Ba nutrients by

Article

Peptide Release after Simulated Infant In Vitro
Digestion of Dry Heated Cow’s Milk Protein and
Transport of Potentially Immunoreactive Peptides
across the Caco-2 Cell Monolayer

Hannah E. Zenker ], Harry J. Wichers 2,3(0, Monic M. M. Tomassen 2, Sjef Boeren 10,
Nicolette W. De Jong 5 and Kasper A. Hettinga 1'*

1 Food Quality & Design Group, Wageningen University & Research Centre, 6708 WG Wageningen,

The Netherlands; hannah.zenker@wur.nl

Wageningen Food & Biobased Research, Wageningen University & Research Centre, 6708 WG Wageningen,
The Netherlands; harry.wichers@wur.nl (H.J.W.); monic.tomassen@wur.nl (M.M.M.T.)

Laboratory of Food chemistry, Wageningen University & Research Centre, 6708 WG Wageningen,

The Netherlands

Laboratory of Biochemistry, Wageningen University & Research Centre, 6708 WE Wageningen,

The Netherlands; sjef.boeren@wur.nl

Internal Medicine, Department of Allergology & Clinical Immunology, Erasmus Medical Centre,

3000 CA Rotterdam, The Netherlands; n.w.dejong@erasmusmc.nl

Correspondence: kasper.hettinga@wur.nl

check for

Received: 13 July 2020; Accepted: 13 August 2020; Published: 18 August 2020 updates

Abstract: Dry heating of cow’s milk protein, as applied in the production of “baked milk”, facilitates
the resolution of cow’s milk allergy symptoms upon digestion. The heating and glycation-induced
changes of the protein structure can affect both digestibility and immunoreactivity. The immunological
consequences may be due to changes in the peptide profile of the digested dry heated milk protein.
Therefore, cow’s milk protein powder was heated at low temperature (60 °C) and high temperature
(130 °C) and applied to simulated infant in vitro digestion. Digestion-derived peptides after 10 min
and 60 min in the intestinal phase were measured using LC-MS/MS. Moreover, digests after 10 min
intestinal digestion were applied to a Caco-2 cell monolayer. T-cell epitopes were analysed using
prediction software, while specific immunoglobin E (sIgE) binding epitopes were identified based on
the existing literature. The largest number of sIgE binding epitopes was found in unheated samples,
while T-cell epitopes were equally represented in all samples. Transport of glycated peptide indicated
a preference for glucosyl lysine and lactosyl-lysine-modified peptides, while transport of peptides
containing epitope structures was limited. This showed that the release of immunoreactive peptides
can be affected by the applied heating conditions; however, availability of peptides containing
epitopes might be limited.

Keywords: cow’s milk protein; peptides; Caco-2 cell; immunogenicity; allergenicity; glycation

1. Introduction

Cow’s milk protein consists of two major protein fractions, casein and whey protein, and is
an important protein source in infant nutrition. Heating and glycation of cow’s milk protein (MP) has
been shown to alter its digestibility and immunogenicity. Dry heating, as applied in this study, is not
commonly used in the dairy industry; however, it has an important role in mimicking the heat treatment
when MP powder is baked into a muffin or waffle. These products are often referred to as “baked
milk” and have been shown to accelerate the resolution of cow’s milk allergy symptoms in allergic
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children [1]. Under these heating conditions (low aw-level, high sugar content, high temperature),
protein aggregation and modifications via the Maillard reaction (MR) are favored [2]. The MR is the
reaction between primary amino-groups of proteins, peptides and amino acids and the reactive carbonyl
group of reducing sugars, for instance lactose. During the early stage of the MR, the initial condensation
to the Amadori product occurs followed by a rearrangement to lactosyl lysine or glucosyl lysine. In the
advanced stage of the MR, a pool of different advanced glycation end products (AGEs) are formed [3].
Amongst these, N¢-carboxymethyllysine (CML) has been used as a marker for the advanced stage of the
MR and is one of the most abundant AGEs in processed dairy products [4,5]. The extent of the MR can
affect the digestibility and immunoreactivity of MP. With respect to digestibility, the effect of thermal
processing of milk and dairy products on peptide generation during gastrointestinal digestion in vitro
and in vivo has been subject to several studies [6-11]. Moreover, it was shown that lysine blockage via
the MR affects peptide size distribution after simulated infant in vitro digestion of infant formula [12]
and that glycation of isolated milk proteins changes the composition of the peptides in digestion [13].
Heating and glycation can also affect immunogenicity and allergenicity of MP [14]. For example,
binding of specific immunoglobulin E (sIgE) to either isolated MP or MP in mixture has been shown to
decrease for extensively glycated milk proteins, possibly related to a masking effect on epitopes [15-17].
However, the effects of glycation and protein aggregation under the applied heating conditions are
difficult to disentangle and can both affect sIgE binding [18]. Corzo-Martinez et al. [19] also showed that
impaired digestibility may increase the residual allergenicity after in vitro digestion, when comparing
heat-glycated and unheated B-lactoglobulin. Differences in the peptide profiles after ingestion of dry
heated MP vs. unheated MP could affect the immunological response by differential preservation or
glycation induced-modification of linear sIgE binding epitopes. Moreover, the generation of peptides
carrying a glycation structure can modulate the inflammatory response by binding to the receptors
for AGEs on antigen presenting cells [14,20]. Binding of AGEs to AGE receptors has particularly
been shown for protein-bound CML and pyrroline [21,22], while for peptide bound AGEs this was
only demonstrated for CML [20]. The availability of AGE-modified peptides to the gastrointestinal
immune system by means of translocation across the epithelial barrier is an important determinant in
the immunological response to a foreign antigen. The metabolic transit of AGEs has been shown in
previous literature on the excretion of CML and pyrroline in urine [23,24]. Moreover, translocation
across the Caco-2 cell monolayer has been shown for lactosylated and CML-modified dipeptides [25].
As reviewed by O’Hagan et al. [26], the literature reports that small quantities of intact proteins,
other macromolecules, and intact antigens can pass the intestinal epithelial layer in vivo. Furthermore,
the identification of cow’s milk derived peptides, ranging from 6 to 17 amino acids, in human milk has
recently been described, indicating their absorption via the gastrointestinal tract [27]. However, to our
knowledge the transport of food derived glycated peptides larger than two amino acids has not yet
been investigated. Transport of larger glycated peptides can be an important factor for the binding of
AGE-modified peptides as it has been suggested that CML is more abundant in fractions of in vitro
digests that are larger than 1 kDa [28]. Therefore, transport of larger AGE-modified peptides could also
contribute to the pool of dietary derived AGEs. This could be crucial as it has been shown with the
example of CML that binding to AGE receptors is dependent on the concentration in which the CML
is present in the vicinity of the receptors [22]. In this study, the peptide profiles of low temperature
(LT) and high temperature (HT) heated MP after simulated infant in vitro digestion was compared to
that of non-treated milk (NT). The most abundant glycation induced post translational modifications
(PTMs), including CML and pyrroline as potential AGE receptor ligands, were monitored before and
after transport across a Caco-2 cell monolayer. Special attention was given to sIgE binding epitopes
and T-cell epitopes to assess immunomodulatory potential of the digest on the peptide level.
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2. Materials and Methods

2.1. Chemicals

Dulbecco’s Modified Eagles Medium supplemented with high glucose, HEPES, r-glutamine
(42,430,082), both with and without phenol red as well as trypsin-EDTA (0.25%) with phenol red,
and HyClone™ Fetal Bovine Serum were purchased from Thermo Fisher Scientific (Waltham, MA,
USA). All other chemicals were obtained from Merck KGaA (Darmstadt, Germany).

2.2. Preparation of Milk Powders and Heat Treatment

Liquid raw cow’s MP concentrate was obtained from FrieslandCampina (Wageningen,
The Netherlands) and was composed of micellar casein (MCI88 liquid) and whey protein (acid
WPCB80 liquid) in the ratio 80:20. After the addition of lactose in the ratio 1:1.5 (protein/lactose),
the solutions were freeze dried.

