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Summary 

BACKGROUND 

The default immunological response to dietary antigen exposure via the gastrointestinal tract is oral 

tolerance, while failure to develop or breakdown of tolerance results in food allergy, but the mechanism 

leading to this outcome in some individuals is not fully understood. It has been suggested that failure to 

develop tolerance is linked to an imbalance in intestinal microbiota caused by environmental or lifestyle 

factors. Cow’s milk allergy is the most common food allergy in infants and young children. The best way 

to prevent cow’s milk allergy in infants is by exclusive breastfeeding until introducing solid foods. 

However, in many cases breast milk must be supplemented with or replaced by infant formula, which is 

most often based on cow’s milk proteins. The recommendation for allergy prevention in non-exclusively 

breastfed infants at high risk of developing allergy is highly debated. Infant formula based on hydrolysed 

cow’s milk have been suggested as a good option due to their reduced allergenicity, but concerns have 

been raised about the possible reduced preventive capacity of these products. Alternative types of 

processing, such as heat-treatment, are being investigated with the aim of reducing allergenicity while 

maintain tolerogenicity, with the ultimate goal of producing safe and efficient products for prevention 

and treatment of cow’s milk allergy. To accomplish this, more knowledge on how tolerance 

development is influenced by both protein and host-related factors is essential. 

AIM AND METHODS 

The aim of this project was to investigate whether and how (1) the physicochemical characteristics of 

whey products and (2) the gut microbiota composition of the host, independently and in combination, 

affect oral tolerance development, as well as the underlying mechanisms. This was investigated by 

inducing tolerance in Brown Norway rat models through oral administration of whey products with 

different physicochemical characteristics obtained by applying either heat-treatment (Manuscript I) or 

hydrolysis (Manuscript III).  

The association between microbiota composition and acute immune regulation (Manuscript II) as well 

as tolerance development (Manuscript III) was assessed by manipulating the microbiota of rats by the 

antibiotic amoxicillin. The effect of amoxicillin on intestinal microbiota composition as well as on host 

intestinal permeability, morphology, humoral and cellular immune regulation was analysed. Finally, the 

effect of the whey products on the growth of gut bacteria derived from healthy infant donors was 

evaluated in an in vitro incubation study (Manuscript III). 

RESULTS  

Results presented in Manuscript I, revealed that the capacity of whey to prevent sensitisation of naïve 

rats and to desensitise already sensitised rats was not reduced by mild heat-treatment. Heat-treatment 

reduced the intraperitoneal sensitising capacity, but had no effect on oral sensitisation. However, oral 

provocation with heat-treated whey resulted in milder allergic symptoms compared to unmodified 

whey. Protein uptake studies showed that heat-treatment changed the uptake route of whey with less 

being absorbed through the epithelium but more into the Peyer’s patches.  
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Results presented in Manuscript III, revealed that moderate hydrolysis did not reduce the primary 

preventive capacity of whey. A very diverse response was observed in the group administered with 

intact whey, and in that group sensitisation was not significantly different from the control group, which 

did not receive any product for prevention. To our knowledge, the present study is the first to show that 

moderately hydrolysed whey protein is superior to intact whey protein for preventing whey-specific IgE 

sensitisation. 

Results presented in Manuscript II, revealed that daily intra-gastric administration of amoxicillin resulted 

in immediate and dramatic shifts in microbiota composition, characterised by reduced within sample (α) 

diversity, reduced variation between animals (β diversity), increased relative abundance of 

Bacteroidetes and Gammaproteobacteria, with concurrent reduction of Firmicutes, compared to the 

control group. After one week, the total fecal IgA level, relative abundance of small intestinal FoxP3+ 

regulatory T cells and goblet cell numbers were higher in the amoxicillin group compared to controls.  

Results presented in Manuscript III revealed that amoxicillin-induced perturbation of the gut microbiota 

one week prior to and during tolerance induction did not affect the development of tolerance. In the 

group administered with the extensively hydrolysed whey (the product with the weakest tolerance 

inducing capacity) amoxicillin treated rats were actually better protected against allergic reactions than 

those with a conventional microbiota. In the light of epidemiological studies showing an association 

between early life antibiotic consumption and the development of food allergies, the observation that 

amoxicillin-induced perturbation of the gut microbiota promotes acute immune regulation (Manuscript 

II) and possibly tolerance development (Manuscript III) warrants further investigation. 

Finally, In vitro incubation of infant faecal microbiota with whey products with different degree of 

hydrolysis included in Manuscript III indicated that moderately hydrolysed whey products promoted the 

expansion of the genus Enterococcus. 

CONCLUSION AND PERSPECTIVES 

Collectively, these results highlight both heat-treatment and moderate hydrolysis as potential methods 

for producing efficient and safe cow’s milk-based products intended to prevent cow’s milk allergy in 

infants at high risk of CMA, regardless of their gut microbiota composition. However, possible effects of 

hydrolysed products on infant microbiota composition indicated by the in vitro incubation study 

warrants further investigation. 
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Resumé (Danish) 

BAGGRUND 

Som udgangspunkt vil eksponering til fødevare-allergener via mave-tarmkanalen resultere i dannelse af 

oral tolerance. Manglende udvikling eller nedbrud af denne tolerance resulterer i fødevareallergi. De 

mekanismer, der fører til dette udfald hos enkelte individer, er ikke fuldt ud forstået. Det er blevet 

foreslået at manglende udvikling af tolerance kan være forbundet med en ubalance i 

bakteriesammensætning i tarmen forårsaget af miljø- eller livsstilsfaktorer. Komælksallergi er den mest 

almindelige fødevareallergi iblandt spædbørn og små børn. Den bedste måde at forebygge 

komælksallergi hos spædbørn er igennem fuldamning indtil introduktion af fast kost. I mange tilfælde 

må amning dog suppleres med eller erstattes af modermælkserstatning, som oftest er baseret på 

komælksproteiner. Det er omdiskuteret, hvilken type modermælkserstatning der bør anbefales til ikke-

fuldammede spædbørn i højrisiko for at udvikle allergi. Modermælkserstatninger baseret på 

hydrolyseret komælk er blevet foreslået som en god mulighed på grund af den reducerede 

allergenicitet. Der er dog rejst bekymring for de reducerede forebyggende egenskaber af disse 

produkter. Alternative forarbejdningsmetoder såsom varmebehandling undersøges med henblik på at 

reducere allergenicitet og samtidig bevare tolerogenitet, med det mål for øje at fremstille sikre og 

effektive produkter til forebyggelse og behandling af komælksallergi. Mere viden om, hvordan 

toleranceudvikling påvirkes af både protein- og værtsrelaterede faktorer er afgørende for at opnå dette. 

FORMÅL OG METODER 

Formålet med dette projekt var at undersøge, hvorvidt og hvordan (1) de fysikokemiske egenskaber af 

valleprotein-produkter og (2) tarmenes mikrobiota uafhængigt og i kombination påvirker udviklingen af 

oral tolerance samt de underliggende mekanismer. Dette blev undersøgt ved at inducere tolerance i 

Brown Norway rotte-modeller igennem oral eksponering til valleprotein-produkter med forskellige 

fysiskokemiske egenskaber opnået ved varmebehandling (Manuskript I) eller hydrolyse (Manuskript III).  

Sammenhængen mellem mikrobiota-sammensætning og immunregulering (Manuskript II) samt 

toleranceudvikling (Manuskript III) blev undersøgt ved at manipulere rotters mikrobiota med 

antibiotikummet amoxicillin. Effekten af amoxicillin på tarmens mikrobiota-sammensætning såvel som 

på værtens tarmpermeabilitet, vævsmorfologi samt det humorale og cellulære immunsystem blev 

karakteriseret. Endelig blev effekten af valleprotein-produkterne på væksten af tarmbakterier fra raske 

spædbørn evalueret i et in vitro inkubationsforsøg (Manuskript III). 

RESULTATER 

Resultater præsenteret i Manuskript I viste, at kapaciteten til at forhindre sensibilisering af naïve rotter 

og til at desensibilisere allerede sensibiliserede rotter ikke blev reduceret ved mild varmebehandling af 

valle. Varmebehandling reducerede den intraperitoneale sensibiliseringsevne, men havde ingen effekt 

på orale sensibilisering. Dog gav oral provokation med varmebehandlet valle anledning til mildere 

allergiske reaktioner sammenlignet med ubehandlet valle. Måling af proteinoptag i tarmen viste at 
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varmebehandling ændrede optagelsesvejen således at en mindre andel blev absorberet gennem 

epitelcellelaget, hvorimod mere blev optaget igennem Peyerpletterne. 

Resultater præsenteret i Manuskript III viste, at moderat hydrolyse ikke reducerede den forebyggende 

kapacitet af valle. Et meget forskelligartet respons blev observeret i gruppen, der fik intakt valle, og i 

denne gruppe var sensibiliseringen ikke signifikant forskellig fra kontrolgruppen, som ikke modtog noget 

produkt til forebyggelse. Så vidt vi ved, er dette studie det første der viser, at hydrolyseret valle-protein 

er bedre end intakt valle-protein til at forebygge valle-specifik IgE-sensibilisering. 

Resultater præsenteret i Manuskript II viste, at daglig sondefodring med amoxicillin resulterede i 

øjeblikkelige og dramatiske ændringer i mikrobiota-sammensætningen, kendetegnet ved reduceret 

diversitet inden for hvert dyr, reduceret diversitet i mellem dyr, øget relativ mængde af Bacteroidetes 

og Gammaproteobacteria og samtidig reduktion af Firmicutes sammenlignet med kontrolgruppen. Efter 

en uge var det totale fækale IgA-niveau, relativ forekomst af FoxP3+ regulatoriske T-celler i tyndtarmen 

og antal bægerceller i tynd- og tyktarmen højere i amoxicillin-gruppen sammenlignet med 

kontrolgruppen. 

Resultater præsenteret i Manuskript III viste, at amoxicillin-induceret ubalance af tarm-mikrobiotaen en 

uge før og under toleranceinduktion ikke reducerede udviklingen af tolerance i nogen af 

produktgrupperne. I den gruppe som fik højt hydrolyseret valle-protein (det produkt med de svageste 

tolerance-inducerende egenskaber) var de rotter der fik amoxicillin faktisk bedre beskyttede mod at 

udvikle allergiske reaktioner sammenlignet med de rotter der havde en konventionel mikrobiota. I lyset 

af epidemiologiske studier, der viser en sammenhæng mellem antibiotika forbrug i det tidlige liv og 

udviklingen af fødevareallergi, er det overraskende, at amoxicillin-induceret ubalance af mikrobiotaen 

fremmede akut immunregulering (Manuskript II) og muligvis toleranceudvikling (Manuskript III), og 

dette bør eftervises inden der kan drages en håndfast konklusion. 

Endelig indikerede in vitro inkubationsforsøg med tarmbakterier fra raske spædbørn og valleprotein-

produkter med forskellig hydrolysegrad i Manuskript III, at produkterne med moderat hydrolyseret 

valleprotein fremmede væksten af bakterier af slægten Enterococcus. 

KONKLUSION OG PERSPEKTIVER 

Samlet set fremhæver disse resultater både varmebehandling og moderat hydrolyse som potentielle 

metoder til at producere effektive og sikre komælksbaserede modermælkserstatninger beregnet til at 

forebygge komælksallergi hos spædbørn i højrisiko for at udvikle allergi uanset deres mikrobiota-

sammensætning. Eventuelle effekter af hydrolyserede produkter på spædbørns mikrobiota-

sammensætning, som blev indikeret ved in vitro inkubationforsøget, bør dog undersøges nærmere. 
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1 Background 

The default immunological response to dietary antigen exposure via the gastrointestinal tract is oral 

tolerance, while failure to develop or breakdown of tolerance results in food allergy, but the mechanism 

leading to this outcome in some individual is not fully understood [1].  

Food allergy can be immunoglobulin E (IgE)-mediated or non-IgE mediated [2]. The focus of the current 

project is on IgE-mediated food allergy, which occurs in two phases: An initial sensitisation phase where 

allergen-specific IgE is produced by plasma cells via stimulation by T helper 2 (Th2)-derived cytokines, 

and a subsequent elicitation phase, where symptoms occur [3]. In an allergic individual, ingestion of 

foods containing the offending allergen will lead to cross-linking of allergens with IgE antibodies on the 

surface of tissue resident mast cells and circulating basophils, which causes degranulation and release of 

chemical mediators. This may give rise to symptoms in the gastrointestinal tract, the skin, the 

respiratory system and/or cardiovascular system [4,5]. In severe cases, allergic reactions can cause life-

threatening anaphylactic shock associated with systemic vasodilation.  

1.1 Cow’s milk allergy  

Cow’s milk allergy (CMA) is the most common food allergy in infants and young children with a high 

national variation in prevalence of approximately 0.5-3% [6–8]. The prognosis for outgrowth of CMA 

with age is good and resolution rates above 50% within the first 1-5 years of life have been reported 

[8,9]. Despite the good prognosis for outgrowth of CMA, prevention should still be prioritised for 

important reasons:  CMA is associated with the risk of severe reactions [10], CMA in infancy may 

negatively impact nutritional status and growth [11,12], and comorbidities are common thus many 

children suffering from CMA in infancy develop other allergic conditions later in life [13].  

1.2 Cow’s milk allergens  

Cow’s milk proteins are divided into two fractions: the curd and the whey, which constitute 

approximately 80 and 20% of the total proteins, respectively [14]. Multiple different cow’s milk proteins 

can cause allergic reactions. The determination of what allergens an cow’s milk allergic individual are 

sensitised to, called component resolved diagnosis, is currently not part of the standard clinical practice 

for CMA diagnosis [4], but is used for research purposes. Based on these studies, it appears that no 

single cow’s milk allergen can be said to be the most allergenic, and most individuals suffering from CMA 

are sensitised to more than one cow’s milk allergen [15,16]. The most frequently reported allergens that 

patients are sensitised to are caseins of the curd fraction, and β-lactoglobulin (BLG) and α-lactalbumin of 

the whey fraction, which are also the most abundant proteins in cow’s milk [14].  
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1.2.1 β-lactoglobulin 

The most abundant protein in the whey fraction is BLG, which constitutes approximately 50% of the 

total whey protein [17]. BLG is a relatively small globular protein with a molecular weight of 18.3 kDa 

[18]. BLG consists of 162 amino acids including five cysteine residues of which four form two disulphide 

bonds and one retains a free sulfhydryl group [19], which is buried inside the globular tertiary structure. 

At physiological pH, BLG occurs in a dimeric form, but dissociates into monomers at low pH. The 

allergenicity of BLG is believed to be related to the fact that it is relatively stable to digestion and has no 

human homologue [20]. However, BLG can be found in trace amounts in human breast milk due to 

transfer of dietary BLG to the milk [21].  

1.3 Management of cow’s milk allergy 

Currently, no cure exists for any allergy including CMA, and strict avoidance of foods containing the 

offending allergen(s) is the only way to manage the disease [4]. For non-exclusively breastfed infants 

this implies the use of hypoallergenic infant formula, which is defined as one that is tolerated by 90% of 

cow’s milk allergic infants (with a confidence interval of 95%) as determined by an appropriately 

designed clinical trial [22]. Hypoallergenic infant formula can be based on proteins from plants (e.g. soy 

or rice) or milk from other mammals than cow (e.g. camel, mare or donkey) or can be based on synthetic 

amino acids [4]. However, most hypoallergenic infant formula are based on processed cow’s milk. 

Processing, such as hydrolysis and heat-treatment, affects the structure of the proteins and may thereby 

prevent their cross-linking to IgE thus avoiding the induction of an allergic reaction. Antibody-binding 

sites on an allergen are called epitopes. Epitopes can either be comprised of sequential residues in the 

primary structure (linear epitopes) or of residues that are brought together in the folded protein 

(conformation epitopes) [23]. Processing may affect linear and conformational epitopes differently 

[24,25]. 

1.3.1 Hydrolysis of cow’s milk proteins 

Enzymatic hydrolysis of proteins, also called proteolysis, breaks proteins into peptide fragments and free 

amino acids and may thereby destroy allergenic epitopes. Various enzymes can be applied for hydrolysis 

of cow’s milk proteins including pancreatic enzymes (trypsin, chymotrypsin and pancreatin) [26] and 

bacteria-derived enzymes (such as Alcalase) [27]. Since different enzymes have different specificities for 

cleavage sites, the exact enzyme combination used is crucial for the resulting peptide profile.  

Hydrolysis is often combined with other types of processing such as heat-treatment, application of high 

pressure and ultrafiltration [28]. Information about the processing of commercial ingredients for infant 

formula is in most cases not public available. Commercial products are (as a minimum) described 

according to the source material (whey or casein) and the classification as either extensively (eHF) or 

partially (pHF) hydrolysed formula based on the molecular weight of the peptides. However, there is 

currently no consensus for a strict definition of eHF and pHF. The American Academy of Pediatrics have 

suggested a definition of eHF as containing only peptides that have a molecular weight below 3 kDa, and 
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pHF as primarily containing oligopeptides with a molecular weight below 5 kDa [29]. High variation 

between size distribution [30] and peptide sequence profiles [31] has been reported among different 

commercial hydrolysed infant formulas based on the same protein source and within same 

classification. This implies that different infant formulas with same classification may have different 

immunological effects. 

1.3.2 Heat-treatment of cow’s milk proteins 

Heat-treatment disrupts the secondary and tertiary protein structure by breaking hydrogen bonds, 

causing an unfolding of proteins also called denaturation. In BLG, unfolding may result in exposure of 

the hydrophobic sulfhydryl groups which were previously buried inside the folded protein [32]. 

Interactions of the sulfhydryl group with caseins or other unfolded whey proteins drive protein 

aggregation [33].  

Conformational changes induced by heat-treatment may influence protein epitopes in various ways that 

either promote or prevent antibody binding: Unfolding may expose epitopes that were previously 

inaccessible inside the folded protein and/or dissociate conformational epitopes, while aggregation may 

cause formation of neo epitopes and/or masking of epitopes. The effect of heat-treatment on epitope 

accessibility depends on the specific heat-treatment applied and in particular the temperature used [34–

36]. 
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1.4 Intestinal degradation and uptake of cow’s milk proteins  

Dietary proteins are degraded in the stomach by acidic hydrolysis and pepsin, and further in the small 

intestine by pancreatic enzymes as well as by brush-boarder enzymes localized in the microvilli-covered 

surface of the intestinal epithelium [37]. Although that the majority of ingested proteins are degraded 

into amino acids and very short peptides in the intestinal lumen and during uptake by brush-boarder 

enzymes, it is evident that a small fraction do reach lamina propria and the circulation in an immune 

reactive form [38,39]. Many food allergens are characterised as being relatively resistant to pepsin and 

acid proteolysis [40], however this is not universal for all food allergens [41]. Most studies have found 

that BLG is resistant to pepsin and acid proteolysis [41], which is likely related to the compact structure 

containing two disulphide bonds [42]. 

The intestinal uptake of dietary antigens can occur through different pathways in the small intestine that 

are generally divided into paracellular and transcellular pathways (Fig. 1.1). Paracellular diffusion is 

regulated by tight junction protein complexes formed between adjacent epithelial cells, and should 

under normal conditions only allow the passage of very small molecules (less than 0.6 kDa) [43]. 

However, the passage of larger molecules can occur through the so-called “leak pathway” in the 

presence of inflammatory signals [44], thus paracellular transport may in some cases contribute to 

intestinal uptake of peptides.  

Transcellular transport can either occure through epithelial cells, microfold (M) cells, goblet cells or 

phagocytes [45]. Epithelial cells cover the vast surface area of the intestinal cell wall. Transcellular 

uptake through epithelial cells favour small, soluble particles, and is generally associated with lysosomal 

antigen degradation; however, transcytosis without degradation do also occur [46]. M cells are found in 

the follicle associated epithelium covering lymphoid structures in the small intestine called Peyer’s 

patches [47]. M cells are specialized in engulfing particulate luminal content and deliver it directly to 

dendritic cells (DCs)[48]. Additionally, antigens may be taken up via mucus producing goblet cells via the 

so-called goblet cell associated antigen passage [49] or sampled directly by phagocytes such as 

macrophages or DCs, that can extend their dendrites into the lumen without disrupting tight junction 

complexes [50,51].  

Exact information about the relative contribution of the different pathways for proteins/peptides uptake 

remains elusive, is dependent on physicochemical characteristics of proteins/peptides such as size, 

polarity and solubility [45]. It has been suggested that the uptake route for a food antigens may 

determine what type of immune response that will be mounted [45,52,53].  
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1.4.1 Intestinal protein uptake in allergic individuals 

In individuals suffering from existing food allergy, intestinal permeability of food allergens is increased 

[54–56]. This is a result of both IgE dependent CD23 receptor mediated transcellular transport (specific 

to the offending allergen) [57] and by increased non-specific paracellular permeability caused by release 

of tryptase from mast cells leading to redistribution of tight junction protein complexes [58,59]. 

 

 

 

 

 

FIGURE 1.1: Dietary antigen uptake in the gut. Antigens may be taken up though epithelial cells, which are the 
most abundant cell type in the intestinal epithelial layer. The majority of antigens taken up by epithelia 
endocytosis are digested within lysosomes but some are left intact (A). Alternatively proteins may be taken up by 
microfold cells scattered in the follicle associated epithelium covering Peyer’s patches (B), taken up via the goblet 
cell associated antigen passage (C), or sampled by phagocytes that extend their dendrites into the lumen (D). 
During overt inflammation or allergic reaction, antigens may enter lamina propria by paracellular diffusion (E). The 
figure was created with Biorender.com 
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1.5 Oral tolerance  

In lamina propria or Peyer’s patches of the small intestine, antigens are transferred to antigen 

presenting cells such as DCs which can degrade antigens by intracellular vesicles and present them on 

surface molecules, major histocompatibility complex class II, to activate naïve T cells [60]. A subset of 

regulatory DCs expressing CD103+ DCs are central for tolerance induction [51,61]. CD103+ DCs loaded 

with antigen in lamina propria, drain to mesenteric lymph nodes where they promote the differentiation 

of naïve T cells to become Forkhead box P3 (FoxP3+) regulatory T cells (Tregs) through retinoic acid and 

transforming growth factor-β (TGF-β) dependant mechanisms [62–64] (Fig. 1.2).  

Tregs induced in the periphery are referred to as induced Tregs (iTregs), and distinguish from thymus 

derived natural Tregs (nTregs) by their low expression of the transcription factor Helios [65]. In contrast 

to nTregs, iTregs are essential for oral tolerance development [66,67]. Similarly, antigens delivered to 

DCs via M cells can activate Tregs locally in Peyer’s patches; however, while mesenteric lymph nodes are 

found to be necessary for development of tolerance [64,68], Peyer’s patches are not [69,70].  

Upon activation, iTregs are imprinted the expression of gut homing factors that enables them to migrate 

to the lamina propria, which appears to be essential for oral tolerance [67,71]. In lamina propria, Tregs 

expand due to stimulation by tolerogenic cytokines secreted by tissue resident tolerogenic macrophage 

and epithelial cells [67]. 

It is well established that Tregs are essential for preventing Th2 immune responses, however the 

suppressive function is only partly understood [1,72]. It is known that Tregs can supress the function of 

DCs [73], Th2 cells [74], B cells [75] and mast cells [76]. The suppression is mediated either by direct cell-

cell contact e.g. by CTLA4, which is a negative co-stimulatory molecule, and/or by the secretion of anti-

inflammatory cytokines including IL-10 and TGF-β [77].  

It is well established that Tregs are essential for preventing Th2 immune responses, which likely involves 

Tregs supressing the function of DCs [73], Th2 cells [74], B cells [75] and mast cells [76]. The suppression 

is mediated either by direct cell-cell contact e.g. by cytotoxic T lymphocyte antigen-4, which is a negative 

co-stimulatory molecule constitutively expressed on Tregs, and/or by the secretion of anti-inflammatory 

cytokines including IL-10 and TGF-β [77]. Additionally, Tregs promote IgA production by plasma cells via 

TGF-β dependant mechanisms [78–80]. 

In addition to Treg-mediated mechanisms, antigen-specific T cell anergy and depletion, which 

respectively refers to unresponsiveness and apoptosis, may also contribute to oral tolerance. It is the 

general perception that low-dose antigen primarily leads to induction of Tregs, while high-dose antigen 

leads to anergy and depletion [81,82].  
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FIGURE 1.2: Regulatory T cell mediated oral tolerance. In lamina propria, antigens are taken up and degraded by 

CD103+ dendritic cells (DC) that migrate to the mesenteric lymph nodes (mLN) and activate antigen-specific naïve T 

cells to become regulatory T cells (Treg). Upon activation, Tregs are imprinted homing factors that enable them to 

migrate to lamina propria where they propagate due to activation by cytokine stimulation from tissue resident 

macrophages and epithelial cells. Tregs promote IgA secretion by plasma cells, but suppress the function of other 

cell types including suppression of mediator release from mast cells. The figure was created with Biorender.com 

1.5.1 Immunoglobulin A and oral tolerance 

At mucosal surfaces including that of the gastrointestinal tract, IgA is continuously secreted and 

contributes to the barrier function [83]. IgA is a neutralising antibody class, known to be important for 

the immunological defence against pathogenic bacteria and toxins, while the role of IgA in immune 

tolerance to dietary allergens remains elusive [1].  

