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Abstract
Objectives—Human milk oligosaccharides (HMO) are the third most abundant component of
breast milk. Our laboratory has previously revealed gene clusters specifically linked to HMO
metabolism in select bifidobacteria isolated from fecal samples of infants. Our objective was to
test the hypothesis that growth of select bifidobacteria on HMO stimulates the intestinal
epithelium.

Methods—Caco-2 and HT-29 cells were incubated with lactose (LAC) or HMO-grown
Bifidobacterium longum subsp. infantis (B. infantis) or B. bifidum. Bacterial adhesion and
translocation was measured by real-time quantitative PCR. Expression of pro- and anti-
inflammatory cytokines and tight junction proteins was analyzed by real time reverse
transcriptase. Distribution of tight junction proteins was measured using immunofluorescent
microscopy.

Results—We showed that HMO-grown B. infantis had significantly higher rate of adhesion to
HT-29 cells compared to B. bifidum. B. infantis also induced expression of a cell membrane
glycoprotein, P-selectin glycoprotein ligand -1. Both B. infantis and B. bifidum grown on HMO
caused less occludin relocalization and higher expression of anti-inflammatory cytokine,
interleukin (IL)-10 compared to LAC-grown bacteria in Caco-2 cells. B. bifidum grown on HMO
showed higher expression of junctional adhesion molecule and occludin in Caco-2 cell and HT-29
cells. There were no significant differences between LAC or HMO treatments in bacterial
translocation.

Conclusions—This study provides evidence for the specific relationship between HMO-grown
bifidobacteria and intestinal epithelial cells. To our knowledge, this is the first study describing
HMO-induced changes in the bifidobacteria-intestinal cells interaction.
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INTRODUCTION
Breast feeding is associated with multiple benefits in infants [1]. There are well-documented
differences in the intestinal microbiota between human milk-fed and formula-fed infants [2].
The predominance of beneficial bacteria, mainly bifidobacteria, in the gut microbiota of
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breast-fed infants is thought to result in part from the fermentation of oligosaccharides, non-
digestible carbohydrates consisting of several types of linked monosaccharides [3]. Human
milk oligosaccharides (HMOs) are the third most abundant component of human milk [4]
and comprise more than 200 HMO structural species [5, 6]. Our research group has
previously demonstrated that HMOs can selectively nourish a protective bifidobacterial
microbiota isolated from fecal samples of breast-fed infants [7–10]. Using genomic analysis
of Bifidobacterium longum subsp. infantis (B. infantis), our laboratory has revealed gene
clusters specifically linked to oligosaccharide metabolism that are expressed only during
growth on HMO but not during growth on lactose (LAC) or current commercial prebiotics
(fructooligosaccharides or galactooligosaccharides) [11–14]. It was shown that other
bifidobacteria (e.g. B. bifidum, B. longum subsp. longum and B. breve) also grow on HMO
as the sole carbon source [10], however other mechanisms of HMO metabolism were
proposed [12, 15].

The ability to adhere to the intestinal epithelium may play an important role in gut
colonization, as it prevents the peristaltic elimination of bacteria [16, 17]. Adhesion
promotes the modulation of the immune system [18, 19] and prevents pathogens from
attaching to the gut mucosa [20]. Garrido and colleagues [13] characterized a family of
solute binding proteins in B. infantis which have an affinity for mammalian glycans. Strain-
and species-specific adhesion of bifidobacteria to epithelial cells is not a new phenomenon
and has been described previously [21–23]. However, previous reports described minimal
invasion of bifidobacteria, suggesting that bifidobacteria do not translocate [24].

Intestinal barrier function requires tight junctional (TJ) complexes, which are made up of
complex lipoprotein structures [25]; disruption of TJs leads to compromised intestinal
integrity[26–30]. Ewaschuk et al. [31] demonstrated that soluble factors produced by B.
infantis increase and expression of occludin, a primary TJ protein in the human epithelial
cell line, suggesting improved intestinal barrier function [31, 32]. There are numerous
examples in the literature showing an evidence of a role for probiotic in TJ repair and
maintenance [33–35]; these effects seem to be mediated by up-regulation of TJ proteins.