Heat treatment was applied at two different temperatures and durations as described elsewhere [29].
Briefly, for LT heated MP (LT-MP), the powder was heated for three weeks at 60 °C (ay 0.23) and for
HT heated MP (HT-MP) the powder was heated for 10 min at 130 °C (ay 0.23). An unheated part of
the milk powder was used as heating control (NT-MP).

2.3. Infant In Vitro Digestion

Simulated infant in vitro digestion was conducted in duplicate and was based on the protocol by
Ménard et al. [30] with adaptations specific for the type of product described elsewhere. Compared to
the adult digestion model, pH in the gastric phase (GP) was higher, while pH in the intestinal phase
(IP) was lower. At the same time, enzyme concentrations were lower compared to the adult model [29].
Briefly, protein concentration of the meal was set to 1.2%. Digestion in the GP was conducted for 60 min
with a pepsin activity set to 268 U/mL and at pH 5.3, but without the use of gastric lipase, as the milk
powder contained <1% fat. Digestion in the IP was conducted for 60 min using pancreatin adjusted for
its trypsin activity set to 16 U/mL digest and at pH 6.6. Samples were taken after 10 min and 60 min in
the IP and stopped by the addition of 0.5 mM Pefabloc in the ratio Pefabloc/digest of 1/20 (v/v).

2.4. Caco-2 Cell Culture

The Caco-2 cell line was purchased from the American Type Culture Collection (Manassas,
VA, USA), cultured in Dulbecco’s Modified Eagles Medium (DMEM) supplemented with 10% heat
inactivated fetal bovine serum (FBS Hyclone) at 37 °C and in a humidified atmosphere containing 5%
CO;. Cells were sub-cultured weekly upon confluence 85-95% using trypsination. Caco-2 cells were
used from passage 3040 and seeded into 24-well trans-wells (Greiner Bio-One, Kremsmiinster, Austria)
at a concentration of 0.225 x 10° cells/mL in DMEM with 10% heat inactivated FBS. The medium was
changed (apical (150 pL) and basolateral (700 puL)) every two-three days and cells were used for the
transport experiment after 21 days of incubation. Before transport experiments, the transepithelial
electrical resistance (TEER) value was measured and only wells with a TEER value higher than
750 Q-cm? were used.

2.5. Transport across the Caco-2 Cell Monolayer

Digest of one of the in duplicate in vitro digestions were diluted 1:1 with DMEM without phenol
red, supplemented with 0.1% penicillin-streptomycin (10,000 U/mL) and applied to the apical side of
the Caco-2 cell monolayer. TEER was measured at 37 °C using a Millicell-ERS () Meter (Millipore,
Molshein, France) and samples were incubated for 2 h with Caco-2 cells at 37 °C and 5% CO, saturation.
TEER was then measured and samples were taken from the basolateral side. Each sample was applied
in duplicate. Samples were kept at —20 °C until further analysis.
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2.6. Peptide Analysis

Digests after 10 min in the IP contained 3.6 mg/mL, 3.7 mg/mL, 3.6 mg/mL protein in NT-MP, LT-MP,
and HT-MP, respectively. Digest after 60 min in the IP contained 4.2 mg/mL, 3.5 mg/mL, 3.8 mg/mL
protein in NT-MP, LT-MP, and HT-MP, respectively. Samples were mixed 1:1 with trichloroacetic acid
(20%) and centrifuged (10 min, 3500x g, 4 °C). The supernatants were cleaned using an in-house stage
tip following a protocol described by Dingess et al. [31]. All samples were concentrated to compensate
for the dilution during trichloroacetic acid precipitation.

Peptides were analysed on a Thermo nLC 1000 system (Thermo, Waltham, MA, USA) coupled to
a LTQ orbitrap XL (Thermo Fisher Scientific, Breda, The Netherlands) for peptides in the in vitro digest,
or Q Exactive HF-X X (Thermo Fisher Scientific, Breda, The Netherlands) for peptides on the basolateral
side, as well as glycated peptides. Each sample was measured once. Chromatographic separation
was conducted over a 0.10 X 250 mm ReproSil-Pur 120 C18-AQ 1.9 pm beads analytical column.
A gradient consisting of acetonitrile in water spiked with 0.1% formic acid was used. Acetonitrile
increased from 9% to 34% within 50 min using a flow rate of 0.5 pL/min. Full scan positive mode
spectra (FTMS) were measured in the Orbitrap between m/z 380 and 1400 using high resolution (60,000).
Collision-induced dissociation (LTQ) or Higher-energy collisional dissociation (Q Exactive HF-X)
fragmentation was applied using an isolation width of 2 m/z and 1.2 m/z, respectively and 30 % and
24% normalized collision energy, respectively. MSMS scans were recorded in the data dependent mode
for 2-3 2-5+charged peaks in the MS scan. For glycated peptides measured by the Q Exactive HF-X, a
stepped collision energy (sCE 20-30-40) was used based on the method published by Liu et al. [32].
LC-MS/MS runs were processed using the MaxQuant version 1.6.3.4 with the Andromeda search
engine [33]. Digestion mode was set to “unspecific”. A fixed modification was set for the formation
of propionamide on cysteines, while variable modifications were set for acetylation of the peptide
N-terminus, deamidation of asparagine and glutamine, and oxidation of methionine.

Peptides were identified using a bovine database from Uniprot (https://www.uniprot.org) that
includes all the bovine milk proteins observed by Boggs et al. [34] (PRIDE PXD003011) in combination
with a database for common contaminants. For peptide identification in MaxQuant with unspecific
enzyme cleavage, peptides with a minimum length of 8 amino acids and maximum peptide length of
25 amino acids were identified to limit false identifications. Both peptide and protein false discovery
rates were set to 1%. Post translational modifications were included for lactosylation (+324 Da), hexose
modification (+162 Da), N¢-carboxymethyllysine modification (+58 Da), and pyrroline modification
(+108 Da). For simplicity glucosyl lysine was used to refer to the hexose modification, although
other hexoses could also result in this mass shift. Phosphorylated and glycated peptides were not
included in the quantitation during the MaxQuant search. Due to the limited number of measurements,
as well as the limitations in obtaining quantitative data from glycated peptides, data were reported as
peptide count.

2.7. Data Analysis

Data were filtered for peptides derived from the six major milk proteins: x4 -casein, xg-casein,
[3-casein, k-casein, -lactoglobulin, and o-lactalbumin. All peptides with score >80 were used for the
overall peptide profiles, while for the sIgE binding epitopes and T-cell epitopes, only peptides with
a score >100 were used. For total peptide count per sample in the digest, each duplicate digestion
was filtered separately for non-modified peptides (intensity >0) and for phosphorylated and glycated
peptides (identification by matching and/or by MS/MS). For all further analysis, only peptides identified
in both duplicate digestions of the same heat treatment were reported.
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2.8. sIgE Binding Epitope Identification

sIgE binding epitopes were identified by comparison of digestion-derived peptide sequences with
sIgE binding epitopes as reviewed previously [35]. Peptides were reported as potential sIgE binding
epitopes if their sequence matched >80% of the sequence of a known sIgE binding epitope.

2.9. T-Cell Epitope Prediction

T-cell epitopes were predicted using IEDB MHC Class II Binding Prediction software (http:
/[tools.iedb.org/mhcii/, 02.06.2020) where an MHC class II allele reference set was obtained from (https:
//help.iedb.org/hc/en-us/articles/114094151851, 02.06.2020). The default method “IEDB recommended
2.2” was used for T-cell epitope predictions. All peptides within the size range 15-24 amino acids,
which was previously reported as the size range for T-cell epitopes, were applied to the prediction
software [36]. Peptides were reported as potential T-cell epitopes following the recommendations
of the prediction tool, where each peptide reaching a percentile rank <10.0% can be considered as
potential T-cell epitope.