In breastfed infants, antigen-specific IgA transferred via the breast milk to the infant gut lumen may 

likely promote the development of tolerance upon first exposure to dietary antigens. IgA may affect the 

immune response by promoting the selective uptake of antigen-IgA complexes via M cells [84] and by 

promoting the interaction with DCs [85]. Two studies report that the breast milk from mothers of cow’s 

milk allergenic infants have lower levels of total and cow’s milk-specific IgA than those of healthy infants 

[86,87].  

However, in the context of established tolerance or allergy, the impact of antigen-specific IgA remains 

largely unknown. Results from one study in ovalbumin-sensitised IgA deficient mice revealed that 

systemic transfer of ovalbumin-specific IgA is protective against anaphylaxis triggered by the oral 

exposure to ovalbumin, indicating that IgA may mediate antigen-specific immune exclusions [88].   
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1.6 Gut microbiota and food allergy 

The observation of increasing prevalence of allergic diseases within the last decades [5] has been 

connected with concurrent changes in environmental and lifestyle factors [89]. Already in 1989, 

Strachan identified an association between family size and hay fever, and based on that suggested the 

so-called “hygiene hypothesis” [90]. In the following years, this concept has been extrapolated to other 

autoimmune and allergic diseases including food allergy. Furthermore, the contribution of the gut 

microbiota in explaining the correlation between lifestyle/environmental factors and these diseases is 

becoming increasingly appreciated [91].  

1.6.1 Infant gut microbiota colonisation and composition 

Until recently, it was believed that infants are born sterile, but studies now indicate that some 

colonisation takes place already in utero [92,93]. Colonisation increases dramatically upon birth, initially 

by facultative aerobes such as Eschericia/Shigella, Enterococcus and Streptococcus [94]. After few days, 

the gut becomes anaerobic and strict anaerobes such as Bifodobacterium, Bacteroides, Lactobacillus and 

Veillonella expand [94,95]. In early life, colonisation pattern is influenced by the mode of delivery: While 

vaginally delivered infants harbour many taxa from their mother’s own microbiota, the microbiota of 

infants born by C-section is more alike the general skin microbiota indicating that the vertical transfer of 

bacteria from the mother to the child may be obstructed by C-section [94,96]. Numerous studies have 

found associations between allergic diseases including food allergies and C-section [97,98]. 

During infancy, the gut microbiota composition is affected by breastfeeding status [94,99]. Human 

breast milk is a source of multiple components that shape the infant gut microbiota composition such as 

human milk oligosaccharides (HMOs) that are non-digestible carbohydrates [100–102], IgA [103] and 

cytokines [104], as well as live bacteria [105]. The HMOs have attracted much attention in recent years 

because human cohort studies have found associations between the composition of maternal milk 

oligosaccharides and the development of food allergy in the infant [106,107].  

Another factor that influence gut microbiota composition is antibiotic treatment. While the gut 

microbiota in adults rapidly returns to the baseline with respect to the major taxa shortly (1-2 weeks) 

after cessation of antibiotic treatment [108–111], changes appear to persist for longer in infants 

especially after multiple courses of antibiotics [112]. Children exposed to antibiotics within their first 

year of life shows delayed microbiota maturation (reduced diversity, increased facultative aerobes) 

compared to those not exposed to antibiotics [95]. Most epidemiological studies suggest an association 

between antibiotic exposure in early life and the development of CMA [113–115]. 

1.6.2 Microbiota and cow’s milk allergy pathogenesis  

Studies have found that the gut microbiota composition differs between healthy infants and those 

suffering from CMA [116] or food allergies in general [117]. From these studies it remains unknown 

whether the differences in microbiota are the cause or a consequence of the disease (e.g. caused by 

differences in diet). The first indication that the microbiota may be implicated in the pathogenesis of 
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food allergy came from a Canadian birth cohort, where it was found that low richness and an elevated 

Enterobacteriaceae/Bacteroidaceae ratio at three months of age were associated with increased risk of 

later sensitisation to a food allergen [118]. However, only 12 infants were sensitised in this cohort.  

Direct evidence of the microbiota being implicated in the pathogenesis of food allergy came from faecal 

microbiota transplant experiments in germ-free mice. Germ-free mice have elevated basal levels of Th2 

cytokines and IgE [119,120] and are prone to develop food allergy [121]. First, it was shown that 

reconstitution of germ-free mice with conventional microbiota from healthy infants partly protected 

these from allergic reactions to BLG after intra-gastric immunisations [122]. Next, it was shown that 

reconstituting germ-free mice with the microbiota from sensitised Il4raF709 mice, that are genetically 

modified to become food allergy-prone due to a mutation in the IL-4 receptor gene, transferred the 

increased susceptibility to the recipient, while conventional microbiota from sensitised wild-type mice 

was protective [123].  

Finally, it was recently shown that reconstituting germ-free mice with the microbiota from infants 

suffering from CMA [124,125] or any food allergy [126] was not protective against oral sensitisation and 

anaphylaxis reactions to BLG or egg ovalbumin respectively, while reconstituting with conventional 

microbiota from age matched healthy controls was protective. However, the study design applied by 

Feehley and colleagues [124] (which was the first to show this) has been criticised, because mice were 

administered with the same milk formula as consumed by the infant donor (conventional infant formula 

for healthy and extensively hydrolysed casein formula for CMA) to promote the microbiota 

establishment in the recipient. This makes it challenging to separate the effects of the microbiota from 

the effects of dietary exposure [127].  

1.7 Animal models to study cow’s milk allergy and tolerance 

Animal models are valuable tools for investigating the mechanisms underlying development of allergy 

versus tolerance to allergens, as well as evaluating the safety and efficacy of preventive and therapeutic 

interventions [128–131]. In rodents, as in humans, the default response to oral exposure to allergens is 

the development of oral tolerance. Certain breeds of animals such as C3H/HeJ mice [132] and Brown 

Norway rats [133] resemble atopic individuals by being genetically predisposed to raise an IgE response 

upon exposure to allergens. However, even when using such breeds, most models still require a non-

physiological method to induce a robust allergic response such as administering allergens orally together 

with an adjuvant or via alternative routes such as by intraperitoneal (ip) [134] or epicutaneous [135] 

injection. For sensitisation via the oral route, commonly used mucosal adjuvants include cholera toxin 

(CT) derived from Vibrio cholera [136] and staphylococcal enterotoxin B derived from Staphylococcus 

aureus [137,138]. These adjuvants promote the development of a Th2 screwed immune response 

[129,130,139].  

In the domain of oral tolerance, animal models have been exploited to investigate the underlying 

mechanisms, to screen for biomarkers of oral tolerance [140] and to test the safety and efficacy of 

preventive and therapeutic interventions [128]. The primary preventive capacity of processed milk 

proteins have been investigated as the capacity to reduce specific IgE levels and challenge induced 
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allergic symptoms by orally pre-administration followed by ip [141] or epicutaneous [142] 

immunisations. The desensitisation capacity of various types of allergen-specific and non-specific 

interventions have been evaluated as the capacity to reduce specific IgE levels and to ameliorate 

challenge induced allergic symptoms e.g. by administration of whole or parts of allergens via the oral, 

epicutaneous or subcutaneous routes in previously sensitised animals [131].  

To investigate the de novo immunological responses to food allergens in animal models it is required 

that the animals are naïve to the studied allergen. To achieve fully naïve animals they must be bred on 

an allergen-free diet for at least two generations [143]. Similar to human milk, murine milk does not 

contain any BLG [144] which makes mice and rats applicable models to study CMA.  

1.7.1 Microbiota of murine animal models 

Although the gut microbiota of murine models and human differ considerably, animal models have been 

a valuable tool to study host microbiota interactions [145]. While the microbiota is strikingly similar 

among different mammals at the high taxonomic levels (phylum and higher), pronounced differences 

are observed at lower taxonomic levels (families and genera) [146]. However, a study that compared 

mice and human gut metagenomes, found that despite the mice and human gut metagenomes share 

very few genes (around 4%), the majority (around 95%) of gene ontologies are shared [147]. This means 

that although the gut microbiota of mice and humans is different in composition, it is rather similar in 

functionality.  

Rats have been a long-lasting animal model in biomedical research, and have been used in studies of the 

gut microbiota in various diseases [148–153], but mice models are more commonly used. Efforts to 

characterise the rat microbiome goes back a long way [154], and the rat microbiome has since been 

characterised both temporally through the lifespan [155] and spatially along the gastrointestinal tract 

[156]. Few attempts have been made to compare mice and rats as models of the human microbiomes; 

however, while one study found that mouse microbiota is more similar to that of humans [157], another 

found the opposite, that (Sprague Dawley) rat microbiome is more similar to that of humans [155]. It has 

been reported that colonisation of germ-free animals by human microbiota is more efficient and stable 

in rats than in mice [158]. Comparison between microbiomes of different species may be complicated by 

many factors such as strain, diet, housing etc., but also possibly by bias in bioinformatics analysis due to 

bias in existing databases used for taxonomic classification [159]. 

Even within a species, variation in composition exists between different genotypes [160] as well as 

between animals from different facilities [161]. To reduce experimental variability, most commercially 

available specific pathogen free (SPF) animals, are inoculated at birth (by C-section) with the so-called 

Altered Schaedler Flora, a mixture of eight bacterial strains [162], and these animals can thus be 

considered gnobiotic. It is questionable if the SPF microbiota is representative of a functionally normal 

murine gut flora, and the possible improvement in reduced experimental variability may not weight up 

for this disadvantage [163,164]. A recent study in mice found that mice with natural microbiota (created 

by implanting laboratory strain embryos into wild mice) correctly predicted the human response to drug 
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treatments, for which previous pre-clinical experiments with SPF mice had failed to predict the human 

responses [165]. 

1.8 Objectives 

The mechanism determining the immunological responses to dietary allergens leading to either oral 

tolerance or food allergy remains elusive. To guide strategies for CMA prevention in the future, more 

knowledge regarding the process leading to oral tolerance in general and how it is influenced by both 

protein and host-related factors in particular is essential. Such strategies may include optimising the 

processing of cow’s milk proteins for special infant formulas targeting CMA prevention, and/or the 

development of individualised guidelines for CMA prevention in specific groups of infants.  

The aims of this project were to investigate whether and how (1) physiochemical characteristics of whey 

products and (2) gut microbiota composition of the host, independently and in combination, affects oral 

tolerance development, as well as the underlying mechanisms. 

This was investigated by inducing tolerance in Brown Norway rat models through oral administration of 

whey products with different physicochemical characteristics obtained by applying either heat-

treatment (Manuscript I) or hydrolysis (Manuscript III). The association between microbiota 

composition and acute immune regulation (Manuscript II) as well as tolerance development 

(Manuscript III) was assessed by manipulating the microbiota by administration of the antibiotic 

amoxicillin.  
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2 Results 

2.1 Manuscript I 

 

Cow’s milk allergy prevention and treatment by heat-treated whey  

– a study in Brown Norway rats 

Katrine B. Graversen1, Anne-Sofie R. Ballegaard1, Louise H. Kræmer1*, Sofie E. Hornslet1**, Laila V. 

Sørensen2, Heidi F. Christoffersen2, Lotte N. Jacobsen3, Eva Untersmayr4, Joost J. Smit5, Katrine L. Bøgh1 

 

1 National Food Institute, Technical University of Denmark, Kgs. Lyngby, Denmark 
2 Research & Development, Arla Foods Ingredients Group P/S, Videbæk, Denmark 
3 Arla Foods Ingredients Group P/S, Viby J, Denmark 
4 Institute of Pathophysiology and Allergy Research, Medical University of Vienna, Vienna, Austria 
5 Institute for Risk Assessment Sciences, Utrecht University, Utrecht, The Netherlands 

Current affiliations:  

* HERAX, Gentofte, Denmark 
** The Novo Nordisk Foundation Center for Biosustainability, Technical University of Denmark, Kgs. 

Lyngby, Denmark 

 

Corresponding Author: Katrine Lindholm Bøgh, National Food Institute, Technical University of Denmark, 

DK-2800 Kgs. Lyngby, Denmark. e-mail: kalb@food.dtu.dk. Phone: +45 3588 7092. 

 

Keywords: allergens and epitopes, animal models, food allergy, pediatrics, IgE, food processing, 

intestinal uptake 

 

 

Accepted for publication in Clinical and Experimental Allergy. 

Published online 19 February 2020, doi: 10.1111/cea.13587  



MANUSCRIPT I 
 

14 
 

ABSTRACT 

Background: Food processing, including heat-treatment, can affect protein structure and stability, and 

consequently affect protein immunogenicity and allergenicity. A few studies have shown that structural 

changes induced by heat-treatment impact the intestinal protein uptake and suggest this as a 

contributing factor for altered allergenicity. 

Objective: To investigate the impact of heat-treatment of a whey-based protein product on allergenicity 

and tolerogenicity as well as on intestinal uptake in various animal models. 

Methods: Immunogenicity and sensitising capacity of the heat-treated whey product was compared to 

that of the unmodified product by intraperitoneal and oral exposure studies, while tolerogenic 

properties were assessed by oral primary prevention and desensitisation studies in high-IgE responder 

Brown Norway rats.  

Results: Heat-treatment of whey induced partial protein denaturation and aggregation, which reduced 

the intraperitoneal sensitising capacity but not immunogenicity. In contrast, heat-treatment did not 

influence the oral sensitising capacity, but the heat-treated whey showed a significantly reduced eliciting 

capacity compared to unmodified whey upon oral challenge. Heat-treatment did not reduce the 

tolerogenic properties of whey, as both products were equally good at preventing sensitisation in naïve 

rats as well as desensitising already sensitised rats. Results from inhibitory ELISA and immunoblots with 

sera from sensitised rats demonstrated that heat-treatment caused an altered protein and epitope 

reactivity. Protein uptake studies showed that heat-treatment changed the route of uptake with less 

whey being absorbed through the epithelium but more into the Peyer’s patches. 

Conclusion & Clinical Relevance: These results support the notion that the physicochemical features of 

proteins affect their route of uptake and that the route of uptake may affect the protein allergenicity. 

Furthermore, the study highlights the potential for heat-treatment in the production of efficient and 

safe cow’s milk protein-based products for prevention and treatment of cow’s milk allergy. 
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INTRODUCTION 

Cow’s milk allergy (CMA) is the most common food allergy among small children, with a prevalence of 

approximately 0.5-3%, varying from country to country [6–8]. The optimal way to prevent sensitisation 

to cow’s milk is to exclusively breastfeed infants in their first months of life until introduction of solid 

foods. However, in many cases, breast milk must be supplemented with or replaced by infant formulas. 

Infants suffering from CMA or at high risk of developing an allergy, are recommended to use 

hypoallergenic infant formulas, which are most often based on hydrolysed cow’s milk proteins [166]. 

The risk of eliciting an allergic reaction is reduced because epitopes are degraded by hydrolysis, but this 

may also compromise the tolerogenic effects of these products [167,168]. Currently, there is no 

accepted treatment for CMA or any other food allergy, yet immunotherapeutic strategies for 

desensitising food allergic patients have shown promising results. The only accepted strategy to manage 

CMA is strict avoidance of foods containing cow’s milk allergens [5]. Different types of processing, 

including heat-treatment of cow’s milk proteins, are being investigated with the aim of reducing 

allergenicity but retaining immunogenicity, with the ultimate goal of producing safe and efficient 

products for prevention and treatment of CMA [25,169–171].  

It is the general perception that heat-treatment reduces cow’s milk allergenicity since many milk allergic 

children can tolerate baked milk [172], yet tolerogenic properties of heat-treated milk are not well 

characterised. It has been reported that the introduction of baked milk into the diet of cow’s milk 

allergic patients can accelerate the development of tolerance to fresh milk [173–175], and baked milk 

has been used for oral immunotherapy in human clinical trials [176,177]. However, it has been 

questioned whether heat-treated milk in fact has a true tolerogenic effect, or whether tolerance to 

baked milk is just a biomarker for spontaneous resolution of CMA [178] since adverse reactions to baked 

milk is associated with severe CMA [176].  

A direct comparison of allergenic and tolerogenic properties of unmodified and heat-treated milk can be 

addressed in controlled animal studies. A few animal studies have been performed to assess the 

sensitising and eliciting capacity of heat-treated milk, but results from these studies are conflicting [179–

181]. These studies showed that effects on allergenicity are not only related to masking or exposure of 

antibody-binding epitopes as have previously been described for cow’s milk allergic patients [182–184], 

but that heat-treatment also impacts on allergenicity by influencing the route of intestinal protein 

uptake [179]. Evidence of the tolerogenic properties of heat-treated milk proteins from controlled 

animal studies is very limited [141], but development of oral tolerance will likely also be affected by 

intestinal uptake. 

The present study investigated the impact of heat-treatment on the immunogenicity, sensitising 

capacity, eliciting capacity, and on the ability to induce tolerance as well as on intestinal uptake of a 

whey product. This was done with the ultimate goal to guide the future design of modified cow’s milk 

proteins with low allergenicity but retained tolerogenicity. The immunogenicity and sensitising capacity 

of unmodified and heat-treated whey were assessed by intraperitoneal (ip) and oral exposure studies, 

while the tolerogenic properties were assessed by oral primary prevention and desensitisation studies 

with recently established models [168]. The intestinal uptake was evaluated in naïve rats by quantifying 

protein levels in different intestinal tissues at different time points after oral administration of the whey 
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products by gavage. In addition, protein uptake was evaluated by two different in vitro assays. In all 

animal studies, high-IgE responder Brown Norway (BN) rats, resembling atopic individuals, were used.  

 

METHODS 

Product characterisation 

Whey protein isolate (WPI) with approx. 60% β-lactoglobulin (BLG) and a heat-treated (HT) (90°C for 10 

min) version of the same WPI were kindly provided by Arla Foods Ingredients (Videbæk, Denmark).  

Quantification of whey proteins 

To examine native protein composition, TSK gel permeation chromatography (GPC) and high-

performance liquid chromatography was performed. Whey products were dissolved in solvent (20 

mM NaH2PO4, Merck KGaG, Darmstadt, Germany, pH 7.5) to a protein concentration of 0.1 % (w:v), left 

overnight at 4°C and subsequently filtered with a 0.22 µm filter. A total of 25 µL was loaded on two 

connected TSKgel3000PWxl (7.8mm, 30mm, TOSOH Bioscience GmbH, Stuttgart, Germany) columns 

equipped with a PWxl precolumn (6 mm, 4 cm, TOSOH Bioscience GmbH) at 25°C. Whey products were 

separated at a flow rate of 0.4 mL/min with 47% (v:v) acetonitrile (CHEM-LAB NV, Zedelgem, Belgium) in 

Milli Q water, and proteins were detected at a wavelength of 210 nm. Peak areas were normalised with 

the peak area of the casein macropeptide (CMP). 

 Analysis of protein aggregation  

To examine protein aggregation status, ethylene bridged hybrid (BEH) GPC and ultra- performance liquid 

chromatography was performed. Whey products were dissolved in solvent (50 mM NaH2PO4, 0.15 M 

NaCl, Merck KGaG, pH 7.0) to a protein concentration of 0.25% (w:v), left overnight at 4°C and 

subsequently filtered with a 0.22 µm filter. Five µL was loaded on an ACQUITY UPLC protein BEH SEC 

column (200Å, 1.7µm, 4.6 x 150mm, Waters Corporation, Massachusetts, US) with an ACQUITY UPLC 

protein BEH SEC Guard column (200Å, 1.7µm, 4.6 x 30mm, 10K-500K, Waters Corporation) at 25°C. The 

columns were connected on a Waters ACQUITY UPLC equipped with a Waters 2487 Dual λ Absorbance 

Detector. The whey products were separated at a flow rate of 0.2 mL/min in solvent and detected at a 

wavelength of 214 nm. 

Native and SDS-PAGE 

For analysis of proteins under non-reducing conditions by native polyacrylamide gel electrophoresis 

(PAGE), 40 µg of whey product was dissolved in native sample buffer (62.5 mM Tris-HCL pH 6.8, 25% 

glycerol, 0.01% bromophenol blue; BioRad, Hercules CA, US) and loaded onto a 4-20% TGX 

polyacrylamide gel (BioRad). Gel electrophoresis was conducted in Tris/Glycin running buffer (25 mM 

Tris, 192 mM Glycin; BioRad) with 200 V constant current.  

For analysis of proteins under reducing conditions, sodium dodecyl sulphate (SDS)-PAGE was conducted 

with 20 µg of whey product as previously described [185]. Native and SDS-PAGE gels were washed three 

times in deionised water, and proteins were stained by Bio-Safe Coomassie stain (BioRad) for 1 h at RT 
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and washed extensively (>10 times) in deionised water. Stained gels were photographed using Imager 

ChemiDoc XRS+ (BioRad). 

Animals 

BN rats from the in-house breeding colony (National Food Institute, Technical University of Denmark, 

Denmark) were weaned at an age of three weeks. They were housed in macrolon cages (2-3/cage), with 

a 12 h light:dark cycle, at a temperature of 22 ± 1°C and a relative humidity of 55 ± 5%. The rats were 

observed twice daily and clinical signs were recorded. The rats were fed a milk-free diet for ≥10 

generation to avoid tolerance to the studied allergens. The diet was produced in-house and based on 

rice flour, potato protein and fish meal as protein sources, as previously described [186], with the 

exception of maize flakes being substituted with rice flour. Diet and acidified water (pH 3.5) was given 

ad libitum. Animal experiments were carried out at the National Food Institute facilities. Ethical approval 

was given by the Danish Animal Experiments Inspectorate and authorisation given (2015-15-0201-

00553-C1). The experiments were overseen by the National Food Institute’s in-house Animal Welfare 

Committee for animal care and use.  

Intraperitoneal sensitisation experiment 

To investigate the inherent sensitising capacity of the two whey products, BN rats (6-8 weeks of age, 

both sex) were immunised ip with 200 µg of either WPI or HT-WPI in 0.5 mL phosphate buffered saline 

(PBS, 137 mmol/L NaCl, 2.7 mmol/L KCl, 10 mmol/L Na2HPO4, 1.8 mmol/L KH2PO4, pH 7.2) (n=8/group). 

Rats were immunised three times, at day 0, 14 and 28, without any use of adjuvant. They were 

euthanised at day 35 by exsanguination using carbon dioxide inhalation as anaesthesia and blood was 

collected, converted to serum and stored at -20°C until analysis (overview of animal experimental design 

in Fig. 2A). 

Oral sensitisation experiment 

To investigate the oral sensitising capacity of the two whey products, BN rats (4-8 weeks of age, only 

females) were dosed by gavage with 10 mg of either WPI or HT-WPI together with 20 µg cholera toxin 

(CT, List Biological Laboratories Inc., Campbell, CA, US) in 0.5 mL PBS (n=12/group). Rats were dosed 

three times per week (Monday, Wednesday and Friday) for five consecutive weeks. Ten days after the 

last dosing, blood samples were collected from the sublingual vein, converted to serum and stored at -

20°C until analysis (overview of animal experimental design in Fig. 3A). 

In vivo tests 

Three days after the last dosing, rats were subjected to an oral challenge: The body temperature of each 

rat was measured by a rectal probe before and 30 min after gavage with 100 mg of the same product 

that was used for dosing, but without adjuvant, in 1 mL water. Six days after the last dosing, rats were 

subjected to an ear swelling test: Rats were anaesthetised with hypnorm-dormicum and the thickness of 

both ears was measured at the same spot before and one hour after intradermal injection of 10 μg of 

WPI or HT-WPI in 20 μL PBS (one product per ear).  
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Primary prevention experiment 

To investigate de novo tolerance inducing capacity, also designated primary preventive capacity, of the 

two whey products, naïve BN rats (4-6 weeks of age, both sex) were given either water, WPI or HT-WPI 

ad libitum in their drinking bottles (12.5 g protein per litre water) for 21 consecutive days (n=8/group). 

After one week of rest, rats were post-immunised ip with 100 µg WPI in 0.5 mL PBS once a week for 

eight weeks. Blood samples from the sublingual vein were collected after tolerance induction and after 

the fourth post-immunisation. Rats were euthanised one week after the last post-immunisation by 

exsanguination using carbon dioxide inhalation as anaesthesia and blood was collected, converted to 

serum and stored at -20°C until analysis (overview of animal experimental design in Fig. 4A).  

Desensitisation experiment 

To investigate the desensitising capacity of the two whey products, three groups of BN rats (4-8 weeks 

of age, only females, n=12) were orally sensitised to WPI with CT (as described above) and subsequently 

given either water, WPI or HT-WPI ad libitum in their drinking bottles (12.5 g protein per litre water) for 

21 consecutive days. After one week of rest, desensitised rats together with naïve control rats were 

post-immunised ip with 50 µg WPI in 0.5 mL PBS once per week for three weeks. The day after the last 

post-immunisation, rats were subjected to an ear swelling test with WPI, as described above. Blood 

samples were collected from the sublingual vein the day after ad libitum administration and on the day 

of second and third post-immunisation. Rats were euthanised by exsanguination using carbon dioxide 

inhalation as anaesthesia and blood was collected, converted to serum and stored at -20°C until analysis 

(overview of animal experimental design in Fig. 5A).  

