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a b s t r a c t

The entire panel of peptides produced from caseins (CN) and whey proteins (WP) that survive in vitro
sequential gastro-pancreatic digestion and translocate across monolayers of Caco-2 cells, used as a model
of the intestinal epithelium, has been characterised by HPLC and mass spectrometry. Among the milk-
derived bioactive peptides, only minor amounts of mono-phosphorylated peptides arising from as1-
and b-CN were detected. The absorption behaviour of two resistant b-lactoglobulin (b-Lg) domains, b-
Lg 125–135 and b-Lg 40–60, was studied in detail using synthetic peptides. The IgE-binding properties
of the digests recovered from the apical and basolateral monolayer compartments were evaluated by
dot-blot, using the sera of milk allergic children (N = 5). Outcomes indicated b-Lg 127–135 as a possible
‘‘immune sensitising factor’’ in vivo. The almost complete loss of the IgE-affinity of CN and WP after diges-
tion points out the need to design in vivo experiments to track the metabolic fate of dietary proteins.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Many studies have demonstrated that peptide sequences en-
crypted in food proteins can significantly influence a range of phys-
iological functions (Clare & Swaisgood, 2000; Korhonen & Philanto,
2006; Meisel, 2005; Silva & Xavier Malcata, 2005). Food-derived
bioactive peptides are effective as long as they are released by pro-
teolytic events or during gastrointestinal (GI) digestion in vivo. The
ability of bioactive peptides to reach their target site(s) unhydroly-
sed is a prerequisite for exerting any physiological effects. There-
fore, it is clear that the proteolytic pathways of GI digestion have
a decisive impact on the formation and/or degradation of specific
bioactive sequences. The actual physiological involvement of
food-derived peptides is uncertain in most cases since almost all
biological tests have assayed sequences released in vitro under
conditions that are very different from those occurring in vivo.

Milk proteins are by far the most extensively investigated
source of food-derived bioactive peptides, although active se-
quences have been described from several food matrices. Several
experimental approaches have attempted to reproduce more or

less closely the conditions of the GI digestion of milk proteins to
trace the pathways of their breakdown. However, none of these
methods has yet been generally accepted and standardised (Hur,
Lim, Decker, & McClements, 2011). The pattern of resistant pep-
tides is expectedly affected by a certain degree of variability,
depending on the conditions of the GI digestion model (Defernez,
Mandalari, & Mills, 2010; Mandalari et al., 2009). Nevertheless,
an overview of the recent literature confirms that some milk pro-
tein domains exhibit an intrinsic relative stability to hydrolysis.
The domains of caseins (CN) and whey proteins (WP) that survived
an in vitro, three-phase GI digestion, including simulated sequen-
tial gastric, duodenal and intestinal hydrolysis, have been investi-
gated in a previous work (Picariello et al., 2010). The early
extensive hydrolysis of CN, the partial resistance of b-lactoglobulin
(b-Lg) to pepsin, and the resistance of a few specific protein regions
were consistent with recent results regarding the degradation of
milk proteins in piglets (Bouzerzour et al., 2012).

Although selected peptides may, in principle, exert their actions
locally at the level of the GI tract, intestinal absorption prior to dis-
tribution to peripheral organs is generally an additional key factor
that affects the bioavailability, kinetics and systemic actions of
peptides in vivo. Peptides that are resistant to proteolytic degrada-
tion and are taken up to a significant extent are good candidates
either to exert beneficial effects in vivo or, conversely, to act as
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‘‘immune sensitising factors’’, which are antigenic determinants
that can induce sensitisation and elicit allergic reactions in predis-
posed individuals (Jensen-Jarolim & Untersmayr, 2006). Because
the in vivo determination of intestinal uptake of nutrients or drugs
in the intestine is technically difficult, transport studies across hu-
man colon adenocarcinoma (Caco-2) cell monolayers have been
routinely utilised as an in vitro model to mimic absorption by the
human intestinal epithelium. Despite their colorectal origin, differ-
entiated Caco-2 cells maintain many morphological and functional
traits that characterise the mature enterocytes of the small intes-
tine, such as cell polarisation, microvillous structure, carrier-
mediated transport systems, functional tight junctions between
adjacent cells and expression of brush-border membrane (BBM)-
associated proteases and peptidases. The intestinal absorption pre-
dicted by using Caco-2 cell monolayers is well correlated with
intestinal uptake in vivo, at least from a qualitative standpoint
(Artursson, Palm, & Luthman, 2012).

The transport of milk-derived peptides across Caco-2 cell
monolayers has already been investigated using primarily
single-peptide systems or simple mixtures of synthetic peptides
(Cakir-Kiefer et al., 2011; Iwan et al., 2008; Regazzo et al., 2010;
Sienkiewicz-Szłapka et al., 2009).

In the present work, the uptake by Caco-2 monolayers of the en-
tire panel of peptides produced from simulated GI digestion of bo-
vine CN and WP fractions has been evaluated. The peptides that
translocated across the model epithelia were characterised by ma-
trix-assisted laser desorption ionisation-time of flight (MALDI-
TOF) mass spectrometry (MS) and reversed phase-high perfor-
mance liquid chromatography (RP-HPLC) coupled to either UV or
electrospray (ESI) MS/MS detection. The peptides recovered from
both the apical (UP) and basolateral (DOWN) insert media, along
with the HPLC-isolated parent proteins and two proteolytically sta-
ble, synthetic peptides of b-Lg were assayed for their binding affin-
ity to IgEs derived from the sera of N = 5 children diagnosed with
cow’s milk allergy (CMA).

2. Materials and methods

An individual bovine milk sample, which was obtained from a
local farm, was preliminarily assessed by HPLC and MS as being
heterozygous for both the b-CN A1 and A2 and b-Lg A and B and
used for this study. After manual expression, the milk was imme-
diately frozen and stored at �20 �C until use. Pepsin, trypsin, chy-
motrypsin, carboxypeptidase A, elastase, neutral red powder,
dithiothreitol (DTT), iodoacetamide and a-cyano-4-hydroxycin-
namic acid were purchased from Sigma (St. Louis, MO, USA).
Ammonium bicarbonate, trifluoroacetic acid (TFA) and HPLC-grade
solvents were purchased from Carlo Erba (Milan, Italy) and were
used without any further purification.