3. Results

3.1. Identification of Peptides in In Vitro Digests

Peptides released upon infant in vitro digestion after 10 and 60 min in the IP were analysed using
LC-MS/MS. Only peptides derived from the six major MPs, xg-casein, osp-casein, 3-casein, k-casein,
p-lactoglobulin, and «-lactalbumin were considered in the data analysis. Dry heating of MP decreased
the number of peptides released upon infant in vitro digestion (Figure 1), where HT heating resulted
in even less peptides than LT heating after 10 min (315 + 36 vs. 369 + 26 peptides) and 60 min (207 + 1
vs. 246 + 7 peptides) in the IP.
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Figure 1. Total count of non-modified, glycated and phosphorylated digestion-derived peptides
derived from cow’s milk protein. Samples were non-treated (NT), heated at low temperatures (LT),
and heated at high temperature (HT) (a) after 10 min in the intestinal phase and (b) after 60 min in
the intestinal phase. Number of peptides without post translational modification (noPTM), glycated,
and phosphorylated peptides were compared. The minimum length for identification was eight amino
acids. Error bars represent the standard deviation of duplicate digestions. The mean (M) of the total
count of peptides per treatment and digestion time point + standard deviation for duplicate digestions
is shown above the bars.

Differences in the modification state of the peptides (non-modified vs. glycated vs. phosphorylated
peptides) were higher after 10 min than after 60 min in the IP. Heated samples showed comparable levels
of glycated and non-modified peptides, while the NT-MP sample had two-fold more non-modified
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peptides than glycated peptides, after 10 min in the IP. At the same time, the number of phosphorylated
peptides was 4.6-fold lower in HT-MP compared to NT-MP after 10 min in the IP, while LT-MP only
showed a 1.6-fold decrease. This trend continued until 60 min in the IP, however to a lesser extent.
Most peptides after 10 min in the IP were derived from (-casein, followed by (-lactoglobulin and
ag1-casein, while a smaller number of peptides originated from «g-casein, followed by k-casein,
and a-lactalbumin (Supplementary Materials: Figure S1a). This trend did not change after 60 min in
the IP (Supplementary Materials: Figure S1b).

In line with the number of peptides per protein, peptides generated after 10 min in the IP covered
large parts of the protein sequences of 3-casein, 3-lactoglobulin, and «-caseins (Figure 2a).

100+
El NT
) /= LT
e - 3 HT
Q
o))
o
O 604
>
[o]
o
8 40
c
L]
o
O 204
0_
0gq-Casein osp-Casein R-casein k-casein  R-lactoglobulin g-lactalbumin
(a)
100
Bl NT
) /| LT
e 3 HT
o
o -
i
g 60+
Q
5]
8 404
=
()
=3
O 204
K |_| H
. 1 il i
agq-casein ogp-Casein R-casein k-casein  R-lactoglobulin g-lactalbumin
(b)

Figure 2. Sequence coverage of the six main milk proteins by digestion-derived peptides with and
without posttranslational modification derived from in vitro digests of cow’s milk protein. Samples
were non-treated (NT), heated at low temperature (LT), and heated at high temperature (HT) (a) after
10 min in the intestinal phase and (b) after 60 min in the intestinal phase.

Sequence coverage was higher for NT-MP compared to LT-MP and HT-MP. This difference was
highest for the x-caseins and (3-lactoglobulin, while (3-casein showed no changes. After 60 min in the
IP, only ogy-casein showed remarkably lower sequence coverage in HT-MP compared to NT-MP and
LT-MP (Figure 2b). Due to the larger differences observed after 10 min in the IP, and the possibility of

an immune response already at this stage of digestion, we focused mainly on the samples from 10 min
in the IP.
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In Figure 3, peptide sequence alignment is shown for peptides generated after 10 min in the IP.
Independent from the heat treatment, all proteins showed specific regions that were similarly covered
in all samples, but with different numbers of peptides generated in the same region.
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Figure 3. Cont.
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Figure 3. Sequence alignment of digestion-derived peptides identified after 10 min in the intestinal
phase. Peptides derived from (a) o1 -casein, (b) osp-casein, (c) 3-casein, (d) k-casein, (e) 3-lactoglobulin,
(f) o-lactalbumin identified after simulated infant in vitro digestion of non-treated cow’s milk protein
(full line), heated at low temperature (dotted line), and heated at high temperature (dashed line).
Glycated peptides (orange), phosphorylated peptides (blue), trypsin cleavage sites (thick grey down
arrow), chymotrypsin cleavage sites (thin black down arrow). Trypsin and chymotrypsin cleavage sites
were determined using Expasy Bioinformatics Resource Portal (https://web.expasy.org/peptide_cutter/
last visited 08.06.2020).
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In all proteins, the most differences in peptide distribution along the protein sequence were
observed between HT-MP and the other samples. The peptides derived from 3-lactoglobulin (Figure 3e)
came from three main regions (f17-39, £56-73, and f138-161) and only minor differences were observed
between heat treatments in f56-73, while in f17-39 and f138-161 much fewer peptides were found in
HT-MP compared to NT-MP and LT-MP. In contrast, peptides derived from os-casein and 3-casein
where distributed all over the amino acid chain. Interestingly, most differences in caseins were observed
as a result of the absence of phosphorylated peptides in HT-MP. In «4;-casein (Figure 3a), the region
between £52-92 was mostly covered by phosphorylated peptides in NT-MP and LT-MP, while this
region did not lead to the formation of peptides in HT-MP. Moreover, the number of peptides covering
the same sequence part £52-92 was much lower in LT-MP than NT-MP. Similar observations, where the
number of phosphorylated peptides was lower in at least one of the heated samples compared to
NT-MP, were also made for «g-casein £16-32, f68-84, f141-161(Figure 3b), 3-casein £22-39 and f48-66
(Figure 3c¢), and k-casein f165-182 (Figure 3d). In contrast, glycated peptides only had a minimal effect
on differences in sequence coverage when comparing samples. In og-casein (Figure 3a), the regions
f135-138 and f210-213 and in 3-casein (Figure 3c) the region 191-197 were covered in LT-MP and
HT-MP as a result of the presence of glycated peptides. The presence of glycated peptides, however,
affected the number of peptides which arise from specific areas of the proteins. This was especially
seen for the region £140-155 of o1-casein in NT-MP, £113-128 of agy-casein, and £179-197 of 3-casein in
both LT-MP and HT-MP.

While progressing intestinal digestion, only small changes were observed in the peptide alignment
along the protein sequence of ag-casein, 3-casein, k-casein, and a-lactalbumin (Supplementary
Materials: Figure S2). In contrast, 3-lactoglobulin showed two resistant areas f57-73 and f139-154 as
well as ogq-casein at f119-134.

3.2. Identification of sIgE Epitopes and T-Cell Epitopes in the In Vitro Digest

slgE binding epitopes were identified by comparison with known epitopes from the literature
(Table 1) [35]. Peptides were reported as potential sIgE binding epitopes when at least 80% of the
peptide sequence matched a known sIgE epitope sequence. Peptides derived from f3-lactoglobulin
contained 18 sIgE epitopes, followed by 16 derived from x4;-casein, 14 from (3-casein, 3 from op-casein,
and 1 from «-lactalbumin and k-casein, respectively. The majority of sIgE epitopes were found in
peptides derived from NT-MP; however, up to 69% of x4 -casein derived sIgE epitopes and 77% of
-casein derived sIgE epitopes were also found in either one or both heated samples. The peptides
ag1-casein f189-213, xgr-casein f116-128, and (3-casein f96-110 were only found in heated samples;
however, their length only differed by a maximum of four amino acids from a similar peptide found
in NT-MP and those four amino acids were not covering an additional sequence part of the sIgE
binding epitope.