In vivo uptake experiment 

To investigate the intestinal uptake of the two whey products, naïve BN rats (9-16 weeks of age, only 

females) were gavaged with 100 mg of either WPI or HT-WPI in 1 mL water and euthanised at different 

time points (n=4/ group/time point). Rats were euthanised 15, 30, 60 or 90 min after gavage by 

exsanguination using carbon dioxide inhalation as anaesthesia. The small intestine was excised and a 20 

cm section (7 cm distal from the stomach) was rinsed with 0.9% (w:v) NaCl and divided into three 

fractions; Peyer’s patches, lamina propria and epithelium; which were individually snap frozen in liquid 

nitrogen and stored at -80°C until analysis. Total proteins from Peyer’s patches and epithelium samples 

were extracted by homogenisation by rotor stator in 10 µL/mg tissue lysis buffer (150 mM NaCl, 20 mM 

Tris, 1mM EGTA, 1% Triton X-100, 1 mM EDTA) with 2% (v:v) Halt protease inhibitor cocktail (Thermo 

Fisher, Hampton, VA, US) on ice. Lamina propria samples were homogenised in lysis buffer, and 2% (v:v) 

Halt protease inhibitor cocktail (Thermo Fisher) was immediately added to 1 mL of the homogenised 

tissue. Samples were incubated on ice for 20 min and mixed by vortexing every 5 min, and cleared by 

centrifugation at 15,000g for 20 min at 4°C. The supernatants were stored at -80°C until analysis. BLG 

concentrations of supernatants were quantified by a commercial bovine BLG ELISA kit (Bethyl 

Laboratories, Montgomery, AL, US) in 96-wells MaxiSorp plates (Nunc, Roskilde, Denmark) according to 

the manufacture’s protocol. The ELISA kit was shown to detect WPI and HT-WPI equally well (data not 

shown). 
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Analysis of product-specific IgG1 by various ELISAs  

For detection of product-specific IgG1 antibodies, indirect ELISA was performed as previously described 

[187]. For evaluation of the antigen-antibody binding strength, avidity IgG1 ELISA was performed as 

described [187]. For evaluation of the specificity of the antigen-antibody binding, inhibitory IgG1 ELISA 

was performed as previously described [188] with the exception that sera were pre-incubated with WPI 

and HT-WPI inhibitor solutions.  

Antibody-capture ELISA for detection of product-specific IgE 

For detection of product-specific IgE antibodies, antibody-capture ELISA was performed as previously 

described [187] with two exceptions: That plates were blocked with 3% (v:v) horse serum (Biowest-bw, 

Nuaillé, France) in PBS with 0.01% (w:v) Tween 20, and product-specific IgE was detected by 50 µL/well 

of 0.1 µg/mL of 10:1 digoxigenin (DIG)-coupled WPI or HT-WPI in blocking solution.  

Immunoblot 

To investigate reactivity of IgG1 antibodies raised against WPI and HT-WPI after ip or oral 

administration, immunoblots were performed with serum pools as previously described [185] with SDS-

PAGE loaded with 5 µg whey product. Serum pools were diluted 1:500 (ip study both groups), 1:800 

(oral study, WPI group) or 1:1000 (oral study, HT-WPI group) for optimal visualisation. 

In vitro epithelial transcytosis  

To evaluate the in vitro epithelium permeability, transport of the whey products through a Caco-2 cell 

layer was examined as previously described [189]. In short, culture media were replaced with fetal 

bovine serum (FBS) free media on day 20 after seeding. The day after, whey products dissolved in FBS-

free culture media were added to make a final concentration of 500 µg/mL in the apical compartment. 

After 1, 3, 6, and 24 h, 250 µL were sampled from the basolateral compartment and stored at -20°C. 

Only data from 24 h are shown. Supernatant BLG concentrations were quantified by a commercial 

bovine BLG ELISA kit (Bethyl Laboratories) in 96-wells MaxiSorp plates (Nunc) according to the 

manufacture’s protocol. Tight junction integrity was confirmed by TEER (EVOM2, World Precision 

Instruments, Sarasota, FL, US) before and after the uptake assay. Each condition was performed in 

triplicate and repeated three times. 

In vitro dendritic cell uptake  

To evaluate the in vitro product uptake by dendritic cells, murine bone marrow-derived dendritic cells 

(BMDC) were generated as described elsewhere [190] and co-incubated with fluorescein isothiocyanate 

(FITC)-labelled whey products as previously described [191]. In short, bone marrow cells from femur 

bones of BALB/c mice were isolated and cultured six days in RPMI medium with 10% (v:v) FBS and 10 

ng/mL GM-CSF (R&D, Oxon, UK). To access protein uptake and endocytosis, 10 μg/mL of FITC-labelled 

products were incubated with 1 × 106 BMDC/mL in 2.4 mL of cell culture medium in a 37°C water bath. 

After 0, 5, 15, 30, 45, 60 and 120 min, 300 µL of this cell culture was harvested and immediately washed 

twice in 1 mL cold PBS and twice in cold FACS buffer (PBS with 2 % (v:v) FBS and 0,05 % (w:v) NaN3) and 

centrifuged for 5 min at 250g at 4°C. The percentage of FITC positive cells and mean fluorescence 
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intensity (MFI) was measured using FACS BD Accuri C6 flow cytometer (BD Biosciences, San Jose, CA, 

US). Flow cytometry data were analysed in Cyflogic software (CyFlo Ltd, Turku, Finland). Each condition 

was performed twice in duplicates. 

Statistical analysis 

Curve and statistical analyses were made using GraphPad Prism (version 8.1.1 for Windows, GraphPad 

Software, San Diego, CA, US). For inhibitory ELISA curves, best fit slope estimates (HillSlope) with 

standard errors were compared by one-way ANOVA. IC50 values were only compared for graphs with 

slope estimates that were not significantly different.  

ELISA results were expressed as log2 antibody titres. Normal distribution of data was tested by 

D'Agostino-Pearson normality test. For data that passed the normality test, group means are indicated 

on graphs and differences between groups were analysed by t-test (two groups) or one-way ANOVA 

followed by Tukey’s post-test for multiple comparison (>2 groups). For data that did not pass the 

normality test, group medians are indicated on graphs, and group differences were analysed by non-

parametric Mann-Whitney test (two groups) or Kruskal-Wallis test followed by Dunn’s post-test for 

multiple comparison (>2 groups). MFI of BMDC was compared between the two groups at each time 

point by a two-way ANOVA of squarer root transformed data with Sidak’s post-test. Asterisks indicate 

statistically significant difference between two given groups: *: p ≤ 0.05, **: p ≤ 0.01, and ***: p ≤ 0.001, 

ns: no statistically significant difference.  
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RESULTS 

Characterisation of products 

WPI and HT-WPI were analysed for native versus denatured protein composition and aggregation status, 

which showed that heat-treatment caused changes in the physicochemical features of the WPI. Results 

from TSK GPC showed that some but not all of the proteins in the HT-WPI were denatured; about 35% of 

the BLG, 50% of the α-lactalbumin and 100% of glycomacropeptides remained in native form after the 

heat-treatment (Fig. 1A). Results from BEH GPC showed that heat-treatment of WPI resulted in partial 

protein aggregation (Fig. 1B). SDS-PAGE confirmed that the protein distribution was the same in the two 

products (Fig. 1C). However, results from native PAGE revealed that protein conformation differed 

between the two products; while some distinctive protein bands were detectable for WPI, proteins in 

HT-WPI were retained in the top of the gel and formed a smear under non-reducing conditions (Fig. 1D).  

 

 

FIGURE 1: Physicochemical characterisation of whey protein isolate (WPI) and heat-treated WPI (HT-WPI). (A) 
Native protein distribution determined by TSK gel permeation chromatography (GPC), (B) aggregation status 
determined by ethylene bridged hybrid (BEH) GPC, (C) sodium dodecyl sulphate (SDS) polyacrylamide gel 
electrophoresis (PAGE) and (D) native PAGE. RT, retention time; BLG, β-lactoglobulin; ALA, α-lactalbumin; cGMP, 
glycomacropeptides; CNs, caseins; Lf, lactoferrin; BSA, bovine serum albumin. 
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Intraperitoneal sensitisation 

To compare the inherent sensitising capacity of the two whey products, serum from rats immunised ip 

with either WPI or HT-WPI (Fig. 2A) were analysed for specific antibody responses. A statistically 

significant reduction in the serum level of product-specific IgE was observed in the group of rats ip 

immunised with HT-WPI compared with those immunised with WPI (Fig. 2B). The reduction in sensitising 

capacity was not caused by a reduction in immunogenicity, as the serum level of product-specific IgG1 

was similar in the two groups (Fig. 2C). The binding strength of the raised IgG1 antibodies were similar in 

the two groups (Fig. 2D). Results from inhibitory ELISAs demonstrated that the two products differed in 

competitive capacity; while HT-WPI fully inhibited the binding between WPI and IgG1 antibodies raised 

against WPI, WPI was not able to fully inhibit the binding between HT-WPI and antibodies raised against 

HT-WPI, indicating that new epitopes had developed as result of heat-treatment (Fig. 2E). In fact, for 

antibodies raised against HT-WPI, the IC50 values for HT-WPI were 70 times less than that of WPI, 

indicating that 70 times more WPI was needed to inhibit 50% of the binding between HT-WPI and 

antibodies raised against HT-WPI. Immunoblots of SDS-PAGE showed that serum from HT-WPI sensitised 

rats recognised more protein bands compared with that of WPI sensitised rats (Fig. 2F). Those bands 

were detectable in both products. 
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FIGURE 2: Intraperitoneal sensitisation study. (A) Animal experimental design: Groups of eight Brown Norway rats 
were immunised three times, at day 0, 14 and 28, by intraperitoneal injections of whey protein isolate (WPI) or 
heat-treated WPI (HT-WPI), and euthanised at day 35. (B) Product-specific IgE titres, (C) product-specific IgG1 
titres, (D) binding strength between IgG1 and products, (E) competitive capacity of products by inhibitory IgG1 
ELISA, and (F) immunoblotting based on sodium dodecyl sulphate (SDS) polyacrylamide gel electrophoresis (PAGE) 
with pooled sera for detection of protein reactivity. Differences between the two blots are indicated by <. Analyses 
were performed on sera from termination. Each symbol represents a single rat, with the exception of inhibitory 
ELISA where a symbol represents a group of rats and vertical lines indicate standard derivation of three 
independent technical replicates. Horizontal lines indicate mean value. Statistically significant differences between 
indicated groups are shown as **: p ≤ 0.01, ***: p ≤ 0.001, ns: no statistically significant differences.  
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Oral sensitisation  

To compare the oral sensitising capacity of the two whey products, serum from rats orally gavaged with 

either WPI or HT-WPI together with the adjuvant CT (Fig. 3A) were analysed for specific antibody 

responses. In contrast to the ip sensitisation study, oral dosing with WPI or HT-WPI resulted in similar 

serum levels of product-specific IgE (Fig. 3B) and IgG1 antibodies (Fig. 3C). However, the antigen-IgG1 

binding strength was significantly increased in the group of rats that were dosed with the HT-WPI 

compared with WPI (Fig. 3D). This difference between the binding strength of IgG1 antibodies raised 

against the two products was observed consistently in both animal experiments in which the products 

were administered by the oral route (data not shown). Results from inhibitory ELISA confirmed results 

from the ip sensitisation study; while HT-WPI was able to fully inhibit the binding between WPI and IgG1 

antibodies raised against WPI, WPI was not able to fully inhibit the binding between HT-WPI and 

antibodies raised against HT-WPI (Fig. 3E). However, for antibodies raised orally against HT-WPI, the 

IC50 values for HT-WPI were only approximately 30 times less than that of WPI; hence, the difference 

between competitive capacities of the two products was much less for antibodies raised by oral 

administration compared with antibodies raised by ip immunisations.  

To further evaluate the allergenicity, rats were subjected to two elicitation tests: An oral challenge and 

an ear swelling test. For the oral challenge, the body temperature of the rats was monitored before and 

30 min after rats were administered with the same product as they were sensitised to, where a 

reduction of core body temperature is a sign of anaphylaxis. Despite a similar serum level of specific IgE 

in the two groups, the relative reduction in body temperature was significantly smaller in the group of 

rats dosed and challenged with HT-WPI compared with the group dosed and challenged with WPI (Fig. 

3F). No statistically significant difference between acute allergic skin responses in the two groups of rats 

could be observed in the ear swelling test (Fig. 3G). Immunoblots of SDS-PAGE showed that serum from 

orally WPI sensitised rats recognised more protein bands (Fig. 3H) compared with that of the ip WPI 

sensitised rats (Fig. 2F). The immunoblots with serum from WPI and HT-WPI orally sensitised rats were 

overall very similar, but did show different binding pattern in the region between 25-37 kDa, which are 

likely due to binding of different caseins present in small amounts (Fig. 3H). This showed that intestinal 

digestion diminished the difference between the products, but that some of the unique epitopes were 

still present on HT-WPI after ingestion. 

  



MANUSCRIPT I 
 

25 
 

FIGURE 3: Oral sensitisation study. (A) Animal experimental design: Groups of 12 Brown Norway rats were gavaged 
with whey protein isolate (WPI) or heat-treated WPI (HT-WPI) three times per week for five weeks. At day 35, an 
oral challenge (OC), and on day 38, an ear swelling test (EST) were performed. (B) Product-specific IgE titres, (C) 
product-specific IgG1 titres, (D) binding strength between IgG1 and products, (E) competitive capacity of products 
by inhibitory IgG1 ELISA, (F) changes in core body temperature after OC, (G) acute allergic response from an EST, 
and (H) immunoblotting based on sodium dodecyl sulphate polyacrylamide gel electrophoresis with pooled sera 
for detection of protein reactivity. Differences between the two blots are indicated by <. Analyses were performed 
on sera from day 42. Each symbol represents a single rat, with the exception of inhibitory ELISA where a symbol 
represents a group of rats and vertical lines indicate standard derivation of three independent technical replicates. 
Horizontal lines indicate median (B-C) or mean (D, F-G) value. Statistically significant differences between indicated 
groups (B-D, F-G) or relative to naïve controls (G) are shown as *: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001, ns: no 
statistically significant differences.  
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Primary prevention  

To compare the de novo tolerance inducing properties of the two different products, the primary 

preventive capacity was evaluated by administering naïve rats with either water, WPI or HT-WPI ad 

libitum in their drinking bottles for 21 consecutive days before the rats were post-immunised ip by WPI 

(Fig. 4A). Only one rat in each prevention group had a detectable level of WPI-specific IgE after eight 

post-immunisations while all rats in the control group were sensitised (Fig. 4B). Analysis of WPI-specific 

IgG1 revealed that less rats had detectable levels of IgG1 after four post-immunisations in the group 

administered with HT-WPI compared with WPI (Fig. 4C).  

 

FIGURE 4: Primary prevention study. (A) Animal experimental design: Groups of eight Brown Norway rats were 
given whey protein isolate (WPI) or heat-treated WPI (HT-WPI) or water ad libitum in their drinking bottles for 21 
days. After one week of rest, rats were post-immunised by intraperitoneal injection with WPI once a week for eight 
weeks. Rats were euthanised one week after the last post-immunisation. (B) WPI-specific IgE titres and (C) WPI-
specific IgG1 titres. Analyses were performed on sera from day 28, 56 and day 84 (after 0, 4 and 8 post-
immunisations, respectively). Each symbol represents a single rat, and horizontal lines indicate group medians. 
Statistically significant differences relative to the water control group are shown as **: p ≤ 0.01, ***: p ≤ 0.001, ns: 
no statistically significant differences. 
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Desensitisation  

To further investigate the tolerogenic properties of the two different whey products, the desensitising 

capacity was evaluated by administering rats that were pre-sensitised to WPI with either water, WPI or 

HT-WPI ad libitum in their drinking bottles for 21 consecutive days. Subsequently, the desensitised rats 

as well as naïve controls were post-immunised three times ip with WPI (Fig. 5A). It was confirmed that 

serum levels of WPI-specific IgE and IgG1 were not significantly different in the three groups before 

desensitisation was initiated.  

While the natural decrease in WPI-specific IgE in the water control group was minimal, the IgE levels 

were dramatically decreased in both WPI and HT-WPI groups (Fig. 5B). WPI-specific IgE levels increased 

slightly with increasing number of ip post-immunisations in both WPI and HT-WPI groups, but remained 

significantly reduced compared with the water control group at all time points after desensitisation.  

In the water control group, WPI-specific IgG1 levels decreased slightly after the desensitisation period 

and then increased with increasing numbers of immunisations (Fig. 5C). In both WPI and HT-WPI groups, 

levels remained constant throughout the study. Hence, there was a statistically significant difference in 

the levels compared with the water control group at all time points after desensitisation. Neither WPI-

specific IgE nor IgG1 levels differed significantly between the WPI and HT-WPI groups at any time point. 

After the third post-immunisation, antibody levels in the WPI and HT-WPI groups did not differ 

significantly from naïve controls that were just ip immunised (not pre-sensitised and desensitised). 

Acute allergic skin response, measured by an ear swelling test, was significantly reduced in both WPI and 

HT-WPI groups compared with the water control group, and the response in the WPI and HT-WPI groups 

were not different from each other nor from that of naïve rats (Fig. 5D). 
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FIGURE 5: Desensitisation study. (A) Animal experimental design: Groups of 12 Brown Norway rats were orally 

gavaged with whey protein isolate (WPI) three times per week for five weeks. WPI-sensitised rats were given 

water, WPI or heat-treated WPI (HT-WPI) ad libitum in their drinking bottles for 21 days. After one week of rest, 

the three groups of desensitised and one group of naïve rats were post-immunised by intraperitoneal injections 

with WPI once per week for three weeks. The day after the last post-immunisation, rats were subjected to an ear 

swelling test (EST). Blood samples were taken after sensitisation (day 42) after desensitisation (day 70) and after 

each post-immunisation (day 77, 84 and 91). (B) WPI-specific IgE titres, (C) WPI-specific IgG1 titres, and (D) acute 

allergic response from an EST. Each symbol represents a single rat and horizontal lines indicate mean values. 

Statistically significant differences relative to the water desensitisation control group (unframed) and relative to 

WPI desensitisation group (framed) are shown as *: p ≤ 0.05, p**: p ≤ 0.01, ***: p ≤ 0.001, ns: no statistically 

significant differences. 

 

In vivo intestinal uptake 

Naïve rats were orally gavaged with WPI or HT-WPI, and euthanised at different time points to examine 

intestinal protein uptake. BLG was quantified in total protein extracts of three different tissue fractions 

(Peyer’s patches, lamina propria and epithelium) from a piece of the proximal small intestine (Fig. 6A). 

The distribution of protein between the different tissue fractions differed between the two treatment 

groups with a larger proportion of BLG being present in epithelium of WPI dosed rats, while a larger 

proportion of BLG was present in Peyer’s patches and lamina propria of HT-WPI dosed rats (Fig. 6B).  

 

 

 

 

 

 

 

 

 

 

 

FIGURE 6: In vivo intestinal uptake. (A) Animal experimental design: Naïve Brown Norway rats were gavaged with 
either whey protein isolate (WPI) or heat-treated WPI (HT-WPI) and euthanised at different time points from 15-90 
min after dosing (four rats per treatment group per time point). (B) Mean relative distribution of β-lactoglobulin 
between Peyer’s patches (PP), lamina propria (LP), and epithelium (EPI) fractions per tissue weight. 
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In vitro epithelial transcytosis and uptake by DC 

In vitro epithelial transcytosis was assessed by measuring BLG transport across polarised Caco-2 cells 

grown on semi-permeable membranes. BLG concentrations were quantified in the basolateral 

compartments 24 h after apical application of the products. This experiment showed a tendency of the 

basolateral BLG concentration being higher in wells applied with WPI compared with HT-WPI (Fig. 7A). In 

vitro product uptake in DC was assessed by co-incubating murine BMDC with FITC-labelled product 

preparations. The cells were harvested and washed at different time points, and protein uptake was 

measured as the level of fluorescence. The experiment showed that BMDC uptake of HT-WPI was more 

pronounced than the uptake of WPI (Fig. 7B-C).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 7: In vitro epithelial transcytosis and protein uptake by dendritic cells. (A) β-lactoglobulin (BLG) 
concentrations in basolateral compartment of Caco-2 cells grown on semi-permeable membranes 24 hours after 
application of whey protein isolate (WPI) or heat-treated WPI (HT-WPI). (B) Mean fluorescent intensity and (C) 
fraction of fluorescein isothiocyanate positive (FITC+) murine bone marrow derived dendritic cell after incubation 
with FITC-labelled WPI or HT-WPI. Each symbol represents one replicate (A) or the mean of two replicates (B-C). 
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DISCUSSION 

There is a great interest in producing new and improved hypoallergenic infant formulas for prevention, 

management, and treatment of CMA. Such infant formulas should have a reduced allergenicity without 

compromising tolerogenicity. To accomplish this, we need a solid understanding of how structural 

changes induced by food processing, such as heat-treatment, affect immunological properties of food 

proteins. This study investigated how heat-treatment affects intestinal uptake, allergenicity and 

tolerogenicity of a whey protein product. 

The whey product was subjected to mild heat-treatment at 90°C for 10 min, which induced partial 

protein denaturation and aggregation. Heat-treatment disrupts the secondary and tertiary protein 

structure by breaking hydrogen bonds, and hence cause an unfolding of proteins. In BLG, unfolding has 

been shown to result in exposure of hydrophobic sulfhydryl groups previously buried inside the folded 

protein [32]. Interactions of the sulfhydryl group with caseins or other unfolded whey proteins drives 

aggregation [33]. Conformational changes induced by heat-treatment may influence allergenicity 

directly by affecting IgE binding epitopes, or indirectly by affecting biophysical properties of proteins 

such as digestibility and solubility, or the route of intestinal uptake [24,170,192]. The heat-treatment 

may influence protein epitopes in various ways that either promote or prevent antibody binding: 

Unfolding may expose epitopes that were previously inaccessible inside the folded protein and/or 

dissociate conformational epitopes, while aggregation may cause formation of neo epitopes and/or 

masking of others. Previous studies have indicated that the effect of heat-treatment on epitope 

accessibility is temperature dependent, as they observed that heat-treatment bellow 90°C increased 

BLG antibody reactivity, while heating above 90°C reduced reactivity [34–36].  

In the present study, heat-treatment reduced the inherent ip sensitising capacity, while the oral 

sensitising capacity was unaffected when the products were administered together with the mucosal 

adjuvant CT. However, HT-WPI induced significantly milder oral symptoms in sensitised rats compared 

with WPI upon oral challenge without adjuvant. Despite reduced allergenicity, heat-treatment did not 

reduce the tolerogenic properties as WPI and HT-WPI were equally good at preventing sensitisation of 

naïve rats and desensitising pre-sensitised rats. In line with our results, it was previously observed that 

heat-treatment reduced the ip sensitising capacity of BLG [180] and egg ovalbumin [193]. However, in 

contrast to our results, other studies found that heat-treatment increased the oral sensitising capacity of 

BLG [179,181], which might be a matter of the exact heat-treatment applied to the products or related 

to the use of adjuvants.  

Tolerogenic properties of heat-treated milk are not well characterised. It has been reported that the 

introduction of baked milk in the diet of cow’s milk allergic patients can accelerate the development of 

tolerance to fresh milk [173–175], but it has been questioned whether tolerance to baked milk is just a 

biomarker for spontaneous resolution of milk allergy, or if heat-treated milk has a true tolerogenic effect 

[178]. Evidence from controlled animal studies is scarce, but one study reported, in line with our results, 

that feeding of unmodified and heat-treated WPI protected mice against subsequent immunisation with 

unmodified WPI equally well [141]. To our knowledge, no published animal studies have until now 

investigated the desensitising effect of heat-treated milk proteins, but results with egg ovomucoid 
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showed, in line with our results, that heated ovomucoid was as efficacious as unmodified ovomucoid for 

oral desensitisation of mice [194]. 

Currently, most hypoallergenic infant formulas are based on hydrolysed milk proteins [166]. Animal 

studies have shown that hydrolysed products have some capacity to prevent subsequent sensitisation 

[142,168,195–198]. Evidence on the desensitising capacity of hydrolysed milk products is scarce, but two 

studies found no desensitising capacity of hydrolysed whey products [168,195]. The present study 

suggests that heat-treatment could be used as an alternative or supplement to hydrolysis for production 

of hypoallergenic infant formulas. Future studies should aim for a direct comparison of the allergenic 

versus tolerogenic properties of milk proteins modified by heat-treatment and hydrolysis to investigate 

which type of modification is superior. 

The present study showed that heat-treated products elicited milder oral symptoms in sensitised 

animals compared with the unmodified product, which is in agreement with results from previous 

studies with BLG [179] and egg white proteins [199,200]. This divergence between IgE levels and oral 

symptoms are hardly related to functionality of the raised IgE antibodies, since no difference in acute 

allergic skin response was observed, but could be explained by differences in intestinal degradation or 

intestinal uptake upon oral challenge. BLG is a relatively stable protein resistant to pepsin and acid 

proteolysis [41]. Previous studies showed that heating increased BLG digestibility [183,201,202] due to 

the exposure of peptic cleavage sites by unfolding [203]. In the small intestine, food proteins can be 

taken up through the layer of epithelial cells covering lamina propria by different transport mechanisms, 

or through M cells into Peyer’s patches. The physicochemical features of proteins have been suggested 

to impact the route of uptake, and the uptake route has been suggested to impact the type of immune 

response that will be mounted [52,53].  