In addition, previous reports suggest that bifidobacteria showing higher adhesion to
intestinal epithelial cells also had a higher anti-inflammatory capacity [36]. For example, B.
infantis induced intestinal production of anti-inflammatory cytokine IL-10, while reducing
production of pro-inflammatory cytokine TNF [37, 38]. Lipopolysaccharide (LPS), induces
exaggerated activation of nearly all pro-inflammatory cytokines, chemokines, immune
receptors and cell surface adhesion molecules [39]. Preising et al. [36] showed that
bifidobacteria were able to inhibit LPS-induced secretion of IL-8, an early mediator of
inflammatory responses, in Caco-2 cells. Those authors also reported variations between two
epithelial cell lines, Caco-2 and HT-29 in this repose to bifidobacteria.

Stimuli such as cytokines have been reported to influence not only the expression of TJ
proteins but also their association with cytoskeleton (rearrangement) or paracellular
permeability [40]. Whether other genes (beside TJ) involved in bacteria-host interactions are
up-regulated in epithelial cells upon contact with bifidobacteria remains to be elucidated. An
example of a possible gene candidate is the alpha1-proteinase inhibitor (SERPING), which
is synthesized by the intestinal epithelial cells, and is likely to act as an immunomodulatory
factor [41]. Also, P-selectin glycoprotein ligand-1 (SELPLG) is a glycoprotein that binds to
the cell adhesion molecule and play a key role in the inflammatory response [42].
Microarray studies in our laboratory have previously shown that incubation of HMO with B.
infantis activated the transcriptional up-regulation of SELPLG [43].
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This study focused on characterizing the interaction between HMO-grown bifidobacteria
and cultured human intestinal epithelial cells. We hypothesize that growth on HMO will
facilitate colonization and that will lead to the protected modulation of the host, including
altered gene expression. The effects of HMO on the bifidobacterial-intestinal epithelium
interaction are currently not known. Here, the analyzed interaction included adhesion,
translocation, production of inflammatory cytokines, and expression and distribution of TJ
proteins. To our knowledge, this is the first study describing HMO-induced changes in the
bifidobacteria-intestinal epithelial cells interaction.

MATERIALS AND METHODS
Bacterial strains and culture conditions

The bifidobacterial strains used in this study were: Bifidobacterium bifidum ATCC 29521
(B. bifidum) and B. infantis ATCC 15697 (B. infantis). Cultures from stocks frozen at
−80°C in glycerol were grown overnight anaerobically at 37°C in the semisynthetic de Man-
Rogosa-Sharpe (MRS) broth (Becton Dickinson) supplemented with 1% (wt/vol) L-cysteine
hydrochloride [44]. This medium was supplemented with 2% (wt/vol) lactose (LAC) (Sigma
Aldrich) or HMO as the sole carbon source. Media was autoclaved separately from the
carbohydrates, which was added to the cooled broth after sterile filtration (Millex-GV, 0.22
um, Millipore). All bacterial cultures used in the adhesion experiment were grown for 48h
(exponential growth).

HMO used in this study was kindly provided by the laboratories of Dr. Bruce German
(Department of Food Science and Technology). The purification process of HMO was
performed as described previously [45].

Epithelial cell lines
Enterocyte-like human colon adenocarcinoma (Caco-2) cells show marked characteristics of
human epithelial cells, including the ability to differentiate as well as to polarize and form
TJ complexes [46]. In the present study Caco-2 cells were obtained from the American Type
Culture Collection (ATCC HTB-37, passages 31–37) and were maintained in our laboratory
by culture in Dulbecco’s modified Eagle medium (DMEM) containing 10% heat-inactivated
(30 min at 56°C) fetal calf serum, 1% nonessential amino acids, 50 IU/mL penicillin, and 50
μg/mL streptomycin. Cells were cultured routinely in 75-cm2 flasks at 37°C in a 5% CO2
constant-humidity environment with medium replaced every 2–3 days. Another human
colon adenocarcinoma, HT-29 [47] cell culture (ATCC HTB-38, passages 39–44) was
maintained in the same conditions except the McCoy’s 5A medium (Invitrogen) was used.
Monolayers were subcultured at 80% confluence exposing the monolayers to 0.25% trypsin
and 0.9mM EDTA (Invitrogen, CA) using split ratio of 1:10. Epithelial cell monolayers and
Transwells (described below) were treated by lipopolysaccharide (LPS; Sigma, Saint Louis
MO) at 100 ng/mL.

