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Abstract 1 
Casein is the major milk protein to nourish infants but, in certain population, it causes cow’s 2 
milk allergy, indicating the uptake of antigenic casein and their peptides through the 3 
intestinal epithelium. Using human intestinal Caco-2 cell monolayers, the apical-to-basal 4 
transepithelial transport of casein was investigated. Confocal microscopy using 5 
component-specific antibodies showed that αs1-casein antigens became detectable as 6 
punctate signals at the apical-side cytoplasm and reached to the cytoplasm at a tight-junction 7 
level within a few hours. Such intracellular casein signals were more remarkable than those 8 
of the other antigens, β-lactoglobulin and ovalbumin, colocalized in part with an early 9 
endosome marker protein, EEA1, and decreased in the presence of cytochalasin D or sodium 10 
azide and also at lowered temperature at 4°C. LC-MS analysis of the protein fraction in the 11 
basal-side medium identified the αs1-casein fragment including the N-terminal region and the 12 
αs2-casein fragment containing the central part of polypeptide at 100~1000 fmol per well 13 
levels. Moreover, β-casein C-terminal overlapping peptides were identified in the peptide 14 
fraction below 10 kDa of the basal medium. These results suggest that caseins are partially 15 
degraded by cellular proteases and/or peptidases and immunologically active casein 16 
fragments are transported to basal side of the cell monolayers. 17 
  18 
 19 
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Introduction 1 
   Most of food proteins ingested are digested to small peptides by gastric and pancreatic 2 
proteases and to di-peptides and amino acids by brush border membrane peptidases. On the 3 
other hand, peptic digestion of ingested proteins in stomach is partial even in adults and much 4 
weaker in infants [1, 2, 3, 4]. Although it is uncertain how much amount of ingested proteins 5 
remain intact in the partially digested gruel-like food, called chyme, pushed out from stomach 6 
into small intestine in humans [4], one mouse-model experiment showed that orally 7 
administrated egg albumin was detectable immunochemially as intact- and truncated-size 8 
polypeptides in the content of small intestine [5]. 9 
   Experimental and clinical studies have shown that a trace but immunologically significant 10 
levels of food protein antigens and their fragments are absorbed across the intestinal 11 
epithelium and reach the peripheral blood in animals and adult humans [6, 7, 8, 9]. The 12 
cytological study using electron microscopy on the intestine of suckling rats demonstrated 13 
that not only membrane-bound but also fluid-phase proteins were detected in the vesicles of 14 
apical cytoplasm and transported intracellulary, and the fluid-phase proteins were 15 
concentrated in a certain population of vesicles containing amorphous electron-dense 16 
materials, suggesting that the absorptive epithelial cells of the infant rat ileum may actively 17 
take up milk macromolecules from the intestinal lumen and digest them intracellulary [10]. 18 
On the other hand, although detailed mechanisms are not fully understood, apical-to-basal 19 
transport of peroxidase as a model protein by transcytotic pathways has been suggested using 20 
human intestinal epithelial cells cultured as a monolayer on porous membrane [11]. In such 21 
transcytotic pathways, majority of the proteins taken up by apical endocytosis were 22 
transported to the basal side through lysosomal degradative pathway, whereas a trace portion 23 
of the proteins escaped being degraded by lysosomal proteases and were transported directly 24 
to the basal side [11, 12]. Similarly, a previous study on the protein transepithelial transport 25 
by Caco-2 cell monolayers showed that egg white albumin (OVA) was absorbed across the 26 
cell monolayers through transcytotic pathways, and the addition of cathepsin inhibitor, 27 
pepstatin and leupeptin, reduced the apical-to-basal transport of OVA [13]. Using 28 
SDS-PAGE followed by immunoblotting, intact OVA was detected in the basal medium of 29 
intestinal epithelial-cell monolayers. 30 
   In another study using the Caco-2 cell monolayers, OVA as determined using ELISA was 31 
transported by the apical-to-basal transcytosis more (about twice as much for 6 h incubation) 32 
than lactoferrin (LF) added simultaneously to the apical medium [14]. By contrast, OVA in 33 
the cell lysate was about 15% of LF. Immunocytochemical analysis using confocal 34 
microscopy of the cell monolayers incubated with the OVA and LF mixture showed the 35 
fluorescence signals within the cells specific for OVA were markedly weaker than those of 36 
LF [14].  Thus, the degrees of endocytotic uptake from the apical side, lysosomal 37 
degradation and the release of survived proteins and peptides are likely to differ dependently 38 
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of physical and chemical properties of the proteins taken up by the epithelial cells. 1 
   Cow’s milk causes food allergy especially in infants at higher frequency. Such high 2 
frequency of cow’s milk allergy in infants is ascribed to immaturity [15] and/or a feature [10, 3 
16] of infant’s digestive system during the suckling period before weaning. Although cow’s 4 
milk allergy of infants achieves remission mostly as they grow, it rarely remains as an 5 
intractable food allergy of children and adults in some cases [17, 18]. In such non-infant and 6 
persistent cow’s milk allergy, the threshold of intake is low, and a trace of milk proteins 7 
contaminating processed foods and cooked meals occasionally provokes anaphylactic 8 
symptoms. In the cow’s milk allergy, a high incidence of the immediate-type food allergy 9 
(Type I allergy) is diagnosed, in which a higher titer of serum IgE specific for cow’s milk 10 
proteins are detected using immunochemical assay methods and/or skin patch and prick tests.  11 
   Casein (CN) is the most abundant among milk proteins and the major causative antigen in 12 
the cow’s milk allergy especially in persistent allergy [19], though cow’s milk CN is well 13 
known to be a typical dietary protein with high digestibility and the nutritional value [20]. 14 