The present study showed that heat-treatment altered the route of uptake, with less being absorbed 

through the epithelium but more into the Peyer’s patches in vivo and into BMDC in vitro after heat-

treatment. This is in line with previous in vivo and in vitro uptake results for aggregated whey induced by 

heat-treatment [179] or by cross-linking through laccase treatment [191]. Despite that results from the 

in vivo and in vitro intestinal uptake in the present studies were in line with previous studies, this did not 

increase oral sensitisation as was previously observed [179,191]. This inconsistency could be due to 

differences in sensitisation study design, in particular dose and potency of CT. The adjuvant function of 

CT includes induction of the tight junction complex protein claudin-2 on intestinal epithelial cells, which 

promote antigen transport across the epithelia barrier [204] and could possibly mask differences in 

intestinal uptake of the products during the sensitisation phase. Alternatively, the inconsistency 

between the studies might indicate that differences in intestinal uptake are most important in the 

elicitation phase, for which the results are consistent, while other factors, such as differences in protein 

epitopes, which depends on the exact heat-treatment [34–36], are critical for sensitisation.  

In the present study, results from inhibitory ELISA indicated that antibodies from rats dosed with HT-WPI 

react to epitopes that were not present or accessible in WPI under physiological conditions. However, 

considering the results from immunoblotting, performed under reducing conditions, the antibodies from 

HT-WPI sensitised rats reacted to the same protein bands in the two products, which indicated that the 

new epitopes were at least partly due to exposure of epitopes previously buried inside the folded 
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proteins. Results from avidity ELISA suggested that the reactivity towards new epitopes increased the 

binding strength between HT-WPI and antibodies raised against HT-WPI. 

In conclusion, this study showed that heat-treatment overall reduced the allergenicity without 

compromising immunogenicity and tolerogenic capacity of a whey protein product. This result could be 

related to differences in intestinal uptake since it was observed that WPI was transported more 

efficiently through the epithelia cell layer and that heat-treatment increased uptake into Peyer’s 

patches. These results highlight the potential for heat-treatment in the production of efficient and safe 

whey-based products as an alternative or supplement to whey-based hydrolysates for prevention and 

treatment of CMA in an attempt to accelerate the outgrowth of allergy and for tolerance development. 

However, clinical studies are needed to validate the safety and efficacy of heat-treated whey.  

ACKNOWLEDGEMENTS 

The authors thank Elise Navntoft, Kenneth Rene Worm, Maja Danielsen, Olav Dahlgaard, and Anne 

Ørngreen for their great assistance with the animal experiments. Furthermore, the authors wish to 

thank the laboratory technicians Juliane Margrethe Gregersen and Sarah Grundt Simonsen, and the BSc. 

students Chantida Asukovit and Julie Wolpers for their excellent assistance and support in the lab. 

Finally, the authors thank Jeffrey Edward Skiby for thorough revision of the manuscript. This work was 

supported by the Danish Dairy Research Foundation.  

CONFLICT OF INTEREST 

L.N.J., H.F.C. and L.V.S. are employees at Arla Foods Ingredients. K.L.B and K.B.G have ongoing 

collaboration with the company Arla Foods Ingredients, which supplied the whey protein products for 

the current study. Other authors declare no conflict of interest.  



MANUSCRIPT II  
 

34 
 

  



MANUSCRIPT II 
 
 

35 
 

2.2 Manuscript II 

 

Short-term amoxicillin-induced perturbation of the gut microbiota 

promotes acute intestinal immune regulation in Brown Norway rats 

Katrine Bækby Graversen1, Martin Iain Bahl1, Jeppe Madura Larsen1, Anne-Sofie Ravn Ballegaard1, Tine 

Rask Licht1, Katrine Lindholm Bøgh1 

 

1National Food Institute, Technical University of Denmark, Kgs. Lyngby, Denmark 

 

Correspondence: Katrine Lindholm Bøgh, National Food Institute, Technical University of Denmark, DK-

2800 Kgs. Lyngby, Denmark. e-mail: kalb@food.dtu.dk. Phone: +45 3588 7092. 

 

Keywords: Antibiotics, microbiome, host response, Treg, regulatory T cells, IgA, goblet cells, mucus 

 

Supplementary materials can be found in Appendix A. 

 

 

 

 

 

 

 

 

Accepted for publication in Frontiers in Microbiology, section Microbial Immunology. 

doi: 10.3389/fmicb.2020.00496 

   



MANUSCRIPT II  
 

36 
 

ABSTRACT 

The intestinal gut microbiota is essential for maintaining host health. Concerns have been raised about 

the possible connection between antibiotic use, causing microbiota disturbances, and the increase in 

allergic and autoimmune diseases observed during the last decades. To elucidate the putative 

connection between antibiotic use and immune regulation, we have assessed the effects of the 

antibiotic amoxicillin on immune regulation, protein uptake, and bacterial community structure in a 

Brown Norway rat model. 

Daily intra-gastric administration of amoxicillin resulted in an immediate and dramatic shift in fecal 

microbiota, characterized by a reduction of within sample (α) diversity, reduced variation between 

animals (β diversity), increased relative abundance of Bacteroidetes and Gammaproteobacteria, with 

concurrent reduction of Firmicutes, compared to a water control group. In the small intestine, 

amoxicillin also affected microbiota composition significantly, but in a different way than observed in 

feces. The small intestine of control animals was vastly dominated by Lactobacillus, but this genus was 

much less abundant in the amoxicillin group. Instead, multiple different genera expanded after 

amoxicillin administration, with high variation between individual animals, thus the small intestinal α 

and β diversity were higher in the amoxicillin group compared to controls.  

After one week of daily amoxicillin administration, total fecal IgA level, relative abundance of small 

intestinal regulatory T cells and goblet cell numbers were higher in the amoxicillin group compared to 

controls. Several bacterial genera, including Escherichia/Shigella, Klebsiella (Gammaproteobacteria) and 

Bifidobacterium, for which the relative abundance was higher in the small intestine in the amoxicillin 

group than in controls, were positively correlated with the fraction of small intestinal regulatory T cells.  

Despite of epidemiologic studies showing an association between early life antibiotic consumption and 

later prevalence of inflammatory bowel diseases and food allergies, our findings surprisingly indicated 

that amoxicillin-induced perturbation of the gut microbiota promotes acute immune regulation. We 

speculate that the observed increase in relative abundance of small intestinal regulatory T cells is partly 

mediated by immunomodulatory lipopolysaccharides derived from outgrowth of Gammaproteobacteria. 
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INTRODUCTION 

The gut associated lymphoid tissue is continuously exposed to a vast amount of bacterial and food 

derived antigens. Failure to develop tolerance towards these antigens may lead to inflammatory bowel 

diseases (IBD) or food allergies, both characterized by an adverse immune response directed against 

either commensal bacteria or dietary components. A healthy gut microbiota is important to avoid 

detrimental responses against harmless antigens [205], and epidemiological studies suggest that 

perturbation of the early life gut microbiota by pre- or post-natal exposure to antibiotics increases the 

risk of food allergies [113–115] and autoimmune disorders including IBD [206–208].  

The gut microbiota promotes immune tolerance by stimulating the generation of regulatory T cells 

(Tregs) [209–211] and by reinforcing the intestinal barrier function e.g. through regulation of tight 

junction permeability [212]. Additionally, intestinal bacteria influence the secretion of mucus by goblet 

cells [213] and of immunoglobulin A (IgA) by plasma cells [214,215], both of which contribute to (I) 

antigen presentation and tolerogenic immune priming [49,84], (II) intestinal barrier function, and (III) 

balancing the microbial community [103,216]. While multiple studies have assessed the influence of gut 

microbiota pertubation on immune regulation using broad-spectrum antibiotic cocktails [217–219] and 

germ-free (GF) animals [119,220], only few studies have investigated how administration of a single, 

clinically relevant antibiotic affects immune regulation [221,222].  

Brown Norway (BN) rats constitute an well-established animal model in food allergy research [168,223], 

as they mount an immune response resembling that of atopic human individuals [224]. The used BN rats 

originate from our in-house breeding colony, and in contrast to most animals from commercial vendors 

they have a natural microbiota, and may thereby better resemble the human immune response [165]. 

Amoxicillin is a bactericidal β-lactam antibiotic that affects both Gram-positive and Gram-negative 

bacteria by inhibiting an essential enzyme for bacterial cell wall synthesis [225]. It is the most widely 

used penicillin in Europe [226], and is frequently prescribed for treatment of pediatric infections [227], 

and the impact of microbiota alterations caused by this antibiotic on early development of the immune 

system is therefore highly relevant to address. The gut microbiota of BN rats has not previously been 

analyzed by NGS based methods. In order to elucidate the interplay between microbiota composition 

and immune regulation, we characterized the temporal and spatial effects of seven days of amoxicillin 

administration in BN rats by analyzing the gut microbiota, host immune regulation and intestinal 

permeability to cow’s milk protein. Interestingly, the observed rapid amoxicillin-driven perturbation of 

the gut microbiota was associated with an acute immune regulatory response.   
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MATERIALS AND METHODS 

Animals 

BN rats from the in-house breeding colony (National Food Institute, Technical University of Denmark, 

Denmark) were housed in macrolon cages and kept at a 12 hour light:dark cycle, at a temperature of 

22 ± 1°C and a relative humidity of 55 ± 5%. Rats were observed twice daily and clinical signs recorded. 

The rats were fed a milk-free diet for ≥10 generation that was produced in-house and based on rice 

flour, potato protein and fish meal as protein sources, as previously described [186], with the exception 

of maize flakes being substituted with rice flour. Diet and water were given ad libitum. Ethical approval 

was given by the Danish Animal Experiments Inspectorate and the authorization number given 2015-15-

0201-00553-C1. The experiment was overseen by the National Food Institute’s in-house Animal Welfare 

Committee for animal care and use. 

Animal experiment 

BN rats of both sex were allocated into two groups of 12 rats. Starting from 4-5 weeks of age, rats were 

daily gavaged with 30 mg amoxicillin in 0.5 mL milli Q water or water alone from Day 0-6. Fecal samples 

were collected three days before first gavage (Day -3) and daily throughout the study and stored at -

80°C for microbiota analysis. From Day -3 and 7 one additional fecal sample was collected and stored on 

ice for total IgA quantification in fecal water. Intestinal uptake of β-lactoglobulin (BLG) from cow’s milk 

was assessed by dosing animals with 100 mg of whey protein concentrate (kindly provided by Arla Foods 

Ingredients) in 1 mL milli Q water by oral gavage 15 min prior to sacrifice. 

Dissection 

Animals were euthanized by exsanguination using carbon dioxide inhalation as anesthesia. Whole blood 

was collected in sodium-heparin coated tubes (BD Bioscience, Franklin Lakes, NJ, US) that were mixed 

for 10 min at room temperature (RT) and then stored on ice until processing immediately after the 

dissection, and in non-coated tubes stored 1 h at RT for preparation of serum. The intestine was excised 

and divided into multiple fractions for different analyses: mesenteric lymph nodes (mLNs) were stored in 

phosphate buffered saline (PBS, 137 mmol/L NaCl, 2.7 mmol/L KCl, 10 mmol/L Na2HPO4, 1.8 mmol/L 

KH2PO4, pH 7.2) on ice, and processed for flow cytometry immediately after the dissection. From the 

first 20 cm of the small intestine (7 cm distal from the stomach), content was snap frozen in liquid 

nitrogen and stored at -80°C for microbiota analysis. The tissue was rinsed with 0.9% (w/v) NaCl before 

Peyer’s patches (PPs) and epithelium was removed, and the tissue was snap frozen in liquid nitrogen 

and stored at -80°C until analysis of permeability. PPs from the rest of the small intestine were excised, 

washed in 0.9% (w/v) NaCl and stored in PBS on ice until processing immediately after the dissection. 

The next 10 cm of the small intestine (without PPs) was rinsed with 0.9% (w/v) NaCl and stored in wash 

buffer (PBS with 2% (v/v) heat-inactivated fetal calf serum (FCS) and 15 mM HEPES) on ice until 

processing immediately after the dissection. The next 1 cm piece was rinsed with 0.9% (w/v) NaCl and 

stored in RNAlater (Invitrogen, Carlsbad, CA, US) at -20°C until analysis of gene expression. Finally, 1 cm 

pieces of the small intestine and of colon were fixed overnight in 4% (w/v) paraformaldehyde for 
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histology. Cecum was weighted, and cecum content was snap frozen in liquid nitrogen and stored at -

80°C for microbiota analysis.  

Bacterial DNA extraction 

DNA was extracted from up to 200 mg of feces and cecum content and up to 250 mg of small intestine 

content by DNeasy PowerLyzer PowerSoil Kit (Qiagen, Hilden, Germany) according to the manufacture’s 

protocol. Mechanical lysis of bacteria was conducted at 30 cycles/s twice for 5 min on bead beater 

MM300 (Retsch, VWR, Haan, Germany). DNA concentrations were measured by the Qubit ds DNA BR kit 

(Life Technologies, Carlsbad, CA, US) and DNA was stored at -20°C. 

Bacterial load  

Bacterial load was estimated by quantification of 16S rRNA gene copies by qPCR as previously described 

[221]. Briefly, the V3-region of the 16S rRNA gene was amplified in triplicate for each sample, using 

universal primers HDA1 and HDA2 [228]. Each qPCR reactions contained 5.5 μL LightCycler1 480 II SYBR 

Green I Master (Roche Applied Science, Penzberg, Germany), 0.2 μM of each primer and 0.2 μL of 

diluted template DNA in a total reaction volume of 11 μL. Reaction conditions were: Pre-incubation at 

95°C for 5 min followed by 45 cycles of 95°C for 10 s, 60°C for 15 s and 72°C for 45 s. Lastly, a melting 

curve was generated (95°C for 5 s, 68°C for 1 min and increasing the temperature to 98°C with a rate of 

0.11°C/s with continuous fluorescence detection). The qPCR was run in 384-well format on a 

LightCycler® 480 II (Roche Applied Science) and analyzed using the LightCycler® 480 software. Tenfold 

dilutions of a linearized (SphI-digested) plasmid standard, construction by cloning the 199bp V3region of 

the 16S rRNA gene of E. coli (ATCC 25922) into the pCR14Blunt-TOPO vector (Invitrogen), was used for 

quantification of 16S rRNA genes.  

Amplicon sequencing of the 16S rRNA gene 

The bacterial community composition was analyzed by sequencing of the V3-region of the 16S rRNA 

gene in the extracted DNA. Amplification of the V3-region and subsequent sequencing was performed 

using the Ion Torrent PGM platform (Life Technologies) as previously described [229]. In short, the V3-

region of the 16S rRNA gene was amplified using a universal forward primer (PBU 5’-A-adapter-TCAG-

barcode-CCTACGGGAGGCAGCAG-3’) with a unique 10–12 bp barcode for each sample (IonXpress 

barcode as suggested by the supplier, Life Technologies) and a universal reverse primer (PBR 5’-trP1-

adapter-ATTACCGCGGCTGCTGG-3’). The PCR reactions were conducted with 4 μL HF-buffer, 0.4 μL dNTP 

(10 mM of each base), 1 μM forward primer, 1 μM reverse primer, 5 ng template DNA in 1 µL, and 0.2 μL 

Phusion High-Fidelity DNA polymerase (Thermo Fisher Scientific, Waltham, MA, US) in a total reaction 

volume of 20 μL. Reaction conditions were as follows: Initial 98°C for 30 s followed by 24 (feces and 

cecum content ) or 30 (small intestine content) cycles of 98°C for 15 s and 72°C for 30 s, finally, 72°C for 

5 min before cooling to 4°C. PCR products were purified by HighPrep™ PCR Clean-up System (Magbio, 

Gaithersburg, MD, US) according to the manufacture’s protocol, and DNA concentrations were 

determined with Qubit HS assay. Finally, a library was constructed by mixing an equal amount of PCR 

products from each sample. Sequencing was performed on a 318-chip for Ion Torrent sequencing using 

the Ion OneTouch™ 200 Template Kit v2 DL.  
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Sequence data handling  

Sequence data was obtained in FASTQ format and further processed using CLC bio genomic workbench 

(Qiagen) in order to de-multiplex samples and remove sequencing primers. Further quality trimming 

using default settings (remove low quality nucleotides pbase-calling error = 0.05, trim ambiguous 

nucleotides = 2) and filtering only reads with a final length between 125-180bp were exported in FASTQ 

format. Further quality trimming was performed in Divisive Amplicon Denoising Algorithm 2 (DADA2, 

Version 1.10.1) with default settings as described elsewhere [230]. Finally, an amplicon sequencing 

variant (ASV) table was constructed which contains the counts of each sequence variant in each sample. 

All sequence reads were taxonomically classified using the Ribosomal Database Project Multi-classifier 

tool [231]. 

The ASV table was imported into the "Quantitative Insights Into Microbial Ecology" (Qiime) 2 pipeline 

(Version 2019.1), and α and β diversity metrics were calculated by the function “diversity core-metrics-

phylogenetic” based on a rooted phylogenetic tree. For analysis of fecal samples only, samples were 

rarefied to 20,000 reads to eliminate bias from uneven sampling depth, and for analyses that also 

included small intestine, samples were rarefied to 10,000 reads.  

Preparation of serum and fecal water 

To prepare serum, blood samples were allowed to coagulate for 1 h at RT and subsequently overnight at 

4°C. The following day the coagulated blood was removed and samples were centrifuged at 1,800g for 

20 min at 4°C. The supernatants were transferred to clean tubes and stored at -20°C until analysis.  

To prepare fecal water, fecal pellets were mixed with 10 µL cold PBS with 0.05% (w/v) NaN3 (Sigma, St. 

Louis, MO, US) per mg sample in a bead beater MM300 (Retsch) for 15 min at 30 cycles/s followed by 

centrifugation at 16,000g at 4°C for 10 min. The supernatants were transferred to clean tubes and 

stored at -20°C until analysis. 

Sandwich ELISA for detection of total IgA 

For detection of total IgA antibodies sandwich ELISA was performed. Plates (96 wells MaxiSorp, NUNC, 

Roskilde, Denmark) were coated with 100 µL/well of mouse anti-rat IgA (MCA191, BioRad, Oxford, UK,) 

diluted 1:2,000 in carbonate buffer (15 mm Na2CO3, 35 mm NaHCO3, pH 9.6) and incubated overnight at 

4°C. To block unspecific binding 200 µL/well of 3% (w/v) egg white protein (E0500, Sigma) in PBS with 

0.01% (w/v) Tween 20 (PBS-T) was added and plates were incubated at 37°C for 1 h. Next, 50 µL/well of 

two-fold serial dilutions of serum or fecal water samples and positive and negative control samples 

diluted in PBS-T were added, and plates were incubated for 1 h at RT. For detection, plates were 

incubated with 100 µL/well of horseradish peroxidase-conjugated goat anti-rat IgA (STAR111P, BioRad, 

UK) diluted 1:10,000 in PBS-T. Between each step, plates were washed five times in PBS-T. After the last 

wash, plates were additionally washed twice in running tap water. The reaction was visualized by adding 

100 µL/well of 3,3′,5,5-tetramethylbenzidine (TMB)-one substrate (Kem-En-Tec, Taastrup, Denmark) for 

12 min and stopped with 100 µL/well of 0.2 M H2SO4. Absorbance was measured at 450 nm with a 

reference wavelength of 630 nm using a microtiter reader (Gen5, BioTek Instruments, Winooski, VT, US). 
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Antibody titers were expressed as the log2 titer values and defined as the interpolated dilution of the 

given serum sample leading to the mean absorbance for the negative control +3 standard deviation.  

Single cell suspensions of small intestinal and lymphoid tissues 

Small intestine lamina propria (LP) samples stored on ice were opened longitudinally and cut into 5 mm 

pieces. The pieces were washed five times in wash buffer and tissue was digested in RPMI medium 

(Sigma) with 10% (v/v) FCS (Sigma), 15 mM HEPES (Sigma), 100 units/mL penicillin (Sigma), 100 µg/mL 

streptomycin (Sigma), 250 µg/mL collagenase (Sigma) and 1 mg/mL dispase II (Sigma) for 45 min on a 

shaker at 37°C. Afterwards, the tissue digest was filtered through a 70 μm cell strainer, which was 

regularly rinsed with FACS buffer (PBS with 2% (v/v) FCS and 0.05% (v/v) NaN3). PPs and mLNs were 

minced through 70 μm cell strainers, which were regularly rinsed with FACS buffer. The cell suspensions 

were centrifuged at 400g (LP and mLNs) or 600g (PP), 4°C for 10 min. The supernatants were discarded, 

and the cells re-suspended in 1 mL FACS buffer, and cells were counted in NucleoCassettes by use of a 

NucleoCounter (Chemometec, Allerød, Denmark).  

Staining of lymphocytes for flow cytometry 

Approximate 106 cells/well were plated in 96-well plates. Non-specific binding was prevented by 

incubation 5 min on ice with 50 µL blocking solution with 10% (v/v) rat serum and 5 µg/mL anti-CD32 

(D34-485, BD Biosciences) in FACS buffer. Cells were surface stained by addition of 50 μL/well antibody 

cocktail containing 2 µg/mL of each of the following: anti-B220-PE (HIS24, BD Biosciences), anti-CD3-

PerCp-Cy5 (eBioG4.18, Thermo Fisher Scientific), anti-CD4-PE-Cy7 (OX-35, BD Biosciences), anti-CD45-

APC-Cy7 (OX-1, Thermo Fisher Scientific), anti-CD25-BV421 (OX-39, BD Biosciences) in FACS buffer, and 

incubated 20 min on ice. Cells were washed with 100 μL FACS buffer and plates were centrifuged at 

400g, 4°C for 5 min. Supernatants were discarded and pellets resuspended in 200 μL FACS buffer. 

Whole blood samples were diluted two times in FACS buffer and 100 µL were stained with 50 μL of the 

above described antibody cocktail and incubated for 20 min on ice. Afterwards, 1 mL VersaLyse 

(Beckman Coulter, Brea, CA, US) was added to lyse the red blood cells. The samples were incubated in 

dark at RT for 10 min before 2 mL FACS buffer was added and samples were centrifuge at 350g, 4°C for 6 

min. Supernatants were discarded and pellets resuspended in 200 μL FACS buffer and transferred to 96-

well plates. 

For identification of the transcription factors Forkhead box P3 (Foxp3) and Helios, cells were 

subsequently stained by using the BD Transcription Factor buffer set (BD Biosciences) according to the 

manufacture’s protocol. After fixation and permeabilization, the cells were blocked as described above. 

Cells were stained with 50 µL of 5 µg/mL anti-Foxp3-FITC (JFK-16s, Thermo Fisher Scientific) and 2 µg/mL 

anti-Helios-Alexa Flour 647 (22F6, BD Biosciences) in TF Perm/Wash Buffer from the BD Transcription 

Factor buffer set, and incubated for 40 min on ice. After two washes in TF Perm/Wash Buffer, the cells 

were resuspended in FACS buffer. The stained cells were stored at 4°C until data was acquired. Just 

before accusation, 10 μL CountBright counting beads (Thermo Fisher Scientific) was added to each well. 

Data was acquired on BD FACSCanto II system (BD Bioscience) and analyzed by FlowJo (Version 10.4.2, 

BD Bioscience). 
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Intestinal protein uptake 

Total proteins were extracted from small intestine tissue samples by mixing with 10 µL tris-lysis buffer 

(150 mM NaCl, 20 mM Tris, 1mM EGTA, 1% (v/v) Triton X-100, 1 mM EDTA) with 2% (v/v) Halt protease 

inhibitor cocktail (Thermo Fisher Scientific) per mg tissue. One stainless steel bead (Qiagen) were added 

to each sample, and samples were homogenized in buffer by TissueLyser II (Qiagen) at 30 cycles/s for 2 

min. Samples were incubated on ice for 20 min and mixed by vortexing every 5 min. Samples were 

centrifuged at 15,000g for 20 min at 4°C and the supernatants were frozen at -80°C until analysis. 

Concentrations of the cow’s milk protein BLG were quantified in tissue extracts and serum samples by a 

commercial bovine BLG ELISA kit (Bethyl Laboratories, Montgomery, AL, US) in 96 wells MaxiSorp plates 

(NUNC) according to the manufacture’s protocol with the exception that plates were coated overnight. 

The concentrations were determined in triplicates and calculated from the duplicated standard curves 

generated for each plate. 

Histology 

After overnight fixation in 4% formalin (CellPath, Newtown, UK), sections of small intestine and colon 

were dehydrated in a graded ethanol series from 77-99% ethanol (VWR Chemicals, Radnor, PS, US). 

