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Abstract

Human milk oligosaccharides (HMO) have been shown to interact directly with immune cells. However, large quantities of HMO are

required for intervention or clinical studies, but these are unavailable in most cases. In this respect, bovine milk is potentially an excellent

source of commercially viable analogues of these unique molecules. In the present study, we compared the transcriptional response of

colonic epithelial cells (HT-29) to the entire pool of HMO and bovine colostrum oligosaccharides (BCO) to determine whether the oligo-

saccharides from bovine milk had effects on gene expression that were similar to those of their human counterparts. Gene set enrichment

analysis of the transcriptional data revealed that there were a number of similar biological processes that may be influenced by both treat-

ments including a response to stimulus, signalling, locomotion, and multicellular, developmental and immune system processes. For a

more detailed insight into the effects of milk oligosaccharides, the effect on the expression of immune system-associated glycogenes

was chosen as a case study when performing validation studies. Glycogenes in the current context are genes that are directly or indirectly

regulated in the presence of glycans and/or glycoconjugates. RT-PCR analysis revealed that HMO and BCO influenced the expression of

cytokines (IL-1b, IL-8, colony-stimulating factor 2 (granulocyte–macrophage) (GM-CSF2), IL-17C and platelet factor 4 (PF4)), chemokines

(chemokine (C–X–C motif) ligand 1 (CXCL1), chemokine (C–X–C motif) ligand 3 (CXCL3), chemokine (C–C motif) ligand 20 (CCL20),

chemokine (C–X–C motif) ligand 2 (CXCL2), chemokine (C–X–C motif) ligand 6 (CXCL6), chemokine (C–C motif) ligand 5 (CCL5), che-

mokine (C–X3–C motif) ligand 1 (CX3CL1) and CXCL2) and cell surface receptors (interferon g receptor 1 (IFNGR1), intercellular adhesion

molecule-1 (ICAM-1), intercellular adhesion molecule-2 (ICAM-2) and IL-10 receptor a (IL10RA)). The present study suggests that milk

oligosaccharides contribute to the development and maturation of the intestinal immune response and that bovine milk may be an attrac-

tive commercially viable source of oligosaccharides for such applications.
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Human milk is often the sole dietary source for the first few

months of life. It contains not only all the nutrients necessary

for infants to thrive, but also ingredients that may provide

health benefits beyond those of traditional nutrients. Human

milk oligosaccharides (HMO) are part of these functional

ingredients. Given the vast quantities of oligosaccharides

that are present in human milk (concentrations reaching up

to 50g/l or more in the colostrum to an average of 10–15g/l

in mature milk(1,2)), it is hardly surprising that during

postnatal development, these molecules play an important

physiological role. Research on HMO and glycoconjugates

has received much attention in recent years, and there is

increasing evidence of the local effects of HMO within the

gastrointestinal tract. Such effects may include prebiotic,

anti-adhesive and anti-inflammatory activities, glycome

modification, an influence on brain development and

growth-related characteristics of intestinal cells and other

uncharacterised effects(2,3–5).

There is accumulating evidence that milk oligosaccharides

also have direct effects on the maturation of the immune

system. At birth, although developed, the lymphoid system

is not yet mature and the immune system is dominated by

helper T-cells (Th) of subtype-2. Maturation of the immune

system subsequently occurs and Th of subtype-1 become

the more dominant cell type(6,7). Th1 responses are pro-

inflammatory and high levels are associated with Crohn’s

and autoimmune diseases, while Th2 responses are immunor-

egulatory and high levels are associated with asthma and

atrophic dermatitis(8). Therefore, striking the right balance

with regard to lymphoid cell development is a complex

process involving the timely expression of growth factors

(cytokines and chemokines), receptors and adhesion
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molecules(9). It is now apparent that the oligosaccharide

component of human milk may play a role in the modulation

of the T-cell type. For example, Velupillai & Harn(10)