CN is a general term for several proteins with molecular mass of 20~30 kDa, which are 15 
expressed and secreted specifically by the mammary epithelial cells of lactating mammals. 16 
CN of cow’s milk constitutes of four CN components (αs1, αs2, β, κ), while that of human 17 
breast milk constitutes of only two components (β and κ). The amino acid sequence-identities 18 
of β-CN and κ-CN between human and bovine are not high, i.e., 55% and 54%, respectively. 19 
CN components are Pro-rich and less ordered proteins, and contain phosphorylated Ser/Thr, 20 
which interact with colloid calcium phosphate as the important nutrient minerals in milk. CN 21 
components together with calcium phosphate form micelle structures with a diameter about 22 
150 nm. The molar ratio of the four CN components, αs1-, αs2-, β- and κ-CNs, constituting 23 
bovine CN micelles are about 4 : 1 : 3 : 1 [21]. 24 
   Previous clinical studies on cow’s milk allergy caused with CNs and their specific IgE 25 
indicate that, in the same way with the other food allergens, ingested CN proteins also escape 26 
from gastrointestinal digestion at least in part and taken up across the intestinal epithelium 27 
into the body fluid as proteins or peptides retaining their immunological activity [18, 22] . 28 
However, detailed mechanisms of such cellular uptake and transport of CN at the intestinal 29 
epithelium are not fully understood. In the present study, we aimed at getting experimental 30 
evidences for the uptake and transport of bovine CN from the apical to basal side of the 31 
epithelial cell layers and examining intracellular degradation of CN. Using the human Caco-2 32 
cell monolayers as an intestinal epithelium model, CN proteins and derived peptides 33 
transported to the basal medium were analyzed immunocytologically by confocal microscopy 34 
and both qualitatively and quantitatively by mass spectrometry. 35 
 36 
Materials and methods 37 
 38 
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Materials 1 
   Bovine milk CN (Hammarsten grade) was purchased from MERCK.  Each of the bovine 2 
CN components (αs1, β, κ-CNs) was purified after dissociation in urea solution as described 3 
[23, 24, 25]. Rabbit antiserum to each of αs1-, β- and κ-CN fractions were generous gift from 4 
Dr Hajime Ohtani (Shinshu University), while purified αs1-, β- and κ-CN preparations were 5 
from Dr Takayoshi Aoki (Kagoshima University). Bovine lactferrin (LF) was obtained from 6 
Morinaga Milk Industry Co., Ltd. Goat anti-LF antiserum and rabbit anti-OVA antibody (IgG 7 
fraction) were obtained from Bethyl Laboratories. OVA (OVA, grade III) was purchased 8 
from Sigma. Horseradish-peroxidase (POD)-conjugated goat anti-rabbit IgG was purchased 9 
from Cell Signaling Technology. Alexa Fluor® 488-conjugated goat anti-rabbit IgG, mouse 10 
anti-ZO-1 and TOTO-3 Iodide (642⁄660) were obtained from Invitrogen. The monoclonal 11 
antibody specific for the early endosome antigen 1 (EEA1) (14/EEA1) was from BD 12 
Transduction Laboratories. 13 
 14 
Cell culture  15 
   Caco-2 cells from the American Type Culture Collection were maintained as described 16 
previously [13]. Caco-2 cells were seeded at 1.0x105 cells/cm2 onto a cover slip set in 6-well 17 
plates, or did at 1.0x105 cells/cm2 on porous membrane (the 30 mm2 base area for 24-well 18 
plates) (Transwell inserts, BD Falcon) pre-coated with Type-I collagen (Nitta Gelatin). The 19 
Caco-2 cell monolayers on the well substratum were used for the uptake and localization 20 
analysis after 10-day culture, while the cell monolayers on the porous membrane were used 21 
for distribution and transepithelial transport analysis after 21-day culture. The integrity of 22 
Caco-2 cell monolayers was confirmed by measuring the transepithelial electrical resistance 23 
(TEER) using an electric resistance device (Millicell®-ERS, Millipore Corp.), and the 24 
monolayers with TEER above 300 Ωcm2 were used for the transport analysis. 25 
   The transepithelial transport of CN from the apical culture medium to the basal medium 26 
was examined as described previously [13] with slight modification. The culture medium of 27 
apical compartment was replaced with the fresh medium containing CN (1.0 mg/ml), the 28 
mixture of CN and another protein, and the medium without the proteins, respectively. After 29 
the culture for 0.5-24 h, the cell mololayers were fixed and used for the microscopic analysis, 30 
and the culture medium of basal compartments was recovered and used for MS analysis as 31 
described below.  32 
   In cell physiological experiments for the evaluation of transcytotic transport, the Caco-2 33 
cell monolayers were cultured in the absence and presence of cytochalasin D [26] or sodium 34 
azide [27, 28]. The cell monolayers on the porous membrane were incubated in the 35 
serum-free medium for 30 min, pre-cultured in the serum-free medium containing 20 µM 36 
cytochalasin D or 10 mM sodium azide for 30 min, and then cultured with fresh medium plus 37 
each inhibitor similarly for 1 h with the apical medium containing 1 mg/ml of CN. For the 38 
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temperature dependency analysis, the cell monolayers were pre-incubated in the cold 1 
serum-free medium at 4°C for 30 min and then cultured for 1 h at 4°C with the apical 2 
medium containing 1 mg/ml of CN. 3 
 4 
Confocal laser scanning microscopy 5 
   Preparation of the specimens for immunofluorescence microscopy was described 6 
previously [29]. Briefly, after the culture in the presence of proteins (CN, β-LG, LF or OVA) 7 
for 0.5, 3 or 6 hours, the cells were washed 4 times with PBS. The cells were fixed with 4% 8 
paraformaldehyde, and permeabilized with 0.1% Triton X-100. Then, the cells were 9 
incubated with primary antibodies to each CN component, LG, LF, OVA, or EEA1, followed 10 
by being washed with NET [150mM NaCl, 5mM EDTA, 50mM Tris-HCl (pH 7.5), 0.05% 11 
Triton X-100]. Then, the cell monolayers were incubated with the fluorescence-labeled 12 
secondary antibodies, and washed similarly. Immunofluorescence images were obtained 13 
using a laser scanning confocal microscope (LSM510, Carl Zeiss).  14 
 15 
SDS-PAGE and Protein blotting 16 