Xylene (VWR Chemicals) was used as clearing agent to replace the ethanol before the tissues were 

embedded in paraffin (Hounisen, Skanderborg, Denmark). Histological sections of 2 μm were stained 

with Hematoxylin (Ampliqon, Odense, Denmark) and Eosin (Merck, Darmstadt, Germany) to identify 

eosinophils, and Periodic acid–Schiff (PAS) (Merck) to identify goblet cells. The slides were examined 

using a Leica DMR upright microscope (Leica Microsystems GmbH, Wetzlar, Germany) and the software 

ImagePro Plus 7.0 (MediaCybernetics, Rockville, MD US) was used for images and measurements. Villus 

length was measured from the villus tip to the crypt-villus junction and in colon crypt depth was 

measured, with three villi or crypts measured/counted per animal. Analyses of histological sections were 

performed blinded. 

Tissue RNA extraction, cDNA synthesis and RT-qPCR 

Approximately 20-40 mg small intestine tissue, stored in RNAlater, was homogenized using TissueLyser II 

(Qiagen) and total RNA was extracted with RNeasy Mini Kit (Qiagen) with on-column DNase digestion 

(RNase Free DNase Kit, Qiagen) according to manufacturer’s protocol. RNA quality and quantity were 

assessed using NanoDrop. cDNA was synthesized from 500 ng RNA with Omniscript RT Kit (Qiagen) in 

accordance to manufacture’s protocol and in addition of Random Primer Mix (BioNordika, Herlev, 

Denmark) and Anti-RNAse (Ambion, Life Technologies, Carlsbad, CA, US). Quantitative RT-PCR (RT-qPCR) 

reactions were run in technical duplicates using a Quantstudio 7 Flex Real Time PCR system (Applied 

Biosystems, Thermo Fisher Scientific) in 11 µL reactions containing 3 µL diluted cDNA (1:20), TaqMan 

Fast Universal PCR Master Mix (2x) (Applied Biosystems), and TaqMan gene Expression Assay (Applied 

Biosystems). TaqMan gene assays used were Cdh1 (Cadherin-1 Rn00580109_m1), Ocln (Occludin 

Rn00580064_m1), Cldn2 (Claudin 2 Rn02063575_s1), Tjp1 (Tight junction protein 1 (ZO-1) 

Rn02116071_s1), TSLP (Thymic stromal lymphopoietin Rn01761072_m1), Il33 (Interleukin 33 

Rn01759835_m1), and Muc2 (Mucin 2 Rn01498206_m1). Reaction conditions were: An initial cycle at 

95°C for 20 s followed by 45 two-step thermal cycles at 95°C for 1 s and at 60°C for 20 s. The relative 
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gene expression was calculated using the 2-ΔCT method using B2m (Beta-2-microglobulin 

Rn00560865_m1) and Sdha (Succinate dehydrogenase complex Rn00590475_m1) as normalization 

genes. Data was acquired with Quantstudio 7 Flex software (Applied Biosystems, Foster City, CA, US). 

Statistics 

Differences between β diversity of groups were assessed by applying ANalysis Of SImilarities ANOSIM 

[232] to weighted and unweighted UniFrac distances, and within group dispersion was analyzed with 

PERMDISP [233] both in Qiime 2. Differential abundant genera between the amoxicillin and control 

group were determined by ANalysis of COMposition of Microbiomes (ANCOM) [234] in R. This was only 

applied to small intestine samples, because more than 25% of genera varied between the two groups in 

cecum and feces. Graphs and additionally statistically analyses were generated in Prism version 8.1.1 

(GraphPad, San Diego,CA, US). Difference between initial and later time points within the same group 

were analyzed by one-way ANOVA followed by Dunnett's multiple comparisons test. Difference 

between the two groups at the same time point were analyzed by t-test (when data passed D’Agostino-

Pearson normality test) or non-parametric Mann-Whitney test (when not normally distributed). Non-

parametric Spearman correlations were calculated between all pairs of relative abundance of small 

intestine genera (present in minimum 10 animals) and selected host response parameters. When 

indicated, p-values were false discovery rate (FDR) corrected by a two-stage sharpened method [235]. 
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RESULTS 

Amoxicillin transiently reduces fecal bacterial load and persistently decreases fecal microbial diversity  

BN rats were gavaged daily with either amoxicillin or water for one week, and the temporal effects on 

fecal bacterial load and composition were followed. The first day after onset, a statistically significant 

reduction of total bacterial load was observed in the amoxicillin group as compared to both the baseline 

level (Day -3) and to the level in the control group (Fig 1A). The effect of amoxicillin on bacterial load 

was transient since no differences were observed compared to the initial level nor to the control group 

from Day 2 and onwards. In order to assess the overall effect of amoxicillin on gut microbiota, the within 

sample (α) diversity was estimated by the Faith’s phylogenetic diversity index. A statistically significant 

reduction in diversity was observed in the amoxicillin group as compared to the initial level from Day 1, 

as well as between the amoxicillin and control group from Day 2 (Fig. 1B).  

Amoxicillin rapidly disturbs fecal microbiota and promotes Gammaproteobacteria outgrowth 

From Day 1, the mean relative abundance of Firmicutes and Actinobacteria were lower in the amoxicillin 

group than in the control group, while Proteobacteria, especially Gammaproteobacteria were higher 

(Fig. 1C). In the amoxicillin group, the fecal microbiota continued changing over the course of the study, 

with the relative abundance of Bacteroidetes gradually expanding over time. This continuous shift in 

composition was also observed by principal coordinate analysis of unweighted UniFrac distances 

measuring the overall diversity between samples, while the microbiota compositions remained 

relatively stable in the control group (Fig. 1D-E). These observations were confirmed by pairwise 

comparisons of unweighted UniFrac distances between different days within the same group, which 

however also revealed a minor temporal effect in the control group (Fig. 1F).  
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FIGURE 1: Temporal effects of amoxicillin on fecal bacterial load and composition. A-B: Total bacterial load (A) and 
Faith’s phylogenetic diversity index (B) of control (CTR, black) and amoxicillin (AMX, red) groups. C: Mean relative 
abundance of bacterial classes. D-E: Principal coordinate analysis (PCoA) plots of unweighted UniFrac distances in 
the AMX (D) and CTR (E) groups colored according to sample day. E: Heat-map of pairwise comparisons between 
days within the control group (upper right corner) and within the amoxicillin group (lower left corner) identified by 
Analysis of similarities (ANOSIM) between unweighted UniFrac distances. Intensity of the color indicates the value 
of the R statistics, where intense colors indicate large differences. Statistically significant differences between CTR 
and AMX on the same day, analyzed by multiple t-test and FDR-correction are indicated as **: q ≤ 0.01 and ***: q 
≤ 0.001, and statistically significant differences relative to the initial level in the same group analyzed by one-way 
ANOVA followed by Dunnett's multiple comparisons test are indicated as ##: p ≤ 0.01 and ###: p ≤ 0.001. 

 

Amoxicillin affects small intestine and cecal/fecal microbiota compositions differently  

After seven days of amoxicillin administration, animals were euthanized and the effects on intestinal 

microbiota in different intestinal compartments were analyzed. Amoxicillin was found to have a 

profound physiological effect on the ceca, which were dramatically enlarged (Fig. 2A), indicating changes 

in microbiota composition and activity. Indeed, similarly to the fecal microbiota, the Faith’s phylogenetic 

diversity of the cecal microbiota was much lower in the amoxicillin group compared to the control group 

on Day 7 (Fig. 2B). In contrast, the small intestine diversity was higher in the amoxicillin group compared 

to the control group.  
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FIGURE 2: Effects of amoxicillin on intestinal microbiota. A-B: Cecum weight (A) and Faith’s phylogenetic diversity 
(B) of control (CTR, black) and amoxicillin (AMX, red) groups. Asterisks indicate statistically significant differences 
between means in CTR and AMX groups. C: Relative abundance of bacterial classes in individual animals. D-E: 
Principal coordinate analysis (PCoA) plot of weighted (D) and unweighted (E) and UniFrac distances between 
samples from small intestine (SI) (squares), cecum (triangles) and fecal (circles) content Day 7 colored according to 
CTR and AMX treatment. F: Relative abundance of bacterial genera in individual animals indicated by the cell color 
ranging from highly abundant genera in red and less abundant genera in blue. Genera for which the abundance 
was significantly different between CTR and AMX groups in the small intestine are highlighted with arrows marking 
whether the genera were higher or lower after amoxicillin administration. Statistically significant differences 
between groups analyzed by non-parametric Mann-Whitney test (A) or t-tests (B) are indicated as *: p ≤ 0.05 and 
***: p ≤ 0.001.  
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The distribution of bacterial classes was found to vary between the small intestinal, cecal and fecal 

compartments within the control group at Day 7 (Fig. 2C). The small intestine was dominated almost 

exclusively by Bacilli (lactobacilli), whereas three different classes dominated the cecal (Bacteroidia, 

Clostridia, and Deltaproteobacteria) and fecal (Bacteroidia, Clostridia, and Bacilli) microbiota. Amoxicillin 

administration was found to dramatically, and differently alter the microbiota in the different intestinal 

compartments. In the small intestine, the relative abundance of Bacilli was reduced while 

Gammaproteobacteria, Clostridia, and Actinobacteria were increased in all animals, but to a varying 

degree, resulting in a high variation between individual animals in the amoxicillin group. In contrast, the 

cecal and fecal microbiota composition were found to be uniform among the individual animals in the 

amoxicillin group, and the distribution of bacterial classes remarkably similar between the cecal and 

fecal microbiota in the amoxicillin group. In feces and cecum, the relative abundances of Clostridia and 

Bacilli were lower in the amoxicillin group than in the control group, while the relative abundance of 

Bacteroidia and Gammaproteobacteria were increased. 

In line with the dramatic effect of amoxicillin on bacterial class distribution, the overall bacterial 

community structure (β diversity) was significantly affected by amoxicillin in both the small intestine, 

cecum and feces as determined by the ANOSIM method (Fig. 2D-E). Furthermore, analysis of sample 

dispersion by PERMDISP of weighted UniFrac distances confirmed that the individual animals’ small 

intestinal samples were significantly more dispersed in the amoxicillin group than seen in the controls, 

while in contrast, cecal and fecal samples were significantly less dispersed in the amoxicillin group than 

in controls (Fig. 2D). In summary, amoxicillin reduced within sample (α) and between samples (β) 

diversity with regard to the overall bacterial composition (weighted UniFrac distances) in fecal and cecal 

samples, but increased α and β diversity in small intestine samples.  

Oppositely, analysis of unweighted UniFrac distances based on presence/absence status of ASVs and not 

relative abundances revealed that the cecal and fecal samples from individual animals were significantly 

more dispersed in the amoxicillin group than in controls (Fig. 2E). This suggests that while amoxicillin 

caused the amount of dominating species to become more similar within the group, the 

presence/absence status of rare species became more dissimilar within the group.  

Statistical analysis of compositional changes (ANCOM method) of the microbiota caused by amoxicillin 

was performed only for the small intestinal compartment due to the very pronounced effects in the 

cecum and feces. The abundance of Lactobacillus was significantly lower in the amoxicillin group, as 

were Veillonella and Rothia (Fig. 2F and Table S1). A significant outgrowth of Escherichia/Shigella and 

Klebsiella (Gammaproteobacteria) in response to amoxicillin was also observed in the small intestine 

similar to the cecal and fecal compartments. Furthermore, the relative abundances of the Clostridial 

genera Romboutsia and Clostridum sensu stricto were significantly higher within the small intestine in 

the amoxicillin group than in the control group.  
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Amoxicillin promotes host mucosal immune regulation 

The effects of amoxicillin on humoral and mucosal immune regulation were analyzed after seven days of 

administration. This revealed that total fecal IgA levels were higher in the amoxicillin group than in the 

control group, while total serum IgA levels were lower (Fig 3A). Various lymphocyte populations were 

analyzed in blood, mLNs, small intestine PPs and LP (Fig. S3A-C). Of these, the relative amount of 

CD25+FoxP3+ Tregs were significantly higher in small intestine LP (both CD4+ and CD4- Tregs) and PPs 

(only CD4- Tregs) in the amoxicillin group compared to the control group, while amoxicillin had no effect 

on Tregs in blood and mLNs (Fig 3B-C). Small intestinal uptake of the cow’s milk protein BLG was 

assessed by quantifying BLG in gut tissue and serum 15 min after oral gavage with whey protein. This 

revealed a tendency for higher uptake in the amoxicillin group (p=0.183 and p=0.139 for LP and serum 

respectively; Fig 3D). Finally, mucus-producing goblet cells were quantified in histological slides 

(representative pictures in Fig. S4). Goblet cell numbers in both the small intestine and colon were 

elevated in the amoxicillin group compared to controls (Fig. 3E). Relative expression of various immune 

related host genes were assessed in small intestine LP (Fig. S3D), and a tendency (p=0.131) for higher 

expression of the Muc2 gene encoding mucin 2 was observed in the amoxicillin group (Fig 3F). A strong 

positive correlation between small intestine goblet cells and Muc2 gene expression supported these 

findings (Fig 3G).  

 

FIGURE 3: Host responses to amoxicillin. A: Total IgA levels in feces and serum. B-C: Relative amounts of CD25+ 

FoxP3+ T regulatory cells of CD4+ T helper cells (B) and CD4- T cells (C) in blood, and small intestine mesenteric 
lymph nodes (mLN), Peyer’s patches (PPs) and lamina propria (LP). Cells in LP are plotted according to the right y-
axis while cell from the remaining tissues are plotted according to the left y-axis. D: β-lactoglobulin (BLG) 
concentration in small intestine LP (left y-axis) and serum (right y-axis). E: Average goblet cells per villi or crypt in 
histological slides of small intestine (left y-axis) and colon (right y-axis). F: Expression of the mucin 2 (Muc2) gene 
relative to two housekeeping genes. G: Correlation between number small intestine goblet cells and relative 
expression of Muc2. Each symbol represents one animal and horizontal lines indicate mean (A, E-F) or median (B-
D). Statistically significant differences between control (CTR, black) and amoxicillin (AMX, red) groups analyzed by 
t-tests (A, E) or non-parametric Mann-Whitney test (B-C) are indicated as *: p ≤ 0.05, ***: p ≤ 0.001.  
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Specific bacterial genera are linked to immune regulatory responses 

To investigate the interplay between the bacterial composition of the small intestine and the host 

immune response, pairwise correlations between relative abundance of genera and the host immune 

parameters shown in Fig. 3 and Fig. S3 were performed (Fig. 4A-B). This revealed negative correlations 

between three bacterial genera with reduced relative abundance in the amoxicillin group, namely 

Lactobacillus, Rothia and Veillonella, and the fraction of both CD25+FoxP3+ Tregs in the small intestine LP 

(both CD4+ and CD4- Tregs) and PPs (only CD4- Tregs) as well as with the fraction of B cells of all PPs 

lymphocytes. Further, a consortium of Escherichia/Shigella, Klebsiella, Bifidobacterium and four 

Firmicutes genera for which the relative abundance was higher in the amoxicillin group compared to 

controls were positively correlated with the same lymphocyte populations. These observations were 

supported by the additional finding of a significant correlation between LP CD4+ Tregs and 

Escherichia/Shigella in the control group only (p=0.035) and for Turicibacter in the amoxicillin group only 

(p= 0.014). In addition, a negative correlation was found between the relative abundance of 

Propionibacterium and the expression of the Cldn2 gene encoding the tight junction protein Claudin 2 in 

the small intestine tissue, and a positive correlation between the relative abundance of Weissella and 

the fraction of Helios- induced Tregs in circulation. 
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FIGURE 4: Correlations between small intestine bacterial genera and host immune responses. A: Spearman’s Rank 
correlation matrix between relative abundance of small intestinal bacterial genera present in minimum 10 animals, 
and all host response parameters indicated on Fig. 3 and Fig. S3. Only those parameters for which correlations are 
significant after applying FDR-correction are included. Spearman's Rank correlation coefficients are indicated by 
the cell color. Statistically significant differences are indicated as **: q<0.05 and *: q<0.1. B: Visualization of 
selected correlations between relative abundance of small intestine genera and host responses in control (CTR, 
black) and amoxicillin (AMX, red) administered group. Each symbol represents one animal. 

 

  



MANUSCRIPT II 
 
 

51 
 

DISCUSSION 

To investigate the putative relationship between microbiota composition and immune regulation, BN 

rats were orally administered with the antibiotic amoxicillin or water as control for seven days, and the 

gut microbiota, host immune regulation and intestinal permeability to cow’s milk protein was assed. 

Despite of epidemiologic studies showing an association between early life antibiotic consumption and 

prevalence of food allergies [113–115] and autoimmune disorders such as IBD [206–208], reflecting a 

failure to develop appropriate tolerance, the current study surprisingly indicated that a seven days 

amoxicillin-induced perturbation of the gut microbiota promoted multiple parameters associated with 

immune regulation. These included higher relative abundance of small intestine Tregs, total fecal IgA 

and goblet cell numbers in the amoxicillin group compared to controls. 

The observed increase in goblet cell numbers is in agreement with a previous study showing that 

administration the board-spectrum antibiotic ceftriaxone to Wistar rats causes increased goblet cell 

numbers and size [236]. It is well established that bacterial colonization affects mucin gene expression, 

and in agreement with the present study, a negative correlation between abundance of Lactobacillus 

spp. and mucin 2 gene expression in newborn mice has previously been reported [237]. Goblet cells 

promote oral tolerance by delivering luminal antigens to tolerogenic CD103+ dendritic cells in the small 

intestine to generate antigen specific Tregs [49,238] and by producing mucus, which contributes to 

intestinal barrier function and provides attachment sites and nutrients for commensal gut bacteria 

[216].  

In the current study, the relative abundance of CD25+FoxP3+ Tregs in the small intestine LP (both CD4- 

and CD4+)) and PPs (only CD4- Tregs) were found to be higher in the amoxicillin group than in controls. 

While conventional CD4+ Tregs have been extensively studied, the function of CD8+CD4- Tregs remains 

less characterized, but are thought to play an important role in preventing food allergy [239]. In line with 

the results from the current study, oral administration of broad-spectrum antibiotic cocktails is often 

reported to increase the relative abundance of CD4+ Treg cells in small intestine [218,219,222,240–243], 

and to reduce relative abundance of Th1 [217,218] and/or Th17 effector cells [217,218,222,241,243]. 

This shift in the balance between Tregs and effector T cells has been shown to reduce severity of 

multiple autoimmune [218,219,222] and allergic diseases [240]. On the other hand, the antibiotic-

induced Treg promotion has been shown to prevent the development of proper immune responses to 

oral vaccination [244] and enteric infections [245,246].  

Tregs are central stimulators of mucosal IgA production by plasma cells [247], which is reflected in the 

current study, since the higher relative abundance of small intestinal Tregs in the amoxicillin group than 

in controls, was accompanied by higher fecal IgA levels. Mucosal IgA is known to be important for the 

immunological defense against pathogenic bacteria and toxins, while the role of IgA in immune 

tolerance is less understood [1]. Still, results from human [248] and animal [249] studies indicate that 

IgA might play an important role for tolerance development, and alterations in IgA coating patterns of 

intestinal bacteria have been associated with multiple disorders including atopic diseases [250] and IBD 

[251], although the results are ambiguous. Oppositely to what was observed for fecal IgA, total serum 

IgA levels were significantly lower in the amoxicillin group than in controls. This is in line with previous 
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studies showing that fecal and serum IgA levels are not affected in the same way by oral exposure to 

allergens [249] and high-fat diet [252] in mice. Amoxicillin-induced perturbation of the microbiota may 

affect the transport of IgA from circulation to the intestinal lumen and/or tissue specific differences in 

regulation of IgA secretion. 

To investigate the interplay between microbiota composition and immune regulation, the fecal 

microbiota was analyzed throughout the study, and the small intestinal and cecal microbiota at 

termination. Amoxicillin was found to dramatically, and differently alter the microbiota in the different 

intestinal compartments. The small intestine was vastly dominated by Lactobacillus in the control group 

thus this compartment had lower α diversity compared to feces and cecum. This genus was much less 

abundant in the amoxicillin group, where multiple different genera were more abundant with high 

variation between individual animals causing a higher α and β diversity compared to controls. This was 

in contrast to the fecal and cecal microbiota, for which both α and β diversity were significantly lower in 

the amoxicillin group compared to controls. These differences in response probably result from 

differences in bacterial load, diversity and composition in the different compartments [253–255]. 

Differences in the transit time, which is much faster in the small intestine compared to cecum and colon 

[256], imply a shorter contact time between bacteria and antibiotics, which may also have affected the 

response. The current study highlights that changes in fecal bacterial population do not provide a good 

proxy for small intestinal responses to antibiotics. 

Common for all analyzed intestinal compartments was the reduction in relative abundance of 

Lactobacillus and increase in relative abundance of Gammaproteobacteria. This was also seen in feces 

after seven days treatment of healthy adults with amoxicillin in combination with β-lactamase inhibitor 

clavulanate [257,258]. The elevated level of facultative anaerobes within the Gammaproteobacteria may 

in part be explained by depletion of butyrate producing clostridia, since reduction in butyrate has been 

reported to promote expansion of oxygen tolerating species due to increased epithelial oxygenation 

[259]. In line with this explanation, previous studies report reduced butyrate levels and elevated cecal 

pH after amoxicillin administration in Wistar rats [221,260].  

Multiple studies have revealed that bacterial stimulation is important for mucosal T cell responses and 

in particular important for balancing the ratio between Tregs and effector T [261]. In the current study, a 

consortium consisting of Escherichia/Shigella, Klebsiella (Gammaproteobacteria), Bifidobacterium and 

four genera belonging to Firmicutes, for which the relative abundance in the small intestine were higher 

in the amoxicillin group than in controls, positively correlated with the fraction of small intestinal Tregs. 

This is in accordance with previous studies reporting positive effects of administration with various 

probiotic Bifidobacterium spp. on the Treg/T effector cell balance in humans [262] and mice, which 

thereby ameliorate allergic and autoimmune diseases [263–266]. Furthermore, a growing body of 

evidence suggests an important immunomodulatory role of hexa-acylated lipopolysaccharide (LPS), a 

major constituent of the outer membrane of Gammaproteobacteria, which exhibit superior Toll-like 

receptor 4 (TLR4) stimulatory capacity compared to the less acylated LPS present from other Gram-

negative bacteria [267–270]. We speculate that bacterial derived signals such as hexa-acylated LPS from 

Gammaproteobacteria could directly promote the expansion of the intestinal Tregs, which in turn 

stimulate mucosal IgA production by local plasma cells (Fig. 5).  



MANUSCRIPT II 
 
 

53 
 

Indeed, in vitro studies have shown that LPS can activate murine [271] and human [272] Tregs directly 

via TLR4 activation. Furthermore, animal studies have indicated a link between high dietary LPS levels 

and higher numbers of CD4+ Tregs in mLN, as well as higher CD8+ Tregs in mLN and PPs [273]. However, 

further studies are need to address this hypothesis, such as applying the same experimental treatment 

to LPS-nonresponsive animals, to see if Treg and IgA induction fail to appear. One LPS-nonresponsive 

animal model is TLR4-/-B6129PF mice, which are in fact prone to develop food allergy [274]. 

In conclusion, this study showed that microbiota perturbation by amoxicillin promotes acute intestinal 

immune regulation. The observed immune regulation may represent an acute response to overt 

inflammatory signals derived from the microbiota e.g. released from dead bacteria and/or new or 

expanded bacterial species. The long-term immunological and clinical consequences of this effect 

remain to be investigated to determine whether this condition affects development of oral tolerance to 

luminal antigens and thus prevents inflammatory and allergic diseases. 

 

FIGURE 5: Microbiota host interactions in the small intestine. The relative abundance of Lactobacillus was 
dramatically lower in the small intestine of amoxicillin administered rats, while multiple different genera were 
more abundant. Among these were a consortium including Escherichia/Shigella, Klebsiella (Gammaproteobacteria) 
and Bifidobacterium, which strongly correlated with the relative abundance of regulatory T cells (Tregs) in the 
small intestine. We speculate that bacterial derived signals such as hexa-acylated lipopolysaccharide (LPS) from 
Gammaproteobacteria, could directly promote the expansion of the intestinal Tregs, which in turn stimulate 
mucosal IgA production by local plasma cells and possibly goblet cell activation and mucus secretion. The figure is 
created with BioRender.com 
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ABSTRACT 

Background: The use of hydrolysed infant formula for allergy prevention in atopic infants is highly 

debated, but has been suggested as a good option due to the reduced allergenicity. Knowledge on how 

dietary protein structure influences tolerance development remains scarce. Further, the intestinal 

microbiota has been suggested to influence tolerance development.  

Objective: The aims of the current study were (1) to compare the primary preventive capacity of intact 

and hydrolysed whey products with different physicochemical characteristics, and (2) to investigate how 

microbiota composition affects tolerance induction. 

Methods: The primary preventive capacity of ad libitum administered whey products was investigated in 

Brown Norway rats, with either conventional or amoxicillin-disturbed gut microbiota. The preventive 

capacity was assessed as the capacity to reduce whey-specific IgE sensitisation and clinical reactions 

assessed by an ear-swelling test after four intraperitoneal post-immunisations with intact whey. 

Additionally, the effect of the whey products on the growth of gut bacteria derived from healthy human 

infant donors was evaluated in an in vitro incubation study.  