2.1. Fractionation of milk proteins

CN and WP were separated from skim milk (20 mL) diluted
two-fold with distilled water according to the Aschaffenburg
method (Aschaffenburg & Drewry, 1959). The milk was acidified
to pH 4.6 with 10% (v/v) acetic acid/1 M sodium acetate buffer,
incubated for 30 min at 37 �C and centrifuged at 5000g at 4 �C
for 10 min. The soluble WP were isolated by loading the superna-
tant onto Econo-pac� 10 DG columns (Bio-Rad Laboratories, Her-
cules, CA, USA) and the proteins were eluted with 50 mM
ammonium bicarbonate. The column effluents were monitored
by UV detection at k = 280 nm (Ultrospec 2100 pro, Amersham
Biosciences, Uppsala, Sweden). The WP was then quantitated by
Bradford assay and freeze-dried. The CN precipitate was washed

twice with sodium acetate/acetic acid buffer and then freeze-
dried.

2.2. Gastro-pancreatic digestion

In vitro sequential, gastro-pancreatic digestion of milk proteins
was performed as previously described (Picariello et al., 2010).
Briefly, CN and WP were dissolved in 5% formic acid at a concentra-
tion of 1 mg/mL and incubated at 37 �C with pepsin (1:100 en-
zyme/protein ratio, w/w) for 60 min. Prior to pancreatic
digestion, the samples were lyophilized and reconstituted twice
with deionised water. The peptic digests were redissolved in
0.1 M sodium phosphate buffer (pH 7.0) at a concentration of
approximately 1 mg/mL and further hydrolysed for 1 h at 37 �C
with a pool of pancreatic enzymes containing trypsin (1:100, w/
w), chymotrypsin (1:100, w/w), carboxypeptidase (1:100, w/w)
and elastase (1:500, w/w). The simulated pancreatic digestion
was stopped by heating the tubes in a boiling water bath for
5 min. The hydrolysis of milk proteins was monitored by RP-HPLC.
The HPLC profiles of the digests, analyzed immediately before and
after heating, did not appreciably differ, so excluding major heat-
induced modifications of peptides.

Prior to application onto the Caco-2 monolayers, the gastro-
pancreatic digests were desalted on Sep-Pak C18 cartridges
(Waters, Milford, MA, USA) and then lyophilized after reconstitu-
tion with MilliQ water.

2.3. Synthetic peptides

b-Lg 125–135 and b-Lg 40–60, which were used as the GI-resis-
tant model peptides, were synthesised by a solid-phase methodol-
ogy using the Fmoc (9-fluorenylmethoxycarbonyl) strategy on a
Pioneer peptide synthesizer (Synthesis System 9050 instrument,
PE-Biosystems, Framingham, MA, USA). The purity (>95%) was as-
sayed by both RP-HPLC and MALDI-TOF MS.

2.4. Cell culture

The Caco-2 cell line was obtained from ATCC (Philadelphia, PA,
USA). Dulbecco’s Modified Eagle’s Medium (DMEM) and Hank’s
Buffered Salt Solution (HBSS) were purchased from Lonza-Bio-
Whittaker (Verviers, Belgium). The Caco-2 cells were cultured in
DMEM supplemented with 20% heat-inactivated fetal calf serum
(Gibco Life Technology), 1% nonessential amino acids (Euroclone),
2 mM L-glutamine and penicillin/streptomycin (Lonza-BioWhittak-
er). The Caco-2 cells were incubated at 37 �C in a humidified atmo-
sphere containing 5% CO2. The cells used in the experiments were
between passages 20 and 30. Cells in log-phase growth were sub-
cultured weekly by trypsinisation and were seeded at a ratio of 1:3
upon reaching 80% confluence. The culture medium was changed
every 2–3 days. The cell viability was tested using the vital dye
neutral red, according to the manufacturer’s instructions.

2.5. Transepithelial transport studies

For the transport experiments, the cells were seeded at a den-
sity of 4.5 � 105 cells/cm2 in 6-well filter support inserts with poly-
ethylene terephthalate membranes (0.4 lm pore size, 23.1 mm
diameter, 4.2 cm2 growth surface area; purchased from BD Falcon,
Italy). Cell attachment was improved by first covering the trans-
well membrane with type I bovine collagen (Gibco, Invitrogen,
Italy) according to the manufacturer’s instructions. The monolay-
ers reached confluence 4 days after plating, and the cells differen-
tiated for at least an additional 14 days prior to the transepithelial
transport experiments. The integrity of the cell layers was evalu-
ated by transepithelial electrical resistance (TEER) measurements
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using an epithelial Volt-Ohm Meter (Millicell ERS-2, Millipore,
Italy). Only the Caco-2 monolayers with TEER values higher than
700 X/cm2 were selected for the subsequent experiments. Follow-
ing the TEER value measurement, the Caco-2 cell monolayers were
gently rinsed twice with PBS, and transport medium (HBSS supple-
mented with 25 mM glucose and 10 mM HEPES, TM) was added to
the apical (2 mL) and basolateral (3 mL) compartments. The inserts
were incubated at 37 �C for 330 min with the peptide digests
(1.5 mg). Following this incubation, the solutions from the apical
and basolateral compartments were collected for RP-HPLC and
RP-HPLC–ESI/MS analysis. The TEER value was measured before
and after the transport experiments to ensure the integrity of the
monolayers. In the same set of cells, the integrity of the layers
was also evaluated by a lucifer yellow (LY) permeability assay
(Mineo, Hara, Shigematsu, Okuhara, & Tomita, 2002). The fluores-
cence leakage was determined for LY by excitation at k = 485 nm
and emission at k = 530 nm using a fluorescence plate reader
(Bio-Rad). Transport buffer (HBSS containing 10 mM HEPES, pH
7.4) was added to the DOWN compartment. The LY was diluted
in transport buffer and applied to the apical compartment at a final
concentration of 100 lM. The apical to basal permeability coeffi-
cients (Pc) were calculated according to the following equation:
Pc = (V/(A � Ci)) � (Cf/T), where V is the volume of the basal cham-
ber (mL), A is the area of the membrane insert (cm2), Ci and Cf are
the initial and final concentrations of the fluorochrome, respec-
tively, and T is the assay time (s). The control inserts received only
growth medium. In the control monolayers, no significant changes
in the TEER values and LY absorption rates were observed during
the entire incubation period. Moreover, cell differentiation was
evaluated by alkaline phosphatase activity assayed according to
the method described by Garen and Levinthal (1960) using p-nitro-
phenol phosphate as the substrate. To check for repeatability, all
transport experiments were performed at least three times in
duplicate assays.