  The electrophoresis and immunochemical detection were done as described previously 17 
[29]. Briefly, total proteins in the cell lysates were separated by SDS-PAGE and transferred 18 
onto PVDF membranes.  CN components were detected using rabbit primary antibodies 19 
specific for each CN component and POD-conjugated goat anti-rabbit IgG. The protein bands 20 
were visualized with the enhanced chemiluminescence ImmobilonTM Western (Millipore) 21 
using a light capture system (AE6981, ATTO). 22 
 23 
Peptide preparation for LC-MS analysis 24 
  The recovered culture medium (0.7 ml) was fractionated using an ultrafiltration device 25 
(Vivacon 500, MWCO:10K, Sartorius Stedim). The proteins in the fraction above 10kDa 26 
were reduced with 10 mM dithiothreitol (DTT), alkylated with 20 mM iodoacetamide, and 27 
treated with trypsin (Trypsin-Gold, Promega) at the final concentration of 10 ng/µl trypsin 28 
with 0.01% ProteaseMAX surfactant (Promega) for 1 hour at 50°C. After the tryptic 29 
hydrolysis, the solution was centrifuged at 20,000x g for 10 min at 4°C to remove the 30 
degraded ProteaseMAX surfactant, and the supernatant was mixed with 3 µl volume of 2% 31 
trifluoroacetic acid (TFA). The peptides were recovered using a C18 spin column (GL 32 
Sciences) and finally dissolved in 60 µl of 0.5% TFA. The peptides in the flow through 33 
fraction below 10 kDa were recovered similarly using a C18 spin column without the tryptic 34 
hydrolysis and finally dissolved in 60 µl of 0.5% TFA. These peptide samples were passed 35 
through the membrane filter (Ultrafree-MC filter unit, 0.1 µm pore size, Millipore) before 36 
being subjected to LC-MS analysis. As for the standard CN-tryptic peptides for the 37 
quantitative MS analysis (Standard), CN  were added to the conditioned basal-culture 38 
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medium of Caco-2 cell monolayers (0.48 mg in 0.7 ml), and digested with trypsin as 1 
described above. The conditioned medium without the addition of CN  was treated similarly 2 
and used as a negative control (Control). 3 
 4 
LC-MS analysis 5 
  The tryptic peptides from the fraction above 10 kDa and the intact peptides in the fraction 6 
below 10 kDa were subjected to nano-LC (DiNa Nano LC system, KYA technologies corp.) 7 
and eluted fractions were spotted on the MALDI plate (Opti-TOF 384 well MALDI plate 8 
insert, AB SCIEX) with α-Cyano-4-hydroxyciccanic acid (4-CHCA) (Shimadzu) as a matrix 9 
using Direct nano LC/MALDI Spotter (Dina-MaP, KYA technologies corp.). The peptides 10 
were analyzed for identification using a MALDI mass spectrometer (AB SCIEX TOF/TOF 11 
5800, AB SCIEX).  12 
  MS/MS data was compiled by Mascot Distiller (Matrix Science) and analyzed using 13 
MASCOT software (Matrix Science). Following parameters for database search were used: 14 
Database: NCBInr, Taxonomy: Mammalia (mammals), Enzyme: None (for intact peptides) 15 
or Trypsin (tryptic peptides), Max missed cleavages: 3, Fixed modifications: 16 
Carbamidomethyl (C), Variable modifications: Oxidation (M), Phospho (ST), Peptide 17 
tolerance: ±0.1 Da, Mass values: Monoisotopic, MS/MS tolerance: ±0.3 Da, Protein Mass: 18 
Unrestricted, Peptide charge: 1+, Instrument: MALDI-TOF-TOF. 19 
  The tryptic peptides from the fraction above 10 kDa were further analyzed quantitatively 20 
using ESI-nano-LC-Q-q-LIT-MS (QTRAP5500, AB Sciex). Based on the MS/MS data of the 21 
peptides identified from the trypsin-digested standard CN using ProteinPilot (AB Sciex), 22 
Multiple Reaction Monitoring (MRM) method was constructed using Skyline software [30] 23 
and used for the MS analysis of the tryptic peptides of the fraction above 10 kDa. The 24 
quantitation of LC peak areas for product ions of each tryptic peptide was done using the 25 
analytical software (MultiQuant, AB Sciex). 26 
 27 
 28 
RESULTS 29 
 30 
Specificity evaluation of antibodies raised against purified CN components 31 
   The rabbit antibodies were prepared by the immunization with each of the three purified 32 
CN components, αs1-CN, β-CN and κ-CN. The antigen-binding specificity of each antibody 33 
preparation was examined using ELISA and SDS-PAGE-immunoblotting (Supplementary 34 
Fig. S1). All of the three antibody-preparations reacted well to each component in the CN  35 
coated on the ELISA plate. The anti-αs1-CN and anti-β-CN antibodies did not cross-react 36 
with the other CN-component preparations coated on the ELISA plate. Such 37 
binding-specificity of the antibodies was shown also by SDS-PAGE-immunoblotting, i.e., 38 
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these antibodies specifically detected each corresponding CN component in the CN. 1 
Anti-αs1-CN and anti-β-CN antibodies detected another lower molecular band below the 2 
25-kDa marker, presumably CN fragments in the CN preparation, in addition to intact CN 3 
components. These CN-component specific antibodies were used in the subsequent 4 
experiments.  5 
 6 
Immunochemical detection of three CN components taken up by Caco-2 cells 7 
  Caco-2 cells were differentiated by culturing on 6-well plates at a confluent state for 10 8 
days. CN was added to the medium and incubated for 3h. Subcellular localization of each CN 9 
component (αs1-, β- or κ-CN) was observed using component-specific antibodies and 10 
confocal laser scanning microscopy (Fig. 1A). Small punctate fluorescence-signals were 11 
observed widely at the cytoplasm regions of several cells in the XY confocal images 12 
for αs1-CN and β-CN, but not very much for κ-CN. Such subcellular localization of CN 13 
components resembled those of LF as a control protein, which is taken up effectively by 14 
Caco-2 cells [13]. The Z-stack of XY confocal images showed apparent dominancy of 15 
αs1-CN among the three CN components in the number of the fluorescence signals, though it 16 
depends also on the antibody titer used for each CN components.  17 
   Each CN component taken up by the cells was analyzed for the cell lysate biochemically 18 
using SDS-PAGE–immunoblotting analysis (Fig. 1B). The immunostained bands of αs1-CN 19 
and β-CN were clearly detected using the antibody specific for each CN component, whereas 20 
a faint but significant band was observed for κ-CN. Faint and smear bands corresponding to 21 