Additionally, glycated peptides that matched sequence parts of sIgE binding epitopes were
identified after 10 min in the IP (Table 2). Most of such peptides were found in f3-lactoglobulin;
however, only five of them were exclusively found in heated samples and covered similar sequence
parts as peptides that were also found in NT-MP. Glycated peptides matching the sequence of an sIgE
binding epitope from xg-casein and (3-casein were exclusively found in heated samples. For x4-casein,
three out of four glycated peptides with sequence homology to an sIgE binding epitope were only
found in HT-MP.
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Table 1. sIgE binding epitopes ! identified in digestion-derived peptides after 10 min in the intestinal

phase. Peptides were identified in cow’s milk protein, non-treated (NT), heated at low temperature

(LT), and heated at high temperature (HT), after simulated infant in vitro digestion and derived from

casein (cn), p-lactoglobulin (Ig), and x-lactalbumin (lac). Peptides matching exactly the sIgE binding

epitope sequence are indicated (*). Amino acids (AAs) position indicates the position within the

proteins including the signal peptide. Peptides carrying a post translational modifications (PTM) are

marked with phosphorylation (Phos), whereas phosphorylated serine (S) and threonine (T) residues

are highlighted in bold and underline.

. . . sIgE Epitope
Protein Sample Peptide Sequence AAs Position AAs Position PTM
ag1-Cn NT, LT, HT VNELSKDIGSESTEDQ 52-67 54-63 Phos
NT, LT, HT VNELSKDIGSESTEDQAMEDIK 52-73 54-63 Phos
NT, LT, HT KVPQLEIVPNSAEE 120-133 124-135 Phos
NT, LT, HT KVPQLEIVPNSAEER 120-134 124-135 Phos
NT, LT VPQLEIVPNSAEER 121-134 124-135 Phos
NT, LT, HT LEIVPNSAEE 124-133 124-135 Phos
NT, LT, HT LEIVPNSAEER 124-134 124-135 Phos
NT EIVPNSAEER 125-134 124-135 Phos
NT KEGIHAQQKEPMIGV 139-153 137-147 N/A
NT EGIHAQQKEPMIGV 140-153 141-155 N/A
NT, HT GTQYTDAPSFSDIPNPI 185-201 186200 N/A
NT, LT, HT QYTDAPSFSDIPNPI 187-201 186-200 N/A
NT QYTDAPSFSDIPNPIGSENSEK 187-208 188-209 N/A
NT, LT, HT TDAPSFSDIPNPIGSENSEK 189-208 188-209 N/A
NT,LTHT TDAPSFSDIPNPIGSENSEK 189-208 188-209 Phos
NT TDAPSFSDIPNPIGSENSEKT 189-209 188-209 N/A
Qsp-Cn NT KNTMEHVSSSEESIISQ 16-32 16-35 Phos
NT KNTMEHVSSSEESIISQET 16-34 16-35 Phos
HT QGPIVLNPWDQVK 116-128 120-129 N/A
B-cn NT, LT RELEELNVPGEIVE 16-29 16-31 N/A
NT RELEELNVPGEIVESL 16-31 16-31 Phos
NT ELEELNVPGEIVESL 17-31 16-31 Phos
NT TEDELQDKIHPFA 56-68 60-69 N/A
NT, LT, HT SLVYPFPGPIPNS 72-84 70-85 N/A
NT, LT, HT PVVVPPFLQPE 96-106 98-107 N/A
NT, LT, HT PVVVPPFLQPE 96-107 98-107 N/A
NT, LT, HT PVVVPPFLQPEVMG 96-109 98-107 N/A
LT, HT PVVVPPFLQPEVMGV 96-110 98-107 N/A
NT, LT, HT VVPPFLQPE 98-106 98-107 N/A
NT, LT, HT VVPPFLQPEV 98-107 98-107 N/A
NT, LT, HT EMPFPKYPVEPF 123-134 122-135 N/A
NT, LT QPLPPTVMEFPPQS 164-176 164-179 N/A
NT, LT, HT QPLPPTVMFPPQSV 164-177 164-179 N/A
K-cn NT KNQDKTEIPTINT 133-145 132-147 N/A
B-lg NT LIVIQTMKGLDIQ 17-29 17-32 N/A
NT LIVTQTMKGLDIQKV 17-31 17-32 N/A
NT LIVTQTMKGLDIQKVA 17-32 17-32 N/A
NT LIVTQTMKGLDIQKVAGT 17-34 17-32 N/A
NT LIVTQTMKGLDIQKVAGTWYS 17-37 17-32 N/A
NT LIVTIQTMKGLDIQKVAGTWYSLA 17-39 17-32 N/A
NT IVTQTMKGLDIQKVAGT 18-34 17-32 N/A
NT IVTQTMKGLDIQKVAGTWYSLA 18-39 17-32 N/A
NT VTQTMKGLDIQKVAGT 19-34 17-32 N/A
NT VTQTMKGLDIQKVAGTWYSLA 19-39 17-32 N/A
NT, LT, HT VYVEELKPTPEGDLE 57-71 56-70 N/A
NT, LT, HT VYVEELKPTPEGDLEI 57-72 56-70 N/A
NT, LT VYVEELKPTPEGDLEIL 57-73 56-70 N/A
NT, LT, HT YVEELKPTPEGDLE 58-71 56-70 N/A
NT, LT, HT YVEELKPTPEGDLEI 58-72 56-70 N/A
NT, LT YVEELKPTPEGDLEIL 58-73 56-70 N/A
NT LVRTPEVDDEALEK 138-151 136-150 N/A
NT LVRTPEVDDEALEKFDK 138-154 137-156 N/A
o-lac NT KILDKVGIN 113-121 112-121 N/A

1 Peptides were reported as sIgE binding epitopes if their sequence contained at least 80% of the sequence of an sIgE

binding epitope.
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Table 2. sIgE binding epitopes ! identified in glycated digestion-derived peptides after 10 min in
the intestinal phase. Peptides were identified in cow’s milk protein, non-treated (NT), heated at low
temperature (LT), and heated at high temperature (HT), after simulated infant in vitro digestion and

derived from casein (cn) and p-lactoglobulin (Ig). Amino acids (AAs) position indicates the position

within the proteins including the signal peptide. Peptides containing post translational modification

(PTM) to lactosyl lysine (Lac), glucosyl lysine (Gluc), N¢-carboxymethyllysine (CML), and pyrroline

(Pyr) on lysine (K) are indicated, and modified K residues are highlighted in bold and underlined with

modification site probability given in brackets if multiple options were identified.

Protein Sample Peptide Sequence AAs Position :IEE I}Egslitgg; PTM
&gp-cn NT, LT EGIHAQQKEPMIGV 140-153 141-155 Lac
HT TDAPSFSDIPNPIGSENSEK 189-208 188-209 Lac
HT TDAPSFSDIPNPIGSENSEKTTMPL 189-213 188-209 Gluc
HT TDAPSFSDIPNPIGSENSEKTTMPL 189-213 188-209 Lac
NT, LT EGIHAQQKEPMIGV 140-153 141-155 Lac
osp-cn LT, HT LYQGPIVLNPWDQVK 114-128 120-129 Lac
LT, HT LYQGPIVLNPWDQVK 114-128 120-129 Gluc
LT, HT LYQGPIVLNPWDQVK 114-128 120-129 CML
LT, HT LYQGPIVLNPWDQVK 114-128 120-129 Pyr
LT, HT YQGPIVLNPWDQVK 115-128 120-129 Lac
LT, HT YQGPIVLNPWDQVK 115-128 120-129 Gluc
LT, HT YQGPIVLNPWDQVK 115-128 120-129 CML
HT QGPIVLNPWDQVK 116-128 120-129 Lac
HT QGPIVLNPWDQVK 116-128 120-129 Gluc
HT QGPIVLNPWDQVK 116-128 120-129 CML
HT QGPIVLNPWDQVK 116-128 120-129 Pyr
B-cn LT, HT EMPFPKYPVEPF 123-134 122-135 Lac
LT, HT EMPFPKYPVEPF 123-134 122-135 Gluc
HT SLSQSK(D)VLPVPQK(1) AVPYPQ 179-197 182-199 Lac
B-lg LT, HT LIVTQTMKGLDIQ 17-29 17-32 Lac
NT LIVTQTMK(1)GLDIQK(1)VAGT 17-34 17-32 Lac
LT RVYVEELKPTPEGDLE 56-71 56-70 Lac
NT RVYVEELKPTPEGDLEI 56-72 56-70 Lac
NT VYVEELKPTPEGDLE 57-70 56-70 Lac
NT, LT, HT VYVEELKPTPEGDLE 57-71 56-70 Lac
NT, LT, HT VYVEELKPTPEGDLE 57-71 56-70 Gluc
NT, LT, HT VYVEELKPTPEGDLE 57-71 56-70 CML
NT, LT, HT VYVEELKPTPEGDLE 57-71 56-70 Pyr
NT, LT, HT VYVEELKPTPEGDLEI 57-72 56-70 Lac
NT, LT, HT VYVEELKPTPEGDLEI 57-72 56-70 Gluc
NT, LT, HT YVEELKPTPEGDLE 58-71 56-70 Lac
NT, LT, HT YVEELKPTPEGDLE 58-71 56-70 Gluc
NT, LT, HT YVEELKPTPEGDLE 58-71 56-70 CML
NT, LT, HT YVEELKPTPEGDLE 58-71 56-70 Pyr
LT, HT YVEELKPTPEGDLEI 58-72 56-70 Lac
LT, HT YVEELKPTPEGDLEI 58-72 56-70 Gluc
LT, HT YVEELKPTPEGDLEI 58-72 56-70 CML
NT, HT YVEELKPTPEGDLEIL 58-73 56-70 Lac
NT LVRTPEVDDEALEK(1)FDK(1) 138-154 137-156 Lac
NT LVRTPEVDDEALEK(1)FDK(1) 138-154 137-156 Pyr
NT, LT LVRTPEVDDEALEK(1)FDK(1)ALK(1)ALPM 138-161 137-156 Lac
NT, LT LVRTPEVDDEALEKFDK(0.8)ALK(0.2) ALPM 138-161 137-156 Gluc
NT, LT LVRTPEVDDEALEK(FDKALKALPM 138-161 137-156 CML
NT, LT LVRTPEVDDEALEK(DFDK(1) ALKALPM 138-161 137-156 Pyr