2.6. RP-HPLC analysis

The RP-HPLC analyses of the protein digests and peptide mix-
tures recovered from both the UP and DOWN compartments of
the Caco-2 monolayer inserts were performed on an HP 1100 mod-
ular system (Agilent, Palo Alto, CA, USA) equipped with a 2.0 mm
i.d. � 250 mm, C18, 5 lm reversed-phase column (Phenomenex,
Torrance, CA, USA). Solvent A was 0.1% TFA (v/v) in water, and sol-
vent B was 0.1% TFA (v/v) in acetonitrile. Separations were per-
formed with a 5–65% gradient of solvent B over 60 min, after a
10 min isocratic elution at 5% B at a constant flow rate of 0.2 mL/
min. The column effluent was monitored by UV detection
(k = 220 and 280 nm) and the peaks were manually collected. To
monitor the in vitro digestion, �45 lg of peptide digests was in-
jected for each run. For analyzing the peptide mixtures recovered
from the UP and DOWN compartments of the Caco-2 monolayers,
60 and 90 lL of solution were injected, respectively. Peak integra-
tion was performed using HPLC offline software (Agilent).

2.7. MALDI-TOF MS mass spectrometry

The MALDI-TOF MS experiments were performed on a PerSep-
tive Biosystems Voyager DE-PRO instrument (Foster City, CA,
USA) equipped with an N2 laser (337 nm, 3 ns pulse width). Prior
to the MS analysis, the peptide mixtures were desalted using C18

Zip-Tip pre-packed micro-columns (Millipore, Bedford, MA, USA)
previously equilibrated with aqueous 0.1% TFA (v/v) and eluted
with 70% acetonitrile (v/v) containing 0.1% TFA (v/v). The HPLC
peaks (1 lL) were directly loaded onto a stainless steel plate to-
gether with 1 mL of a-cyano-4-hydroxycynnamic acid matrix
(10 mg/mL aqueous 50% acetonitrile/0.1% TFA) and air-dried. The

mass spectra were acquired in the positive ion reflector mode by
accumulating 200 laser pulses. The accelerating voltage was
20 kV. The external mass calibration was performed with mass
peptide standards (Sigma). The spectra were analysed with the
Data Explorer software (version 4.0) that was provided with the
instrument.

2.8. l-HPLC ESI MS/MS

The peptide digests of CN and WP that were recovered from
both compartments of the Caco-2 monolayers were separated by
microflow (l-)HPLC using an Integral 100Q HPLC system (PerSep-
tive Biosystems, Framingham, MA, USA). For each injection, 20 and
30 ll of solution recovered from the apical and basolateral sides,
respectively, were analysed. The flow rate was split from 200 to
5 lL/min using a flow splitter. The eluents were as follows: (A)
5% ACN in 0.08% FA and 0.01% TFA and (B) 95% ACN in 0.08% FA
and 0.01% TFA. The peptides were separated on a capillary column,
C18 PepMap, 300 Å, 300 mm i.d. � 150 mm, (LC Packings), using a
linear gradient of 5–40% B over 60 min. For MS/MS analysis, a Q-
Star Pulsar mass spectrometer (Applied Biosystems, Foster City,
CA, USA) equipped with an ESI ion source was used. The experi-
ments were performed in IDA (intelligent data acquisition) mode.
The precursor ions were selected for fragmentation using the fol-
lowing MS to MS/MS switch criteria: ions greater than m/z 400.0,
charge state 1–3, intensity exceeding 15 counts, former target ions
excluded for 60 s and ion tolerance of 50.0 milli-mass unit (mmu).
The ions were fragmented by collision-induced decay (CID) using
nitrogen as the collision gas. The raw l-HPLC–MS/MS files were
used to generate the Mascot generic file format (.mgf) text files
with the software Analyst (ver. 1.1, Applied Biosystems). The pep-
tides were identified with the Batch-Tag Web tool of Protein Pros-
pector (http://prospector.ucsf.edu), operating with the following
criteria: databases: Uniprot ver. 11.01.2011; taxonomy: Bos taurus;
type of search: MS/MS ion search; enzyme: none; variable modifi-
cations: methionine oxidation and pyro-Glu formation at the N-
terminal Gln; mass values: monoisotopic; parent tolerance:
0.08 Da; MS/MS fragment tolerance: 0.2 Da; and number of maxi-
mum missed cleavages: 1. The peptide identifications were manu-
ally validated. The selected mass ions were manually assigned
based on the l-HPLC MS/MS spectra. The peptide entries were con-
sidered identified when the measured MH+ of the parent corre-
sponded to the expected monoisotopic value and a sequence of
at least three consecutive b- or y-ions occurred in the MS/MS
spectrum.

2.9. Dot-blot assays

For the dot-blot assay, the sera from five children (34–
76 months of age, all male), four of whom had persistent CMA
and one who outgrew the allergy, were used as a source of the spe-
cific IgE antibodies. The diagnosis of CMA was confirmed based on
positive allergen-specific IgE titers, skin prick tests and controlled
oral challenges. Serum specific IgE levels for common milk aller-
gens were measured using ImmunoCAP (GEhealthcare, Uppsala,
Sweden). The symptoms ranged from cutaneous to GI and respira-
tory manifestations. An aliquot of the peptide fractions (�0.1 lg)
was spotted onto a 0.45 lm Transblot nitrocellulose membrane
(Bio-Rad) and air-dried. The membranes were blocked with 5%
chicken ovalbumin (Sigma) in Tris-buffered saline with 0.05%
Tween 20 (TBS-T) for 1 h at room temperature (RT). The mem-
branes were then incubated overnight at 4 �C with the sera from
either allergic children or healthy individuals (negative controls,
N = 2) diluted 1/20 in TBS-T. After washing with TBS-T, a monoclo-
nal peroxidase conjugated anti-human IgE antibody (Sigma) in
blocking solution (1/10,000) was incubated with the membrane
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for 1 h at RT. The membrane was extensively rinsed with TBS-T
(3 � 10 min) and finally with TBS (1 � 10 min) before develop-
ment. Chemiluminescence reagents (ECL Plus WB reagent, GE
Healthcare, Sweden) and X-ray films (Kodak, Chalons/Saône,
France) were used for visualising the immunoreactive peptide
spots at various exposure times.

