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ABSTRACT 

Food allergy, a common cause of anaphylaxis, is mediated by basophil and mast cell release of 

vasoactive mediators that induce shock and diarrhoea. Release of these mediators is triggered 

by allergen crosslinking of IgE that is associated with these cells’ high-affinity IgE-receptor, 

FcεRI.  

In this study, a novel adjuvant-free murine model of hen’s egg allergy was utilised to investigate 

serological factors that influence the development and severity of food allergy. While egg white 

(EW)-specific IgE, IL-4 and to a lesser extend IL-6 and TNFα were clearly correlated with 

increased signs of anaphylaxis, EW-specific IgG1 only showed the partially protective effect that 

had been described in literature. Yet, levels of IgG1-levels in serum specific for ovalbumin, the 

most abundant protein in EW, were more than 100-fold higher than those of IgE, which had 

been able to block IgE-mediated anaphylaxis in a passive transfer model.  

Next generation sequencing (NGS) analysis of the IgG1 and IgE-repertoire in bone marrow and 

mesenteric lymph nodes of allergic mice revealed differences in the complementarity‐

determining region (CDR3) of both antibodies, i.e. the parts of the antibodies that most 

determine their antigen-binding. These differences derived from different VDJ-gene 

rearrangement and varying somatic hyper mutations. In accordance with existing literature the 

data imply that the majority of clones have a strong bias towards IgG1. Unexpectedly, a minor 

but considerable number of clones show a bias towards IgE, with little or no detectable IgG1.  

Differential antigen/epitope recognition by IgE and IgG1 antibodies as indicated by the NGS 

results offers a potential explanation for insufficient blocking of IgE-mediated anaphylaxis by 

IgG1.  
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ZUSAMMENFASSUNG 

Nahrungsmittelallergie, eine verbreitete Ursache für Anaphylaxie, wird durch die Freisetzung 

von vasoaktiven Mediatoren durch Basophile und Mastzellen vermittelt, welche Schock und 

Durchfall induzieren. Die Freisetzung dieser Mediatoren wird durch die Kreuzvernetzung von 

Allergen und IgE ausgelöst, das an hochaffinen IgE-Rezeptoren dieser Zellen gebunden ist.  

In dieser Studie wurde ein neues Adjuvans-freies Mausmodell der Allergie gegen Hühnerei 

genutzt, um serologische Faktoren zu untersuchen, die die Entwicklung und Schwere von 

Nahrungsmittelallergien bestimmen. Während Eiweiß-spezifisches IgE, IL-4 und in einem 

geringeren Ausmaß IL-6 und TNFα eindeutig mit verstärkter Anaphylaxie korrelierten, zeigten 

Eiweiß-spezifische IgG1-Level nur teilweise einen protektiven Effekt, welcher in der Literatur 

beschrieben ist. Dennoch sind Mengen von IgG1 spezifisch für Ovalbumin, dem am meisten 

vorhandenen Protein in Eiweiß, mehr als 100-fach höher als die von IgE. Dieses Verhältnis 

verhinderte IgE-vermittelte Anaphylaxie in einem passiven Transfermodell.  

Eine “Next generation sequencing” Analyse des Repertoires von IgG1 and IgE in Knochenmark 

und mesenterischem Lymphknoten von allergischen Mäusen zeigte Unterschiede in der 

„Complementary-determining region (CDR3)“ dem Teil der Antikörper, welcher zum größten 

Ausmaß die Antigenbindung bestimmt. Diese Unterschiede entstammten unterschiedlichen 

VDJ-Genzusammenstellungen und verschiedenen somatischen Hypermutationen. In 

Übereinstimmung mit existierender Literatur weisen die hier generierten Daten darauf hin, 

dass die Mehrheit der Klone eine starke Tendenz zu IgG1 auf. Überraschenderweise zeigt ein 

geringerer, aber beträchtlicher Anteil von Klonen eine Tendenz zu IgE mit wenig oder nicht 

detektierbarem IgG1.  

Unterschiedliche Antige-/Epitoperkennung von IgE und IgG1 Antikörpern wie durch das NGS-

Ergebnis gezeigt bieten eine potentielle Erklärung für unzureichende Blockade von IgE-

vermittelter Anaphylaxie durch IgG1. 
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1 INTRODUCTION 

1.1 Food allergy 

The term “food allergy” describes an “adverse reaction of the immune system to food antigens – 

allergens”. Over the past 20 years, the prevalence of allergic reactions to food components in 

children (0-17 years old) has increased from 3.5 to 5 % in Australia as an example of an 

industrialised country (1). In 2016 in Germany the prevalence of food allergy was 4.7 %(2). 

More dramatically, hospital admissions due to food-induced anaphylaxis in children under the 

age of 4 have increased 5-fold from (3.5/100,000 in 1994 to 17/100,000 in 2005) in Australia 

(1).  

Based on immunopathological mechanisms, atopic food allergies can be categorised into IgE-

mediated, IgE-independent and diseases of mixed aetiology. IgE-mediated food allergy is the 

most common allergic reaction to major food allergens, including hen’s egg, cow’s milk, seafood, 

fish, wheat, soybean, tree nuts and peanuts. The manifold signs and symptoms of an IgE-

mediated allergic reaction towards food components include pruritus after allergen contact 

with skin, inflammatory gastrointestinal and airway reactions; as well as cardiovascular 

impairment that can cause a life-threatening anaphylactic shock (3–5).  

In IgE-mediated food allergy, IgE binds to a high affinity receptor (FcεRI) on mast cells and 

basophils. Encounter of the cognate allergen crosslinks allergen-specific IgE and IgE-associated 

FcεRIs. This crosslinking activates mast cells, causing them to degranulate in seconds to minutes 

with release of proteases (e.g.; mMCP (mast cell metallo-protease) 1 and 7 and preformed 

mediators such as histamine, and to secrete cytokines, such as IL-4 and tumour necrosis factor 

alpha (TNFα), over a period of a few hours. With its ability to cause vasodilation, increase 

vascular permeability and heart rate and decreased cardiac contractility, histamine is a key 

player in the development of anaphylaxis (6).  

Thus far, no specific therapy has been approved for food allergy. The only recommendations 

include avoiding the respective food and symptomatic treatment once the allergic reaction has 

occurred. However, promising clinical trials have tested different variants of allergen-specific 

immunotherapy (AIT) (7). Slowly increasing small doses of allergen are administered orally, 

sublingually or epicutaneously over up to 2 years. While in many trials, a majority of patients 

have become desensitised, as shown by tolerance of a specified, increased allergen dose at the 

end of treatment, most desensitised individuals regain sensitivity, some only one week after 

completion of treatment (8, 9). 

 

1.2 Egg allergy 

Allergy to chicken (Gallus gallus) egg is the second most prevalent food allergic disorder in 

infants and children (10). As for food allergies in general, the estimated prevalence of egg 
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allergy in Europe varies among several studies. This is mainly due to different methods of data 

collection with a particularly weak identification when self-report is the “diagnostic tool”. Also, 

the definition of the allergic disease varies among studies. The most recent meta-analysis of 

studies on egg allergy estimates an overall prevalence of 1.6 % in children aged 2.5 years (11). 

The prevalence of egg allergy is higher in younger age groups and decreases with age (12, 13). 

This suggests that egg allergy resolves during childhood (14, 15). The time point of resolution of 

egg allergy is under debate (14, 16, 17). Decreasing levels of egg-specific IgE over time have 

been shown to be a prognostic indicator of the development of tolerance to egg as well as the 

age at which first symptoms occurred, and the severity of these symptoms (15, 17, 18).  

Due to varying prevalence depending on the method used and the potential of misdiagnosis, 

obtaining detailed medical history and performing a physical examination should be the first 

steps (19, 20). Further diagnostic procedures can include determination of IgE titres, skin-prick 

tests and skin patch tests. However, total and allergen-specific IgE titres frequently vary among 

allergic individuals. Neither these titres nor skin tests completely correlate with clinical 

reactions. Hence despite its invasiveness, oral food challenge (OFC) remains the gold standard 

of food allergy testing (19, 21, 22). 

 

1.2.1 Allergens in egg white 

There are four major allergens in domestic chicken (Gallus domesticus) egg white (EW): Gal d 1-

4 (23). The much-studied model protein ovalbumin (OVA, Gal d 2) is the most abundant allergen 

(~55% of the total protein). The biological function of OVA is not fully understood, but is has 

been shown to have some antibacterial properties when proteolyticly digested (24). The most 

immunogenic protein in EW is the heat-stable trypsin inhibitor ovomucoid (OVM, Gal d 1) which 

constitutes about 11 % of EW proteins (24, 25). The potency of OVM to mount an immune 

reaction is so strong, that in the attempt to create monoclonal antibodies against OVA, <1% 

contaminations of ovomucoid lead to the generation of mainly ovomucoid specific antibodies. 

Most IgE in egg-allergic patients is raised against OVM and skin prick test diameters are largest 

when performed with OVM (26). Ovomucoid consists of three tandem domains with partial 

homology. IgE is primarily specific for domain 2, whereas IgG binds to all 3 domains similarly. 

Some epitopes of ovomucoid are recognised by IgE and IgG4 and some are unique for IgE or 

IgG4 (27). Ovotransferrin (Gal d 3, ~12 %), another EW allergen, is an iron-binding protein that 

has antimicrobial activity (28). A fourth EW allergen, lysozyme (Gal d 4, ~3,4 %) is utilized in 

food products because of its ability to lyse gram positive bacteria; Gal d 4-containing products in 

which eggs might not be obviously expected create a risk for egg allergic patients (29). 

Amino acid chains from different protein domains can form tertiary structures that generate 

conformational epitopes. These are in addition to the sequential epitopes formed from amino 

acid primary sequences. Conformational epitopes are more sensitive to digestion and 

denaturation than sequential epitopes. Conformation epitopes, unlike sequential epitopes, can 
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also be destroyed when eggs are cooked; this can impact the allergenicity of some EW proteins 

(23). 

However, IgE binding to OVA and OVM is not impaired by heat denaturation, suggesting that IgE 

mostly binds to sequential rather than conformational epitopes in these proteins (30).  

Persisting egg allergy has been shown to correlate with higher IgE antibody titres against 

sequential epitopes, while increased IgE antibody titres against conformational epitopes 

correlate with transient allergy. 4 major IgE binding ovomucoid epitopes have been identified 

that are not recognised by serum from patients who outgrew egg allergy later in life (31). 

Generally, children with persistent egg allergy have higher OVM-specific IgE titers than children 

with transient allergy. Considering epitope heat-stability, this finding is consistent with the 

correlations with sequential and conformational epitopes (26). 

 

1.2.2 Allergens and allergy-relevant components in egg yolk 

Even though most egg proteins are present in EW, two allergens have been found in egg yolk. 

Chicken serum heat-labile albumin a-livetin (Gal d 5) is the more important allergen. It serves as 

a metal ion transporter in the avian blood stream (30). Chicken serum albumin has been 

identified as an aero-allergen, involved in bird-egg syndrome, a disease where exposure to birds 

(feathers, droppings etc.) leads to sensitisation and gastrointestinal manifestations because of 

cross reactions of egg proteins with airborne allergens (32, 33). The second major egg yolk 

allergen: glycoprotein 42 (YGP42; Gal d 6). YGP42 is a fragment of vitellogenin-1 (VTG-1), which 

is a major precursor protein in chicken development. Presumably, patients with egg allergy get 

sensitised against both EW and EYP, because patients diagnosed with egg white allergy also 

have IgE against egg yolk proteins (34). Partial inhibition of IgE-binding to crude egg yolk by 

recombinant YGP42 suggest an allergenic potential of the protein fragment.  

In addition to promotion of allergy induction by egg proteins, egg yolk lipids play an important 

role in allergy development. Lipids, predominantly triglycerides, constitute over 30% of egg 

yolk’s weight (28). Saturated medium chain triglycerides can upregulate the unfolded protein 

response (UPR) in epithelial cells (CACO2-cells, a human intestinal epithelial cell line) that 

induces an allergic pro Th2-millieu (for more detail see section 1.3.2) (35, 36).  

 

1.3 Allergic sensitisation 

1.3.1 Oral tolerance 

The intestinal system faces potentially deathly pathogens every day. In addition, both large 

amounts of harmless yet foreign food proteins are present in the intestine and billions of 

commensal bacteria colonize the gut (37). A well-tuned immune response has to be able to 
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differentiate between threat and harmless foreign antigens to avoid triggering an overwhelming 

immune response to the up to 100 g of protein that are consumed daily (38). 

Oral ingestion of antigens normally leads to a tolerogenic immune reaction (39, 40), i.e. the 

absence of an inflammatory reaction in response to a particular foreign antigen. Controlled 

transmission through the intestinal mucosa, for example by microfold (M) cells, and uptake of 

antigen by CD103+ DCs and CX3C-chemokine receptor 1 (CX3CR1)+ cells guarantees a minimum 

of free antigen in the apical surface of the intestinal epithelium (41). CD103+ DCs migrate to 

mesenteric lymph nodes, where they induce the development of antigen-specific forkhead box 

P3 (FOXP3) positive and negative interleukin 10 (IL-10)-secreting regulatory T (Treg) cells by 

secreting transforming growth factor (TGF)-β and retinoic acid (42, 43). This suppresses 

formation of type 2 cytokines (e.g. IL-4) and T cell dependent antibodies, including IgE.  

A healthy microbiome also contributes to intestinal tolerance. Studies have shown that 

intestinal Treg numbers are reduced in antibiotic-treated and germ-free mice; this facilitates 

allergic sensitisation (44, 45). Supplementing germ free mice with certain bacteria, i. e. Clostridia 

species and Bacteroides fragilis, or short-chain fatty acids (microbiota-derived products) 

induces Tregs and suppresses type 2 cytokines leading to reduced allergic sensitisation as well 

as protection from colitis (46–48). 

Healthy individuals without any history of food allergy still have allergen-specific IgG4 

antibodies whereas IgE cannot be detected in the majority of them. IgG4 can also play a role in 

natural tolerance (49). 

 

1.3.2 Initiation of a type 2-response 

Allergic individuals most probably become sensitised to allergens early in childhood. The cause 

for development of an atopic disease is still under debate. Despite normally mediating tolerance, 

even oral ingestion of allergens can induce sensitisation when the barrier function of the 

mucosa is impaired. Here, mouse models have allowed insight into the induction of food allergy 

by intestinal barrier disruption by the adjuvants cholera toxin (CT) and Staphylococcal 

enterotoxin B (SEB), which lead to secretion of antigen-specific IgE and systemic anaphylaxis 

upon allergen-challenge (50, 51). Furthermore, research on mouse models suggests that 

cutaneous exposure (52–54) or inhalation are probable causes for sensitisation against food 

allergen (55). 

A barrier disruption can effect the normal, controlled transmission of antigen through the 

mucosa. Large amounts of antigen can reach immune cells on the apical site of the epithelium. In 

addition to physical trauma, saturated fatty acids (particularly medium chain triglycerides), 

which are among the fats in major allergenic foods, such as chicken’s egg and cow’s milk, can 

upregulate the UPR in epithelial cells (CACO2-cells, a human epithelial cell line). This in turn 

promotes the transcription of pro-Th2-cytokines such as IL-25, IL-33 and thymic stromal 

lymphopoietin (TSLP) (35, 36). Secretion of these cytokines by epithelial cells causes dendritic 
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cells (DCs) to prime naïve CD4+ T cells to secrete IL-4, IL-5 and IL-13, while IL-10 is decreased 

compared to other stimuli (56) and has direct stimulatory effects on Th2 cells, eosinophils, mast 

cells, and basophils. A tolerogenic environment can thus be shifted to a Th2-biased one. 

Repeated or long-term exposure of such a susceptible milieu to the allergen can lead to the 

generation of allergen-specific CD4+ Th2 cells (57) that induce allergen-specific B cells to switch 

to synthesis and secretion of IgE (58). More detail about class-switch to IgE can be found in 

section 1.5.3. 

Genetic predisposition also plays a role in allergy development (59, 60). Other factors such as 

stress (61), differences in the microbiome (62) have been described to impact food allergy. 

 

1.4 Allergic response – the effector phase 

1.4.1 IgE, FcRI and the regulation of mast cell activation 

With a concentration of only about 100 ng/mL, IgE is the least abundant antibody isotype in the 

serum of healthy individuals; in contrast, IgG has a serum concentration of approximately 

10 mg/mL. Also, the half-lives of both antibody-subclasses in serum differ greatly (63). IgG1 

stays in the circulation longer (half-life of 3-6 days in mice; 21 days in humans) while IgE has a 

half-life of 12 hours in mice (64). After secretion, IgE is also quickly removed from serum and 

bound in tissue to FcεRI, the high affinity IgE-receptor, where it remains due to the receptor’s 

high affinity (Ka~1010 M-1) (65). FcRI is a heterotetramer, composed of one  chain, which 

carries the IgE binding site, and one  chain and 2  chains, which are involved in FcRI 

signalling and promote membrane  chain expression. 

Murine FcεRI is expressed on mast cells and basophils, while in humans mast cells, basophils, 

monocytes, Langerhans cells, eosinophils and dendritic cells can express the  chain of this 

molecule on their surface (66–70). Antigen binding to IgE bound to FcεRI induces crosslinking of 

multiple FcεRI molecules. This initiates a signalling cascade that ultimately results in release of 

mediators, e.g. anaphylaxis-mediating histamine, proteases, secretion of cytokines and 

chemokines (71). For more details see section 1.4.2 

In mice, antigen-specific mast cell activation can also be mediated by IgG through the activating 

receptor FcγRIII (72, 73). Activation of FcεRI has been suggested to determine the severity of 

anaphylaxis, and activation of FcγRIII to impact the mortality of that response (72). However, 

this alternative activation of anaphylaxis can also be mediated by neutrophils and macrophages, 

which contribute to anaphylaxis by releasing platelet-activating factor (PAF) rather than 

histamine (74, 75). Human skin derived mast cells have been shown to constitutively express 

FcγRIIA instead of FcγRIII and can be triggered to release histamine upon stimulation with anti- 

FcγRIIA monoclonal antibodies (mAb) (76). 

Mast cells also express additional innate receptors such as toll-like receptors (TLRs) and 

complement receptors, which can contribute to danger and pathogen sensing (77, 78). 
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In addition to the activating Ig-receptors, mouse mast cells and some human mast cells, 

including those in the gastrointestinal tract (79) but not skin-derived human mast cells(76), 

express the inhibitory receptor FcγRIIb on their surface. Human and mouse basophils both 

express this receptor and their activation has been shown to be inhibited by FcγRIIb-signalling 

(80).  

 

1.4.2 Mediators of the allergic response 

Allergen-mediated crosslinking of IgE-associated FcεRIs activates mast cells and basophils. The 

cytosol of these effector cells contains membrane vesicles that store preformed mediators that 

are almost instantly released upon activation. Among these are histamine, PAF, serotonin, 

heparin and proteolytic enzymes such as mMCP1 and mMCP7. Moreover, activation induces the 

production of lipid mediators, including prostaglandins (PGD2) and leukotrienes (LTC4), and de 

novo synthesis of cytokine and chemokine which are secreted with a delay of a few hours (6, 70, 

81). 

The histamine receptors 1 (H1) and 2 (H2) are both activated by histamine; this causes smooth 

muscle cell contraction in the airways and the gastrointestinal tract. Activation of these 

receptors in blood vessels induces vasodilation and enhances vascular permeability. With these 

effects, histamine is primarily responsible for the development of anaphylaxis (75). Anaphylaxis 

is defined as “a serious allergic reaction that is rapid in onset and may cause death” (82). It 

occurs systemically and can affect multiple organs. Signs of anaphylaxis are dependent on the 

health status of the patient as well as comorbidities. These signs include acutely compromised 

respiratory function, reduced blood pressure and associated signs of end-organ dysfunction 

(e.g. hypotonia [collapse], syncope, incontinence) as well as persistent gastrointestinal 

symptoms (e.g.  abdominal cramps, diarrhoea, and vomiting) (82). 

Mast cell degranulation also releases pre-synthesised TNFα. TNFα can activate neutrophils and 

recruit effector cells. The cytokines IL-4 and IL-5 are de novo synthesised upon mast cell and 

basophil activation. IL-4 triggers and maintains the Th2 response with Th2 cell proliferation 

and class-switch to IgE (83). Moreover, IL-4 promotes mast cell accumulation in the gut (84) and 

has been shown to exacerbate anaphylaxis in some murine models (85). IL-5 is involved in 

chemotaxis, activation and survival of eosinophils (82). 

 

1.5 B cell development, activation and class-switch to IgE and IgG1 

1.5.1 Antibodies – structure and function of different isotypes 

Antibodies are the secreted form of the B cell receptor (BCR) without its membrane domain. An 

overview including parts of the gene locus that encodes for the antibody is illustrated in Figure 

1.  
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Figure 1: Antibody structure and encoding genes 
The germline configuration of some of the multiple VDJ-genes of the Ig heavy chain is depicted on top. 
Similarly, the germline configuration of the light chain (VJ) genes is depicted on the left side. A linker (L) 
segment is located upstream of each V-gene. Joining of one of each gene segments (solid grey lines) 
results in gene loci that are unique to individual B cells. These rearranged loci are depicted below (IgH) or 
right of (IgL) the germline sequence. These rearranged loci get transcribed and translated into the 
variable region of the antibody molecule which is depicted as well. The variable region contains the 
complementarity regions (CDRs), which are the parts of the antibody V regions that interact with an 
antigen epitope. In addition to the variable region, which is depicted in more detail, the antibody also has 
a constant region. Ig heavy and light chains are linked by a disulphide bond., while two heavy chains are 
linked by several disulphide bonds. Figure modified from: Boyd and Joshi, 2014. 