variously truncated CN fragments above the 25-kDa marker were also detected in the sample 22 
cell lysates, but not the control cell lysate, for both of αs1-CN and β-CN components. 23 
 24 
Vertical distribution of αs1-CN in the Caco-2 cells cultured on porous membrane 25 
   Caco-2 cells were differentiated further on the porous membrane to form epithelial cell 26 
monolayers with apical-basal polarity. CN was added to the apical side medium and cultured 27 
for 0.5 and 3h. For each of the two culture periods, a typical set of 30 XY-confocal images at 28 
different Z positions for αs1-CN and a tight-junction marker, ZO-1, is shown to estimate the 29 
horizontal distribution of αs1-CN taken up by the Caco-2 cells after the culture for 0.5 and 3 30 
h, respectively (Fig. 2A and B). Many punctate αs1-CN signals were observed in the 31 
cytoplasm on top and lateral sides of the nucleus, and fewer but faint fluorescent signals were 32 
detected also at the bottom (basal) side of the cells. Such cytoplasmic CN signals at the ZO-1 33 
signal level and the more basal side were remarkable for the 3 h-culture cells compared with 34 
the 0.5-h ones. The Z-stack images including those of three more independent monolayers 35 
showed that the fluorescence CN signals of the 3 h culture were relatively more (1.7±0.2 36 
times, the mean±SD of four independent experiments) than those of the 0.5 h culture (Fig. 37 
2C and Supplementary Fig. S2). 38 
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   To determine whether such uptake from the apical side and subcellular transport to the 1 
basal side is common to proteins taken up by the polarized Caco-2 cells, CN was added to the 2 
apical medium of the cell monolayers together with each of OVA, LG and LF, respectively, 3 
and incubated for 3 h. Subsequently, the subcellular localization of the two proteins was 4 
observed after double immuno-fluorescence staining for two proteins under a confocal 5 
microscopy. Typical XY confocal images of CN with each of OVA, LG and LF at the apical, 6 
middle and basal sides are shown in Fig. 3. Both of αs1-CN and OVA punctate signals were 7 
detected clearly at the apical side cytoplasm and colocalized partially with each other. By 8 
contrast, at the middle and basal sides of the cytoplasm, only a few or almost no punctate 9 
signals of OVA were detected, though αs1-CN signals were clearly detected (Fig. 3A). 10 
Similar confocal images were obtained also for the other independent experiments using the 11 
two proteins, LG and LF, as an additional protein to CN, i.e., fluorescence signals of LG and 12 
LF were detected clearly at the cell apical region but very weak and almost no signals were 13 
detected at the bottom of the cell layers, though considerable numbers of αs1-CN signals 14 
were observed even at the basal side of the cell monolayers (Fig. 3B and C).  15 
 16 
Endosomal localization of the CN components in the Caco-2 cells cultured on porous 17 
membrane 18 
   One of the most probable mechanisms for such CN uptake from apical sides of Caco-2 19 
cell monolayers is speculated to be the co-endocytosis with any unknown ligands bound to 20 
their cognate specific receptors, or the macro-pinocytosis with any contents dissolved in the 21 
apical culture medium. In either case, the resultant micro-vesicles are transported first to 22 
early-endosomes for further intracellular sorting. To examine the endosome/lysosome 23 
pathway transport of CN taken up by the cells, the cell monolayers were double-stained with 24 
theαs1-CN-specific antibody and the antibody to an early endosome marker protein, EEA1 25 
(Fig. 4). The XY confocal images showed that a part of the punctate CN signals were 26 
colocalized with EEA1 at the apical and middle regions of the cells cultured with CN for 6h 27 
(Fig. 4A). The additional culture for further 16 h after the removal of CN from the apical 28 
medium resulted in the reduction of both of CN and EEA1 signals, but a small number of CN 29 
signals colocalizing with EEA1 were observed at some XY images around the middle region 30 
of Z-axis (Fig. 4B). 31 
   To investigate possible endocytotic uptake of CN by the Caco-2 cells, effects of an 32 
inhibitor, cytochalasin D, to the actin polymerization and a cellular respiration inhibitor, 33 
sodium azide, as well as low temperature, were examined on the cellular uptake of CN added 34 
to the culture medium. First, the effect of cytochalasin D on the cellular uptake of CN was 35 
examined using the Caco-2 cells cultured on the 6-well plate (Supplementary Fig. S3), 36 
showing that small punctate fluorescence-signals of CN observed at the cytoplasm regions in 37 
the XY confocal images were considerably reduced in the presence of cytochalasin D. Then, 38 
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the effect of cytochalasin D was examined on the cellular uptake and co-localization with 1 
EEA1 using the cell monolayers on the porous membrane (Fig. 5A). The cytochalasin D 2 
treatment significantly reduced the number of both CN and EEA1 signals in the apical 3 
cytoplasm of the cells and made the partially co-localized CN and EEA1 signals undetectable 4 
almost completely. In the cell monolayers treated with sodium azide, only a few CN signals 5 
were detected, whereas any EEA1 signals were found hardly (Fig. 5B). Neither CN nor 6 
EEA1 signals were observed in the cell monolayers incubated with CN at 4°C (Fig. 5C). 7 
 8 
Identification of CN fragments released to the basal side by Caco-2 cell transepithelial 9 
transport 10 
   Based on a few previous studies on the transcytosis of HRP [12], OVA [13] and soybean 11 
allergen [31] by Caco-2 cells, it was suggested that almost intact CN components and a 12 
variety of degraded peptide fragments were released to the basal side. The basal media of 13 
Caco-2 monolayers incubated with and without CN for 3, 6 and 24 h were recovered and 14 
separated into two fractions, over and below about 10 kDa, using ultrafiltration. The 15 
ultrafiltrated fractions (below 10 kDa) were concentrated and directly subjected to 16 
nano-LC-MALDI-TOF MS/MS analysis without trypsin digestion, whereas the other 17 
