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Summary  

BACKGROUND 

Food allergy is a disease which prevalence is increasing over time. There are eight main allergens 

responsible for food allergy and this are: peanuts, tree nuts, egg, fish, shellfish, cow’s milk, soya 

and wheat. Cow’s milk is the main allergen affecting infants and small children. Cow’s milk allergy 

(CMA) affects 0.5-3.8% of all infants and small children and while some outgrow CMA over time, 

others keep it lifelong. Breastfeeding should always be the first choice for infants feeding. 

However, sometimes it is not possible or not chosen as a feeding option. When an infant suffers 

from CMA and cannot be exclusively breastfed, there is a need to use hypoallergenic infant 

formula.  

In this PhD project a literature review was first performed in order to gain an overview on the 

present and potential, future infant formulas for CMA management and prevention 

(Manuscript I). Alternative sources of proteins in infant formula production are needed due to 

the climate change and growing population. Plant based proteins gained an interest mainly due 

to their vegan status and potential lower allergenicity. Mammalian milks such as goat, sheep, 

donkey, horse and camel have drawn an attention due to their potential of low cross-reactivity 

with cow’s milk proteins. Camel milk is one of mammalian milk gaining an interest for its usability 

as a protein source in the production of infant formula for CMA management and prevention due 

to the lack of β-lactoglobulin (BLG) one of the major allergen in cow’s milk and also due to the 

low homology with cow’s milk proteins.  Yet, there is still a lack of solid scientific evidences on 

how camel milk is tolerated by cow’s milk allergic individuals, how processing such as enzyme 

hydrolysis and heat treatment influence camel milk proteins immunogenicity, sensitising capacity 

and cross-reactivity with cow’s milk proteins as well as whether camel milk proteins could drive 

tolerance to cow’s milk proteins. 

AIMS AND METHODS 

The aims of this project were to evaluate (1) immunogenicity, sensitising capacity and cross-

reactivity of intact cow’s and camel milk (Manuscript II*), (2) how processing such as enzyme 

hydrolysis and heat treatment influence cow’s and camel milk proteins physicochemical 

characteristics (Manuscript III) and (3) further immunogenicity, sensitising capacity and cross-

reactivity of cow’s and camel milk processed products (Manuscript IV), (4) whether intact camel 

milk could prevent CMA as well as whether intact cow’s milk could prevent camel milk allergy 

(Manuscript V). Finally, the aim of this project was to evaluate (5) how children with CMA reacted 

towards intact and processed cow’s and camel milk (Manuscript VI).  

Cow’s and camel milk proteins physicochemical characteristics before and after processing were 

evaluated and compared my means of different analytical methods such as electrophoresis and 

chromatography. Evaluation of immunogenicity, sensitising capacity, cross-reactivity as well as 

preventive capacity of cow’s and camel milk products were evaluated in Brown Norway rat 

models and further analysed by means of humoral and cellular immune responses. Reactivity 
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towards cow’s and camel milk products in children with confirmed CMA was evaluated by 

assessing the level antibodies in their serum/plasma samples.  

*Manuscript II includes the results from the animal experiment performed before the beginning 

of this PhD project. The animal experiment was part of Natalia’s master project and most of the 

samples were analysed during master project duration. However, some analysis were performed 

and finalised at the beginning of this PhD project. Moreover, whole manuscript was written, 

submitted and accepted during this PhD project.  

RESULTS 

Results presented in Manuscript II showed that the inherent immunogenicity and sensitising 

capacity of intact cow’s and camel milk was similar. Yet, they showed a low cross-reactivity, being 

lower between caseins in comparison to whey proteins.  

Results presented in Manuscript III showed that cow’s and camel milk behaved differently under 

enzyme hydrolysis and heat treatment. For both processing methods differences in protein and 

other components composition and lack of BLG in camel milk played an important role in inducing 

distinct modifications between cow’s and camel milk.  

Results presented in Manuscript IV showed that heat treatment and enzyme hydrolysis 

influenced cow’s and camel milk immunogenicity, sensitising capacity, reactivity and its 

specificity in different ways. In addition heat treatment and enzyme hydrolysis showed to further 

decrease cross-reactivity between cow’s and camel milk proteins. 

Results presented in Manuscript V showed that camel milk could not prevent CMA while cow’s 

milk showed to have a low and transient capacity to prevent camel milk allergy. Low cross-

tolerogenic capacity between cow’s and camel milk proteins was suggested to be due to their 

low protein homology.  

Results presented in Manuscript VI were in line with results obtained based on animal study in 

Manuscript IV and showed that cow’s and camel milk had a low cross-reactivity in children with 

CMA which could be even decreased by processing methods such as enzyme hydrolysis and 

perhaps heat treatment. 

CONCLUSIONS AND PERSPECTIVES  

In conclusion, the results showed that camel milk is a promising source of proteins in infant 

formula for CMA management. Processing such as enzyme hydrolysis and heat treatment 

showed to be efficient methods to improve usefulness of camel milk in CMA management. 

However, the results showed that camel milk is not a good candidate for CMA prevention, due 

to the lack of cross-tolerance, indicating that if one product is sufficient for CMA management, it 

would probably not be for CMA prevention. 
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2 Background  

2.1 Alternative infant formulas 

Population growth and climate change are one of the main factors for an increased focus on new, 

alternative protein sources for human feeding. This leads to an increased development of plant-

based diets that could be reflected in an increased number of plant-based products available on 

the market [1,2]. For the dairy industry sector, the consumption of non-cattle milks has increased 

for the last years [3], which can be reflected in the availability of dairy products based on goat, 

sheep, horse, donkey and camel milk, depending on the region of the world [4].  

From the perspective of infants feeding, at present, cow’s milk is the most common source of 

proteins used in the infant formula production, yet it is also the most common cause of food 

allergy in infants and small children [5]. Therefore, for cow’s milk allergy (CMA) management 

when breastfeeding is not possible, use of hypoallergenic infant formula based on hydrolysed 

cow’s milk proteins is recommended [6].  

Proteins from the non-cattle milks are gaining an interest for their utility in the production of 

alternative infant formulas for CMA management and prevention. Non-cattle and non-bovine 

milk proteins from horse, donkey and camel due to their proteins low sequence identity with 

cow’s milk proteins, have a potency for their low cross-reactivity [7].  On the other hand, goat 

and sheep milk, because they are non-cattle but bovine milks, thus they are more closely related 

to cow’s, have a high sequence identity with cow’s milk proteins [7], and several studies showed 

their high cross-reactivity with cow’s milk proteins [8–10].  

2.2 Camel milk  

One-humped camels (Camelus dromedaries) are used for many purposes such as milk, meat and 

wool production but they are also commonly used for transportation and agriculture works [11]. 

Camels are in general considered as being more environmental friendly animals when comparing 

with ruminants [11]. This is mainly due to the fact that camels require lower food intake, they 

have ability to adapt to any climate, and produce less methane than ruminants [3,12,13].  

Milk from one-humped camel is commonly used in arid areas such as Middle East, parts of Asia 

and Australia [14,15]. Camel milk corresponds to 0.4% of the global milk production [16]. It is 

used as a liquid pasteurised milk but also for the production of fermented products, cheese and 

ice cream [15,17,18]. Recently camel milk has gained an interest as a source of proteins for infant 

formula production [19,20]. This is mainly due to the differences in protein composition and low 

sequence identity when comparing with cow’s milk proteins [21,22]. Camel milk contains 

comparable amount of proteins when comparing with cow’s milk i.e. 3.1% and 3.4% respectively 

[22], with a slightly different ratios between caseins and whey proteins, 24:76 and 20:80 

respectively [16]. Camel milk lacks β-lactoglobulin (BLG), the major whey protein in cow’s milk, 

while α-lactalbumin is the major whey protein in camel milk [23]. Camel milk has been debated 

as a candidate for CMA management because of some evidences showing a low cross-reactivity 

between cow’s and camel milk proteins based on the evaluation of blood from patients with CMA 
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and due to the great tolerability of camel milk in majority of patients with CMA [24–26]. Cross-

reactivity between cow’s and camel milk proteins was overall studied to be low, yet, some 

individuals with CMA still reacted to camel milk [25,26]. Processing such as enzyme hydrolysis is 

commonly used for cow’s milk proteins allergenicity alteration [27], and heat treatment is under 

research interest for its usability to alter proteins allergenicity [28]. Enzyme hydrolysis and heat 

treatment are therefore processing methods that could possibly alter allergenicity of camel milk 

proteins. However, at present there are no studies evaluating how enzyme hydrolysis and heat 

treatment influence camel milk proteins, from the perspective of their immunogenicity, 

sensitising capacity and cross-reactivity with cow’s milk proteins.  

Currently camel milk is used as a source of proteins in a commercially available, stage three 

toddler formula in the Middle East [29]. The knowledge whether camel milk could be used for 

the production of hypoallergenic infant formula for CMA management and whether processes 

such as enzyme hydrolysis and heat treatment could be applied for further reduction of camel 

milk allergenicity would be of a high benefit.  

2.3 Animal models  

Animal models are in vivo methods commonly used for initial evaluation of proteins sensitising 

capacity, immunogenicity, cross-reactivity and their potential tolerogenic properties. Animal 

models are primarily based on rodents: mice and rats and particularly breeds such as C3H/HeJ, 

C57BL/6  and BALB/c mice as well as Brown Norway (BN) rats as they resemble atopic individuals, 

being high IgE responders [30,31]. In rodents similarly as in humans, tolerance to proteins is a 

default immunological response after oral exposure to proteins. Therefore, in animal models, 

routes of administration such as intraperitoneal (i.p.), intragastric (i.g.) or epicutaneus (e.c.) are 

required for allergic response induction [32–34]. Yet, some require use of adjuvants for example 

cholera toxin (CT) from Vibrio cholera for i.g. route of administration to develop Th2 immune 

response [35]. Using animal model enables to evaluate in vivo and ex vivo end points, taking into 

account both cellular and humoral responses [36].  

Using an animal model for initial evaluation of proteins immunogenicity and allergenicity and 

their potential cross-reactivity with other proteins could give a basis knowledge on how to 

approach further clinical studies. That could be also beneficial for camel milk as a potential 

alternative for CMA management. As rodents’ milk does not contain BLG [37], one of the most 

allergic protein in cow’s milk, rodents are highly valuable animal models for studying CMA.  

2.4 Objectives  

There are several possibilities available for CMA management in non-exclusively breastfeed 

infants such as different hypoallergenic infant formulas [38], while at present there are no 

recommendations for the use of any particular infant formula for CMA prevention [39]. 

Hypoallergenic infant formulas are mainly based on extensively hydrolysed cow’s milk proteins 

and for severe CMA symptoms, amino acid-based infant formulas as well as hydrolysed rice 
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proteins-based formulas are considered as the second choice of CMA management [6]. Sources 

of proteins for potential, future infant formulas manufacture based on other than cow’s milk 

mammalian milk proteins are currently under investigation.  

Camel milk has recently gained an interest as a potential source of proteins in infant formula 

manufacture from the perspective of CMA management and prevention. Using a well-

estabilished BN rat model, the aims of this project were to (1) investigate immunogenicity, 

allergenicity and cross-reactivity of intact cow’s and camel milk proteins, (2) investigate how 

processing such as heat treatment and enzyme hydrolysis influenced cow’s and camel milk 

protein physicochemical properties, (3) investigate immunogenicity, sensitising and cross-

reactive capacity of cow’s and camel milk processed proteins, (4) investigate whether intact 

camel milk can prevent CMA and whether cow’s milk can prevent camel milk allergy and finally 

using human samples, (5) to investigate how patients with confirmed CMA reacted to cow’s and 

camel milk processed products.  

This was investigated by inducing sensitisation towards intact cow’s and camel milk as well as 

cow’s milk whey and casein fraction (Manuscript II) in BN rat model. In addition, enzyme 

hydrolysed (EH) and heat treated (HT) cow’s and camel milk were first prepared and analysed for 

their physiochemical properties (Manuscript III) and further sensitisation towards intact, EH and 

HT cow’s and camel milk was induced (Manuscript IV) in BN rat model. The capacity of cow’s and 

camel milk to prevent cow’s and camel milk allergy were investigated in a well-estabilished 

prophylactic BN rat model (Manuscript V). Finally, serum or plasma samples from children with 

confirmed CMA were investigated for their antibodies reactivity towards intact, EH and HT cow’s 

and camel milk (Manuscript VI). 
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Comparison of the Allergenicity and Immunogenicity of Camel and Cow's Milk-A 
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This article was published in Nutrients, Open Access (2018).  
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Abstract  

Enzyme hydrolysis is a processing method commonly used for reducing protein allergenicity in 

the production of hypoallergenic infant formulas, whereas heat treatment is mainly used for 

microbial safety assurance in the dairy industry. Infant formulas are primarily based on cow’s 

milk proteins, but recently milk proteins from other mammalian species, including camel milk 

proteins, have gained an interest for their usability in infant formula production. In this study, we 

showed that enzyme hydrolysis and heat treatment affected cow’s and camel milk proteins 

differently, which we hypothesise is primarily due to the differences in composition of their 

proteins and other milk components. For both processing methods, lack of β-lactoglobulin in 

camel milk played an important role in causing differences in proteins modifications between 

cow’s and camel milk. When using heat treatment and enzyme hydrolysis in the production of 

infant formula, in order to obtain similar degree of proteins allergenicity reduction in cow’s and 

camel milk, specific processing parameters should be applied individually to those two types of 

milk.  

 

Keywords: milk processing, enzyme hydrolysis, heat treatment, protein modification  
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1. Introduction 

Cow’s milk is the most common mammalian milk used in the dairy industry, constituting 81% of 

the total milk production worldwide [16]. Thus, cow’s milk is also the most common source of 

protein for infant formula production [40].  

Enzyme hydrolysis is a frequently utilised processing technology in the infant formula industry, 

used to reduce the allergenicity of cow’s milk proteins and hence for production of hypoallergenic 

infant formulas [28,41,42]. Enzyme hydrolysis leads to degradation of proteins, thus to peptides 

formation, where the extent of proteolysis depends on the protein:enzyme ratio, enzyme 

specificity, numbers of enzymes as well as process parameters such as time, temperature and pH 

[43]. The susceptibility to hydrolysis differs between different milk proteins, where it has been 

shown that the whey proteins: α-lactalbumin (ALA), serum albumin (SA), ferritin as well as caseins  

are more susceptible to hydrolysis than ß-lactoglobulin (BLG) [43,44].  

Heat treatment, on the other hand, is a frequently utilised processing technology in dairy industry 

primarily used for microbial safety assurance [45]. Yet, it has recently gained a research interest 

for its applicability as a tool for altering protein structure and thus its potential in reducing 

allergenicity [7,46]. Heat treatment can lead to protein denaturation, aggregation and glycation 

[47,48], where the extent of changes in protein structure depends on the temperature and time 

applied, the initial milk protein structures as well as the availability of other components such as 

fat and sugar [49,50]. For example, it is known that caseins are lacking secondary, tertiary and 

quaternary structures that are normally destroyed under heat treatment, making  them more 

heat stable than globular proteins from the whey fraction [28]. During high processing 

temperatures, caseins form aggregates together with denatured whey proteins, especially with 

interaction between ĸ-casein and BLG thiol groups [51–53]. In addition, heat treatment results in 

Maillard reaction which is initiated by the interaction of a free amine group and a reducing sugar. 

In the late stage of Maillard reaction cross-linked compounds and potentially their aggregate 

formation can occur. Another mechanism of protein cross-linking is the sugar-independent 

reactions between dehydoalanine (DHA) and lysine or cysteine resulting in lysinoalanine (LAL) 

and lanthionine (LAN), respectively [46,54–56].  

Recently, camel milk has gained an interest as a source of protein in the dairy industry especially 

in the production of infant formulas [57]. Cow’s and camel milk contain comparable amounts of 

water, protein, fat, lactose and ash [22]. Moreover, camel milk lacks BLG, the most abundant 

protein found in cow’s milk whey fraction [23,58], but instead ALA is the most abundant protein 

in the whey fraction of camel milk [59]. In general, counterpart proteins in cow’s and camel milk 

have low sequence identity ranging between 47 and 81% [21]. The casein fraction of camel milk 

contains more β-casein and less ĸ-casein than the cow’s milk casein fraction [22]. Caseins from 

camel milk also form bigger micelles when comparing with cow’s milk, making them less prone 
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to precipitate and thus to form aggregation [16]. On the other hand, ĸ-casein and BLG in cow’s 

milk are known to play an important role in aggregates upon heat treatment formation [52,60]. 

Therefore it could be hypothesised that lack of BLG and less k-casein in camel milk could make it 

less prone for aggregates upon heat treatment formation. Further, denaturation of ALA at 90 °C 

in camel milk was reported to be lower than denaturation of ALA and BLG in cow’s milk [17]. 

Higher level of denaturation of ALA and BLG in cow’s milk leads to their  enhanced interactions 

with casein micelles [17,51].  

Collectively, processing parameters and milk composition have a direct effect on the resulting 

functional properties of milk products [22]. Hence, proteins from cow’s and camel milk will 

behave differently under heat treatment and enzyme hydrolysis, processing technologies that 

are important in the infant formula industry to produce hypoallergenic infant formulas. While 

cow’s milk proteins and the effect of processing are well studied [48,61], knowledge on camel 

milk proteins and how processing influences their properties, and especially how they differs with 

cow’s milk is scarce. In this study, we investigated changes in the physicochemical properties of 

cow’s and camel milk proteins after heat treatment and enzyme hydrolysis, respectively. With 

this study, we provide new knowledge that may be used for future infant formula production 

based on camel milk proteins. 

2. Materials and methods  

2.1. Milk products  

Full fat cow’s milk powder from MlekPol (Grajewo, Poland) was purchased in a local Polish shop 

with the composition declared on the package as g/100g powder: fat 27 g, carbohydrate 38 g, 

protein 26 g. Full fat camel milk powder was kindly provided by Ausnutria Dairy (China) Co., Ltd, 

(Changsha, Hunan, China) with the composition declared on the package as g/100g powder: fat 

22.9 g, carbohydrate 39.1 g, protein 24.4 g. 

2.1.1. Preparation of milk products  

A total of six different milk products were prepared as follows: intact full fat cow’s milk, heat 

treated (HT) full fat cow’s milk, enzyme hydrolysed (EH) full fat cow’s milk, intact full fat camel 

milk, HT full fat camel milk, and EH full fat camel milk as described below.   

2.1.1.1. Intact full fat cow’s and camel milk 

Intact full fat cow’s and camel milk powders were dissolved in sterile phosphate buffer saline 

(PBS) (137 mM NaCl, 3 mM KCl, 8 mM Na2HPO4, 1 mM KH2PO4, pH 7.2) to obtain 50 mg/mL of 

protein as an initial concentration for further experiments and shored at -20 °C.  
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2.1.1.2. HT full fat cow’s and camel milk 

To prepare HT full fat cow’s and camel milk, intact full fat cow’s and camel milk with protein 

concentrations of 50 mg/mL were used, and heat treatment was performed at 121 °C for 1 h. HT 

cow’s and camel milk were stored at -20 °C until further analyses. 

2.1.1.3. EH full fat cow’s and camel milk 

To prepare EH full fat cow’s and camel milk, Pancreatic Trypsin Novo 6.0 S, Type Salt Free 

(Trp/Chtrp) (trypsin activity 1400 units mg-1 protein, chymotrypsin activity: 79 units mg-1 protein, 

Novozymes, Bagsværd, Denmark) and Alcalase 2.4 L FG (Alc) (activity: 2590 units mg-1 protein, 

Novozymes) were used. First, the pH was adjusted to 7.5 for optimal enzymes activities. Next, 

intact full fat cow’s and camel milk were heated at 90 °C for 15 min for protein unfolding and 

subsequently, the temperature was adjusted to 55 °C for optimal enzyme activities. Based on a 

pilot study, optimal conditions for comparable partial hydrolysis of intact full fat cow’s and camel 

milk were applied, where 0.5% Trp/Chtrp (w/w) and 0.05% Alc (v/v) were added to intact full fat 

cow’s milk and cow’s milk proteins were hydrolysed for 3 h, while 0.5% Trp/Chtrp (w/w) and 0.1% 

Alc (v/v) were added to intact full fat camel milk and camel milk proteins were hydrolysed for 7 

h. Finally, products were heated at 90 °C for 15 min for enzymes deactivation, cooled down to 

room temperature (RT) and stored at -20 °C until further analyses.  

2.1.2. Defatting of milk products 

In order to obtain milk products without fat particles, a two-step chemical defatting was 

performed. Solutions of 10 mL of intact full fat cow’s milk, HT full fat cow’s milk, EH full fat cow’s 

milk, intact full fat camel milk, HT full fat camel milk and EH full fat camel milk with protein 

concentrations of 50 mg/mL were prepared and samples were freeze dried at -54 °C, 0.3 mbar, 

using Lyovapor™ L-200 (Buchi, Flawil, Switzerland) for 72 h. The freeze-dried milk powders were 

weighted and stored at -20 °C until further defatting procedure. Subsequently, absolute EtOH 

(1:10 w/v) (20821310, VWR, Lutterworth, UK) was added to each of six milk powders and stirred 

for 2 h at RT under the fume hood using a magnetic stirrer. Further, each milk powder was 

recovered by filtration on Whatman™ filter papers grade 1 (1001-125, Merck, Dermstadt, 

Germany) on a glass funnel. Milk powders were left to dry overnight under the fume hood. Next, 

powders were carefully moved to a glass beaker and weighted. The defatting procedure was 

repeated as described above using n-hexane (1:5 w/v) (1043672511, Merck). Finally, milk 

products without fat particles were re-dissolved in sterile PBS and stored at -20 °C until further 

use. Defatted milk samples were further used for all analyses preformed in this study.  

2.2. Product analyses 

In order to evaluate how heat treatment and enzyme hydrolysis influenced the physicochemical 

properties of cow’s and camel milk proteins, the following analyses were performed.  
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2.2.1. LC-MS/MS 

Liquid chromatography tandem mass spectrometry (LC-MS/MS) was performed in order to 

evaluate intact cow’s and camel milk proteins composition and their relative amounts. The 

sample preparation and LC-MS/MS analysis was performed at the Technical University of 

Denmark (DTU) Proteomics Core. The raw files obtained after LC-MS/MS were analysed using 

MaxQuant version 1.6.10.43 [62]. A custom database composed of the major milk protein 

sequences from camel and cow was used. The database consists of sequences with the accession 

numbers (https://www.uniprot.org) listed in table S1 (Supplementary material). The digestion 

mode was set to “specific trypsin/P” as samples treated with trypsin before the run. Variable 

modifications were set to: Oxidation (M); Acetyl (Protein N-term); and Phospho (ST). Fixed 

modification to: Carbamidomethyl (C). Minimum and maximum peptide lengths were set to 2 

and 40 amino acid (aa) respectively, and the maximum number of modifications per peptide was 

set to 8. Label-free quantitation LFQ and iBAQ was enabled. 

2.2.2. SDS-PAGE  

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed as 

previously described [21] with minor changes. Briefly, 10 µL of Precision Plus Protein™ Dual Xtra 

Standard (1610377, Bio-Rad, Hercules, CA, US) as well as 15 µg of protein in intact cow’s milk, HT 

cow’s milk, intact camel milk, HT camel milk and 30 µg of protein in EH cow’s milk and EH camel 

milk in 2x Laemmli buffer (1610737, Bio-Rad) and 50 mM dithiothreitol (DTT, D0632, Merck) were 

loaded onto a 4-20% precast polyacrylamide gel (4568094, Bio-Rad). Samples were run on the 

gel for 30 min at 200 V with constant current at RT. After the run, the gel was stained for 3 h with 

Bio Safe™ Coomassie (161-0786, Bio-Rad) and photographed as described before [21].  