IgG and IgE antibodies are both composed of two heavy polypeptide chains that are connected 

by disulphide bonds and are each associated with a light chain through a disulphide bond. 

Heavy and light chain consist of a variable region that is highly diverse and that binds to 

epitopes on antigens and a constant region that differs between different Ig isotypes (IgA, IgM, 

IgD, IgG1-4 in human, IgG1,2a,2b and 3 in mice and IgE). A part of the constant region, the Fc 

fragment mediates effector functions by binding to receptors on target cells (87, 88). A hinge 

region, where the disulphide bonds connecting the heavy chains are located, separates the Fc 

fragment from the Fab fragments that consist of the Ig light chain and the variable and a part of 

the constant region of the Ig heavy chain. 

Antibodies are able to recognise an immense variety of antigens. The total amount of individual 

and unique antibodies, each derived from a particular B cell, is called the B cell or antibody 

repertoire. 

To ensure the diversity of the B cell repertoire, numerous different individual variable (V)-, 

diversity (D)- and joining (J)-gene segments encode for the variable region of the heavy chain 
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and D- and J-genes for the light chain (89–91). Early in B cell development, one of each gene 

segment is randomly selected and joined by recombination-activating genes (RAG) recombinase 

to form the variable region. Unused gene segments are excised from the genome (92). The light 

chains can either be encoded by a κ- or a λ-gene locus. The numbers of V(D)J-genes for heavy 

and light chains of immunoglobulins (Ig) are noted in Table 1.  

Table 1: Counts of V-, (D-) and J-gene segments encoding for the variable region of heavy and light 
chain of BCR/antibodies 

Species Locus V-genes* D-genes J-genes* 

Homo 

sapiens 

IgH (heavy chain) 80 (39) 27 9 (6)  

Igκ (light chain) 75 (35) - 5 

Igλ (light chain) 69 (30) - 5 

Mus 

musculus 

IgH  190 (110)  12 4 

Igκ  140 (80) - 5 (4) 

Igλ  4 (3) - 5 (4) 

*total genes including pseudo-genes; (functional genes are in Parentheses)  
(93–101) 

This pool of V-, D- and J-gene segments only accounts for part of the germline-encoded diversity 

of the B cell repertoire. During the error-prone process of excision and re-joining of V(D)J-

genes, there are either nucleotides lost or added by the enzyme terminal deoxynucleotidyl 

transferase (TdT). Furthermore, the D-gene segments can be spliced in 3 different reading 

frames, increasing diversity. Together with these modifications, the V(D)J-gene rearrangement 

and the combination of different heavy and light chains allow a theoretical variety of antibodies 

to recognise any antigen possible. The so called naïve pre-immune repertoire of humans is 

estimated to be greater than 1016 different immunoglobulins (94). Later, during the activation 

and maturation of B cells, point mutations are introduced that lead to an additional layer of 

diversity of the B cell repertoire (Figure 2). 
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Figure 2: The diversity of the immunoglobulin repertoire 
Different steps and processes contributing to the diversity of the immunoglobulin repertoire are 
described. 1. (V(D)J-rearrangement in pre/pro-B cells in BM) and 2. (Pairing of heavy and light chain) 
occur in naïve (pre/pro) B cells and is thus considered to be the naïve repertoire whereas 3. (affinity 
maturation in germinal centres) is performed by mature antigen-experienced B cells. 1. And 3. occur for 
both the heavy and light chain. 

The sequence of the variable region can functionally be differentiated into 3 hypervariable 

intervals termed complementarity-determining regions (CDRs) that are located between 4 more 

stable regions called framework regions (FRs) (89, 90). In addition to being more variable, the 

CDRs stick out as loops of the V-region backbone, which consists of 2 β-sheets, and are 

predominantly responsible for epitope recognition. In multiple analysed X-ray spectra of 

antibody-antigen interaction, the loops of the CDRs insert into pockets that form the epitope on 

the antigen (102). Of the heavy chain CDRs, CDR3 is the most important for the diversity that 

allows binding to multiple antigens (103). It is also the loop to which all 3 gene segments V-, D- 

and J contribute. 

Downstream of the variable gene locus of the heavy chain, 9 functional CH-genes are located that 

are able to splice in 2 different ways that either result in a nonpolar membrane anchor terminus 

for the B cell Ig receptor (BCR) or a more polar terminus for secreted antibody (104). The 

different isotypes of antibodies contain different CH-gene segments: Cµ (IgM), Cδ (IgD), Cγ (IgG), 

Cε (IgE) and Cα (IgA). During B cell development, B cells are able to change their Ig isotype by 

associating different heavy chain constant regions while the same variable region. This process 

in which parts of the IgH locus are excised and only a certain gene portion can be transcribed is 

called class-switch recombination (CSR) or just class-switch (for more details see section 1.5.3).  

With the Fc part of its constant region, antibodies bind to cell membrane Fc receptors and 

execute a plethora of activating and inhibitory functions that differ for different Ig isotypes and 

Fc receptors. 
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1.5.2 Early B cell development  

B cells are generated throughout life from pluripotent hematopoietic stem cells in the bone 

marrow. Through multipotent myeloid/lymphoid progenitors (MPPs) and common lymphoid 

progenitors (CLPs), pro-B and pre-B cells are formed (105). The first steps of creating the 

functioning BCR take place as early as during the formation of pro- and after that pre-B cells. 

First, the D and J-gene segments and following this the V and DJ-segments of the heavy chain are 

joined. The heavy chain variable region is rearranged and the µ heavy chain is expressed on the 

surface of the pre-B cell. This Igµ heavy chain pairs with a surrogate light chain to ensure 

successful BCR formation. This complex is called pre-BCR. Once, an Igµ is expressed on the 

surface, it signals to suppress the other allele to prevent the expression of two different BCRs on 

one B cell (106). This is followed by joining of  or  light chain VJ-genes, which replace the 

surrogate light chain to form a mature BCR. Immature B cells are now checked for 

autoreactivity. Strongly autoreactive B cells undergo apoptosis and only slightly or non-

autoreactive B cells can leave the bone marrow as immature naïve B cells (107). 

 

1.5.3 B cell activation and class-switch 

After they left the bone marrow, immature B cells face another autoreactivity-based selection  in 

the spleen before final differentiation into mature B cells (107). Next, mature naïve B cells 

recirculate through the blood stream and lymphatic system on the hunt for an antigen that is 

complimentary to their BCR. After ligation of a specific antigen and BCR, BCR-associated 

signalling molecules provide the first signal that ultimately results in B cell activation and 

proliferation (108). The antigen is internalised, processed to generate peptides in the endosome 

and peptides bound to major histocompatibility complex class II (MHCII) molecules are 

presented on the B cell surface. CD4+ helper T cells with a T cell receptor (TCR) that is specific 

for the presented peptide/MHC class II complex interact with this complex these B cells through 

their TCR as well as through additional costimulatory molecules. This interaction facilitates 

complete activation and clonal expansion of B cells (109). This T cell-dependent B cell activation 

occurs in secondary lymphoid organs such as lymph nodes (LNs) and spleen. IgM is the initial 

antibody isotype that is secreted by these activated B cells and their progeny. Some cytokines 

can also induce an activated B cell to change the isotype of its BCR and secreted antibody (Table 

2). This process is called immunoglobulin class switch. Of note, it affects the antibody isotype 

while preserving its specificity.   
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Table 2: Different cytokines induce switching to different antibody 
The individual cytokines induce or inhibit the production of certain antibody classes. These data are 
drawn from experiments with mouse cells. 

 Role of cytokine in regulating expression of mouse antibody classes 

Cytokines IgM IgG3 IgG1 IgG2b IgG2a IgE IgA 

IL-4 inhibits inhibits induces  inhibits induces  

IL-5       Augments 

production 

IFNγ inhibits induces inhibits  induces inhibits  

TGFβ inhibits inhibits  induces  inhibits induces 

Table modified from: Janeway's immunobiology (110) 

In contrast to V(D)J-rearrangement, class-switch recombination alters the constant C-terminus 

of the antibody and occurs only in the IgH-gene of the antibody. Located upstream of the exons 

encoding for each CH-gene segment are another exon, the I exon, and the first intron, called the 

switch (S) region, which contains large stretches of repetitive DNA sequences. The I region, 

which contains both I exon and S region, has to be activated in order for class-switch to begin 

(111). The enzyme responsible for initiation of CSR is activation-induced cytidine deaminase 

(AID). It deaminates deoxycytosine (dC) into deoxyuridine (dU) in the S regions. If the DNA 

repair machinery introduces a double strand break as a response to this deamination, an S 

region (i.e. Sµ) can be re-joined with a downstream S region resulting in a translocation of the V-

region from being in front of Cµ to immediately 5’ of another CH. The CH-gene segments in 

between are excised in the form of circular DNA-fragments and consequently are no longer 

available for transcription. After class-switch to a certain isotype, only isotypes whose genes are 

located downstream of the present one can be switched to and transcribed (111, 112), unless 

class switching is accomplished by trans-recombination between the same alleles on sister 

chromosomes. 

In allergic disorders, IgE and IgG1 in the mouse and IgE and IgG4 in humans are of particular 

interest. While IgE is thought to have evolved as a defence mechanism against ectoparasites and 

invading macroscopic parasites i.e. insects and helminths, respectively (113), it also mediates 

allergic symptoms. Murine IgG1 and human IgG4, on the other hand, are believed to be able to 

suppress symptoms.  

Class-switch to these isotypes is induced by IL-4 (114, 115). In addition to IL-4, also IL-13 can 

induce class-switch to IgE in humans and, to some extent, in mice (116). Both cytokines can 

signal through the type 2 IL-4R, which is composed of the IL-4Rα and IL-13Rα1 subunits (117, 

118), while only IL-4 can signal through the type 1 IL-4R, which is composed of IL-4Rα and the 

cytokine receptor common  chain. Overlapping activities of both cytokines could be shown: IL-

13 or IL-4 single-knockout mice exhibit a partially impaired Th2 response; double-mutant mice 

lacking both cytokines show a strongly reduced Th2 response (83). IFNγ on the other hand 

inhibits both IgE and IgG1 production (119, 120). TGF-β has been shown to selectively inhibit 

IgE-transcription whereas IgG1-production can be unaffected. TGF-β‘s effect is mediated by the 

induction of the transcription factor Id2 which in turn inhibits the EA2 proteins that must bind 
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to IgE-promotors to activate its transcription (121). The transcription factor Bcl6, which is 

expressed in germinal centre B cells inhibits class-switch to IgE (122) 

Two major pathways of class-switch to IgE have been described: Either directly from IgM to IgE 

or through an IgG1 intermediate (111). In the early 1990s, it was observed that γ1-sequences 

could be detected at the µ-ε-junction, the first evidence for a sequential class-switch(123, 124). 

When stimulated with anti-CD40 mAb and IL-4, mature B cells will first express IgG1 and with a 

delay of several hours also IgE. In this culture system, also double-positive (IgE+ & IgG1+) B cell 

are detectable (125).  

 

1.5.4 Germinal centre reaction and somatic hypermutation 

While the primary or germline repertoire is formed already in the bone marrow during early B 

cell development, another level diversity of the BCR repertoire is introduced in germinal centres 

(GC, see Figure 3).  

 
Figure 3: Key steps in the development of antigen-specific B cells.  
Text boxes with black text indicate steps of normal B-cell differentiation and diversification of the 
antibody repertoire. Mature B cells migrate from the bone marrow to the periphery. When these cells are 
activated by cognate antigen in the presence of T-cell help, they may enter a germinal centre (GC). GC B 
cells proliferate resulting in clonal expansion. Subsequently, somatic hypermutation occurs catalysed by 
AID. B cells with mutations resulting in higher affinity for cognate antigen survive. Mutations leading to 
lower affinity will results in apoptosis of the respective B cell. Surviving, proliferated B cells can undergo 
(further) class-switch recombination and ultimately differentiate into memory B cells, antibody-secreting 
plasmablasts or plasma cells. Reencounter with the same cognate antigen induces memory B cells to 
either proliferate or differentiate into antibody-secreting cells. Figure modified from: Georgiou et al., 
2014. 

Germinal centres (GC) usually arise during the first 3 weeks after antigen exposure of a T 

dependent (TD) B cell response (127–129). They are specialised microenvironments in 

secondary lymphoid tissues where B cells are in contact with antigen, follicular dendritic and 

stoma cells. T follicular helper cells (TFH) stimulate B cells through contact via the TCR, co-
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stimulatory molecules and soluble mediators. The output of GCs are long-lived plasma cells or 

memory B cells with high affinity BCR/antibodies (130).  

The affinity of the BCR can be increased when GC B cells undergo somatic hypermutation 

(SHM). Hereby, point mutations are introduced in the IgH and IgL V-region exons by AID, the 

same enzyme that is required for CSR. These mutations result in altered binding abilities of the 

BCR to the antigen. B cells whose BCR affinity is reduced by the mutations will undergo 

apoptosis, whereas a higher affinity BCR provides the B cell with survival and proliferation 

signals. This selection process is called affinity maturation (131, 132). 

 

1.6 Next Generation Sequencing /High Throughput Sequencing of the BCR/Ig-

repertoire 

Over the last decades, simultaneously sequencing of large amounts of DNA utilising next 

generation sequencing (NGS)/high throughput sequencing (HTS) has become affordable and 

reliable. Illumina, the most common sequencing platform, was used for my study. For 

sequencing on this platform, DNA or reversely transcribed RNA, complementary DNA (cDNA) of 

interest is tagged with adapters carrying a short unique sequence, the barcode that allows the 

pooling of many samples (multiplexing) yet recognising each sample. The other sequence is one 

that is complementary to oligonucleotides that are bound to the flow cell of the sequencer. The 

pooled DNA libraries are immobilised on the flow cell and amplified by bridging polymerase 

chain reaction (PCR) creating microscopically confined spots (“clusters”) of similar template-

sequences. Illumina utilises sequencing by synthesis cyclic reversible termination (CRT) approach 

(133): Nucleotides which are base-specifically fluorescently labelled are added and 

incorporated one by one. Each nucleotide contains a modified 3’-OH group which terminates the 

nascent DNA-chain once incorporated. After each addition of a new nucleotide (cycle), 

fluorescence is detected and information about the added nucleotide is saved. The 3’-blockage 

and fluorescent marker are removed, and the next nucleotide can be added. The previously 

added barcode is “read” by the same mechanism allowing identification of the sample to which 

the amplified sequence belongs. The sequenced result for one template (detected as one cluster) 

is called a read. The reads are then mapped to the genome of interest and further analyses can 

be performed (134).  

 

1.6.1 BCR/Ig-repertoire analysis 

The complex somatic gene rearrangements of immunoglobulins (Ig) yielding a highly diverse V-

region (see 1.5.1 & Figure 2) are ideal targets for investigation using HTS. Early pioneering work 

using Sanger-sequencing (135) to approach investigation of the human and mouse Ig-repertoire 

was done by analysing up to hundreds of sequences one after the other (136, 137). However, the 

sheer number of potential different Igs (1016) (94) makes these experiments underpowered to 
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estimate the entire extent of the repertoire. A limiting factor of sequencing is the length of reads 

that oftentimes requires fragmentation of the DNA-sample. The juxtaposition of the V(D)J-gene 

segments due to the gene rearrangement, however, allows amplification of relatively short 

(<500 base pairs (bp)) sequences of genomic DNA (gDNA) or cDNA in B cells without loss of 

information. In contrast, in non-B cells the un-rearranged Ig-locus spans some kilobase pairs 

(kbp). Thus, it is not efficiently amplified at the gDNA-level and gets lost during PCR. Amplified 

Ig-cDNA will only be derived from B and plasma cells, because they are the only cells expressing 

this gene-locus. The properties of the Ig-gene locus itself therefore facilitates an effective bulk 

sequencing that was first performed in 2009 (138). Sorting techniques such as fluorescent 

activated cell sorting (FACS) are only required for particular scientific questions e.g. analysis of 

B cell subpopulations (139, 140) or when the desire to enrich for target RNA or DNA is at hand. 

An enrichment is especially useful to increase NGS sensitivity when the analysed tissue only 

contains low numbers of B and plasma cells or the frequencies vary a lot per sample as in the 

lymphoma patient’s tissue analysed by Pankikaran et al. where the frequency of lymphoma B 

cells varied from 0.1-10% (141).  

In addition to sorting certain populations, single cell sorts are performed for Ig-repertoire 

analyses for a very important reason: While during any form of bulk Ig-sequencing, information 

about the complete immunoglobulin is lost, single cell sorting enables pairing of the heavy and 

light chain. This pairing improves an in-depth analysis of clonal relationships and is a 

requirement for cloning the Ig-cDNA followed by expression of the corresponding antibody. 

This recombinant, monoclonal antibody can then be subject to functional investigations such as 

epitope specificity and affinity (142, 143). 

 

1.6.2 Sample selection: gDNA or cDNA 

When NGS-analyses of the Ig-repertoire are performed, the sample material has to be chosen. 

This depends on the research question at hand and can be either answered by sequencing gDNA 

or cDNA, which is reverse-transcribed RNA. Additionally, there are some technical reasons that 

might require one or the other. Because of its relative low stability, RNA-samples have to be 

quality controlled for degradation prior to analysis. gDNA exists as one copy per cell. Thus, the 

number of sequence reads is proportional to the number of cells of a certain clone. Since, 

different B cell stages express varying amounts of Ig-transcripts, large B cell population that 

expresses low amounts of Ig-transcripts can be “contaminated” by a few high expressing plasma 

cells. Yet, the relative expression levels of certain sequences in the repertoire can be estimated. 

The low copy number of gDNA though requires more PCR-cycles that can lead to amplification 

biases that are not as strong for higher abundant RNA/cDNA. The reverse transcription of RNA 

that has to be performed in order to obtain DNA that can be sequenced can introduce additional 

errors. Furthermore, at the gDNA level both productive and non-productive transcripts are 

sequenced whereas non-productive RNA transcripts are mostly degraded (nonsense-mediated 
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RNA decay). Thus, non-productive transcripts present only to a minor extent in the repertoire 

generated from cDNA (144, 145). 

 

1.6.3 Specific amplification of the variable region 

There are different methods used to amplify the variable region of the Ig-gene. With the 

constant region bordering the variable region, the 3’-end of the VDJ-genes can easily be 

accessed using a primer that binds to this known sequence. Primers specific for the different 

constant IgH-chains even allow a selection of only certain isotypes to be amplified. At the 5’-part 

of the VDJ-genes, however, there are up to 80 V-genes that must be covered by primers in order 

for the VDJ-region to be amplified. One possible way to accomplish this is a 5’-rapid 

amplification of cDNA ends (5’-RACE). The 5’-RACE only makes use of a 3’-end primer (in the C-

region) to reversely transcribe the mRNA into one strand of cDNA. In a next step, an 

oligonucleotide-adaptor is ligated to the 5’-end. Amplification of the cDNA can now occur with 

the C-region specific primer and one that is complementary to the previously ligated adaptor 

(146, 147). 5’-RACE is less prone to primer bias and multiplexed PCR artefacts that result from 

primers within the VDJ-region and is better at amplifying highly mutated Ig-sequences where a 

primer would not be able to bind (144). However, the presence of RNA as the starting material 

as well as the ligation step are critical.  

Alternatively, multiplexed primer mixtures directed against V, D, J, or constant regions allowing 

amplification of either cDNA or gDNA can be used and have been the dominant method used in 

literature to date (Boyd and Joshi, 2014). Potential obstacles with this method are PCR 

amplification bias due to different annealing efficacies of primers and the potential loss of highly 

mutated variable genes as a result of SHM preventing primers from annealing (144). 

Primer mixes are usually specific for the V, D or J-gene families for cDNA- or gDNA-amplification 

and mainly target the framework regions, which are less mutated than CDRs (148–150). Primers 

targeting the leader sequence upstream of the V-gene segment have been used especially in 

studies investigating highly mutated Igs (151, 152). 

 

1.6.4 Data-analysis of sequenced Ig-repertoire 

The raw data obtained from an Illumina sequencing run (binary base call (BCL) format) is 

converted into a fastq file, which contains the sequences of the clusters with a quality score per 

base and a unique identifier. Sequences are allocated to individual samples using the individual 

barcodes. Demultiplexing is the first step that the tool ClonoCalc, which was used in this study, 

provides (153). Some tools offer an immediate error correction as part of the pre-processing 

that uses the quality scores. The final scientific question determines the thoroughness with 

which low quality sequences/errors are corrected for. When only statistics about the CDR3-

length distribution or V(D)J-segment usage are analysed, then sequencing errors are less of a 
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problem and highly homologous sequences are grouped together (154, 155). However, further 

analyses of the Ig-repertoire mostly require higher sequence accuracy. In the tool MiXCR, based 

on the quality score of the bases during the V(D)J-germline alignment process, low quality 

sequences are either excluded from the analysis or if possible assigned to high quality reads 

(156).  