Results: Moderately (both partially and mildly) hydrolysed whey products had strong primary preventive 

capacity. The response to intact whey was very diverse, and the level of whey-specific IgE after post-

immunisations was not significantly different from the control group that did not receive any whey 

product for prevention. Daily amoxicillin administration initiated one week prior to tolerance induction 

significantly disturbed the gut microbiota, but did not affect prevention of sensitisation. In vitro 

incubation of infant faecal microbiota with whey products indicated that moderately hydrolysed whey 

products promoted the expansion of the genus Enterococcus. 

Conclusion & Clinical Relevance: Results from the animal study support the recommendation of 

moderately hydrolysed whey-based infant formulas for primary prevention in atopic infants. However, 

possible effects of hydrolysed products on infant microbiota composition, indicated by the in vitro 

incubation studies, warrants further investigation. 
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INTRODUCTION 

Cow’s milk allergy (CMA) is the most common food allergy in infants and young children with a high 

national variation in prevalence between 0.5 and 3% [6–8]. Non-exclusively breastfed infants suffering 

from CMA are recommend the use of hypoallergenic infant formula [4], which is most often based on 

extensively hydrolysed cow’s milk proteins. Hydrolysis degrades proteins into peptide fragments and 

free amino acids and thereby eliminates the antibody-binding epitopes and thereby reduces the risk of 

inducing an allergic reaction. Hypoallergenic infant formulas based on hydrolysed cow’s milk proteins 

are divided into extensively (eHF) and partially (pHF) hydrolysed infant formula based on the molecular 

weight of the peptides. There is currently no consensus for a definition of eHF and pHF. The American 

Academy of Pediatrics has suggested a definition for eHF as containing only peptides with a molecular 

weight below 3 kDa, and pHF as those that mostly consists of oligopeptides with a molecular weight 

below 5 kDa [29].  

It is generally accepted that the optimal way to prevent CMA is to exclusive breastfeed infants until 

introduction of solid foods. However, the recommendation for prevention of CMA and other allergic 

diseases in non-exclusively breastfed atopic infants is highly debated. Two recent systematic reviews 

conclude that there is not substantial evidence supporting that hydrolysed infant formula prevent CMA 

or any other allergic disease [275,276]. The European guideline currently recommends the use of 

hydrolysed infant formulas for food allergy prevention in high-risk infants below the age of 4 months 

and conventional infant formula thereafter [277], while the American [278] and Australian-Asian [279] 

guidelines were recently updated to no longer recommend hydrolysed infant formulas for prevention of 

CMA or other allergic diseases.  

Very few clinical studies have evaluated CMA as an endpoint when comparing the effect of pHF to 

conventional infant formula in high-risk infants [280–282], and results from these studies are varying 

and not unambiguously in favour of pHF. However, the study designs are problematic, as discussed in 

the recent Cochrane review [276]. Furthermore, the studies suffer from large heterogeneity in time of 

initiating intervention and whether product is the sole nutrition or given in combination with breast 

milk. Results from animal studies indicates that compared to conventional infant formula, the 

allergenicity of pHF is reduced [283,284], but that the primary preventive capacity may also be reduced 

[195,197,198], or at best similar to conventional infant formula [168,196].  

Variation between studies may be due to the use of different infant formulas with different 

physicochemical characteristics due to the lack of product standardisation. High variation in 

physicochemical profiles [30] and peptide sequence signatures [31] has been reported among different 

commercially available hydrolysed infant formulas based on the same protein source and within the 

same classification. This implies that different infant formulas may have different immunological effects. 

Furthermore, knowledge on how environmental factors influence tolerance induction remains scarce. In 

recent years the gut microbiota has received increasing focus in the context of food allergy. The 

increased prevalence of food allergy observed in the last decades has been associated with changes in 

environmental factors and life style [5], likely related to alterations in the gut microbiota. Environmental 

factors that may modulate microbiota composition include antibiotic exposure. Epidemiological studies 
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suggest an association between antibiotic exposure in early life and CMA [113–115]. Recent studies 

have indicated a causal relationship between gut microbiota and the development of CMA in murine 

models transplanted with faeces from CMA children [124,126]. In the current study, amoxicillin was 

used to manipulate the microbiota composition. Amoxicillin is the most widely used penicillin in Europe 

[226], and is frequently prescribed for treatment of paediatric infections [227]. 

The aims of the study were (1) to compare the primary preventive capacity of intact and hydrolysed 

whey products with different physicochemical characteristics, and (2) to elucidate how antibiotic-

induced changes in the gut microbiota affects tolerance induction. The study was conducted in Brown 

Norway (BN) rats, which are high-IgE responders and thereby resembles atopic individuals in their 

predisposition to develop food allergy [168,223]. To the best of our knowledge, the present study is the 

first to show that hydrolysed infant formula is superior to conventional infant formula for preventing 

whey-specific IgE sensitisation. 

 

METHODS 

Product characterisation 

Four whey-based infant formula protein ingredients with different degrees of hydrolysis were included 

in the study: Extensively (eHW), partially (pHW) and mildly (mHW) hydrolysed and intact whey (iW). All 

products were kindly provided by Arla Foods Ingredients and were made from whey protein 

concentrate.  

Degree of hydrolysis 

The degree of hydrolysis was determined with an O-Phthaldialdehyd-assay as described elsewhere 

[285]. Briefly, samples were dissolved to a concentration of 0.8 mg/mL protein in milli Q water and 

filtered through filter paper, and subsequently 20 µL sample was mixed with 150 µL OPA reagent (0.08% 

O-Phthaldialdehyd (Merck KGaG, Darmstadt, Germany), 2% (v/v) ethanol (VWR International, Radnor, 

PA, US), 3.81% di-sodium-tetraborat-decahydrat (Merck KGaG), 0.1% Sodium-dodecyl-sulfat (VWR 

International), 0.088% DL-Dithiothreitol (Merck KGaG)). Absorbance was measured after 120 seconds at 

340 nm on a Lambda 35 UV/VIS Spectrometer (Perkin Elmer, Waltham, MA, US). A calibration curve 

based on L-serine (Merck KGaG) diluted in milli Q water was prepared in the range of 0.067-0.28 mg/mL.  

Amino acid composition 

Amino acid analysis was performed by ion exchange chromatography after hydrolysis in HCl, as 

described elsewhere [286]. 

Peptide size distribution 

Peptide size distribution was determined by TSK gel permeation chromatography (GPC). Samples were 

dissolved to a concentration of 0.32% (w/v) protein in mobile phase buffer (0.0375 M phosphate buffer 

(VWR International) with 0.375 M NH4Cl (VWR International), 0.1% trifluoro acetic acid (Merck KGaG), 

25% acetonitrile (Rathburn Chemicals, Walkerburn, Scotland)) to disassociate non-covalent interactions. 
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Disulphide bonds were reduced by addition of 0.67% of β-mercaptoethanol (Merck, KGaG) followed by a 

heat treatment in a heating block at 100 °C for 30 min. All samples were filtrated through a 0.45 µm 

filter. Chromatographic separation was performed at 25°C on a Thermo Ultimate 3000 LC (Thermo 

Scientific, Waltham, MA, US) equipped with three TSK G2000 SWXL columns (5 µm 7.8mm x 300mm, 

TOSOH Bioscience GmbH, Stuttgart, Germany) bound in series. Samples were separated at a flow rate of 

0.7 mL/min with mobile phase buffer. Peptides/proteins were detected at 214 nm. The relative 

distribution of peptides was calculated based on area under the curve. 

Analysis of protein aggregation  

To examine protein aggregation status under physiological conditions (solvent: 50 mM NaH2PO4, 0.15 M 

NaCl, pH 7.0), ethylene bridged hybrid (BEH) GPC was performed as previously described [287].  

Animals 

Brown Norway (BN) rats from the in-house breeding colony (National Food Institute, Technical 

University of Denmark, Denmark) were housed in macrolon cages and kept at a 12 hour light:dark cycle, 

at a temperature of 22 ± 1°C and a relative humidity of 55 ± 5%. Rats were observed twice daily and 

clinical signs recorded. The rats were fed a milk-free diet for ≥10 generation that was produced in-house 

and based on rice flour, potato protein and fish meal as protein sources, as previously described [186], 

with the exception of maize flakes being substituted with rice flour. Ethical approval was given by the 

Danish Animal Experiments Inspectorate (2015-15-0201-00553-C1). The experiments were overseen by 

the National Food Institute’s in-house Animal Welfare Committee for animal care and use. 

Animal experiment 

BN rats of both sexes and aged 3½-7½ weeks were allocated into 10 groups of 12 rats. Half of the groups 

were daily gavaged with 30 mg amoxicillin in 0.5 mL milli Q water and the other half with water alone 

from Day 0-28 (Fig. 1). From Day 7-28, one amoxicillin and one water group were each given one of the 

four whey products in their drinking water (12.5 g protein per litre water) ad libitum to induce tolerance 

or water alone for control. One week after the tolerance induction phase ceased, all rats were post-

immunised intraperitoneal (ip) with 100 µg iW in 0.5 mL phosphate buffered saline (PBS; 137 mmol/L 

NaCl, 2.7 mmol/L KCl, 10 mmol/L Na2HPO4, 1.8 mmol/L KH2PO4, pH 7.2) once a week for four weeks (Day 

35, 42, 49, and 56). Blood samples from the sublingual vein were collected after tolerance induction 

(Day 28) and weekly throughout the rest of the study (before dosing). Two faecal samples per rat were 

collected on Days 0, 7, 28 and 64. One was stored at -80°C for microbiota analysis and one was prepared 

for IgA quantification. Serum and faecal water was prepared as previously described [288].  

Elicitation tests 

On Day 63, rats were subjected to an ear-swelling test. The rats were anaesthetised with hypnorm-

dormicum and their ear thickness was measured at the same spot before and one hour after 

intradermal injection of 10 μg of iW in 20 μL PBS. In parallel, naïve rats were subjected to the same 

treatment. On Day 64, rats were dosed with 100 mg of iW in 1 mL milli Q water by oral gavage 15 min 

prior to termination to assess intestinal uptake of β-lactoglobulin (BLG) as previously described [288].  
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Dissection 

Rats were euthanised one week after the last post-immunisation (Day 64) by exsanguination using 

carbon dioxide inhalation as anaesthesia. The dissection, storage and preparation of tissues were 

previously described in details [288]. Briefly, intestinal content from the proximal small intestine was 

stored at -80°C for microbiota analysis. Small intestinal epithelium and lamina propria (LP) were stored 

at -80°C for total protein extraction and BLG quantification. Mesenteric lymph nodes (mLN), small 

intestinal Peyer’s patches (PP) and LP were immediately processed for single cell suspensions, together 

with whole blood for flow cytometry analysis of lymphocyte populations as previously described [288]. 

Finally, a piece of the small intestine and of colon was fixed in 4% (w/v) paraformaldehyde for histology 

as previously describe [288].  

 

FIGURE 1: Animal experimental design. To create two groups with different microbiota compositions, rats were 
either gavaged with amoxicillin (AMX) or water (H2O) as control daily from one week before and during tolerance 
induction. To induce tolerance, Brown Norway rats were administered one of four different whey products in their 
drinking water, ad libitum for three weeks. After one week, rats were subsequently post-immunised by weekly 
intraperitoneal (ip) injection with intact whey (iW) to sensitise the rats. The day before termination, rats were 
subjected to an ear-swelling test by intradermal injection of iW. The pictures originates from BioRender.com and 
Colourbox.  

 

Quantification of antibodies by ELISA 

Both iW-specific IgG1 and IgA antibodies were quantified in serum by indirect ELISA as previously 

described [187]. iW-specific IgE antibodies were quantified in serum by antibody-capture ELISA as 

previously described [187] with the exception that plates were initially blocked with 5% (v/v) rabbit 

serum (Biowest, Nuaillé, France), and iW-specific IgE was detected by 50 µL/well of 0.2 µg/mL of 10:1 

digoxigenin (DIG)-coupled iW in blocking solution. Total IgA was quantified in serum and faecal water by 

sandwich ELISA as previously described [288]. 

DNA extraction and amplicon sequencing of the 16S rRNA gene 

DNA extraction and amplicon sequencing of the 16S rRNA gene were performed essentially as previously 

described [288]. Briefly, DNA was extracted from faeces or small intestine content by DNeasy 

PowerLyzer PowerSoil Kit (Qiagen, Hilden, Germany) according to the manufacture’s protocol. 
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Mechanical lysis of bacteria was conducted at 30 cycles/s twice for 5 min using bead beater MM300 

(Retsch, VWR, Haan, Germany).  

The V3-region of the 16S rRNA gene was amplified using a universal forward primer (PBU 5’-A-adapter-

TCAG-barcode-CCTACGGGAGGCAGCAG-3’) with a unique 10–12 bp barcode for each sample (IonXpress 

barcode as suggested by the supplier, Life Technologies, Carlsbad, CA, US) and a universal reverse 

primer (PBR 5’-trP1-adapter-ATTACCGCGGCTGCTGG-3’) and Phusion High-Fidelity DNA polymerase 

(Thermo Fisher Scientific, Waltham, MA, US). PCR products were purified by HighPrep™ PCR Clean-up 

System (Magbio, Gaithersburg, MD, US) according to the manufacture’s protocol, and DNA 

concentrations were determined with Qubit HS assay (Life Technologies). Finally, a library was 

constructed by mixing an equal amount of PCR products from each sample. Sequencing of all samples 

was performed on a 318-chip for Ion Torrent sequencing using the Ion OneTouch™ 200 Template Kit v2 

DL (Life Technologies).  

Sequence data processing and analysis  

Raw sequence data in FASTQ format was processed using CLC bio genomic workbench (Qiagen) in order 

to de-multiplex samples and remove sequencing primers. Further quality trimming using default settings 

(remove low quality nucleotides pbase-calling error = 0.05, trim ambiguous nucleotides = 2) and filtering 

only reads with a final length between 125-180bp were exported in FASTQ format. Further quality 

trimming was performed in Divisive Amplicon Denoising Algorithm 2 (DADA2, Version 1.10.1) with 

default settings as described elsewhere [230]. Finally, an amplicon sequencing variant (ASV) table was 

constructed which contains the counts of each sequence variant in each sample. All sequence reads 

were taxonomically classified using the Ribosomal Database Project Multi-classifier tool [231]. 

The ASV table was imported into the "Quantitative Insights Into Microbial Ecology" (Qiime) 2 pipeline 

(Version 2019.1) [289], and α and β diversity metrics were calculated by the function “diversity core-

metrics-phylogenetic” based on a rooted phylogenetic tree. Fecal samples were rarefied to 10,000 reads 

and small intestine samples were rarefied to 3,000 reads to eliminate bias from uneven sampling depth.  

In vitro incubation experiment 

Collection of infant faecal samples 

Faecal samples were obtained from three human infant donors. All donors were 1-4 months old, 

exclusively breastfed and had never received antibiotics. The study was approved by The Danish 

National Committee on Health Research Ethics (H-16030078). Faecal samples were collected in the 

participants’ homes in airtight containers and stored at 4°C until delivery to the laboratory, where they 

were processed immediately. All samples were processed within 12 h. Faecal samples were mixed 1:1 

(w/v) with 30% glycerol in saline and frozen at -80°C in aliquots.  
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Preparation of defined culture mix 

Stocks of Bifidobacterium longum ssp. infantis (NCIMB 702205), Lactobacillus rhamnosus (ATCC 53103) 

and Enterococcus faecalis (DSM 20478) were thawed and grown on BSM agar plate for two days (B. 

longum), MRS plate for 2 days (L. rhamnosus) or BA agar plate for 1 day (E. faecalis). All strains were 

inoculated in GAM broth and incubated anaerobically overnight. Finally, the three cultures were mixed 

to obtain an equal OD of each, added 1:1 (v:v) 30% glycerol in saline and frozen at -80°C in aliquots.  

Small-scale in vitro incubation 

A small-scale in vitro incubation method [290] was used to assess the effect of whey products on the 

microbial composition in human faecal samples. Whey products were dissolved in minimal medium to 

obtain a final protein concentration of 12.5 mg/mL. The minimal basal medium contained: 0.1 g/L of 

NaCl, 0.04 g/L of K2HPO4, 0.04 g/L of KH2PO4, 0.01 g/L of MgSO4·7H2O, 0.01 g/L of CaCl2·2H2O, 2 g/L of 

NaHCO3 (all from Merck), 2 g/L of peptone water (Oxoid, Roskilde, Denmark), 1 g/L of yeast extract 

(Oxoid), 0.5 g/L of bile salts (Oxoid), 2 ml/L of Tween 80 (Sigma) and 0.5 mg/L resazurin (Fluka 

Honeywell, Charlotte, NC, US) and pH was adjusted to 7. After autoclaving the following sterile filtered 

ingredients were added: 0.5 g/L of l-cysteine hydrochloride (Sigma), 5 mg/L of hemin (Fluka), 0.001% 

(v/v) of vitamin K1 (Sigma), and 5 g/L lactose (Merck). The medium was reduced overnight in an 

anaerobic cabinet. 

Faecal samples were defrosted, and 25% (v/v) faecal slurry was prepared by mixing the samples with 

anoxic sterile PBS. Faecal slurries were centrifuged at 200g for 3 min at 4°C and only the supernatants 

were used. For each incubation, 80 µL of inoculum (faecal slurry supernatant or defined culture) was 

inoculated to a total reaction volume of 2 mL in 24-well plates. Incubations with each whey product as 

well as non-supplemented medium controls were incubated with each inoculum (faecal slurry 

supernatants or defined culture) in triplicates. Samples were incubated in an anaerobic cabinet at 37°C. 

After 24 h, the total volume was harvested and centrifuged 10,000g for 8 min at 4°C. Supernatants were 

discarded and pellets were stored at -20°C until total DNA was extracted using the DNeasy PowerLyzer 

PowerSoil Kit as described above.  

Real-time PCR conditions 

Each amplification reaction was done in triplicate for each incubation sample in a final volume of 11 µL 

containing 5.5 μL LightCycler® 480 SYBR Green I Master (Roche), 2.2 pmol of each of the primers (TAG 

Copenhagen, Denmark), 2 ng template DNA, and nuclease-free water purified for PCR (Qiagen). The 16S 

rRNA-targeting primers used in this study are listed in Table 1. The reaction conditions were: Pre-

incubation at 95°C for 5 min followed by 45 cycles of 95°C for 10 s, 60°C for 15 s and 72°C for 45 s. Lastly, 

a melting curve was generated (95°C for 5 s, 68°C for 1 min and increasing the temperature to 98°C with 

a rate of 0.11°C/s with continuous fluorescence detection). The qPCR was run in 384-well format on a 

LightCycler® 480 II (Roche Applied Science) and analysed using the LightCycler® 480 software. 

  



MANUSCRIPT III 
 

63 
 

Table 1. 16S rRNA gene primers used qPCR in this study1 

Target Forward primer (5'-3') Reverse primer (5'-3') Amplicon size  Reference 

Bifidobacterium GCGTGCTTAACACATGCAAGTC CACCCGTTTCCAGGAGCTATT 126 bp [291] 

Lactobacillus AGCAGTAGGGAATCTTCCA CACCGCTACACATGGAG 341 bp [292,293] 

Enterococcus CCCTTATTGTTAGTTGCCATCATT ACTCGTTGTACTTCCCATTGT 144 bp [294] 

Universal V3 ACTCCTACGGGAGGCAGCAGT GTATTACCGCGGCTGCTGGCAC 200 bp [228] 

1All primers were previously validated for use in gut communities [295]. 

 

Real-time PCR data handling 

For each incubation replicate, the mean threshold cycle (Ct) value between qPCR triplicates was used to 

calculate the relative abundance of the genera Bifidobacterium, Lactobacillus and Enterococcus relative 

to the total bacteria (ntarget/ntotal) using 2ΔCt as described elsewhere [296]. ΔCt is the Ct value of the 

bacterial target normalised to the Ct value of the total bacterial population in the same incubation 

sample. Furthermore, the ratio between the relative abundance of a bacterial target in incubation with 

different whey products relative to iW (ntreated/niw) were calculated using 2ΔΔCt, where ΔΔCt is the ΔCt 

value of a given sample normalised to the median ΔCt of three iW samples.  

Statistics 

Graphs and statistically analyses were generated in Prism version 8.1.1 (GraphPad, San Diego, CA, US). 

ELISA results were expressed as log2 antibody titres. Normal distribution of data was tested by 

D'Agostino-Pearson normality test. For data that passed the normality test, group means are indicated 

on graphs and differences between groups were analysed by t-test (two groups) or one-way ANOVA 

followed by Tukey’s post-test for multiple comparison. For data that did not pass the normality test, 

group medians are indicated on graphs, and group differences were analysed by non-parametric Mann-

Whitney test (two groups) or Kruskal-Wallis test followed by Dunn’s post-test for multiple comparison.  

Differences between β diversity of groups were assessed by applying ANalysis Of SImilarities ANOSIM 

[232] to weighted UniFrac distances in Qiime 2. Differential abundant genera between the amoxicillin 

and conventional group were determined by ANalysis of COMposition of Microbiomes (ANCOM) [234].  
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RESULTS 

Physicochemical characterisation of whey products 

Four whey-based infant formula protein ingredients with different degree of hydrolysis were included in 

the study (extensively (eHW, 27%), partially (pHW, 22.4%)), mildly (mHW, 7.2%) hydrolysed, and intact 

whey (iW)). Only eHW had been filtered following hydrolysis to remove the smallest and largest 

molecules. Thus, only eHW had a slightly different amino acid composition compared to pHW, mHW and 

iW, which all were found to have similar amino acid compositions (Fig. 2A).  

Each product had a unique peptide size distribution profile (Fig. 2B). eHW and pHW were most similar 

but different concerning the peptides below 375 Da (corresponding to 2-5 amino acids) and the peptides 

above 2500 Da (corresponding to more than 20 amino acids). For mHW notable differences were 

observed between peptide size distributions analysed under reduced and non-reduced conditions (Fig. 

2C). This indicated that complexes are formed by disulphide bonds between multiple small peptides, 

especially those below 375 Da in that product. The presence of protein aggregates/complexes in mHW 

was confirmed by GPC under physiological conditions, which also revealed the formation of small 

peptide complexes with a weight above 3500 Da in both eHW and pHW (Fig. 2D). 

 

FIGURE 2: Physicochemical characteristics of whey products. Amino acid distribution (A), peptide size distribution 
under reduced (disulphide bonds and non-covalent interactions disassociated) (B-C) and non-reduced (non-
covalent interactions disassociated) (C) conditions, and aggregation status under physiological conditions (D) of 
extensively (eHW), partially (pHW), mildly (mHW) hydrolysed and intact (iW) whey products. Mean and standard 
derivation of triplicates (B-C). Mn, number average molecular mass. 
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Moderately hydrolysed whey products induce sustained tolerance 

The four different whey products were administered to naïve BN rats (with a conventional microbiota) in 

their drinking water for three weeks. Rats were subsequently ip post-immunised with intact whey once 

a week for four weeks to assess the capacity of the products to reduce whey-specific IgE sensitisation 

and clinical reactions (Fig. 1). Whey-specific IgE and IgG1 levels were quantified in serum after tolerance 

induction and after each post-immunisation.  

Control rats that received no product for prevention in the drinking water were readily sensitised to 

whey after two to three ip post-immunisations (Fig. 3A). In the eHW group a transient reduction in 

whey-specific IgE level compared to the control group was observed after three post-immunisations 

(p=0.025 by t-test between eHW and control group). In both pHW and mHW groups strong prevention 

was observed, and whey-specific IgE level in those groups remained significantly lower than in the 

control group after each post-immunisation. There were no significant difference between the pHW and 

mHW groups. Interestingly, the whey-specific IgE response in the iW group was very diverse and was not 

significantly different from the level in the control group. In the iW group, some rats had detectable 

levels of whey-specific IgE already after the first post-immunisation, indicating that oral exposure to iW 

had already primed an IgE immune response below detection level.  

Analysis of whey-specific IgG1 levels after tolerance induction and first post-immunisation revealed that 

the immunogenicity varied between the products; the highest IgG1 level was observed in the iW and 

mHW groups, a lower level in the pHW group and lowest in the eHW group (Fig. 3B). This finding is in 

line with the notion that hydrolysis eliminates the antigenic epitopes of whey. 

One week after the fourth post-immunisation, clinical reactions were assessed by an ear-swelling test by 

intradermal injection of iW. This revealed that the iW and mHW groups had the lowest ear-swelling, and 

these two groups were the only ones significantly lower than the control group (Fig 3C). The ear-swelling 

in the mHW group was not even significantly different from the non-specific swelling observed in naïve 

rats subjected to the same ear-swelling test. 

The ear-swelling results (Fig. 3C) reflect the IgE sensitisation results (Fig. 3A) for all groups except for the 

iW group, which showed little clinical reactions in ear-swelling despite some rats having high IgE levels. 