2.2.3.  O-phthalaldehyde assay 

O-phthalaldehyde (OPA) assay was performed in order to evaluate the degree of hydrolysis (DH) 

of EH cow’s and camel milk proteins. The protocol used was as described by Hussein et al. [63] 

with some modifications. Briefly, OPA reagent was prepared with three solutions. Solution 1 

consisted of 3.81 g sodium tetraborate (221732, Merck) and 100 mg SDS (L3771, Merck) dissolved 

in 75 mL MilliQ water, solution 2 consisted of 80 mg OPA (P0657, Merck) dissolved in 2 mL of 96% 

EtOH (20923290, VWR) and solution 3 consisted of 88 mg DTT (D0632, Merck) dissolved in 50 mL 

MilliQ water. Solution 1, 2 and 3 were prepared individually and mixed together before each OPA 

assay. Two-fold dilution of 10 mM serine (S4500, Merck) was used for standard curve preparation 

and DH calculation. DH was calculated based on the equation: DH= (Δmg of serine equivalent/mg 

protein)*100%, where “Δmg of serine equivalent” is the serine equivalents after hydrolysis 

subtracted with the serine equivalents of unhydrolysed product), mg protein was 1 mg of protein 
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for each product. Intact cow’s milk, EH cow’s milk, intact camel milk and EH camel milk (36 µL of 

1 mg/mL) were added to a 96-well microplate (269620, Nunc, Roskilde, Denmark). Subsequently, 

270 µL of freshly mixed OPA reagent was added to each well, incubated for 2 min and the 

absorbance was measured at 340 nm using EnSpire® Multimode Plate Reader (PerkinElmer®, 

Walthman, MA, US). All samples were run in duplicates with PBS as blank.  

2.2.4. LC-MS/MS triple Q based Multiple Reaction Monitoring (MRM) 

To evaluate Maillard reaction markers after heat treatment of cow’s and camel milk, absolute 

quantification of furosine, N-ε-(carboxyethyl)lysine (CEL), bN-ε-(carboxymethyl)lysine (CML), LAL, 

LAN and lysine was conducted as previously described  using LC-MS/MS triple Q based Multiple 

Reaction Monitoring (MRM) [54]. Briefly, 100 µL (1 mg/mL) of intact cow’s milk, HT cow’s milk, 

camel milk and HT camel milk were mixed with 200 µL of 10 M HCl. Nitrogen was flown into the 

samples for oxygen depletion before the sample was incubated for 24 h at 110 °C for acid 

hydrolysis. The hydrolysed samples were added 700 µL of water and centrifuged at 14,000 g for 

15 min. Supernatants were collected and dried by vacuum centrifugation (SP Scientific, United 

States), and subsequently re-dissolved in 400 µL of water and filtered (Whatman filters, 0.2 µM) 

before loading onto an LC Infinity 1260 system coupled to a 6460 Triple Quad mass spectrometer 

(Agilent Technologies, Waldbronn, DE), which operated in MRM acquisition mode. Quantification 

was calculated based on the ratio of the analytes and their internal standards and compared to 

a calibration curve of known concentrations. 

2.2.5. Gel Permeation Chromatography  

Milk products were analysed for protein separation profile using gel permeation chromatography 

(GPC) under either physiological conditions, with 6 M urea (29700, Thermo Fisher Scientific) or 

with 6 M urea (29700, Thermo Fisher Scientific) and 5 mM DTT (D9779, Merck) at RT on a 

Superdex 200 Increase 10/300 GL column (28990944, Cytiva, Marlborough, MA, US) coupled to 

a ÄKTA pure 25 system (Cytiva, Marlborough, MA, US). Intact cow’s milk (50 µL of 5 mg/mL), HT 

cow’s milk (50 µL of 10 mg/mL), EH cow’s milk (50 µL of 5 mg/mL), intact camel milk (50 µL of 5 

mg/mL), HT camel milk (50 µL of 10 mg/mL) and EH camel milk (50 µL of 5 mg/mL) were injected 

onto the column after being filtered through a 0.45 µm filter. Milk samples were eluted at 0.75 

mL/min with either PBS buffer as physiological conditions, PBS buffer with addition of 6 M urea 

or PBS buffer with 6 M urea and 5 mM DTT. Elution of the samples was monitored at 215 and 

280 nm. A mixture of standard proteins consisting of 0.3 mg/mL ferritin (440 kDa, F4503, Merck), 

1 mg/ml ovatransferrin (79 kDa, C0880, Merck), 1 mg/ml carbonic anhydrase (29 kDa, C3934, 

Merck), 1 mg/ml cytochrome C (14 kDa, C2506, Merck), 1 mg/ml apotinin (6 kDa, A1153, Merck) 

and 0.5 mg/ml vitamin B12 (1.3 kDa, V2876, Merck) was filtered through 0.2 µm filter and applied 

to the column under physiological conditions in order to calibrate for molecular weight (MW) 

determination. 
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Data was generated though accessing research infrastructure at DTU, National Food Institute, 

including FOODHAY (Food and Health Open Innovation Laboratory, Danish Roadmap for 

Research Infrastructure). 

3. Results and discussion 

Intact cow’s milk, HT cow’s milk, EH cow’s milk, intact camel milk, HT camel milk and EH camel 

milk samples were prepared and analysed in order to evaluate physicochemical changes of the 

proteins after heat treatment and enzyme hydrolysis.  

3.1. Protein composition 

LC-MS/MS was run to analyse the peptide composition in intact cow’s and camel milk. From the 

analysis performed, we could estimate the relative protein composition in tryptic digest cow’s 

and camel milk. Caseins were shown to be the main proteins in both cow’s and camel milk, where 

β-casein was found to be the most abundant casein in both cow’s and camel milk, though it was 

more abundant in camel milk than in cow’s milk (Table 1). ĸ-casein was on the other hand more 

abundant in cow’s milk (Table 1). While BLG was the most abundant whey protein in cow’s milk, 

the results confirmed the lack of BLG in camel milk where the main whey proteins were ALA and 

glycosylation-dependent cell adhesion molecule-1 (GLYCAM-1) (Table 1). SA and lactoferrin (LF) 

were the least abundant proteins in cow’s and camel milk, and while whey acidic protein (WAP) 

was identified in camel milk, it was not present in cow’s milk (Table 1).  

Table 1: Cow’s and camel milk protein composition. Results shown as % of protein in relation to the total 

amount of proteins. ALA, α-lactalbumin; BLG, β-lactoglobulin; cas, casein; GLYCAM-1, Glycosylation-

dependent cell adhesion molecule-1; LF, lactoferrin; SA, serum albumin; WAP, whey acidic protein. NA, 

not identified. 

            Protein 

Product 

αs1-cas αs2-cas β-cas ĸ-cas BLG ALA SA GLYCAM-1 WAP LF 

Cow’s milk 22.7 13.5 26.8 9.4 13.0 10.8 0.6 1.44 NA 0.3 

Camel milk 17.8 7.9 32.8 7.8 NA 16.0 1.4 13.8 1.0 0.2 

 

3.2. Protein profile  

SDS-PAGE was run to demonstrate differences in protein profile of the intact cow’s and camel 

milk as well as their HT and EH versions. Caseins appeared as an intensive band between 25 and 

37 kilodalton (kDa) in both intact cow’s and camel milk (Lane 1 and 4, Figure 1), which was as 

expected based on the results in Table 1 as they were shown to be the main proteins in both 

cow’s and camel milk. In intact cow’s milk (Lane 1, Figure 1), a band corresponding to BLG was 

visible between 15 and 20 kDa, while no similar band in intact camel milk was detected (Lane 4, 

Figure 1) as camel milk lacks BLG (Table 1). Both intact cow’s milk and intact camel milk had a 

band around 15 kDa that corresponds to ALA (Lane 1 and 4) as well as a band just below 75 kDa 

that corresponds to SA (Lane 1 and 4). A band above 75 kDa was only visible in intact camel milk, 
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probably representing LF (Lane 4, Figure 1). In addition a weak band around 20 kDa in intact 

camel milk (Lane 4) might represent glycam-1 as from LC-MS/MS it was concluded that it is a 

whey protein much more abundant in intact camel milk when comparing with intact cow’s milk. 

Both intact cow’s and camel milk contained immunoglobulins (Igs) between 150 and 250 kDa 

(Lane 1 and 4). Whereas intact cow’s and camel milk presented as clear individual bans in the gel, 

HT cow’s and camel milk presented as undefined bands as a result of heat treatment causing 

protein aggregation in both products (Lane 2 and 5). Protein aggregates presented as a band on 

the top of both wells in Lane 2 and 5 indicating lack of the mobility into the gel. EH cow’s and 

camel milk (Lane 3 and 6, Figure 1) showed no intact proteins, indicating their complete 

hydrolysis (Lane 3 and 6, Figure 1). In both Lane 3 and 6, only a smear of bands below 10 kDa was 

visible indicating the presence of smaller peptides.   

 

Figure 1. SDS-PAGE. Gel electrophoresis under reducing conditions with intact, heat treated (HT) and 

enzyme hydrolysed (EH) cow’s and camel milk. M protein molecular weight standard, 1 cow’s milk, 2 HT 

Cow’s milk, 3 EH Cow’s milk, 4 Camel milk, 5 HT Camel milk, 6 EH Camel milk. ALA, α-lactalbumin; BLG, ß-

lactoglobulin; CAS, caseins; SA, serum albumin; Igs, immunoglobulins; kDa, kilodalton; LF, lactoferrin. 

 

3.3. Degree of hydrolysis 

To determine DH of EH cow’s and camel milk after enzyme hydrolysis with Trp/Chtrp and Alc, the 

concentration of N-terminal nitrogen was determined by the OPA assay using serine as standard. 

DH was calculated from the increase in N-termini relative to total protein. DH was estimated to 

be approx. 12% for EH cow’s milk and approx. 15% for EH camel milk. The slightly higher DH of 
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EH camel milk compared to EH cow’s milk could be explained by the lack of BLG, in which is the 

main whey protein in cow’s milk and is known to be more resistant to proteolysis than other  milk 

proteins [21,43,44]. While Alc hydrolyses peptide chains at the carboxyl side of most of the aa 

[64], Trp hydrolyses peptide chains at the carboxyl side of lysine and arginine and Chtrp 

hydrolyses peptide chains at the carboxyl side of aromatic aa [65]. Differences in DH observed 

between EH cow’s and camel milk after enzyme hydrolysis with Alc and Trp/Chtrp could be 

explained by the differences in aa profile of cow’s and camel milk proteins. Enzyme hydrolysis 

may be used for infant formula based on camel milk proteins to improve their utility especially in 

production of hypoallergenic infant formula by even further reduction of their allergenicity and 

cross-reactivity with cow’s milk proteins. When aiming for the comparable DH of camel milk 

proteins to the DH of cow’s milk proteins in hypoallergenic infant formula, we hypothesise that 

enzyme hydrolysis parameters should be individually selected for proteins hydrolysis in camel 

milk.  

3.4. Maillard reaction markers and cross-links 

LC-MS/MS triple Q based MRM was used in order to evaluate the degree of Maillard reaction and 

DHA-mediated protein cross-linking occurring after heat treatment of cow’s and camel milk. The 

level of sugar independent cross-links such as LAL and LAN, and the early stage Maillard reaction 

marker furosine, as well as the  advanced glycation end products (AGE) such as CEL and CML were 

determined in intact as well as HT cow’s and camel milk. In intact cow’s and camel milk only 

furosine was detected in sufficient levels to be quantified, which was probably created during 

milk powder production (Table 2), while CEL, CML, LAN and LAL were under the limit of 

quantification. HT cow’s and camel milk had comparable level of furosine, CML, and LAN but the 

level of LAL and CEL differed. There was more than twice the level of LAL in HT cow’s milk (12.15 

± 0.30 mg/g) compared to HT camel milk (5.50 ± 0.02 mg/g) and almost two times more CEL in 

HT cow’s milk (0.24 ± 0.03 mg/g) than in HT camel milk (0.13 ± 0.00 mg/g). More LAL in HT cow’s 

milk could be explained by a higher content of phosphoserine in cow’s milk compared to camel 

milk. Phosphorylated serine residues are known to be more reactive as precursors for the DHA 

formation in the reaction [55]. Caseins contain phosphoserine clusters allowing the caseins to 

keep insoluble calcium phosphate in colloidal form. β-casein have 5 phosphoserines whereas the 

α-caseins have 8-13 phosphorylated residues [66]. Camel milk has a relative higher content of β-

casein and relatively lower content of α-caseins compared to cow’s milk as shown in Table 1, and 

the content of phosphoserine will therefore expectedly be lower in camel milk. Free lysine 

content was slightly higher in intact camel milk when comparing with intact cow’s milk and for 

both HT camel and cow’s milk was reduced (Table 2).  
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Table 2: Maillard reaction products and cross-links. Results are shown as mg/g of protein. CEL, N-ε-

(carboxyethyl)lysine;  CML, bN-ε-(carboxymethyl)lysine;  LAN, lanthionine; LAL, lysinoalanine; LOQ, limit 

of quantification. 

Product CEL (mg/g) CML (mg/g) LAN (mg/g) LAL (mg/g) Furosine 

(mg/g) 

free lysine 

(mg/g) 

Intact cow’s 

milk 

<LOQ <LOQ <LOQ <LOQ 2.46 ± 0.01 72.90 ± 1.35 

HT cow’s milk 0.24 ± 0.03 0.62 ± 0.01 0.64 ± 0.04 12.15 ± 0.30 6.79 ± 0.20 61.33 ± 0.47 

Intact camel 

milk 

<LOQ <LOQ <LOQ <LOQ 1.99 ± 0.04 82.81 ± 1.04 

HT camel milk 0.13 ± 0.00 0.56 ± 0.00 0.50 ± 0.00 5.50 ± 0.02 6.26 ± 0.22 57.85  ± 0.39 

 

3.5. Molecular size distribution and aggregation profile 

To evaluate proteins molecular size distribution and their aggregation profile in  intact cow’s milk, 

HT cow’s milk, EH cow’s milk, intact camel milk, HT camel milk and EH camel milk, were analysed 

by GPC under physiological conditions. Figure 2A displays chromatograms of intact cow’s milk, 

HT cow’s milk and EH cow’s milk at 215 nm corresponding to the absorbance of peptide bonds. 

Proteins in intact cow’s milk were eluted as large complexes represented as a peak above 440 

kDa, followed by several not fully separated peaks between 440 and 14 kDa, and finally several 

peaks below 14 kDa. Proteins in HT cow’s milk showed a different pattern of elution (Figure 2A) 

except for the large protein complexes represented by a peak with MW above 440 kDa that 

remained after heat treatment of cow’s milk. For proteins between 79 and 6 kDa their separation 

was reduced, indicating heavily aggregated protein complexes after the heat treatment process. 

In EH cow’s milk, only small proteins and peptide complexes were detected, running as one big 

peak around 6 kDa with a shoulder peak at around 14 kDa (Figure 2A).  

Figure 2B displays chromatograms of intact camel milk, HT camel milk and EH camel milk at 215 

nm. As for intact cow’s milk (Figure 2A), proteins in intact camel milk were eluted as a complexes, 

starting with an elution of large protein complexes above 440 kDa, several not fully separated 

peaks between 440 and 14 kDa and several not fully separated peaks below 14 kDa. Proteins in 

HT camel milk showed quite different pattern of proteins elution when comparing with camel 

milk as shown in Figure 2B. First of all, peak of aggregated protein complexes above 440 kDa was 

smaller after heat treatment of camel milk indicating that probably it was formed by proteins 

that denatured after heat treatment and partially left this big complex of aggregated proteins. 

This could also be caused by the fact that β-casein in camel milk is more loosely associated than 

its counterpart in cow’s milk [15,22], and thus could be less prone to form larger complexes under 

heat treatment. In addition, some peaks between 79 and 6 kDa disappeared after heat treatment 

but on the other hand, new peaks appeared indicating a formation of new protein complexes 

upon heat treatment. In comparison to the profile of proteins in HT cow’s milk (Figure 2A) that 

showed more unresolved peaks after heat treatment, it may indicate that more protein 
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modifications, thus aggregation were created after heat treatment in cow’s when comparing with 

camel milk. This might be because of the presence of BLG unpaired cysteins that under heat 

treatment above 70 oC react with casein micelles especially ĸ-casein on their surface and has 

catalysing effect on proteins aggregation [51,56,67]. This is in agreement with the results from 

LC-MS/MS triple Q based MRM analysis that showed higher level of mainly sugar independent 

aa cross-linking caused by heat treatment in cow’s milk when comparing with camel milk. EH 

camel milk occurred as one big peak around 6 kDa, representing aggregated peptide complexes 

formed after protein proteolysis during the enzyme hydrolysis process as shown in Figure 2B. 

When comparing with EH cow’s milk (Figure 2A), it did not contain the additional clustered peak 

at around 14 kDa indicating higher extent of enzyme hydrolysis in camel milk than in cow’s milk 

which is in line with DH of EH cow’s and camel milk.  

For all six milk products, elution was also monitored at 280 nm, representing the detection of 

aromatic aa, and provided chromatographs similar to those at 215 nm as shown in Figure S1 

(Supplementary material).  

From the perspective of the utility of heat treatment to alter allergenicity of proteins to be used 

in infant formula, it would be important to highlight that depending on the extent of heat 

treatment, there is a balance between protein denaturation, aggregation and glycation. This will 

have a direct influence on the protein structure and whether the allergenicity of protein will be 

decreased or actually increased by exposure of the sites of protein that were not available before 

heat treatment of by formation of new structures that lead to proteins increased allergenicity. 

As cow’s and camel milk behaved differently under heat treatment, when aiming for similar 

modifications of their proteins under heat treatment, we hypothesise that even more extended 

heat treatment should be applied to obtain more aggregation of camel milk proteins.  

Figure 2. Gel permeation chromatography under physiological conditions at 215 nm. (A) Protein 

separation profile of ____ cow’s milk, --- HT cow’s milk and …. EH cow’s milk. (B) Protein separation profile 

of ____  camel milk, --- HT camel milk and …. EH camel milk. 
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In order to evaluate what type of interactions dominated in aggregated protein complexes in 

cow’s milk, HT cow’s milk, EH cow’s milk, camel milk, HT camel milk and EH camel milk, GPC of 

each product was analysed under physiological conditions as described above as well as under 

denaturing conditions in 6 M urea or in 6 M urea containing 5 mM DTT and monitored at 280 nm. 

Urea disrupts non-covalent bonds such as ionic bonds, hydrogen bonds and Van der Waals bonds, 

leading to protein denaturation by tertiary structure disruption [68], whereas DTT is responsible 

for breaking disulphide bonds [69].  

Figure 3A and 3B display cow’s milk and camel milk chromatograms under physiological or 

denaturing conditions. In the cow’s milk sample, the peak of heavily aggregated proteins above 

440 kDa remained after addition of urea whereas the peak was reduced by addition of urea and 

DTT, indicating that cysteine disulfide bridges are important for these large complexes in cow’s 

milk (Figure 3A). In the camel milk sample, the peak above 440 kDa was reduced with addition of 

urea alone, indicating that large protein complexes in camel milk were held together with non-

covalent interactions rather than disulfide bonds (Figure 3B). For both products, the other peaks 

shifted towards a faster elution when products were run with urea and urea + DTT indicating 

denaturation and unfolding of protein structures and further aggregation (Figure 3A and B). 

Figure 3C and 3D display HT cow’s milk and HT camel milk chromatograms under physiological or 

denaturing conditions. For both products, no major changes could be seen in the peak pattern 

after addition of urea or urea containing DTT, indicating that strong interactions in protein 

complexes formed under heat treatment, making them hard to separate. However, for peaks 

below 6 kDa, it could be seen that they eluted faster when diluted in urea and urea containing 

DTT, indicating slight denaturation and unfolding of small peptide complexes and further 

aggregation.  

Figure 3E and 3F display EH cow’s milk and EH camel milk chromatograms under physiological or 

denaturing conditions. For both products, peptides eluted slightly faster when urea or urea 

containing DTT was present, which might be explained by their denaturation and unfolding by 

urea and further caused aggregation.   
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Figure 3. Gel permeation chromatography of milk products under physiological conditions, in urea or 

in with urea + dithiothreitol (DTT) at 280 nm. (A) Protein separation profile of ___ cow’s milk, --- cow’s 

milk + urea,  and …. cow’s milk + urea + DTT. (B) Protein separation profile of ___  camel milk, --- camel milk 

+ urea  and …. camel milk + urea + DTT. (C) Protein separation profile of ___  HT cow’s milk, --- HT cow’s milk 

+ urea  and …. HT cow’s milk + urea + DTT. (D) Protein separation profile of ___  HT camel milk, --- HT camel 

milk + urea  and …. HT camel milk + urea + DTT. (E) Protein separation profile of  ___  EH cow’s milk, --- EH 

cow’s milk + urea  and …. EH cow’s milk + urea + DTT (F) Protein separation profile of ___  EH camel milk, --- 

EH camel milk + urea  and …. EH camel milk + urea + DTT. 
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4. Conclusions  

In this paper, we showed that proteins from cow and camel milk behaved differently under heat 

treatment and enzyme hydrolysis. The differences could be explained by the absence of BLG in 

camel milk and a large difference in the relative composition of the other milk proteins.  When 

using heat treatment and enzyme hydrolysis in the production of infant formula, in order to 

obtain similar degree of proteins allergenicity reduction in cow’s and camel milk, specific 

processing parameters should be applied individually to those two types of milk.  
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Abstract  

 

Background: Infant formulas are breast milk substitutes when breastfeeding is impossible or 

insufficient. They are mainly based on cow’s milk proteins or their hydrolysed versions when they 

are used in the production of infant formula dedicated for cow’s milk allergy (CMA) management. 

Camel milk was shown to be well tolerated in majority of small children with CMA, and there is a 

hypothesis that enzyme hydrolysis and heat treatment could improve usefulness of camel milk 

even further. 

Methods: The aim of this study was to evaluate how processing such as enzyme hydrolysis and 

heat treatment influenced immunogenicity, sensitising and cross-reactive capacity of cow’s and 

camel milk proteins. For this purpose Brown Norway rats were immunised i.p. three times with 

intact cow’s milk, heat treated (HT) cow’s milk, enzyme hydrolysed (EH) cow’s milk, intact camel 

milk, HT camel milk and EH camel milk. Antibodies responses, immunoblotting as well as in vivo 

test were used.   

Results: Cow’s and camel milk showed similar immunogenicity and sensitising capacity. EH cow’s 

and camel milk both showed decreases immumnogenicity and sensitising capacity while they 

differed between HT cow’s and camel milk. In addition, this study showed that there was a low 

cross-reactivity between cow’s and camel milk proteins that was further decreased with 

processing. 

Conclusions: This study showed that heat treatment and enzyme hydrolysis influenced cow’s and 

camel milk immunogenicity, sensitising capacity, reactivity and its specificity in different ways. In 

addition heat treatment and enzyme hydrolysis showed to further decrease cross-reactivity 

between cow’s and camel milk proteins.  

 

Keywords: cow’s milk allergy, heat treatment, enzymatic hydrolysis, immunogenicity, 

sensitising capacity, cross-reactivity  
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1. Introduction 

Cow’s milk allergy (CMA) is known to be the most frequent food allergy in infants and small 

children, affecting 0.5-3.8% of them worldwide [5,70,71]. Although many small children are 

outgrowing CMA by the age of three years [72], there is a trend to a later CMA outgrowth or to 

keep it life-long [73]. 

Breastfeeding is suggested as a primary choice of infants feeding [74], but if breastfeeding is not 

possible and an infant suffers from CMA, a use of hypoallergenic infant formula based on enzyme 

hydrolysed cow’s milk proteins is recommended [42,75]. Based on the degree of hydrolysis (DH), 

there are two types of hydrolysed cow’s milk protein based formulas: extensively hydrolysed 

formula (eHF) and partially hydrolysed formula (pHF) [76]. eHFs are used in CMA management 

as they mostly consists of peptides <3 kDa [77], thus they have a low risk to elicit allergic 

symptoms [78,79]. On the other hand, pHFs were until recently recommended for CMA 

prevention. However current guidelines do not recommend the use of pHFs in CMA prevention 

[39,80,81], due to the lack of evidences supporting preventive capacity of pHFs in human studies 

[82–84]. In general, immunogenicity and sensitising capacity of hydrolysed cow’s milk proteins 

have been studied in several animal studies, though with different outcomes caused by 

differences in their DH [85–91]. 