The alignment of the Ig-locus faces more challenges than the one of other not as variable genes. 

Due to V(D)J-recombination including diversity-increasing “errors” and SHM V, D and J-gene 

segments can only be mapped partially. Yet, a correct V(D)J-alignment is pre-requisite for 

correct identification of SHM for each read, clonal group clustering, and to have a fair diversity 

approximation (157). Most algorithms choose the closest match among a number of potential 

germline gene segments from a database (counts of gene segments in the Ig-locus see Table 1) 

(158). In addition, the sequenced fragment of the constant region will be aligned and allows 

control for proper amplification of only the Ig-locus as well as identification of the isotype if 

multiple isotypes are present in the sample. 

The field of Ig-repertoire analysis is rather young, and most labs utilise their own custom 

pipelines for bioinformatic analysis. Therefore, comparisons and meta-analysis are often 

difficult (126). Alongside with different analysis pipelines come slightly varying definitions of 

steps in the analysis potentially resulting in different interpretations. 

Differences in definitions regarding clonal relationships and designation of clonotypes are 

particularly drastic: Some tools define clonotype as a unique antibody (based on the amino acid 

sequence). MiXCR and tools basing on this algorithm, that were used for this study are even 

more stringent and define a clonotype based on the unique nucleotide sequence of CDR1- and 

CDR3- or CDR3-sequence only (153, 156). Others define a clonotype or clone as a certain 

germline sequence and will group all sequences with similar V(D)J-germline rearrangement 

under one clonotype, which can differ in sequences produced by SHM (159). Another approach 

to clonotype grouping that is mathematically rather than biologically defined is single linkage 

clustering (a statistical method for hierarchical clustering). This defines the distance between 

clones (e.g. groups) as the minimum distance between all pairs of points from the given group 

(160). 

The analyses of the repertoire comprising the aligned and clonotyped reads can be manifold:  

More simple statistical repertoire analyses (i.e. mean clonotype count, read count, V-gene usage 

count/percentages, CDR3-length distributions) can be clinically relevant, as illustrated by some 

studies that demonstrated V-genes usage biases in patients with autoantibodies (161, 162). It 

has also been reported that longer CDR3-segments are poly- or autoreactive (143, 163). The 

CDR3-region can be analysed more qualitatively with regards to chemical properties of the 

contained amino acids such as hydrophobicity, charge etc. (143, 164). Ultimately, one of the 

main reasons to analyse the Ig-repertoire using HTS is a better insight into the diversity of the B 

cell repertoire than any low throughput approaches could provide. Even by itself, clonotype 
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count allows estimation of repertoire variety. The relative diversity of the repertoire, clonotypes 

per total reads, reveals selection pressure during the immune response on certain clones. 

Diversity is commonly calculated using the generalized diversity index that was developed by 

Hill in 1973 and is more general that the mathematical formulation often used to estimate 

biological diversity in the field of ecology (165). Other indices derived from Hill’s index have 

been developed for repertoire diversity quantification. The main point here is to estimate the 

total diversity based on a sample that might not totally represent the whole population (166, 

167).  

Aligned sequences can be compared to the germline configuration and SHM can be detected, 

quantified and characterised with regards to their impact on the amino acid sequence (silent 

versus non-silent mutations). 
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2 MATERIAL 

2.1 Mice 

Balb/c mice were purchased from Charles River Laboratory (Sulzfeld, Germany) and kept under 

specific pathogen-free (SPF) conditions in individual ventilated cages (IVC) in the animal facility 

of the University of Lübeck/Gemeinsame Tierhaltung. Parts of the experiments were performed 

at the animal facility at the Cincinnati Children’s Hospital Medical Center (CCHMC). There, 

Balb/c mice were purchased from Charles River Laboratories (Wilmington, Massachusetts, USA) 

or bred in house. Animals were fed acidified drinking water and standard chow ad libitum and 

held on a 12-h light cycle. Mice used for the experiments were between seven and eight weeks 

old at the start of the experiment and only female mice were used. All experiments were 

approved by the Ministerium für Energiewende, Landwirtschaft, Umwelt und ländliche Räume 

of the state Schleswig-Holstein with the permission number V 242-18318/2016 (29-3/16) or 

(for experiments performed at CCHMC) by the CCHMC IACUC. Only certified personnel 

performed experiments under sterile conditions in a laminar flow cabinet. 

 

2.2 Antibodies 

Table 3: List of antibodies used in this study 

Antibody Conjugation Clone Company Reference 

number 

Used for 

Anti-IgG1  Biotin Polyclonal goat Southern 

Biotech  

1070-08 ELISA 

Anti-IgG2a  Biotin Polyclonal goat Southern 

Biotech  

1080-08 

 

Anti-IgG2b  Biotin Polyclonal goat Southern 

Biotech  

1090-08 

 

Anti-IgA  Biotin C10-1 BD  556978 

Anti-IgE unlabelled  BD 553419 

IgE-anti-OVA unlabelled 2C6 Serotec MCA2259 

IgG1-anti-OVA unlabelled OVA-14 Sigma A6075 

IgG1-anti-TNP unlabelled H5 in house - 
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2.3 Kits 

Table 4: List of commercially available kits used in this study 

Kit Company Reference number Application 

BCA Protein Assay Kit Pierce 23227  

MCPT-1 (mMCP-1) Mouse 

Uncoated ELISA Kit 

Invitrogen 88-7503-88  

LEGENDplex™ Mouse 

Th1/Th2 Panel 

BioLegend 740751 Cytokine measurements 

RNeasy mini Kit  Qiagen 74104 or 74106 RNA extraction 

RNA 6000 Pico kit Agilent 5067-1513 RNA quality control 

Qiagen-One-Step-RT-PCR Kit Qiagen 210212 cDNA synthesis for NGS 

using barcoded primers 

iR-Custom-X-Ps; small bulk 

primers; Mouse BCR heavy 

chain (MBHI-M) 

IgG1 and IgE specific 

iRepertoire - NGS Library Preparation 

Qiagen Multiplex PCR-Kit Qiagen 206143 Amplification of NGS 

library 

MinElute Gel Extraction Kit Qiagen 28604 DNA extraction from 

agarose gel 

PerfeCTa NGS Quantification 

Kit 

Illumina 95455-500 Quantification of NGS 

library 

MiSeq Reagents Kit v2 

500Cycles 

Illumina MS-102-2003 NGS 

PhiX Control v3 Illumina FC-110-3001 NGS library control 

QuantiNova™ Reverse 

Transcription Kit 

Qiagen 205411 cDNA synthesis 

QuantiNova™ SYBR® Green 

PCR Kit 

Qiagen 208052, 208054, 

208056 

Quantitative PCR 
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2.4 Buffers and solutions 

Table 5: List of buffers and solutions used in this study 

Buffers/ Solution Ingredients Concentratio

n 

Company Reference 

number 

Dulbecco’s Phosphate 

Buffered Saline (DPBS) 

  Life Technologies  

 

14190-094 

Anaesthetics (1X) Ketanest S 

Rompun 

   in DPBS 

5 mg/ml 

1.5 mg/ml 

Pfizer  

Bayer Healthcare 

847028001G 

1320422 

Isotonic NaCl solution Sodium Cloride    

Tris-Saline (10x) Trizma Base 

NaCl 

   pH 7.2 

15.13 g/L 

43.8  g/L 

 

Sigma Aldrich 

Sigma Aldrich  

93362 
529552 

 

Washing buffer (WB) 1x Tris/Saline 

Tween 20 

 

0.05 % 

 

Sigma Aldrich 

 

P7949 

Dilution buffer (DB) Washing buffer 

SuperBlock™ 

 

10 % 

 

Thermo Scientific 

 

37545 

SuperSignal™ ELISA 

Femto Substrate 

1x Tris/Saline 

Solution A 

Solution B 

 

5 % 

5 % 

 

Thermo Scientific 

Thermo Scientific 

 

37075 

37075 

Bicarbonate buffer 

(1 M) 

NaHCO3 Na2CO3  

pH 9.6 

0.2 M 

0.2 M 

Sigma Aldrich 

Merck Millipore 

S5761 

106392 

RNAlater RNA 

Stabilization Reagent 

  Qiagen 76106 

 

2.5 Primers 

For NGS, the custom designed primers specific for murine IgG1 and IgE were synthesised by 

iRepertoire. Sequences that bind to the IgG1 and IgE-gene of the company bought primers listed 

below are a secret of the company. All primers contain Illumina barcodes: 

5’-AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT-NNN-Barcode 

This sequence above is then followed by the gene-specific sequence. The amplicon that is 

generated is approximately 250 bp long. Used barcodes are listed together with additional 

information in Table 6. 
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Table 6: Mouse BCR heavy chain MBHI-M small bulk primers (5 reactions per kit): list of barcodes 

Barcode number sequence sample run 1 sample run 2 

cMBHI-01 GTGTCA mLN_769 mLN_777 

cMBHI-02 TCTGAC BM_2 - 

cMBHI-03 TGACTA mLN_758 mLN_768 

cMBHI-04 CGCTCT BM_758 BM_4 

cMBHI-05 AGATGA mLN_4 BM_753 

cMBHI-06 ACTCAT BM_768 BM_758 

cMBHI-08 AGACAC BM_777 BM_769 

cMBHI-09 ATGATA mLN_2 mLN_1 

 

2.6 Reagents 

Table 7: List of other reagents used in this study 

Name Company Reference number 

Ovalbumin from chicken (OVA) Sigma Aldrich A5503 

SuperBlock™ (TBS) Blocking Buffer Dry Blend Thermo Scientific 37545 

HRP-Streptavidin Thermo Scientific 21126 

SuperSignal™ ELISA Femto Substrate Thermo Scientific 37075 

Biotin N-hydroxysuccinimide ester(+)  H1759 

DMSO Sigma Aldrich 276855 

Ketanest S Pfizer  847028001G 

Rompun Bayer Healthcare 1320422 

Sterillium® Virugard Sterillium 9800122 

Food colouring dye (Lebensmittelfarbe flüssig 

blau) 

Städter 392311 

Picrylsulfonic acid for TNP-BSA preparation Sigma Aldrich 3182T 

Bovine serum albumin (BSA) Sigma Aldrich A9418 
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2.7 Consumables 

Table 8: List of consumables used in this study 

Name Company Reference number 

Cannulas for syringes (18G or 26G)  BD Medical Technology  303129 and  

303800 

ELISA plate sealer  R&D Systems  DY992 

Syringe for injections (1 ml)  Braun  9166017V 

Syringes (1 ml Luer-Lok) BD Medical Technology  309628 

gentleMACS M Tubes  Miltenyi 130-093-236, 130-096-335 

Spectra/Por™ 1 6-8 kD MWCO 

Standard RC Dry Dialysis Tube 

Spectrum labs 132665 

Corning® 96-well Clear Flat Bottom 

Polystyrene High Bind Microplate 

Corning 9018 

Cell strainer (70 μm) Greiner bio one 542070 

Corning® 96-well White Flat 

Bottom Polystyrene High Bind 

Microplate 

Corning 3922 

Tegaderm™ 3M Film 6x7 cm  3 M 1624W 

Polypropylene V-bottom plate BioLegend 740379 

MiniCollect® Z Serum Separator 

tubes 

Greiner Bio-one 450472 

 

  



MATERIAL 

25 
 

2.8 Laboratory equipment 

Laboratory materials of daily use such as pipettes, pipette tips, reaction tubes and cell 

culture material (plates, serological pipettes) were purchased from Sarstedt, Eppendorf or 

Th. Geyer.  

Table 9: List of laboratory equipment used in this study 

Name Company Reference number 

Centrifuge 5810 R  Eppendorf - 

Centrifuge Microfuge 22R Beckman Coulter - 

Compact M gel chamber Biometra Biosciences - 

Image Quant 350 (UV 

transilluminator)  

GE Healthcare - 

gentleMACS Dissociator  Miltenyi 130-093-235 

Julabo SW-20C shaking water bath 

 

Julabo - 

Laminar Flow Cabinet (LabGard 

Class II Biological Safety Cabinet NU-

437) 

NuAire/IBS Integra 

Biosciences 

- 

LSR II Flow cytometer BD - 

Omega FLUOstar ELISA reader BMG Labtech - 

pH meter  Mettler Toledo - 

ThermoMixer 5436 Eppendorf - 

Vortex Genie 2 Scientific Instruments  - 

Labocult Incubator for ELISA plates  Servoprax - 

Microprobe Thermometer Physitemp BAT-12 

Rectal Probe for Mice (Isolated) Physitemp RET-3-ISO 

Reusable Feeding Needles (20G, 

cylindrical tip) 

Fine Science Tools 
GmbH 

18060-20 

Bioanalyzer 2100 Agilent G2939BA 

MiSeq-System Illumina  
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2.9 Software 

Table 10: List of software used in this study 

Name Version Developer Application 

FLUOstar Omega 2.10 BMG Labtech ELISA 

MARS Data Analysis 

Software  

2.30R2 BMG Labtech ELISA data 

evaluation 

GraphPad PRISM  5.03 Graphpad Software, 

Inc 

Graphics and 

statistics 

IQuant Capture 350 1.02 GE Healthcare DNA detection with 

UV light 

Microsoft Office 

 

365 (2016) 

 

Microsoft Corporation 

 

Data and protocol 

management 

LEGENDplex™ Data 

Analysis Software 

8.0 BioLegend Data analysis of 

LEGENDplex assay 

R 3.3.1 The R Foundation for 

Statistical Computing 

NGS data processing 

and analysis 

R Studio 1.1.383 RStudio, Inc. Work with R 

FastQC 1.0.0 BaseSpace Labs Quality control of 

NGS data 

ClonoCalc  Fähnrich et al., 2017  

MiXCR  Bolotin et al., 2015  

R-packages used 

dplyr 

 

0.8.1 
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3 METHODS 

3.1 Egg preparation 

3.1.1 Egg white (EW) 

12-18 Eggs from a local grocery store were sterilised by wiping and spraying with Bacillol 

Virugard (the disinfectant was allowed to dry on the eggs) and subsequently irradiated for 

10 mintues (min) with UV light. Egg white and egg yolk were separated into autoclaved beakers. 

(See paragraph 3.1.2 for additional information on egg yolk plasma preparation). 

The egg white (EW) was transferred into dialysis tubing (Molecular weight cut off (MWCO) 6-8 

kilo Dalton (kDa)) which had been pre-soaked in bi-distilled water (A. bidest.) and was dialysed 

against 4 L A. bidest. for 72 h at 4 °C. A. bidest. was exchanged every 12 h. The dialysed EW was 

then centrifuged for 10 min at 5.000x g, 4 °C. The supernatant was collected and then either 

concentrated with an Amicon stirred cell (filter membrane MWCO 10.000 Da) or lyophilised. 

The concentration of EW was measured with PierceTM BCA Protein Assay Kit (see paragraph 

3.1.3). Concentrated or lyophilised EW was stored at -20 °C. 

 

3.1.2 Egg yolk plasma (EYP) 

Egg yolk was diluted 1:2 in sterile isotonic (0.9 %) saline solution. The egg yolk solution was 

centrifuged for 10 min at 13.000X g, 4 °C, yielding a solid and a liquid fraction. The liquid 

fraction – the egg yolk plasma (EYP) – was collected and stored at -20 °C. 

 

3.1.3 BCA (Bicinchoninic acid) assay 

The protein concentration of EW was determined with the Pierce BCA Protein Assay Kit. The 

BSA standard was diluted in DPBS according to the manufacturer’s guide. The egg white sample 

was diluted 10-, 100- and 1000-fold in DPBS. Working reagent solution was made by mixing 50 

parts of reagent A and 1 part of reagent B. 20 µL of each sample or standard dilution was mixed 

with 200 µL of working solution in clear 96-well microplate flat bottom high binding (Corning 

9018) plates. Plates were sealed and subsequently incubated in an incubator for ELISA plates 

for 30 min at 37 °C. The optical density (OD) was measured with an ELISA reader at 562 nm. A 

standard curve was calculated with Excel, which was then used to determine the EW 

concentration. 

 



METHODS 

28 
 

3.2 Experimental food allergy 

Balb/c mice were sensitised to EW and EYP either intra-tracheally (i.t.) or epicutaneously (skin 

patches) according to paragraph 3.2.1 and 3.2.2) and orally challenged subsequently. When i.t. 

sensitisation was performed, mice were orally challenged 3x per week, after skin-sensitisation 

2x per week (according to paragraph 3.2.2). 

 

3.2.1 Intra-tracheal sensitisation to EW plus EYP 

1.25 mg EW was mixed with 1 mL EYP to yield an EW plus EYP-solution with a concentration of 

1.25 mg/mL. The solution was filtered through a 70 μm cell strainer to retain large particles. 

Balb/c mice were anesthetised by intra peritoneal (i.p.) injection of 200 μL anaesthetics 

(5 mg/mL Ketanest S, 1.5 mg/mL Rompun in DPBS). Mice were fixed on a plastic board and then 

intra-tracheally (i.t.) inoculated with 40 μL of the EW plus EYP-solution (equal to 50 μg EW). 

After every anaesthesia (also in the following, where it will be not mentioned again), mice were 

watched for 60-90 min and put under a warming light, if they were not recovering promptly. 

The procedure was repeated three times per week for two weeks. 

 

3.2.2 Epicutaneous (skin) sensitisation to EW plus EYP 

Prior to the first skin-sensitisation, Balb/c mice were anesthetised by i.p. injection of 200 μL 

anaesthetics and dorsal hair from the shoulders to the beginning of the tail was removed by 

shaving. The mice were given 24 h to recover from the anaesthesia. For skin-sensitisation, 1 mg 

EW was mixed with 1 mL EYP to yield an EW plus EYP-solution with a concentration of 

1  mg/mL. A piece of sterile gauze (circa (ca.) 2x2 cm) was placed on the back of the mouse and 

slathered with 100 µL of  the EW plus EYP-solution (equal to 100 μg EW). The soaked gauze was 

sealed air-tightly with a 6x7 cm Tegaderm™ Film cut in half. Premature detachment of the 

Tegaderm™ was prevented by fixing it in place with a plaster and a piece of soft cloth tape. The 

procedure of applying the skin-patches was performed three times within 3 weeks. One day 

before the re-patching was performed, the skin-patches from the previous week were removed. 

The last patch was removed after 6 days one day before first challenge. 

 

3.2.3 Oral gavage challenge with EW plus EYP 

Lyophilised egg white was dissolved in saline to a concentration of 1 g/mL. One part of the EW-

solution was mixed with two parts of EYP. To assess occurrence of diarrhoea more easily, the 

solution was further mixed with 2-5 μL of a food colouring dye per 300 μL EW plus EYP-

solution. To remove non-dissolved EW-precipitates, the mixture was centrifuged for 5 min at 

300 x g, room temperature (RT) and kept at RT. Mice were fasted 4 h. Prior to the challenge, the 
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baseline rectal temperature of the mice was measured after the mice were given some time to 

become active. To measure rectal temperature, conscious mice were fixed and a temperature 

probe was inserted rectally until the temperature stayed constant. Subsequently, conscious 

mice received 300 μL of the EW plus EYP-solution (equal to 100 mg EW) by oral gavage (o.g.) 

with a re-usable feeding needle that was flushed and autoclaved after every use. Rectal 

temperature and diarrhoea development were assessed every 15 min for 1 h after each o.g. 

challenge. The procedure was repeated three times per week (for i.t. sensitisation) or two times 

per week (for skin-sensitisation). 

 

3.2.4 Gut permeability assay 

3.2.4.1 Preparation of biotinylated TNP-BSA 

6 mg of picryl sulfonic acid (TNP) was dissolved in 300 μl DMSO. The TNP/DMSO solution was 

added to 30 mg BSA dissolved in 15 mL DPBS solution and incubated at RT O/N protected from 

light. The solution was transferred into dialysis tubing (MWCO 6-8 kDa) which had been pre-

soaked in A. bidest. and was dialysed against 500 mL A. bidest. for >72 h at 4 °C (until the 

dialysate had lost its yellow colour. Biotin N-hydroxysuccinimide ester(+) (further referred to as 

biotin) was dissolved in DMSO. 1/10 volume of 1M Bicarbonate buffer (pH 9.6) was added to 

the TNP-BSA. At a molar ratio of 1:10 (protein:biotin), biotin was added dropwise to the protein 

solution; the mixture was vortexed after each addition of biotin and incubated for 1 h at RT with 

periodic shaking. The biotinylated TNP-BSA was transferred into dialysis tubing (MWCO 6-8 

kDa) that had been pre-soaked in A. bidest. and dialysed against 500 mL DPBS for 72 h with 

buffer changes every 12 h. The product was stored at -20°C protected from light. 