3. Results

To identify the milk-derived peptides that are resistant to pro-
teolysis, an in vitro sequential, multi-phase model of GI digestion
that included the BBM hydrolases from human gut for simulating
intestinal degradation was developed in a previous investigation
(Picariello et al., 2010). Similarly, in this study, to mimic gastro-
duodenal digestion, CN and WP were sequentially incubated, first
with pepsin at pH �2 and second with a pool of pancreatic en-
zymes, including carboxypeptidase A, chymotrypsin, elastase and
trypsin at pH 7.2. For the transepithelial transport studies, the gas-
tro-duodenal digests were applied onto Caco-2 monolayers that
were differentiated on porous inserts. Because Caco-2 cells main-
tain the hydrolytic functions of mature enterocytes, the step
involving the intestinal BBM endo-/exopeptidases was omitted in
this study. The operating proteolytic activity of the Caco-2 cells
was confirmed by applying an aliquot of purified b-casein to a con-
trol monolayer. The RP-HPLC analysis of the apical solution re-
vealed the almost complete disappearance of the intact protein

after 180–240 min and the production of small- and medium-sized
peptides (data not shown).

3.1. Transepithelial transport of milk-derived peptides: RP-HPLC
analysis

The CN- and WP-derived peptides recovered in the UP and
DOWN compartments of the Caco-2 monolayers after a 330 min
incubation were analyzed by RP-HPLC (Figs. 1 and 2). The integrity
of the monolayers was assessed by both TEER and LY measure-
ments. In the experimental conditions, the outflow rates of LY were
typically lower than 0.5%. Both the CN- and WP-derived mixtures
showed a series of minor chromatographic fractions accompanying
a relatively high-abundance peptide eluted at retention time (tr)
�35.5 min. This peptide was collected manually and analyzed by
MALDI-TOF MS and direct injection ESI-Q-TOF–MS/MS and was
identified as b-Lg 127–135 (MH+ = 1047.5). Consistent with our
previous results, a relatively small number of milk protein regions
survived the in vitro GI digestion. In particular, we found that the
proteolytic events operate a ‘‘process of enrichment’’ for the b-Lg
125–135 fragment that, owing to its intrinsic resistance, was dom-
inant in both the CN- and WP-derived peptide fractions (Picariello
et al., 2010). The b-Lg-derived sequences in the CN fraction arose
from contaminating WP (5–8%) that co-precipitated with the case-
in fraction. The b-Lg 125–135 (sequence TPEVDDEALEK), which oc-
curred in the gastro-duodenal digests of both CN and WP

Fig. 1. RP-HPLC chromatograms of CN-derived peptides recovered from the apical (A) and basolateral (B) compartments of the Caco-2 monolayers. (�) Phenol red.
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(Supplementary Data, Fig. S1) was detected only in trace amounts
by HPLC-ESI MS after incubation with the Caco-2 cells in either the
UP or the DOWN digests. The hydrolysis of the N-terminal TP
dipeptide suggests that a prolyl dipeptidase, such as dipeptidyl
peptidase IV, should be active within the Caco-2 proteolytic
machinery, which is different from the BBM extracts. In this regard,
it has already been established that the sequential action of the
gastro-duodenal and BBM enzymes is not effective in hydrolysing
dietary epitopes at the level of proline residues (Hausch, Shan, San-
tiago, Gray, & Khosla, 2002), differently from the Caco-2 process-
ing. In any case, the corresponding region of b-Lg was confirmed
to be by far the most resistant to digestion among the milk protein
domains. Compared to the other HPLC peaks, the peptide b-Lg 127–
135 exhibited an average transport rate of approximately 38% and
was further enriched in the DOWN peptide fraction. Except for a
few components eluted at low tr, which were di-/tri-peptides, no
additional peptides permeated the Caco-2 monolayers in a signifi-
cant amount, providing evidence of a certain level of epithelial
selectivity. No significant variability was observed when replicate
HPLC analyses were performed to check for repeatability. To con-
firm the above results, b-Lg 125–135 and b-Lg 40–60, this latter
encrypting a relatively resistant domain as well (Picariello et al.,
2010), were chemically synthesised and utilised in the epithelial
transport experiments. The synthetic peptides were applied to
Caco-2 monolayers either individually (Supplementary Data,
Figs. S2 and S3) or simultaneously at a 1:1 ratio (Fig. 3). These
experiments confirmed that b-Lg 125–135 (tr � 37.8 min) is almost
completely converted by the Caco-2 cells to b-Lg 127–135

(tr � 35.5 min), which is in turn�38% adsorbed (mean of three rep-
licate analysis ± 8%). The b-Lg 40–60 (MH+ = 2469.3) was not fur-
ther processed by the Caco-2 cells; however, it was adsorbed at a
very low rate (not higher than 4%).

3.2. Transepithelial transport of milk-derived peptides: mass
spectrometry-based analysis

The evolution of the CN and WP fractions upon in vitro GI diges-
tion and their transport across the monolayers was monitored by
MS-based techniques. The MALDI-TOF MS comparisons (apical vs.
basolateral Caco-2 compartments) for the CN- and WP-derived
peptides are shown in the Supplementary Data (Figs. S4 and S5,
respectively). The peptide mixtures that permeated across the cell
epithelium were also characterised by l-HPLC–ESI MS/MS. The
comprehensive identification of the components is not a trivial is-
sue, considering the heterogeneity of the mixtures, the relatively
low-abundance of the greater part of the peptides and the almost
complete lack of cleavage specificity. Therefore, MALDI-TOF MS
and l-HPLC–ESI MS/MS-based strategies were used complementa-
rily to profile the peptide components. The peptides produced from
CN and WP recovered at the DOWN side of the Caco-2 monolayers
are presented in Tables 1 and 2, respectively.

Despite the somewhat expected selectivity that promoted a lin-
early enhanced translocation of the small-sized protein moieties
(Föger, Kopf, Loretz, Albrecht, & Bernkop-Schnürch, 2008) the
MALDI MS profiles for either the CN or WP peptides did not differ
significantly between the two monolayer compartments. Never-