demonstrated that neutral HMO, lacto-N-fucopentaose III

and lacto-N-neotetraose, stimulated B-cells to proliferate and

induce the production of immunomodulatory cytokines such

as IL-10, which is known to down-regulate Th1 cells. A further

study by Eiwegger et al.(11) has shown that acidic HMO had an

immunomodulatory effect on stimulated cord blood T-cells

in vitro. In their study, acidic HMO altered the cytokine profile

of allergy-specific T-cells, resulting in a more balanced Th1/

Th2 profile in cord blood cells. Similarly, Vos et al.(12) demon-

strated that acidic milk oligosaccharides induced Th1-skewing

effects in a murine model. The above-mentioned studies have

provided evidence that specific HMO may have a direct role in

the postnatal maturation of the immune system and may result

in allergy prevention in breast-fed infants once absorbed.

However, before investigating the activity of such molecules

at the systemic level, a full understanding of what is happen-

ing at the surface of the epithelial cells is required, as these

are the first cell type that the oligosaccharides come in

contact with: for example, understanding the effect of milk

oligosaccharides on the production of chemokines and

cytokines, and the expression of cell surface receptors, by

gut epithelial cells.

Since human milk is not readily available as a commercial

feedstock, the food industry must focus its attention on

alternative, sustainable sources of bioactive oligosaccharides.

Bovine milk is a candidate source of oligosaccharides that

may mimic the biological health benefits of HMO. Indeed, it

has been shown to contain complex oligosaccharides that

share a high degree of structural similarity to those of

human milk(13–16). Furthermore, some studies have suggested

that bovine milk oligosaccharides (BMO) have biological

effects similar to those of HMO. For example, BMO have

been shown to reduce the adherence of pathogens, such as

Neisseria meningitidis, Helicobacter pylori, Campylobacter

jejuni and influenza virus, to their respective ligands(17–20).

Whether BMO have similar effects on the immune system

when compared with HMO remains unknown. However,

Otani & Monnai(21) found that the sialic acid fraction of

bovine glycomacropeptide may modulate the immune

system in a mouse model.

To gain insight into the comparative transcriptional

responses of the gut epithelium to milk oligosaccharides, we

compared the transcriptomes of HT-29 colonic epithelial

cells after exposure to either the entire pool of HMO or

bovine colostrum oligosaccharides (BCO). Specifically, we

investigated their contribution to the development of the intes-

tinal immune response by concentrating on the expression

profiles of immune system-associated glycogenes.

Materials and methods

Isolation of milk oligosaccharides

Free oligosaccharides were isolated from bovine and human

colostrum (day 1) obtained from Holstein Friesian cattle

on-site at the Teagasc Food Research Centre, Moorepark

(Fermoy, Cork, Ireland), and the Irvinestown Human Milk

Bank (County Fermanagh, Ireland), respectively. Both

samples were defatted and deproteinised through convention-

al methods as described by Kobata & Ginsburg(22). In brief,

aliquots were centrifuged at 5000 rpm for 20 min at 48C in a

Sorvall RC6 plusw to separate the fat. The aqueous phase

was collected and 1 M-HCl was added until a pH of 4·6 was

reached. The sample was then heated to 358C for 2 h and pre-

cipitated caseins were removed by centrifugation at 5000 rpm

for 30 min at 258C. The pH of the supernatant was then neutral-

ised using 4 M-NaOH and the supernatant was ultrafiltered

through a 5 kDa molecular weight cut-off membrane

(Milliporew Helicon S10 spiral cartridge; Millapore) to remove

large peptides. Oligosaccharides present in the permeate

were collected, freeze-dried and stored at 2808C. To remove

residual peptides and deplete the high levels of lactose, a 20 %

solution (40 ml) of the freeze-dried powder was applied to a

Sephadex G-25 column (92 £ 2·6 cm; Pharmacia) and eluted

with deionised water at a flow rate of 5 ml/min. The fractions

were monitored for peptides(23), lactose and sialyllactose

using high-pH anion-exchange chromatography with pulsed

amperometric detection. Peptide-free fractions with little or no

lactose were pooled to form a pool of purified oligosaccharides.