Heat treatment is a processing method that has gained scientific interest for its potential to 

reduce allergenicity of cow’s milk proteins [49,92]. Several human studies have shown that baked 

milk could be tolerated in children with CMA [93–96], which indicated reduced allergenicity of 

cow’s milk proteins after extensive heat treatment. On the other hand, Abbring et al. also in a 

human study showed that heat treated whey proteins had an increased allergencity compared 

to unprocessed whey proteins [97]. Results from animal studies evaluating sensitising and 

eliciting capacity of heat treated cow’s milk are also conflicting. For example Graversen et al. 

showed that while heat treated whey showed similar sensitising capacity to intact whey, eliciting 

capacity was reduced [98]. In the contrary, Roth-Walter et al. concluded that pasteurisation 

increased sensitising capacity of β-lactoglobulin (BLG) [99]. 

While as above mentioned immunogenicity, allergenicity and sensitising capacity of EH and HT 

cow’s milk proteins have been already studied in several human and animal studies, to our 

knowledge other mammalian milks have not been yet subjected for the analysis from the 

perspective on how processing could influence their immunogenicity, allergenicity, sensitising as 

well as cross-reactive capacity. Mammalian milks other than cow’s milk i.e. goat, sheep, donkey, 

horse and camel have gained a scientific attention for their usefulness in CMA management 

[8,100–103]. While goat and sheep due to their high cross-reactivity probably caused by the high 

homology with cow’s milk proteins [21], are not recommended for CMA management [104,105], 

donkey, horse and camel probably due to the low homology with cow’s milk proteins [7], have 
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been shown to have a higher potential to be used in a management of CMA [8,24,102,106]. For 

example, in our previous animal study we showed that the immunogenicity and sensitising 

capacity of cow’s and camel milk was comparable however the cross-reactivity was low [21]. Yet, 

still some rats sensitised to cow’s milk showed a cross-reactivity with camel milk. Therefore, in 

the present study, we evaluated further the impact of processing such as enzyme hydrolysis and 

heat treatment, on the immunogenicity, sensitising and cross-reactive capacity of cow’s and 

camel milk. This was performed using a high IgE-responder Brown Norway (BN) rat model for 

intraperitoneal (i.p.) sensitisation with: intact cow’s milk, enzyme hydrolysed (EH) cow’s milk, 

heat treated (HT) cow’s milk, intact camel milk, EH camel milk and HT camel milk. Antibodies 

responses were evaluated for quantity, specificity, functionality and cross-reactivity using 

different enzyme-linked immunosorbent assays (ELISAs), immunoblotting as well as in vivo test.  

 

2. Materials and methods    

2.1. Materials 

Powder of cow’s milk from MlekPol (Grajewo, Poland) was purchased in a local Polish shop. 

Camel milk powder was kindly provided by Ausnutria Dairy (China) Co., Ltd, (Changsha, Hunan, 

China). Powders of cow’s and camel milk were dissolved in phosphate buffer saline (PBS) (137 

mM NaCl, 3 mM KCl, 8 mM Na2HPO4, 1 mM KH2PO4, pH 7.2) for further use in this study. 

2.1.1. Processed cow’s and camel milk products  

Preparation of EH cow’s and camel milk was as described in details in Manuscript III. Briefly, 50 

mg/mL of full fat cow’s and camel milk proteins were hydrolysed using Pancreatic Trypsin Novo 

6.0 S, Type Salt Free (Trp) (Novozymes, Bagsværd, Denmark) and Alcalase 2.4 L FG (Alc) 

(Novozymes). For preparation of HT cow’s and camel milk, 50 mg/mL of full fat cow’s and camel 

milk proteins were heat treated using 121 oC for 1 h.  

2.1.2. Endotoxin content  

Endotoxin content was measured by Pierce™ LAL Chromogenic Endotoxin Quantitation Kit 

(88282, Thermo Fisher, Waltham, MA, US) in accordance with the manufacturers’ instruction. 

While endotoxin level of HT cow’s milk, intact camel milk, EH camel milk and HT camel milk was 

<2 endotoxin units (EU) per mg protein, intact cow’s milk and EH cow’s milk had an endotoxin 

level of approx. 9 EU.  

2.2. Rats characterisation 

In-house breeding colony of BN rats at the National Food Institute, Technical University of 

Denmark, Denmark were used for animal sensitisation experiment. Rats were kept in macrolon 

cages at 22 oC +/- 1oC with 55% +/- 5% relative humidity at a 12 h light-dark cycle and air exchange 

was applied 8-10 times per hour with overpressure. BN rats were inspected twice a day and 
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weighted once per week. Rats were kept on a diet free from milk for ≥10 generations. Tap water 

as well as feed prepared in-house were given ad libitum. Animal experiments were conducted at 

the National Food Institute, Technical University of Denmark. Ethical approval and authorisation 

was given by the Danish Animal Experiments Inspectorate (2015-15-0201-00553-C1). In addition, 

experiments was under the supervision of the National Food Institute’s in-house Animal Welfare 

Committee for animal care and use.  

2.3. Intraperitoneal sensitisation experiment 

BN rats between 4-8 weeks of age were divided into six groups of eight rats (n=four/gender) and 

housed two per cage. Rats were immunised i.p. in order raise antibodies against cow’s milk, EH 

cow’s milk, HT cow’s milk, camel milk, EH camel milk, HT camel milk with protein content adjusted 

to 200 µg in 0.5 mL PBS, without addition of adjuvant at day 0, 14 and 28 (Figure 1). Control group 

was included in the study were naïve rats received i.p. injections with PBS only. At day 35, oral 

food challenge (OFC) was performed and rats were sacrificed after 1 h where blood was collected. 

Blood samples were converted into serum a day after and stored in -20 °C until analysis.  

        

 

Figure 1. Outline of Intraperitoneal (i.p.) sensitisation experiment. Brown Norway rats were immunised 
i.p. with intact cow’s milk, enzyme hydrolysed (EH) cow’s milk, heat treated (HT) cow’s milk, intact camel 
milk, EH camel milk and HT camel milk, three times at day 0, 14 and 28 and with protein content adjusted 
to 200 µg. At day 35 rats were challenged with 100 mg of intact version of the product they were 
immunised with, watched for upper gastro-intestinal symptoms, sacrificed after 1 h and blood was 
collected. Figure created with BioRender.com 

2.4. Oral food challenge 

To investigate symptoms of an allergic reaction after OFC, rats were challenged intragastrically 

with 100 mg of proteins in 1 mL PBS using intact version of the product they were immunised 

with (either intact cow’s or camel milk). Rats were video filmed for 10 minutes immediately after 

OFC and sacrificed 1 h after. Videos with rats’ behaviors after OFC were randomised and carefully 

watched for symptoms episodes count. Types of symptoms observed were upper gastro-

intestinal symptoms by means of singultus- and emesis-like behavior, indicating the experience 

of nausea. 
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2.5. Indirect ELISA for IgG1 

To detect IgG1 antibodies specific for intact cow’s milk and camel milk, indirect ELISA was 

performed as previously described [21]. IgG1 antibodies specific for EH cow’s milk, HT cow’s milk, 

EH camel milk and HT cow’s milk were detected by using the same previously described protocol, 

where Maxisorp microtitre plates (96-well, Nunc) were coated with 100 µL/well of 10 µg/mL of 

EH cow’s milk, HT cow’s milk, EH camel milk or HT camel milk in coating buffer (15 mM Na2CO3, 

35 mM NaHCO3, pH 9.6), and incubated overnight at 4 °C. Results are expressed as the log2 titre 

values and defined as the interpolated dilution of the given serum sample leading to the mean 

absorbance for the negative control +3 SD. 

 

2.6. Antibody Capture ELISA  

To detect IgE antibodies specific for intact cow’s milk, EH cow’s milk, HT cow’s milk, intact camel 

milk, EH camel milk and HT camel milk antibody capture ELISAs were performed as previously 

described [21] with few exceptions. Antibody capture ELISA was optimised to use the most 

proper blocking solution as well as digoxigenin (DIG)-coupled milk product dilution for each of 

the six milk products. For cow’s and camel milk specific IgE detection, 5% (v/v) of horse serum 

was used for plate blocking step as well as for serum samples dilution. DIG-coupled cow’s and 

camel milk were diluted 1:10. For HT cow’s milk, HT camel milk and EH cow’s milk specific IgE 

detection, 10% (v/v) of rabbit serum was used for plate blocking step, serum samples dilution as 

well as DIG-coupled products 1:100 dilution. For EH camel milk specific IgE detection 5% (v/v) 

rabbit serum was used for plate blocking step, serum samples dilution as well as DIG-coupled EH 

camel milk 1:100 dilution. Results are expressed as the log2 titre values and defined as the 

interpolated dilution of the given serum sample leading to the mean absorbance for the negative 

control +3 SD. 
 

2.7. Inhibitory ELISA 

Inhibitory ELISA was performed in order to evaluate changes in the reactivity pattern towards 

intact cow’s and camel milk proteins caused by processing as previously described [21]. In brief, 

plates were coated with intact cow’s milk, EH cow’s milk, HT cow’s milk, intact camel milk, EH 

camel milk and HT camel milk. Subsequently, serum pools of each group, were diluted to achieve 

an OD of 2.0. Serum pools of each group were pre-incubated with ten-fold serial dilution of the 

product that each group was immunised with as well as intact version of this product. Serum 

pools from groups immunised with cow’s and camel milk were pre-incubated with ten-fold serial 

dilution of all products. After 1 h serum-product solutions were added to the plates in duplicates 

and incubated for 1 h. Inhibitory ELISA was performed three times and results were expressed as 

percentage of inhibition against the concentration of inhibitor.  
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2.8. Avidity ELISA  

To evaluate binding strength between milk products and specific IgG1, avidity ELISA was 

performed as previously described [86] with the serum samples of each rat that reached at least 

OD 0.5 without inhibitor included. Results were expressed as potassium thiocyanate (KSCN) 

concentration required for 50% inhibition of binding between antibody-antigen. 

2.9. Tryptase ELISA 

To determine tryptase concentration in serum, rat tpsab1 ELISA kit (EKR864, Nordic BioSite AB, 

Täby, Sweden) was used in accordance to manufacturers’ protocols using pools of serum from 

each group. The assay was performed two times in duplicates and results were expressed as 

ng/mL. 

2.10. Immunoblotting  

To examine IgG1 specificity towards intact cow’s and camel milk proteins, immunoblotting was 

performed using serum pools from rats immunised with intact cow’s milk, EH cow’s milk, HT 

cow’s milk, intact camel milk, EH camel milk, HT camel milk. Sodium dodecyl sulfate–

polyacrylamide gel electrophoresis (SDS-PAGE) with 5 µg of intact cow’s and camel milk proteins 

was performed as previously described [21], and subsequently proteins were transferred onto 

polyvinylidene difluoride membranes (Trans-Blot™ Transfer System Mini PVDF Transfer Pack, 

1704156, Bio-Rad) and further immunoblotting protocol was followed as previously described 

[21], with minor changes. Briefly, immunoblots with intact cow’s and camel milk proteins were 

performed using serum pools with adjusted dilution of 1:2,000 (v/v) for rats immunised with 

cow’s milk and 1:1,000 (v/v) for rats immunised with camel milk. Immunoblots only with cow’s 

milk proteins were performed where serum pools from rats immunised with EH cow’s milk, 1:100 

(v/v) and serum pools from rats immunised with HT cow’s milk were used. Further, immunoblots 

only with camel milk proteins were performed where serum pools from rats immunised with EH 

camel milk, 1:200 (v/v) and serum pools from rats immunised with HT camel milk, 1:1,000 (v/v) 

were used. Secondary antibody (horse radish peroxidase (HRP)-labelled-mouse-anti-rat IgG1, 

3060-05, Southern Biotech, Birmingham, AL, US) was diluted 1:15,000 and added together with 

StrepTacin-HRP conjugate (Bio-Rad) diluted 1:20,000 for marker proteins detection to all 

performed immunoblots. Membranes were further developed as previously described [21].  

2.11. Statistics 

Graphs and statistical analyses were made using GraphPad Prism version 9.0.1 (San Diego, CA, 

US). Results from ELISAs were expressed as log2 antibody titre values. All data was first tested 

for the normal distribution using D’Agostino-Pearson normality test. If the data passed normality 

test, differences between two groups were analysed using parametric t-test while differences 

between more than two groups were analysed using one-way ANOVA followed by Bonferroni 



Manuscript IV 

 

 90 

post-test. If the data did not pass normality test, differences between two groups were analysed 

using non-parametric Mann Whitney while differences between more than two groups were 

analysed using Kruskal-Wallis test followed by Dunn’s post-test for multiple comparison. 

Differences were significant if P≤ 0.05. Asterisks indicate statistically significant differences 

between two groups: *P≤ 0.05, **P≤ 0.01, ***P≤ 0.001, ****P≤ 0.0001 and ns, no statistically 

significant. 

3. Results 

To compare inherent immunogenicity, sensitising and cross-reactive capacity of six different milk 

products, rats were immunised i.p. three times with intact cow’s milk, EH cow’s milk, HT cow’s 

milk, intact camel milk, EH camel milk, HT camel milk (Figure 1) and subsequently in vivo and ex 

vivo analyses were performed.  

3.1. Impact of processing on immunogenicity 

To evaluate inherent immunogenicity of intact cow’s and camel milk as well as their EH and HT 

versions, the level of specific IgG1 in serum samples was evaluated. Control group (PBS 

immunised rats) did not react with any of the products (data not shown).  

The inherent immunogenicity of EH cow’s milk and HT cow’s milk was significantly lower when 

comparing with intact cow’s milk while the inherent immunogenicity of EH camel milk and HT 

camel milk did not show any statistically significant difference when comparing with the inherent 

immunogenicity of intact camel milk (Figure 2A).  However, rats immunised with EH camel milk 

showed slightly lower median value of specific IgG1 when comparing with rats immunised with 

intact and HT camel milk as displayed in Figure 2A.  

Avidity ELISAs were performed to determine binding strength between specific IgG1 and proteins 

in: intact cow’s milk, EH cow’s milk, HT cow’s milk, intact camel milk, EH camel milk and HT camel 

milk. Figure 2B displays median amount of potassium thiocyanate (KSCN) that was needed to 

inhibit 50% of the binding between IgG1 antibody-antigen. Results showed that there was no 

statistically significant difference in binding strength between IgG1 raised against intact cow’s 

milk and processed versions of cow’s milk as well as between intact camel milk and processed 

versions of camel milk as displayed in Figure 2B. However, camel milk products specific IgG1s 

were shown to have a higher binding strength then comparing with cow’s milk products specific 

IgG1s, though it was only EH camel milk specific IgG1 that showed a significantly higher avidity 

when comparing with EH cow’s milk specific IgG1 (Figure 2B).   
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Figure 2. Specific IgG1 antibody responses. (A) Comparison of inherent immunogenicity of (●) intact 
cow’s milk, (■) EH cow’s milk, (▲) HT cow’s milk, (●) intact camel milk, (■) EH camel milk and (▲) HT 
camel milk. Each symbol represents single rat and horizontal lines indicate median value. Kruskal-Wallis 
test followed by Dunn’s post-test was applied. Asterisks indicate statistically significant differences when: 
∗ = p ≤ 0.05, ∗∗ = p ≤ 0.01, ∗∗∗ = p ≤ 0.001 and ns = no significant. (B) Avidity of IgG1 specific for (●) intact 
cow’s milk, (■) EH cow’s milk, (▲) HT cow’s milk, (●) intact camel milk, (■) EH camel milk and (▲) HT 
camel milk. Avidity is expressed as potassium thiocyanate (KSCN) concentration for 50% of specific IgG1 
inhibition. Kruskal-Wallis test followed by Dunn’s post-test was applied and horizontal lines indicate 
median value. Asterisks indicate statistically significant differences when: ∗ = p ≤ 0.05, ∗∗ = p ≤ 0.01, ∗∗∗ 
= p ≤ 0.001 and ns = no significant.   

3.2. Impact of processing on reactivity pattern and IgG1 specificity  

To examine changes in reactivity pattern after processing of intact cow’s and camel milk 

respectively, inhibitory ELISAs were performed. While cow’s milk and HT cow’s milk were able to 

fully inhibit IgG1 specific for intact cow’s milk, EH cow’s milk inhibited approx. 80% of those 

antibodies (Figure 3A). This may indicate that while heat treatment did not influence immune 

reactivity of cow’s milk proteins, enzyme hydrolysis caused some IgG1-binding epitopes 

reduction. On the other hand, while intact camel milk was able to fully inhibit IgG1 specific for 

intact camel milk, neither HT nor EH camel milk fully inhibited those antibodies indicating that 

immune reactivity of camel milk was influenced by heat treatment and enzyme hydrolysis caused 

by some IgG1-binding epitopes reduction and masking (Figure 3D). For IgG1 raised against EH 

cow’s milk, while EH cow’s milk as expected inhibited fully those antibodies, intact cow’s milk 

reached an approximate inhibition of 80%, indicating formation of new epitopes after enzyme 

hydrolysis of cow’s milk (Figure 3B). That was on the other hand not the case for IgG1 specific for 

EH camel milk as both intact camel milk and EH camel milk were able to fully inhibit those 

antibodies indicating that the repertoire of IgG1-binding epitopes was preserved after enzyme 

hydrolysis of camel milk (Figure 3D). For IgG1 raised against HT cow’s milk, both HT cow’s milk 
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and intact cow’s milk were able to fully inhibit those antibodies (Figure 3C) and similar results 

was observed for IgG1 raised against HT camel milk (Figure 3F) indicating that heat treatment of 

cow’s and camel milk did not cause formation of any new IgG1-binding epitopes.  

 

Figure 3. Specific IgG1 binding inhibition. Inhibitory ELISA with (●) intact cow’s milk, (■) EH cow’s milk, 
(▲) HT cow’s milk, (●) intact camel milk, (■) EH camel milk and (▲) HT camel milk as inhibitors was 
performed using serum pools from rats immunised with cow’s milk, EH cow’s milk, HT cow’s milk, camel 
milk EH camel milk and HT camel milk. Each symbol is representation of the percentage of inhibition of 
IgG1 specific antibodies at different inhibitor concentrations stated on x-axis. Error bars in the inhibition 
curves represent +/- standard deviation (SD). (A) Inhibition curve of sera raised against cow’s milk. (B) 
Inhibition curve of sera raised against EH cow’s milk. (C) Inhibition curve of sera raised against HT cow’s 
milk. (D) Inhibition curve of sera raised against camel milk. (E) Inhibition curve of sera raised against EH 
camel milk. (F) Inhibition curve of sera raised against HT camel milk. 

Further to examine the impact of cow’s and camel milk processing on the specificity of the IgG1 

responses, immunoblotting was performed. Intact cow’s milk specific IgG1 reacted as expected 

to all major proteins in intact cow’s milk such as α-lactalbumin (ALA) around 15 kDa, BLG between 

15 and 20 kDa, caseins between 25 and 37 kDa as well as serum albumin (SA) between 50 and 75 

kDa and those antibodies also showed cross-reactivity with SA in intact camel milk (Figure 4A). 

IgG1 raised against EH cow’s milk showed reactivity with SA and BLG indicating that those 

globular proteins were more resistant to hydrolysis than other cow’s milk proteins (Figure 4B). 

IgG1 raised against HT cow’s milk showed similar pattern of reactivity towards cow’s milk 

proteins (Figure 4C).  
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Similarly, intact camel milk specific IgG1 reacted to all major proteins in intact camel milk such as 

ALA around 15 kDa, caseins between 25 and 37 kDa, and SA between 50 and 75 kDa (Figure 4D). 

IgG1 raised against EH camel milk only showed reactivity with ALA indicating that this protein in 

camel milk was more resistant to hydrolysis than other camel milk proteins (Figure 4E). This could 

also indicate that results on Figure 2B (specific IgG1 antibody avidity) showed that predominant 

IgG1 specific for EH cow’s milk were raised against ALA with a very high avidity. IgG1 raised 

against HT cow’s milk showed similar pattern of reactivity towards cow’s milk proteins (Figure 

4F).  

 

Figure 4. Impact of processing on IgG1 specificity. M, protein standard (kDa); 1, intact cow’s milk; 2, intact 
camel milk. (A) Comparison of the reactivity of IgG1 specific for intact cow’s milk diluted 1:2,000 (v/v) 
towards 5 µg of intact cow’s and camel milk proteins. (B) Reactivity of IgG1 specific for EH cow’s milk 
diluted 1:200 (v/v) towards 5 µg of cow’s milk proteins. (C) Comparison of the reactivity of IgG1 specific 
for HT cow’s milk diluted 1:1,000 (v/v) towards 5 µg of cow’s milk proteins. (D) Comparison of the 
reactivity of IgG1 specific for intact camel milk diluted 1:200 (v/v) towards 5 µg of cow’s and camel milk 
proteins. (E) Comparison of the reactivity of IgG1 specific for EH camel milk diluted 1:200 (v/v) towards 5 
µg of camel milk proteins. (F) Comparison of the reactivity of IgG1 specific for HT camel milk diluted 
1:1,000 (v/v) towards 5 µg of camel milk proteins. 

3.3. Impact of processing on sensitising and eliciting capacity    

To evaluate sensitising and eliciting capacity of intact cow’s milk, EH cow’s milk, HT cow’s milk, 

intact camel milk, EH camel milk and HT camel milk, the level of specific IgE in serum samples was 
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evaluated. All IgE responses in control group were negative (not shown in the Figure 5A). Due to 

the differences in sensitivity of antibody-capture ELISA optimised in-house for each product, no 

statistical analysis could be performed. Both intact cow’s and camel milk showed comparable 

sensitising capacity as except one rat, all rats immunised with intact cow’s milk raised IgE specific 

for intact cow’s milk and all rats immunised with intact camel milk raised IgE specific for intact 

camel milk as shown in Figure 5A. Moreover, while heat treatment of camel milk did not reduce 

its sensitising capacity as all rats immunised with HT camel milk raised IgE specific for HT camel 

milk, heat treatment of cow’s milk to some extend reduced its sensitising capacity as only half of 

the rats immunised with HT cow’s milk raised IgE specific for HT cow’s milk (Figure 5A). Enzymatic 

hydrolysis on the other hand, caused a complete reduction of sensitising capacity for both cow’s 

and camel milk (Figure 5A). Further, at day 35 OFC was performed to determine eliciting capacity 

of different milk products, where rats received intact version of the products they were 

immunised with. Only some rats immunised with intact cow’s and camel milk as well as HT camel 

milk manifested a number of symptoms episodes after OFC (Figure 5B) while rats immunised with 

EH cow’s milk, EH camel milk and HT cow’s milk did not show any symptoms manifestation after 

OFC (Figure 5B). This was aligned with a correlation between specific IgE titre and number of 

symptom episodes as a strong positive correlation between those two parameters was found 

(Figure 5C), indicating that the more specific IgE raised, the more symptom episodes after OFC.  

Finally, tryptase concentration was measured in pools of serum samples from each group as an 

allergic reaction marker (mast cells activation marker). Rats immunised with intact cow’s milk, 

HT cow’s milk and intact camel milk had a higher concentration of tryptase when comparing with 

control group (rats immunised with PBS) (Figure 5D). Yet, rats immunised with intact camel milk 

showed more than 25 times higher concentration of tryptase in their serum samples when 

comparing with rats immunised with intact cow’s milk and HT cow’s milk (Figure 9). This might 

indicate that even though cow’s and camel milk showed similar sensitising capacity, their eliciting 

capacity differed as intact camel milk caused much higher mast cells activation and thus 

degranulation upon OFC.   
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Figure 5. Milk products sensitising and eliciting capacity. (A) Comparison of sensitising capacity of (●) 

intact cow’s milk, (■) EH cow’s milk, (▲) HT cow’s milk, (●) intact camel milk, (■) EH camel milk and (▲) 

HT camel milk. Each symbol represents a specific IgE titre value for an individual rat and horizontal lines 

display median values for each group of rats. (B) Number of symptom episodes after oral food challenge 

(OFC) with (●) intact cow’s milk when rats were immunised with cow’s milk, EH cow’s milk and HT cow’s 

milk and (●) intact camel milk when rats were immunised with camel milk, EH camel milk and HT camel 

milk. Each symbol represents a number of symptoms episodes for an individual rat and horizontal lines 

display median values for each group of rats. (C) Correlation between specific IgE and number of symptom 

episodes. Non-parametric Spearman correlations were calculated between all pairs of specific IgE and 

number of symptom episodes. (D) Concentration of tryptase in serum pools from rats immunised i.p. with 

PBS, cow’s milk, EH cow’s milk, HT cow’s milk, camel milk, EH camel milk and HT camel milk at the day 35 

of the experiment. The experiment was performed twice in duplicates and mean value of the 

concentration is displayed on the graph.  