Fig. 2. RP-HPLC chromatogram of WP-derived peptides recovered from the apical (A) and basolateral (B) compartments of the Caco-2 monolayers. (�) Phenol red.
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theless, because of the effects of ion suppression, the MS analysis
did not allow us to infer quantitative information regarding the
prevalence of specific peptides. Therefore, it is worth noting that
the predominant peptides after in vitro digestion, such as b-Lg
125–135 or its shortened form, b-Lg 127–135, were not detected
by MALDI-TOF MS, most likely because of the high density of acidic
amino acid residues that prevent effective ionisation. The l-HPLC–
ESI MS/MS analysis confirmed that the related domain of b-Lg was
clearly among the milk protein regions that were most resistant to
the digestive enzymes. Because of its high sensitivity and dynamic
range, MS also enabled the detection of quantitatively minor pep-
tides. Example outputs of the software-assisted l-HPLC-ESI MS/MS
peptide identifications are displayed in the Supplementary Data
(Figs. S6–S10). The assignment process, which was complemented
and validated by the manual inspection of MS spectra, enabled the
identification of peptides that arose from all the CN families except
as2-CN and from either b-Lg or a-La. Both of the MS techniques
indicated that the milk proteins are massively degraded by the
digestive enzymes, whereas relatively few CN or WP regions par-
tially endure digestion and cross the Caco-2 epithelium. The pro-
line-rich central region of b-CN (residues 88–107) and the central
region of as1-CN (residues 104–119) exhibited a certain relative
stability. The intense signals of the fragments arising from the C-
terminal region of b-CN and from the N-terminal domain of as1-
CN, observed particularly in the MALDI-TOF MS spectra, should

be ascribed to a high ionisation efficiency rather than to their
abundance (Bouzerzour et al., 2012; Picariello et al., 2010). Some
signals, for example m/z 994.5 (b-CN 194–202), appeared only in
the DOWN compartment, most likely reflecting their secondary
production caused by the Caco-2 processing of longer precursors.
Aside from some large-size a-La-derived fragments that were most
likely resistant to hydrolysis due to their disulphide cross-linkages,
no peptide at a molecular mass greater than 3 kDa was detected by
MALDI MS. However, disulphides per se do not seem to confer
resistance because we did not detect S–S cross-linked peptides of
b-Lg. Notably, some mineral-binding as1- and b-CN phosphopep-
tides survived digestion, although to a minor extent, and partly
translocated across the Caco-2 monolayers. By contrast, as also
previously demonstrated, the phosphate-rich casein clusters were
almost completely hydrolysed.

3.3. IgE-binding properties of CN- and WP-derived peptides

The IgE-binding properties of the CN- and WP-peptides sam-
pled from the UP and DOWN sides of the Caco-2 monolayers were
assayed by dot-blot analysis using the sera from N = 5 children
with a documented history of CMA as the source of the specific
IgEs. Among these children, one had outgrown the allergy and
had acquired tolerance to milk proteins. The dot-blot analysis
was performed to determine the reactivity against the RP-HPLC-

Fig. 3. RP-HPLC chromatograms of an equimolar mixture of b-Lg 125–135 and b-Lg 40–60 recovered from the apical (A) and basolateral (B) compartments of the Caco-2
monolayers. (�) Phenol red.
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isolated CN and WP. Table 3 summarises the main clinical charac-
teristics of the children enrolled in the study and the immunore-
sponsivity patterns of the sera to the milk proteins, peptide

digests and synthetic peptides. The reconstructed patterns of reac-
tivity are shown in the Supplementary data (Fig. S11). Although the
limited number of sera assayed impedes the inferring of statisti-
cally significant figures, all the allergic children exhibited a strong
response against as2-CN. This finding is consistent with previous
results indicating that as2-CN, which is lacking in human breast
milk, is the most prevalent antigen of individuals with IgE-medi-
ated CMA (Natale et al., 2004). Two sera, AS3 and AS4, clearly con-
tained specific IgEs against as1-CN, whereas AS1 and AS3 were
reactive against j-CN and b-CN, respectively. Only one of the sera,
AS3, exhibited significant sensitisation against b-Lg. AS3 displayed
IgEs against as1-CN, b-CN and a-La and, remarkably, significant
reactivity against in vitro GI digests of WP and the synthetic pep-
tide, b-Lg 125–135. The response against b-Lg 127–135, which
was collected after Caco-2 processing, appeared more intense com-
pared to its b-Lg 125–135 precursor. The serum of the tolerant

Table 1
MS-based identification of CN-derived peptides translocated across Caco-2
monolayers.

Mass (M+H)+ Identification Technique of identification

491.3 b-CN 116–119 ESI-MS/MS
576.4 b-CN 134–138 ESI-MS/MS
665.4 as1-CN b-CN 156–161 ESI-MS/MS
689.5 b-CN 134–139 ESI-MS/MS
690.4 b-CN 184–189 Met-OX ESI-MS/MS
722.5 as1-CN 17–22 ESI-MS/MS
758.4 as1-CN 25–31 ESI-MS/MS
776.4 as1-CN 155–161 pyroGlu ESI-MS/MS
780.6 b-CN 170–176 ESI-MS/MS
791.4 b-CN 126–132 ESI-MS/MS
793.4 as1-CN 156–163 ESI-MS/MS
830.5 b-CN 177–186 MALDI and ESI-MS/MS
831.4 as1-CN 84–90 MALDI and ESI-MS/MS
871.5 as1-CN 16–22 MALDI and ESI-MS/MS
886.4 j-CN 154–161 ESI-MS/MS
907.4 as1-CN 8–15 MALDI and ESI-MS/MS
910.5 as1-CN 125–132 ESI-MS/MS
926.4 b-CN 85–92 MALDI and ESI-MS/MS
936.4 b-CN 116–123 ESI-MS/MS
946.5 as1-CN 35–42 ESI-MS/MS
965.6 b-CN 74–82 ESI-MS/MS
977.5 b-CN 194–202 pyroGlu MALDI and ESI-MS/MS
994.5 b-CN 194–202 MALDI and ESI-MS/MS
1023.5 b-CN 116–124 ESI-MS/MS
1025.6 b-CN 84–92 ESI-MS/MS
1041.4 b-CN 126–134 MALDI and ESI-MS/MS
1051.5 b-CN 194–203 MALDI and ESI-MS/MS
1079.6 b-CN 73–82 ESI-MS/MS
1099.6 as1-CN 14–22 ESI-MS/MS
1112.5 as1-CN 10–19 ESI-MS/MS
1124.6 b-CN 83–92 ESI-MS/MS
1140.6 as1-CN 1–9 MALDI and ESI-MS/MS
1151.6 b-CN 145–154 MALDI and ESI-MS/MS
1157.6 b-CN 193–202 MALDI and ESI-MS/MS
1177.6 as1-CN 27–36 MALDI and ESI-MS/MS
1227.7 as1-CN 13–22 ESI-MS/MS
1252.6 j-CN 1–10 pyroGlu ESI-MS/MS
1267.6 as1-CN 125–135 MALDI and ESI-MS/MS
1270.7 b-CN 192–202 MALDI and ESI-MS/MS
1272.6 j-CN 113–123 ESI-MS/MS
1337.7 as1-CN 80–90 MALDI and ESI-MS/MS
1363.8 b-CN 197–209 MALDI and ESI-MS/MS
1373.6 as1-CN 174–186 ESI-MS/MS
1373.6 j-CN 113–124 ESI-MS/MS
1377.6 b-CN 195–207 MALDI and ESI-MS/MS
1494.8 as1-CN 10–22 MALDI and ESI-MS/MS
1605.8 as1-CN 9–22 pyroGlu MALDI and ESI-MS/MS
1622.9 as1-CN 9–22 MALDI MS
1697.2 as1-CN 105–119 1Pa MALDI MS
1708.9 as1-CN 105–119 MALDI and ESI-MS/MS
1759.9 as1-CN 8–22 MALDI and ESI-MS/MS
1788.9 as1-CN 105–119 1P MALDI and ESI-MS/MS
1846.0 b-CN 153–169 ESI-MS/MS
1859.9 as1-CN 104–119 1Pa MALDI MS
1871.9 as1-CN 104–119 MALDI MS
1938.0 b-CN 145–161 MALDI MS
1951.9 as1-CN 104–119 1P ESI-MS/MS
2037.0 b-CN 145–162 MALDI MS
2068.9 b-CN 144–161 MALDI and ESI-MS/MS
2084.9 b-CN 144–161 Met-OX ESI-MS/MS
2092.0 as1-CN 125–143 ESI-MS/MS
2104.9 as1-CN 174–193 MALDI and ESI-MS/MS
2168.1 b-CN 144–162 MALDI and ESI-MS/MS
2206.1 b-CN 179–196 MALDI MS
2316.9 b-CN 33–51 1Pa MALDI MS
2409.0 b-CN 33–51 1P MALDI and ESI-MS/MS
2463.9 b-CN 33–52 1Pa MALDI MS
2556.0 b-CN 33–52 1P MALDI and ESI-MS/MS
2632.4 b-CN 174–195 MALDI MS