fractions (over 10 kDa) were digested with trypsin and subsequently analyzed similarly. 18 
Comparison of the MS spectra between the two conditioned media from the wells with and 19 
without CN showed that there were several MS peaks found only in the samples from the 20 
cells incubated with CN, but not those without CN (Fig. 6 and Supplementary Figs. S4 and 21 
S6A). MS/MS analysis of these peaks specific for the Caco-2 cells cultured with CN 22 
identified the CN components and peptides released to the basal side of the cell monolayers 23 
cultured for 6 h and 24 h as for the fractions below and over 10 kDa, respectively. All of the 24 
five peptides found in the below-10 kDa fraction were derived from the C-terminal end 25 
region of β-CN. All of them were overlapping peptides with 10-14 amino acid residues and a 26 
common core sequence of GPVRGPFP (Fig. 6A and Supplementary Fig. S5). The MS/MS 27 
analysis on the over-10 kDa fraction identified one tryptic-peptide with 15 amino acid 28 
residues (H8-R22) derived from the N-terminal end region of αs1-CN in the basal medium of 29 
the 24 h culture (Fig. 6B and Supplementary Fig. S6). 30 
  Two or three representative peptides for the quantitative analysis of CN fragments over 10 31 
kDa were selected among 20-30 tryptic peptides for each CN component. These peptides in 32 
the tryptic digests of the over-10 kDa fractions were analyzed further quantitatively by 33 
ESI-nano-LC-Q-q-LIT-MS analysis using the MRM method (Fig. 7 and Supplementary 34 
Figs S7-S11). The above described αs1-CN tryptic peptide (H8-R22) was detected again as 35 
the most abundant one at about 0.8 pmol/well levels among the selected three tryptic-peptides 36 
of αs1-CN analyzed. Another tryptic peptide (H80-R90) from the central region of αs1-CN 37 
was also present at the concentration lower than the H8-R22 peptide, but clearly higher than 38 
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the adjacent tryptic peptide (Y91-R100). One tryptic-peptide (N115-R125) derived from the 1 
central region of αs2-CN was detected as an abundant peptide at about 0.6 pmol/well levels, 2 
whereas another αs2-CN peptide (F174-K181) analyzed was a very little. Two tryptic 3 
peptides (Y114-R123 and A177-R183) from β-CN were detected at levels below 0.1 4 
pmol/well much lower than those of αs1- and αs2 abundant peptides, but significantly higher 5 
than the two peptides from κ-CN, which were comparable to or even lower than the values 6 
obtained for the negative control sample without the CN addition (Supplementary Figs 7 
S10-S11).  8 
    9 
Discussion 10 
   Transepithelial transport of bovine milk CN was investigated using the in vitro model 11 
system of Caco-2 cell monolayers, to which the bovine CN preparation purified by the 12 
acid-precipitation method was added, assuming that ingested cow’s milk CN as the 13 
micelle-like complex structure of CN components reaches the brush border membrane of 14 
intestinal epithelia, at least in part, and taken up by the epithelial cells in infants and adults 15 
after ingestion of cow’s milk or milk products. This assumption is based on several indirect 16 
and circumstance evidences as below. The peptic digestion in stomach is partial and some 17 
undigested proteins retain in the stomach lumen after food ingestion. Especially, in infants 18 
during the neonatal and suckling periods, the secretion of gastric juice including pepsin is 19 
considerably lower than that of adults [1, 32], and one pediatrics study showed that the 20 
gastric pH was raised to above 6 after feeding milk and no hydrolyzed protein was detected 21 
in the gastric content obtained 90 min after feeding [1]. Moreover, bovine gamma globulin 22 
and OVA administered orally to suckling rats were identified immunohistologically in the 23 
apical cytoplasm of intestinal epithelial cells [33], while the orally administered peroxidase 24 
was detected in cytoplasmic small vacuoles below the microvillus border and subsequently in 25 
larger droplets rich in acid phosphatase activity above the nucleus [32]. 26 
   Based on the results that particular signals were observed within the cells and the proteins 27 
corresponding to intact αs1- and β-CN components were detected in the cell lysate using the 28 
antibodies specific for each CN component, the CN added to the apical medium of Caco-2 29 
cells are likely to be taken up as they are, even though the CN are nano-particles and present 30 
as colloidal dispersion in the medium. In previous studies showing the protein uptake by 31 
human intestinal epithelial cells including Caco-2, soluble proteins such as peroxidase, OVA, 32 
LF, were used as model proteins [12, 13, 14]. In addition to these previous results, the 33 
observations in the present study suggest that Caco-2 cells have ability to take up not only 34 
soluble macromolecules but also nano-particles of protein complexes and micelle-like CN at 35 
least in this experimental condition. Although it is uncertain whether the Caco-2 cell 36 
monolayers mimic infant intestinal epithelia, it is worth noticing that a pioneer histological 37 
study on the intestinal epithelial tissue identified the orally administered colloidal materials 38 
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such as saccharated ferric oxide and colloidal gold in the apical cytoplasm of intestinal 1 
epithelial cells of suckling rats and mice [33]. The immunofluorescence signals of αs1-CN 2 
within the cells increased with the increase in the incubation time with the CN-containing 3 
medium. Such time-dependent increase in the CN signals supports the idea for cellular uptake 4 
of CN from the apical culture medium, and also suggests that the CN uptake is predominant 5 
compared with the sum of intracellular degradation and extracellular release under this 6 
experimental condition of the 3-h incubation with 1mg/ml CN concentration. Partial 7 
co-localization of CN signals with EEA1 seems consistent with the previous suggestion that 8 
the proteins were taken up by apical endocytosis and transported to the basal side through 9 
multiple different pathways including lysosomal degradative pathway to the basal side [11, 10 
12]. The remarkable decrease in the CN signals, as well as EEA1, in the presence of 11 