Adhesion assay
For adhesion assays, Caco-2 and HT-29 cells were seeded in 24-well plate (2 cm2/well; BD
Falcon, Franklin Lakes, NJ). Adhesion experiments were performed 15d after confluence, a
time when morphological and functional differentiation is complete [48, 49]. The viable cell
number, counted in a Neubauer chamber, was about 6 × 105 cells per well. Cell monolayers
were carefully washed twice with sterile phosphate-buffered saline (PBS; pH 7.3) before
bacterial cells were added. B. infantis and B. bifidum from the exponentially grown 48h-old
cultures were collected by centrifugation (4000g for 10 min), washed, and resuspended in
DMEM for assays with Caco-2 cells and in McCoy’s medium for assays with HT-29 cells.
For reference purposes (100% values), 1 ml aliquots of the original bacterial cell
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suspensions used in the adhesion assay were centrifuged, the cells resuspended in 200 μl
trypsin/EDTA plus 200 μl PBS and then frozen and stored at −20°C until quantification of
the bacteria. Approximately 1 × 108 cells of each strain were incubated with a monolayer of
fully differentiated cells. All incubations were performed in biologically independent
triplicates. Plates were then incubated at 37°C, 5% CO2 for 2h, after which all monolayers
were washed gently three times with PBS to release unbound bacteria. The epithelial cells
were detached from the plastic surface by incubation with 200 μl trypsin/EDTA per well (10
min, 37°C). To perform quantification of adherent bacteria, samples of bacteria plus
epithelial cells were incubated at 37°C for 30 min in Gram-positive lysis buffer consisting of
20 mM Tris-Cl, 2 mM sodium EDTA, 1.2% Triton X-100 and lysosyme (final conc. 20 mg/
ml). The adhesion capacity was determined using real-time quantitative PCR (qPCR; online-
only appendix, http://links.lww.com/MPG/A104) and was expressed as the number of
adherent bacteria divided by total number of bacteria added, multiplied by 100.

Bacterial translocation
For experiments testing translocation of HMO-grown bifidobacteria, Caco-2 or HT-29 cells
were seeded on Transwell polycarbonate cell culture inserts (Corning Inc., NY; 24-mm
diameter; 3.0-μm pore size) at 2–3 × 105 cells per square centimeter and grown for 14 days
post-confluence to achieve fully differentiated monolayers. Translocation studies were
conducted in Hanks’ balanced salt solution (HBSS), which reduces bacterial growth by
approximately 1000-fold compared with DMEM, while maintaining bacterial viability [50].
This allows more accurate estimation of the numbers of bacteria crossing the epithelial
monolayer. Complete differentiation was confirmed by measurement of transepithelial
electrical resistance (TER) using a Millicell-ERS voltohmeter fitted with chopstick
electrodes (Millipore Corp., Bedford MA) and cells were used when value was more than
1000 ohms/cm2. Culture medium was removed by washing monolayers twice with HBSS at
37°C. After equilibration for 30 minutes, any monolayers for which TER has not returned to
within 10% of the value before removal of experimental media was discarded.
Bifidobacteria were inoculated into the apical chamber of the Transwell to a final
concentration of 108 bacteria/mL. After 2h incubation period (37°C; 5% CO2, 95% room
air), during which translocation of bacteria was allowed to occur, the concentration of
bacteria in the basolateral chamber was determined by qPCR (online-only appendix,
http://links.lww.com/MPG/A104).