1 Peptides were reported as sIgE binding epitopes if their sequence contained at least 80% of the sequence of an sIgE

binding epitope.

T-cell epitopes were predicted using IEDB MHC Class II Binding Prediction software. All modified
and non-modified peptides that were predicted as potential T-cell binding epitopes are shown in

Table 3.
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Table 3. Potential T-cell epitopes identified after 10 min in the intestinal phase. Peptides were
identified as potential T-cell epitopes using IEDB MHC Class II Binding Prediction software (http:
//tools.iedb.org/mhcii/). Digestion-derived peptides identified from cow’s milk protein, non-treated
(NT), dry heated at low temperature (LT), and dry heated at high temperature (HT) applied to simulated
infant in vitro digestion, derived from casein (cn) and 3-lactoglobulin (lg). Peptides matching exactly
the sIgE binding epitope sequence are indicated (*). Amino acids (AAs) position indicates the position
within the proteins including the signal peptide. Unmodified peptides and peptides with post
translational modifications (PTM), via phosphorylation (Phos), as well as modification to glucosyl
lysine (Gluc), lactosyl lysine (Lac), N®-carboxymethyllysine (CML), and pyrroline (Pyr) were reported.
Modified amino acids are highlighted in bold and underlined.

Protein  Sample Sequence HLA-Allele AAs Position PTM Perc. Rank

HLA-DQA1*03:01/DQB1*03:02; 25
- EAESISSSEEIVPNSVE -
e NLLT 259 Q  HLA-DQA1*04:01/DQB1*04:02 76-93 Phos 53
HLA-DRB1*04:05; 19
NT, LT YKVPQLEIVPNSAEE HLA-DQA1*04:01/DQB1*04:02; 119-133 Phos 41
HLA-DQA1*03:01/DQB1*03:02 5.8
HLA-DRB1*04:05; 22
NT, LT, HT YKVPQLEIVPNSAEER HLA-DQA1*04:01/DQB1*04:02; 119-134 Phos 59
HLA-DQA1*03:01/DQB1*03:02 6.5
HLA-DRB1*04:05; 19
NT, LT, HT KVPQLEIVPNSAEER HLA-DQA1*04:01/DQB1*04:02; 120-134 Phos 5.6
HLA-DQA1*03:01/DQB1*03:02 59
_ HLA-DQA1*04:01/DQB1*04:02; 0.14
&s2-cn - NT, LT, HT SIGSSSEESAEVATEEV HLA-DQA1%03:01/DQB1*03:02 68-84 n.a. 018
LT, HT LYQGPIVLNPWDQVK HLA-DRB1*13:02 114-128 Gluc 9.7
LT, HT LYQGPIVLNPWDQVK HLA-DRB1*13:02 114-128 Lac 9.7
LT, HT LYQGPIVLNPWDQVE HLA-DRB1*13:02 114-128 CML 9.7
LT, HT LYQGPIVLNPWDQVK HLA-DRB1*13:02 114-128 Pyr 9.7
-cn HT SLTLTDVENLHLPLP HLA-DPA1*03:01/DPB1*04:02 139-153 N/A 6.3
B-lg NT VTQTMKGLDIQKVAGT HLA-DRB4*01:01 19-34 N/A 79
HLA-DRB4*01:01; 4.0;
HLA-DRB1*01:01; 6.6;
NT ASDISLLDAQSAPLRV HLA-DRB1*13:02; 42-57 N/A 7.9;
HLA-DRB1*12:01 8.2;
HLA-DQA1*03:01/DQB1*03:02 9

HLA-DRB4*01:01; 3.3
HLA-DRB1*01:01; 44
HT SDISLLDAQSAPLRV HLA-DRB1*12:01; 43-57 N/A 6.2
HLA-DRB1*13:02; 6.3
HLA-DRB1*09:01 72

Overall, 13 potential T-cell epitopes were found in the digest, with most epitopes deriving from
ag1-casein and xgp-casein, followed by (3-lactoglobulin, and 3-casein. In the digest of NT-MP, 7 T-cell
epitopes were found, of which five were also found in at least one of the heated samples. LT and HT
heating resulted in the release of nine T-cell epitopes, respectively, with six solely found in heated
samples. Of these, 40% were found in the digest of LI-MP and HT-MP were also glycated.

3.3. Peptides Identified at the Basolateral Compartment of the Caco-2 Cell Monolayer

To study the epithelial transport, in vitro digests sampled after 10 min in the IP were applied
to a Caco-2 cell monolayer. The number of peptides found in the basolateral compartment for each
sample decreased with heating intensity. Observed were 181, 129, and 121 peptides in NT-MP, LT-MP,
and HT-MP, respectively. Moreover, most peptides were derived from «g;-casein, 3-casein, and
B-lactoglobulin (data not shown). Independent from the heat treatment, the majority of peptides were
found in the size range between 8-10 and 11-13 amino acids (Figure 4). Compared to the composition
in the digest before transport, relatively higher numbers of peptides in the size range between 8-10
and 11-13 were found (Figure 4 and Supplementary Materials: Figure S3). Interestingly, peptides up
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to 24 amino acids long were identified on the basolateral side of the Caco-2 cell monolayer, however at
low numbers.
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Figure 4. Peptide length distribution on the basolateral side of digestion-derived peptides, sampled after
10 min in the intestinal phase from simulated infant in vitro digests of cow’s milk protein, non-treated
(NT), heated in the presence of lactose at low temperature (LT), and high temperature (HT), expressed
as peptide count relative to the total number (NT: 181, LT: 129, HT: 121) of peptides in one sample.

In NT-MP, less glycated peptides were found on the basolateral side (37%), compared to LT-MP
(50%) and HT-MP (56%). This relative number of glycated peptides on the basolateral side increased in
all samples compared to the digest before transport (35 + 0%, 47 + 1%, 49 + 5% for NT-MP, LT-MP,
and HT-MP, respectively). In all samples, the majority of those glycated peptides was modified
to lactosyl lysine, followed by modification to glucosyl lysine, pyrroline and CML. Interestingly,
the largest increase on the basolateral side was observed for the relative number of lactosyl lysine
with 3%, 5%, and 5% increase and glucosyl lysine modified peptides with 5%, 7%, and 8% increase in
NT-MP, LT-MP, and HT-MP, respectively (Supplementary Materials: Figure S3). This effect was larger
in heated samples than in NT. HT-MP also showed 5% higher relative numbers of CML-modified
peptides on the basolateral side, while the relative numbers of pyrroline-modified peptides shown
were comparable to the digest.