cytochalasin D and sodium azide and at lowered temperature at 4°C also supported the 12 
assumption that the Caco-2 cell monolayers actively take up CN with the apical medium fluid 13 
by endocytosis including macropinocytosis.    14 
    CN is present only in breast milk and essentially well digestible to nourish neonates and 15 
infants [19, 34]. Nevertheless, in comparison with the other food proteins, such as OVA and 16 
β-lactoglobulin, CN appear to survive the lysosomal proteolysis and remain intact in the 17 
vesicles around the basolateral side of Caco-2 cells. CN have a unique property of 18 
coagulation at acidic pH, which is physiologically important for the milk clotting in the 19 
stomach of neonates. Such acid-dependent coagulation property of CN may affect the 20 
susceptibility of CNs to the proteolysis in the acidic vesicles of lysosome. Theoretically, 21 
protein coagulation and aggregation results in the concentration reduction of proteinase 22 
substrates, leading to the decrease in the enzyme reaction rate of proteolysis. CN may be 23 
relatively resistant to lysosomal proteolysis at acidic pH more than intestinal proteolysis at 24 
neutral or a little basic pH by pancreatic proteases. Therefore, when gastrointestinal digestion 25 
of milk CNs is insufficient or incomplete for any reason, CN uptake across the intestinal 26 
epithelium and transfer into the body fluids may increase and cause cow’s milk allergy. 27 
   CN and their proteolytic fragments were first analyzed by the MALDI-TOF MS system, 28 
in which dominant ions produced by the matrix-assisted ionization are selectively analyzed. 29 
Therefore, only two fragments from αs1- and β-CNs, including some overlapping fragments, 30 
were identified among many peptides derived from Caco-2 cells as well as FCS slightly 31 
remaining in the culture medium. Several overlapping peptides derived from the C-terminal 32 
region of β-CN were identified in the filtrate of 10kDa cut-off ultrafiltration, suggesting that 33 
these peptides are produced intracellularly by lysosomal proteolysis and released to the basal 34 
side of the cell monolayers. On the other hand, differentiated Caco-2 cells apically express 35 
some membrane peptidases found on brush border membrane of intestinal epithelial cells 36 
[35] and the membrane proteases, matriptase and prostasin, responsible for the formation of 37 
epithelial cell tight junction [36, 37]. Therefore, on the transepithelial transport of the CN 38 
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peptide fragments, another possibility could not be ruled out that CN was degraded 1 
extracellularly by such cell surface proteases and peptidases and subsequently transported 2 
paracellularly to the basal side of the cell monolayers. The overlapping peptides from β-CN 3 
might be produced by such amino- and carboxyl-peptidases on the cell membrane. The β-CN 4 
C-terminal region is rich in Pro and hydrophobic amino acid residues. Pro is often found at 5 
the end or next to the end of these peptides. These characteristics of amino acid residues may 6 
relate to the survival of these peptides from the cellular proteolysis. A β-CN peptide derived 7 
from this region is known to be an immune-modulatory peptide, named β-casokinin-10 [38], 8 
affecting lymphocyte proliferation, though relationship of this peptide with cow’s milk 9 
allergy remains unknown. Another peptide from the N-terminal region of αs1-CN was 10 
identified in the tryptic digest of the non-filtrated remaining fraction of 10 kDa cut-off 11 
ultrafiltration. It could be said that αs1-CN or its larger fragment (above 10 kDa) containing 12 
this region was released to the basal side of Caco-2 cell layers, which was supported further 13 
by the subsequent quantitative MS analysis. 14 
   The tryptic digests of the non-filtrated fraction (above 10 kDa) were further analyzed 15 
quantitatively using two or three representative peptides among 20-30 tryptic peptides for 16 
each CN component. The αs1-CN derived peptides were detected at the levels higher than 17 
those of β-CN in the basal medium, which is not inconsistent with the stronger and more 18 
immunofluorescence signals of αs1-CN within the Caco-2 cell monolayers. These 19 
immunocytological and chemical analyses of CNs and their peptides in addition to both of 20 
the αs1-CN and β-CN as major components of CN  suggest that αs1-CN is resistant more 21 
than β-CN to the lysosomal proteolysis. On the other hand, one tryptic peptide from αs2-CN 22 
was detected as the second most abundant one among the selected tryptic peptides from the 23 
four CN components in the basal medium, despite the analytical data showing that αs2-CN is 24 
the minor component and only about one-quarter of αs1 CN in molar ratio. The amounts of 25 
the CN peptides transported to the basal medium by the Caco-2 cell monolayer of 30 mm2 26 
were 100-1000 fmol levels under the experimental condition in the present study, i.e., culture 27 
with 1 mg/ml of CN for 24 h. The CN concentration (1mg/ml) in the culture medium may be 28 
quite high compared with those under physiological conditions such as the intestinal lumen of 29 
animals and humans. Further studies are required on the dose dependency and kinetics of the 30 
CN transepithelial transport by Caco-2 cell monolayers. Nevertheless, the CN fragment 31 
concentrations of fmol to pmol levels are likely to be high enough to induce immunological 32 
responses such as mast cell degranulation. It seems interesting to determine the serum IgE 33 
titer specific for each CN component for the patients with cow’s milk allergy, in order to 34 
analyze any relationship between resistance to cellular digestibility and serum IgE titer on 35 
each CN component. 36 
   In the both cases of αs1- and αs2-CNs, only one of the two or three peptides analyzed was 37 
detected at higher concentration. This theoretically indicates that only these CN fragments 38 
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containing that peptide survived but the other fragments were degraded during the 1 
transepithelial transport. Thus, it is suggested that the peptide from the αs1-CN N-terminal 2 
region including the peptide H8-R22 and the peptide from the αs2-CN central region 3 