3.2.4.2 Oral gavage with biotinylated TNP-BSA 

In order to measure mouse gut integrity, an antigen irrelevant to our EW and EYP model is 

given to the mice. Here, 10 mg (300 µL) of biotinylated TNP-BSA was given by oral gavage to 

mice that had first been fasted for 4 h. To measure the amount of biotinylated TNP-BSA that has 

entered the blood stream through the gut mucosa, mice were bled from the facial vein or tail 

vein 15 min after challenge. Blood was collected in serum tubes and allowed to clot for ca. 30 

min at RT. The serum tubes were centrifuged for 10 min at 2000 x g at RT, after which serum 

biotin-TNP-BSA levels were determined by ELISA (see 3.3.4). 

 

3.2.5 Sample collection 

To obtain serum, mice were bled from the facial vein or tail vein and blood was collected in 

MiniCollect® Z Serum Separator tubes (Greiner One). Blood was allowed to clot for 30 min at 

RT (if no cytokines were measured in the particular sample) or at 4°C (if cytokines were 

measured. Subsequently, serum tubes were centrifuged for 10 min at 2000 x g at RT or 4°C 
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(indication mentioned above) and the serum was aliquoted to prevent multiple freezing and 

thawing cycles for cytokine measurements and stored at -80°C. Organs were harvested after 

mice were killed by cervical dislocation. 

 

3.3 Enzyme-linked immunosorbent assay (ELISA) 

3.3.1 EW/OVA-specific IgG1, IgA, IgG2a and IgG2b 

White Costar® 96-well plates were coated with 50 μL EW or OVA at a concentration of 

10 μg/mL in 1X Tris/saline overnight (O/N) at 4 °C. To block unspecific binding, plates were 

washed 5x with washing buffer (WB) and subsequently incubated with 100 μL dilution buffer 

(DB) for 60 min at RT. 

Standard- (pooled serum samples for EW-specific antibodies and mouse-anti-OVA-IgG1 for anti-

OVA-IgG1) and sample-dilutions in DB were prepared according to Table 11. The standard 

dilution was further 2-fold serially diluted in DB. As a negative control, serum from a naïve 

mouse was used and diluted similar to the samples. 

Table 11: Standard and sample dilutions of EW/OVA-specific IgG1, IgA, IgG2a and IgG2b ELISAs 

ELISA-

specificity 

Standard Standard 

dilution 

Sample dilutions 

   Serum of 

sensitised 

mice 

Serum of 

challenged mice 

EW-IgG1 Pooled EW/EYP sera 1:5000  

≙ 0.02 U 

1:100, 1:1000 

and 1:10000 

1:2000, 20000 

and 1:100000 

EW-IgA Pooled EW/EYP sera 1:200  

≙ 0.5 U 

1:50, 1:100 

and 1:500 

1:100, 1:500 and 

1:1000 

EW-IgG2a Pooled EW/EYP sera 1:1000 

≙ 0.01 U 

1:500, 1:1000 

and 1:50000 

1:1000, 1:10000 

and 1:100000 

EW-IgG2b Pooled EW/EYP sera 1:1000 

≙ 0.01 U 

1:500, 1:1000 

and 1:50000 

1:1000, 1:10000 

and 1:100000 

OVA-IgG1 Mouse-anti-OVA-IgG1 500 ng/mL 1:100, 1:1000 

and 1:10000 

1:2000, 20000 

and 1:100000 

 

30 μL of each standard and sample dilution was added to the plates, with DB serving as blank. 

Plates were incubated for 60 min at RT. Then, plates were washed 5x and 30 μL biotinylated 

anti-mouse-IgG1, -IgA, -IgG2a or -IgG2b antibody (Ab) dependent on the ELISA specificity 

diluted in DB to a concentration of 200 ng/mL was added to each well. After incubation for 

30 min at RT, plates were washed 5x and 30 μL streptavidin-horseradish peroxidase (HRP) 

diluted in DB to a concentration of 50 ng/mL were added to each well. Plates were incubated for 

20-25 min at RT and afterwards washed 6x. 200 μL of 1X Tris/saline were added to each well 
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and kept on the plate for 3 min. Meanwhile, Super Signal ELISA Substrate was prepared with 

18 mL 1X Tris/saline and 1 mL of each Super Signal Substrate component. When more was 

needed, the components were up-scaled accordingly. Tris/saline was removed from the plates 

and 150 μL Super Signal ELISA Substrate was added to each well. Relative luminescence units 

(RLU) were measured immediately with a Luminometer (ELISA reader). 

 

3.3.2 EW/OVA-specific IgE 

3.3.2.1 Biotinylation of EW/OVA 

For detection of EW- and OVA-specific IgE, the proteins were coupled to biotin. Biotin was 

dissolved in DMSO. EW or OVA was dissolved in DPBS and 1/10 of 1M bicarbonate buffer 

(pH 9.6) was added. At a molar ratio of 1:10 (protein:biotin), biotin was added dropwise to the 

protein solution, the mixture was mixed by vortexing after each addition of biotin. The average 

molecular weight of EW was determined according to Table 12. The mixture was incubated for 

1 h at RT while repeatedly being shaken. 

Table 12: Average MW of EW based on MW of its components 

component MW (in Da) percent of EW percent of EW protein 

OVA 43000 55% 67.6% 

Ovomucoid 28000 11% 13.5% 

Ovotransferrin 70000 12% 14.7% 

Lysozyme 14000 3.4% 4.2% 

Average MW EW 43742.01 

The biotinylated protein was transferred into dialysis tubing (MWCO 6-8 kDa) which had been 

pre-soaked in A. bidest. and dialysed against 500 mL DPBS for 72 h with buffer changes every 

12 h. 

 

3.3.2.2 Procedure of the assay 

White Costar® 96-well plates were coated with 50 μL anti-mouse IgE monoclonal Ab (mAb) at a 

concentration of 5 μg/mL in 1X Tris/saline for overnight (O/N) at 4 °C. Blocking and sample 

preparation (for dilution for IgE ELISAs refer to table 13) as well as incubation with the 

streptavidin-HRP and further detection and measurements were performed similarly to the 

ELISAs for EW/OVA-specific antibodies of isotypes described in 3.3.1.  
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Table 13: Standard and sample dilutions of EW/OVA-specific IgE ELISAs 

ELISA-

specificity 

Standard Standard 

dilution 

Sample dilutions 

   Serum of 

sensitised 

mice 

Serum of 

challenged mice 

EW-IgE Pooled EW/EYP sera 1:20  

≙ 5 U 

1:4, 1:10 and 

1:50 

1:10, 1:50 and 

1:100 

OVA-IgE Mouse-anti-OVA-IgE 500 ng/mL 1:4, 1:10 and 

1:50 

1:10, 1:50 and 

1:100 

Differing from the previously described protocol, after incubation of the serum in this case the 

washed plates were incubated with 30 µL of 200 ng/mL biotinylated OVA or EW. 

 

3.3.3 mMCP1 

Mucosal mast cell protease-1 (mMCP-1) in mouse serum was detected with MCPT-1 (mMCP-1) 

Mouse Uncoated ELISA Kit (Invitrogen, 88-7503-88). Briefly, white Costar® 96-well plates were 

coated with 50 μL capture Ab diluted 1:250 in 1X Tris/Saline O/N at 4 °C. Coated plates were 

washed 5x with WB and wells were blocked for 60 min at RT with 100 μL DB. MMCP-1-standard 

was serially diluted in 2-fold dilution steps in DB starting at 50 ng/mL. Samples from naïve mice 

were diluted 1:10 and 1:100 in DB. Samples from challenged mice were diluted 1:100, 1:1000 

and 1:10.000. 30 μL of each standard and sample dilution were added to the plates and 

incubated for 60 min at RT. Then, plates were washed 5x with WB. 30 μL detection Ab diluted 

1:250 in DB was added to each well. After incubation for 30 min at RT, plates were washed 5x 

and 30 μL streptavidin-HRP diluted in DB to a concentration of 50 ng/mL was added to each 

well. Plates were incubated for 20-25 min at RT and afterwards washed 6x. 200 μL of 1X 

Tris/saline was added to each well and kept on the plate for 3 min. Meanwhile, Super Signal 

ELISA Substrate was prepared with 18 mL 1X Tris/saline and 1 mL of each Super Signal 

Substrate component. When more was needed, the components were up-scaled accordingly. 

Tris/saline was removed from the plates and 150 μL Super Signal ELISA Substrate was added to 

each well. Relative Luminescence Units (RLU) was measured immediately with a Luminometer 

(ELISA reader). 

 

3.3.4 Biotinylated TNP-BSA 

Serum samples collected after oral biotinylated TNP-BSA challenge (see 3.2.4.2) were used in 

this ELISA. White Costar® 96-well plates were coated with 50 μL anti-TNP IgG1 diluted to a 

concentration of 5 µg/mL in 1X Tris/Saline O/N at 4 °C. Coated plates were washed 5x with WB 

and wells were blocked for 60 min at RT with 100 μL DB. Biotinylated TNP-BSA serving as a 

standard was serially diluted in 2-fold dilution steps in DB starting at 150 ng/mL. Samples were 
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diluted 1:10, 1:20 and 1:100 in DB. Then, plates were washed 5x with WB and 30 μL 

Streptavidin-HRP diluted in DB to a concentration of 50 ng/mL was added to each well. Plates 

were incubated for 20-25 min at RT and afterwards washed 6x. 200 μL of 1X Tris/saline was 

added to each well and kept on the plate for 3 min. Meanwhile, Super Signal ELISA Substrate 

was prepared with 18 mL 1X Tris/saline and 1 mL of each Super Signal Substrate components. 

When more was needed, the components were up-scaled accordingly. Tris/saline was removed 

from the plates and 150 μL Super Signal ELISA Substrate was added to each well. Relative 

Luminescence Units (RLU) was measured immediately with a Luminometer (ELISA reader). 

 

3.4 Bead-based immune assay for cytokine detection (LEGENDplex®) 

Detection of the cytokines IFNγ, IL-2, IL-4, IL-5, IL-6, IL-10, IL-13 and TNFα in serum was 

performed using the LEGENDplex™ Mouse Th1/Th2 Panel (Biolegend, 740751) according to the 

manufacturer’s guide in a polypropylene (PP) V-bottom plate. Briefly, after bringing all reagents 

to RT, the 8 different 13x beads containing capturing antibodies for the cytokines were 

sonicated for 1 min, mixed and diluted in assay buffer to yield a 1x mixture. Samples were 

diluted 2-fold, the standard was diluted by 3-fold serial dilution with the assay buffer serving as 

blank. In a PP V-bottom plate 6.25 µL assay buffer (for sample wells) or Matrix B (for standard 

wells) were added followed by 6.25 µL of sample or the standard. Mixed beads were vortexed 

and 6.25 µL was added to all wells. The plate was sealed, light-protected and incubated O/N at 

4 °C on a rotator shaking at 800 rounds per minute (RPM). Then, plates were centrifuged at 

250 x g for 5 min at RT and the supernatant was carefully removed with a pipette. 100 µL of the 

kit’s wash buffer was added, plates were centrifuged at 250 x g for 5 min at RT and the 

supernatant was carefully removed with a pipette. 6.25 µL of detection antibody was added to 

all wells. The plate was sealed, light-protected and incubated for 30 min at RT on a rotator 

shaking at 800 RPM. Without washing 6.25 µL streptavidin-PE was added to the plates. The 

plate was sealed, light-protected and incubated for 30 min at RT on a rotator shaking at 

800 RPM. Washing was performed similarly to the washing described after the O/N incubation. 

Finally, the beads were re-suspended in 250 µL of the kit’s washing buffer and analysed on a 

LSRII flow cytometer. 

 

3.5 Next generation sequencing (NGS) analysis of the IgE and IgG1 repertoire 

NGS IgE and IgG1 repertoire analysis was performed with bone marrow (BM) and mesenteric 

lymph nodes (mLN) from EW/EYP skin-sensitised and orally challenged mice that exhibited 

clear signs of food allergy. Tissue samples were collected, cut into small pieces (ca. 2x2 mm), 

transferred into tubes with RNAlater and incubated at 4°C O/N to be stored at -20°C in RNAlater 

solution (Qiagen). 
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3.5.1 RNA-isolation 

Tissue stored in RNAlater was diluted by addition of an equal volume of ice cold PBS 

immediately before centrifugation to reduce the density of the solution. The solution was then 

centrifuged for 5 min at 450 x g, 4°C, after which the supernatant was discarded. For RNA-

isolation of the tissue, that was stored in RNAlater, the RNeasy mini Kit (Qiagen #74104) was 

used according to the manufacturer’s guide with some modifications.  

The following tissue disruption was only performed for mLN-samples; for BM-samples 

consisting of cells stored in RNAlater, cells were disrupted by rigorous pipetting. 600 µL RLT 

buffer (lysis buffer) per 30 mg of tissue was added into a gentle Macs M Tube and the tissue was 

transferred into the tube as well. The tissue was disrupted using a gentleMACS Dissociator 

running the pre-installed program “RNA_01”. The cell lysate (similarly for all samples including 

BM) was collected at the bottom of the tube by centrifugation for 1 min at 2000 x g, 4°C. To get 

rid of any cell debris, the homogenised lysate was transferred to a reaction tube and centrifuged 

for 3 min at full speed. An equal volume of 70% ethanol was added to the cleared lysate and 

mixed. The mixture was added to an RNeasy spin column placed in a 2 ml collection tube and 

centrifuged for 15 seconds (s) at 10000 RPM. The flow-through was discarded. 700 μl of Buffer 

RW1 was added to the RNeasy spin column and centrifuged as described before. 500 μL of 

Buffer RPE was added to the column and centrifuged as described before. Another 500 μL of 

Buffer RPE was added to the column and centrifuged for 2 min at 10000 RPM. The membrane of 

the column was dried by centrifugation for 1 min at 10000 RPM collecting any flow-through in a 

new 2 mL collection tube. To elute the isolated RNA, the spin column was placed in a 1.5 mL 

collection tube, 40 µL RNAse-free water was added directly onto the membrane and centrifuged 

for 1 min at 10000 RPM. An aliquot of 5 µL was stored separately for quality control, which was 

performed using an Agilent Bioanalyzer 2100 and an RNA 6000 Pico kit (Agilent). Based on the 

integrity of ribosomal RNA RNA-integrity numbers (RIN) were determined (RIN=10 meaning 

intact RNA, RIN=0 completely degraded RNA). Only RNA-samples with RIN of 6 or higher were 

used for NGS-analyses. 

 

3.5.2 Reverse transcription (PCR 1) 

Reverse transcription of the RNA-samples was performed using the Qiagen-One-Step-RT-PCR 

Kit (Qiagen #210212) according to Table 14. The custom designed primers specific for murine 

IgG1 and IgE were synthesised by iRepertoire. 
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Table 14: Reaction components of reverse transcription for NGS-analysis 

Component Volume/reaction Final concentration 

RNA (500 ng) 4 µL - 

5x QIAGEN OneStep RT-PCR Buffer 5 µL 1x 

desoxy-nucleoside tri-phosphates (dNTPs) 

10 mM each 

1 µL 400 μM of each dNTP 

Mouse BCR heavy chain MBHI-M specific for 

IgG1 and IgE 

3 µL 0.5–1.0 μM 

QIAGEN OneStep RT-PCR Enzyme Mix 1 µL - 

RNAse-free water 11 µL  

Total volume 25 µL  

The reaction was run on a Thermal Cycler C1000 (Bio-Rad Laboratories) using conditions as 

described in Table 15. 

Table 15: Conditions for reverse transcription (PCR 1) 

Step Temperature Time Repeat/Cycles 

Reverse transcription 50°C 40 min  

Initial PCR activation step 95°C 15 min  

Amplification 94°C 30 s 15x 

60°C 2 min 

72°C 30 s 

94°C 30 s 10x 

72°C 2 min 

Final extension 72°C 10 min  

 

3.5.3 cDNA library amplification (PCR 2) 

The product of PCR 1 was the further amplified using generic primers provided in the 

iRepertoire Kit that bind Illumina-adaptors introduced by the primers used in PCR 1. For the 

subsequent amplification the Qiagen Multiplex PCR Kit (Qiagen #206143) was used according 

to Table 16 
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Table 16: Reaction components of PCR 2 for NGS-analysis 

Component Volume/reaction Final concentration 

Product of PCR 1 1 µL - 

2x QIAGEN Multiplex PCR Master Mix 12.5 µL 1x 

Communal primers for Illumina (iRepertoire) 2.5 µL 0.2 µM 

RNAse-free water 9 µL  

Total volume 25 µL  

The reaction was run on a Thermal Cycler C1000 (Bio-Rad Laboratories) using conditions as 

described in Table 17. 

Table 17: Conditions for PCR 2 

Step Temperature Time Repeat/Cycles 

Initial PCR activation step 95°C 15 min  

Amplification 94°C 30 s 40x 

55°C 30 s 

72°C 30 s 

Final extension 72°C 5 min  

The product of PCR 2 was mixed with loading dye and transferred to a 2% agarose gel and run 

for 45 min at 110 V. 

The bands corresponding to the appropriate bp length were cut out and collected for DNA-

extraction. 

 

3.5.4 Library purification and isolation (Gel extraction) 

DNA-recovery from the agarose gel was performed using a MinElute Gel Extraction Kit (Qiagen 

28604) according to the manufacturer’s guide. 

 

3.5.5 Library quantification 

The extracted DNA was quantified using the PerfeCTa NGS Quantification Kit (Illumina #95455-

500). First, samples were diluted 1:10000 with 1x dilution buffer (1:10 dilution of 10x dilution 

buffer provided in the kit), the standard was serially diluted. Reaction components were added 

according to   



METHODS 

37 
 

Table 18. 
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Table 18: Reaction components for PerfeCTa NGS Quantification 

Component Volume/reaction Final concentration 

Product of PCR 2 (1:10000 diluted) 4 µL - 

2x Perfecta Sybr Green SuperMix 10 µL 1x 

Illumina Primer Mix (10 µM each) 0.6 µL 0.24 µM each 

PCR-grade water 5.4 µL  

Total volume 2 µL  

 

3.5.6 Sequencing run 

For preparation of the library for paired-end sequencing with the Illumina MiSeq system 5 µL 

aliquots of each sample at a concentration of 2 nM (diluted with Tris/HCl based on 

concentration determination as described above) were pooled and PhiX Control v3 was added 

to the library as an internal sequencing control. Approximately 1-1.5 million sequencing reads 

per sample of the BCR library were obtained  

 

3.5.7 Data processing and analysis 

First, the quality of the NGS data was determined using FastQC. The data was de-multiplexed 

into the individual samples with ClonoCalc (153). The determination of clonotypes (unique 

CDR3 nucleotide-sequences) was performed using MiXCR (168). The output data included a 

clone ID that was given by the program sorted by occurrence of this sequence starting at 1 for 

the most abundant clonotype, abundance of the clonotype (number of sequences, percentage of 

this clonotype of all sequences), aligned V-, D-, J- and C-gene (the C-gene alignment allows 

separation of sequences into IgE and IgG1), CDR3 nucleotide and amino acid sequence, the 

quality score and length of the CDR3-region. Additionally, to avoid artificial diversity due to PCR 

errors, all clonotype sequences that appeared only once were removed. 

Overlapping sequences between IgE and IgG1 were determined using InteractiVenn (169). 

For determination of clonotypes that share V-, D-and J- genes, the R programming language with 

package dplyr with command inner_join was used. 

 

3.6 Statistics 

Statistical analysis of data was calculated with GraphPad Prism software.  

Data sets were tested for normality using the D'Agostino & Pearson omnibus normality test and 

the test was chosen accordingly and indicated in the respective figures. *p<0.05, **p<0.01, and 

***p<0.001. Data were plotted as mean ± SEM. 
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For analyses of multiple groups compared at different time points the 2-Way ANOVA with 

Bonferroni post-test correction was used to test differences among the groups. For multi-group 

analyses, where one of the parameters tested was not normally distributed, without taking time 

into account, the Kruskal-Wallis test with Dunns multiple comparison test was used.  

For the two-parameter correlations, the Spearman’s coefficient (rho; r) was calculated. 
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4 RESULTS 

4.1 Food allergy induction without artificial adjuvants in a new mouse model  

Most established mouse models for food allergy use non-physiological adjuvant-based 

immunisation/sensitisation methods (170). In contrast, the murine EW/EYP food allergy model 

used here takes advantage of the adjuvant property of the saturated fats in egg yolk plasma 

(EYP) (36) which may represent a natural means of allergy sensitisation and allows the 

omission of artificial adjuvants (171).  

 

Figure 4: The development of food allergy signs varies among mice  
Female Balb/c mice were sensitised to and challenged with EW/EYP according to section 3.2. Blood was 
taken after the sensitisation phase, before the first challenge or 1h after the respective challenge, as 
indicated. Immediately after each challenge, the rectal temperature was measured every 15 min for 1h 
and occurrence of diarrhoea was observed. Based on the development of these signs of food allergy, mice 
were categorised into different groups: mice that had at least 2 episodes of diarrhoea but never a 
temperature drop ≥ 1°C in response to a challenge (Diarrhoea only; n=11), mice that had at least one 
episode of diarrhoea and at least 2 episodes of a temperature drop (max. ΔT ≥ 1°C) in response to a 
challenge (Both signs; n=14) and mice, that neither developed diarrhoea more than once nor a 
temperature drop in response to a challenge (No signs; n=28). Mice that developed max. ΔT between 
0.5°C and 1°C were excluded from the analysis to not be falsely categorised. In total, 53 mice were 
analysed. For handling reasons, the large number of mice were analysed at two separate times. Pooled 
data are shown. (A) Experimental scheme. (B) Max. ΔT at challenges 4 to 19 for the three groups 
"Diarrhoea only", " Both signs" and "No signs", as indicated. Data presented as mean ± SEM max. ΔT of all 
mice in each group. (C) Occurrence of diarrhoea, for the three groups, as indicated. Data presented as 
mean ± SEM of the percentage of mice in each group showing diarrhoea.  
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Mice were intra-tracheally sensitised to and orally challenged with egg white (EW) and EYP 

according to section 3.2 and Figure 4A. Later, diarrhoea, drop in the body temperature in 

response to allergen-rechallenge and serum parameters were analysed at various times. 