Statistical analysis
Data are expressed as mean ± standard deviation (SD) of the results of four independent
trials conducted in triplicate. All statistical tests used a two-sided significance level of 0.05.
A paired t-test was used to compare LAC and HMO experimental groups for each outcome
measure. All reported significance levels represent two-tailed P-value. Expression of the
cytokines and TJs was determined using ΔCt (online-only appendix,
http://links.lww.com/MPG/A104). Translocation was expressed as 103 bacteria/cm2 of the
monolayer.

RESULTS
Adhesion of HMO-grown bifidobacteria in Caco-2 and HT-29 cells

Numerous studies in our and other laboratories demonstrated the ability of two
bifidobacterial strains, B. infantis and B. bifidum to grow on HMO as a sole carbon source.
[10]. Based on those results, both B. infantis and B. bifidum were selected for experiments
focused on the interaction between intestinal epithelial cells and bifidobacteria grown on
HMO. Adhesion activity of B. infantis and B. bifidum grown on LAC or HMO was
evaluated by a real-time PCR-based method (Fig. 1). In comparison with traditional
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techniques (e.g. viable counts) the analytical approach using real-time PCR is rapid, accurate
and particularly useful for studying bacterial adhesion, especially when dealing with
different phenotypes of in the genus Bifidobacterium [23]. Different adhesion could be
observed between two bifidobacterial species tested. The levels of adhesion ranged from
8.1% to 20.4% for Caco-2 cells (Fig. 1a) and from 12.5% to 26.5% for HT-29 cells (Fig.
1b). B. bifidum grown on LAC was the most efficient strain in terms of adhesion to Caco-2
epithelial cells (20.4%), while HMO-grown B. infantis incubated with HT-29 cells adhered
at the rate of 26.5%. There were numerical trends between HMO and LAC treatments,
however the only significant difference was observed for B. infantis incubated with HT-29
cells (p < 0.05). The largest alteration in the binding among bacteria incubated with HT-29
cells was shown with B. infantis (8.5% for LAC and 26.5% for HMO) (Fig. 1b).

HMO-grown bifidobacteria alter tight junction protein expression
Caco-2 and HT-29 cells were incubated with LAC- or HMO-grown bifidobacteria and
expression of occludin, ZO-1 and junctional adhesion molecule (JAM-A) was measured.
These particular proteins were selected as they have been implicated in TJ barrier function
and are known to be expressed in intestinal cells [51]. Caco-2 incubated with B. bifidum
cultured on HMO expressed higher expression of occludin (3.6 fold induction) while
incubation with both HMO-grown bifidobacterial species resulted in enhanced protein
expression of JAM-A compared to LAC-grown bacteria - these changes were from 5.7 fold
induction for B. bifidum to 1.7 for B. infantis (Fig. 2a). There were no differences in ZO-1
expression between the LAC and HMO treatments in Caco-2 cells. In HT-29 cells B.
infantis grown on HMO had 2-fold increase of ZO-1 expression compared to LAC.
Occludin expression was not altered in HT-29 cells incubated with HMO-grown
bifidobacteria; however JAM-A was 4 fold higher for HMO-grown B. bifidum.

B. bifidum and B. infantis grown on HMO prevent occludin relocation into the cytoplasm
We used immunofluorescence assay to evaluate the localization of occludin in epithelial
cells incubated with bifidobacteria grown on LAC or HMO. Under normal conditions (no
bacterial treatment), occludin was localized in a pattern consistent with their distribution in
tight junctions in Caco-2 cells (Supplemental Fig. 1, http://links.lww.com/MPG/A104),
while cells incubated with HMO-grown bifidobacteria caused mild occludin relocalization
to the cytoplasm. LAC treatment caused considerable relocalization of occludin and it was
characterized by discontinuities in membrane staining and submembranous internalization of
these proteins. Thus both B. infantis and B. bifidum grown on HMO prevented the
significant intracellular redistribution of occludin. HT-29 cells showed the similar pattern of
occludin distribution (data not shown).