3.4. Impact of processing on cross-reactivity in cow’s and camel milk immunised rats 

To evaluate whether and how processing such as enzyme hydrolysis and heat treatment 

influenced reactivity of cow’s and camel milk in cow’s and camel milk immunised rats, first 
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inhibitory ELISAs were performed using pools of serum from rats immunised with cow’s and 

camel milk. Both cow’s milk and HT cow’s milk were able to fully inhibit IgG1 specific for cow’s 

milk while EH cow’s milk inhibited approx. 80% of those antibodies, indicating that some IgG1 

epitopes were destroyed upon enzyme hydrolysis (Figure 7A). Camel milk on the other hand 

inhibited only approx. 60% of IgG1 specific for cow’s milk and inhibition was even decreased with 

HT and EH camel milk indicating that cross-reactive epitopes between cow’s and camel milk were 

further destroyed with processing of camel milk (Figure 6A).  

Camel milk specific IgG1were fully inhibited only by camel milk as shown in Figure 6B. HT camel 

milk inhibited only approx. 65% of those antibodies while EH camel milk caused approx. 50% of 

their inhibition (Figure 6B). This indicates that both heat treatment and enzyme hydrolysis caused 

a destruction of some IgG1 epitopes. Cow’s milk was able to inhibit approx. 60% of the IgG1 

specific for camel milk, and inhibition was even decreased with HT and EH cow’s milk indicating 

that cross-reactive epitopes between cow’s and camel milk were further destroyed with 

processing of cow’s milk (Figure 6B).  

Further to determine changes in reactivity of IgE specific for cow’s and camel milk towards cow’s 

and camel milk as well as their processed versions, antibody-capture ELISA was performed using 

serum from rats immunised cow’s and camel milk. Rats sensitised to cow’s milk reacted to HT 

cow’s milk but not EH cow’s milk, indicating that the allergenicity of cow’s milk was reduced after 

enzyme hydrolysis but heat treatment. IgE specific for cow’s milk did not react to any of camel 

milk products indicating no cross-reactivity (Figure 6C). Rats sensitised to camel milk reacted 

towards HT camel milk, some to EH camel milk and half of the rats reacted towards HT cow’s milk 

but not cow’s milk (Figure 6D). This indicates that probably heat treatment of cow’s milk may 

increase cross-reactivity with camel milk and that intact cow’s milk could be a better choice for 

individuals with camel milk allergy.  
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Figure 6. Cross-reactivity of cow’s and camel milk proteins in rats immunised with intact cow’s and 
camel milk. Specific IgG1 binding competition using inhibitory ELISA with (●) intact cow’s milk, (■) EH 
cow’s milk, (▲) HT cow’s milk, (●) intact camel milk, (■) EH camel milk and (▲) HT camel milk as inhibitors 
was performed using pool of serum from rats immunised with (A) cow’s milk and (B) camel milk. Each 
symbol represents the percent of inhibition of IgG1 specific antibodies at different concentration of 
inhibitors. Error bars represent +/- standard deviation (SD) as each measurement was performed in 
triplicate.  IgE specific for (●) intact cow’s milk, (■) EH cow’s milk, (▲) HT cow’s milk, (●) intact camel milk, 
(■) EH camel milk and (▲) HT camel milk in serum from rats immunised with (C) cow’s milk and (D) camel 
milk. Each symbol represents a specific IgE titre value for an individual rat and horizontal lines on the 
graphs display median values for each group of rats. 

2. Discussion 

Management of CMA in infants and small children is mainly based on the use of hypoallergenic 

infant formulas when breastfeeding is impossible of insufficient [77]. This are mainly infant 

formulas based on hydrolysed cow’s milk proteins with reduced allergenicity. Yet, there is an 

increasing interest in alternative protein sources for infant formulas manufacture in general but 

also dedicated for CMA management and prevention [7]. Alternative protein sources based other 

mammalian milk proteins need to be evaluated for their immunogenicity, sensitising capacity and 
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potential cross-reactivity with cow’s milk proteins [107]. In our previous study we concluded that 

cow’s and camel milk had comparable immunogenicity and sensitising capacity but their cross-

reactivity was low [21]. In the present study we confirmed these results, showing comparable 

immunogenicity with similar avidity as well as sensitising capacity.  In the present study we also 

confirmed that cross-reactivity between cow’s and camel milk proteins was low. Further, we 

aimed to evaluate how processing such as enzyme hydrolysis and heat treatment influenced 

cow’s and camel milk proteins immunogenicty, sensitising and cross-reactive capacity. In this 

study we showed that enzyme hydrolysis completely reduced cow’s and camel milk proteins 

sensitising capacity, still maintaining their immunogenicity. These results could be explained by 

an analysis of EH cow’s and camel milk in Manuscript III, which showed that no intact proteins 

were left after enzyme hydrolysis of cow’s and camel milk. Yet, based on (SDS-PAGE) and gel 

permeation chromatography (GPC) it was shown that peptides around 5 kDa, thus consisting of 

approx. 45 aa were maintained.  

In this study we showed that heat treatment of cow’s milk partially decreased its allergenicity as 

well as eliciting capacity while no allergenicity was decreased after heat treatment of camel milk. 

Our results are in line with the study by Graversen et al. which also showed that heat treatment 

reduced the inherent i.p. sensitising and eliciting capacity of cow’s milk whey proteins [98]. This 

indicated that heat treatment influence allergenicity of cow’s and camel milk proteins in a 

different way. 

3. Conclusions 

This study showed that heat treatment and enzyme hydrolysis influenced cow’s and camel milk 

immunogenicity, sensitising capacity, reactivity and its specificity in different ways. In addition 

heat treatment and enzyme hydrolysis showed to further decrease cross-reactivity between 

cow’s and camel milk proteins.  
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Abstract  
Scope: Currently there are no specific recommendations for the use of any particular infant 

formula in the prevention of cow’s milk allergy (CMA). Recently, there has been an increasing 

interest in alternative infant formulas based on milk proteins from other sources than the cow, 

including milk from other mammalians such as goat, sheep, donkey, horse and camel. Whereas 

these have been studied for their usability in CMA management, there are no studies of their 

CMA preventive capacity. Thus, the aim of present study was to evaluate whether camel milk 

could prevent CMA and vice versa. 

Methods and results: The capacity of camel milk in preventing CMA and vice versa were 

evaluated in a well-established prophylactic Brown Norway rat model. IgG1, IgE and IgA 

responses, allergy elicitation, intestinal gene expression and protein uptake were analysed. The 

study demonstrated that camel and cow’s milk in general had an insignificant cross-preventive 

capacity. Yet, whereas cow’s milk was shown to have a low transient capacity to prevent 

sensitisation and clinical active camel milk allergy, camel milk did not show this effect for CMA. 

Conclusions: This study suggested that due to a lack of cross-tolerance, camel milk cannot be 

used for CMA prevention.  
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allergy prevention, animal model, camel milk, cow’s milk allergy, food allergy, infant formula 
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1. Introduction 

Cow’s milk is one of the most common sources of protein causing IgE-mediated food allergy in 

infants and small children [5]. Cow’s milk allergy (CMA) affects 0.5-3.8% of small children, yet the 

prevalence varies between different countries [5,71]. For CMA management, strict avoidance of 

intact cow’s milk proteins is needed, and for infants not exclusively breastfed the use of 

hypoallergenic infant formula is recommended [6]. For CMA prevention in infants and small 

children at high-risk of developing CMA, there are currently no specific recommendations, 

neither for the use of particular infant formulas if breastfeeding is not possible nor for when to 

introduce cow’s milk proteins, however, delayed introduction of common allergens is 

discouraged [7,39]. Nevertheless, previously guidelines recommended the use of partially 

hydrolysed infant formula (pHF) for the prevention of CMA in infants not exclusively breastfed 

and at high-risk of developing CMA [108,109], but as current evidence from human studies point 

to no benefit of pHF in preventing CMA, this recommendation has been omitted in the latest 

guidelines [39,80,81]. 

A few human studies have assessed the preventive capacity of pHF in infants at high-risk of 

developing CMA, where Von Berg et al. [110], Vandenplas et al. [111], and Chandra [112] showed 

the benefit of pHFs in preventing CMA when compared to conventional formulas, while Lowe et 

al.[83] showed no benefit of pHF in preventing CMA. In line with the study of Lowe et al. [83], 

three systematic reviews stressed that there is no evidence for a preventive capacity of pHFs 

[84,113,114]. The capacity of hydrolysed cow’s milk products in preventing CMA has also been 

studied in animal models, and like human studies, with different outcomes. While some studies 

showed that partially hydrolysed whey proteins as well as hydrolysed casein could prevent 

sensitisation towards intact whey proteins and intact caseins, respectively, to the same degree 

as their intact counterpart [115–118], another study showed that partially hydrolysed whey 

proteins could only partly prevent CMA [119]. Yet, a study investigating the preventive capacity 

of different whey protein-based hydrolysates with various degree of hydrolysis (DH), showed that 

the preventive capacity of hydrolysates was dependent on the DH, and that mild hydrolysis 

conferred the whey-based proteins an event better preventive capacity than the intact 

counterpart [80]. Thus, based on human as well as animal studies it seems there is no 

unambiguous evidence for the benefit of using pHF in the prevention of CMA.  

There seems to be a growing interest in new types of infant formulas based on non-

hydrolysed proteins, both as alternatives to conventional infant formula but also for the 

prevention and management of CMA [7]. For example, in a study by Graversen et al., investigating 

the impact of heat-treatment on the preventive capacity of whey protein, it was shown that heat-

treated whey protein and the unmodified counterpart were equally good in inducing tolerance 

towards whey protein but that the heat-treated version had a lower allergenicity [98]. 

Alternative infant formulas based on other protein sources than cow’s milk, like milk from 

other mammalians, have gained an increasing interest in the recent decade [7].  Especially milk 
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from goat, sheep, donkey, horse and camel has gained an interest as alternative protein sources 

in infant formulas [24,100,106,120–122]. Over the last years, there has been an increasing 

research interest in camel milk for its use in infant formulas, and especially for its utility in CMA 

management [21,26,103,123]. This is mainly attributed to the low homology between camel and 

cow’s milk proteins [19,24,103], as well as due to the lack of β-lactoglobulin (BLG) in camel milk, 

which is one of the major allergens in cow’s milk [23]. In a recent animal study, we showed that 

cow’s and camel milk possessed similar inherent immunogenicity and allergenicity, but that the 

cross-reactivity between counterpart proteins was low [21]. In line, several studies analysing 

blood samples from cow’s milk allergic children showed no or low IgE binding to camel milk 

proteins confirming low cross-reactivity between cow’s and camel milk proteins [8,25,124,125]. 

Further, in human trials it has been shown that camel milk is well tolerated by the majority of 

cow’s milk allergic children, stressing its potential in CMA management [24,26,103]. However, 

whether or not early introduction of camel milk could drive a potential future tolerance to cow’s 

milk proteins has to our knowledge not been investigated. Therefore, in the present study, we 

assessed the capacity of cow’s and camel milk in inducing cross-tolerance and investigated 

whether camel milk could prevent CMA and whether cow’s milk could prevent camel milk allergy. 

For this purpose, a well-established prophylactic Brown Norway (BN) rat model was used 

[98,116,118]. 

 

2. Experimental Section 

2.1. Milk Products  

Cow’s milk powder (MlekPol, Grajewo, Poland) was purchased in a local Polish shop, while camel 

milk powder was kindly provided by Ausnutria Dairy (China) Co., Ltd, (Changsha, Hunan, China). 

Solutions of the products were prepared by dissolving cow’s and camel milk powders in sterile 

PBS (137 mM NaCl, 3 mM KCl, 8 mM Na2HPO4, 1 mM KH2PO4, pH 7.2) to a protein concentration 

of 50 mg/mL and stored at -20 oC until use. Endotoxin content was measured by Pierce™ LAL 

Chromogenic Endotoxin Quantitation Kit (88282, Thermo Fisher, Waltham, MA, US) in 

accordance with the manufacturer’s instruction. The endotoxin level of camel milk was <2 

endotoxin units (EU) per mg protein, while the endotoxin level of cow’s milk was ⁓9 EU per mg 

of protein.  

2.2. SDS-PAGE  

In order to evaluate cow’s and camel milk protein profiles, SDS-PAGE was performed as 

previously described [21], with minor changes. Briefly, cow’s and camel milk proteins (15 µg) 

were separated under reducing conditions using a 4-20% precast polyacrylamide gel (Mini-

Protean TGX Stain-Free gel, 4568094, Bio-Rad). Proteins were visualised by Bio Safe™ Coomassie 

(1610786, Bio-Rad) and photographed using the Imager ChemiDoc XRS+ (Bio-Rad).  
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2.3. Rats 

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

Denmark were kept in macrolon cages (n=2/cage) at 22 oC +/- 1 oC with 55 +/- 5% relative 

humidity and with a 12 h light-dark cycle. Rats were inspected once a day and weighted once a 

week. Rats were kept on an in-house prepared diet free from milk proteins, with rice, fish and 

potato as protein sources, for >10 generations. Diet and water were given ad libitum.  

The animal experiment was carried out at the National Food Institute, Technical University of 

Denmark under ethical approval given by the Danish Animal Experiments Inspectorate and the 

authorisation number 2020-15-0201-00500-C1. The experiment was overseen by the Technical 

University of Denmark’s in-house Animal Welfare Committee for animal care and use. 

2.4. Dosage regimen 

To evaluate the capacity of cow’s and camel milk in preventing CMA and camel milk allergy, an 

animal experiment was performed. The animal experiment was divided into two phases; an 

intervention phase and a post-immunisation phase which was completed with in vivo tests, as 

displayed in Figure 1. A total of 48 BN rats, 4-7 weeks of age, were divided into six groups of 8 

rats (n=4/gender). For investigating prevention of CMA, groups of rats (Group 1-3) received either 

water as a control, cow’s milk or camel milk ad libitum in their drinking bottles for 21 days 

(Intervention phase: Day 0-20) for the purpose of inducting oral tolerance (Figure 1). Similarly, 

for investigating prevention of camel milk allergy, groups of rats (Group 4-6) received either 

water as a control, cow’s milk or camel milk ad libitum in their drinking bottles for 21 days 

(Intervention phase: Day 0-20) for the purpose of oral tolerance induction (Figure 1). The milk 

protein concentration in the drinking bottles was 12.5 g protein/L. Subsequently, after one week 

of rest, rats were post-immunised intraperitoneally (i.p.) with either 100 µg of cow’s milk proteins 

(Group 1-3) or 100 µg of camel milk proteins (Group 4-6) in 0.5 mL PBS, once a week for four 

weeks (Post-immunisation phase: Day 28, 35, 42 and 49). The animal experiment was completed 

with two in vivo tests, where an ear swelling test was performed at Day 53, and an oral food 

challenge (OFC) was performed at Day 56 an. Rats were sacrificed one week after last post-

immunisation at Day 56 by exsanguination using carbon dioxide inhalation as anaesthesia and 

blood was collected. Throughout the experiment, blood samples were collected from the 

sublingual vein; after the intervention phase at Day 28 and one week after each post-

immunisation at Day 35, 42, 49 and 53. In addition, faecal samples were collected at Day 0, 28 

and 56. At sacrifice (Day 56) the following samples were collected; small intestine (SI) content, 

mesenteric lymph nodes (mLN), pieces of SI, lamina propria (LP), epithelium (EPI) and Peyer’s 

patches (PP). Blood samples were converted into serum, and faecal and SI content samples were 

converted into fecal and SI content water, respectively, as previously described [126]. 
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Figure 1. Outline of primary prevention animal experimental design. In the intervention phase (Day 0-

20), Brown Norway (BN) rats were ad libitum administered with water as a control, cow’s milk or camel 

milk in their drinking bottles for 21 days. Subsequently, in the post-immunisation phase, the BN rats were 

intraperitoneally (i.p.) immunised with either cow’s milk or camel milk for a total of four times at a one-

week interval (Day 28, 35, 42 and 49). At Day 53 an ear swelling test and at Day 56 oral food challenge 

(OFC) were performed with either cow’s milk or camel milk, corresponding to the post-immunisation and 

subsequently sacrificed. Blood samples were collected at Day 28, 35, 42, 49, 53 and 56, whereas faecal 

samples were collected at Day 0, 28 and 56. Samples of small intestine (SI) content, mesenteric lymph 

nodes (mLN), pieces of SI, lamina propria (LP), epithelium (EPI) and Peyer’s patches (PP) were collected at 

the day of sacrifice (Day 56). Figure created with BioRender.com.  
  

2.5. In vivo tests  

At Day 53 an ear swelling test was performed as previously described [127]. Briefly, rats were 

anaesthetised with hypnorm-midazolam and the initial ear thickness was measured. 

Subsequently, rats were intradermally (i.d.) injected with 20 µL of PBS with either 10 µg of cow’s 

milk protein (Group 1-3) or 10 µg of camel milk protein (Group 4-6) into one ear. Ear thickness 

was measured again 15 min after injection, and delta ear swelling was calculated for each animal. 

Further, at Day 56, an OFC was performed, where rats from group 1-3 were intragastrically (i.g.) 

challenged with 1 mL of PBS with 100 mg of cow’s milk protein and rats from group 4-6 were i.g. 

challenged with 1 mL of PBS with 100 mg of camel milk protein. Rats were observed for 10 min 

in order to monitor number of upper gastro-intestinal symptoms by means of singultus- and 

emesis-like behavior, indicating the experience of nausea. 
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2.6. Indirect ELISA for specific IgG1 detection  

To detect serum IgG1 specific for either cow’s or camel milk, indirect ELISAs were performed, as 

previously described [21]. Results are expressed as the log2 titre values and defined as the 

interpolated dilution of the given serum sample leading to the mean absorbance for the negative 

control +3 SD. 

2.7. Indirect ELISA for specific IgA detection  

To detect serum IgA specific for either cow’s milk or camel milk, indirect ELISAs were performed. 

Maxisorp microtitre plates (96-well, Nunc, Roskilde, Denmark) were coated with 100 µL/well of 

10 µg/mL of cow’s milk or camel milk in coating buffer (15 mM Na2CO3, 35 mM NaHCO3, pH 9.6), 

and incubated overnight at 4 °C. Plates were washed five times between each step in PBS with 

0.01 % (w/v) Tween 20 (P1379, Sigma-Aldrich) (PBS-T). For all steps that required incubation, 

plates were incubated for 1 h in the dark at RT with gentle agitation. First, plates were incubated 

with 50 µL/well of two-fold serial dilutions of serum samples (v/v) in PBS-T. In each plate, positive 

and negative control sera were included in order to identify potential plate-to-plate variance. For 

IgA detection, 50 µL/well of HRP-labelled goat-anti-rat IgA (STAR 111P, Bio-Rad) diluted 1:5,000 

(v/v) in PBS-T was added to the plates. Next, plates were additionally washed twice with tap 

water. To visualise the detection of specific IgA, 100 µL/well of TMB-one (3,3’,5,5’-

tetramethylobenzidine, 4380A, Kementec Diagnosis, Taastrup, Denmark) was added and 

incubated for 12 min at RT. The reaction was stopped by adding 100 µL/well of 0.2 M H2SO4, and 

the absorbance was measured at 450 nm with a reference wavelength of 630 nm using a 

microtitre reader (Gen5, BioTek, EL800 Instrument, Winooski, VT, US). Results are expressed as 

the log2 titre values and defined as the interpolated dilution of the given serum sample leading 

to the mean absorbance for the negative control +3 SD. 

2.8. Sandwich ELISA for total IgA detection 

To detect total IgA in serum, faecal water, and SI content water, sandwich ELISA was performed 

as previously described [28]. Results are expressed as the log2 titre values and defined as the 

interpolated dilution of the given serum sample leading to the mean absorbance for the negative 

control +3 SD. 

2.9. Antibody-capture ELISA for specific IgE detection 

To detect serum IgE specific for cow’s or camel milk, antibody-capture ELISAs were performed as 

previously described [21], except of 5% (v/v) horse serum (S0910-500, Biowest, Nuaille, France) 

used as blocking agent. Further, for both products, serum samples were two-fold diluted in 5% 

(v/v) horse serum. DIG-coupled cow’s or camel milk protein were used with a final concentration 

of 0.03 µg/mL in PBS-T for specific IgE detection. Results are expressed as the log2 titre values 

and defined as the interpolated dilution of the given serum sample leading to the mean 

absorbance for the negative control +3 SD. 
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2.10. Immunoblotting 

To detect immune reactive proteins, immunoblotting with serum pools from each group of rats 

was performed. In brief, SDS-PAGE with 5 µg of cow’s and camel milk proteins were performed, 

and proteins transferred onto polyvinylidene difluoride (PVDF) membranes as previously 

described [21]. Serum pools from the day of sacrifice (Day 56) were diluted 1:3,000 (v/v), whereas 

the secondary antibody was diluted 1:15,000 and added together with StrepTacin-HRP conjugate 

(Bio-Rad) diluted 1:20,000 for protein standard visualisation. All membranes were developed for 

15 s for optimal visualisation and direct comparison.  

2.11. Tissue RNA extraction, cDNA synthesis, and RT-qPCR 

To evaluate expression of different genes of interest, mLN and 2x 0.5 cm pieces of SI, harvested 

27 cm and 37 cm distal from the stomach respectively were collected and stored in RNAlater 

(Invitrogen, Carlsbad, CA, US) at -20 °C. RNA extraction, cDNA synthesis and RT-qPCR were 

performed as previously described [126]. For RNA from mLN extraction, QIAzol Lysis Reagent 

(79306, Qiagen, Hilden, Germany) and RNeasy Lipid Tissue Mini Kit (74804, Qiagen) were used in 

accordance with manufacturers’ protocol. Taqman gene assays (Applied Biosystems, Thermo 

Fisher Scientific, MA, US) used were: Ocln (occludin Rn00580064_m1), TSLP (thymic stromal 

lymphopoietin, Rn01761072_m1), IL-1β (interleukin 1beta, Rn00580432_m1), IL-4 (interleukin 4, 

Rn01456866_m1), IL-10 (interleukin 10, Rn01483989_m1), INF-γ (interferon gamma, 

Rn00594078_m1), TGF-β (transforming growth factor beta, Rn005720_m1), FoxP3 (forkhead box 

P3, Rn01525092_m1), and CX3XR1 (C-X3-C chemokine receptor 1, Rn00591798_m1). The levels 

of different gene expression are shown as the relative gene expression by means of 2−ΔCT method 

using B2m (Beta-2-microglobulin Rn00560865_m1) and Sdha (Succinate dehydrogenase complex 

Rn00590475_m1) as normalisation genes. 

2.12. In vivo intestinal protein uptake 

To evaluate protein uptake in the SI compartments, LP, SI content, PP and EPI of BN rats 

challenged with cow’s milk (Group 1-3) were harvested as previously described [98]. BLG ELISA 

kit (Bethyl Laboratories, Montgomery, TX, US) was used for determination of concentration of 

BLG, as a marker for cow’s milk protein uptake, in supernatants prepared from tissue 

homogenates in accordance to manufacturers’ protocol, as previously described [98].   

2.13. Statistical analysis   

Graphs and statistical analyses were made using GraphPad Prism version 9.0.1 (San Diego, CA, 

US). Results from ELISAs are expressed as log2 antibody titre values. All data were initially tested 

for normal distribution using D’Agostino-Pearson normality test. If the data passed normality 

test, differences between two groups were analysed using parametric t-test while differences 

between more than two groups were analysed using one-way ANOVA followed by Bonferroni 
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post-test. If the data did not pass normality test, differences between two groups were analysed 

using non-parametric Mann Whitney test while differences between three or more groups were 

analysed using Kruskal-Wallis test followed by Dunn’s post-test for multiple comparison. 