Within the 8 weeks of observation, mice were challenged 19 times. During this period, the 

development of the disease greatly differed among individual mice (Figure 4B&C). Mice were 

grouped according to whether or not they developed signs of food allergy in the course of the 

experiment. About half of the mice never showed any sign of food allergy (at least 2x diarrhoea 

and/or temperature drop over 1°C). This group of mice is called “no sign”. Among those mice 

that developed sign, these vary in onset and severity. While about a fifth (11/53) of the mice 

developed diarrhoea but no sign of systemic anaphylaxis (measured as temperature drop 

(“Diarrhoea only”), approximately a quarter of the mice (14/53) also developed a drop in the 

body temperature (“Both signs”). 

The temperature drop usually occurred at a later challenge than diarrhoea and increased in 

severity over time up to an average of about 0.5-1°C while the maximum was 6°C for an 

individual mouse. The percentage of mice with diarrhoea at the particular challenge reached 90-

100% in the group showing both signs and 70-80% in the group of mice that only develop 

diarrhoea. It has to be noticed, that both signs varied even for one mouse between subsequent 

challenges; however, the occurrence of signs stabilized as disease progressed.  

 

4.2 IgE levels strongly correlate with the development of signs 

Serological factors were compared between the aforementioned groups that were formed based 

on differences in the signs of food allergy.  

 

4.2.1 The development of food allergy signs is associated with elevated EW-specific 

antibody titres, especially IgE, and a decreased EW-IgG1/IgE-ratio 

In food allergy, allergen-specific antibodies of various immunoglobulin subclasses are secreted; 

among them IgE drives the disease and IgG1 (IgG4 in humans) which is induced by a partially 

similar cytokine milieu as IgE (IgE is induced by IL-4 and IL-13; IgG1 is induced by IL-4, IgG4 is 

induced by IL-4 or IL-13 in the presence of IL-10) (114, 115). Multiple proteins in EW contribute 

to its allergenicity (23), therefore antibodies against the whole EW-mixture were measured by 

ELISA. EW-specific IgE, IgG1, IgA, IgG2a and IgG2b are measured at different time points in the 

course of the experiment (after sensitisation/before the first challenge and 1 h after challenge 7 

and 13; Figure 5).  
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Figure 5: EW-specific antibody titres in mice with and without food allergy signs 
Female Balb/c mice were sensitised to and challenged with egg white and egg yolk plasma according to 
section 3.2/Figure 4A. Based on the development of food allergy signs after each challenge, mice were 
categorised into different groups, as explained in detail in Figure 4A: Diarrhoea only (n=11), Both signs 
(n=14) and No signs (n=28).Serum was taken at indicated time points (after the sensitisation phase 
before the first challenge or 1h after the respective challenge) and relative EW-specific IgE, IgG1, IgA, 
IgG2a and IgG2b were measured by ELISA. Pooled sera of EW/EYP-allergic mice was used as a standard 
resembling 100 units of each antibody. Statistics: 2-Way ANOVA with Bonferroni post-test; not significant 
(no mark): p> 0.05 *: p<0.05, **p< 0.01, ***: p<0.001. Mean ± SEM is shown. 

Before the start of the first challenge (post sensitisation), there were no detectable differences 

in any of the measured EW-specific antibodies (IgE, IgG1, IgA, IgG2a and IgG2b) between mice 

that showed signs and those that did not (Figure 5).  

Levels of all EW-specific antibody subclasses rose overall from sensitisation over the 7th to the 

13th challenge. However, a more severe increase could be seen for IgE, IgG1 and IgA. EW-IgE 

only rises in mice that developed signs while there is no increase in mice that never showed 

signs. This selective increase resulted in significantly higher EW-IgE levels in mice that 
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developed signs compared to those that did not. This difference was more pronounced for the 

group of mice that had both signs. Only mice that developed both signs showed increased EW-

IgG1 levels compared to the mice that lacked signs at challenges 7 and 13, though there was a 

trend of higher IgG1 levels in the group with only diarrhoea at challenge 7. Despite higher EW-

IgG1-levels in mice that have both signs, the ratio of EW-IgG1 to IgE at challenge 13 is lower in 

both groups that had signs than in those that lacked signs. 

EW-specific IgA was higher in the group of mice that had both signs than the one without signs. 

Similar to IgA, IgG2a was increased in mice that had both signs compared to sign-free mice, but 

also in those that only developed diarrhoea. EW-specific IgG2b had a high SEM at all time points. 

It was significantly increased at challenge 7 in the mouse group with both signs compared to 

mice with no signs or diarrhoea only, at challenge 13 this difference is only a trend. 

The most prominent difference between mice that develop signs and those that don’t is in the 

level of EW-specific IgE. In average, signatic mice - diarrhoea alone or together with a 

temperature drop - showed higher allergen-specific IgE titres than mice that don’t develop the 

disease. This finding supports the idea that our model resembles an IgE-mediated type of food 

allergy with a pathophysiology much related to the human disease. IgE-mediated food allergy is 

the most common cause of anaphylaxis in patients and is characterised by its fast onset and high 

severity of disease (172). This fast onset of signs could also be seen in the temperature drop that 

already starts to manifest within 15 minutes (data not shown).  

Mice that showed both signs had elevated IgG1 levels compared to those that did not. On one 

hand, IgG1 in mice (and IgG4 in humans) has been associated with protection from food allergy 

(173–176), on the other hand it can be elevated in allergic individuals, because the IL-4-rich 

milieu induces class-switch to IgG1 (114, 115).  

Even though both EW-specific IgE and IgG1 were elevated in mice that showed signs, the group 

of mice with no signs exhibited a higher IgG1/IgE-ratio than mice with diarrhoea or anaphylaxis 

and diarrhoea.  

 

4.2.2 Even mice that exhibit signs of food allergy have 100-fold higher OVA-specific 

IgG1 levels than IgE 

Up to this point, we had analysed antibodies against the whole mixture of proteins present in 

EW. This is a good measure for the overall allergen-specific antibody response, but it is not 

possible to absolutely quantify the antibodies, because a known standard serum is lacking. The 

most abundant protein in EW is ovalbumin (OVA) which accounts for approximately 55% of all 

EW protein (23). However, monoclonal mouse IgG1anti-OVA (clone: OVA-14) and IgE anti-OVA 

(clone: 2C6) antibodies are available and were used as standards; allowing absolute 

quantification of serum levels of IgG1 and IgE anti-OVA at challenge 13 (Figure 6). 
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OVA-IgE was elevated in mice that showed both signs (max. temperature drop ≥ 1°C and 

diarrhoea), compared to sign-free mice. Mice that only had diarrhoea showed a trend of 

increased OVA-IgE levels that was not significant. There were no differences between the 

different disease groups with regards to OVA-IgG1. Mice that never developed any signs had a 

ratio of serum OVA-IgG1/IgE of approximately 1000. Mice that developed signs still reached an 

at least 100-fold excess of OVA-IgG1. This was remarkable, because it showed that such a great 

excess in allergen-specific serum IgG1 was not sufficient to suppress food allergy signs. In 

conclusion, IgG1-mediated protection seems to be limited. 

OVA-specific IgE and IgG1 strongly correlated with EW-specific IgE and IgG1, respectively 

(Figure 6B). Relationships between EW-IgG1 and IgE were comparable to those of OVA-IgG1 

and IgE and could thus be used as a surrogate for quantification of the ratio of overall allergen-

specific IgG1 to IgE. 

 

 

Figure 6: OVA-specific IgE, IgG1 and their ratios  
Female Balb/c mice were sensitised to and challenged with egg white and egg yolk plasma according to 

section 3.2 /Figure 4A and grouped based on the occurrence of food allergy signs as described in Figure 
4. Serum was taken at challenge 13 and OVA-specific IgE and IgG1 were measured by ELISA. Monoclonal 
mouse anti-OVA IgE and IgG1 served as standards for each antibody respectively. The ratio between OVA-
IgE/IgG1 was calculated as well. (A) Groupwise comparison of EW-IgE, -IgG1 and EW-IgG1/IgE-ratio. 
Statistics: Kuskal-Wallis-Test with Dunn’s multiple comparison test as post-test. * p<0.05, n=32, mean 
±SEM are displayed. (B) OVA-specific IgE and IgG1 were correlated to the respective EW-specific 
antibodies. Statistics: n=32; p < 0.5 is significant. 

 



RESULTS 

45 
 

4.2.3 A higher mMCP1 production after allergen-challenge is associated with the 

development of signs of food allergy.  

When a food-allergen enters the body of a sensitised individual, the first cells to respond are 

basophils and mast cells. These cells are activated by allergen-mediated crosslinking of IgE 

bound to FcεRI present on their cell surface. Subsequent to this activation, pre-formed 

mediators stored in vesicles inside the mast cells are immediately released and drive the 

symptoms of acute allergic reactions. One of these mediators is the mast cell metallo-protease 1 

(mMCP1), which is produced by a mast cell type found in the mucosa and which is associated 

with local symptoms such as diarrhoea (177).  

mMCP1-levels were analysed at challenge 7 and 13. At both times, mMCP1-levels were 

significantly increased in mice that developed signs compared to those that did not (Figure 7). 

Highest levels were detected in the group of mice that developed a temperature drop over 1°C 

in addition to diarrhoea. This observation may indicate that mMCP1 is not only associated with 

diarrhoea, but also with anaphylaxis or that the same disease features that cause increased 

mMCP1 (e.g.; IgE and mast cells) also cause anaphylaxis.  

 
Figure 7: mMCP1 levels are increased in mice that show signs of food allergy 
Female Balb/c mice were sensitised to and challenged with egg white and egg yolk plasma according to 
section 3.2 /Figure 4A. Based on the development of signs within 1h after each challenge over the time 
course of the experiment, mice were categorised into different groups, as mentioned in Fig. 1A: Diarrhoea 
only (n=11), Both signs (n=14) and No signs (n=28). 
Sera were taken at indicated time points (1h after challenge 7 and challenge 13) and mMCP1 levels were 
measured by ELISA. Statistics: Kuskal-Wallis test with Dunn’s post-test; not significant (no mark): p> 
0.05, **p< 0.01, ***: p<0.001. Mean ± SEM is shown. 

 

4.2.4 IL-4, IL-6 and TNFα are associated with the development of signs of food allergy  

Cytokines shape the antibody response greatly. IL-4 induces class-switch to both IgE and IgG1 in 

mice and to IgG4 and IgE in humans (115), while IFNγ inhibits IgE and IgG1 production (119, 

120). In addition to the allergen-specific antibodies, also cytokines were analysed and compared 

between mice with and without food allergy signs. 
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Figure 8: Quantitative differences in IL-4, TNFα and IL-6 between mice that have or lack signs of 
food allergy 
Female Balb/c mice were sensitised to and challenged with egg white and egg yolk plasma according to 
section 3.2 / Figure 4A. Based on the development of signs of food allergy within 1h after each challenge 
over the time course of the experiment, mice were categorised into different groups, as mentioned in Fig. 
1A: Diarrhoea only (n=11), Both signs (n=14) and No signs (n=28).Serum was taken at indicated time 
points (after the sensitisation phase before the first challenge or 1h after the respective challenge) and IL-
4, TNFα, IL-6, IL-10, IFNγ, IL-2, IL-5 and IL-13 were measured by a fluorescently labelled bead-based 
immuno-assay. Statistics: 2-Way ANOVA with Bonferroni post-test; not significant (no mark): p> 0.05 *: 
p<0.05, **p< 0.01, ***: p<0.001. Mean ± SEM are indicated. 
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Before the first challenge, there were no detectable differences between the any of the groups of 

mice with regard to the measured cytokines (Figure 8). IL-4, TNFα and IL-6 were elevated in 

both groups with disease features after the 7th challenge. IL-4 was still increased at challenge 13, 

yet only as a trend for mice that only had diarrhoea. In contrast, the levels of the other cytokines 

were not different between the groups at challenge 13 anymore. There were no detectable 

differences between mice that had or lacked disease signs at any measured time-point for IL-10, 

IFNγ, IL-2, IL-5 and IL-13. 

The strongly increased IL-4 levels in mice that develop both local and systemic features of food 

allergy are in accordance with the important role that this cytokine plays in Type 1 allergic 

responses such as food allergy, both in induction as well as maintenance (178). Like IL-4, IL-6 

and TNFα can be secreted by mast cells and are consistent with increased inflammation. 

 

4.2.5 Comprehensive correlation analysis between serum parameters and the severity 

of food allergy symptoms  

In the previous analyses, mice were separated into three groups based on whether they 

developed symptoms of food allergy in the course of the experiment or not. Next, the impact of 

the measured serum parameters on the severity of the disease in individual mice at a certain 

time was analysed independent of such groups (Figure 9). The serum parameters were 

measured at a particular challenge (7 and 13) and were evaluated for their correlation with the 

severity of diarrhoea and maximum temperature drop, in the course of the 5 following 

challenges (7-11 and 13-17). The parameter diarrhoea was measured as a sum of occurrences 

(from 0 to 5) and the maximum temperature drop was averaged over this time. 

At the timepoint of challenges 7-11, a negative correlation between the maximum average 

temperature drop and EW-specific IgA, IgG2a and IgG2b and a positive correlation with IL-4, 

TNFα, IL-6 and IL-5 were detectable (Figure 9A). However, temperature drops at these early 

challenges were low and did not differ a lot, making a correlation analysis weaker. The 

occurrence of diarrhoea was a clearer parameter at these time points (challenge phases). The 

allergy-mediating antibody EW-IgE correlated with the occurrence of diarrhoea, while the ratio 

of EW-IgG1/IgE negatively correlated. EW-IgG2a correlated negatively with diarrhoea at this 

timepoint as well. In contrast to the average max. temperature drop, the occurrence of 

diarrhoea correlated strongly with mMCP1. mMCP1 is one of the enzymes that are released 

upon activation by mucosal mast cells, which are believed to be responsible for the local 

intestinal symptom diarrhoea. The correlation with mMCP1 is thus not unexpected. Similar to 

the average max. temperature drop, the occurrence of diarrhoea correlated with the cytokines 

IL-4 and TNFα.  

At later challenges, more mice developed the symptoms of food allergy. The max. average 

temperature drops at challenge 13-17 had increased markedly compared to the earlier 

timepoint. There were also more mice showing diarrhoea compared to the earlier timepoints. 
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At challenge 13-17 (Figure 9B), the average max. temperature drop only correlated with 

mMCP1 and IL-4, while there was a negative correlation with IL-5; however overall these 

correlations were relatively weak. At this later timepoint, the occurrence of diarrhoea 

correlated with EW-IgE, IgG1, IgA and IgG2b. Despite positive correlations of both IgG1 and IgE 

with the occurrence of diarrhoea, there was a negative correlation with IgG1/IgE ratio. The 

occurrence of diarrhoea at challenges 13-17 correlated more strongly with mMCP1 as well as 

the cytokines IL-4, TNFα and IL-6, while there was a weaker negative correlation with IFNγ.  

 

Figure 9: Correlation of serological parameters with severity of food allergy signs 
Female Balb/c mice were sensitised to and challenged with egg white and egg yolk plasma according to 

section 3.2 /Figure 4A. Serum was taken 1h after challenge 7 and 13) and indicated EW-specific 
antibodies, mMCP1 and cytokines were measured with ELISA/fluorescently labelled bead-based immuno-
assay (cytokines). (A) Serum parameters of samples taken after challenge 7 were correlated to the 
average maximum temperature drop and the number of challenges after which a mouse developed 
diarrhoea calculated over challenge 7-11. Spearman’s r is shown for each parameter (not significant (no 
mark): p> 0.05, *: p<0.05, **: p< 0.01, ***: p<0.001). Average maximum temperature drops and number of 
occurrences of diarrhoea are shown in the right panel for challenge 7-11 (Mean ± SEM). (B) Similarly, 
serum parameters of samples taken after challenge 13 were correlated to the average maximum 
temperature drop and the number of challenges after which a mouse developed diarrhoea calculated for 
challenge 13-17. Spearman’s r is shown for each parameter (not significant (no mark): p> 0.05, *: p<0.05, 
**: p< 0.01, ***: p<0.001). Average maximum temperature drops and number of occurrence of diarrhoea 
are again shown in the right panel (Mean ± SEM). 

Throughout the different timepoints and signs, IL-4 correlated with both measured signs of food 

allergy. mMCP1 correlated very strongly with diarrhoea at both timepoints.  
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Of particular interest was the strong positive correlation of IgE with diarrhoea and the negative 

correlation of the IgG1/IgE ratio, especially at challenges 13-17 when IgG1 alone also positively 

correlates with the occurrence of diarrhoea.  

Hence, despite the positive correlation of EW-IgG1 and the occurrence of diarrhoea, in relation 

to IgE, higher IgG1 levels were associated with less severe local signs of food allergy. However, 

overall IgE seems to have a bigger impact on the development of signs of food allergy. 

Class-switch to both IgE and IgG1 is mediated by the cytokine IL-4 (115). Accordingly, 

expression of the two antibody subclasses correlated with each other in individual mice (Figure 

10A). Levels of both, EW-IgE and -IgG1 also correlated with IL-4 at both challenges (Figure 

10B). This finding is in accordance with the idea that IL-4 mediates class-switch to both 

antibody classes.  

 
Figure 10: EW-IgE and IgG1 correlate with each other and with IL-4 
Female Balb/c mice were sensitised to and challenged with egg white and egg yolk plasma according to 

section 3.2 / Figure 4A. Serum was taken at indicated time points (1h after challenges 7 and 13) and EW-
specific IgE and IgG1 and IL-4 were measured with ELISA/fluorescently labelled bead-based immuno-
assay (IL-4). (A) EW-IgG1 and IgE serum levels at challenge 7 and 13 are plotted and correlated. (B) EW-
IgE (left y-axis, red circles ) and EW-IgG1 (right y-axis, green squares ) were also plotted against and 
correlated with IL-4. Statistics: Correlation calculating spearman’s r; p < 0.05 is significant. 

The correlations between IL-4 and both EW-IgE and IgG1 led me to deepen the insight into 

different parameters and their effect on the severity of food allergy parameters in the light of 

potential correlations between these parameters utilising multiparameter modelling. In total 6 

serum parameters (EW-IgE, EW-IgG1/IgE ratio, IL-5, TNFα, IL-6 and IL-4) were selected based 

on the potential role they seemed to play for the severity of food allergy symptoms in the 
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bivariate Spearman correlation as described above (Figure 9). mMCP1 was not included in the 

analysis because it is secreted by mast cells in response to activation and mechanistically 

responsible for diarrhoea. Limited numbers of mice only allow the analysis of a limited number 

of parameters in parallel and mMCP1 was not analysed to allow analysis of a different 

parameter instead. Prior to the actual multiparameter modelling analysis, these parameters 

were examined for their correlation with one another at different timepoints of serum sampling 

(Figure 11). 

At all timepoints, EW-IgE inversely correlated with the respective EW-IgG1/IgE ratios, which 

was simply a result of the mathematical correlation between the two parameters. The 

expression of the cytokines IL-5, TNFα, IL-6 and IL-4 correlated positively with EW-IgE. 

However, IL-4 levels showed the strongest correlation with IgE expression. The correlation 

between TNFα, IL-6, IL-5 and IL-4 with IgE increased over time. 

Generally, there was a particularly strong correlation of all cytokines with one another after the 

sensitisation, which stayed strong at the other measured time points. 

 

Figure 11: Correlation of selected serum parameters with one another 
Female Balb/c mice were sensitised to and challenged with egg white and egg yolk plasma according to 

section 3.2 / Figure 4A. Serum was taken at indicated time points (post sensitisation, 1h after the 

challenge 7 and challenge 13) and EW-IgE, EW-IgG1/IgE ratio, IL-5, TNFα, IL-6 and IL-4 were correlated 

with each other. Spearman’s r is depicted by the size and colour of the circles (Dark red = negative 

correlation (r=-1) to dark blue = positive correlation (r=1)). The bigger the circle, the stronger the 

correlation. EW-specific antibodies and cytokines were measured with ELISA/fluorescently labelled 

bead-based immuno-assay (cytokines). Statistics: Correlation calculating spearman’s r 

For technical reasons it was impossible to acquire data from this many mice at the same time. 