Immunomodulatory and inflammatory markers in the epithelial cells are affected by HMO-
grown bifidobacteria

To determine whether growth of bifidobacteria on HMO induces the immunomodulation in
epithelial cells we analyzed the expression of two factors, SELPLG and SERPING. B.
infantis grown on HMO significantly up-regulated the expression of SELPLG (7 fold
induction vs. LAC) compared to B. bifidum (Fig. 3). No significant differences were
observed in the expression of SERPING in B. infantis or B. bifidum. Expression of those
two immunomodulatory markers was not affected by HMO treatment in HT-29 cells (data
not shown). We further assessed the expression of pro- and anti-inflammatory cytokines in
Caco-2 and HT-29 cells incubated with bifidobacteria grown on HMO and LAC. The results
for expression of the genes for IL-8, IL-10 and TNF are shown in Figure 4. Caco-2 cells
incubated with HMO-grown B. bifidum and B. infantis had significantly increased
expression of IL-10 (fold induction vs. LAC = 4.6 and 2.5, respectively). HMO-grown B.
infantis showed increased expression of IL-8 while B. bifidum did not show induction of
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IL-8 expression in Caco-2 cells compared with cells incubated with LAC-grown bacteria
(Fig. 4a). B. infantis grown on HMO lowered the expression of pro-inflammatory TNF (0.6
fold vs. LAC). HMO-grown bifidobacteria had no effect on secretion of measured cytokines
in HT-29 cells with values comparable to that of LAC-grown bifidobacteria (Fig. 4b). LPS
of Gram negative bacteria triggers an inflammatory response and the subsequent
overexpression of proinflammatory cytokines, e.g. IL-8 [52]. LPS treatment increased
expression of all inflammatory cytokines, including 5-fold induction for IL-8 for both
Caco-2 and HT-29 cells, however no significant differences were noted between LAC and
HMO treatments (data not shown).

Translocation of HMO-grown bifidobacteria in Caco-2 and HT-29 cells
To examine whether the observed changes in the expression and localization of TJ, as well
as immune activation, are associated with alterations in the epithelial barrier we tested
translocation of bifidobacteria. We observed minimal translocation of LAC and HMO-
grown bifidobacteria in Caco-2 and HT-29 cells (Fig. 5a and 5b). No significant difference
in translocation was observed between bacteria grown on LAC or HMO in monolayers not
treated with LPS. Translocation in HT-29 cells was at the lower rate (0.3 – 0.45 × 103/cm2

of the monolayer) compared to Caco-2 cells. No correlation between adhesion and
translocation was observed for two bifidobacterial species incubated with Caco-2 or HT-29
cells. LPS treatment dramatically increased translocation in both Caco-2 and HT-29 cells,
however there were no significant differences between the bacteria or the sugar source
treatments (Fig. 5a and 5b).

DISCUSSION
This study characterizes for the first time the interactions between HMO-grown
bifidobacteria and intestinal epithelial cells. Bacterial adhesion is critical to these
interactions since the ability to adhere also represents a significant prerequisite for the
transient intestinal colonization [17]. HMO are naturally evolved substrates that provide a
structure-specific growth advantage to co-evolved bifidobacteria and result in beneficial
interactions with the host [10]. Unlike lactose, HMO pass mainly unabsorbed and
undigested through the small intestine into the colon, where they are fermented to short-
chain fatty acids creating an acidic environment[53]. We used lactose as a standard
comparative in this study to exemplify different phenotypes of bifidobacteria consuming
those sugars, since both lactose and HMO are milk’s constituents delivered during lactation.
In addition, the core structures of HMOs consist of lactose [5].

The ability of select bifidobacteria to consume complex oligosaccharides from human milk
likely enables this genus to be one of the most abundant colonizers of the breastfed infant
gut [7, 8]. Previous studies have shown that among three gut commensals (B. infantis,
Lactobacillus gasseri and Escherichia coli) only B. infantis was able to ferment HMO as a
sole carbon source and achieve high cell densities [9, 54]. Although growth of B. bifidum on
HMO was weaker than B. infantis, direct consumption of HMO was observed previously
[10]. Those two species were shown to metabolize HMO via different mechanisms [7, 8, 10,
55]. In the present study both B. infantis and B. bifidum were selected for analysis of the
interaction with the intestinal epithelial cells.