Differences were significant if P≤ 0.05. Asterisks indicate statistically significant differences 

between two groups: *P≤ 0.05, **P≤ 0.01, ***P≤ 0.001, ****P≤ 0.0001 and ns indicates no 

statistically significant difference. 

3. Results 

3.1. Humoral immune responses  

To evaluate the humoral immune responses developed against cow’s or camel milk proteins 

throughout the study, levels of specific IgG1 were measured at six different time points. At first, 

it was shown that ad libitum bottle administration of both cow’s and camel milk promoted the 

development of specific IgG1 during the intervention phase, as rats administered with cow’s milk 

developed a statistically significant cow’s milk-specific IgG1 response and rats administered with 

camel milk developed a statistically significant camel milk-specific IgG1 response, when 

comparing with water administered rats (Figure 2A,B). A statistically significant lower and non-

significant cross-reactive immune response was observed after the intervention phase for rats 

intervened with camel milk and tested against cow’s milk when compared to cow’s milk and 

water intervened rats, respectively, where it was shown that most camel milk intervened rats 

had IgG1 that could also react with cow’s milk (Figure 2A). Similarly, a statistically significant 

lower and non-significant cross-reactive immune response was observed for rats intervened with 

cow’s milk and tested against camel milk when compared to camel milk and water intervened 

rats, respectively, where fewer cow’s milk intervened rats had IgG1 that could also react with 

camel milk (Figure 2B). 

Subsequently, the progression of the immune responses upon each of the post-immunisations 

with either cow’s milk or camel milk was assessed, demonstrating that levels of IgG1 specific for 

cow’s milk (Figure 2A,C) or camel milk (Figure 2B,D) increased until reaching a plateau after the 

second or third post-immunisation. Yet, for rats post-immunised with cow’s milk, the cow’s milk-

specific IgG1 response was statistically significant lower in rats intervened with cow’s milk 

compared to rats intervened with either water or camel milk at sacrifice (Figure 2A). In contrast, 

such differences were not seen between groups of rats post-immunised with camel milk (Figure 

2B). 
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Figure 2. Specific IgG1 responses. (A) IgG1 specific for cow’s milk in groups intervened with either water, 

cow’s milk or camel milk and tested for prevention against cow’s milk allergy. (B) IgG1 specific for camel 

milk in groups intervened with either water, cow’s milk or camel milk and tested for prevention against 

camel milk allergy. (A,B) Each symbol represents individual rats at different time points of the experiment, 

and horizontal lines indicate median values. (C) Progression of the cow’s milk-specific immune responses 

after oral interventions with either: ● water, ● cow’s milk, or ● camel milk and subsequent post-

immunisations with cow’s milk. (D) Progression of the camel milk-specific immune responses after oral 

interventions with either: ■ water, ■ cow’s milk, or ■ camel milk and subsequent post-immunisations with 

camel milk. (C,D). Each symbol represents median value of different groups at different time points of the 

experiment. Kruskal-Wallis test followed by Dunn’s post-test was applied, where statistically significant 

differences to the water intervened group (unframed) and relative to (A) cow’s milk or (B)  camel milk 

intervened group (framed), or between (C) cow’s milk or (D) camel milk and water intervened group 

(unframed), and between (C) camel milk and (D) cow’s milk and water intervened group (framed) are 

shown as *P≤ 0.05, **P≤ 0.01, ***P≤ 0.001, ****P≤ 0.0001. Interv., intervention; post-imm., post-

immunisation.  
   

3.2. Prevention of sensitisation 

To evaluate the capacity of cow’s and camel milk in preventing sensitisation to both cow’s and 

camel milk, levels of specific IgE were measured throughout the animal experiment. Neither ad 

libitum bottle administration with cow’s nor camel milk induced sensitisation in the intervention 

phase, as specific IgE could not be detected in any of the groups (Figure 3A,B). During the post-

immunisation regime it was revealed that cow’s milk was the most efficient in preventing cow’s 
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milk sensitisation (Figure 3A,C), whereas camel milk was the most efficient in preventing camel 

milk sensitisation (Figure 3B,D). In fact, whereas cow’s milk was efficient in preventing 

sensitisation towards cow’s milk to a statistically significant degree after the third and fourth 

post-immunisation, camel milk did not show any capacity to prevent sensitisation to cow’s milk, 

as at no time point was camel milk capable of inhibiting the development of cow’s milk specific 

IgE when compared to intervention with water (Figure 3A,C). Similarly, camel milk was efficient 

in preventing camel milk sensitisation to a statistically significant degree after the third and 

fourth post-immunisation, whereas cow’s milk seemed only to have a low capacity to prevent 

sensitisation toward camel milk (Figure 3B,D). Yet, in the cow’s milk intervened rats a transient 

reduction in the camel milk-specific IgE level compared to the water intervened rats was 

observed after the fourth post-immunisations (p=0.0482, Mann-Whitney test between cow’s 

milk and water intervened groups).   

 
Figure 3. Specific IgE responses. (A) IgE specific for cow’s milk in groups intervened with either water, 

cow’s milk or camel milk and tested for prevention against cow’s milk allergy. (B) IgE specific for camel 

milk in groups intervened with either water, cow’s milk or camel milk and tested for prevention against 

camel milk allergy. (A,B) Each symbol represents individual rats at different time points of the experiment, 

and horizontal lines indicate median values. (C) Progression of the cow’s milk-specific IgE responses after 

oral interventions with: ● water, ● cow’s milk, or ● camel milk and subsequent post-immunisations with 

cow’s milk. (D) Progression of the camel milk-specific IgE responses after oral interventions with either: ■ 

water, ■ cow’s milk, or ■ camel milk and subsequent post-immunisations with camel milk. (C,D) Each 
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symbol represents median value of different groups at different time points of the experiment. Kruskal-

Wallis test followed by Dunn’s post-test was applied, where statistically significant differences to the 

water intervened group (unframed) and relative to (A) cow’s milk or (B) camel milk intervened group 

(framed), or between (C) cow’s milk or (D) camel milk and water intervened group (unframed), and 

between camel milk (C) and cow’s milk (D) and water intervened group (framed)  are shown as *P≤ 0.05, 

**P≤ 0.01, ***P≤ 0.001, ****P≤ 0.0001. Interv., intervention; post-imm., post-immunisation.  

3.3. Prevention of clinical responses 

To evaluate the capacity of cow’s and camel milk in preventing clinical responses towards cow’s 

and camel milk, an ear swelling test and an OFC were performed. In the ear swelling test, groups 

post-immunised with cow’s milk, and hence tested for prevention of CMA, showed no statistically 

significant differences in ear swelling after i.d. injection of cow’s milk regardless of the oral 

intervention (Figure 4A). However, the group intervened with cow’s milk showed a slightly lower 

but non-significant ear swelling when compared with groups intervened with either water or 

camel milk. Contrary, groups post-immunised with camel milk, and hence tested for prevention 

of camel milk allergy, showed statistically significant differences in their ear swelling responses. 

A significantly lower ear swelling after i.d. injection of camel milk was observed for groups 

intervened with camel milk and cow’s milk when compared to the group intervened with water 

(Figure 4B). These results were aligned with the specific IgE results, and a statistically significant 

positive correlation between specific IgE levels and delta ear thickness was observed, stressing 

the functional relevance of the specific IgE raised in the rats (Figure 4C). 

The number of symptom episodes was counted after OFC with the product the rats were post-

immunised with. The number of symptom episodes after OFC with cow’s milk was statistically 

significant lower for the group intervened with cow’s milk in comparison to the groups 

intervened with either water or camel milk (Figure 4D). Similarly, the number of symptom 

episodes after OFC with camel milk was statistically significant lower for the group intervened 

with camel milk in comparison to the groups intervened with either water or cow’s milk (Figure 

4E). These results were also clearly aligned with the specific IgE results, where a statistically 

significant positive correlation was observed between specific IgE and number of symptom 

episodes (Figure 4F), confirming that levels of specific IgE were indicative for the clinical relevance 

of the allergy. Thus, the results demonstrated that neither could camel milk prevent sensitisation 

nor clinical reactions against cow’s milk, whereas cow’s milk had a low capacity to prevent 

sensitisation and clinical reactions against camel milk.  
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Figure 4. Clinical responses. (A) Ear swelling test with cow’s milk in groups intervened with either water, 

cow’s milk or camel milk and tested for prevention against cow’s milk allergy. (B) Ear swelling test with 

camel milk in groups intervened with either water, cow’s milk or camel milk and tested for prevention 

against camel milk allergy. (C) Correlation between IgE specific for the product rats were post-immunised 

with and delta ear thickness after intradermal injection with the same product. (D) Symptom episodes 

after oral food challenge (OFC) with cow’s milk in groups intervened with either water, cow’s milk or camel 

milk and tested for prevention against cow’s milk allergy. (E) Symptom episodes after OFC with camel milk 

in groups intervened with either water, cow’s milk or camel milk and tested for prevention against camel 

milk allergy. (F) Correlation between IgE specific for the product rats were post-immunised with and 

number of symptom episodes after OFC with the same product. (C-F) Each symbol represents a single rat, 

and (A,B,D,E) horizontal lines indicate median value. (A,B,D,E) Kruskal-Wallis test followed by Dunn’s post-

test was applied. Statistically significant differences to the water intervened group (unframed) (A,B,D,E) 

and relative to cow’s milk intervened group (A,C) or camel milk intervened group (B,D) (framed) are shown 

as *P≤ 0.05, **P≤ 0.01. Non-parametric Spearman correlations were calculated between all pairs of 

specific IgE titre and delta ear thickness or number of symptom episodes (C,F).  

3.4. IgG1 milk protein specificity  

In order to evaluate the specificity of IgG1 and the cow’s and camel milk protein binding profiles, 

immunoblotting was performed.  

SDS-PAGE was first performed for protein visualisation using 15 µg of cow’s and camel milk 

protein (Figure 5A). For both cow’s and camel milk, caseins were shown as thick bands between 
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25 and 37 kDa. In addition, α-lactalbumin (ALA) was shown for both products as a band 

corresponding to the molecular weight of ⁓15 kDa. A thick band between 15 and 20 kDa was only 

visible for cow’s milk, representing BLG, which is not present in camel milk. Finally, both cow’s 

and camel milk had a band visible just below 75 kDa, corresponding to serum albumin (SA). 

Further, SDS-PAGEs with 5 µg of cow’s and camel milk protein were performed, transferred to 

PVDF membranes for immunoblotting where serum pool and secondary antibody dilutions were 

kept constant for direct comparison.  

For rats post-immunised with cow’s milk and hence tested for prevention against CMA, it was 

clearly shown that the reactivity of IgG1 was lower for the group intervened with cow’s milk 

compared to that of the water and camel milk intervened rats (Figure 5B). Bands around 15 kDa 

representing reactivity with ALA and between 15 and 20 kDa representing reactivity with BLG, 

were the only bands detected and with a clearly lower intensity for rats intervened with cow’s 

milk compared to rats intervened with either water or camel milk that in contrast showed 

reactivity towards all major cow’s milk proteins (Figure 5B), indicating that the humoral immune 

response towards SA and caseins were more readily restrained compared to ALA and BLG.   

Similarly, for rats post-immunised with camel milk and hence tested for prevention against camel 

milk, it was shown that the reactivity of IgG1 milk was slightly lower for the group intervened 

with camel compared to water and cow’s milk intervened rats (Figure 5C). Bands around 15 kDa 

representing reactivity with ALA and between 25 and 37 kDa representing reactivity with caseins, 

were the bands detected and with a lower intensity for rats intervened with camel milk compared 

to rats intervened with water or cow’s milk that in contrast showed reactivity towards all major 

camel milk proteins (Figure 5C). Interestingly, a weak band around 15 kDa was visible in cow’s 

milk intervened rats but not in water or camel milk intervened rats, indicating that a solid IgG1 

response specific for cow’s milk ALA was raised already in the intervention phase (Figure 5C).  
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Figure 5. Specificity of IgG1 responses. (A) SDS-PAGE for visualisation of cow’s (lane 1) and camel milk 

(lane 2) protein profiles. M, molecular weight standard marker; kDa, kilodalton; ALA, α-lactalbumin; BLG, 

β-lactoglobulin; CAS, caseins; SA, serum albumin. (B) Immunoblotting to visualise specificity of IgG1 

responses towards cow’s milk (lane 1) and camel milk (lane 2) in rats intervened with either water, cow’s 

milk or camel milk and tested for prevention against cow’s milk allergy. (C) Immunoblotting to visualise 

specificity of IgG1 responses towards cow’s milk (lane 1) and camel milk (lane 2) in rats intervened with 

either water, cow’s milk or camel milk and tested for prevention against camel milk allergy. 
  

  

3.5. Intestinal immune responses 

The level of total IgA was determined in serum, faeces and SI content. In general, for all groups 

of rats, the total IgA in serum increased throughout the study as the total IgA level was shown to 

be statistically significant higher at sacrifice compared to after the intervention phase (Figure 

S1A,B, Supporting Information), indicating a general impact of either age or the post-

immunisations on the total IgA level in serum. There were no statistically significant differences 

between total IgA levels in serum after the intervention phase between the water and cow’s or 

camel milk intervened rats (Figure 6A,C). Contrary, a higher (p= 0.0004 and p=0.1466, based on 
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one-way ANOVA) total IgA level was observed for rats intervened with camel milk compared to 

rats intervened with water and post-immunised with cow’s and camel milk, respectively, 

indicating an effect of the camel milk intervention revealed upon post-immunisations (Figure 

6B,D). Further, rats intervened with camel milk had a statistically significant higher level of IgA 

than cow’s milk intervened rats, irrespective of the post-immunisation (Figure 6B,D). 

In line with the total IgA in serum, in general total IgA in faeces increased throughout the study, 

even though statistically significant differences were only observed between naïve rats and at 

the day of sacrifice for rats intervened with cow’s milk and post-immunised with cow’s milk and 

for rats intervened with camel milk and post-immunised with camel milk (Figure S1C,D, 

Supporting Information). No differences in total IgA in faeces were observed between rats 

intervened with water and rats intervened with cow’s or camel milk at any time point 

irrespectively of the post-immunisation (Figure 6E-H) except from rats intervened with cow’s milk 

and post-immunised with camel milk (Figure 6G). 

Total IgA in SI content at the day of sacrifice did not show significant differences between water, 

cow’s and camel milk intervened rats regardless the post-immunisation (Figure 6I,K), suggesting 

that neither intervention nor post-immunisation influenced gut mucosal immune homeostasis 

by changes in IgA.  

For rats tested for prevention against CMA, intervention with cow’s milk promoted a statistically 

significant lower level of cow’s milk-specific IgA in serum in comparison to rats intervened with 

water and camel milk (Figure 6J). In contrast, for rats tested for prevention against camel milk 

allergy, intervention with camel milk did not promote a lower level of camel milk-specific IgA in 

serum compared to intervention with water or cow’s milk, but instead intervention with cow’s 

induced a statistically significantly lower level of camel milk-specific IgA in serum in comparison 

to rats intervened with camel milk (Figure 6H). This indicates that intervention with cow’s milk in 

general promoted reduced levels of specific IgA. 
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Figure 6. Total and specific IgA. Total IgA in serum (A) after intervention phase or (B) at sacrifice from rats 

intervened with either water, cow’s milk or camel milk and tested for prevention against cow’s milk 

allergy. Total IgA in serum (C) after intervention phase or (D) at sacrifice from rats intervened with either 

water, cow’s milk or camel milk and tested for prevention against camel milk allergy. Total IgA in faeces 

(E) after intervention phase or (F) at sacrifice from rats intervened with either water, cow’s milk or camel 

milk and tested for prevention against cow’s milk allergy. Total IgA in faeces (G) after intervention phase 

or (H) at sacrifice from rats intervened with either water, cow’s milk or camel milk and tested for 

prevention against camel milk allergy. (I) Total IgA in small intestine content from rats intervened with 

either water, cow’s milk or camel milk and tested for prevention against cow’s milk allergy. (J) Serum 

cow’s milk-specific IgA from rats intervened with either water, cow’s milk or camel milk and tested for 

prevention against cow’s milk allergy (K) Total IgA in small intestine content from rats intervened with 

either water, cow’s milk or camel milk and tested for prevention against camel milk allergy. (L) Serum 
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camel milk-specific IgA from rats intervened with either water, cow’s milk or camel milk and tested for 

prevention against camel milk allergy. Each symbol represents individual rats and horizontal lines indicate 

mean value. Each color represents different time points of the experiment: (●),(■) represents results after 

intervention phase while (●),(■) represents results at the day of sacrifice. One-way ANOVA followed by 

Bonferroni post-test was applied to the water intervened group (unframed) and relative to cow’s milk 

intervened group (A,B,E,F,I,J) or to camel milk intervened group (C,D,G,H,K,L) (framed). Statistically 

significant differences are shown as *P≤ 0.05, **P≤ 0.01, ***P≤ 0.001.  

 
  

3.6. Cellular responses  

Cellular immune responses were evaluated by means of gene expression of the Th2 cytokine IL-

4, the tolerogenic biomarkers IL-1, CX3XR1, FoxP3, TGF-β and INF-γ, the thigh junction protein 

Ocln, the epithelial-derived cytokine TSLP and the pro-inflammatory cytokine IL1β in the SI and 

mLN. In general, no statistically significant differences were observed between any of the 

intervention groups regardless of whether rats were tested for prevention against cow’s or camel 

milk allergy (Figure 7A-D). Yet, for rats intervened with cow’s milk and post-immunised with 

camel milk a slightly lower expression of CX3XR1 and IL-4 were observed when comparing with 

water intervened rats (p=0.025 and p=0.0289, respectively, based on Mann-Whitney, Figure 7B). 

 
Figure 7. Relative gene expression. Expression of selected genes in the small intestine (SI) from rats 

intervened with either water, cow’s milk or camel milk and tested for prevention against (A) cow’s milk 

allergy or (B) camel milk allergy. Expression of selected genes in mesenteric lymph nodes (mLN) from rats 

intervened with either water, cow’s milk or camel milk and tested for prevention against (C) cow’s milk 

allergy or (D) camel milk allergy. Each bar represents the median with 95% confidence interval. Kruskal-



Manuscript V 

 

 117 

Wallis test followed by Dunn’s post-test was applied, where statistical analysis was performed to the 

water intervened rats and relative to cow’s milk (A,C) or camel milk (B,D) intervened group.  

3.7. Intestinal protein uptake  

To evaluate intestinal protein uptake in rats intervened with water, cow’s and camel milk and 

tested for prevention against CMA, and thus challenged with cow’s milk at the end of the 

experiment, concentration of BLG as a marker of cow’s milk protein uptake, was measured in LP, 

SI content, EPI and PP. In general, no statistically significant differences were observed in the 

amount of BLG taken up in each individual intestinal compartment (Figure 8A), even though it 

was observed that the overall distribution of BLG in the camel milk intervened group differed 

from the water and cow’s milk intervened groups, with a higher proportion of BLG found in LP 

and PP, and with a consequential lower proportion in SI content (Figure 8B). Interestingly, a small 

but statistically significant inverse correlation between the amount of BLG in the SI content and 

total faecal IgA level was observed across all groups, suggesting that the more IgA secreted into 

the intestinal lumen the less BLG is trapped in the SI content (Figure 8C).  

 
Figure 8. In vivo intestinal protein uptake in rats prevented against cow’s milk allergy. (A) β-lactoglobulin 

(BLG) concentration in ng/mg of tissue. Each bar represents mean value with the standard error for the 

mean. Kruskal-Wallis test followed by Dunn’s post-test was applied. (B) Relative distribution of BLG (%) 

between lamina propria (LP), small intestine content (SI cont), epithelium (EPI) and Peyer’s patches (PP) 

compartments in rats intervened with either water, cow’s milk or camel milk and tested for prevention 

against cow’s milk allergy. (C) Correlation between total faecal IgA and amount of BLG in SI cont. Non-
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parametric Spearman correlations were calculated between all pairs of total faecal IgA and amount of BLG 

in SI cont. 

 

4. Discussion 

Due to lack of solid evidence, it is no longer recommended to use specific infant formulas based 

on partially hydrolysed cow’s milk proteins for prevention of CMA in high-risk infants. At present, 

there are no specific recommendations for the use of any particular infant formula, but the choice 

of infant formula should be based on the need of each individual infant [39,80,81,108]. Hence 

there could be an opportunity for new and alternative infant formulas based on non-hydrolysed 

proteins.  

When designing infant formulas for CMA prevention, it is the delicate balance between inducing 

a solid oral tolerance still avoiding the development of CMA that should be in focus. Yet, there is 

limited knowledge on whether the complete repertoire of allergens and epitopes is required to 

induce a solid tolerance, as previously discussed in several studies investigating the tolerance 

inducing capacity of hydrolysed cow’s milk proteins [86,118,128–130]. Not only may the initial 

epitope repertoire be different between intact and hydrolysed cow’s milk proteins, but peptide 

fragments may in addition be processed and presented to the gut immune system in a distinct 

way than their intact counterparts [86]. Consequently, different repertoires of B and T cell 

epitopes may be presented to the immune system. In line, the same aspect and the possibility of 

bystander effects have also been discussed for allergy immunotherapy [131], where peptide-

based immunotherapy was shown to be effective in some studies [132,133], whereas in other 

studies it was shown to lack tolerance inducing capacity [134,135]. Thus, it could be speculated 

that infant formulas based on intact proteins would be more efficient in preventing CMA than 

those based on hydrolysed proteins as they may cover a larger repertoire of epitopes, containing 

both linear and conformational epitopes. Yet, this could be on the consequence of their safety.  

In the last decade, there has been a growing interest in the usability of milk proteins from other 

mammalian species for infant formulas [7]. Whereas goat and sheep milk have been shown to 

cause allergic reactions in cow’s milk allergic patients, probably due to the high homology of goat 

and sheep milk proteins with cow’s milk proteins [8,9,105], donkey, horse and camel milk have 

in general been shown to be safer for cow’s milk allergic patients, probably due to the lower 

homology with cow’s milk proteins [8,24,102,106]. Yet, none of them have been investigated for 

their potential in CMA prevention. In this study, we focused on camel milk and evaluated whether 

it could prevent CMA and whether cow’s milk could prevent camel milk allergy using a well-

established prophylactic BN rat model [98,116,118].  

We demonstrated that neither camel milk nor cow’s milk induced sensitisation upon three weeks 

of ad libitum administration. Yet, both camel and cow’s milk were shown to induce specific IgG1 

upon three weeks of ad libitum administration, indicating that they were easily recognised by the 

immune system, which is a prerequisite for oral tolerance induction [98].  Moreover, in line with 

human studies [8,21,25,124,125], as well as in our previous i.p. sensitisation study [21], a low 

cross-reactivity between cow’s and camel milk proteins was revealed. 



Manuscript V 

 

 119 

Results showed that whereas cow’s milk was efficient in preventing cow’s milk sensitisation, 

camel milk was not capable of preventing sensitisation to cow’s milk. Similarly, camel milk was 

efficient in preventing camel milk sensitisation. Interesting, cow’s milk was shown to have a small 

though transient capacity to prevent sensitisation to camel milk. Similar patterns were 

demonstrated when evaluating the clinically relevance of the sensitisation to cow’s and camel 

milk, where cow’s milk could prevent a clinically relevant CMA, and camel milk could easily 

prevent a clinically relevant camel milk allergy. Contrary, camel milk could not prevent clinical 

symptoms of cow’s milk allergy, whereas cow’s milk had a small effect on the clinical 

manifestation of camel milk allergy. These results were well aligned with immunoblotting results, 

showing no differences in the pattern of the presence and intensity of IgG1 reactive proteins 

between groups intervened with water and groups intervened with cow’s and camel milk, when 

prevention was tested against camel and cow’s milk allergy, respectively. 