a Metastable ion.

Table 2
MS-based identification of WP-derived peptides translocated across Caco-2
monolayers.

Mass (M+H)+ Identification Technique of identification

673.4 b-Lg 9–14 ESI-MS/MS
803.4 b-Lg 85–91 ESI-MS/MS
871.5 a-La 95–102 ESI-MS/MS
853.4 b-Lg 94–100 ESI-MS/MS
916.4 b-Lg 84–91 ESI-MS/MS
926.4 b-CN 85–92 – imp. MALDI MS and ESI-MS/MS
1015.6 b-Lg 84–92 ESI-MS/MS
1044.6 b-Lg 83–91 MALDI MS
1047.5 b-Lg 127–135 ESI-MS/MS
1065.6 b-Lg 92–100 ESI-MS/MS
1141.5 b-Lg 16–26 MALDI MS
1245.6 b-Lg 125–135 ESI-MS/MS
1320.6 b-Lg 60–70 Var. B MALDI MS
1378.6 b-Lg 60–70 Var. A MALDI MS
1432.6 b-Lg 150–161 MALDI MS and ESI-MS/MS
1434.6 a-La 37–49 MALDI MS and ESI-MS/MS
1437.7 b-Lg 127–138 MALDI MS and ESI-MS/MS
1455.7 b-Lg 43–55 MALDI MS and ESI-MS/MS
1500.8 b-Lg 123–135 MALDI MS and ESI-MS/MS
1546.6 b-Lg 150–162 MALDI MS and ESI-MS/MS
1568.8 b-Lg 43–56 MALDI MS and ESI-MS/MS
1597.7 a-La 37–50 ESI-MS/MS
1618.8 b-Lg 42–55 ESI-MS/MS
1635.8 b-Lg 125–138 ESI-MS/MS
1663.8 b-Lg 124–137 MALDI MS and ESI-MS/MS
1681.9 b-Lg 43–57 MALDI MS and ESI-MS/MS
1717.9 b-Lg 41–55 MALDI MS and ESI-MS/MS
1830.9 b-Lg 41–56 MALDI MS and ESI-MS/MS
1837.9 b-Lg 10–26 MALDI MS and ESI-MS/MS
1891.0 b-Lg 123–138 MALDI MS and ESI-MS/MS
1923.0 b-Lg 43–59 MALDI MS and ESI-MS/MS
1944.0 b-Lg 41–57 MALDI MS
2100.1 b-Lg 40–57 MALDI MS and ESI-MS/MS
2252.1 b-Lg 45–63 MALDI MS and ESI-MS/MS
2313.2 b-Lg 41–60 MALDI MS and ESI-MS/MS
2316.9 b-CN 33–51 1Pa – imp. MALDI MS
2409.0 b-CN 33–51 1P – imp. MALDI MS and ESI-MS/MS
2463.9 b-CN 33–52 1Pa – imp. MALDI MS
2556.0 b-CN 33–52 1P imp. MALDI MS and ESI-MS/MS
2609.2 b-Lg 116–138 MALDI MS
2623.2 b-Lg 114–136 MALDI MS
2679.4 b-Lg 14–39 MALDI MS
2737.3 b-Lg 115–138 MALDI MS
2752.4 b-Lg 123–146 MALDI MS
2793.8 b-Lg 116–140 MALDI MS
2808.3 b-Lg 115–139 MALDI MS
2866.3 b-Lg 114–138 MALDI MS
2921.5 b-Lg 116–141 MALDI MS

Tentative assignment of disulphide cross-linked peptides of a-La
3515.4 a-La 1–24-S–S-117–122 MALDI MS
3742.5 a-La 1–24-S–S-115–122 MALDI MS

a Metastable ions. Imp.: casein-derived impurity.
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child showed a certain degree of sensitisation against only a-La. It
would be interesting to evaluate on a larger scale whether the sen-
sitisation against the a-La epitopes may be associated with the
acquisition of oral tolerance to milk proteins (Järvinen et al., 2002).

In all the sera, no discrepancy in the IgE-affinity was observed
between the HPLC-isolated N-glycosylated a-La and non-glycosyl-
ated a-La (data not shown), thereby suggesting that glycans do not
play a significant immunogenic role. Only AS1 exhibited strong
reactivity against j-CN. All the sera, including the control, were
reactive against the total CN and WP fractions. This unexpected
reactivity was attributed to a certain degree of aspecific cross-reac-
tivity of the secondary anti-IgE against the bovine milk immuno-
globulins and to mutual contamination of the CN and WP
fractions. After simulated GI digestion, the IgE-binding capability
of CN and WP was drastically reduced (AS1 and AS3) or completely
lost.