3.4. sIgE Binding Epitopes on the Basolateral Side of the Caco-2 Cell Monolayer

Peptides identified at the basolateral side that carried at least 80% of the sequence of a known sIgE
epitope are shown in Table 4. Similar to the observations in the digest (Table 2), most epitopes were
found in peptides derived from (-lactoglobulin; however, only two of these peptides were unmodified.
Moreover, only 19% of the glycated and non-glycated sIgE binding epitopes found in the digest
(Tables 1 and 2) were also found on the basolateral side (Table 4). Contrastingly, on average the total
number of glycated and non-modified peptides found on the basolateral side corresponded to 49% of
the number of glycated and non-modified peptides in the digest. Two of the peptides containing a sIgE
epitope derived from ag-casein (f52-67 and f123-133) were not identified in the digests before the
Caco-2 cell experiment (Table 1). However, these peptides could derive from other precursor peptides
(e.g., phosphorylated f56—67 and f124-133). Additionally, a peptide derived from p-lactoglobulin
(f57-71) in non-modified and glycated form was previously found in all samples, while identification
on the basolateral side was only possible in NT-MP.
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Table 4. Digestion-derived peptides covering sIgE binding epitope sequences !, identified on the
basolateral side of the Caco-2 cell monolayer. Peptides were generated after digestion of cow’s milk
protein, non-treated (NT), heated at low temperature (LT), and heated at high temperature (HT), in an
infant in vitro model. Amino acids (AAs) position indicates the position within the proteins including
the signal peptide. Peptides derived from oy-casein (ag1-cn), p -casein (3-cn), and p-lactoglobulin
(B-1g). Peptides with and without post translational modification (PTM) to lactosyl lysine (Lac), glucosyl
lysine (Gluc), N®-carboxymethyllysine (CML), and pyrroline (Pyr) are shown. Digestion-derived
peptides covering the exact sequence of a sIgE binding epitope are indicated with *.

Protein Sample Peptide Sequence AAs Position sIgE Epitope AAs Position PTM
Xg1-CNn NT, LT VNELSKDIGSESTEDQ 52-67 54-63 N/A
NT, LT KVPQLEIVPNSAEE 120-133 124-135 N/A
NT, LT QLEIVPNSAEE 123-133 124-135 N/A
NT, LT, HT LEIVPNSAEER 124-134 124-135 N/A
B-cn NT, LT PVVVPPFLQPEV 96-107 98-107 N/A
NT, LT, HT VVPPFLQPE 98-106 98-107 N/A
NT, LT, HT VVPPFLQPEV 98-107 98-107 N/A *
B-lg NT, LT, HT VYVEELKPTPEGDLE 57-71 56-70 N/A
NT VYVEELKPTPEGDLE 57-71 56-70 CML
NT VYVEELKPTPEGDLE 57-71 56-70 Lac
NT VYVEELKPTPEGDLE 57-71 56-70 Pyr
NT, HT YVEELKPTPEGDLE 58-71 56-70 N/A
NT, LT, HT YVEELKPTPEGDLE 58-71 56-70 CML
NT, LT, HT YVEELKPTPEGDLE 58-71 56-70 Lac
NT, LT, HT YVEELKPTPEGDLE 58-71 56-70 Pyr

1 Peptides were reported as sIgE binding epitopes if their sequence contained at least 80% of the sequence of an sIgE
binding epitope.

From the T-cell epitopes identified in the digest, only one T-cell epitope derived from o;-casein
was found in HT-MP (f68-84). This data suggested an overall low passage of T-cell epitopes and sIgE
binding epitope.

4. Discussion

4.1. Heat Treatment Dependent Differences in Peptide Profiles

Dry heated MP at LT and HT was subjected to simulated infant in vitro digestion and peptides
were identified after 10 min and 60 min in the IP. As most differences between heat treatments in
the digests were observed after 10 min in the IP, at which time the mucosal immune system in the
gastrointestinal tract may already encounter antigens, the focus was on this digestion time point.
Heat treatment of MP resulted in 15% and 28% less peptides released upon digestion after 10 min in
the IP in LT-MP and HT-MP compared to NT-MP, while after 60 min in the IP only 3% and 19% less
peptides were observed in LI-MP and HT-MP, respectively (Figure 1). The absence of peptides can be a
result of both increased and impaired hydrolysis [7]. However, in our previous study we showed that
HT dry heating impairs hydrolysis after 10 and 60 min in the IP suggesting that the absence of peptides
results from decreased hydrolysis [29]. It is also possible that a larger pool of different linear and
crosslinking MRPs can result in lower number of peptides as only the most abundant modifications
were monitored. At the same time, the relative number of glycated peptides identified in the digest of
heated samples was higher compared to NT-MP (Figure 1a). This is in line with the levels of CML
and pentosidine that were reported previously for the samples used in this study which increased
with increases in heating temperature [29]. Most of the peptides were modified to glucosyl lysine and
lactosyl lysine (Supplementary Materials: Figure S4) and already a large proportion of lactoyslated
peptides was observed in NT-MP. The comparison of peptide intensities, however, indicated that the
quantities of glycated peptides in the heated samples were higher than in NT-MP (Supplementary
Materials: Figure S5). This was in agreement with the findings of Milkovska-Stamenova et al. [37],
who found 50 lactosylation sites in raw milk which increased to only 70-80 in ultra-high temperature
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treated milk. At the same time, quantification of the glycated peptides in their study showed much
lower levels in raw milk compared to processed dairy products.

Most peptides were derived from og;-casein, $-casein, and -lactoglobulin (Supplementary
Materials: Figure S1). In the two casein examples, this is probably related to the relatively higher
concentration compared to the other proteins. For 3-lactoglobulin, this is also related to the larger
number of glycated peptides, of which each was counted as a separate peptide (Figure 3e). A heat
treatment dependent decrease of sequence coverage after 10 min in the IP was especially observed for
the two «-caseins and [3-lactoglobulin (Figure 2a). For 3-lactoglobulin, this originated from the absence
or low number of peptides in the regions f17-39, f88-116, and f164-174 (Figure 3e). 3-lactoglobulin,
as a globular protein, is more sensitive to heating induced structural modifications compared to
casein [38,39]. The regions f17-39 and {88-116 are rich in lysine residues, explaining the impairment
of peptide generation especially in heated samples from this area via tryptic hydrolysis. The region
f164-175 is located on the outside of the globular protein, partly incorporated in a 3-strand and
a-helix structure, which makes it rather easily accessible for digestive enzymes. However, it has
been shown that upon heating in solution a «-3 transition occurs, contributing to the aggregation of
B-lactoglobulin via hydrophobic interactions [40]. This could explain the absence of peptides in the
f164-175 region, as HT heating promotes the aggregation of (3-lactoglobulin, but not in LT-MP and
NT-MP. For x-caseins, a heating dependent decrease of sequence coverage was mainly reflected by the
absence of phosphorylated peptides in HI-MP (Figure 3a,b) and is in line with the lower number of
phosphorylated peptides (Figure 1a). Dephosphorylation has been reported upon heating in solution
of caseinate at HT (140 °C) [41]. Both, hydrolysis of phosphoserine as well as 3-elimination may induce
dephosphorylation of casein. Michael addition subsequently to 3-elimination and subsequent Michael
addition results in protein crosslinking [41], which may also explain the lower number of peptides in
HT-MP from sequence parts that are more phosphorylated. A study from Wada et al. [42] showed that
dephosphorylation could decrease digestibility of heated dairy products. This is in line with the low
digestibility of HI-MP observed in our previous study [29]. Next to digestibility, dephosphorylation
could also decrease IgE binding capacity, indicating that overall IgE binding capacity to linear IgE
binding epitopes could be lower for HT-MP [43]. In contrast, the region f22-39 of (3-casein showed
increasing number of phosphorylated peptides in HT while progressing digestion (Supplementary
Materials: Figure S2¢), indicating that in some cases a slower release of peptides could also be a possible
explanation for the absence of phosphorylated peptides after 10 min in the IP. Glycated peptides resulted
in a higher number of peptides in some areas (Figure 3a,c). This could possibly affect immunoreactivity
if present on an epitope or by binding of these peptides to AGE receptors; however, it should be noted
that quantities of glycated peptides were not measured and that it is not clear which effect the glycation
of peptides has for epitope recognition. In summary, dry heating of MP decreases the number of
peptides released upon simulated infant in vitro digestion and results in lower sequence coverage
after 10 min in the IP. The discrepancies in sequence coverage of specific regions when comparing heat
treatments can also be relevant for sIgE binding and T-cell epitope presentation. At the same time,
the process of digestion results in fewer differences, suggesting that digestion kinetics are important
determinants for differential release of immunoreactive digestion-derived peptides when comparing
heat treatments.