Overall, our results showed a low cross-tolerogenic capacity between cow’s and camel milk 

proteins, probably due to their low protein homology, where protein sequence alignments 

demonstrate protein identities of 47-81% [21]. Thus, the overlapping epitope repertoire between 

cow’s and camel milk proteins seemed too low to provide solid cross-prevention, and hence this 

study did not provide evidence for a bystander effect of co-existing epitopes. Collectively, this 

stresses that camel milk would not be a suitable protein source for infant formulas for CMA 

prevention. We hypothesise that donkey and horse milk proteins due to even lower protein 

homologies with cow’s milk proteins, with protein sequence identities of 46-74% [7] would 

likewise not provide a suitable source for CMA prevention, whereas goat and sheep milk proteins, 

with protein sequence identifies to cow’s milk proteins of 85-95% [7] would probably be a better 

option. It has been suggested that a high degree of homology is needed between proteins in 

order to obtain a bystander effect and drive a tolerance towards counterpart proteins [136]. For 

example, in several studies it was shown that birch pollen immunotherapy only had limited effect 

on the related apple allergy [137–139], due to too low homology between the main allergen in 

birch pollen and apple i.e. Bet v 1 and Mal d 1 [140]. Contrary, in a study by Elizur et al., it was 

shown that cashew oral immunotherapy was not only efficient in inducing tolerance to cashew, 

but also to pistachio [141], probably due to a general higher protein sequence homology between 

major allergens [142]. 

Even though it was low and transient, this study demonstrated some cross-tolerance inducing 

capacity of cow’s milk against camel milk allergy. We hypothesise that the reason for cow’s milk 

containing some cross-preventive capacity in contrast to camel milk, is due to the fact that cow’s 

milk contains all major milk allergens [143], whereas camel milk do not contain BLG. 

Consequently, camel milk may not be capable of inducing tolerance against BLG, which is one of 

the major allergens found in cow’s milk for which it is reported that up to 80% of cow’s milk 

allergic patients have specific IgE against [144]. In contrast to camel milk, milk from goat, sheep, 
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donkey and horse contain BLG [145], and thus may be able to drive tolerance towards all cow’s 

milk allergens.  

Cow’s and camel milk were both shown to have some immunomodulatory effects, yet they were 

shown to be distinct and seemed to be independent of their allergy preventive capacity. While 

cow’s milk seemed to restrain immune responses, reflected in lower specific IgA levels and a 

slightly lower expression of intestinal IL-4 and CX3CR1, camel milk seemed to have an immune 

stimulatory capacity, as camel milk promoted total serum IgA. Strong immunomodulatory 

properties of camel milk has also previously been suggested [146]. 

In conclusion, this study demonstrated a low cross-tolerogenic capacity of camel and cow’s milk 

proteins, indicating that camel milk is not a good candidate as a protein source for infant formulas 

in CMA prevention. For CMA prevention proteins from other mammalian milk such as goat and 

sheep, having higher protein amino acid sequence identities to counterpart proteins in cow’s milk 

as well as containing BLG, may provide a more suitable solutions for CMA prevention.  
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Abstract 

Introduction: The most common type of food allergy among infants and children is cow’s milk 

allergy (CMA) and it affects 0.5-3.8% of them worldwide. CMA management in non-exclusively 

breastfed infants requires the use of hypoallergenic infant formulas based on extensively 

hydrolysed cow’s milk proteins. Mammalian milks such as horse, donkey and camel milk have 

recently gained an interest for their utility as protein sources in potential, alternative infant 

formulas for CMA management.  Several studies showed that camel milk proteins have a low 

cross-reactivity with cow’s milk proteins, yet some individuals still reacted to camel milk. 

Processing such as enzyme hydrolysis and heat treatment could potentially even further increase 

tolerance to camel milk proteins in children with CMA.  

Methods: Sera from children with CMA (n=9) were analysed for IgG and IgE reactivity towards 

intact, EH and HT cow’s and camel milk products using ELISAs. Further basophil activation test 

(BAT) was performed using blood samples from children with CMA (n=3) to evaluate basophil 

activation using intact, EH and HT cow’s and camel milk products.  

Results: There was a decreased IgG and IgE reactivity towards EH cow’s milk but not HT cow’s 

milk compared to intact cow’s milk. Decreased reactivity of IgG and IgE was also measured for all 

camel milk products, being highest for camel milk and decreased further for HT camel milk and 

EH camel milk respectively.  

Conclusions: This study showed that cow’s and camel milk had a low cross-reactivity in children 

with CMA which could be even decreased by processing methods such as enzyme hydrolysis and 

perhaps heat treatment.  
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1. Introduction 

The most common type of food allergy among infants and children is IgE-mediated cow’s milk 

allergy (CMA) and it affects 0.5-3.8% of them worldwide [5,71,147]. For infants up to 6 months 

of age, breastfeeding is the first feeding option suggested [148], and if an infant suffers from 

CMA, elimination of cow’s milk proteins from mothers’ diet is recommended [149]. However, if 

breastfeeding is not possible and an infant suffers from CMA, the use of hypoallergenic infant 

formula is needed [38,150]. Hypoallergenic infant formulas are based on extensively hydrolysed 

cow’s milk proteins for their allergenicity reduction [38]. The majority of infants with CMA 

tolerate extensively hydrolysed formulas (eHFs). Yet, for infants who still manifest clinical 

symptoms after use of eHF, there is a need to use an amino acid-based formula [151].  

Camel milk has recently gained an interest for its usefulness in CMA management [24,152,153]. 

It is mostly since camel milk lacks β-lactoglobulin (BLG) [23], one of the main allergen found in 

cow’s milk and also due to its low homology with cow’s milk proteins [21]. Several studies 

analysing blood samples from children with CMA showed low or no cross-reactivity between 

cow’s and camel milk proteins [8,25,125,152]. In addition, in studies where skin prick test (SPT) 

was used, most children with CMA did not show any reaction to camel milk, however, there were 

single cases with positive SPT [26,124].  

Enzyme hydrolysis is a commonly used processing method for cow’s milk proteins allergenicity 

reduction for hypoallergenic infant formula production. Yet, heat treatment has recently gained 

an interest as a processing method to be potentially used for proteins allergenicity reduction [49]. 

There is some evidence showing that baked milk was well tolerated in individuals with CMA [154] 

and that baked milk can accelerate induction of tolerance to intact cow’s milk proteins [155,156]. 

On the other hand, Abbring S. et al. showed that allergenicity of cow’s milk proteins was 

increased by heat treatment [97]. Such processing methods could be applied to camel milk to 

alter its protein structures, potentially improving its tolerance in children with CMA who 

manifested a reaction to camel milk proteins.  

The knowledge on how enzyme hydrolysis and heat treatment influence cross-reactivity of cow’s 

and camel milk proteins has to our knowledge not yet been investigated. In the present study, 

we evaluated how enzyme hydrolysis and heat treatment influenced cross-reactivity between 

cow’s and camel milk proteins in children with CMA using enzyme-linked immunosorbent assays 

(ELISAs) for IgG and IgE detection. Moreover, using a basophil activation test (BAT), this study 

evaluated whether intact, enzyme hydrolysed (EH) and heat treated (HT) camel milk could induce 

basophil activation in individuals with CMA.  

 

 

 



Manuscript VI 

 

 124 

2. Materials and Methods 

2.1. Materials 

Cow’s milk powder from MlekPol, Grajewo, Poland was purchased in a local Polish shop. Camel 

milk powder was kindly provided by Ausnutria Dairy (China) Co., Ltd, (Changsha, Hunan, China). 

Powders were dissolved in phosphate buffer saline (PBS) (137 mM NaCl, 3 mM KCl, 8 mM 

Na2HPO4, 1 mM KH2PO4, pH 7.2) to obtain milk products in solution. 

2.1.1. Processed cow’s and camel milk products  

Enzyme hydrolysis of  cow’s and camel milk was performed as described in Manuscript III. Briefly, 

50 mg/mL of cow’s and camel milk proteins were hydrolysed with Pancreatic Trypsin Novo 6.0 S, 

Type Salt Free (Trp) (Novozymes, Bagsværd, Denmark) and Alcalase 2.4 L FG (Alc) (Novozymes). 

To obtain HT cow’s and camel milk, 50 mg/mL of cow’s and camel milk proteins were used and 

heat treatment was applied by means of 121 oC for 1h.  

2.1.2. Human samples 

Plasma or serum samples were collected at the Medical University of Vienna, Vienna, Austria 

from children with confirmed CMA by either food challenge or a clear history of a clinical reaction 

upon proven exposure to cow’s milk. Nine serum/plasma samples were used to assess specific 

antibody levels while three blood samples were used for the basophil activation test (BAT).  The 

study protocol was approved by the ethics board of the Medical University of Vienna (EK Nr- 

1852/2017). All participants and their guardians gave written informed consent. 

2.2. Indirect ELISA for IgG detection 

To detect IgG specific for milk products, indirect ELISAs were performed using Maxisorp 

microtitre plates (96-well, Nunc, Roskilde, Denmark). Plates were coated with 100 µL/well of 10 

µg/mL of intact cow’s milk, intact camel milk, HT cow’s milk, HT camel milk, EH cow’s milk, or EH 

camel milk, in coating buffer (15  mM Na2CO3, 35 mM NaHCO3, pH 9.6) and incubated at 4 °C 

overnight. Plates were washed five times with PBS (137 mM NaCl, 3 mM KCl, 8 mM Na2HPO4, 1 

mM KH2PO4, pH 7.2) with 0.01% (w/v) Tween 20 (PBS-T) between each step. For all steps, plates 

were incubated at RT for 1 h in the dark with gentle agitation. First, plates were incubated with 

50 µL/well of two-fold serial dilution of serum or plasma samples (v/v) in PBS-T. Further, 50 

µL/well of secondary antibody (horseradish peroxidase (HRP)-labelled-mouse-anti-human IgG Fc-

HRP, 9042-05, Southern Biotech, Birmingham, AL, USA) diluted 1:8,000 (v/v) in PBS-T was added 

to the plates. After incubation, plates were additionally washed twice with tap water and 

incubated with 100 µL/well of TMB-one (Kementec Diagnosis, Taastrup, Denmark) for 12 min. 

The reaction was stopped with 100 µL/well of 0.2 M H2SO4 and the absorbance was measured. 

The results were expressed as log2 titre value with an individual cut-off values to an optical 

density (OD) determined individually for each product. 
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2.3. Antibody Capture ELISA for specific IgE detection 

To detect IgE specific for intact cow’s milk, intact camel milk, HT cow’s milk, HT camel milk, EH 

cow’s milk, and EH camel milk, antibody capture ELISAs were performed using Maxisorp 

microtitre plates (96-well, Nunc) coated with 100 µL/well of goat anti-human IgE (A18795, 

Thermo Fisher Scientific, Waltham, MA, US) diluted 1:2,000 in coating buffer and incubated at 4 

°C overnight. Plates were washed five times with PBS-T between each step. For all steps, plates 

were incubated at RT for one hour in the dark with gentle agitation, except the blocking step 

where plates were incubated in 37 °C without agitation. For intact cow’s milk and intact camel 

milk specific IgE detection, plates were blocked with 5% (v/v) horse serum diluted in PBS-T, for 

HT cow’s milk, HT camel milk and EH cow’s milk specific IgE detection, plates were blocked with 

10% (v/v) rabbit serum diluted in PBS-T, and for EH camel milk specific IgE detection, plates were 

blocked with 5% (v/v) rabbit serum diluted in PBS-T. Subsequently, plates were incubated for one 

hour with 50 µL/well of two-fold serial dilution of serum or plasma samples (v/v) in the blocking 

solution. Further, 50 µL/well of 1:1,000 of digoxigenin (DIG)-coupled intact cow’s milk and intact 

camel milk in PBS-T, 1:100 of DIG-coupled HT cow’s milk, HT camel milk, and EH cow’s milk in 

10% (v/v) rabbit serum, and 1:50 of DIG-coupled EH camel milk in 5% (v/v) rabbit serum were 

added. Finally, for all products, plates were incubated with 100 µL/well of HRP-labelled sheep-

anti-DIG-POD (11633716001, Roche, Diagnostics GmbH, Mannheim, Germany) diluted 1:1,000 

(v/v) in PBS-T. Plates were additionally washed twice with tap water and incubated with 100 

µL/well of TMB-one (Kementec Diagnosis) for 12 min. The reaction was stopped with 100 µL/well 

of 0.2 M H2SO4 and the absorbance was measured. The results were expressed as log2 titre values 

with individual cut-off values to an OD determined individually for each product.  

2.4. Basophil activation test (BAT) 

To evaluate whether intact cow’s milk, intact camel milk, HT cow’s milk, HT camel milk, EH cow’s 

milk, and EH camel milk activate basophils of individuals with CMA, the upregulation of CD63 on 

the surface of basophils was measured upon stimulation with the above-mentioned milk 

products by flow cytometry following the manufacturer’s instructions (FlowCAST Buehlmann, 

Switzerland). In brief, heparinised whole blood was stimulated in a serial 10-fold dilution (1-

10000 ng/mL) with each of the milk products in the presence of fluorescence antibodies to CD63 

and the chemokine receptor CCR3. A specific monoclonal antibody binding to the high affinity IgE 

receptor (FcεRI) and the unspecific cell activator fMLP were used as positive controls for 

degranulation. Basophils were defined as SSClow/CCR3+ cell population and activation was 

measured as the percentage of CD63+ basophils compared to non-stimulated cells. All flow 

cytometry experiments were performed with a BD FACS Canto II (Becton, Dickinson and 

Company, NJ, US).  
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2.5. Statistics  

Graphs and if applicable statistical analyses were performed using GraphPrism version 9.0.1 (San 

Diego, CA, USA). Results from ELISAs were expressed as log2 titre values. Only results from 

indirect ELISAs were subjected to statistical analyses where D’Agostino-Pearson normality test 

was first performed. Differences between more than two groups were analysed using Kruskal-

Wallis test followed by Dunn’s post-test for multiple comparison. Differences between the 

products specific IgG were regarded as statistically significant if P ≤ 0.05. Asterisks indicate 

statistically significant differences between two given groups: ∗ = P ≤ 0.05, ∗∗ = P ≤ 0.01, ∗∗∗ = P 

≤ 0.001, ∗∗∗∗ P ≤ 0.0001 and ns indicate no statistically significant.  

3. Results  

3.1. Processing decreased cross-reactivity between cow’s and camel milk proteins 

To evaluate the pattern of IgG reactivity in serum/plasma samples from children with CMA, the 

level of IgG binding towards intact cow’s milk, intact camel milk,  HT cow’s milk, HT camel milk, 

EH cow’s milk and EH camel milk was measured and expressed in titre values. There was no 

significant difference between the IgG binding towards cow’s milk and HT cow’s milk, but the 

antibody binding towards EH cow’s milk was significantly lower when compared with intact cow’s 

milk (Figure 1A). This indicates that while enzyme hydrolysis of cow’s milk proteins reduced their 

immune recognition in individuals with CMA, heat treatment of cow’s milk proteins did not 

change their immune binding. Similarly, there was no significant difference between the IgG 

binding towards intact camel milk and HT camel milk, but the antibody binding towards EH camel 

milk was significantly lower when comparing with intact camel milk (Figure 1A). Yet, figure 1A 

clearly shows that IgG antibody binding was lower for all camel milk products when comparing 

with cow’s milk. Even though, no significant difference was observed between IgG binding to 

cow’s milk and camel milk, there was four times less binding to intact camel milk when compared 

to intact cow’s milk (Figure 1A).  

In addition to evaluate whether heat treatment and enzyme hydrolysis reduce cross-reactivity 

between cow’s and camel milk proteins, as well as whether heat treatment and enzyme 

hydrolysis reduce allergenicity of cow’s milk, the level of IgE binding was measured, as IgE is the 

key player in IgE mediated food allergy [157]. While heat treatment did not reduce the 

allergenicity of cow’s milk proteins as all children showed IgE reactivity towards HT cow’s milk, 

enzyme hydrolysis reduced cow’s milk allergenicity as only 3 children showed IgE reactivity 

towards EH cow’s milk (Figure 1B). In addition, only some children raised IgE that reacted with 

intact camel milk and HT camel milk indicating a low cross-reactivity between cow’s and camel 

milk proteins being further decreased with enzyme hydrolysis of camel milk as only one child 

raised IgE that reacted with EH camel milk as shown in Figure 1B.  
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Figure 1. Reactivity of IgG and IgE antibodies in individuals with cow’s milk allergy (CMA) towards: (●) 

intact cow’s milk, (■) EH cow’s milk, (▲) HT cow’s milk, (●) intact camel milk, (■) EH camel milk and (▲) 

HT camel milk. (A) Comparison of IgG reactivity. Statistically significant differences in reactivity between 

intact cow’s and camel milk and their HT and EH versions as well as in reactivity towards cow’s milk and 

all milk products, were analysed using Kruskal-Wallis test followed by Dunn’s post-test for multiple 

comparison. Asterisks indicates statistically significant differences as *P≤ 0.05, **P≤ 0.01, ***P≤ 0.001, ∗

∗∗∗ P ≤ 0.0001 and ns, no statistically significant. (B) Comparison of IgE reactivity. Each symbol represents 

an individual sample. Horizontal lines on the graph display the median (A) and mean (B) values for each 

product.  

 

3.2. Basophil activation test 

In order to evaluate ex vivo basophil activation in a limited number of blood samples from 

children with CMA (n=3), BAT tests were performed to determine the upregulation of CD63 on 

the surface of basophils after their stimulation with different cow’s and camel milk products. 

Figure 2A, 2B, and 2C displays results from individual children after stimulation with intact cow’s 

milk, intact camel milk, HT cow’s milk, HT camel milk, EH cow’s milk, and EH camel milk. Due to 

the sample limitation, one sample (Figure 2A) was only stimulated with cow’s milk, camel milk, 

HT cow’s milk, and HT camel milk. In sample A, intact cow’s milk and HT cow’s milk caused approx. 

80% of basophil activation already at the concentration of 100 ng/mL (Figure 2A). On the other 

hand, intact camel milk and HT camel milk activated approx. 60% of basophils and at a maximum 

concentration i.e. 10000 ng/mL (Figure 2A). Further, in samples B and C approx. 20% and 40% of 

basophils respectively were activated at the highest concentrations of intact cow’s milk while 

other products were not able to activate basophils in those samples at all except HT cow’s milk 
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which activated approx. 10% of basophils in sample C at the highest concentration (Figure 2B and 

2C).  

 
Figure 2. Basophil activation test. Ex vivo basophil activation performed with whole blood of individuals 

with cow’s milk allergy (CMA) basophils expressing CD63 activation markers. The results are presented as 

%CD63 positive basophils at serial dilutions from 1 ng/mL to 10000 ng/mL of different milk products: (●) 

intact cow’s milk, (■) EH cow’s milk, (▲) HT cow’s milk, (●) intact camel milk, (■) EH camel milk and (▲) 

HT camel milk. ● represents individual sample background and ● represents positive control (Anti-FceRI). 

Each graph (A), (B), (C) represents the results of an individual sample.  

 

4. Discussion  

Camel milk has recently gained an interest for its applicability in CMA management due to the 

lack of BLG and low homology with cow’s milk proteins [21,23]. While processing to reduce cow’s 

milk proteins allergenicity has been well studied [28,48,92], to our knowledge no studies were 

conducted yet where the processing of camel milk and its influence on cross-reactivity with cow’s 

milk proteins was evaluated. In this study, it was demonstrated that processing such as enzyme 

hydrolysis and probably heat treatment reduced cross-reactivity between cow’s and camel milk 

proteins in children with CMA. 

Certainly, parameters of processing such as temperature and time for heat treatment as well as 

enzyme specificity and duration of hydrolysis for enzyme hydrolysis are crucial for their influence 

on the degree of proteins modification [27,46,49]. In the present study, we showed that heat 

treatment of cow’s milk did not reduce its allergenicity which was in line with Abbring et al. who 

suggested that heat treatment has no positive effect on cow’s milk proteins allergenicity 

reduction [97]. In the contrary, Nowak-Wegrzyn et al. showed that extensively heat treated cow’s 

milk was well tolerated in children with CMA [95]. Moreover, baked milk was shown to accelerate 

the resolution of cow’s milk allergy [155,156]. This clearly shows that differences in heat 

treatment parameters as well as matrix effect play an important role in whether allergenicity of 

cow’s milk proteins is reduced or even increased [46,93,158]. Based on the results in Manuscript 

III, it was shown that HT cow’s milk contains much more aggregated proteins as well as increased 

number of amino-acid cross-links caused by heat treatment, when compared with intact cow’s 

milk. As the allergenicity of HT cow’s milk was not reduced, it could be speculated that still a great 

amount of denatured but not aggregated whey proteins was available, where their unfolding 
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caused exposure of hidden allergic epitopes or that neo epitopes on the surface of aggregates 

were created [159]. For HT camel milk, there is no equivocal conclusion on whether heat 

treatment of camel milk could even decrease its cross-reactivity with cow’s milk proteins. In this 

study, out of three children who showed cross-reactivity with HT camel milk, two of them had a 

slightly lower IgE titre value when compared with the IgE titre value for intact camel milk. Indeed 

an analysis using a higher number of samples would be of a high benefit to make more clear 

conclusions.  

Based on the results in Manuscript III it was shown that no intact proteins were left after EH of 

cow’s and camel milk. Both EH cow’s and camel milk however contained peptides of around 5 

kDa thus equal to an average length of 45 aa. In this study only one child cross-react with EH 

camel milk. Therefore, partial hydrolysis of camel milk seems to be a good option to improve 

camel milk usefulness for those individuals who still showed cross-reactivity with intact camel 

milk.  

BAT is an important diagnostic tool used as a clinical marker also in CMA [160]. In this study using 

a limited number of blood samples from children with CMA, BAT with different cow’s and camel 

milk products was performed. Even though BAT was only performed using blood samples from 

three children, it clearly showed that activation of basophils differed between different patients 

and different milk products that basophils were stimulated with. The differences were observed 

in basophil activation caused by intact cow’s milk where in the first sample approx. 80% were 

activated while in the other two samples only 20-40% activation was achieved. The differences 

observed could be explained by different specific IgE level as well as differences in observed 

symptoms during challenge with cow’s milk, suggesting that the higher level of specific IgE and 

symptoms, the more basophils activated [161]. Intact camel milk as well as HT camel milk 

triggered an equally high basophil activation but only for sample A. For the second and third 

sample, probably due to the low activation with intact cow’s milk, other milk products did not 

show any activation at all. These results, showing a great heterogenicity between different 

patients are in line with Morisawa et al., where using histamine release assay it was indicated 

that ten patients showed very different patterns of histamine release upon stimulation with 

cow’s milk, HT cow’s milk and EH cow’s milk [162].  Performing BAT test with a higher number of 

blood samples from children with severe CMA, using all milk products used in this study would 

be of a great value for further evaluation of camel milk products usefulness in CMA management.  

5. Conclusions  

This study showed that intact cow’s and camel milk had a low cross-reactivity in children with 

CMA which could be even decreased by processing methods such as enzyme hydrolysis and 

perhaps heat treatment. 
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8 General discussion 

Cow’s milk allergy (CMA) is the most common type of food allergy among infants and small 

children [5]. CMA management is based on selection of appropriate hypoallergenic infant 

formula to suit individual needs [108], when breastfeeding is not an option. For CMA prevention, 

at present, there are no specific recommendations for the use of any particular infant formula 

but as for CMA management a choice should be matched to individual needs [39].  

Increasing interest in alternative mammalian milks, increases a need for their overall sensitising 

and capacity evaluation and also detailed evaluation of their potency to be used in CMA 

management and prevention. Camel milk is the main focus in this PhD project, as an alternative 

source of proteins in infant formula manufacture. Therefore, the aims of this project were to 

evaluate immunogenicity, sensitising, cross-reactive and tolerogenic capacity of camel milk in 

order to obtain solid scientific evidences for its usefulness in CMA management and prevention.  