We used two epithelial cell lines to test the abilities of HMO-grown B. bifidum and B.
infantis to adhere to the intestinal cells. The first adhesion model is based on the human
colon adenocarcinoma cell line Caco-2, whose characteristics simulate structural and
functional distinctiveness of mature enterocytes in vitro [46]. The second cell line used in
this study, HT-29, maintains a constant proliferation rate with practically no further
differentiation [24, 56]. We used incubation period of 2 h, since it was previously shown
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sufficient to enable epithelial cells to adapt to the presence of bacteria without acidification
of the medium [57].

Although the adhesive phenotype is frequently present in the members of the
Bifidobacterium species [52, 58, 59], of importance for the present study are the specific
changes in adhesion induced by HMO growth. Previous reports demonstrated a strongly
adhesive phenotype of B. bifidum MIMBb75 [60] which was able to adhere to both Caco-2
and HT-29 cells [23]. Our observations support these data. However, unique for the present
study, HMO had a significant impact on the binding abilities of tested bifidobacteria. As
seen in Figure 1, high percentage of B. infantis grown on HMO adhered to HT-29 epithelial
cell lines. The proliferation rate of HT-29 cells is constant and is higher than that in Caco-2
cells [56], thus the interaction between bifidobacteria and HT-29 cells is expected to be
greater than the interaction with Caco-2 cells. Interestingly, HMO-grown B. infantis induced
expression of SELPLG (annotated as a cell membrane glycoprotein) in Caco-2 cells but not
in HT-29 cells. These results suggest a synergistic effect on the gut ability to sense and
modulate genes playing a role in the binding and signaling to bacterial gut commensals.
Here, we show that HMO-grown B. infantis (but not B. bifidum) facilitates colonization and
leads to a protective modulation of the host’s intestinal epithelium.

Ewaschuk et al. [31] recently showed that B. infantis-conditioned medium lowered the
mucosal permeability, changed expression of TJ proteins and prevented occludin
redistribution into the cytoplasm. Our goal was to test whether growth on HMO affects the
permeability of epithelium and expression and localization of TJ proteins which are
positioned around the apical end of the lateral cell membrane [31]. The redistribution of TJ
from the intercellular junctions into the intracellular compartment would be an implication
of a defective barrier function. We analyzed the distribution of occludin using
immunofluorescence method (Supplemental Fig. 1, http://links.lww.com/MPG/A104).
Under baseline conditions (no bacteria) occludin was not found in the cytoplasm of the
epithelial cells. When B. infantis or B. bifidum were incubated with epithelial monolayers,
relocalization of the occludin to the cytoplasm occurred. However, this relocalization of
occludin was less apparent when bacteria were grown on HMO compared to LAC.
Incubation with LAC-grown bifidobacteria was characterized by discontinuities in
membrane staining and submembranous internalization of these proteins.

Previous studies strongly suggest that alterations in TJ composition and protein localization
may have a role in the pathogenesis of chronic inflammatory conditions [25]. Defining the
immunomodulatory capacity of HMO-grown bifidobacteria seems relevant in order to
understand their contribution to the establishment of the mucosal tolerance and immune
responses in the early stages of life. Several studies have evaluated the effects of different
bifidobacteria in the production of cytokines by intestinal epithelial cells [36, 61, 62].
however reports in the literature are often inconclusive [36]. For example, researchers
noticed minimal impact of probiotic strains B. animalis subsp. lactis Bb12 and, to a lesser
extent, B. longum NCC2705 [60] on the cytokine expression induction. In another study, 8
out of 19 bifidobacteria, including two B. bifidum strains, were demonstrated to stimulate
the production of IL-8 [63].. Our findings show that B. infantis attenuates baseline IL-8
secretion in HT-29 cells [64]. As expected, the LPS treatment increased expression of IL-8
in Caco-2 cells [65, 66]; however, the expression of IL-8was not affected by HMO treatment
compared to LAC in the present study.