The oligosaccharide standard 30-sialyllactose was purchased

from Carbosynth Limited.

Cell culture and oligosaccharide exposure

The human colon adenocarcinoma cell line HT-29 was

purchased from the American Type Culture Collection.

HT-29 cells were routinely grown in McCoy’s 5A modified

medium (Sigma) supplemented with antibiotics (penicillin

(10 U/ml) and streptomycin (10mg/ml)). All the cells were

routinely maintained in 75 cm2 tissue culture flasks and incu-

bated at 378C in a humidified atmosphere (5 % CO2). The

cells were passaged when the confluency of the flasks was

approximately 80 %. For transcription analysis, the cells were

seeded into 75 cm2 flasks and grown for 21 d with the

medium being changed every other day. Before treatment,

the cells were grown in antibiotic-free McCoy’s 5A modified

medium supplemented with 2 % fetal bovine serum for at

least 24 h. During treatment, the cells were exposed

to McCoy’s 5A medium supplemented with BCO, HMO or

30-sialyllactose (each 4 mg/ml) for 24 h. Non-supplemented

McCoy’s 5A medium was used as a control. After treatment,

the cells were harvested from the flasks, washed twice with

PBS and stored at 2808C. Importantly, the oligosaccharides

used in the present study did not affect the viability of the

human cells as confirmed by simple trypan blue staining

and real-time analysis of cell viability using an xCELLigence

system (Roche) (data not shown).

Gene expression profiling

Human gene expression analysis. Total RNA from treated

and untreated HT-29 cells was extracted using an RNA Extrac-

tion Mini kit according to the manufacturer’s protocol. The
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quantity and purity of the RNA of each sample were

determined by spectroscopy (A260/A280) and the size

distribution was assessed using an Agilent Bioanalyzer

(Agilent Technologies). Only samples with an A260:A280 ratio

.1·8 were used during the analysis. Using the Low Input

Quick Amp Kit (Agilent Technologies), 200 ng of total RNA

were converted into labelled complementary RNA with

nucleotides coupled to fluorescent dye Cy3 following the

manufacturer’s protocol. The purity and quantity of each

sample were again determined by spectroscopy (A260/A280)

and the size distribution was assessed using an Agilent Bioana-

lyzer. Cy3-labelled complementary RNA (600 ng) from each

sample was hybridised to an Agilent Human GE 8x60k Micro-

array. The hybridised array was then washed and scanned,

and data were then extracted from the scanned image using

Feature Extraction version 10.7 (Agilent Technologies). All

samples (no oligosaccharides, BCO, HMO and 30-sialyllactose)

were run on three separate occasions in triplicate.

Quantitative PCR arrays. To validate the expression of

specific gene targets, quantitative PCR analysis was performed.

Briefly, total RNA was isolated from treated and untreated

HT-29 cells (1 £ 106 cells) using a high pure RNA isolation

kit (Roche) as per the manufacturer’s instructions. RNA yield

was determined by spectroscopy (A260/A280) and the integrity

and size distribution of the RNA were determined on a dena-

turing agarose gel. The purity of the RNA was confirmed by

PCR. The extracted RNA was reverse-transcribed using a

first-strand cDNA synthesis kit (Roche), including 1mg of

total RNA and an oligo(dt) primer, as per the manufacturer’s

instructions. The reverse-transcribed product was amplified

(RT-PCR) using a LightCyclerw 480 instrument 96 (Roche)

and the RealTime ready custom panels (Roche) as per the

manufacturer’s instructions. Briefly, each PCR contained

10ml of LightCyclerw 480 Probes Master, 9ml of PCR-grade

water and 1ml of complementary DNA. The PCR running con-

ditions were as follows: 10 min of initial denaturation step at

958C followed by forty-five cycles of 10 s at 958C, 30 s at

608C and 1 s at 728C, and a final cooling step of 408C for 30 s. All

samples (no oligosaccharides, BCO, HMO and 30-sialyllactose)

were run on three separate occasions in triplicate.