4. Discussion

Tracking the metabolic fate of dietary proteins is one of the key
aspects to understanding the effects of food on human health.
Therefore, it is not surprising that there has recently been a consid-
erable increase in the number of studies attempting to define the
degradation routes of proteins during digestion. In this regard, milk
has been used as both a case study and a model source of dietary
proteins and is by far the most extensively investigated food. De-
spite the large number of in vitro and in vivo models that have been
developed to mimic the phases of physiological digestion, the var-
iability of factors that affect the metabolic processes provides an
incomplete picture with regard to the protein domains that reach
the jejunum and ileum, where they can be absorbed. Regardless
of the specific model of GI digestion, some selected milk-derived
peptides have emerged as intrinsically resistant to proteolysis.

In general, both CN and WP are extensively hydrolysed at the
end of gastric and duodenal sequential digestion. Only b-Lg is
known to exhibit a certain resistance to peptic hydrolysis. Our cur-
rent results confirm that only a few selected regions of CN and WP
survive in vitro proteolysis, although to a minor extent. If low num-

bers of as1-CN and b-CN mono-phosphorylated peptides are the
exception, the presence of the most commonly claimed bioactive
peptides of milk on the basolateral side of the Caco-2 monolayers
was negligible. For instance, the opioid-like b-casomorphins of
the b-CN 60–68 strategic region were not detected in either the
UP or DOWN compartments. Although synthetic human b-caso-
morphins can translocate across Caco-2 monolayers (Iwan et al.,
2008), their resistance to GI digestion is doubtful, considering that
their degradation by either gastro-pancreatic and BBM enzymes
(Petrilli et al., 1984) or dipeptidyl peptidase IV from Caco-2 cells
was complete in less than 60 min (Iwan et al., 2008). By contrast,
the ability of caseinphosphopeptides to translocate across the
intestinal epithelium could have important implications because
of their role as mineral carriers.

b-Lg 127–135 was a unique peptide that was able to endure
proteolysis and be translocated across the Caco-2 cells in consider-
able amounts. This peptide is encrypted in an acidic protein do-
main that is hypothesised to represent one of the antigenic
determinants of the ‘‘major milk allergen’’, b-Lg (Bos d 5). Notably,
the affinity of the b-Lg 127–135 peptide for the specific IgEs of a
child with serum highly immune-reactive to b-Lg (AS3) was higher
than the affinity of the b-Lg 125–135 precursor that was unpro-
cessed by the Caco-2 cells. These findings suggest the involvement
of the relevant b-Lg region in eliciting immunoreactions in CMA
individuals and highlight the possible role of intestinal processing
in unmasking or delivering the epitopes to mucosal immunocom-
petent cells.

In spite of the limited number of sera from CMA children that
were screened, a high variability was observed in the dot-blot im-
mune-reactivity against the milk proteins and derived peptides.
Whereas intact casein sub-types were immune-reactive for four
of the five serum samples, one serum, i.e. AS3, exclusively showed
a significant response against b-Lg. Notably, the serum of the child
who outgrew the milk allergy exhibited reactivity only against a-
La. We have examined only one CMA tolerant child and the immu-
noreactivity against a-La-derived epitopes requires further investi-
gation to establish if it may be a possible prognostic factor
associated with the acquisition of milk tolerance. Only AS1 dis-
played a residual IgE reactivity to CN and WP digests, whereas

Table 3
Clinical characteristics of allergic children diagnosed with cow’s milk allergy (CMA) who were enrolled in the study and IgE-binding reactivity to milk proteins, in vitro GI digests
and synthetic peptides assayed by dot-blot.

Serum AS1 AS2 AS3 AS4 TS CS

Age (months) 76 72 39 34 49 38
Symptomsa U, AE GI U, GI U, AE GI –
Total IgE (kU/L) 234 111 463 279 69 <1
Specific IgE (kU/L) 6.4 11.9 69.1 21.4 2.4 n.d.

IgE-binding immunoreactivity
Spot No. Tested sample

1 j-CN +++ � � ± � �
2 as2-CN +++ ++ +++ +++ ± �
3 as1-CN ± + +++ ++ � �
4 b-CN ± + +++ � � �
5 Ribonuclease A (negative control) � � � � � �
6 a-La � ± ++ +++ ++ �
7 b-Lg � ± ++ ± � �
8 Total CN +++ +++ +++ +++ ++ +
9 Total WP +++ +++ +++ +++ ++ +
10 CN digests – UP side ++ � ± � � �
11 WP digests – UP side ++ + + � � �
12 CN digests – DOWN side ± ± ± � � �
13 WP digests – DOWN side + � + � � �
14 Synthetic b-Lg 125–135 � � + � � �
15 b-Lg 127–135 from Caco-2 processing (DOWN side) � � ++ � � �
16 Synthetic b-Lg 40–60 � � � � � �

Legend: AS = sera of children with CMA; TS = serum of child that outgrew allergy (tolerant); CS = control serum of an healthy child.
a Symptoms are referred to the time of CMA diagnosis: U = urticaria; AE = angioedema; GI = gastrointestinal discomfort.
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the remaining sera almost completely lost their IgE-binding affin-
ity, with the exception of a faint response of AS3. It is important
to note that the IgE-reactivity of AS1 to the Caco2-processed CN
and WP was markedly reduced if compared to that of the parent
proteins. These observations confirm that the intestinal permeabil-
ity of large-sized peptides, which is in part attributable to an
immature development of the digestive system and to a slack bo-
wel barrier in infants, could be a primary aspect of the mechanism
of immuno-sensitisation. The well-established sentry-like role of
dendritic cells (DCs) also suggests that sensitisation could arise
at the level of the intestinal lumen, where immunogenic dietary
peptides can be sampled by dendrites that protrude across the mu-
cosa out of the epithelium (Rescigno et al., 2001). In any case, con-
sidering that DCs express tight junctions, the mechanism by which
allergens make contact with circulating IgEs when they elicit sys-
temic immune reactions remains to be elucidated. Therefore, in
addition to the possible role of migrating DCs (Smit et al., 2011),
transport of large peptides across the epithelium is certainly occur-
ring. These hypotheses are consistent with Roth-Walter et al.
(2008), who demonstrated that an allergic reaction to milk pro-
teins requires sensitisation through Peyer’s patches and an effi-
cient transfer of soluble proteins across the gut epithelial barrier.