8.1. Allergenicity of camel milk  

In this PhD project allergenicity of camel milk using BN rat model was evaluated for the first time 

showing that camel milk was as good to induce sensitisation as cow’s milk (Manuscript II and 

Manuscript IV). From the perspective of camel milk allergenicity in a human population, there is 

almost no data available. This is due to the fact that camel milk is in general much less available 

worldwide as it only corresponds to 0.4% of the global milk production [16] . Allergy to camel 

milk may be increased in countries where camel milk is easily available such as Middle East, parts 

of Africa, Asia and Australia, though not yet well evaluated.  At present there is one human study 

available where allergy to camel milk was confirmed in nine patients [163], as well as one case 

report where anaphylaxis to camel milk was reported in an atopic child [164]. In this PhD project, 

results showed that cow’s milk could be an alternative in individuals with camel milk allergy due 

to their low cross-reactivity. However, it should be highlighted that cow’s milk contains β-

lactoglobulin (BLG) that is not present in camel milk [23], and is also one of the most allergenic 

proteins in cow’s milk [165]. Therefore when introducing cow’s milk in individual with camel milk 

allergy, additional allergy towards BLG may be induced.   

Enzyme hydrolysis and heat treatment were evaluated as a processing methods to reduce 

allergenicity of camel milk proteins. Results in Manuscript IV showed that enzyme hydrolysis is 

an effective method to reduce allergenicity of camel milk proteins. Heat treatment used in this 

PhD project showed not to reduce allergenicity of camel milk but it partially did for cow’s milk. 

This is due to the fact that cow’s and camel milk because of their different proteins and other 

components composition, behaved differently under heat treatment as shown in Manuscript III. 

This is very important knowledge for the future application of processing methods such as 

enzyme hydrolysis and heat treatment to modify camel milk proteins, highlighting that in order 
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to obtain comparable degree of proteins modifications in cow’s and camel milk, processing 

parameters should be applied individually.  

8.2. Tolerogenic properties of camel milk  

In this PhD project tolerogenic capacity of camel milk using prophylactic BN rat model was 

evaluated for the first time showing that oral introduction of camel milk did not induce any 

sensitisation, thus is a good prerequisite for oral tolerance induction (Manuscript V). The same 

was observed for cow’s milk. However, proteins in camel milk could not drive tolerance to 

counterpart proteins in cow’s milk probably due to their low sequence homology [21]. On the 

other hand, in a study by Levy et al. it was observed that patients allergic to cow’s milk who 

showed cross-reactivity with goat and sheep milk proteins,  after oral immunotherapy (OIT) with 

cow’s milk and successful tolerance induction, they also showed induced tolerance to goat and 

sheep milk proteins [166]. This means that probably due to the high sequence homology between 

cow’s milk and goat and sheep milk proteins [21], induction of tolerance to proteins in cow’s milk, 

could drive tolerance to proteins in goat and sheep milk.  

8.3. Camel milk in infant formula production 

There are two protein fractions in milk that are used in infant formula production i.e. whey and 

caseins, with their ratio adjusted or used separately [167]. In Manuscript II, it was shown that 

there was a lower cross-reactivity between cow’s and camel milk caseins than whey proteins. 

This knowledge could be used for even better utility of camel milk in the production of infant 

formula. Selection of the best suited infant formula for an individual needs is crucial for the best 

CMA management. For example, if an infant with CMA raised mainly IgEs specific for BLG, use of 

whole camel milk based infant formula could be a good choice. However if reactivity to other 

whey proteins is detected, especially towards SA that in Manuscript II and Manuscript IV showed 

to be the most cross-reactive cow’s and camel milk protein,  use of camel milk casein based infant 

formula would be a better choice.  

In this PhD project it was shown that processing such as enzyme hydrolysis could be applied in 

camel milk for proteins partial digestion as in Manuscript IV it was shown that enzyme hydrolysis 

reduced sensitising and cross-reactive capacity of camel milk still keeping its immunogenicity 

which is a good feature of potential tolerance induction. In Manuscript VI enzyme hydrolysis 

showed to reduce cow’s and camel milk proteins cross-reactivity, indicating that enzyme 

hydrolysed camel milk could be used in individuals with CMA who showed a reactivity towards 

intact camel milk.  

Camel milk contains approx. three times more vitamin C when comparing with cow’s milk [168]. 

Moreover, camel milk was evaluated for its beneficial immunomodulatory components and 

bioactive peptides [59,123,146,169], which could also be of a huge value when producing camel 

milk based infant formulas.  
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9 Conclusion 

The results from this PhD project showed that camel milk is a potential alternative to 

hypoallergenic infant formulas based on hydrolysed cow’s milk proteins used in CMA 

management for most of the infants and small children with CMA. In addition, partial hydrolysis 

and heat treatment of camel milk showed to be efficient methods to improve usefulness of camel 

milk in CMA management.  

The results from this PhD project showed that camel milk could not be used for CMA prevention. 

In general this emphasizes that when one product is suitable for particular allergy management, 

there is a high chance it will not be suitable for its prevention.  

In order to design infant formula based on camel milk proteins with the aim to manage CMA, 

further human studies with infants and small children allergic to cow’s milk are needed.  

 

 

 



References 

 

 134 

References  

1. Sabaté J, Soret S. Sustainability of plant-based diets: Back to the future. Am J Clin Nutr. 
2014;100:476–82.  

2. Global Plant Based Food Market Report 2020-2027: Rising Industry Concentration with 
Growth in Mergers and Acquisitions in the Plant-Based Products Space [Internet]. Available 
from: https://www.prnewswire.com/news-releases/global-plant-based-food-market-report-
2020-2027-rising-industry-concentration-with-growth-in-mergers-and-acquisitions-in-the-plant-
based-products-space-301268737.html 

3. Khalesi M, Salami M, Moslehishad M, Winterburn J, Moosavi-Movahedi AA. Biomolecular 
content of camel milk: A traditional superfood towards future healthcare industry. Trends Food 
Sci Technol. 2017;62:49–58.  

4. Faye B, Konuspayeva G. The sustainability challenge to the dairy sector - The growing 
importance of non-cattle milk production worldwide. Int Dairy J. 2012;24:50–6.  

5. Flom JD, Sicherer SH. Epidemiology of cow’s milk allergy. Nutrients. 2019;11.  

6. Fiocchi A, Bognanni A, Brożek J, Ebisawa M, Schünemann H, Ansotegui IJ, Arasi S, Assa’ad AH, 
Bahna SL, Canani RB, et al. World Allergy Organization (WAO) Diagnosis and Rationale for 
Action against Cow’s Milk Allergy (DRACMA) Guidelines update – I – Plan and definitions. World 
Allergy Organ J. 2022;15.  

7. Maryniak NZ, Sancho AI, Hansen EB, Bøgh KL. Alternatives to Cow’s Milk ‐ Based Infant 
Formulas in the Prevention and Management of Cow’s Milk Allergy. Foods. 2022;11.  

8. Restani P, Beretta B, Fiocchi A, Ballabio C, Galli CL. Cross-reactivity between mammalian 
proteins. Ann Allergy, Asthma Immunol. 2002;89:11–5.  

9. Infante Pina D, Tormo Carnice R, Conde Zandueta M. Use of goat’s milk in patients with cow’s 
milk allergy. An Pediatr. 2003;59:138–42.  

10. Vojdani A, Turnpaugh C, Vojdani E. Immune reactivity against a variety of mammalian milks 
and plant-based milk substitutes. J Dairy Res. 2018;85:358–65.  

11. Faye B. The camel, new challenges for a sustainable development. Trop Anim Health Prod. 
2016;48:689–92.  

12. Meyer K, Hummel J, Clauss M. The relationship between forage cell wall content and 
voluntary food intake in mammalian herbivores. Mamm Rev. 2010;40:221–45.  

13. Dittmann MT, Runge U, Lang RA, Moser D, Galeffi C, Kreuzer M, Clauss M. Methane 
emission by camelids. PLoS One. 2014;9.  

14. Zou Z, Duley JA, Cowley DM, Reed S, Arachchige BJ, Shaw PN, Bansal N. Comprehensive 
biochemical and proteomic characterization of seasonal Australian camel milk. Food Chem. 
2022;381.  



References 

 

 135 

15. Berhe T, Seifu E, Ipsen R, Kurtu MY, Hansen EB. Processing Challenges and Opportunities of 
Camel Dairy Products. Int J Food Sci. 2017;2017.  

16. Roy D, Ye A, Moughan PJ, Singh H. Composition, Structure, and Digestive Dynamics of Milk 
From Different Species—A Review. Front Nutr. 2020;7:1–17.  

17. Genene A, Hansen EB, Eshetu M, Hailu Y, Ipsen R. Effect of heat treatment on denaturation 
of whey protein and resultant rennetability of camel milk. Lwt. 2019;101:404–9.  

18. Singh R, Mal G, Kumar D, Patil N V., Pathak KML. Camel Milk: An Important Natural 
Adjuvant. Agric Res. 2017;6:327–40.  

19. Mudgil P, Baba WN, Alneyadi M, Ali Redha A, Maqsood S. Production, characterization, and 
bioactivity of novel camel milk-based infant formula in comparison to bovine and commercial 
sources. Lwt. 2021;154:112813.  

20. Mudgil P, Baba WN, Alneyadi M, Ali Redha A, Maqsood S. Production, characterization, and 
bioactivity of novel camel milk-based infant formula in comparison to bovine and commercial 
sources. Lwt. 2022;154.  

21. Maryniak NZ, Hansen EB, Ballegaard A-SR, Sancho AI, Bøgh KL. Comparison of the 
allergenicity and immunogenicity of Camel and cow’s milk—A study in brown Norway rats. 
Nutrients. 2018;10.  

22. Hailu Y, Hansen EB, Seifu E, Eshetu M, Ipsen R, Kappeler S. Functional and technological 
properties of camel milk proteins: a review. J Dairy Res. 2016;83:422–9.  

23. Omar A, Harbourne N, Oruna-Concha MJ. Quantification of major camel milk proteins by 
capillary electrophoresis. Int Dairy J. 2016;58:31–5.  

24. Navarrete-Rodríguez EM, Ríos-Villalobos LA, Alcocer-Arreguín CR, Del-Rio-Navarro BE, Del 
Rio-Chivardi JM, Saucedo-Ramírez OJ, Sienra-Monge JJL, Frias R V. Cross-over clinical trial for 
evaluating the safety of camel’s milk intake in patients who are allergic to cow’s milk protein. 
Allergol Imunopathologia. 2017;46:149–154.  

25. El-Agamy EI, Nawar M, Shamsia SM, Awad S, Haenlein GFW. Are camel milk proteins 
convenient to the nutrition of cow milk allergic children? Small Rumin Res. 2009;82:1–6.  

26. Ehlayel MS, Hazeima KA, Al-Mesaifri F, Bener A. Camel milk: An alternative for cow’s milk 
allergy in children. Allergy Asthma Proc. 2011;32:255–8.  

27. Bøgh KL, Larsen JM. Chapter 19: Reducing allergenicity by proteolysis. Agents Chang Enzym 
Milk Dairy Prod. Springer: Berlin/Heidleberg, Germany; 2021. p. 499–524.  

28. Bu G, Luo Y, Chen F, Liu K, Zhu T. Milk processing as a tool to reduce cow’s milk allergenicity: 
A mini-review. Dairy Sci Technol. 2013;93:211–23.  

29. Baby Formula [Internet]. [cited 2022 Apr 12]. Available from: 
https://camelicious.com/products/baby-formula-camel-milk 

30. Smeekens JM, Kulis MD. Mouse Models of Food Allergy in the Pursuit of Novel Treatment 



References 

 

 136 

Modalities. Front Allergy. 2021;2:1–7.  

31. Knippels LMJ, Penninks AH, Spanhaak S, Houben GF. Oral sensitization to food proteins : a 
Brown Norway rat model. 1998;28:368–75.  

32. Dearman RJ, Kimber I. A mouse model for food allergy using intraperitoneal sensitization. 
Methods. 2007;41:91–8.  

33. Brough HA, Nadeau KC, Sindher SB, Alkotob SS, Chan S, Bahnson HT, Leung DYM, Lack G. 
Epicutaneous sensitization in the development of food allergy: What is the evidence and how 
can this be prevented? Allergy Eur J Allergy Clin Immunol. 2020;75:2185–205.  

34. Schülke S, Albrecht M. Mouse Models for Food Allergies: Where Do We Stand? Cells. 
2019;8:546.  

35. Adel-Patient K, Bernard H, Ah-Leung S, Créminon C, Wal JM. Peanut- and cow’s milk-specific 
IgE, Th2 cells and local anaphylactic reaction are induced in Balb/c mice orally sensitized with 
cholera toxin. Allergy Eur J Allergy Clin Immunol. 2005;60:658–64.  

36. Castan L, Bøgh KL, Maryniak NZ, Epstein MM, Kazemi S, O’Mahony L, Bodinier M, Smit JJ, 
van Bilsen JHM, Blanchard C, et al. Overview of in vivo and ex vivo endpoints in murine food 
allergy models: Suitable for evaluation of the sensitizing capacity of novel proteins? Allergy Eur 
J Allergy Clin Immunol. 2020;75:289–301.  

37. Patrick JBE, Geoffrey BJ. Structure and Stability of Whey Proteins. Milk Proteins. Second Edi. 
Elsevier Inc.; 2014. p. 201–42. Available from: http://dx.doi.org/10.1016/B978-0-12-405171-
3/00007-6 

38. Snyder CS, Moodie DS. Hypoallergenic infant formulas. Pediatrics. 2000;106:346–9.  

39. Halken S, Muraro A, de Silva D, Khaleva E, Angier E, Arasi S, Arshad H, Bahnson HT, Beyer K, 
Boyle R, et al. EAACI guideline: Preventing the development of food allergy in infants and young 
children (2020 update). Pediatr Allergy Immunol. 2021;32:843–58.  

40. Martin CR, Ling PR, Blackburn GL. Review of infant feeding: Key features of breast milk and 
infant formula. Nutrients. 2016;8(5):1–11.  

41. Panyam D, Kilara A. Enhancing the functionality of food proteins by enzymatic modification. 
Trends food Sci Technol. 1996;7:120–5.  

42. Wróblewska B, Karamać M, Amarowicz R, Szymkiewicz A, Troszyńska A, Kubicka E. 
Immunoreactive properties of peptide fractions of cow whey milk proteins after enzymatic 
hydrolysis. Int J Food Sci Technol. 2004;39:839–50.  

43. Bøgh KL, Madsen CB. Food Allergens: Is There a Correlation between Stability to Digestion 
and Allergenicity? Crit Rev Food Sci Nutr. 2016;56:1545–67.  

44. Hochwallner H, Schulmeister U, Swoboda I, Spitzauer S, Valenta R. Cow’s milk allergy: From 
allergens to new forms of diagnosis, therapy and prevention. Methods. 2014;66:22–33.  

45. G.Bylund et al. Dairy Processing Handbook. Tetra Pak Processing System AB, SE-211 86, 



References 

 

 137 

Lund, Sweden; 2015.  

46. Nowak-Wegrzyn A, Fiocchi A. Rare, medium, or well done? The effect of heating and food 
matrix on food protein allergenicity. Curr Opin Allergy Clin Immunol. 2009;9:234–7.  

47. Rahaman T, Vasiljevic T, Ramchandran L. Effect of processing on conformational changes of 
food proteins related to allergenicity. Trends Food Sci Technol. 2016;49:24–34.  

48. Villa C, Costa J, Oliveira MBPP, Mafra I. Bovine Milk Allergens: A Comprehensive Review. 
Compr Rev Food Sci Food Saf. 2018;17:137–64.  

49. Verhoeckx KCM, Vissers YM, Baumert JL, Faludi R, Feys M, Flanagan S, Herouet-Guicheney 
C, Holzhauser T, Shimojo R, van der Bolt N, et al. Food processing and allergenicity. Food Chem 
Toxicol. 2015;80:223–40.  

50. Barbé F, Ménard O, Le Gouar Y, Buffière C, Famelart MH, Laroche B, Le Feunteun S, Dupont 
D, Rémond D. The heat treatment and the gelation are strong determinants of the kinetics of 
milk proteins digestion and of the peripheral availability of amino acids. Food Chem. 
2013;136:1203–12.  

51. Donato L, Guyomarc’h F. Formation and properties of the whey protein/κ-casein complexes 
in heated skim milk - A review. Dairy Sci Technol. 2009;89:3–29.  

52. Gaspard SJ, Auty MAE, Kelly AL, O’Mahony JA, Brodkorb A. Isolation and characterisation of 
κ-casein/whey protein particles from heated milk protein concentrate and role of κ-casein in 
whey protein aggregation. Int Dairy J. 2017;73:98–108.  

53. Felfoul I, Jardin J, Gaucheron F, Attia H, Ayadi MA. Proteomic profiling of camel and cow 
milk proteins under heat treatment. Food Chem. 2017;216:161–9.  

54. Nielsen SD, Knudsen LJ, Bækgaard LT, Rauh V, Larsen LB. Influence of Lactose on the 
Maillard Reaction and Dehydroalanine-Mediated Protein Cross-Linking in Casein and Whey. 
Foods. 2022;11.  

55. Nielsen SD, Le TT, Knudsen LJ, Rauh V, Poulsen NA, Larsen LB. Development and application 
of a multiple reaction monitoring mass spectrometry method for absolute quantification of 
lysinoalanine and lanthionine in dairy products. Int Dairy J. 2020;105.  

56. van Lieshout GAA, Lambers TT, Bragt MCE, Hettinga KA. How processing may affect milk 
protein digestion and overall physiological outcomes: A systematic review. Crit Rev Food Sci 
Nutr. 2020;60:2422–45.  

57. Zibaee S, Hosseini SM al-reza, Yousefi M, Taghipour A, Kiani MA, Noras MR. Nutritional and 
Therapeutic Characteristics of Camel Milk in Children: A Systematic Review. Electron physician. 
2015;7:1523–8.  

58. Al haj OA, Al Kanhal HA. Compositional, technological and nutritional aspects of dromedary 
camel milk. Int Dairy J. 2010;20:811–21.  

59. Swelum AA, El-Saadony MT, Abdo M, Ombarak RA, Hussein EOS, Suliman G, Alhimaidi AR, 



References 

 

 138 

Ammari AA, Ba-Awadh H, Taha AE, et al. Nutritional, antimicrobial and medicinal properties of 
Camel’s milk: A review. Saudi J Biol Sci. 2021;28:3126–36.  

60. Cho Y, Singh H, Creamer LK. Heat-induced interactions of β-lactoglobulin A and κ-casein B in 
a model system. J Dairy Res. 2003;70:61–71.  

61. Fenaille F, Parisod V, Visani P, Populaire S, Tabet JC, Guy PA. Modifications of milk 
constituents during processing: A preliminary benchmarking study. Int Dairy J. 2006;16:728–39.  

62. Tyanova S, Temu T, Cox J. The MaxQuant computational platform for mass spectrometry-
based shotgun proteomics. Nat Protoc. Nature Publishing Group; 2016;11:2301–19.  

63. Hussein FA, Chay SY, Zarei M, Auwal SM, Hamid AA, Wan Ibadullah WZ, Saari N. Whey 
protein concentrate as a novel source of bifunctional peptides with angiotensin-i converting 
enzyme inhibitory and antioxidant properties: RSM study. Foods. 2020;9.  

64. Doucet D, Otter DE, Gauthier SF, Foegeding EA. Enzyme-induced gelation of extensively 
hydrolyzed whey proteins by alcalase: Peptide identification and determination of enzyme 
specificity. J Agric Food Chem. 2003;51:6300–8.  

65. Hedstrom L. Trypsin: a case study in the structural determinants of enzyme specificity. Biol 
Chem. 1996;377:465–70.  

66. Bijl E, van Valenberg HJF, Huppertz T, van Hooijdonk ACM, Bovenhuis H. Phosphorylation of 
αS1-casein is regulated by different genes. J Dairy Sci. 2014;97:7240–6.  

67. Li H, Zhao T, Li H, Yu J. Effect of Heat Treatment on the Property, Structure, and Aggregation 
of Skim Milk Proteins. Front Nutr. 2021;8:1–8.  

68. Bennion BJ, Daggett V. The molecular basis for the chemical denaturation of proteins by 
urea. Proc Natl Acad Sci U S A. 2003;100:5142–7.  

69. Alliegro MC. Effects of dithiothreitol on protein activity unrelated to thiol- disulfide 
exchange: For consideration in the analysis of protein function with cleland’s reagent. Anal 
Biochem. 2000;282:102–6.  

70. Skripak JM, Matsui EC, Mudd K, Wood RA. The natural history of IgE-mediated cow’s milk 
allergy. J Allergy Clin Immunol. 2007;120:1172–7.  

71. Zepeda-Ortega B, Goh A, Xepapadaki P, Sprikkelman A, Nicolaou N, Hernandez REH, Latiff 
AHA, Yat MT, Diab M, Hussaini B Al, et al. Strategies and Future Opportunities for the 
Prevention, Diagnosis, and Management of Cow Milk Allergy. Front Immunol. 2021;12:1–13.  

72. Høst A, Halken S. A prospective study of cow milk allergy in Danish infants during the first 3 
years of life: Clinical course in relation to clinical and immunological type of hypersensitivity 
reaction. Allergy. 1990;45:587–96.  

73. M.M. Vonk, A.I. Kostadinova, M.V. Kopp BCAM van, Esch, L.E.M. Willemsen, L.M.J. Knippels 
JG. Dietary Interventions in Infancy. Allergy, Immun Toler Early Child. 2016. p. 261–84.  

74. WHO. Guideline: Counselling of Women to Improve Breastfeeding Practices [Internet]. 



References 

 

 139 

2018. Available from: https://www.who.int/publications/i/item/9789241550468 

75. Fiocchi A, Dahda L, Dupont C, Campoy C, Fierro V, Nieto A. Cow’s milk allergy: towards an 
update of DRACMA guidelines. World Allergy Organ J. 2016;9(35):1–11.  

76. Vandenplas Y, Bhatia J, Shamir R, Agostoni C, Turck D, Staiano A, Szajewska H. Hydrolyzed 
formulas for allergy prevention. J Pediatr Gastroenterol Nutr. 2014;58:549–52.  

77. American Academy of Pediatrics C of N. Hypoallergenic Infant Formulas. Pediatrics. 
2000;106:346–9.  

78. Vandenplas Y. Prevention and management of cow’s milk allergy in non-exclusively 
breastfed infants. Nutrients. 2017;9:1–15.  

79. Koletzko S, Niggemann B, Arato A, Dias JA, Heuschkel R, Husby S, Mearin ML, Papadopoulou 
A, Ruemmele FM, Staiano A, et al. Diagnostic approach and management of cow’s-milk protein 
allergy in infants and children: Espghan gi committee practical guidelines. J Pediatr 
Gastroenterol Nutr. 2012;55:221–9.  

80. Fleischer DM, Chan ES, Venter C, Spergel JM, Abrams EM, Stukus D, Groetch M, Shaker M, 
Greenhawt M. A Consensus Approach to the Primary Prevention of Food Allergy Through 
Nutrition: Guidance from the American Academy of Allergy, Asthma, and Immunology; 
American College of Allergy, Asthma, and Immunology; and the Canadian Society for Allergy 
and Clinical. J Allergy Clin Immunol Pract. 2021;9:22–43.  

81. Joshi PA, Smith J, Vale S, Campbell DE. The Australasian Society of Clinical Immunology and 
Allergy infant feeding for allergy prevention guidelines. Med J Aust. 2019;210:89–93.  

82. Von Berg A, Koletzko S, Grübl A, Filipiak-Pittroff B, Wichmann HE, Bauer CP, Reinhardt D, 
Berdel D. The effect of hydrolyzed cow’s milk formula for allergy prevention in the first year of 
life: The German Infant Nutritional Intervention Study, a randomized double-blind trial. J Allergy 
Clin Immunol. 2003;111:533–40.  

83. Lowe AJ, Hosking CS, Bennett CM, Allen KJ, Axelrad C, Carlin JB, Abramson MJ, Dharmage 
SC, Hill DJ. Effect of a partially hydrolyzed whey infant formula at weaning on risk of allergic 
disease in high-risk children: A randomized controlled trial. J Allergy Clin Immunol. 
2011;128:360-365.e4.  

84. Osborn DA, Sinn JKH, Jones LJ. Infant formulas containing hydrolysed protein for prevention 
of allergic disease. Cochrane Database Syst Rev. 2018;1–119.  

85. Lowe AJ, Dharmage SC, Allen KJ, Tang ML, Hill DJ. The role of partially hydrolyzed whey 
formula for the prevention of allergic disease: Evidence and gaps. Expert Rev Clin Immunol. 
2013;9:31–41.  