4.2. Hydrolysis Resistant Areas

Most regions of k-casein and «-lactalbumin from which peptides were released after 10 min in
the IP (Figure 3d,f) were also detected after 60 min in the IP (Supplementary Materials: Figure S2).
However, none of them were identified as areas of interest for possible immunological consequences.
For op-casein, decreasing sequence coverage was only observed for NT-MP. This was related to the
disappearance of the phosphorylated peptides (f16-34) and the peptide at f40-50, of which only low
numbers were detected after 10 min in the IP. However, no potential epitopes were identified after
60 min in the IP. For oy-casein and 3-casein, sequence coverage and number of peptides showed
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only minor decrease with prolonged digestion (Figure 2 and Supplementary Materials: Figure SI).
For (3-casein, the peptide pattern between samples showed only minor differences and therefore also
a comparable persistence of peptides carrying an sIgE binding epitope (f96-110, f123-134, and f164-177)
(Supplementary Materials: Table S1). For ag;-casein, the region f202-213 was solely covered in heated
samples by glycated peptides after 60 min in the IP, suggesting a higher digestion resistance of this
area due to glycation. At the same time, f140-155 of ag;-casein, which has previously been reported
to maintain high residual immunoreactivity after simulated in vitro digestion of spray dried milk
powder [7], was only partly preserved until the end of the IP (Supplementary Materials: Figure S2a).
A higher number of peptides in NT-MP-digests originating from this region could possibly result
in a higher immunoreactivity of this sample. Next to this, a larger number of peptides in f119-134,
which contained a potential T-cell epitope (Table 3) was still found at the end of intestinal digestion
in all samples (Supplementary Materials: Figure S4a). In contrast to the two caseins, 3-lactoglobulin
showed large decreases of sequence coverage in all samples, related to the disappearance of f17-39
and f42-55. At the same time, the regions £57-73 and f139-154 of (3-lactoglobulin were highly resistant
to digestion until the end of intestinal digestion (Supplementary Materials: Figure S2e), independent
from the heat treatment. This was in line with the findings by Egger at al. [44] who observed a high
frequency of peptides within particularly these two areas of 3-lactoglobulin until 120 min in the IP of
a static in vitro model. Moreover, the findings for both 3-lactoglobulin and o;-casein were similar to
previous findings by Picariello et al. [45], who described the sequence part £141-151 of 3-lactoglobulin
and f119-134 of «;-casein as highly resistant to gastrointestinal digestion after simulated adult in vitro
digestion. While there is no direct evidence for the presence of an immunoreactive structure within
this region of -lactoglobulin, f119-134 of «;-casein partly covers the sequence of an sIgE binding
epitope (Figure 3a) and was also identified as potential T-cell epitope (Table 3). Together with its
high resistance until the end of intestinal digestion, this suggest a potential role of f119-134 in sIgE
binding to the digest of MP, but independently from the heat treatment. To summarize these findings,
caseins generally showed a higher resistance over large parts of their protein sequence until the
end of gastrointestinal digestion, which was unaffected by the applied heat treatment. Therefore,
no conclusions can be drawn from the resistance of specific areas within the protein sequence regarding
differential immunoreactivity of dry heated MP compared to NT-MP.

4.3. Effect of Heat Treatment on Identification of IgE Binding Epitopes

Digestion-derived peptides were reported as potential sIgE binding epitopes if they covered at least
80% of the sequence of a linear sIgE binding epitope known from the literature [35]. The three proteins
showing the highest numbers of digestion-derived peptides, os1-casein, 3-casein, and (3-lactoglobulin
(Supplementary Materials: Figure S1a) also led to the highest number of sIgE binding epitopes (Table 1)
after 10 min in the IP. Most sIgE binding epitopes were found in the NT-MP digest, when compared
to the heated samples (Table 1), which was in line with the higher number of peptides (Figure 1a)
and the higher sequence coverage of NT-MP (Figure 2a). This suggests a higher availability of linear
sIgE binding epitopes in NT-MP compared to dry heated MP. The opposite trend was observed for
sIgE binding epitopes carrying a glycation side (Table 2). However, this trend did not continue until
60 min in the IP (Supplementary Materials: Table S1). After 60 min in the IP, most sIgE binding
epitopes were found in the digest of NT-MP, of which the majority were, however, present in all
samples. This can be explained by the overall smaller differences between samples with progressing
digestion, which is possibly related to differences in digestion kinetics especially in the beginning
of the IP. The effect of heating and glycation on sIgE binding has been subject to previous studies
on isolated milk proteins or in mixture [15-17,19]. As reviewed by Nowak-Wegrzyn et al. [18], milk
proteins show reduced sIgE binding upon extensive glycation via the MR. However, these observations
are based on studies of undigested milk proteins and not of linear epitopes exclusively, and thus can
probably not be extrapolated for all MRPs and peptides. A study by Gasparini et al. [46] reported
an approach creating the basis for studying the effect of lactosylation on linear epitopes. However,
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data comparing sIgE binding of lactosylated vs. non-modified peptides is not available at this time.
With respect to the predicted T-cell epitopes, ~50% were specifically found in the heated samples,
but most of those peptides were glycated. To our knowledge only data on T-cell epitopes from
ag1-casein, B-lactoglobulin, and «-lactalbumin are available in the literature. In a previous study it
was shown that a peptide f118-135 of «4;-casein, which is similar to the T-cell epitope identified in
our study (f119-135, Table 3) is recognized by 1 out of 10 cow’s milk allergic children. However,
none of the major T-cell epitopes of ag-casein identified in previous studies have been observed in
the digests in our study [47-49]. The T-cell epitopes identified in -lactoglobulin partly overlapped
with the peptide sequences identified previously (f41-55) [50]. All T-cell epitopes from o(;-casein and
B-lactoglobulin were predicted as ligands for multiple HLA alleles, indicating that their recognition
could be less affected by individual differences in patients. While the majority of ag;-casein derived
T-cell epitopes was phosphorylated, which in a previous study did not show consistent differences in
epitope recognition [47], most of the xg-casein derived T-cell epitopes were glycated (Table 3). To our
knowledge there is no study directly showing the effect of glycation on T-cell epitope recognition.
However, as glycation of food proteins has been shown to affect T-cell immunogenicity [21,51], it could
be hypothesized that glycation of peptides matching a T-cell epitope could affect its immunogenicity.
To summarize, dry heating of MP resulted in a lower number of peptides that match to known sIgE
binding epitopes but a higher number of glycated sIgE binding epitopes. Moreover, T-cell epitopes
were identified in the digest and equally distributed between samples, while glycated T-cell epitopes
were solely found in heated samples. The consequences of glycation on sIgE epitope and T-cell epitope
binding are, however, not clear.