Primary analysis indicated that there is an impact of the experiment on various measured 

parameters (Data not shown). The multiparameter modelling of the selected serum parameters 

(EW-IgE, EW-IgG1/IgE ratio, IL-5, TNFα, IL-6 and IL-4) was thus performed taking into account 

that the total data was collected in two experiments. The maximum average temperature drop 

over 5 indicated challenges and occurrence diarrhoea were again treated as individual outcome 

parameters. The effect of serum parameters on the average max. temp. drop was modelled in a 
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linear regression model. The occurrence of diarrhoea within the 5 indicated challenges was 

transformed into a binary variable with the two different outcomes: 0 = no diarrhoea and 1 = 

diarrhoea occurred between 1 and 5 times. The modelling for the effect of the serum 

parameters on diarrhoea was done using a linear regression. 

High EW-specific IgE-levels that were measured at challenge 7 (Table 19) correlated with both 

average max. temp. drop and diarrhoea, the effect on diarrhoea was relatively strong. This was 

also true in a prognostic manner, early high IgE (challenge 7) correlated with later average max. 

temperature drops and diarrhoea (challenges 13-17). Early high TNFα-levels correlated with 

late high temperature drops. While IL-4 measured at challenge 7 correlated with diarrhoea at 

challenges 13-17, IL-4 measured at challenge 13 (Table 20) correlated with both occurrence of 

diarrhoea and max. average temp. drop. At the later timepoint the EW-IgG1/IgE-ratio correlated 

with the severity of both disease parameters. 

As previously observed the multiparameter analysis could confirm that overall, there was not 

one parameter that stuck out in impacting the severity of food allergy. EW-IgE correlated with 

disease parameters at an earlier timepoint while it seemed to be taken over by IgG1/IgE at the 

late time point. The multiparameter analysis could also confirm the strong role of IL-4 in 

impacting the severity of food allergy. 

Table 19: Effect of various serum parameters measured at challenge 7 on diarrhoea or maximum 
average temperature drop 

Multivariate model used and T-test performed to check for significance of model. Diarrhoea was 
seen as a binary variable (0/1), logistic regression modelling was performed for this outcome 
parameter. Modelling with average maximum temperature drop was performed using linear 
regression. ns: p<0.05; *: p<0.01; **: p<0.01; ***: p<0.001 
Effect on diarrhoea at challenge 7-11 

  Estimate Std. Error 95% confidence interval Pr(>|t|) 

(Intercept) -5.6578780 1.7194660 -9.028 - -2.288 0.0010001 (**) 

IgE 0.2955818 0.1039142 0.092 - 0.499 0.0044484 (**) 

Experiment 1.5044846 0.8854769 -0.231 - 3.24 0.0893066 

Effect on max. average temp. drop at challenge 13-17 

  Estimate Std. Error 95% confidence interval Pr(>|t|) 

(Intercept) 0.6350633 0.1678474 0.306 - 0.964 0.0003783 (***) 

IgE 0.0422674 0.0145951 0.013 - 0.070 0.0053816 (**) 

TNFα 0.0066485 0.0028816 0.001 - 0.012 0.0247623 (*) 

Experiment -0.4809805 0.1170990 -0.71 - -0.25 0.0001316 (**) 

Effect on diarrhoea at challenge 13-17 

  Estimate Std. Error 95% confidence interval Pr(>|t|) 

(Intercept) -3.6524406 2.4542370 -8.463 - 1.158 0.1366933 

IgE 0.5359837 0.2140097 0.117 - 0.955 0.0122630 (*) 

IL-5 -0.0585480 0.0335212 -0.124 - 0.007 0.0807070 

IL-4 0.3030079 0.1075131 0.092 - 0.514 0.0048274 (**) 

Experiment -3.3993356 2.1974587 -7.707 - 0.908 0.1218778 
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Table 20: Effect of various serum parameters measured at challenge 13 on diarrhoea or maximum 
average temperature drop 
Multivariate model used and t-test performed to check for significance of model. Diarrhoea was seen as a 
binary variable (0/1), logistic regression modelling was performed for this outcome parameter. 
Modelling with average maximum temperature drop was performed using linear regression. ns: p<0.05; 
*: p<0.01; **: p<0.01; ***: p<0.001 

Effect on max. average temp. drop at challenge 13-17 

  Estimate Std. Error 95% confidence interval Pr(>|t|) 

(Intercept) 0.6446508 0.1520545 0.347 - 0.943 0.0000863 (***) 

EW-IgG1/IgE 

ratio 

-0.0037195 0.0017070 -0.007 - -0.0004 0.0336346 (*) 

IL-5 -0.0071734 0.0030153 -0.013 - -0.001 0.0208577 (*) 

IL-4 0.0071732 0.0009658 0.005 - 0.009 <0.0001 (***) 

Experiment -0.2732557 0.1012334 -0.47 - -0.075 0.0092136 (**) 

Effect on diarrhoea at challenge 13-17 

  Estimate Std. Error 95% confidence interval Pr(>|t|) 

(Intercept) -0.8111475 1.8832546 -4.502 - 2.880 0.6666750 

EW-IgG1/IgE 

ratio 

-0.1897028 0.0648273 -0.316 - -0.06 0.0034305 (**) 

IL-4 0.0886748 0.0264584 0.036 - 0.140 0.0008038 (***) 

Experiment -0.2084715 1.0331475 -2.2 - 1.816 0.8400864 

 

4.2.6 The severity of food allergy is independent of the gut permeability 

In order to induce an anaphylactic reaction in sensitised individuals, the orally ingested allergen 

has to be taken up systemically (179). How well the allergen can be absorbed also depends on 

the permeability and integrity of the gut. A way to measure these parameters in vivo is the oral 

administration of an antigen that is entirely naïve to the organism and the subsequent drawing 

of a blood sample to analyse how much of the ingested allergen has reached the blood stream. In 

this study, TNP-BSA was used as an irrelevant antigen, which was biotinylated for easier 

detection by ELISA (Figure 12). 

The serum levels of orally administered TNP-BSA-biotin did not correlate with either average 

maximum temperature drop or the occurrence of diarrhoea in the following challenges in this 

model of food allergy. The permeability of the gut at the time of the EW/EYP challenge 

apparently did not have an impact on the severity of the signs as much as the immunological 

parameters measured. 
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Figure 12: The severity of symptoms of food allergy do not correlate with gut permeability 
Female Balb/c mice were sensitised to and challenged with egg white and egg yolk plasma according to 
section 3.2 /Figure 4A. Prior to the EW/EYP-challenge 10, biotinylated TNP-BSA was orally administered 
to the mice and a blood sample was taken after 15 min. The serum levels of biotinylated TNP-BSA were 
measured by ELISA and plotted against the average maximum temperature drop (left y-axis, red circles 
) and the occurrence of diarrhoea (right y-axis, blue squares ). Statistics: Correlation calculating 
spearman’s r; p < 0.5 is significant; ns = not significant; n=32. 
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4.3 The repertoires of IgE and IgG1 differ in the CDR3 region  

Murine IgG1 (and correspondingly IgG4 in humans) is believed to protect against allergic 

diseases by binding to the inhibitory receptor FcγRIIb and/or competing with IgE for binding to 

allergen (180). However, IgG1 had little or no protective effect in the EW/EYP food allergy 

model (Figure 5, Figure 9, Figure 6). One possible explanation for little or no protection is that 

IgE and IgG1 may bind to different allergen epitopes, preventing a potential blocking effect of 

IgG1. Alternatively, or in addition, IgE and IgG1 antibodies could exhibit different affinities. In 

both cases, different binding of IgE and IgG1 to allergen should be reflected by different gene 

sequences coding for the Ig binding site, particularly the CDR3 part of the Ig heavy chain V 

region. This could result from either differences between IgE and IgG1 in VDJ segment usage 

during early B cell development, or distinct mutations introduced into the CDR3-regions by 

hypermutation occurring after activation of mature B cells within the germinal centre. In order 

to investigate this hypothesis, the repertoires of IgE and IgG1 in bone marrow and the 

mesenteric lymph node, which drains the intestine, were analysed by NGS (Figure 13). 

 
Figure 13: Workflow of the repertoire analysis of IgG1 and IgE from allergic and naïve mice 
Female Balb/c mice were sensitised to and challenged with egg white and egg yolk plasma according to 
section 3.2.2. Bone marrow and mesenteric lymph node were taken from 5 mice that had persistent 
symptoms of food allergy (temperature drop ≥ 1°C and diarrhoea in response to challenges; “allergic 
mice”) and 3 similarly housed mice that have never been in contact with EW/EYP (“naïve” or “control”). 
RNA was isolated and cDNA synthesised according to section 3.5 using primers specific for conserved 
regions in the V-gene on one side and for the constant region of IgE and IgG1 respectively allowing an 
amplification of the CDR3 region as well as parts of CDR1, FR2, CDR2 and FR3. The NGS data quality was 

determined using FastQC (Supplementary figure 1) and de-multiplexed into the individual samples 
with ClonoCalc (Fähnrich et al., 2017). The determination of clonotypes (unique CDR3 nucleotide-
sequences) was performed using MiXCR (Bolotin et al., 2015).  
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In order to be able to study the repertoire of IgE and IgG1 in the context of food allergy, RNA-

samples of mice with symptomatic food allergy (EW/EYP) and naïve mice were analysed. By 

using RNA instead of DNA, the focus of the analysis was on plasma cells, which produce 

approximately 1000-fold higher amounts of antibody per cell than B. Plasma cells are terminally 

differentiated B cells that develop during an immune response. 

Overall, there were higher numbers of clonotypes/clones (unique CDR3 nt-sequences, see 

Figure 13) of both IgE and IgG1 in mLN than in BM (Supplementary figure 2). CDR3-amino acid 

sequences occurring in the pooled samples of naïve mice were expected not to be allergen-

specific. These amino acid sequences were subtracted from the sequences occurring in the 

allergic mice, leading to a remaining pool of allergen-associated clones. Highly frequent 

clonotypes differed between allergic and naïve individuals in terms of their V-gene usage 

(Supplementary figure 3). This demonstrated the validity of differentiating between allergic and 

naïve CDR3 nt-sequences and analysing the allergen-associated sequences, as described below. 

 

4.3.1 The IgE- and IgG1-repertoires show differences regarding quantity and diversity 

in BM and mLN 

The quantities and diversity of the IgE and IgG1 repertoire are depicted in Figure 14. 

 

Figure 14: Differences in quantity and diversity of the repertoire between BM and mLN, IgE and 
IgG1 
Allergen-associated CDR3 nucleotide sequences of allergic mice (definition see Figure 13) with a read 
count >1 were analysed. (A) Total number of all sequences of the respective isotype in BM and mLN (B) 
The ratio of sequence numbers of IgG1 and IgE in BM and mLN. (C) The number of clonotypes of IgE and 
IgG1 are shown for BM and mLN. (D) Relative clonal diversities are calculated as the number of 
clonotypes (in other words unique CDR3 nt-sequences) per 1000 sequences and are displayed for IgE and 
IgG1 in BM and mLN. Statistics: 2-way ANOVA (row-matched) with Bonferroni post-test *: p<0.05, **: 
p<0.01, ***: p<0.001, n=4-5, mean ±SEM are displayed. 
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Not only does the number of clonotypes quantify the respective repertoire, it also provides 

information about the absolute diversity. The more clonotypes that are detectable, the more 

different epitopes can potentially be recognised by the antibodies that are encoded by the 

analysed sequences. The relative diversity of the number of clonotypes or unique nt-sequences 

that occur in 1000 detected sequences indicates if there are a lot of low abundant clonotypes or 

few highly enriched ones and thus can be used as a measure for a selective pressure for certain 

sequences (181). 

Considering the higher IgG1 antibody levels that were present in the serum compared to IgE 

(Figure 6), it was not surprising that also the numbers of IgG1-sequences were significantly 

higher than those of IgE-sequences in both organs (Figure 14A). Theoretically, higher quantities 

of sequences of either isotype can mean greater numbers of cells that produce the respective 

mRNA and/or a greater production of mRNA by the cells that produce the isotype. However, 

because IgE+ and IgG+ plasma cells produce similar quantities of antibody (182), the observed 

different quantities of IgE- and IgG1-sequences most likely reflect different numbers of cells 

producing the different isotypes. 

The ratio of IgG1- to IgE-sequences was significantly higher in the BM compared to the local gut 

draining mLN (Figure 14B). Generally, the overall lower numbers in IgE-sequences also led to a 

lower number of clonotypes compared to IgG1 (Figure 14C). Even though the absolute numbers 

of IgG1-sequences seemed to be slightly lower in mLN than in BM, the number of IgG1-

clonotypes (clones, unique CDR3 nt-sequences) was 3- to 6-fold higher in mLN. Higher numbers 

of IgG1 clonotypes indicate greater diversity of the IgG1-repertoire.  

The relationships of numbers of sequences per isotype in BM and mLN, the ratio between them, 

and the numbers of clonotypes were comparable when all sequences and when only the 

allergen-associated sequences were considered (Supplementary figure 4).  

Overall, the aforementioned correlations between total numbers of sequences and numbers of 

clonotypes resulted in a higher relative diversity (number of unique CDR3 nt-sequences per 

1000 sequences) of the allergen-associated repertoire in the mLN compared to the BM (Figure 

14D). Compared to a study in which the IgE and IgG1 repertoires were compared during 

systemic infection (183), the relative clonal diversity was lower in the EW/EYP food allergy 

model. The mLN is the draining lymph node of the gut, the organ that was repeatedly inoculated 

with EW and EYP. The chronic inflammation that goes hand in hand with the repeated 

challenges and allergic reaction can increase the diversity of sequences in the mLN compared to 

the bone marrow. Only a fraction of the memory B cells and plasma cells that were formed in 

the mLN in the process of the allergic reaction will migrate to the bone marrow and establish 

there as part of the memory compartment (184, 185). While in BM, IgE and IgG1 had similar 

relative diversities, the IgG1-repertoire showed a slightly higher relative diversity than the IgE-

repertoire. The difference between IgE and IgG1 repertoires with regards to relative clonal 

diversity was detected in analysis of allergen-associated sequences, but not in analysis all 
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sequences (Supplementary figure 4). Organ-specific differences in relative clonal diversity 

existed regardless of allergen-association.  

 

4.3.2 IgE- and IgG1-repertoires differ in their CDR3 regions 

The quantitative differences in the clonal diversity of IgE and IgG1 CDR3 regions provide little 

information about their specific qualitative differences. In the following, potential overlaps in 

the amino-acid sequences of the CDR3-region of IgG1 and IgE were analysed (Figure 15). 

In the mesenteric lymph node, only about 50 of the approximately 650 allergen-associated IgE 

amino acid CDR3 sequences were also found in the IgG1 repertoire (which consisted of ca. 3600 

unique CDR3 AA-sequences; Figure 15A). Although absolute numbers of unique CDR3 AA-

sequences were lower in bone marrow (unique IgE: 90, overlapping: 9, unique IgG1: 2100), in 

both organs only about 8% of unique IgE CDR3 AA-sequences actually overlapped with those 

found in the IgG1 repertoire (Figure 15B). This left 90% of the unique IgE CDR3 AA-sequences 

with the potential for different epitope binding than IgG1. In addition to all allergen-associated 

unique CDR3 AA-sequences, the 50 most abundant IgE sequences were compared to IgG1 

(Figure 15C and D); this demonstrated similar percentages of IgE that overlapped with IgG1. 

Furthermore, non-allergen-associated sequences showed a low overlap of IgE CDR3 amino acid 

sequences with IgG1, as apparent from an analysis that did not exclude sequences that were 

detected in naive mice (Supplementary figure 5). 

In direct comparison, allergen-associated IgE AA-sequences showed even less overlap with IgG1 

than did total sequences (Supplementary figure 5). This difference was particularly pronounced 

in BM. Interestingly, the analysis of only the 50 most abundant IgE clonotypes did not reveal 

lower overlapping IgE and IgG1-sequences among allergen associated than total sequences. This 

means that less abundant IgE-clones that were not detected in the allergen-associated 

sequences accounted for this difference. Thus, the more highly abundant unique IgE CDR3 AA-

sequences were also found in the allergen-associated sequences.  



RESULTS 

58 
 

 

Figure 15: The great majority of IgE CDR3 amino acid sequences do not occur in IgG1 
Overlaps of allergen-associated CDR3 amino acid sequences of IgG1 and IgE from allergic mice with a 
read count >1 were calculated using InteractiVenn (169). (A) The number of sequences being either 
uniquely present in IgE (yellow triangle), present in both IgE and IgG1 =overlap (green circle) or uniquely 
present in IgG1 (blue square). (B) Percentages of IgE sequences being either unique (yellow) or also 
present in the IgG1 repertoire (green). (C) Number of sequences uniquely present in IgE (yellow triangle), 
present in both IgE and IgG1 =overlap (green circle) or uniquely present in IgG1 (blue square), among the 
50 most abundant allergen-associated IgE CDR3 amino acid sequences. (D) Percentages of IgE sequences 
being either unique (yellow) or also present in the IgG1 repertoire (green), among the 50 most abundant 
allergen-associated IgE CDR3 amino acid sequences 

The large differences between the IgG1 and IgE-repertoire are surprising. Data obtained in 

studies that examined the IgE and IgG1 repertoire in helminth infected and OVA+Alum i.p. 

immunized mice were interpreted as showing great overlap between the IgE and IgG1 

repertoires (183).  

 

4.3.3 No differences in the usage of specific V-, D- or J-genes between IgE and IgG1 

So far, my results indicate that most IgE AA-sequences are not represented in the repertoire of 

IgG1 CDR3 sequences. Next, I addressed the question of whether these differences are based on 

alternative VDJ-segment usage. To this end, the usage of particular V-, D- and J-gene families 

was analysed for IgE and IgG1 in bone marrow and mesenteric lymph node. 
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Figure 16: No overall differences of usage of V-, D- and J-gene families between IgE and IgG1 
Usage of different V-, D- and J-gene families among allergen-associated (see Figure 13) IgE and IgG1-
sequences from allergic mice with a read count >1 were analysed using MiXCR (Bolotin et al., 2015). % 
usage of a certain V-, D- and J--gene family was calculated for allergen-associated IgE and IgG1-sequences 
in (A) bone marrow and (B)mesenteric lymph node. Statistics: 2-Way ANOVA with Bonferroni post-test; 
not significant (no mark/ns): p> 0.05, *: p<0.05, **: p< 0.01, ***: p<0.001. Mean ± SEM are indicated; n=4 
and 5. 

 

Overall, there was no difference in usage of specific V-, D- and J-gene families between IgE and 

IgG1 in BM or in mLN (Figure 16). Both isotypes shared the same preference for the IGHV1, 2, 3, 

5, 8, 9, 10 and 14 families with lower percentages of use for IGHV6, 7 and 10. This was true for 

both BM and mLN with IGHV1 being the most abundant V-gene family used (ca. 40%) followed 

by IGHV5 (ca. 20%). A higher preference for IGHV9 by IgE could be observed in both mLN and 

BM. IgG1 showed a higher usage of gene families IGHV1 and 14 only in the mLN, with a 

tendency also visible in BM. The most abundant D-gene family was IGHD2 (ca. 45%) followed by 

IGHD1 (ca. 20%) in both BM and mLN. There was a slightly higher usage of IGHD1 by IgE 

compared to IgG1 in BM. The abundance of IGHJ2, 3 and 4 was approximately similar (ca. 30%) 
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in BM and mLN while IGHJ1 had a lower usage (ca. 10%) with no differences between IgG1 and 

IgE being true for both BM and mLN. 

This finding is comparable with the aforecited IgE and IgG1 repertoire study in murine 

helminth-infection and OVA-immunisation models (183). 

 

Figure 17: No differences in usage of individual V-genes between IgE and IgG1 

Usage of different V-genes among allergen-associated IgE and IgG1-sequences from allergic 
mice with a read count >1 were analysed using MiXCR (Bolotin et al., 2015). % usage of a 
specific V-gene was calculated for allergen-associated IgE and IgG1-sequences (A) in bone 
marrow and (B) mesenteric lymph node. Mean ± SEM are indicated; n=4 and 5. 
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Among the 15 IGHV-gene subgroups or families, there are 97 functional IGHV genes described in 

mice (186). The abundance of individual V-genes was analysed for the IgE and IgG1-repertoire 

in both BM and mLN (Figure 17). No particular V-genes were used exclusively or preferentially 

by IgE or IgG1 in bone marrow or mLN.  

 

4.3.4 Most but not all VDJ-sequences appear within the IgE and the IgG1 compartment 

We additionally compared the usage of recombined V-D-J-sequences between IgE and IgG1. 

Clones that exhibited the same V-, D- and J-genes were considered overlapping, while any 

deviation in one of the genes, was called “unique VDJ-usage” (Figure 18). 

 
Figure 18: Some IgE uses unique VDJs 

Usage of different V-genes among allergen-associated IgE and IgG1-sequences from allergic 
mice with a read count >1 was analysed using MiXCR (Bolotin et al., 2015). Sequences with a 
VDJ that were represented in IgE or IgG1, but not both isotypes were considered “unique VDJ-
usage”. The percentage of IgE VDJ-selection/usage that could not be found in the IgG1 
repertoire is displayed for all (A) allergen-associated clones and for (B) only the 50 most 
abundant IgE-clones. Statistics: Mann-Whitney-Test; *: p<0.05; Means ± SEM are indicated; n=4 
and 5.  