86. Bøgh KL, Barkholt V, Madsen CB. The sensitising capacity of intact β-lactoglobulin is reduced 
by Co-administration with digested β-lactoglobulin. Int Arch Allergy Immunol. 2013;161:21–36.  

87. Bøgh KL, Barkholt V, Madsen CB. Characterization of the Immunogenicity and Allergenicity 
of Two Cow’s Milk Hydrolysates - A Study in Brown Norway Rats. Scand J Immunol. 



References 

 

 140 

2015;81:274–83.  

88. Esch BCAM Van, Schouten B, Kivit S De, Hofman GA, Knippels MJ, Willemsen LEM, Garssen J. 
Oral tolerance induction by partially hydrolyzed whey protein in mice is associated with 
enhanced numbers of Foxp3 + regulatory T-cells in the mesenteric lymph nodes. 2011;22:820–
6.  

89. Liang X, Qian G, Sun J, Yang M, Shi X, Yang H, Wu J, Wang Z, Zheng Y, Yue X. Evaluation of 
antigenicity and nutritional properties of enzymatically hydrolyzed cow milk. Sci Rep. 
2021;11:1–14.  

90. Kiewiet MBG, van Esch BCAM, Garssen J, Faas MM, de Vos P. Partially hydrolyzed whey 
proteins prevent clinical symptoms in a cow’s milk allergy mouse model and enhance regulatory 
T and B cell frequencies. Mol Nutr Food Res. 2017;61:1–12.  

91. van Esch BCAM, Knipping K, Jeurink P, van der Heide S, Dubois AEJ, Willemsen LEM, Garssen 
J, Knippels LMJ. In vivo and in vitro evaluation of the residual allergenicity of partially 
hydrolysed infant formulas. Toxicol Lett. 2011;201:264–9.  

92. Golkar A, Milani JM, Vasiljevic T. Altering allergenicity of cow’s milk by food processing for 
applications in infant formula. Crit Rev Food Sci Nutr. 2019;59:159–72.  

93. Bavaro SL, De Angelis E, Barni S, Pilolli R, Mori F, Novembre EM, Monaci L. Modulation of 
milk allergenicity by baking milk in foods: A proteomic investigation. Nutrients. 2019;11:1–15.  

94. Uncuoglu A, Yologlu N, Simsek IE, Uyan ZS, Aydogan M. Tolerance to baked and fermented 
cow’s milk in children with IgE-mediated and non-IgE-mediated cow’s milk allergy in patients 
under two years of age. Allergol Immunopathol (Madr). 2017;45:560–6.  

95. Nowak-Wegrzyn A, Bloom KA, Sicherer SH, Shreffler WG, Noone S, Wanich N, Sampson HA. 
Tolerance to extensively heated milk in children with cow’s milk allergy. J Allergy Clin Immunol. 
2008;122.  

96. Leonard SA, Nowak-Wegrzyn AH. Baked Milk and Egg Diets for Milk and Egg Allergy 
Management. Immunol Allergy Clin North Am. 2016;36:147–59.  

97. Abbring S, Kusche D, Roos TC, Diks MAP, Hols G, Garssen J, Baars T, van Esch BCAM. Milk 
processing increases the allergenicity of cow’s milk—Preclinical evidence supported by a human 
proof-of-concept provocation pilot. Clin Exp Allergy. 2019;49:1013–25.  

98. Graversen KB, Ballegaard ASR, Kræmer LH, Hornslet SE, Sørensen L V., Christoffersen HF, 
Jacobsen LN, Untersmayr E, Smit JJ, Bøgh KL. Cow’s milk allergy prevention and treatment by 
heat-treated whey—A study in Brown Norway rats. Clin Exp Allergy. 2020;50:708–21.  

99. Roth-Walter F, Berin MC, Arnaboldi P, Escalante CR, Dahan S, Rauch J, Jensen-Jarolim E, 
Mayer L. Pasteurization of milk proteins promotes allergic sensitization by enhancing uptake 
through Peyer’s patches. Allergy Eur J Allergy Clin Immunol. 2008;63:882–90.  

100. Verduci E, D’Elios S, Cerrato L, Comberiati P, Calvani M, Palazzo S, Martelli A, Landi M, 
Trikamjee T, Peroni DG. Cow’s Milk Substitutes for Children: Nutritional Aspects of Milk from 



References 

 

 141 

Different Mammalian Species, Special Formula and Plant-Based Beverages. Nutrients. 
2019;11:1739.  

101. Tesse R, Paglialunga C, Braccio S, Armenio L. Adequacy and tolerance to ass’s milk in an 
Italian cohort of children with cow’s milk allergy. Ital J Pediatr. 2009;35:4–7.  

102. Businco L, Giampietro PG, Lucenti P, Lucaroni F, Pini C, Di Felice G, Lacovacci P, Curadi C, 
Orlandi M. Allergenicity of mare’s milk in children with cow’s milk allergy. J Allergy Clin 
Immunol. 2000;105:1031–4.  

103. Ehlayel M, Bener A, Abu Hazeima K, Al-Mesaifri F. Camel Milk Is a Safer Choice than Goat 
Milk for Feeding Children with Cow Milk Allergy. ISRN Allergy. 2011;2011:1–5.  

104. Panel E, Nda A. Scientific Opinion on the suitability of goat milk protein as a source of 
protein in infant formulae and in follow-on formulae. EFSA J. 2012;10:1–18.  

105. Rodríguez del Río P, Sánchez-García S, Escudero C, Pastor-Vargas C, Sánchez Hernández JJ, 
Pérez-Rangel I, Ibáñez MD. Allergy to goat’s and sheep’s milk in a population of cow’s milk-
allergic children treated with oral immunotherapy. Pediatr Allergy Immunol. 2012;23:128–32.  

106. Polidori P, Vincenzetti S. Use of donkey milk in children with cow’s milk protein allergy. 
Foods. 2013;2:151–9.  

107. Fernandez A, Mills ENC, Koning F, Moreno FJ. Allergenicity Assessment of Novel Food 
Proteins: What Should Be Improved? Trends Biotechnol. 2021;39:4–8.  

108. Muraro A, Werfel T, Hoffmann-Sommergruber K, Roberts G, Beyer K, Bindslev-Jensen C, 
Cardona V, Dubois A, Dutoit G, Eigenmann P, et al. EAACI Food Allergy and Anaphylaxis 
Guidelines: Diagnosis and management of food allergy. Allergy Eur J Allergy Clin Immunol. 
2014;69:1008–25.  

109. Prescott SL, Tang MLK. The Australasian Society of Clinical Immunology and Allergy 
position statement: Summary of allergy prevention in children. Med J Aust. 2005;182:464–7.  

110. Berg A von, Filipiak-Pittroff B, Krämer U, Link E, Heinrich J, Koletzko S, Grübl A, Hoffmann 
U, Beckmann C, Reinhardt D, et al. The German Infant Nutritional Intervention Study (GINI) for 
the preventive effect of hydrolysed infant formulas in infants at high risk for allergic diseases. 
Design and selected results. Allergol Sel. 2017;1:28–39.  

111. Vandenplas Y, Hauser B, Van den Borre C, Sacre L, Dab I. Effect of a whey hydrolysate 
prophylaxis of atopic disease. Ann Allergy. 1992;68:419–24.  

112. Chandra RK. Five-year follow up of high-risk infants with family history of allergy 
exclusively breast-fed or fed partial whey hydrolysate, soy and conventional cow’s milk 
formulas. Nutr Res. 1998;18:1395–411.  

113. de Silva D, Halken S, Singh C, Muraro A, Angier E, Arasi S, Arshad H, Beyer K, Boyle R, du 
Toit G, et al. Preventing food allergy in infancy and childhood: Systematic review of randomised 
controlled trials. Pediatr Allergy Immunol. 2020;31:813–26.  



References 

 

 142 

114. Boyle RJ, Ierodiakonou D, Khan T, Chivinge J, Robinson Z, Geoghegan N, Jarrold K, 
Afxentiou T, Reeves T, Cunha S, et al. Hydrolysed formula and risk of allergic or autoimmune 
disease: Systematic review and meta-analysis. BMJ. 2016;352.  

115. Iwamoto H, Matsubara T, Okamoto T, Matsumoto T, Yoshikawa M, Takeda Y. Ingestion of 
casein hydrolysate induces oral tolerance and suppresses subsequent epicutaneous 
sensitization and development of anaphylaxis reaction to casein in mice. Int Arch Allergy 
Immunol. 2019;179:221–30.  

116. Graversen KB, Larsen JM, Pedersen SS, Sørensen LV, Christoffersen HF, Jacobsen LN, 
Halken S, Licht TR, Bahl MI, Bøgh KL. Partially Hydrolysed Whey Has Superior Allergy Preventive 
Capacity Compared to Intact Whey Regardless of Amoxicillin Administration in Brown Norway 
Rats. Front Immunol. 2021;12:1–16.  

117. Fritsche R. Animal models in food allergy: assessment of allergenicity and preventive 
activity of infant formulas. Toxicol Lett. 2003;141:303–9.  

118. Jensen LH, Larsen JM, Madsen CB, Laursen RR, Jacobsen LN, Bøgh KL. Preclinical Brown 
Norway Rat Models for the Assessment of Infant Formulas in the Prevention and Treatment of 
Cow’s Milk Allergy. Int Arch Allergy Immunol. 2019;178:307–14.  

119. Chikhi A, Elmecherfi KE, Bernard H, Cortes-Perez N, Kheroua O, Saidi D, Adel-Patient K. 
Evaluation of the efficiency of hydrolyzed whey formula to prevent cow’s milk allergy in the 
BALB/c mouse model. Pediatr Allergy Immunol. 2019;30:370–7.  

120. Vita D, Passalacqua G, Di Pasquale G, Caminiti L, Crisafulli G, Rulli I, Pajno GB. Ass’s milk in 
children with atopic dermatitis and cow’s milk allergy: Crossover comparison with goat’s milk. 
Pediatr Allergy Immunol. 2007;18:594–8.  

121. Docena G, Rozenfeld P, Fernández R, Fossati CA. Evaluation of the residual antigenicity and 
allergenicity of cow’s milk substitutes by in vitro tests. Allergy Eur J Allergy Clin Immunol. 
2002;57:83–91.  

122. Järvinen KM, Chatchatee P. Mammalian milk allergy: Clinical suspicion, cross-reactivities 
and diagnosis. Curr Opin Allergy Clin Immunol. 2009;9:251–8.  

123. Mati A, Senoussi-Ghezali C, Si Ahmed Zennia S, Almi-Sebbane D, El-Hatmi H, Girardet JM. 
Dromedary camel milk proteins, a source of peptides having biological activities – A review. Int 
Dairy J. 2017;73:25–37.  

124. Aburiziza AJ. Cross reactivity between cow’s and camel’s milk in the infant population of 
Saudi Arabia. Curr Pediatr Res. 2020;24:175–9.  

125. Restani P, Gaiaschi A, Plebani A, Beretta B, Cagavni G, Fiocchi A, Poiesi C, Velona T, Ugazio 
AG, Galli CL. Cross-reactivity between milk proteins from different animal species. Clin Exp 
Allergy. 1999;29:997–1004.  

126. Graversen KB, Bahl MI, Larsen JM, Ballegaard ASR, Licht TR, Bøgh KL. Short-Term 
Amoxicillin-Induced Perturbation of the Gut Microbiota Promotes Acute Intestinal Immune 



References 

 

 143 

Regulation in Brown Norway Rats. Front Microbiol. 2020;11:1–14.  

127. Locke AV, Larsen JM, Graversen KB, Licht TR, Bahl MI, Bøgh KL. Amoxicillin does not affect 
the development of cow’s milk allergy in a Brown Norway rat model. Scand J Immunol. 2022;1–
13.  

128. Thang CL, Zhao X. Effects of orally administered immunodominant T-cell epitope peptides 
on cow ’ s milk protein allergy in a mouse model. FRIN. Elsevier Ltd; 2015;71:126–31. Available 
from: http://dx.doi.org/10.1016/j.foodres.2015.03.011 

129. Hospital ST, Children K. Oral Immunotherapy Using Partially Hydrolyzed Formula for Cow ’ 
s Milk Protein Allergy : A Randomized , Controlled Trial. 2018;8555:259–68.  

130. van Esch BCAM, Schouten B, de Kivit S, Hofman GA, Knippels LMJ, Willemsen LEM, Garssen 
J. Oral tolerance induction by partially hydrolyzed whey protein in mice is associated with 
enhanced numbers of Foxp3 + regulatory T-cells in the mesenteric lymph nodes. Pediatr Allergy 
Immunol. 2011;22:820–6.  

131. Ciprandi G. Clinical bystander effect exerted by allergen immunotherapy: A hypothesis. Eur 
Ann Allergy Clin Immunol. 2015;47:62–3.  

132. Thang CL, Zhao X. Effects of orally administered immunodominant T-cell epitope peptides 
on cow’s milk protein allergy in a mouse model. Food Res Int. 2015;71:126–31.  

133. Circassia Announces Top-Line Results from Cat Allergy Phase III Study [Internet]. [cited 
2022 May 20]. Available from: https://www.circassia.com/media/press-releases/circassia-
announces-top-line-results-from-cat-allergy-phase-iii-study/ 

134. Rupa P, Mine Y. Oral immunotherapy with immunodominant T-cell epitope peptides 
alleviates allergic reactions in a Balb/c mouse model of egg allergy. Allergy Eur J Allergy Clin 
Immunol. 2012;67:74–82.  

135. Yang M, Yang C, Mine Y. Multiple T cell epitope peptides suppress allergic responses in an 
egg allergy mouse model by the elicitation of forkhead box transcription factor 3- and 
transforming growth factor-β-associated mechanisms. Clin Exp Allergy. 2010;40:668–78.  

136. Motosue MS, Dominquez T, Sciancalepore A, Pineda D, Mehrotra A, Hoyte L, Nadeau K. 
Bystander Suppression in Food Allergy. J Allergy Clin Immunol. 2013. p. 335.  

137. van der Valk J, Nagl B, van Wljk RG, Bohle B, de Jong N. nutrients The E ff ect of Birch 
Pollen Immunotherapy on Apple and rMal d 1 Challenges in Adults with Apple Allergy. 
2020;1:1–11.  

138. Hansen KS, Khinchi MS, Skov PS, Bindslev-Jensen C, Poulsen LK, Malling HJ. Food allergy to 
apple and specific immunotherapy with birch pollen. Mol Nutr Food Res. 2004;48:441–8.  

139. Mauro M, Russello M, Incorvaia C, Gazzola G, Frati F, Moingeon P, Passalacqua G. Birch-
apple syndrome treated with birch pollen immunotherapy. Int Arch Allergy Immunol. 
2011;156:416–22.  



References 

 

 144 

140. Haka J, Niemi MH, Iljin K, Reddy VS, Takkinen K, Laukkanen M. Isolation of Mal d 1 and Api 
g 1 - specific recombinant antibodies from mouse IgG Fab fragment libraries – Mal d 1-specific 
antibody exhibits cross-reactivity against Bet v 1. BMC Biotechnol. 2015;1–15.  

141. Elizur A, Appel MY, Nachshon L, Levy MB, Rigbi NE-, Koren Y, Holmqvist M, Porsch H, 
Lidholm J, Goldberg MR. Cashew oral immunotherapy for desensitizing cashew-  pistachio 
allergy ( NUT CRACKER study ). 2022;1–10.  

142. Willison LN, P. Tawde , J. M. Robotham , R. M. Penney IV , S. S. Teuberw SKS and KHR. 
Pistachio vicilin , Pis v 3 , is immunoglobulin E-reactive and cross-reacts with the homologous 
cashew allergen , Ana o 1 Clinical and Experimental Allergy. 2008;1:1229–38.  

143. Pomés A, Davies JM, Gadermaier G, Hilger C, Holzhauser T, Lidholm J, Lopata AL, Mueller 
GA, Nandy A, Radauer C, et al. WHO/IUIS Allergen Nomenclature: Providing a common 
language. Mol Immunol. 2018;100:3–13.  

144. Sélo I, Clément G, Bernard H, Chatel JM, Créminon C, Peltre G, Wal JM. Allergy to bovine β-
lactoglobulin: Specificity of human IgE to tryptic peptides. Clin Exp Allergy. 1999;29:1055–63.  

145. Pena RN, Folch JM, Sánchez A, Whitelaw CBA. Chromatin structures of goat and sheep β-
lactoglobulin gene differ. Biochem Biophys Res Commun. 1998;252:649–53.  

146. Behrouz S, Saadat S, Memarzia A, Sarir H, Folkerts G, Boskabady MH. The Antioxidant, 
Anti-Inflammatory and Immunomodulatory Effects of Camel Milk. Front Immunol. 2022;13:1–
17.  

147. Schoemaker AA, Sprikkelman AB, Grimshaw KE, Roberts G, Grabenhenrich L, Rosenfeld L, 
Siegert S, Dubakiene R, Rudzeviciene O, Reche M, et al. Incidence and natural history of 
challenge-proven cow’s milk allergy in European children - EuroPrevall birth cohort. Allergy Eur 
J Allergy Clin Immunol. 2015;70:963–72.  

148. WHO. Infant and young child nutrition: Global strategy on infant and young child feeding. 
Proc Fifty Fifth World Heal Assem. 2002;53:1–18.  

149. Ludman S, Shah N, Fox AT. Managing cows’ milk allergy in children. BMJ. 2013;347:1–8.  

150. Host A, Halken S. Hypoallergenic formulas - when, to whom and how long: after more than 
15 years we know the right indication! Allergy. 2004;59:45–52.  

151. Meyer R, Groetch M, Venter C. When Should Infants with Cow’s Milk Protein Allergy Use 
an Amino Acid Formula? A Practical Guide. J Allergy Clin Immunol Pract. 2018;6:383–99.  

152. Shabo Y, Barzel R, Margoulis M, Yagil R. Camel milk for food allergies in children. Isr Med 
Assoc J. 2005;7:796–8.  

153. Ehlayel M, Bener A, Abu Hazeima K, Al-Mesaifri F. Camel Milk Is a Safer Choice than Goat 
Milk for Feeding Children with Cow Milk Allergy. ISRN Allergy. 2011;2011:1–5.  

154. Nowak-Wegrzyn A, Bloom KA, Sicherer SH, Shreffler WG, Noone S, Wanich N, Sampson HA. 
Tolerance to extensively heated milk in children with cow’s milk allergy. J Allergy Clin Immunol. 



References 

 

 145 

2008;122.  

155. Kim JS, Nowak-Wgrzyn A, Sicherer SH, Noone S, Moshier EL, Sampson HA. Dietary baked 
milk accelerates the resolution of cow’s milk allergy in children. J Allergy Clin Immunol. 
2011;128:125-131.e2.  

156. Esmaeilzadeh H, Alyasin S, Haghighat M, Nabavizadeh H, Esmaeilzadeh E, Mosavat F. The 
effect of baked milk on accelerating unheated cow’s milk tolerance: A control randomized 
clinical trial. Pediatr Allergy Immunol. 2018;29:747–53.  

157. Broekman HCH, Eiwegger T, Upton J, Bøgh KL. IgE - the main player of food allergy. Drug 
Discov Today Dis Model. 2015;17–18:37–44.  

158. Nowak-Wegrzyn AH, Lawson K, Masilamani M, Kattan J, Bahnson HT, Sampson HA. 
Increased tolerance to less extensively heat-denatured (baked) milk products in milk-allergic 
children. J Allergy Clin Immunol Pract. 2018;6:486–95.  

159. Bu G, Luo Y, Zheng Z, Zheng H. Effect of heat treatment on the antigenicity of bovine α-
lactalbumin and β-lactoglobulin in whey protein isolate. Food Agric Immunol. 2009;20:195–206.  

160. Ciepiela O, Zwiazek J, Zawadzka-Krajewska A, Kotula I, Kulus M, Demkow U. Basophil 
activation test based on the expression of CD203C in the diagnostic of cow milk allergy in 
children. Eur J Med Res. 2010;15:21–6.  

161. Ford LS, Bloom KA, Nowak-Wȩgrzyn AH, Shreffler WG, Masilamani M, Sampson HA. 
Basophil reactivity, wheal size, and immunoglobulin levels distinguish degrees of cow’s milk 
tolerance. J Allergy Clin Immunol. 2013;131.  

162. Morisawa Y, Kitamura A, Ujihara T, Zushi N, Kuzume K, Shimanouchi Y, Tamura S, 
Wakiguchi H, Saito H, Matsumoto K. Effect of heat treatment and enzymatic digestion on the B 
cell epitopes of cow’s milk proteins. Clin Exp Allergy. 2009;39:918–25.  

163. Ehlayel M, Bener A. Camel’s milk allergy. Allergy Asthma Proc. 2018;39:384–8.  

164. Al-Hammadi S, El-Hassan T, Al-Reyami L. Anaphylaxis to camel milk in an atopic child. 
Allergy. 2010;65:1622–3.  

165. Micinskia J, KowaIskil IM, Zwierzchowskia G, Szarelt J, Pieroyñski B, Zablocka E. 
Characteristics of cow’s milk proteins including allergenic properties and methods for its 
reduction. Polish Ann Med. 2013;20:69–76.  

166. Levy M, Nachshon L, Goldberg M, Elizur A, Katz Y. Cross-desensitization to goat and sheep 
milk following cow’s milk oral immunotherapy. J Allergy Clin Immunol Pract. 2014;133.  

167. Floris R, Lambers T, Alting A, Kiers J. Trends in infant formulas: A dairy perspective. Improv 
Saf Qual Milk Improv Qual Milk Prod. Woodhead Publishing Limited; 2010. p. 454–74.  

168. Farah Z, Rettenmaier R, Attkins D. Vitamin content of camel milk. Int J Vitam Nutr Res. 
1992;62:30–3.  

169. Vincenzetti S, Cammertoni N, Rapaccetti R, Santini G, Klimanova Y, Zhang J-J, Polidori P. 



References 

 

 146 

Nutraceutical and Functional Properties of Camelids’ Milk. Beverages. 2022;8:12.  



Supplementary material 

 

 147 

Supplementary material 

 

Supplementary material for Manuscript III 
 

 
Figure S1. Gel permeation chromatography of milk products under physiological conditions at 280 nm. 

(A) Protein separation profile of cow’s milk, --- HT cow’s milk and …. EH cow’s milk. (B) Protein separation 

profile of camel milk, --- HT camel milk and …. EH camel milk. 

 

Table S1. Accession numbers (https://www.uniprot.org) of proteins from cow’s and camel milk used in 

the analysis of raw data from LC-MS/MS analysis. NA, not identified.   

Protein Cow’s milk - accession numbers Camel milk - accession numbers 

β-casein P02666 Q9TVD0 

αs1-casein P02662 O97943 

αs2-casein O97944 O97944 

ĸ-casein P02668 L0P3Z7 

β-lactoglobulin P02754 NA 

α-lactalbumin P00711 P00710 

Serum albumin  P02769 XP_010981066.1 

Glycosylation-dependent cell 

adhesion molecule-1 

P80195 P15522 

Whey acidic protein NA P09837 

Lactoferrin P24627 AHJ37525.1 
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Supplementary material for Manuscript V 
 

 
Figure S1. (A) Total IgA in serum from rats intervened with either water, cow’s milk or camel milk and 

tested for prevention against cow’s milk allergy. (B) Total IgA in serum from rats intervened with either 

water, cow’s milk or camel milk and tested for prevention against camel milk allergy. (C) Total IgA in faeces 

from rats intervened with either water, cow’s milk or camel milk and tested for prevention against cow’s 

milk allergy. (D) Total IgA in faeces from rats intervened with either water, cow’s milk or camel milk and 

tested for prevention against camel milk allergy. Each color represents different time points of the 

experiment: (●),(■) beginning of experiment (naïve rats), (●),(■) after intervention phase (after interv.) 

and (●),(■) the day of sacrifice. Either a parametric t-test (A,B) or an one-way ANOVA followed by 

Bonferroni post-test (C,D) were applied. Statistically significant differences are shown as *P≤ 0.05, **P≤ 

0.01, ***P≤ 0.001 and ****P≤ 0.0001.  
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