4.4. Identification of Peptides on the Basolateral Side of the Caco-2 Cell Monolayer

Transport across the epithelial layer was assessed using a Caco-2 cell monolayer model. Peptide
length distribution found on the basolateral side (Figure 4) indicated a favored transport of peptides
up to 13 amino acids compared to the distribution in the digest (Supplementary Materials: Figure S3).
Interestingly, peptides with a length up to 24 amino acids were also found on the basolateral side
(Figure 4). The peptides in the larger size ranges (f17-19 and f20-22, and {23-25) were mainly
non-glycated peptides derived from [-casein, which originated from hydrophobic patches within
the sequence suggesting a passage via transcytosis [52]. Availability of larger peptides increases the
possibility of recognition by the immune system. Moreover, transport of peptides carrying sIgE binding
epitope sequences (e.g., {159-177) via transcytosis enables the peptide to reach the lamina propria intact,
indicating the importance of also monitoring transport pathways when studying the availability of
immunoreactive digestion-derived peptides. Most digestion-derived peptides on the basolateral side
were derived from og-casein, (3-casein, and (3-lactoglobulin, which is probably related to the higher
number of peptides in the digest (Supplementary Materials: Figure S2a). Consequently, sIgE binding
epitopes found on the basolateral side were only identified for o -casein, 3-casein, and 3-lactoglobulin
(Table 4). Moreover, sIgE binding epitopes were most abundant in NT-MP which was in line with
the total number of digestion-derived peptides between samples (Table 1a) and presence amongst
proteins (Supplementary Materials: Figure Sla). However, only 19% of the sIgE binding epitopes
(non-modified and glycated) and one T-cell epitope identified in the digests were also found on the
basolateral side (Tables 1, 2 and 4), while on average 49% of the number of peptides in the digest
were found on the basolateral side, suggesting some sort of epitope-excluding effect of the epithelial
layer. For T-cell epitopes it could be hypothesized that this was related to size, as the size ranges 8-10
as well as 11-13 were preferably transported, while T-cell epitopes normally have a length between
15-24 amino acids [36]. In contrast, most sIgE binding epitopes were identified within the smaller size
ranges. Next to peptide size, the transport across the Caco-2 cell monolayer can also be determined by
charge and hydrophobicity [52]. However, further studies would be necessary to determine peptide
properties to find the reasons for the observed restriction of epitope transport across the Caco-2 cell
monolayer. Moreover, it should be noted that in vivo a larger number of M-cells as well as specialized
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dendritic cells are present in the small intestine, that are able to directly sample antigens from the
intestinal lumen [53]. It is thus hypothesized that the translocation of IgE and T-cell epitopes in vivo
could be directed towards specialized cells rather than transport via normal enterocytes.

In contrast to this, transport of a relatively higher number of glycated peptides was observed on
the basolateral side, e.g., in dry heated samples, compared to the composition in the digest. Moreover,
data suggested a possible preference for the transport of lactosyl lysine and glucosyl lysine-modified
peptides amongst all samples, as the percentage of these peptides showed an increasing trend on the
basolateral side compared to the digest (Supplementary Materials: Figures S4 and S5). As reviewed by
Moradi et al. [54], N- and O-glycosylation with different mono- and polysaccharides of therapeutic
peptides has been shown to increase their transport across various biological membranes including
Caco-2 cells. For example, Varamini et al. [55] observed a 700-fold increased transport across the Caco-2
cell monolayer after modification of the N-terminal amino group from endomorphin-1 with lactose and
suggested that this transport took place via a lactose-selective transporter. Such transporter-mediated
translocation could be a possible explanation for the facilitated migration of glucosyl lysine and lactosyl
lysine-modified digestion-derived peptides across the Caco-2 cell monolayer. However, it should
be noted that the position and type of linkage (N- or O-linked) can strongly affect the structure,
functionality and transporter mediated uptake of the peptides [54,56]. Therefore, an extrapolation
of these findings to any peptide and any kind of modification is probably not possible. With respect
to the potential immunological consequences, it is suggested that glycation if present on a linear
slgE binding epitope can affect the interaction between the peptide and the antibody [46]. Moreover,
AGEs themselves have also been reported to modulate inflammatory pathways by binding to receptors
for AGEs [14]. For the example of peptide-bound CML, it has been shown that it is a potent ligand for
the receptor for AGEs and thus possibly affects inflammatory pathways [20]. This study showed that
glycated peptides larger than 7 amino acids are transported independent of the type of modification
(Figure 5). The findings of this study suggested that diets with high AGE content can also result in
higher uptake of AGE-modified peptides. As recently shown, the binding of AGE receptors depends
on the concentration of food protein bound AGEs [22]. Therefore, quantitative data would be necessary
to better judge the impact of the transport of AGE-modified peptides on the gastrointestinal immune
system as well as the involved transport pathways. To summarize, results indicated that several
potentially immunoreactive peptides are transported across a model epithelial barrier. In general,
the presence of peptides on the basolateral side is more affected by the overall composition of the
digest rather than the selective transport of specific peptides. Nevertheless, transport seemed to be
favored for smaller peptides (up to 13 amino acids) as well as peptides modified to lactosyl lysine and
glucosyl lysine. This should, however, be further investigated using quantitative data on selected
modified vs. non-modified peptides. At the same, time transport of sIgE binding epitopes and T-cell
epitopes was limited, which is possibly related to some intrinsic properties of these peptides.

This study aimed to give an overview of the composition and transport of peptides derived after
simulated infant in vitro digestion of differentially dry heated MP. However, this also resulted in some
limitations, as only qualitative data was presented and allergenicity as well as immunogenicity was not
measured directly. Moreover, other structures that could affect immunogenicity as well as allergenicity,
such as aggregated protein that might also resist in vitro digestion, have not been considered [57,58].
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Figure 5. Digestion-derived peptides identified on the basolateral side of Caco-2 cells exposed to in vitro
digests of cow’s milk protein, non-treated (NT), heated in the presence of lactose at low temperature
(LT), and high temperature (HT). Peptides without posttranslational modification (noPTM), as well as
modification to glucosyl lysine (Gluc), lactosyl lysine (Lac), pyrroline (Pyr), and carboxymethyl lysine
(CML) are shown expressed as peptide count relative to the total number (NT: 181, LT: 129, HT: 121) of
peptides in one sample.

5. Conclusions

This study showed that different peptide profiles are generated during simulated infant in vitro
digestion of milk that was dry heated in the presence of lactose. HT dry heating had the largest
effects on peptide generation, resulting in much lower numbers of peptides and a lower sequence
coverage. Moreover, a much lower number of sIgE binding epitopes but a larger proportion of glycated
sIgE binding epitopes and T-cell epitopes in heated samples indicated that immunogenicity and
allergenicity of these samples could be affected. However, this needs to be further tested. Transport
studies showed that the transport of sIgE epitopes and T-cell epitopes across the Caco-2 cell monolayer
is limited, highlighting the importance of evaluating different transport pathways. It is hypothesized
that transport of lactosyl lysine and glucosyl lysine-modified peptides was favored, while CML and
pyrroline-modified peptides were transported depending on their presence in the digest. This resulted
in relatively more glycated peptides on the basolateral side in heated samples, indicating that if the
initial level of MR is high, this will also increase the transport of glycated peptides and can thereby
possibly affect immunoreactivity via interaction with AGE receptors. This pointed out the importance
of studying the effect of glycation on the peptide level on immunogenicity and allergenicity.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/12/8/2483/s1,
Figure S1: Peptides derived from each of the five major milk proteins after infant in vitro digestion of cow’s milk
protein, Figure S2: Sequence alignment of digestion-derived peptides after 60 min in the intestinal phase, Figure
S3: Peptide length distribution identified in the in vitro digests of cow’s milk protein after 10 min in the intestinal
phase, Figure S4: Non-modified vs. glycated digestion-derived peptides identified after 10 min in the intestinal
phase, Figure S5: Summed intensities of peptides associated with a specific modification, within the same amino
acid sequence. Table S1: sIgE binding epitopes ! identified in digestion-derived peptides derived from cow’s
milk protein after 60 min in the intestinal phase, Table S2: Potential T-cell epitopes identified after 60 min in the
intestinal phase.
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