This could indicate that the raised IgE antibodies had decreased functionality, or that IgE function was 

blocked by other antibody classes.  
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FIGURE 3: Primary preventive capacity of the whey protein products. Intact whey (iW)-specific IgE titres (A), iW-
specific IgG1 titres (B), and ear-swelling after ear-swelling test (C) in rats that received extensively (eHW), partially 
(pHW), mildly (mHW) hydrolysed and intact (iW) whey products in drinking water or just water as control. Analyses 
were performed on sera from Day 35 (tolerance) and after the post immunisations on Day 42, 49, 56 and 64. Each 
symbol represents a single rat and horizontal lines indicate median (A-B) or mean (C) values. Statistically significant 
differences between product groups are indicated as *: p ≤ 0.05, p**: p ≤ 0.01, ***: p ≤ 0.001, and between 
product groups and naïve controls as #: p ≤ 0.05 and ### ≤0.001. 
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Amoxicillin reduces microbial diversity and eradicates commensal species 

To investigate whether perturbation of the gut microbiota composition affects tolerance induction, 

parallel groups of rats were administered with the antibiotic amoxicillin by daily oral gavage from one 

week before and during the tolerance induction phase (Fig. 1). Faecal samples were collected during the 

study and small intestinal content at termination, and analysed by 16S rRNA gene sequencing. The effect 

of amoxicillin on microbiota composition was analysed irrespective of whey product group.  

Within sample (α) microbiota diversity as determined by the Shannon diversity index was significantly 

lower in faeces (Fig. 4A) and the small intestine (Fig. 4B) in the amoxicillin group compared to water 

group (conventional group). In faecal samples the effect was most pronounced at Day 7, and gradually 

decreased hereafter, but remained significant throughout the experiment, which ended five weeks after 

cessation of amoxicillin administration (Day 64) (Fig. 4A).  

On Day 7 and 28, the faecal mean relative abundances of Firmicutes and Actinobacteria were lower in 

the amoxicillin group than in the conventional group, while the relative abundances of Proteobacteria, 

especially Gammaproteobacteria, and Bacteroidetes were higher (Fig. 4C). Five weeks after cessation of 

amoxicillin administration (Day 64), the overall microbial composition in faeces (Fig. 4C) and small 

intestinal content (Fig. 4D) was similar to that of the conventional group. The small intestine was 

dominated by Lactobacillus (Bacilli), and this genus constituted averagely 84.1 and 76.4% of bacteria in 

the water and amoxicillin groups, respectively, however with a great variation between individual rats.  

In line with the observed longitudinal effects of amoxicillin on bacterial phylum distribution, the 

between sample (β) diversity assessed by ASV-based principal coordinate analysis (PCoA) of unweighted 

UniFrac distances revealed a temporal shift in faecal microbial composition of the amoxicillin group 

during the study (Fig. 4E). On Day 64, the microbial composition of amoxicillin rats approached that of 

Day 0, but did not revert completely, and remained significantly different from the conventional group 

as determined by ANOSIM in the faecal (Fig. 4E) and the small intestinal (Fig. 4F) microbiota on Day 64. 

This persistent difference between the amoxicillin and conventional groups was mostly due to some 

ASVs that were absent after cessation of antibiotic treatment (Fig. 4G). Out of the most prevalent ASVs 

(present in 75% of all samples at Day 0), four ASVs were present in less than 2% of samples from the 

amoxicillin group (Fig. 3H). Three of these were assigned to the family Porphyromonadaceae 

(Bacteroidetes) of which one was further assigned to the genus Barnesiella. One ASV was assigned to 

the phylum Candidatus Saccharibacteria (“Other”). Numerous ASVs were differently abundant in the 

amoxicillin and conventional groups in the faecal microbiota (Table S1), while only two ASVs were 

differently abundant in the small intestinal microbiota (Table S2) as determined by ANCOM. One ASV 

that was differently abundant in both faeces and small intestines was assigned to Lactobacillus 

intestinalis (Fig. 4I-J).  
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FIGURE 4: Effects of amoxicillin on faecal and small intestine microbiota. Shannon diversity index of faecal (A) and 
small intestinal (B) microbiota of conventional (H2O, open symbols) and amoxicillin (AMX, closed symbols) groups. 
Mean relative abundance of bacterial classes in faecal (C) and small intestinal (D) microbiota. Principal coordinate 
analysis (PCoA) plots of weighted UniFrac distances in faecal (E) and small intestinal (F) samples coloured according 
to sample day. Pairwise comparisons between the H2O and AMX group at different days in faeces and in small 
intestine by analysis of similarities (ANOSIM). (G) Presence/absence status of the most prevalent amplicon 
sequencing variant (ASVs) (those that were present in the more than 75% of the rats at Day 0) in the faecal 
samples at different days. Presence (blue)/ absence (white)/missing data (grey) status of four ASVs at different 
days (H).Relative abundance of Lactobacillus intestinalis in faecal (I) and small intestinal (J) microbiota. Each 
symbol represents a single rat and horizontal lines indicate median (A-B, H-I) values. Statistically significant 
differences between groups are indicated as *: p ≤ 0.05, ***: p ≤ 0.001. 

 

Amoxicillin promotes Helios- regulatory T cells and acute faecal IgA responses 

The effect of amoxicillin on host intestinal immune regulation was assessed by quantifying IgA in faeces 

and sera throughout the experiment and by profiling various lymphocyte populations irrespective of 

whey product group. The level of total faecal IgA was affected by amoxicillin administration in a time-

dependent manner; on Day 7, the level was significantly higher in the amoxicillin group than in 

conventional group, whereas on Day 28, it was significantly lower (Fig. 5A), indicating that acute changes 

in microbiota composition regulate local IgA secretion. Five weeks after amoxicillin cessation (Day 64), a 

difference in total faecal IgA level was no longer observed. Total serum IgA level was not affected by 

amoxicillin administration (Fig. 5B). There was no significant effect on whey-specific serum IgA level on 

Day 28 (Fig. 5C). 

We have previously observed an acute induction of faecal IgA and LP regulatory T cells (Tregs) after 7 

days of amoxicillin administration [288]. In the current study, we found no difference in Treg 

frequencies, nor in the distribution of helper T cells, cytotoxic T cells, or B cells in blood, mLN and small 

intestinal PP and LP five weeks after cessation of amoxicillin administration (Day 64) (Fig. S1), suggesting 

a return to homeostatic levels at this time point. However, the fraction of Helios- Tregs within the 

CD25+FoxP3+ Treg population was significantly higher in blood and mLN in the amoxicillin group than in 

the conventional group (Day 64) (Fig. 5D), indicating a long-lasting effect of amoxicillin-induced changes 

in the microbiota on the phenotype of systemic Tregs. 

To account for the small variation between the product groups, flow cytometry and total IgA data were 

normalised to the water groups of each product group before testing the difference between 

conventional and amoxicillin groups. This led to a similar result (Fig. S2). 
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FIGURE 5: Effect of amoxicillin administration on host immune regulation. Total faecal (A) and total serum (B) IgA 
titres in conventional (H2O, open symbols) and amoxicillin (AMX, closed symbols) groups. Intact whey (iW)-specific 
serum IgA titres at Day 28 in rats administered with extensively (eHW), partially (pHW), mildly (mHW) hydrolysed 
and intact (iW) whey products or water as control in their drinking water (D). Fraction of Helios- Tregs out of the 
CD25+FoxP3+ Treg populations (both CD4+ and CD4-) in blood (D), and mesenteric lymph nodes (mLN), Peyer’s 
patches (PP) and lamina propria (LP) at Day 64 (E). Each symbol represents a single rat and horizontal lines indicate 
median values. Statistically significant differences between groups are indicated as *: p ≤ 0.05, ***: p ≤ 0.001. 
 

Amoxicillin promotes tolerance induction by extensively hydrolysed whey  

Despite the fact that amoxicillin administration disturbed the gut microbiota and affected immune 

regulation, no significant differences in preventing whey-specific IgE sensitisation were observed 

between amoxicillin and conventional groups for rats receiving any of the whey products (Fig. S3). 

However, in the eHW group, amoxicillin administered rats were found to have reduced clinical reactions 

measured by the ear-swelling test compared to conventional rats (Fig. 6A). Surprisingly, this may 

indicate that amoxicillin administration promoted tolerance induction in that group. No differences 

between amoxicillin and water groups were observed for any of the other product groups (Fig. 6A). In 

line with this, a tendency (p=0.079 and p=0.257 for EPI and LP, respectively) for reduced protein uptake 

in the small intestine at the oral challenge with iW 15 min prior to termination was observed (Fig. 6B), 

which may indicate reduced oral allergic reactions. Despite the observed differences in clinical reactions, 

the whey-specific IgE (Fig. 6C) or IgG1 (Fig. 6D) levels were not significantly different between the 

amoxicillin and conventional groups. 
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FIGURE 6: Effect of amoxicillin on the primary preventive capacity of the whey products. Ear-swelling after 
intradermal injection of intact whey product in water (H2O, open symbols) and amoxicillin (AMX, closed symbols) 
rats administered with extensively (eHW), partially (pHW), mildly (mHW) hydrolysed or intact (iW) whey products 
or water as control (A). β-lactoglobulin (BLG) concentration in small intestine epithelium (EPI) and lamina propria 
(LP) after oral challenge with iW protein (B), iW-specific IgE titres (C), and iW-specific IgG1 titres (D). Sub-figure B-D 
only show results for the eHW group. Each symbol represents a single rat and horizontal lines indicate mean (A) or 

median (B-D) values. Statistically significant differences are indicated as ***: p ≤ 0.001. 
 

Immunological and morphological effects of amoxicillin in the extensively hydrolysed whey group 

Because it was observed that amoxicillin promoted tolerance induction by eHW group, the effects 

amoxicillin administration on host immune regulation was assessed by reanalysing data for immune 

regulation in this group separately. The result for total faecal IgA level (Fig. 7A), total serum IgA level 

(Fig. 7B) and Helios- Tregs frequency (Fig. 7C-D) in the eHW group alone confirmed the observation 

across all whey product groups (Fig. 5). Furthermore, a significant negative correlation between clinical 

reactions measured by the ear-swelling test and Helios- CD4+Tregs frequency in mLN (Fig. 7E) was 

observed, indicating that tolerance induction may involve activation of Helios- Tregs by amoxicillin. 

Additionally, possible morphological effects of amoxicillin were assessed by histological analysis. No 

effects of amoxicillin on small (Fig. 7F) or large intestinal (Fig. 7I) tissue morphology, eosinophil (Fig. 7 

G,J) or goblet cell (Fig. 7 H,K) count was observed five weeks after cessation of amoxicillin administration 

(Day 64).  
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FIGURE 7: Effect of amoxicillin administration on immune regulation in the extensively hydrolysed whey group. 
Total faecal (A) and total serum (B) IgA titres in water (H2O, open symbols) and amoxicillin (AMX, closed symbols) 
groups. Fraction of Helios- Tregs out of the CD25+FoxP3+ Treg populations (both CD4+ and CD4-) in blood (C), and 
mesenteric lymph nodes (mLN), Peyer’s patches (PP) and lamina propria (LP) (D). Correlation between fraction of 
Helios- Tregs out of the CD4+ Treg populations and ear-swelling after intradermal injection of intact whey (E). 
Average villus length (F), eosinophil (G) and goblet cell (H) count per villus in small intestine, and average crypt 
depth (I), eosinophil (J) and goblet cell (K) count per crypt in colon. Each symbol represent one rat and horizontal 
lines indicate median (A) or mean (B-K) values. Statistically significant differences between groups are indicated as 
*: p ≤ 0.05, **: p ≤ 0.01. 
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Moderately hydrolysed whey promote in vitro expansion of Enterococcus  

To investigate whether the different products affect gut microbiota composition, faecal samples from 

three healthy infant donors and one defined mixed culture made from equal amounts of three common 

infant gut bacteria (Bifidobacterium longum ssp. Infantis, Lactobacillus rhamnosus, Enterococcus 

faecalis), were anaerobically incubated in minimal medium supplemented with the four different whey 

products. The relative growth characteristics of selected bacterial genera were assessed by use of qPCR. 

The three healthy, exclusively breastfed infant donors each had different amounts of the three analysed 

bacterial genera (Fig. 8A). The response was very variable across the different donors for 

Bifidobacterium and Lactobacillus, while for Enterococcus the response was uniform across the three 

donors (Fig. S4). Across the donors and defined mixed culture, no significant effect on the relative 

abundance of Bifidobacterium was observed of any product (Fig. 8B). The relative abundance of 

Lactobacillus was lower in incubations supplemented with mHW compared to all other products (Fig. 

8C). The relative abundance of Enterococcus was higher in incubations supplemented with pHW and 

mHW compared to both eHW and iW. For Enterococcus, no difference between the products was 

observed for the defined culture (Fig. S4F), hence it is likely not the growth of E. faecalis specifically that 

was affected by the products.  

 

FIGURE 8: Effect of whey products on in vitro expansion of bacterial genera derived from healthy infants. The 
relative abundance of selected bacterial genera before (A) and after (B-D) in vitro incubations supplemented with 
extensively (eHW), partially (pHW), mildly (mHW) hydrolysed and intact (iW) whey products. The results after in 
vitro incubations (B-D) are normalised to the median of the iW group. Each bar represents one donor/culture (A), 
each symbol represents an in vitro incubation replicate, which is the average of three technical qPCR replicates and 
horizontal lines indicate median values (B-D). The symbol shape indicates the inoculum source. Statistically 
significant differences between groups are indicated as *: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001. 
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DISCUSSION 

The use of hydrolysed infant formulas for allergy prevention has been suggested as a good option for 

atopic infants due to the reduced allergenicity, but is still highly debated. The knowledge on how protein 

and host factors influence tolerance development remains scarce. To address this, the aims of the 

current study were (1) to investigate the capacity of intact and hydrolysed whey products, with different 

physicochemical characteristics, to induce oral tolerance, and (2) to investigate how microbiota 

composition affects tolerance induction.  

Moderately hydrolysed whey products induce sustained tolerance 

The tolerance inducing capacity of whey products was investigated with a previously established oral 

primary prevention BN rat model [168]. The study revealed that pHW and mHW with a degree of 

hydrolysis of 22.4% and 7.2%, respectively, and very different peptide size distribution and aggregation 

profiles, both were very efficient in inducing tolerance and i.e. protecting against subsequent whey-

specific IgE sensitisation and clinical reactions to iW. In contrast, eHW with degree of hydrolysis of 27% 

and a peptide size distribution that only marginally differed from that of pHW had poor primary 

preventive capacity. The reduced preventive capacity may be related to filtration of eHW. In the eHW 

group, a statistically significant reduction in IgE level compared to the control group was observed only 

transiently, and no difference in IgE level nor ear-swelling was observed at the end of the study. 

Similarly, previous animal studies have shown that eHF retains little capacity to induce tolerance, 

however much less than pHF [168,195,196] 

In line with our results, two previous reports indicate that administration of partially hydrolysed whey 

products can completely prevent epicutaneous [196] and ip sensitisation [168]. In contrast, other 

studies found that partially hydrolysed whey products reduced oral [197,198] or ip [195] sensitisation 

but not as efficiently as intact products. However, in many of these studies the used partially hydrolysed 

whey products were not well-characterised. 

In the current study, a very diverse whey-specific IgE response was observed in the iW group. Some rats 

had detectable levels of whey-specific IgE already after the first post-immunisation, indicating that oral 

exposure to intact whey had primed an IgE immune response, while other rats were well protected and 

never raised detectable levels even after four post-immunisations. The whey-specific IgE level was not 

significantly different between the iW and control group. To our knowledge, the current study is the first 

to show that hydrolysed whey is superior to intact for preventing whey-specific IgE sensitisation. These 

results support the recommendation of partially or mildly hydrolysed whey with reduced sensitising 

capacity to infants at high risk of developing CMA.  

Even though some rats in the iW group had high IgE levels, their response in the ear-swelling test was 

minimal. The inconsistency between IgE levels and acute allergic skin response in this group indicates 

that the raised IgE antibodies had decreased functionality, or that IgE function was blocked by other 

antibody classes. 
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Amoxicillin reduces microbial diversity and eradicates commensal species 

To investigate how gut microbiota composition affects tolerance induction, parallel groups of rats were 

administered daily with the antibiotic amoxicillin by oral gavage daily starting one week before and 

continuing throughout tolerance induction. Amoxicillin induced a major shift in the faecal microbiota, 

characterised by reduction in Shannon diversity index and reduction in relative abundance of Firmicutes 

and Actinobacteria, and increased relative abundance of Gammaproteobacteria and Bacteroidetes. 

These effects are in accordance with our previous observation of the effect of seven-days amoxicillin 

administration in BN rats [288], as well as the reported effect in healthy adults [257,258]. 

Five weeks after cessation of amoxicillin administration, the Shannon diversity index as well as the β 

diversity assessed by weighted UniFrac distances was similar to that of non-treated conventional 

microbiota rats, but significant differences remained. Observations from human studies suggest that 

faecal microbiome perturbations after antibiotic administration recovered to near baseline within 1-2 

weeks, but that differences in certain taxa persisted for six months to two years after antibiotic 

cessation [108–111]. Further, Palleja et al. (2018) reported that recovery rates were strain specific by 

observing differences in recovery of different strains of the same species. Only few studies have 

investigated the long-term consequences of intervention with amoxicillin specifically. A recent large 

study in healthy adults reported that gut microbiota did recover to baseline by means of beta diversity 

(weighted UniFrac distances) already one week after amoxicillin cessation, however noted that three 

operational taxonomic units were still different from the baseline relative abundance two weeks after 

cessation. These were assigned to the genus Lactococcus, family Lachnospiraceae and order Clostridiales 

[258]. The more persistent effects of amoxicillin treatment observed in the current study on overall 

composition and individual taxa may in part be explained by the animals’ young age. In support of this, 

the microbiota of children is known to take a longer while to return to baseline after antibiotic 

treatment than that of adults [112]. 

In the current study, numerous ASVs still differed notable in prevalence and/or abundance between the 

amoxicillin and conventional groups five weeks after cessation of amoxicillin administration. Among the 

most differently prevalent ASVs (absent in the amoxicillin group) only one were classified to genus level 

(Barnesiella). One ASV was classified to the phylum Candidatus Saccharibacteria (formerly known as 

candidate division TM7), which is an candidate phylum present in many environmental samples also in 

the human microbiome [297,298]. Among the most differently abundant ASVs (lowly abundant in the 

amoxicillin group), one was classified as Lactobacillus intestinalis. This facultative heterofermentative 

species is commonly associated with the intestines of healthy mice and rats [299]. This species has been 

shown to decrease drastically in response to high-fat diet and to be negatively correlated with body 

weight and fat mass in an obese rat model [300]. 

Amoxicillin-induced perturbation of microbiota promotes tolerance development 

Even though daily amoxicillin administration from one week before and during tolerance induction 

significantly disturbed the gut microbiota and affected immune regulation, no significant differences in 

prevention from whey-specific IgE sensitisation was observed between amoxicillin and water groups for 

rats receiving any of the whey products. In the group administered with the extensively hydrolysed 
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whey product, amoxicillin treated rats were actually better protected against allergic reactions 

(measured by an ear-swelling test) than those with a conventional microbiota. This surprisingly suggests 

that amoxicillin promoted tolerance induction. 

Previous studies in mice indicate that microbiota depletion with broad-spectrum antibiotic cocktails 

promotes sensitisation [274,301,302]. Most sensitisation models require non-physiological methods of 

sensitisation to allergens such as damaging the gastro-intestinal tract with toxins such as cholera toxin, 

for which the mucosal adjuvant function has been shown to be microbiota dependent [303]. A strength 

of the current study is that the effect of microbiota perturbation on tolerance induction was 

investigated under physiologically relevant conditions by administering products in the drinking water 

similarly to feeding of infant formula [168]. Only two studies have previously assessed the influence of 

antibiotic induced microbiota perturbation on tolerance development both with hen’s egg allergens 

[304,305]. In accordance with our results, one study found that administration of amoxicillin before and 

during tolerance induction by ovalbumin either slightly promoted or did not affect tolerance 

development [304]. 

It is well recognised that Tregs play an important role for tolerance development [1]. Tregs are either 

produced in the thymus (natural, nTreg) or induced in the peripheral tissues (iTreg). The iTreg 

population can be distinguished from nTregs by their low expression of the transcription factor Helios. 

Recent studies suggested that commensal bacteria-induced Helios-ROR-γt+ iTregs play an important role 

in oral tolerance development and the prevention of food allergy in human and murine models [126]. 

Previous studies found that Helios-ROR-γt+ iTregs were dramatically reduced in mice treated by a board-

spectrum antibiotic cocktail [306,307], but were less reduced or unaffected by each individual antibiotic 

[306], implying some degree of redundancy in microbial activation of Helios-ROR-γt+ iTregs. 

Results from the current study indicate that the microbiota perturbation induced by administration of 

the single, clinically relevant antibiotic amoxicillin actually increased the frequency of Helios- iTregs in 

mLNs and blood. This was associated with acute increased total faecal IgA after amoxicillin 

administration, and is in line with our previous observation of acute upregulation of a Treg-IgA axis after 

amoxicillin administration [288]. The tolerance promoting effect of amoxicillin in the eHW group is likely 

related to the upregulation of the iTreg-IgA axis locally in the gut, but other factors not investigated in 

the study, such as effects of microbiota-perturbation on digestion and intestinal uptake of proteins 

during tolerance induction, may possibly also have contributed to the result. However, our previous 

results suggests that amoxicillin does not affect intestinal uptake of cow’s milk proteins in naïve rats 

[288]. 

Mildly and partially hydrolysed whey promote in vitro expansion of Enterococcus  

Even though products based on hydrolysed whey are commonly used for infants suffering from CMA or 

at high risk of developing CMA, only few studies have addressed the effect of hydrolysed cow’s milk 

protein-based infant formula on gut microbiota [308,309]. To address this an in vitro incubation study 

was conducted in which faecal samples from three healthy infant donors and one defined culture of 

three common infant gut bacteria, were anaerobically incubated in minimal medium supplemented with 

each of the whey products. Growth of selected bacterial genera was assessed by qPCR.  
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While the three infant donor microbiotas were very different, they responded quite uniformly to the in 

vitro incubations, especially with regards to the relative abundance of Enterococcus. The relative 

abundance of Enterococcus was higher in the incubations with pHW and mHW than in eHW and iW. This 

was surprisingly in the light of Enterococcus species are generally considered as having very efficient 

proteolytic systems, however, there are strain specific differences in the expression of proteases and 

transport proteins [310]. The response was similar for all three donors, while no response was observed 

for the defined culture, probably because the specific strain of Enterococcus in the synthetic culture mix 

was different from those actually present in the donor microbiotas.  

Species belonging to Enterococcus are common gut bacteria in early life and has been detected in both 

meconium of healthy infants and in human breast milk [311]. However, children sensitised to food 

allergens have been reported to have higher relative abundances of Enterococcus than healthy children 

[312], and high relative abundance of Enterococcus in early life has been associated with maternal 

eczema and later respiratory problems in infants [313]. Furthermore, higher relative abundance of 

Enterococcus has been observed in infants after exposure to antibiotic intra-partum [314] or post-

partum [315]. The current study thus indicates that caution should be taken not to negatively influence 

the gut microbiota in early life by hypoallergenic infant formula. 

Collectively our results support the recommendation of mildly or partially hydrolysed whey-based infant 

formula for tolerance induction in infants predisposed to develop CMA, regardless of their microbiota 

status. However, the effect of hydrolysed products on infant microbiota composition, revealed by the in 

vitro incubation study with infant-derived faecal samples, warrants further investigation. 
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3 General discussion 

Food allergies, including CMA, are a health problem of growing concern [5]. The increased prevalence of 

food allergies observed in the last decades has been associated with changes in environmental and life 

style factors [89], which are likely related to alterations in the gut microbiota.  

Since CMA is associated with the risk of severe allergic reactions [10] , impaired growth [11,12] and 

comorbidities [13], it is essential to prevent the development of CMA. In order to prevent CMA, the ideal 

infant formula should possess the following characteristics: (1) low allergenicity i.e. low sensitising 

capacity, (2) high tolerogenicity i.e. high primary preventive capacity, and (3) should support the 

development of a healthy gut microbiota. Products for treatment/desensitisation should likewise 

possess low allergenicity i.e. low eliciting capacity and high tolerogenicity i.e. high desensitising capacity. 

3.1 Protein processing and tolerogenicity 

The allergenicity and tolerogenicity of cow’s milk proteins can be modified through processing such as 

hydrolysis and heat-treatment [24,25]. Most hypoallergenic infant formula are based on hydrolysed 

cow’s milk proteins [4]. The destruction of epitopes by hydrolysis is largely considered as a trade-off 

between allergenicity and tolerogenicity, which means: the higher degree of hydrolysis the lower 

allergenicity but also the lower tolerogenicity. Interestingly, results presented in Manuscript III showed 

that although the sensitising capacity of moderately hydrolysed whey products was lower than the 

intact parent-product, the primary preventive capacity was not compromised.  

Heat-treatment is an alternative processing method that can be applied to change the structure of 

proteins and thereby the allergenicity/tolerogenicity. Heat-treatment may not only affect the epitopes 

(which either promote or prevent antibody binding depending on the exact heating conditions [34–36]), 

but equally important may affect digestibility [183,201,202] and intestinal uptake [179]. In line with 

previous studies [179], it was observed in Manuscript I that heat-treatment of a whey product, which 

resulted in partial denaturation and aggregation of the proteins, promoted uptake into Peyer’s patches 

and reduced uptake through the epithelial cell layer in naïve rats.  