20% of allergen-associated IgE clones in mLN and 40% in BM had a VDJ that was not found in 

the IgG1 repertoire (Figure 18A). In the BM there were significantly more IgE-clones with a 

unique VDJ than in the mLN. The numbers and coherence could also be found when looking only 

at the 50 most abundant allergen-associated IgE-clones (Figure 18B). Almost half of the IgE 

clones in the BM, and approximately 20% in mLN derived from a B cell clones that was not 

present among the IgG1-clones. VDJ-recombination occurs during the development of B cell 

precursors into immature B cells within the bone marrow (187). Hence, some of the differences 

in the CDR3-sequences of IgE and IgG1 could be explained by direct isotype switching of specific 

B cell clones to IgE without an intermediate IgG1 stage.  
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5 DISCUSSION 

5.1 Overview 

The aim of the study was to identify factors that impact the development and severity of food 

allergy to egg in a novel murine model. Oral antigen challenge induced mice to rapidly develop 

signs of food allergy including hypothermia and diarrhoea. These signs were associated with 

high levels of allergen-specific IgE. Although we expected clinical food allergy features to be 

limited by the much higher serum concentrations of allergen-specific IgG1, this was not the 

case; IgG1 levels correlated positively rather than negatively with the severity of clinical 

disease, along with serum levels of IL-4, TNFα and IL-6 one hour after oral egg challenge. 

However, a positive correlation of IgG1 levels with allergic disease may well have reflected the 

induction of both IgG1 and IgE responses by IL-4. The failure of the high IgG1 levels to suppress 

IgE-mediated disease raised questions about why suppression failed to occur. 

NGS-analysis of the CDR3-regions of mesenteric lymph nodes and bone marrow RNA of mice 

exhibiting food allergy demonstrated that the limited ability of IgG1 to inhibit IgE-mediated 

food allergy could, in part, be explained by differences in the CDR3-amino acid sequences of IgE 

and IgG1 antibodies. Only a minority of CDR3-amino acid sequences of IgE antibodies could be 

found in IgG1 antibodies. In addition, approximately 10-20% of IgE sequences showed VDJ-

rearrangements which were not found within the IgG1 compartment. This suggests that many 

IgE-secreting clones were generated by direct class-switch from Cµ to C, instead of almost 

solely through a sequential class-switch via IgG1, as suggested by many previous studies. 

Despite this, V, D, and J chain families were shared nearly equally by IgG1 and IgE. 

Repertoire studies further revealed that IgG1 was considerably more abundant than IgE on a 

transcript level, in addition to the protein level. Also, repertoire diversity was noticeably greater 

for IgG1 than for IgE in both BM and mLN.  
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5.2 The experimental model resembles human food allergy  

5.2.1 Skin and lung sensitisation with EW/EYP promote food allergy development 

Most mouse models used to analyse food allergy immunology utilise model antigens, typically 

single proteins, and artificial adjuvants to induce an allergic response that mice do not develop 

spontaneously. The EW/EYP food allergy model with its i.t. or epicutaneous sensitisation 

provides a natural way to induce signs of the disease.  

The most commonly used model antigen is OVA, the main component of EW. OVA has been 

particularly useful because of the availability of T cell receptor-transgenic mice e.g. OT-I (188) 

that allow the analysis of OVA-specific T cell populations in the course of the allergic reaction. In 

addition, there are other immunological tools to study the reaction to OVA such as well-defined 

peptides and monoclonal antibodies.  

Induction of allergic reactions to OVA (and other individual food proteins) has generally 

required the use of adjuvants. Alum is used as an adjuvant for i.p. sensitisation. When followed 

by intra gastric challenges, this induces both systemic and local anaphylaxis manifested as 

hypothermia and diarrhoea, respectively (176). These disease features are comparable to the 

EW/EYP food allergy model. However, it has been shown that the route of sensitisation greatly 

modifies the epitopes that are recognised by IgE antibodies. Thus, such i.p. OVA/alum 

sensitisation of mice provokes antibodies to OVA epitopes different from those observed in 

allergic humans (189).  

The default immune response to orally ingested proteins is oral tolerance (39), which can be 

broken by using cholera toxin (CT) as an oral adjuvant (190). CT actively disrupts the intestinal 

barrier, allowing food allergens to enter the lamina propria and contact immune cells. 

Furthermore, CT induces an epithelial cell pro-Th2 cytokine response (190, manuscript in 

preparation). A benefit of oral sensitisation is that gastrointestinal digestion of food allergens 

reduces them to the same components that provoke a clinical reaction to the same foods. 

However, neither alum as used for i.p. immunisation, nor CT for oral sensitisation are 

comparable to natural sensitisation.  

Comparable to a report by Wavrin et al., the EW/EYP food allergy mouse model used the whole 

food (EW+EYP) to induce a Th2-response resulting in allergen-specific IgE secretion. Wavrin et 

al.’s airway sensitisation, unlike skin sensitisation, failed to induce a greater increase in 

allergen-specific IgE compared to adjuvant-free oral challenges. In the i.t. sensitized EW/EYP 

food allergy model, IgE levels increased along with the number of oral challenges. In addition to 

development of allergen-specific antibodies, some mice developed clinical features of food 

allergy. The lack of requirement for an adjuvant in our EW/EYP food allergy model for induction 

of clinical signs may be explained by the saturated triglycerides in EY which account for 23% to 

27-28% of its weight (192). Fatty acids released from these triglycerides by lipase digestion are 

potent detergents that might induce mucosal damage, causing an increase in epithelial 

permeability that allows increased antigen entry (193). In the intestine, fatty acids might 
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increase systemic absorption of food protein, facilitating an allergic response to the absorbed 

food (179). Although this might be generally important for FA development, gut permeability at 

the time of oral antigen challenge did not correlate with disease severity in our study. As 

another mechanism, saturated fatty acids upregulate the unfolded protein response (UPR) in 

epithelial cells. This promotes transcription of the pro-Th2-cytokines IL-25, IL-33 and TSLP (35, 

36), which are essential for the induction and maintenance of food allergy. These cytokines 

cause dendritic cells (DCs) to prime naïve CD4+ T cells to secrete IL-4, IL-5 and IL-13, but less 

IL-10 (56). Furthermore, they act directly on T cells to promote Th2 differentiation and 

stimulate basophils, eosinophils and mast cells (190, manuscript in preparation). 

The i.t. and epicutaneous routes of sensitisation in the EW/EYP food allergy more closely 

resemble natural human allergen sensitisation. Airway sensitisation was proposed for the “bird-

egg syndrome” (194). Another study associated household peanut consumption with 

development of peanut allergy in infants (195) and treatment of children with atopic dermatitis 

(AD) with peanut oil correlated with a higher risk of developing peanut allergy (196). 

Furthermore, skin or lung exposure to whole milk led to an induction of a Th2-response and 

milk allergen-specific IgE-production, while selective exposure to purified major milk allergen, 

bovine β-lactoglobulin (BLG), did not (197).  

For analyses of the BCR repertoire, mice were skin-sensitised. This route of immunisation also 

led to development of allergen-specific antibodies (IgE in particular, data not shown) and 

clinical food allergy. 

In conclusion, the EW/EYP model offers clinically relevant sensitisation by providing a natural 

route of exposure to allergen and avoids the use of a clinically irrelevant adjuvant. This makes it 

useful for analysing the complexities of FA and deciphering the mechanisms that promote the 

human disease. 

 

5.2.2 The EW/EYP food allergy model most likely represents IgE-mediated disease  

Overall, serum levels of EW-specific IgE consistently differed the most between mice that 

developed or failed to develop diarrhoea and/or hypothermia. In addition, the frequency with 

which oral egg challenge induced diarrhoea correlated with EW-specific IgE levels. These 

findings and the rapidity of the pathological responses to oral egg challenge support the type I 

hypersensitivity nature of our EW/EYP FA model.  

An IgE-mediated type I hypersensitivity reaction is the most common cause of anaphylaxis in 

humans and is characterised by its rapid onset (172). This fast onset of signs of food allergy can 

also be seen in the temperature drop that becomes apparent within 15 minutes (data not 

shown). IgE is used as a diagnostic biomarker for FA (198). Allergen-specific IgE levels are 

elevated in children that develop a positive reaction to oral challenge with the allergenic food 

(e.g.; milk, egg, peanut) compared to those who fail to react. However, the correlation with IgE 

level was weaker for some allergens, including wheat and soy (199). In addition, allergen-
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specific IgE is not a perfect diagnostic marker for symptomatic food allergy. Analogous to some 

mice in the EW/EYP food allergy model, some food allergy patients lack detectable food 

allergen-specific IgE levels and some humans have elevated IgE without ever developing an 

adverse reaction to food (199).  

In addition to an IgE-mediated aetiology, food allergy can have a mixed pathogenesis in which 

both IgE-dependent and -independent pathways play a role. One additional mechanism involves 

a delayed (6-48h post exposure) response that is associated with atopic dermatitis caused by 

Th2-cells (200, 201). This is unlikely to be the mechanism responsible for diarrhoea or 

hypothermia in the EW/EYP food allergy model, because these can develop in less than 15 

minutes.  

 

5.2.3 In addition to IgE, IgG1, IL-4, IL-6 and TNFα correlate with severity and 

development of food allergy signs 

To further characterise the EW/EYP model, antibodies, cytokines and effector cell mediators 

were analysed. As in the murine EW/EYP model, multiple factors, including allergen-specific IgG 

levels correlate with the development and severity of human food allergy, as shown for 

childhood allergy to egg, milk, soy, and fish (202). Mice that developed both diarrhoea and 

hypothermia to oral egg challenge had elevated IgG1 levels. Although IgG1 in mice and IgG4 in 

humans has been associated with protection from food allergy (173–176), it can be elevated in 

allergic individuals, because IL-4 promotes class-switch to both isotypes (114, 115).  

A factor that consistently correlated with the disease features was mMCP1. It was elevated in 

mice that developed diarrhoea and/or hypothermia and correlated with disease severity. 

mMCP1 is secreted by mucosal mast cells (203). Secretion of mMCP1 leads to increased 

epithelial permeability in the gut and thus may contribute to the development of diarrhoea and 

enhancement of a Th2-response (204, 205). Systemic symptoms are more associated with 

histamine, which is predominantly secreted by connective tissue mast cells rather than mucosal 

mast cells (206). Consistent with this, mMCP1 has been shown to correlate with diarrhoea, but 

not with hypothermia, in one recent study (177). In contrast, in the EW/EYP model, mMCP1 

strongly correlated with both hypothermia and diarrhoea. The former results may need to be 

interpreted carefully because different mouse models were used to analyse mast cell 

contributions to diarrhoea and hypothermia, whereas the BALB/c EW/EYP food allergy model 

allows analysis of both signs of disease. It is also possible that mice with severe connective 

tissue mast cell-dependent hypothermia also activate mucosal mast cells and consequently 

develop higher mMCP1 levels. To better elucidate the role of connective tissue mast cells in this 

model, histamine levels and connective tissue mast cell-specific mMCP7 levels could be 

measured.  

The discrete difference between mucosal and connective tissue mast cells that is seen in mice 

does not exist as such in humans. This makes comparison between human and mouse mast cell 
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markers difficult. However, human mast cell tryptase (MCT) is associated with increased 

severity of human anaphylaxis (207).  

The search for further factors modulating signs of the IgE-mediated anaphylaxis in the EW/EYP 

food allergy model revealed correlations of the cytokines IL-4, IL-6 and TNFα with the disease.  

IL-4 is one of the hallmark cytokines of a type 1 allergic response, because it is required for the 

class-switch to IgE (114, 115). It is strongly increased in mice that show signs of food allergy and 

correlated with the severity of food allergy signs. 

Mast cell tryptase, histamine, IL-6 and IL-10 were all elevated in human subjects with severe 

anaphylaxis when compared with patients with less severe disease (207). Except for IL-10, 

these parameters also correlated with more severe disease in the EW/EYP food allergy model. 

It is noteworthy that it cannot be clearly differentiated whether increased cytokine levels are 

the cause for a more severe reaction to antigen challenge or secreted as a result of a stronger 

effector cell response. While IL-4 and IL-6 have to be de novo synthesised, preformed TNFα can 

also be secreted by mast cells from granules within minutes upon activation (208). Still, it has 

been shown in a murine anaphylaxis model that did not utilise an oral challenge, that IL-4 can 

be detected in serum within 1 hour of antigen challenge. The main sources of this IL-4 in the 

secondary reaction upon antigen challenge are basophils and memory T cells (209). The strong 

correlations of IL-4 with disease severity might indicate a role of basophils. Additionally, more 

IL-4 and IL-6 might be produced by cells other than the immediate effector cells. Thus, other 

cytokines that are solely de novo synthesised by these effector cells (mast cells and basophils). 

such as IL-5 and IL-13, cannot be found to be elevated 1h after the challenge.  

Overall, serological parameters correlate well between human food allergy and the murine 

EW/EYP model, suggesting that this model is suitable for studying the mechanisms involved in 

the human disease.  

 

5.3 Allergen-specific IgE has a major impact on disease severity while the 

protective capacity of IgG1 is limited 

Serological differences between mice that develop symptoms compared to those that don’t most 

strongly reflect EW-IgE. It was the single factor that most strongly and consistently correlated 

with development and severity of food allergy in the EW/EYP food allergy model.  

IgG1 in mice and IgG4 in humans has been associated with protection from IgE-mediated 

anaphylaxis/food allergy (173–176). This protective role of allergen-specific IgG1 is limited in 

the EW/EYP food allergy model. For a quantitative comparison, OVA-specific antibodies were 

analysed. While there were higher OVA-IgG1/IgE ratios measurable in mice that did not develop 

any disease, the OVA-IgG1 levels of mice, that showed symptoms are still more than 100-fold 
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higher than OVA-IgE. These ratios were sufficient to block anaphylaxis in a passive IgE-transfer 

model (176). 

One mode of protection is competition between IgG1 and IgE for allergen binding (176, 210). To 

block this binding, a sufficient IgG1/IgE-ratio could be required in serum. However, the 

development of severe food allergy symptoms of mice despite high OVA-IgG1 titres implies that 

in this model IgG1 may not sufficiently suppress IgE-mediated anaphylaxis. Despite the excess 

of IgG1 to OVA, this level may have been insufficient to prevent absorbed antigen from binding 

to mast cell-associated IgE to trigger mast cell degranulation. This possibility would be 

particularly likely if little or no egg-specific IgG1 antibodies bound to the same egg proteins or 

to the same epitopes on egg proteins that are recognised by IgE antibodies.  

Lower OVA- and OVM-specific IgE titres and a higher IgG4/IgE-ratio were associated with a 

strong response to OIT for egg allergy in a clinical trial by Wright et al (174). This is consistent 

with our observation that high IgG1/IgE correlates with less severe disease in our murine 

EW/EYP model. The stronger correlations of EW-IgE with a more severe disease however imply 

an even more important role simply of IgE in this model. In a comparable skin sensitisation 

model, food allergy could be suppressed by administration of anti-FcεRIa mAb highlighting the 

importance of IgE (211).  

 

5.4 Differences in the IgG1 and IgE repertoire 

Analysis of our serological and clinical data suggests that diarrhoea and hypothermia in the 

EW/EYP food allergy model are IgE-dependent; other studies with the same model have shown 

this more explicitly by suppressing disease features with an anti-FcRI mAb treatment in mice 

(212). IgE induces these disease features by binding to FcεRIA on mast cells and basophils and 

activating them to release mediators such as histamine, proteases and cytokines upon 

crosslinking by the cognate allergen (213). Murine IgG1 and human IgG4 have been shown to 

protect against diarrhoea and systemic anaphylaxis by binding to the inhibitory receptor 

FcγRIIb and by blocking IgE from binding to allergen (180).  

The inability of IgG1 to convincingly block IgE-mediated anaphylaxis in this study could 

potentially be caused by differences between IgE and IgG1 binding to egg allergen epitopes. EW 

and EYP contain multiple proteins, each of which has multiple epitopes. Failure of sufficient 

quantities of IgG1 to bind to any allergen or allergen epitope recognized by IgE could prevent 

IgG1 from inhibiting IgE-mediated egg allergy. 

Ig antigen binding sites are encoded by different gene segments. The Ig antigen binding site of 

each unique B cell clone is encoded by a unique nucleotide-sequence (clonotype). Amino acid 

sequences that are encoded by different clonotypes can still be similar or identical, because 

more than one codon can encode the same amino acid. However, unique amino-acid sequences 

give rise to unique Ig antigen-binding sites. The diversity of the B cell repertoire derives initially 

from the number of these different V-, D- and J-gene segments. This theoretically allows 
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recognition of any antigen. Additional layers of B cell repertoire diversity are introduced first by 

the way in which V, D, and J segments recombine and changes induced by TDT, and later by the 

somatic hypermutation that occurs in germinal centers. 

IgG1 must bind the same or closely situated epitopes as IgE to block IgE-mediated anaphylaxis 

by shielding the antigen from IgE. In order to analyse similarities in the binding capacities of 

IgG1 and IgE, the repertoires of IgE and IgG1 were analysed from total RNA of BM and mLN of 

mice showing symptoms of food allergy.  

 

5.4.1 Differences in the CDR3-regions of IgG1 and IgE may explain the limited blocking 

capacity of IgG1 

Though my data do not exclude the possibility that allergen-specific IgG1 can block IgE 

mediated allergy, some mice with very high IgG1/IgE ratios still developed diarrhoea and 

hypothermia. Also, IgG1 clones were more diverse than IgE clones, which should give IgG1 the 

potential to recognise more distinct epitopes than IgE. However, the diversity of the repertoire 

does not give information about the specificity of the clones and whether IgE and IgG1 have 

similar or different fine specificities.  

In both mLN and BM, only about 8% of allergen-associated IgE V region CDR3 AA sequences 

overlapped with those found in the IgG1 repertoire. This left 90% of IgE clonotypes with the 

potential to bind epitopes that were not bound by IgG1. The same finding held true when only 

the 50 most abundant clones were considered. The large majority of the IgE-clonotypes had an 

amino-acid sequence that differed from any of those detected in the IgG1-repertoire and could 

potentially bind different epitopes. This observation could explain how large amounts of IgG1 

failed to completely block IgE-mediated food allergy symptoms. 

Differences in the CDR3-sequences and their potentially different specificities can either result 

in binding different epitopes on the same protein or on different proteins of the EW/EYP-

mixture. Studies mapping linear IgE and IgG4-bound epitopes in the serum of egg-allergy 

patients have shown that at least in the case of ovomucoid, the most allergenic protein of the 

EW-mixture, there are indeed epitopes that are recognised by IgE but not by IgG4 (214, 215). A 

similar experiment could be performed on sera from mice that were sensitised in the EW/EYP 

food allergy model in order to check whether IgE and IgG1 bind to different proteins and/or 

epitopes. 

Different CDR3-regions do not prove that IgE and IgG1 bind different epitopes; different amino 

acid sequences might still bind similarly. Here, a computational analysis of the physico-chemical 

properties of amino acids (hydrophobicity, polarity etc.) might shine more light on the matter. 

Ultimate proof could only be provided if both Ig heavy and light chain of the antibody were 

sequenced, cloned and used to produce antibodies that were then analysed in a epitope binding 

assay as was done by Croote et al. (142). 



DISCUSSION 

69 
 

IgG1 (in mice; IgG4 in humans) is unique in that it binds inhibitory FcγRIIB with higher affinity 

than it binds to any of the stimulatory FcRs. Thus, it is considered to be anti-inflammatory. But 

all Ig isotypes have the potential to prevent IgE-mediated anaphylaxis by blocking epitopes that 

could potentially be bound by IgE (216). It would be of interest to analyse the repertoires of 

other isotypes with regards to similarities with IgE. Here, only IgG1 has been analysed because 

of its close developmental relationship with IgE. One study of human peripheral blood 

mononuclear cells (PBMC) however showed that at least in humans, B cells that express IgG 

isotypes other than IgG4 also significantly contribute to the IgE-repertoire and do so to a much 

greater extent than IgM-expressing B cells, indicating that the majority of IgE is derived from an 

indirect class-switch, at least in the model that was studied (149).  

 

5.4.2 Different clonal descent and differential somatic hypermutation contribute to 

differences in IgE and IgG1 CDR3-region repertoires  

In our study, only 8% of allergen-associated IgE-CDR3 amino acid sequences were shared with 

the IgG1-repertoire regardless of whether mLN or BM, allergen-associated or total sequences, 

or only the 50 most abundant IgE or IgG1 sequences were analysed. This low overlap was not 

expected: On one hand, many IgE-clones develop from IgG1-(IgG4-) clones that share the same 

VDJ-recombination (115, 149). On the other hand, IgE+ B cells are believed not to undergo 

considerable SHM because they are rare in the gertube minal centres where these mutations are 

introduced (217–219). With this premise, a further change in the sequence of IgE would be 

unlikely. Also, Turqueti-Neves et al. observed in a comparable repertoire analysis comparing IgE 

and IgG1 repertoires in two murine models that there was great overlap between IgE and IgG1 

repertoires (183). Their results might differ from ours because the mice in our EW/EYP food 

allergy models are hyper-immunised compared to those of Turqueti-Neves. Repeated 

immunisation might drive direct switching from IgM to IgE, IgE hypermutation in GCs, and 

generation of long-lived IgE-secreting plasma cells. This hypothesis needs to be tested.  