Previous studies have demonstrated that TNF increase permeability by inducing
redistribution of various TJ proteins by internalization [40, 67]. Here, the expression of TNF
by either Caco-2 or HT-29 cells was not significantly altered in the HMO group, however it
is possible that numerical trends toward higher expression of TNF by HMO-grown B.
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bifidum could turn the mucosal immune system on stand-by and prevent the release of
severe inflammation. Other cytokines such as IL-10 have been shown to decrease
permeability. We observed higher expression of IL-10 in Caco-2 incubated with HMO-
grown B. bifidum and B. infantis, suggesting potential anti-inflammatory properties of
HMO growth.. Overall, the response of Caco-2 and HT-29 cells to LPS treatment was
consistent with the previously published research [65, 66]; however HMO did not have any
significant effects on the levels of cytokine expression in LPS-treated cells.

Both bifidobacterial species tested in the present study, regardless whether grown on HMO
or LAC, translocated at the minimal rate through the intestinal epithelial cells, confirming
previous reports that the genus Bifidobacterium is generally non-invasive [24]. Despite the
observed changes in TJ expression and localization, growth on HMO did not seem to affect
the bacterial translocation regardless of the LPS presence.

The concept of pre- and probiotics has attracted increasing attention in recent years. A
number of publications show anti-inflammatory effects of probiotics in vivo and in vitro [68,
69] and live probiotics and commensals have been shown to affect monolayer barrier
function in cultured human epithelial cells [20]. Our results support the concept of
synbiotics as a synergistic combination of probiotics and prebiotics [70]. According to our
data, the growth on HMO as a sole carbon source enhances epithelial binding and can
potentially induce anti-inflammatory response in the intestinal epithelial cells; however it
did not have any effects in the presence of the massive inflammatory stimulation by LPS. Is
it possible that B. infantis, as well as other bifidobacteria, exert the beneficial effect on
human physiology in a prophylactic fashion, serving to enhance barrier function? Further
studies are needed to establish the role of HMO-grown bifidobacteria in the infant’s
developing gut.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Adhesion of B. bifidum and B. infantis grown on LAC or HMO to the Caco-2 (a) or HT-29
(b) cells. Bifidobacteria were incubated with fully differentiated epithelial cells for 2h at
37°C in anaerobic conditions. Quantification of the bacterial genomes was based on the
presence of 16s rRNA. The results are presented as the percentage of bacteria recovered vs.
applied on monolayers. Values are the mean ± SD and * indicates statistical significance (p
< 0.05).
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Figure 2.
Analysis of the effects of HMO- grown bifidobacteria on tight junction protein mRNA
expression in Caco-2 (a) or HT-29 (b) cells. Cells were incubated for 2h, then the expression
was measured by real-time PCR, normalized to β-actin and presented as fold induction
relative to LAC-grown bifidobacteria. The data are the means ± SD where * indicates
statistical significance between LAC and HMO (p < 0.05).
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Figure 3.
Effects of HMO-grown B. bifidum and B. infantis on mRNA expression of SELPLG and
SERPING in Caco-2 cells was measured by real-time PCR, normalized to β-actin and
presented as fold induction relative to LAC-grown bifidobacteria. The data are the means ±
SD where * indicates statistical significance between LAC and HMO (p < 0.05).
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Figure 4.
Cytokine mRNA expression in Caco-2 (a) and HT-29 (b) cells incubated with
bifidobacterial strains grown on HMO was measured by real-time PCR, normalized to β-
actin and presented as fold induction relative to LAC-grown bifidobacteria. * indicates
statistical significance between LAC and HMO (p < 0.05).
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Figure 5.
Translocation of bifidobacteria in Caco-2 (a) and HT-29 (b) monolayers. Cells were
incubated with bacteria apically for 2h, and then basolateral translocation was measured.
Data are means ± SD. Significance was at p < 0.05.
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