! Lieve Lin, huisgenoot aan de ASW, 

maar vooral buddy for life! Je hebt het hele promotie-traject meegemaakt vanaf de 

voorste rij, mijn god wat ben ik blij dat het erop zit. Dank voor je interesse en je 

zakelijke blik tijdens moeilijke situaties. Dank voor de vele keren dat je al gekookt 
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had en ik tot laat kon doorschrijven aan mijn thesis. Ik waardeer jou en je nuchtere 

blik enorm en ben blij dat onze directe manier van communiceren altijd goed heeft 

gewerkt.  

Lieve Maaike en Alex, lieve zus en broer, dank voor jullie onvoorwaardelijke liefde 

en voor de interesse en steun. Ik heb me als kleine zus altijd veilig gevoeld bij jullie 

en wil jullie bedanken voor jullie open blik. Vooral toen ik alles anders ging doen 

dan we thuis gewend waren. Lieve Boris en Mariëlle, ik ben enorm blij dat jullie erbij 

gekomen zijn en dat jullie de typische gang van zaken bij ons thuis hebben weten te 

waarderen. Lieve Finn, Dex, Kai en Bente, jullie zijn nu nog kleine draakjes, maar ooit 

ga ik jullie vertellen hoe ik op een dag doctor werd. Ik ben nu al mega trots op jullie 

en ik zal er altijd voor jullie zijn. 

Lieve ouders, papa en mama, ik bedank jullie als allerlaatst maar ook het allermeest, 

omdat jullie er altijd voor me zijn en omdat jullie nergens voor terugdeinzen. Met 

jullie als thuisfront, kunnen wij de wereld aan. Dank voor de onvoorwaardelijke liefde, 

maar vooral voor het vertrouwen dat ik altijd heb gevoeld. Wat de toekomst ook zal 

brengen, ik weet dat jullie achter me staan. Van hier tot aan de maan…en terug. 

Het zit erop, vier jaar hard werken en zoveel mogelijk leren, het was een intense tijd 

en ik had het voor geen goud willen missen. Wat heb ik genoten van alle gezelligheid 

en uitdagingen, deze herinneringen nemen ze me nooit meer af. Iedereen die hier op 

wat voor manier dan ook aan heeft bijgedragen (en ik wellicht niet genoemd heb): 

BEDANKT! Zo, en nu aan het bier en hup die dansvloer op!
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