Data analysis

Gene expression analysis. To identify potential outliers and

determine the overall similarity between replicate samples,

individual hybridisations were subjected to a two-way

agglomerative cluster analysis and a principal component

analysis. The two-way agglomerative cluster analysis was

carried out using Ward’s minimum variance as the heuristic

criterion and Pearson’s correlation as the distance metric,

together with average linkage as the heuristic criterion and

cosine correlation as the distance metric. Intensity data for

each replicate were generated into a single experiment using

the Rosetta Resolver Agilent Intensity Experiment Builder

pipeline with differentially expressed genes (P value ,0·05

and absolute fold change .1·5) detected using the Agilent-

Ratio Builder. To determine the overall similarity between

experiments (treatments), a principal component analysis

and a two-way agglomerative cluster analysis were carried out.

To identify the biological processes regulated by each treat-

ment, gene set enrichment analysis was performed using a

Biological Networks Gene Ontology tool(24). This tool con-

structed network diagrams illustrating the biological processes

represented by the differentially expressed transcripts (DET).

This construction involved the use of a hypergeometric statisti-

cal test with Benjamini and Hochberg false discovery rate

multiple testing corrections to identify Gene Ontology terms

that are overrepresented in DET found in the segregated

groups. All the experiments were performed three times in

triplicate, and representative data are presented. Where appli-

cable, data are presented as means and standard deviations of

replicate experiments.

RT-PCR. Relative quantification analysis was performed

on replicate samples by comparing the expression level of

the target gene of interest with the expression of a reference

gene in a single sample. The final results are shown as the

relative expression level of the normalised samples (D cycle

threshold (Ct)) in relation to the expression of the calibrator

sample (22DDCt). The reference genes selected for this analysis

included b-2-microglobulin, ribosomal phosphoprotein P0

and 18S rRNA. These genes were selected as they were

shown to improve quantitative mRNA studies involving

human intestinal epithelium(25). All the experiments were per-

formed three times in triplicate, and representative data are

presented. Where applicable, data are presented as means

and standard deviations of replicate experiments, and

Student’s t test (P#0·05) was used to determine whether the

means were significantly different. Graphs were drawn using

Microsoft Excel.

Results and discussion

Overall transcriptional response

In the present study, the transcriptional response of HT-29

cells to both HMO and BCO treatments was assessed using

total RNA and Agilent Human GE microarrays. Initially,

principal component analysis and unsupervised hierarchical

clustering of the sample data were performed to demonstrate

the good reproducibility between biological replicates (data

not shown). DET were then detected by comparing the

intensity data for the baseline treatment (no oligosaccharides)

with those for the test treatment (oligosaccharides). The

numbers of DET (P value ,0·05 and absolute fold change

.1·5) for each treatment are presented as a Venn diagram

in Fig. 1. The total number of DET for all the treatments was

2305. The HMO and BCO treatments shared 441 DET, and

only 191 DET were shared by all the three treatments.

The number of DET that were unique to the BCO treatment

(n 602) was substantially higher than that of DET unique to

the other treatments, indicating that the BCO treatment elicits

a more widespread epithelial response than the other

treatments. The high number of shared DET between the

HMO- and BCO-treated samples suggests that the transcrip-

tional responses of HT-29 cells to HMO and BCO share

HT-29 cell response to milk oligosaccharides 2129
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some degree of similarity. In support of this, the two-way

agglomerative cluster analysis of the transcriptional data

revealed that there were two major branches of sequence

apparent, with the HMO and BCO treatments falling into

one branch and the 30-sialyllactose treatment falling into the

other branch. It is notable that the number of shared tran-

scripts comprised 37 % of the total number of HMO-induced

transcripts but only 29 % of the BCO-induced transcripts.

This would suggest that while there is a substantial overlap

between the transcriptional responses induced by BCO and

HMO, there is also a significant level of treatment-specific

response.