Although I amplified samples with primers for both IgE and IgG1-heavy chains in the same tube 

in order to avoid biases that occur when samples are amplified in separate reaction tubes, 

Turqueti-Neves et al. analysed IgE and IgG1 in separate reactions. In addition, the ways in which 

we compared CDR3-sequences for IgE and IgG1 differed. Turqueti-Neves et al. compared the 

overlap between the 50 most frequent CDR3 sequences in the IgE-repertoire with the same 

CDR3 sequences in the IgG1- and IgM-repertoires without showing sequences that differ. They 

focused on showing that the IgE repertoire is more closely related to that of IgG1 than to IgM. 

Their results are in concert with the results of other human studies (149). In contrast, I found a 

considerable number of IgE-clones that did not share their VDJ-gene rearrangements with IgG1 

clones, which indicates they either developed from non-IgG1-, potentially IgM-clones, or that 

any IgG1 clone from which they could have developed had been lost. 

An IgE+ B cell can develop either from an IgM+ B cell through direct class-switch or indirectly 

from an IgG1+ B cell, with at least 30% of the IgE-clones having developed through the IgG1-
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intermediate stage (115). In an analysis of circular DNA-fragments generated during class-

switching, Liu et al. claimed that such an analysis might overestimate the number of clones that 

had switched from IgM to IgE because some circular DNA is rapidly degraded and because it is 

unclear whether the number of switch-circles represents the number of switched B cells (149).  

Analysis of IgM+ B cells or transcripts may miss some of the B cell VDJs that were initially 

generated because some of the IgM+ clones might have lost due to death or class switching by 

the time of analysis.(220). 

 

Figure 19: Differences in the CDR3-amino acid sequences of IgG1 and IgE can derive from different 
VDJ-gene rearrangements and somatic hypermutations 
Summary of the comparative repertoire-analysis of IgG1 and IgE depicted at the cellular level. Two 
exemplified precursor IgM+ B cells with distinctly rearranged VDJ-genes (VDJ-1 yellow and VDJ-2 light 
blue). Class-switch to IgG1 (green) and/or IgE (brown) from these precursors as well as development 
from B to plasma cell is depicted as arrows. SHM was not directly analysed in this study. It can be 
assumed to occur differently in IgE and IgG1, because different VDJ-rearrangements only account for a 
part of the varying CDR3-sequences of IgE and IgG1. The light-chain variable region is depicted in grey, it 
was not analysed in this study and not taken into consideration.  

 

Although the IgE repertoire contains VDJ gene combinations that are absent from the IgG1 

repertoire, there are no differences in V-gene family usage between these repertoires at either 

the gene family or individual V gene level, as has been shown before in human and murine 

studies (183, 221).  

The low percentage of IgE-amino acid sequences that are similar to IgG1-sequences can be 

partially explained by the 10-40% of IgE clones (unique nt-sequences) that have a VDJ-

rearrangement that is not detectable in the IgG1-repertoire. The additional unique sequences 

are probably generated by SHM that occurred in an IgE+ clone after it isotype-switched from an 

IgG1+ clone (Figure 19). This novel finding provides an additional explanation for why IgE-

mediated anaphylaxis may not be blocked by IgG1. 
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5.4.3 Differences in the repertoire diversity of IgE and IgG1 in BM and mLN  

The number of distinct detectable Ig-secreting clones provides a general idea about repertoire 

diversity (181). To better understand the relative diversity of the IgE and IgG1 repertoires, the 

number of clonotypes per 1000 sequences was analysed. Fewer clonotypes per 1000 analysed 

sequences indicates fewer unique clones as well as more proliferation of each clone, which 

suggests a selective pressure for the detected clonotypes.  

The clonal diversity may reflect different clonal selections in BM and mLN. This can represent 

the local acute nature of the repertoire in mLN versus the memory nature of the BM repertoire. 

Although more total IgG1 transcripts are present in BM than in mLN, the number of clonotypes 

in BM is lower. This indicates less clonal diversity (approximately 3-fold fewer clonotypes per 

1000 mRNA molecules) which indicates higher selective pressure for those IgG1-clones that end 

up in the BM. Intestinal dendritic cells continually capture a great variety of antigens from food 

and the natural gut microbiome, then migrate to the mLN where they present the processed 

antigen to CD4+ T cells (38). Antigen-mediated cognate interactions between antigen-specific 

mLN B cells and these T cells induces clonal expansion and differentiation of these B cells (222). 

During and following this acute reaction, these B cells may die from IgG1/FcγRIIb-mediated 

antibody feedback inhibition (223) or migrate to the bone marrow as long lived plasma cells or 

memory B cells (184, 185). However, relatively few germinal centre B cell clones receive the 

stimuli required to survive and develop into memory cells that migrate to the bone marrow 

(224). Death of the unselected clones in germinal centres is reflected in the lower clonal variety 

of BM than mLN IgG1. 

In contrast to IgG1, there is both less IgE mRNA and fewer IgE clonotypes in BM than in mLN. 

The difference in IgE clonal diversity between mLN and bone marrow is less pronounced than 

for IgG1. IgE-memory is less well understood than IgG1 memory and there is a debate in the 

field. As compared with IgG1+ B cells, antigen-activated IgE+ B cells are more likely to develop 

into short-lived plasma cells than to form germinal centres (217–219). Furthermore, the lifespan 

of IgE+ GC B cells appears to be considerably shorter than that of IgG1+ GC B cells (217). Because 

GCs are the main source of memory B cells and long-lived plasma cells (225), most murine IgE-

secreting plasma cells are thought to derive from memory B cells that had previously class-

switched to IgG1 (226) rather than from dedicated IgE+ memory B cells. This conclusion is 

supported by the observation that the IgE-memory response predominantly depends on IL-4 

(65), the cytokine that is required for class switching to IgE. On the other hand, there is evidence 

that IgE+ GC B cells do exist and can give rise to IgE+ memory B cells (227) and long-lived BM 

plasma cells. 

The results discussed in this chapter hold true for both allergen-associated as well as all 

analysed sequences. 
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5.4.4 The allergen-associated IgG1-repertoire is more diverse than the allergen-

associated IgE-repertoire  

In mLN, there is slightly higher relative clonal diversity, in other words, a more diverse 

repertoire of allergen-associated IgG1 (ca. 14 unique clonotypes per 1000 sequences) 

observable than there is for IgE (ca. 10 unique clonotypes per 1000 sequences). A more diverse 

repertoire potentially allows the recognition of a greater variety of antigens and epitopes. The 

lower relative repertoire of allergen-associated IgE suggests a stronger selection pressure on 

IgE, selecting fewer clones that are more abundant. This can be explained by the 

aforementioned tendency of IgE+ B cells to become short-lived plasma cells. Fewer B cell clones 

class-switch into IgE+ B cells than IgG1+ ones. Those that do isotype switch proliferate and 

quickly develop into plasma cells that produce large amounts of RNA, while some of the 

activated IgG1+ B cells undergo somatic hypermutation in GCs, further increasing the number 

and frequency of distinct clones (217–219). 

Overall, the relative clonal diversity in the EW/EYP food allergy model seems to be less than in a 

study that evaluated IgG1 and IgE repertoire after helminth infection or OVA/alum-

immunisation (183). Turqueti-Neves et al. showed approximately 200 unique sequences per 

1000 sequences for both IgG1 and IgE in the mediastinal LN of N. brasiliensis-infected mice and 

100 for IgE and 220 for IgG1 in OVA/alum-immunised mice. In the mLN of mice immunised in 

the EW/EYP food allergy model, there were ca. 14 unique clonotypes per 1000 sequences for 

allergen-associated IgG1 and ca. 10 unique clonotypes per 1000 sequences for IgE. The 10-fold 

discrepancies between this study and the study of Turqueti-Neves et al. may be explained by 

differences in the models used. In the EW/EYP food allergy mice are hyperimmunised resulting 

in an active immune response that continues for several weeks. N. brasiliensis on the other hand 

gets expelled after approximately 9 days. The duration of that immune response is thus much 

shorter than that for our EW/EYP model. The i.p. injection of OVA as a single antigen 

presumably induces a much less complex immune response that does not directly target the gut 

immune system. 

Additional discrepancies can derive from the fact that I worked with primers for both IgE and 

IgG1 in a single sample during library preparation for NGS, while separate samples were used 

for IgE and IgG1 amplification in the Turqueti-Neves study. Using separate samples for each 

isotype has the advantage that more low abundant IgE-sequences can be amplified; these might 

be lost in our combined primer setup. However, during the sequencing itself, a sample specific 

bias can be introduced that is avoided with my approach. Additionally, I excluded sequences 

that only occurred once, because they might derive from sequencing errors. 

 

5.4.5 Lower IgG1/IgE-ratios at the RNA-level than at the protein level  

As expected, both NGS and serological analyses revealed that IgG1 (OVA-specific for antibody 

levels, allergen-associated for the NGS-analysis) is more abundant than IgE. However, while 
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antibody titres of OVA-IgG1 were 100-1000-fold higher than for OVA-IgE, NGS-analysis revealed 

only 10-30-fold more total IgG1 than total IgE transcripts in BM and mLN. The antibody output 

of an individual plasma cell that secretes IgE and one that secretes IgG1 are similar (182). 

However, the half-lives of both antibody-subclasses in serum differ greatly (63), which might 

explain the apparent discrepancy between the ratios of IgE:IgG1 mRNA and serum protein (64). 

Removal of IgE from serum can be accelerated by its binding to FcRI or FcRII in <6 h, serum 

IgE is adsorbed onto mast cells as shown by an IgE-infusion experiment in IgE-deficient mice 

(65).  

Additionally, the NGS and the ELISA measure different entities: the ELISA truly measures EW-

specific antibodies, with NGS measures “allergen-associated” Ig-sequences, some of which may 

not be EW-specific. 

The comparable antibody output of IgG1- and IgE-secreting plasma cells (182) implies an 

additional conclusion: The higher number of distinct IgG1 compared to IgE sequences most 

likely correlates with a higher number of IgG1- than IgE-secreting cells, a conclusion that is 

supported by the literature (222, 227).  

 

5.4.6 The validity of the term “allergen-associated” sequences 

The analysis of CDR3-sequences of IgG1 and IgE in BM and mLN was performed on total and so 

called “allergen-associated” sequences. My aim was to make general points about the repertoire 

of IgE and IgG1 as well as to analyse the IgE and IgG1 repertoires in the context of egg allergy in 

the EW/EYP food allergy model. In order to be able to filter for sequences that are potentially 

derived from allergen-specific B or plasma cells, all CDR3 amino-acid sequences (clonotypes) 

from naïve mice were pooled and this pool was subtracted from a pool from mice that were 

sensitised and challenged with EW and EYP. Sequences that are present in naïve mice 

correspond to immunoglobulins produced by B or plasma cells that were expanded in response 

to antigens and/or microbes present in the housing, food or people in contact with the mice. 

When all of these sequences are excluded in mice that are immunised with EW and EYP, the 

only clonotypes that are remaining should theoretically be allergen-specific. Although the 

assumption behind this simple computational approach may not be completely correct, there is 

considerable evidence for differences in CDR sequences between naïve and allergic mice.  

Allergic mice have higher numbers of clonotypes, which may result from their exposure to 

relatively large quantities of additional allergens that expand more B cell clones to a level at 

which their CDR3-sequences become detectable. This is particularly true for IgE-switched B 

cells in mLN: allergic mice have approximately 10-fold higher clonotype numbers than naïve 

mice. This more pronounced increase in clonotype numbers in the gut draining lymph node may 

reflect prolonged, continuing allergen challenge of the local lymphoid tissue. Differences 

between naïve and allergic mice regarding IgG1 clonotypes, on the other hand, are more 

obvious in BM than in mLN. IgE in mice that are not helminth-infected generally reflects an 
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allergic response. IgG1 on the other hand can also be induced by other immune mechanisms. 

This is particularly the case for intestinal draining draining lymph nodes, which are constantly 

challenged, (e.g.; with microbial antigen derived from the natural gut microbiome), because 

IgG1 might be secreted in response to these non-allergen related sources. It has been shown 

that B cells and plasma cells migrate to the draining lymph node and proliferate there upon 

stimulation (222). The absolute number of stimulated IgG1-secreting plasma cells in the lymph 

node may not increase as much in response to repeated oral allergen challenges as the number 

of stimulated IgE-secreting plasma cells, because previous stimulation by endogenous and 

environmental allergens had already selectively stimulated an IgG response. 

Clonotypes that are overrepresented among the sequences analysed can be interpreted as 

belonging to plasma cells that were most strongly clonally expanded. In an immune reaction 

against a particular allergen, these are the allergen-specific cells (228). V gene usage of highly 

frequent clonotypes (outliers) that are outside an interquartile range (IQR) of 3 in allergic mice 

differs from V gene usage in naïve mice. Thus, samples from allergic and naïve mice can be 

differentiated by the data obtained, at least regarding outliers. Both over-represented 

clonotypes (50 most abundant) as well as all clonotypes were analysed for differences in the 

repertoire of IgE and IgG1. Differences in CDR3 sequences and VDJ usage between IgE and IgG1 

were detectable when analysing all clones and when only analysing the 50 most abundant 

clones. Because over-represented clones can be differentiated between allergic and naïve mice 

and the analysis of differences in the CDR3-regions and all clonotypes yielded similar results, it 

seems valid to classify the over-represented clones as “allergen-associated.” 

Ideally, EW-specific B and plasma cells would have been fluorescently sorted in order to obtain 

a library of definitely allergen-specific IgE and IgG1 sequences. In practice, this approach is 

difficult. The majority of immunoglobulin-RNA that can be obtained from lymphoid tissue is 

derived from plasma cells because of their high content of mRNA and massive antibody 

secretion (229). Because plasma cells down-regulate surface BCR expression (230), 

demonstration of their antigen specificity requires intracellular staining with a fluorochrome-

labelled antigen. Unfortunately, the permeabilisation and fixation procedures that are required 

for intracellular staining can decrease the quality of the RNA, although there are methods to 

partially prevent this (231). 
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6 OUTLOOK 

In the present food allergy study, a murine model was used that induces this disease by 

administering a common allergenic food, hen’s egg, without a non-physiological adjuvant 

through a physiologically relevant route. The disease features and serum allergen-specific 

antibodies and cytokines resemble human IgE-mediated food allergy. Investigation of additional 

factors that can influence disease development and severity in this model should promote a 

deeper understanding of the immunology and physiology of the allergic response. This model is 

suitable to study the interplay of factors involved in food allergy, such as relevant cell 

populations, local cytokine production and gut microbiome.  

Allergen-specific IgG1 failed to fully block IgE-mediated anaphylaxis. One potential reason 

unveiled by this study is the differing CDR3-regions of IgE and IgG1 that potentially result in 

non-identical epitope binding. Here, antibody differences were only analysed at the RNA-level. 

An epitope-mapping approach could potentially validate our hypothesis at the protein level. 

Because it is believed that most OVA- and OVM-epitopes that are bound by IgE are sequential, 

sera from allergic mice can be probed against a peptide library of the relevant allergens in EW. 

This experiment though would only provide information about total responses. Sequencing of 

IgE and IgG1 heavy- and light-chains from single cell RNA would: complement our data and 

allow cloning and generation of monoclonal antibodies. These could be used for further epitope 

mapping of individual antibodies as well as for other functional analyses. 

The IgG1 and IgE repertoires of allergic mice differ in the CDR3-region with respect to V(D)J-

gene rearrangement and SHM. SHM has not yet been directly analysed in the present study. 

However, the existing NGS-data can be examined to quantify SHM in IgE and IgG1 and compare 

whether similar SHM occurs in both isotypes. Additionally, generation of lineage trees could 

provide further insight into the clonal relationship of IgE and IgG1. 
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Supplementary figure 1: Quality scores of Illumina sequences 
Quality scores across the bases of exemplary BM and mLN samples for naïve and allergic mice were 

analysed using FastQC.  
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Supplementary figure 2: Numbers of clonotypes in allergic and naïve mice 
All sequences of allergic and naïve mice were analysed for numbers of clonotypes using MiXCR (156) and 

shown as all CDR3 clonotypes, IgE CDR3 clonotypes and IgG1 clonotypes of individual allergic and naïve 

mice in BM and mLN.  

 
Supplementary figure 3: Allergic and naïve mice can be differentiated by the usage of different V-
genes by over-represented clones 
Box plot analyses were performed to compare the frequency distribution of CDR3 clonotypes. Copy 

numbers relative to the number of all CDR3 sequences obtained (percentage) are displayed in respective 

groups, naïve (control _C) and allergic (_A) BM and mLN. Extremely high-frequent clonotypes (outliers) 

that are outside an interquartile range (IQR) of 3 are displayed as single dots (A). A principle component 

analysis (PCA) was performed on these outliers/over-represented clonotypes (B). The cluster of naïve 

(control) and allergic samples are indicated by a circle around them. 
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Supplementary figure 4: Differences in quantity and variety of the repertoire between BM and 
mLN, IgE and IgG1 in all analysed sequences 
All CDR3 nucleotide sequences of allergic mice with a read count >1 were analysed. The total number of 

all sequences of the respective isotype (A) and the ratio of these sequence numbers of IgG1 and IgE (B) in 

BM and mLN are displayed. The number of clonotypes of IgE and IgG1 are shown for BM and mLN (C). 

The clonal variety (D) as determined by calculating the number of clonotypes (in other words unique 

CDR3 sequences) per 1000 sequences is displayed for IgE and IgG1 in BM and mLN. Statistics: 2-way 

ANOVA (row-matched) with Bonferroni post-test *: p<0.05, **: p<0.01, ***: p<0.001, n=4-5, mean ±SEM 

are displayed. 
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Supplementary figure 5: Most IgE CDR3 amino acid sequences are not represented in the IgG1 
repertoire even when sequences from naïve and allergic mice are evaluated.  
Overlaps of total IgG1 and IgE CDR3 amino acid sequences of from allergic and naïve mice with a read 

count >1 were calculated using InteractiVenn (169). The number of sequences being either uniquely 

present in IgE (yellow triangle), present in both IgE and IgG1 =overlap (green circle) or uniquely present 

in IgG1 are depicted in A. The corresponding percentages of IgE sequences being either unique (yellow) 

or also present in the IgG1 repertoire (green) are shown in B. Frequencies of IgE-CDR3 amino acid 

sequences overlapping with IgG1 were compared between total and allergen-associated sequences of 

allergic mice (C; definition see Figure 13) with a read count >1. D, E and F show analogous analyses to A, 

B and C for the 50 most abundant IgE sequences. Statistics: A, B, D, E: n=2-5; C and F n=4-5, 2-Way 

ANOVA with Bonferroni post-test; not significant (no mark/ns): p> 0.05, **: p< 0.01 
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Ab antibody 

AD Atopic Dermatitis  

AID activation-induced cytidine deaminase 

BCA Bicinchoninic acid 

BCL binary base call 

BCR B cell receptor 

BLG bovine β-lactoglobulin  

BM performed bone marrow  

bp base paires 

ca. circa 

CCHMC Cinicinnati Children’s Hospital Medical Center 

cDNA complementary DNA 

CDR Complementarity-determining region 
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CRT cyclic reversible termination  
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CX3CR1 CX3C-chemokine receptor 1 

D diversity 
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dNTPs desoxy-nucleoside tri-phosphates 

dU deoxyuridine 

e.g. exempli gratia (for example) 

EoE eosinophilic oesophagitis 

EW egg white 

EYP egg yolk plasma 

FACS fluorescent activated cell sorting 

FOXP3 forkhead box P3 

FR framework region 

gDNA genomic DNA 

HRP horseradish peroxidase  

i.p. intra peritoneal  

i.t. intra tracheal 

IL interleukin 

IQR interquartile range 
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IVC individual ventilated cages 

J joining 

kDa kilo Dalton 

LN lymph node 

LTC4 leukotrienes  

M cells microfold cells 

mAb monoclonal antibody 

max. ΔT maximum temperature drop  

MHCII major histocompatibility complex class II 

min minutes 

mLN mesenteric lymph nodes 

mMCP-1 Mucosal mast cell protease-1 

MPPs multipotent myeloid/lymphoid progenitors 

NGS next generation sequencing 

o.g. oral gavage 

O/N over night 

OD optical density 

OFC oral food challenge 

OVA ovalbumin 

PAF platelet-activating factor 

PBMC human peripheral mononucleated cells  

PCA principle component analysis 

PCR polymerase chain reaction 

PGD2 prostaglandins 

PP polypropylene 

RAGs recombination-activating genes 

RIN RNA intregrity number 

RPM rounds per minute 

RT room temperature 

s seconds 

SEB Staphylococcal enterotoxin B 

SPF specific pathogen-free 

TCR T cell receptor 

TdT terminal deoxynucleotidyl transferase 

TFH T follicular helper cell 

TGF transforming growth factor 

TLR toll-like receptor 

TNFα tumour necrose factor alpha 

UPR unfolded protein response 

V variable 

WB washing buffer 
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