In Manuscript I, it was shown that heat-treatment reduced the ip sensitising capacity, but did not affect 

oral sensitisation in a model where protein products were administered by gavage along with the 

mucosal adjuvant CT. However, in line with previous studies [179], heat-treated whey gave rise to 

reduced allergic reactions (measured by body temperature) when administered to sensitised rats by 

gavage without any adjuvant. This indicates that the oral eliciting capacity was reduced by heat-

treatment. The adjuvant function of CT includes induction of the tight junction protein claudin-2 on 

intestinal epithelial cells, upon which the paracellular permeability increases [204]. Thus, CT may have 

overridden differences in intestinal uptake of the products in the sensitisation phase, and thereby 

obscured the detection of potential differences in sensitising capacity. 

Knowledge on how protein structures (such as aggregates) affect intestinal uptake and thereby 

allergenicity may be exploited in the design of ingredients for infant formula intended for CMA 
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prevention and desensitisation by specifically targeting uptake via Peyer’s patches and not via epithelial 

cells. Other processes than heat-treatment may also be applied to achieve these characteristics. In 

Manuscript III, protein aggregates were likewise observed in mildly hydrolysed whey, which had good 

primary preventive capacity. It was not investigated in that study whether the presence of aggregates 

affected intestinal uptake.  

3.1.1 What are the applications of heat-treated and moderately hydrolysed proteins? 

It is highly debated what type of infant formula should be recommended for non-exclusively breastfed 

infants at high risk of developing allergy. Until recently, the recommendation of hypoallergenic infant 

formula based on hydrolysed proteins was generally accepted because of the reduced allergenicity 

[277]. However, recent systematic reviews conclude that there is not sufficient evidence to support the 

recommendation of hypoallergenic infant formula for the prevention of CMA or any other allergic 

disease [275,276]. In line with that, two of the major medical societies have recently updated their 

guidelines to no longer recommend hypoallergenic infant formula for prevention [278,279]. Due to this 

controversy, it remains questionable if protein ingredients for infant formula targeting prevention 

should be benchmarked against extensively hydrolysed proteins (high safety) or against intact proteins 

as in conventional formula (high efficacy). This question is critical for the interpretation of the results of 

the current study: Compared to extensively hydrolysed proteins, the primary preventive capacity of 

moderately hydrolysed proteins is higher (efficacy is higher) but the sensitising capacity is also higher 

(thus safety is lower). However, compared to intact proteins, the allergenicity of heat-treated and 

moderately hydrolysed proteins is higher (safety is higher) while the primary preventive capacity is 

unaffected (efficacy is not compromised). Thus, in the later context, the results of the current study 

suggest both heat-treatment and moderate hydrolysis as potential methods for producing efficient and 

safe(r) products for prevention of CMA. 

In addition to primary prevention, another important tolerogenic characteristic is desensitising capacity. 

Results presented in Manuscript I indicate, that the capacity to desensitise already sensitised rats was 

not compromised by heat-treatment. Most children suffering from CMA tolerate baked milk [172], and 

the gradual introduction of baked milk into the diet has been described to accelerate the outgrowth of 

CMA [173–175]. Similarly, heat-treated and moderately hydrolysed whey may have potential for 

desensitisation as a convenient and standardised alternative to baked milk.  

3.2 Hypoallergenic infant formula and the gut microbiota 

In recent years, evidence of the microbiota being involved in the pathogenesis of food allergy have 

accumulated [124,126]. In that light, the optimal infant formula for CMA prevention should support the 

development of a healthy gut microbiota. Considering specifically the protein fraction, which was the 

focus of the current project, this implies that the protein ingredients should have no adverse effect on 

the gut microbiota. Only very few studies have investigated whether hydrolysed cow’s milk protein-

based infant formula affect the gut microbiota composition [308,309]. 
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To address this, an in vitro incubation study was conducted with stool samples from three healthy infant 

donors (Manuscript III). This revealed that the relative abundance of Enterococcus was higher after 

incubations with the moderately hydrolysed whey protein products compared to the intact parent-

product. Although species of Enterococcus are common gut bacteria in early life, high abundance of 

these has been associated with allergic conditions [312,313]. Thus, this observation warrants further 

investigation. The in vitro incubation protocol presented in Manuscript III was found to be applicable to 

screen the effect of ingredients for infant formula on the growth of bacteria derived from faecal sample 

in a simplified system, however the results should be confirmed by in vivo studies.   

One of the few studies that have previously investigated the influence on hydrolysed versus intact 

proteins on gut microbiota composition, reported that the introduction of intact proteins in the diet of 

children who were previously drinking extensively hydrolysed infant formula (along with their 

complementary diet free of cow’s milk), promoted the expansion of lactobacilli [308]. However, the 

authors speculate that the effect may actually be related to the absence of lactose in the hydrolysed 

infant formula rather than related to the protein content. While knowledge on the influence of the 

protein part of infant formula on gut microbiota composition is scarce, much more is known about the 

influence of the carbohydrate component. The primary carbohydrate in human milk is the disaccharide 

lactose which is known to promote the growth of (beneficial) lactic acid bacteria including lactobacilli 

[316]. In hypoallergenic infant formula, lactose has increasingly been substituted with other 

carbohydrates such as maltodextrin [317], despite the lack of any scientific evidence to support this. In 

human milk, another type of carbohydrates that promotes the growth of commensal gut bacteria, 

especially bifidobacteria, are non-digestible HMOs [100–102]. Two synthetic HMOs have currently been 

approved for addition to infant formula [318], thus closing the gap between infant formula and human 

milk. The inclusion of lactose, HMOs, other prebiotic carbohydrates and/or live probiotic bacteria [319] 

may be included in hypoallergenic infant formula to counterbalance possible adverse effects of 

hydrolysed proteins on infant microbiota composition.  
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3.3 Microbiota and immune regulation 

In order to support the development of a healthy gut microbiota with the aim to promote tolerance 

development, a better understanding of microbiome-host interactions is needed. This was addressed in 

Manuscript II-III, where amoxicillin was administered to rats to manipulate their gut microbiota. 

Epidemiological studies suggest an association between antibiotic exposure in early life and CMA [113–

115]. Thus, we expected amoxicillin-induced perturbation of the microbiota to negatively influence 

tolerance development. Surprisingly, we observed that amoxicillin-induced perturbation of the gut 

microbiota promoted acute immune regulation (Manuscript II) and tolerance development by 

extensively hydrolysed whey (the product with the poorest primary preventive capacity) (Manuscript 

III). This definitely highlights the need for more knowledge on what are the characteristics of a 

protective versus non-protective microbiota.  

3.3.1 Acute versus prolonged effects of amoxicillin-induced perturbation of gut mictobiota  

It is well established that the gut microbiota may affect immune regulation though multiple different 

mechanisms, most notably via the activation of Tregs [209,211], which in turn stimulate mucosal IgA 

production [78–80]. In Manuscript II, it was observed that the total faecal IgA level and the fractions of 

Tregs in the small intestinal lamina propria were higher after one week of amoxicillin administration 

compared to controls. These observations are likely explained by bacteria-derived signals, prompted by 

the rapid and dramatic change in microbiota composition, activating the propagation of Tregs already 

present locally in the lamina propria and through that the activation of IgA secretion by plasma cells (Fig 

3.1 A). 

Five weeks after cessation of prolonged amoxicillin administration, it was observed that the level of total 

faecal IgA and Tregs was normalised to the homeostatic level, but that Helios- iTregs were higher in 

mesenteric lymph nodes and in circulation in amoxicillin administered rats (Manuscript III). This may in 

contrast, represent the de novo differentiation of naïve T cells to become Helios-FoxP3+ iTreg via 

antigen-specific stimulation in the mesenteric lymph nodes (as outlined in section 1.5) (Fig 3.1 B). It is 

the general perception that the microbial-dependant activation of Tregs is antigen-independent [205], 

thus some of these newly differentiated iTregs may be whey-specific (this depends on what antigen the 

tolerogenic DC was loaded with). The specificity of the Tregs was not analysed in the current study. 

However in support of this notion, a trend for increased whey-specific IgA in the serum of amoxicillin 

administered animals was observed in Manuscript III.  

Five weeks after cessation of amoxicillin administration, the microbiota composition almost returned to 

the baseline (with the exception of some minor taxa that failed to repopulate), and hence the bacteria-

derived signals responsible for the acute local effect observed in Manuscript II were naturally ceased. 

The elevated levels of Helios- iTregs five weeks after cessation may be because the de novo induction of 

Tregs is a lengthier process (iTreg induction has been shown to peak after 9-14 days [320]) and therefore 

just delayed compared to the bacterial stimuli. Alternatively, this could indicate that the de novo 

induction of Tregs depends on different bacterial signals (for which difference may persist) than the 

acute activation of local Tregs.  
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FIGURE 3.1: Acute and prolonged effect of amoxicillin induced microbiota perturbation on host immune 
regulation. A: In Manuscript II, it was observed that the total faecal IgA level and lamina propria Tregs were higher 
in response to acute changes in the gut microbiota caused by amoxicillin such as the expansion of 
Gammaproteobacteria. B: In Manuscript III, five weeks after cessation of prolonged amoxicillin administration, the 
microbiota composition had almost returned to the baseline and total faecal IgA and lamina propria Tregs was 
normalised to the homeostatic level. Interestingly, Helios- induced iTregs were higher in mesenteric lymph nodes 
(mLN) and in circulation in amoxicillin administered rats. This likely represent the de novo differentiation of naïve T 
cells via antigen-specific stimulation in the mesenteric lymph nodes. The figure was created with Biorender.com 

 

3.3.2 What bacterial signals promote immune regulation? 

It remains elusive which signals drive bacterial-dependant Treg-mediated protection against food allergy 

[205]. In Manuscript II, a strong correlation between Gammaproteobacteria and frequencies of lamina 

propria Tregs was observed, and based on that, we speculate that Gammaproteobacteria-derived 

lipopolysaccharide (LPS) stimulation of host Toll-like receptor 4 (TLR4) may play a role for the observed 

upregulation of Tregs. In line with this notion, previous studies have found that administration of LPS 

enables tolerance development in germ-free mice [321] and that TLR4 knockout mice fail to develop 

tolerance upon oral administration of peanut allergen [274]. Furthermore, there is evidence from in 

vitro studies that LPS can activate murine [271] and human [272] Tregs directly via TLR4 interaction.  

Numerous studies have otherwise pinpointed clostridia as being highly important for microbiota-

dependent Treg induction [209–211] and protection against allergy [124,126,301]. Many clostridia are 

notable producers of the short chain fatty acid butyrate [322], which may in part explain the beneficial 

effect of clostridia on Treg induction [209]. However, in one of the recent studies showing that the 

reconstitution of germ-free mice with a defined consortium of six species of Clostridiales (which were 
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differentially abundant between healthy and food allergic infants) was protective against sensitisation to 

ovalbumin, reported that supplementation with butyrate alone did not prevent sensitisation [126]. 

Additionally, they reported that a taxonomically distinct consortium of five Bacteroidales strains was 

equally protective as the Clostridiales strains. This indicates that there may be some redundancy in what 

bacterial stimuli is required for microbiota-dependant Treg-mediated protection against food allergy. 

Interestingly, they furthermore reported that a consortium of four Delta and Gammaproteobacteria 

promoted Tregs (both nTregs and iTegs), but in contrast to the Clostridiales/ Bacteroidales strains (which 

only promoted iTreg not nTregs) this did not prevent sensitisation [126]. This could indicate that the 

acute activation of Tregs (not iTregs) in relation to the expansion of Gammaproteobacteria observed in 

Manuscript II may not be protective against food allergy. Further studies are needed to improve the 

understanding of the underlying mechanisms of microbiota-dependent protection against food allergy in 

order to elucidate what specific bacteria-derived signals promote tolerance development. 

3.3.3 Amoxicillin-induced perturbation and intestinal protein uptake 

Additionally, it is well known that bacteria-derived signals can affect the intestinal barrier function and 

either reduce [301] or increase [204,323] paracellular permeability. The paracellular pathway is 

generally not considered relevant for the uptake of antigen under healthy conditions. However, during 

overt inflammation the paracellular “leak pathway” may promote sensitization to food allergens [301]. 

Additionally, bacterial stimuli may promote uptake via microfold cell (however this may be bacterial 

specific) [48], and stimulate the uptake via goblet cell associated antigen passage [324].  

In Manuscript II, BLG was quantified in small intestinal lamina propria and serum 15 min after intra-

gastric administration of whey in naïve rats, and revealed a non-significant tendency for higher uptake in 

the amoxicillin group compared to those with a conventional microbiota. We did not find any difference 

in uptake into Peyer’s patches. In Manuscript III, we found the opposite tendency for decreased 

intestinal uptake in the amoxicillin group, however this is likely related to the reduced allergic response 

in the amoxicillin administered group (as outlined in section 1.4.1) rather than a direct effect of 

microbial derived signals.  
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4 Conclusion 

The results of the current project suggest both heat-treatment and moderate hydrolysis as potential 

methods for producing efficient products for CMA prevention (and desensitisation), as a safer 

alternative to conventional formula. Additionally, studies suggest that the presence of protein 

aggregates, which can be obtained by heat-treatment but also by other processing methods, affects 

intestinal uptake of proteins, and thereby reduces their eliciting capacity. This knowledge may be 

applied in the production of protein ingredients for infant formula.  

Despite the gut microbiota becoming increasingly appreciated in food allergy research, there is a huge 

knowledge gap in the understanding of how hypoallergenic infant formula affects the infant gut 

microbiota. Results from an in vitro incubation study revealed that moderately hydrolysed whey 

products promote the growth of Enterococcus, which may be associated with an increased risk of 

allergic diseases. Thus, this finding warrants further investigation to ensure that infant formula targeting 

CMA prevention does not negatively influence the gut microbiota. 

Finally, results of the project suggest that amoxicillin-induced perturbation of the gut microbiota does 

not impair tolerance development. Actually, amoxicillin administration was found to promote acute 

immune regulation and tolerance development by extensively hydrolysed whey (the product with the 

poorest primary preventive capacity). In order to design infant formula targeting CMA prevention by 

supporting the development of a healthy gut microbiota, more studies are needed to elucidate which 

bacteria-derived signals promote tolerance development. 
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Appendix 

Appendix A: Supplementary material for Manuscript II 

 
FIGURE S1: A-B: Principal coordinate analysis (PCoA) plots of weighted UniFrac distances in control (CTR, A) and 
amoxicillin (AMX) group (B) colored according to sample day. C: Heat-map colored according to mean relative 
abundance of bacterial genera at different days. D-E: Within group distances based on weighted (D) and 
unweighted (E) UniFrac distances.  



APPENDIX A: SUPPLEMENTARY MATERIAL MANUSCRIPT II 
 

109 
 

FIGURE S2: Temporal effects of amoxicillin on relative abundance of bacterial classes in individual animals. 
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FIGURE S3: Relative distribution of lymphocyte populations in blood, mesenteric lymph nodes (mLN), lamina 
propria (LP) and Peyer’s patches (PP) (A) and relative gene expression in small intestine LP of control (red) and 
amoxicillin administered (red) animals. A: Percentage B220+ B cells (empty bars) and CD3+ T cells (hatched bars) of 
all lymphocytes. B: Percentage CD4+ T helper cells (empty bars) and CD4- T cells (hatched bars) of all CD3+ T cells. C: 
Percentage Helios- cells of all CD4+ and CD4- FoxP3+ T regulatory (Treg) cells. D: Gene expression of mucin 2 
(Muc2), claudin 2 (Cldn2), cadherin 1 (Cdh1), occluding (Ocln), zonula occludens/tight junction protein 1 (Tjp1) and 
interleukin 33 (Il33) relative to housekeeping genes. 

 
CTR AMX A 
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FIGURE S4: Representable pictures of goblet cell staining by Periodic acid–Schiff (PAS) in small intestinal (A) and 
colon (B) sections. 
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Table S1: Differentially abundant genera between small intestine of control and amoxicillin administered rats 
analysed by analysis of composition of microbiomes (ANCOM).  

 

 

 GENERA W CLR 

 

 

 

STATISTICALLY 
SIGNIFICANT 

Lactobacillus 81 -3.9796866193279854 

Escherichia/Shigella  78 4.3408022010976515 

Rothia 78 -2.673502453407982 

Romboutsia 74 4.830549788692652 

Klebsiella 69 3.236854263583691 

Veillonella 63 -1.967662858164571 

Clostridium_sensu_stricto 63 2.09302398153761 

BORDERLINE 
STATISTICALLY 
SIGNIFICANT 

Bifidobacterium 55 2.4258928100122437 
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Appendix B: Supplementary material for Manuscript III 

FIGURE S1: Effect of amoxicillin administration on lymphocyte populations. Total B cells (A), T cells (B), T helper 
(Th) cells (C) and regulatory T cells (Tregs) (D) in blood, mesenteric lymph nodes (mLN), Peyer’s patches (PP) and 
lamina propria (LP) of water (H2O, open symbols) and amoxicillin (AMX, closed symbols) administered rats (Day 
64). Each symbol represents a single rat and horizontal lines indicate median values.  
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FIGURE S2: Normalised host immune regulation. Total faecal (A) and total serum (B) IgA titres and fraction of 
Helios- Tregs out of the CD25+FoxP3+ Treg populations (both CD4+ and CD4-) in blood (C), and mesenteric lymph 
nodes (mLN), Peyer’s patches (PP) and lamina propria (LP) (D) of water (H2O, open symbols) and amoxicillin (AMX, 
closed symbols) administered rats (Day 64). To account for the small variation between the product groups, data 
are normalised to the water groups of each product group. Each symbol represents a single rat and horizontal lines 
indicate median values. Statistically significant differences between groups are indicated as *: p ≤ 0.05, **: p ≤ 
0.01, ***: p ≤ 0.001. 
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FIGURE S3: Effect of amoxicillin on the primary preventive capacity of the whey protein products. Intact whey 
(iW)-specific IgE titres (A-E) and iW-specific IgG1 titres (F-J) in water (H2O, open symbols) and amoxicillin (AMX, 
closed symbols) rats administered with extensively (B,G), partially (C,H), mildly (D,I) hydrolysed or intact (E,J) whey 
products or water as control (A,F). Each symbol represents a single rat and horizontal lines indicate median values. 
Statistically significant differences are indicated as **: p ≤ 0.01. 
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FIGURE S4: Effect of whey protein products on in vitro expansion of bacterial genera derived from healthy 
infants. The relative abundance of Bifidobacterium (A, D), Lactobacillus (B, E) and Enterocossus (C, E) after in vitro 
incubations with extensively (eHW), partially (pHW), mildly (mHW) hydrolysed or intact (iW) whey products. 
Results for each bacteria is shown relative to the total bacteria (ntarget/ntotal) (A-C) and normalised to the median 
ΔCt of three iW samples (ntreated/niw) (D-F).  
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Table S1: Differentially abundant ASVs in faecal samples (Day 64) of amoxicillin administered rats compared to 
water administered (conventional) rats as determined by ANCOM analysis. 

 Taxonomy W 

↓ Bacteria;__Bacteroidetes 

Bacteria;__Firmicutes;__Bacilli;__Lactobacillales;__Lactobacillaceae;__Lactobacillus;__intestinalis 

Bacteria;__Bacteroidetes;__Bacteroidia;__Bacteroidales;__Porphyromonadaceae 

Bacteria;__Bacteroidetes;__Bacteroidia;__Bacteroidales 

Bacteria;__Bacteroidetes;__Bacteroidia;__Bacteroidales;__Porphyromonadaceae 

Bacteria;__Candidatus_Saccharibacteria 

Bacteria;__Bacteroidetes;__Bacteroidia;__Bacteroidales;__Porphyromonadaceae 

Bacteria;__Bacteroidetes;__Bacteroidia;__Bacteroidales;__Porphyromonadaceae 

Bacteria;__Bacteroidetes;__Bacteroidia;__Bacteroidales;__Porphyromonadaceae 

Bacteria;__Bacteroidetes;__Bacteroidia;__Bacteroidales;__Porphyromonadaceae;__Barnesiella 

Bacteria;__Bacteroidetes;__Bacteroidia;__Bacteroidales;__Porphyromonadaceae 

Bacteria;__Firmicutes;__Clostridia;__Clostridiales 

Bacteria;__Bacteroidetes;__Bacteroidia;__Bacteroidales;__Porphyromonadaceae 

Bacteria;__Bacteroidetes;__Bacteroidia;__Bacteroidales;__Porphyromonadaceae 

Bacteria;__Bacteroidetes;__Bacteroidia;__Bacteroidales;__Porphyromonadaceae 

Bacteria;__Bacteroidetes;__Bacteroidia;__Bacteroidales;__Porphyromonadaceae 

Bacteria;__Bacteroidetes;__Bacteroidia;__Bacteroidales;__Porphyromonadaceae;__Barnesiella 

Bacteria;__Bacteroidetes;__Bacteroidia;__Bacteroidales;__Porphyromonadaceae 

Bacteria;__Bacteroidetes;__Bacteroidia;__Bacteroidales 

Bacteria;__Firmicutes;__Bacilli;__Lactobacillales;__Lactobacillaceae;__Lactobacillus;__reuteri 

Bacteria;__Firmicutes;__Bacilli;__Lactobacillales;__Lactobacillaceae;__Lactobacillus 

Bacteria;__Bacteroidetes;__Bacteroidia;__Bacteroidales;__Porphyromonadaceae 

Bacteria;__Bacteroidetes;__Bacteroidia;__Bacteroidales;__Porphyromonadaceae 

Bacteria;__Firmicutes 

Bacteria;__Bacteroidetes;__Bacteroidia;__Bacteroidales;__Porphyromonadaceae;__Barnesiella 

Bacteria;__Bacteroidetes;__Bacteroidia;__Bacteroidales;__Porphyromonadaceae;__Odoribacter 

Bacteria;__Firmicutes;__Clostridia;__Clostridiales;__Ruminococcaceae 

Bacteria;__Bacteroidetes;__Bacteroidia;__Bacteroidales;__Porphyromonadaceae 

Bacteria;__Firmicutes;__Clostridia;__Clostridiales 

Bacteria;__Firmicutes;__Clostridia;__Clostridiales;__Ruminococcaceae 

Bacteria;__Firmicutes;__Clostridia;__Clostridiales;__Lachnospiraceae 

Bacteria;__Firmicutes;__Clostridia;__Clostridiales;__Lachnospiraceae 

Bacteria;__Firmicutes 

Bacteria;__Firmicutes;__Clostridia;__Clostridiales 

Bacteria;__Firmicutes;__Clostridia;__Clostridiales;__Ruminococcaceae 

Bacteria;__Firmicutes;__Clostridia;__Clostridiales;__Lachnospiraceae 
 

1575 

1573 

1571 

1568 

1554 

1553 

1546 

1546 

1537 

1536 

1535 

1532 

1520 

1517 

1506 

1504 

1501 

1499 

1498 

1496 

1492 

1492 

1489 

1484 

1476 

1467 

1464 

1460 

1456 

1450 

1447 

1441 

1436 

1432 

1432 

1423 
 

↑ Bacteria;__Bacteroidetes;__Bacteroidia;__Bacteroidales;__Rikenellaceae 

Bacteria;__Bacteroidetes;__Bacteroidia;__Bacteroidales 

Bacteria;__Bacteroidetes;__Bacteroidia;__Bacteroidales;__Bacteroidaceae;__Bacteroides 

Bacteria;__Firmicutes;__Clostridia;__Clostridiales 

1580 

1535 

1534 

1515 
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Bacteria;__Bacteroidetes;__Bacteroidia;__Bacteroidales;__Porphyromonadaceae;__Barnesiella 

Bacteria;__Bacteroidetes;__Bacteroidia;__Bacteroidales;__Bacteroidaceae;__Bacteroides 

Bacteria;__Bacteroidetes;__Bacteroidia;__Bacteroidales;__Bacteroidaceae;__Bacteroides;__acidifaciens 

Bacteria;__Bacteroidetes;__Bacteroidia;__Bacteroidales;__Porphyromonadaceae 

Bacteria;__Firmicutes;__Clostridia;__Clostridiales;__Lachnospiraceae;__Lachnoanaerobaculum 

Bacteria;__Firmicutes;__Clostridia;__Clostridiales;__Ruminococcaceae 

Bacteria;__Bacteroidetes;__Bacteroidia;__Bacteroidales;__Porphyromonadaceae;__Parabacteroides;__goldsteinii 
 

1488 

1480 

1473 

1460 

1452 

1448 

1441 
 

 

Table S2: Differentially abundant ASVs in small intestinal samples of amoxicillin administered rats compared to 
water administered (conventional) rats as determined by ANCOM analysis. 

 Taxonomy W 

↓ Bacteria;__Firmicutes;__Bacilli;__Lactobacillales;__Lactobacillaceae;__Lactobacillus;__intestinalis 
Bacteria;__Firmicutes;__Bacilli;__Lactobacillales;__Lactobacillaceae;__Lactobacillus;__reuteri 

1022 
1021 

 