including the peptide N115-R125 are resistant to the cellular proteolysis by the Caco-2 cell 4 
monolayers. Remaining in the non-filtrated fraction (above 10 kDa) may not necessarily 5 
mean that the molecular masses of all proteins and peptides are over 10 kDa. Some 6 
micelle-like complexes or aggregates of CN peptides with molecular mass below 10 kDa, 7 
which might be produced during the cellular hydrolysis of CN by the Caco-2 cell monolayers, 8 
may not be able to pass through the ultrafiltration membrane of 10 kDa cut off.  9 
  Using sets of consecutive overlapping peptides of each CN polypeptide, IgE epitope 10 
peptides (containing antigenic determinants to IgE) were identified. Several peptides were 11 
identified for each CN component, but IgE titer (both concentration and affinity) to each 12 
epitope peptide largely differs depending on the serum and patients used for analysis [21]. In 13 
the present study, pmol levels of the αs1-CN fragment including H8-R22 and the αs2-CN 14 
fragment including N115-R125 with the size over 10k Da were detected in the basal medium 15 
of Caco-2 cell monolayers. The αs1-CN cleavage site R22-F23 locates within the IgE-epitope 16 
peptide, N17-K36, previously identified as the major epitope of αs1-CN in cow’s milk 17 
allergy, i.e., the peptide N17-K36 was shown to be the IgE-epitope of αs1-CN most 18 
commonly recognized by serum IgE from cow’s milk allergy patients (75% of 24 patients 19 
with 1-17 years of age) [39]. The αs2-CN fragment with the size over 10k Da including the 20 
tryptic peptide N115-R125 should contain the major IgE epitope (N83-Y100) of αs2-CN 21 
previously identified for the 13 cow’s milk-allergy patients (4-15 years of age) [40]. Thus, 22 
the CN fragments that survive cellular proteolysis and reach the basal side may have 23 
tendency to be recognized by IgE and contribute to the induction of cow’s milk allergy, 24 
though further studies are required using a larger number of different peptides produced and 25 
released by the intestinal epithelial cells. 26 
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Figure legends 1 
 2 
Fig. 1 Immunocytological and immunochemical detection of CN components taken up 3 
by Caco-2 cells cultured on 6-well plates 4 
Caco-2 cells differentiated in 6-well plate were cultured in the medium containing CN  for 3 5 
h. The cell layers in some wells were fixed and immunostained with antibodies specific for 6 
each CN component and fluorescence-labeled secondary antibody, and those in the other 7 
wells were lysed and the cell lysates were subjected to SDS-PAGE followed by 8 
immunoblotting using the specific antibodies. 9 
A. Typical XZ, XY and Z-stack images of the cell layers are shown in the top, middle and 10 
bottom panels, respectively, for αs1-, β-, and κ-CN, and LF as a control (green). The TOTO-3 11 
signals for nuclei are also shown for the XZ and XY images. The Z-axis thickness of 12 
confocal images is shown above the XZ images. 13 
B. Immunoblotting analysis of the cell lysates was done using the CN component-specific 14 
antibodies. The sample (lane 1) and control (lane 2) cell lysates from Caco-2 cells cultured 15 
with and without CN , respectively, were analyzed together with the standard CN  (lane 3). 16 
Faint and smear bands corresponding to variously truncated CN fragments detected only for 17 
the sample cell lysate were indicated with asterisks. 18 
 19 
Fig. 2 Time-dependent uptake from apical side and vertical distribution of CN in 20 
Caco-2 cell monolayers cultured on porous membrane 21 
A, B. Caco-2 cells monolayers formed on the porous membrane were cultured with the 22 
apical-side medium containing CN  for 0.5 and 3 h. The cell layers were double-stained with 23 
antibodies specific for αs1-CN and ZO-1, and also with TOTO-3 for nuclei. A series of 24 
merged XY plane images from apical to basal sides (from top left to bottom right) are shown 25 
for the cells cultured for 0.5 h (A) and 3 h (B). The magnified images of typical individual 26 
αs1-CN and ZO-1 signals (white squares in the original images) are also shown under the 27 
series images. 28 
C. The Z-stack images for αs1-CN were obtained from the series XY images for the cells 29 
cultured for 0.5 and 3 h. Relative fluorescence intensities for the two Z-stack images are 30 
shown on the right. 31 
 32 
Fig. 3 Difference in the apical-to-basal distribution within Caco-2 cell monolayers 33 
between CN and each of some other proteins 34 
Caco-2 cells monolayers formed on the porous membrane were cultured with the apical-side 35 
medium containing CN  and an additional protein (OVA, LG or LF) for 3 h. The cell layers 36 
were double-stained with antibodies specific for αs1-CN and the other protein, and also with 37 
TOTO-3 for nuclei. XY plane images apical, middle and basal sides are shown for OVA (A), 38 
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LG (B) and LF (C), respectively, in addition to CN and nuclei (TOTO-3). 1 
 2 
Fig. 4  Early endosomal localization of the components in the Caco-2 cells 3 
Caco-2 cells monolayers formed on the porous membrane were cultured with the apical-side 4 
medium containing CN for 6h (A). CN was removed from the apical medium and further 5 
cultured for 16 hours (B). The cell layers were double-stained with antibodies specific for 6 
αs1-CN and EEA-1, and also with TOTO-3 for nuclei. XY plane images apical, middle and 7 
basal sides are shown. 8 
 9 
Fig. 5  Effect of actin polymerization inhibition and metabolic inhibition on the uptake 10 
of CN by the Caco-2 cells 11 
Caco-2 cells monolayers formed on the porous membrane were cultured with the apical-side 12 
medium containing CN for 1 h, in the absence of any inhibitors (Control) (A), in the presence 13 
of cytochalasin D (20 µM) (B) and sodium azide (10 mM) (C), and under the control 14 
condition except for the culture temperature at 4°C (D). The cell layers were double-stained 15 
with antibodies specific for αs1-CN and EEA-1, and also with TOTO-3 for nuclei, and 16 
typical XY plane images with two representative magnified views (white open squares in the 17 
original images) are shown. The white arrowheads indicate the CN and/or EEA1 signals to 18 