Indeed, the divergence between in vitro models and GI physiol-
ogy suggests that the production of larger polypeptides and a high-
er degree of peptide uptake should most likely occur in vivo
because of a series of concomitant factors: (1) food matrices have
a strong impact on both protein degradation and uptake of food
allergens, with potential consequences for the sensitising capacity
and clinical symptoms of allergic individuals (Schulten, Lauer,
Scheurer, Thalhammer, & Bohle, 2011). For instance, using the
in vivo animal model it has been demonstrated the persistence of
large fragments of WP in the jejunum at an advanced stage of
the digestion of whole milk (Bouzerzour et al., 2012); (2) due to
the colonic origin of cells (Matsson et al., 2005), the monolayers
of Caco-2 have TEER values that are much higher compared to
those for the human bowel epithelium (Legen, Salobir, & Kerč,
2005) and, consequently, peptides and drugs are generally ab-
sorbed by the model monolayers at a much slower rate than by
the human jejunum (Artursson et al., 2012; Föger et al., 2008);
(3) the gut-specific absorptive surfaces, which are difficult to de-
fine because of epithelial crypts and villi, are thought to be much
wider than the cell monolayers; (4) a supplementary passive para-
cellular transport of specific peptides in vitro may be obstructed by
saturation events; (5) additional mechanisms of active transcytosis
can operate in vivo. Furthermore, mechanisms of translocation can
differ as a function of the peptide structural properties, including
charge, hydrophobicity, size and hydrogen-bonding potential
(Regazzo et al., 2010). An overlooked contribution of conforma-
tional epitopes to IgE binding that has been demonstrated for other
food allergens (Albrecht et al., 2009) appears unlikely for milk pro-
teins, particularly for caseins that are rheomorphic proteins and
lack a defined conformation (Dupont et al., 2010). Other factors,
such as the production of mucus in vivo, which can be partially
simulated by the co-culture of Caco-2 and goblet-like HT29 cells,
the regulation of both electrolyte and water flux, the time of intes-
tinal transition and peptide-peptide interactions could impact the
discrepancy in the absorption rates of predictive cell models with
respect to the human gut.

Conclusion

A model has been developed to follow the degradation and
adsorption of dietary proteins after ingestion. This model can be
used to verify the survival and delivery of bioactive peptides and
to test the possible role of peptides in the onset of allergic reac-

tions. The results of this study indicate that selected milk-derived
peptides are capable of crossing the gut epithelium and triggering
an allergic response. By contrast, the reactions of CMA children are
not consistent with the loss of IgE reactivity to milk proteins after
digestion and epithelial transport. The probable enhanced degree
of adsorption in the human jejunum supports the concept that
large-size polypeptides could breach the gut epithelium in vivo,
thereby reaching the lamina propria and, most likely, the blood cir-
culation. These outcomes point out the need to design appropriate
in vivo bioavailability assays to track the metabolic fate of dietary
proteins and to validate the actual involvement of milk derived-
peptides in physiopathological events.
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Figure S1. RP-HPLC analysis of the gastro-pancreatic digests of CN (A) and WP (B) before
application to Caco-2 monolayers (time=0 peptide digests). *phenol red.
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Figure S2. RP-HPLC analysis of synthetic -Lg 125-135 applied to the Caco-2 monolayers (A)
time=0; (B) recovered from the apical (B) and basolateral (C) compartment after 330 min. Caco-2
enterocytes process the peptide and remove the TP N-terminal dipeptide. The -Lg 127-135
permeates monolayers at a rate of ~38%. *phenol red.
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Figure S3. Synthetic -Lg 40-60 applied to the Caco-2 monolayers (A) time zero; (B) recovered from
the apical (B) and basolateral (C) compartment after 330 min. The peptide -Lg 40-60 is not processed
by Caco-2 and permeates monolayers at a rate not higher than 4%. The peak at tr ~56.3 min is a cell-
released blank substance. *phenol red.



Figure S4. MALDI-TOF mass spectra of CN-derived peptides recovered from the apical (A)
and basolateral (B) compartments of the Caco-2 monolayers.



Figure S5. MALDI-TOF mass spectra of WP-derived peptides recovered from the apical (A) and
basolateral (B) compartments of the Caco-2 monolayers.



Figure S6. µ-HPLC ESI-Q-TOF MS/MS-based identification of s1-casein-derived peptides that are
transported across the Caco-2 monolayers.
Peptide identifications have been assisted by the Batch-Tag Web tool of Protein Prospector
(http://prospector.ucsf.edu) and manually validated.



Figure S7. µ-HPLC ESI-Q-TOF MS/MS-based identification of -casein-derived peptides that are
transported across the Caco-2 monolayers.
Peptide identifications have been assisted by the Batch-Tag Web tool of Protein Prospector
(http://prospector.ucsf.edu) and manually validated.



Figure S8. µ-HPLC ESI-Q-TOF MS/MS-based identification of -casein-derived peptides that are
transported across the Caco-2 monolayers.
Peptide identifications have been assisted by the Batch-Tag Web tool of Protein Prospector
(http://prospector.ucsf.edu) and manually validated.



Figure S9. µ-HPLC ESI-Q-TOF MS/MS-based identification of -Lactoglobulin-derived peptides
that are transported across the Caco-2 monolayers.
Peptide identifications have been assisted by the Batch-Tag Web tool of Protein Prospector
(http://prospector.ucsf.edu) and manually validated.



Figure S10. µ-HPLC ESI-Q-TOF MS/MS-based identification of -Lactalbumin-derived peptides
that are transported across the Caco-2 monolayers.
Peptide identifications have been assisted by the Batch-Tag Web tool of Protein Prospector
(http://prospector.ucsf.edu) and manually validated.



Figure S11. Dot-blot analysis for assaying the IgE-reactivity of milk proteins, CN and WP digests
translocated across Caco-2 monolayers, and synthetic -Lg peptides. Patterns were graphically
reconstructed from ECL-impressed films.
Sera of children diagnosed with cow’s milk allergy were used as the source of specific IgE.
Legend: AS = sera of children with cow’s milk allergy; TS = serum of child that outgrew allergy
(tolerant); CS = control serum of an healthy child.
Tested samples: 1 = -CN; 2 = s2-CN; 3 = s1-CN; 4 = -CN; 5 = negative control (ribonuclease A); 6
= -La; 7 = -Lg; 8 = Total CN; 9 = Total WP; 10 = CN digests applied to Caco-2 – UP side; 11 = WP
digests applied to Caco-2 - UP side; 12 = CN digests applied to Caco-2 - DOWN side; 13 = WP digests
applied to Caco-2 - UP side; 14 = Synthetic -Lg 125-135; 15 = -Lg 127-135 arising from the Caco-2
processing (DOWN side of monolayers); 16 = Synthetic -Lg 40-60.
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