show some or no co-localization. 19 
 20 
Fig. 6 MALDI-TOF MS/MS spectroscopy of intact and trypsin-digested peptides 21 
prepared from the contents of basal-side culture medium 22 
The lower molecular fraction obtained by the 10-kDa cut-off ultrafiltration of the basal side 23 
medium from the 6-hour cultured cells was subjected directly to LC-MALDI-MS (A), while 24 
the high molecular fraction above 10 kDa of the basal side medium from the 24-hour cultured 25 
cells was digested with trypsin and then subjected to LC-MS (B). 26 
 27 
Fig. 7 LC-Q-q-LIT-MS analysis of trypsin-digested peptides prepared from the contents 28 
of basal-side culture medium 29 
The high molecular fraction above 10 kDa of the basal side medium from the 24-hour 30 
cultured cells was digested with trypsin and then subjected to LC-QMS.  31 
A. The selected two or three tryptic peptides were quantitated by the MRM method using a 32 
given amount of standard CN, which had been added to the conditioned medium of Caco-2 33 
cells basal side. The determined amounts of each tryptic peptide based on the four product 34 
ions are shown for each tryptic peptides of each CN components. 35 
B. Schematic representations show the position of determined peptides on the polypeptide 36 
chain of each CN component. The position of major epitope peptides recognized by IgE from 37 
10 patients of persistent cow’s milk allergy [18] is shown for comparison. The black 38 
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arrowheads indicate the position of phosphorylated Ser residues, open arrowheads show the 1 
O-glycosylated Thr residues.  2 
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Supplementary Fig. S1 Specificity of antibodies raised against each of three CN 1 
components 2 
Specificity of each antibody and cross-reactivity of the three CN components were examined 3 
using ELISA and immunoblotting. 4 
ELISA (A) and immunoblotting (B) of the purified CN components and CN  were done 5 
using the rabbit antibodies raised against the purified CN component 6 
 7 
Supplementary Fig. S2  8 
Time-dependent increase in the αs1-CN immunofluorescence signals within Caco-2 cell 9 
monolayers cultured in the presence of CN  10 
The Caco-2 cell monolayers on the porous membrane were cultured for 0.5 and 3 h with the 11 
apical medium containing CN (1.0 mg/ml) (A), CN plus LF (0.5 mg/ml) (B) and CN plus 12 
OVA (1.0 mg/ml). The Z-stack of 50 XY-plane images for a filed (142.86 micrometers 13 
square) was selected randomly in the brightly detected region for each sample monolayer. 14 
 15 
Supplementary Fig. S3 16 
Fig. 5  Effect of actin polymerization on the uptake of CN by the Caco-2 cells 17 
Caco-2 cells monolayers on the 6-well plate were cultured with the medium containing CN 18 
for 1 h, under the standard condition, in the presence of cytochalasin D (20 mM). The cell 19 
layers were stained with the antibody to αs1-CN and also with TOTO-3 for nuclei, and 20 
representative XY plane images are shown.  21 
 22 
Supplementary Fig. S4 23 
MALDI-TOF MS analysis of the intact peptides in the ultrafiltrated fraction (below 10 24 
kDa) from the basal-side culture medium of the Caco-2 cells cultured with CN : the 25 
primary ions 26 
The mass spectra of the three fractions (fraction no. 30, 35 and 37) from nano-LC showed 27 
MS peak(s) corresponding to β-CN peptides (top three panels). No mass peaks were observed 28 
for the fractions with the same elution time from the basal-side culture medium of the control 29 
Caco-2 cells without CN (bottom three). 30 
 31 
Supplementary Fig. S5 32 
MALDI-TOF MS analysis of the intact peptides in the ultrafiltrated fraction (below 10 33 
kDa) from the basal-side culture medium of the Caco-2 cells cultured with CN: the 34 
daughter ions 35 
The mass spectra of daughter ions from each of the five parental primary ions showed the 36 
sequences of the parental β-CN peptides.  37 
 38 
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Supplementary Fig. S6 1 
MALDI-TOF MS analysis of the tryptic peptides in the ultrafiltration residual fraction 2 
(over 10 kDa) from the basal-side culture medium of the Caco-2 cells cultured with CN  3 
for 6h 4 
A. The mass spectra of one fraction (fraction no. 70) from nano-LC showed a mass peak 5 
corresponding to αs1-CN peptide (the top panel). No mass peaks were observed for the 6 
fraction with the same elution time from the basal-side culture medium of the control Caco-2 7 
cells without CN (bottom one). 8 
B. The mass spectra of daughter ions from the parental primary ion showed the sequence of 9 
the parental αs1-CN peptide. 10 
 11 
Supplementary Figs. S7-S10  12 
The chromatograms of MRM transitions of CN-derived peptides 13 
Samples prepared from the basal-culture medium of Caco-2 cells cultured with (Sample) and 14 
without (Control) CN, together with the standard CN-tryptic peptides (Standard) were 15 
subjected to MRM analysis. MRM analysis was performed using QTRAP5500. Note that a 16 
transition means a pair of precursor (Q1) and product (Q3) ions.  17 
 18 
Supplementary Fig. S11   19 
Summary of MRM analysis of the tryptic peptides in the ultrafiltration residual 20 
fraction (over 10 kDa) from the basal-side culture medium of the Caco-2 cells cultured 21 
with CN for 24 h 22 
A. Relative peak area ratios of all MRM transitions of samples against Standard. All peak 23 
areas were calculated using MultiQuant software, in which the peak area values of Control 24 
were subtracted from those of samples and Standard. Subtracted peak-area values of samples 25 
were divided by those of Standard. Note that ratios of four product ions of each precursor ion 26 
(the tryptic peptide) were almost identical.  27 
B. List of MRM transitions of CN peptides used for the MRM analysis. Three peptides 28 
(HQGLPQEVLNENLLR, HIQKEDVPSER, YLGYLEQLLR), two peptides 29 
(NAVPITPTLNR, FALPQYLK), two peptides (YPVEPFTER, AVPYPQR) and two peptides 30 
(YIPIQYVLSR, SPAQILQWQVLSNTVPAK) in the tryptic peptides of αs1-CN, αs2-CN, 31 
β-CN and κ-CN, respectively, were selected. Charge state, precursor ion, product ions, and 32 
dwell time are shown for each peptide. Note that the dwell time means the duration, in which 33 
each transition is collected. 34 
 35 