To determine which gene ontology terms were significantly

overrepresented by the genes affected by each treatment,

a gene set enrichment analysis was performed using a Biologi-

cal Networks Gene Ontology tool. As illustrated in

Fig. 2(a)–(c), network diagrams were constructed to reveal

the biological processes that may be influenced by each

treatment. All treatments had potential effects on numerous

processes including a response to stimulus, signalling, loco-

motion, multicellular organismal processes, developmental

processes and immune system processes. However, the

significance (P value) of these gene ontology categories

differed between each treatment (Table 1). Previously, HMO

have been implicated in the regulation of some of these pro-

cesses. For instance, they have been shown to directly

influence developmental processes such as cell proliferation

and differentiation. Kuntz et al.(2) demonstrated that HMO

inhibited the growth of HT-29, Caco-2 and HIEC cells in a con-

centration-dependent manner. Differentiation of HT-29 and

HIEC cells was also enhanced. The ability of food-sourced

glycans to induce phenotypic changes in host cells is probably

due to the activation of cell signalling pathways, which can

occur as glycan structures interact with receptors present on

the surfaces of epithelial cells. This theory is supported by

the high number of signalling genes differentially expressed

after the HMO (149 genes), BCO (201 genes) and 30-sialyllac-

tose (ninety genes) treatments of HT-29 cells. Considering this,

there is a need to identify such receptors in order to fully

understand the functionality of oligosaccharides in the gut.

To this end, Kuntz et al.(26) demonstrated the ability of HMO

to interact with the epidermal growth factor receptor on

HT-29 cells and induce cell signalling, leading to cellular

differentiation, proliferation and apoptosis. Interestingly, our

data seem to support the findings of Kuntz et al.(2), given

that all treatments had a regulatory effect on developmental

processes.

The methodology used for the structural characterisation of

the pooled BCO used in the present study has been published

elsewhere(16). During this analysis, structural assignments for

thirty-seven free glycans, including twenty sialylated species,

were obtained by hydrophilic interaction liquid chromato-

graphy–HPLC coupled with exoglycosidase digestion and

offline negative-ion-mode mass spectroscopy. A total of sixteen

neutral structures were identified ranging from disaccharides

to hexasaccharides including lactose, N-acetylgalactosaminyl

glucose, N-acetyllactosamine, N,N0-diacetyllactosediamine,

a3-N-acetylgalactosaminyl lactose, GlcNAc(b1-3)Gal(b1-4)Glc

and Gal(b1-4)Gal(b1-4)Glc. Isoglobotriose was also identified

as well as the isomers Gal(b1-6)Gal(b1-4)Glc and Gal(b1-3)-

Gal(b1-4)Glc. Other neutral oligosaccharides found to be

present were 20-fucosyllactose, GalNAc(a1-3)(Fuc(a1-2))Gal

(b1-4)Glc, lacto-N-neotetraose, Gal(b1-4)GlcNAc(b1-6)

(GlcNAc(b1-3))Gal(b1-4)Glc, lacto-N-novopentaose and

lacto-N-neohexaose. Bovine colostrum was mainly composed

of acidic oligosaccharides with the predominant structures

being 30-sialyllactose, 60-sialyllactoseamine, 60-sialyllactose

and disialyllactose. High-molecular weight acidic structures

included NeuNAc(a2-3)Gal(b1-4)GlcNAc(b1-6)(GlcNAc

(b1-3))Gal(b1-4)Glc, NeuNAc(a2-6)Gal(b1-4)GlcNAc(b1-6)

(GlcNAc(b1-3))Gal(b1-4)Glc and two sialylated forms of

lacto-N-neotetraose, lacto-N-novopentaose and lacto-N-

neohexaose. Other minor acidic oligosaccharides that were

identified included the (a2-6) sialyl derivative of LacdiNAc,

NeuNAc(a2-6)(GlcNAc(b1-3))Gal(b1-4)Glc, disialyllactosamine

and two isomeric tetrasaccharides, NeuNAc(a2-3)Gal(b1-

4)Gal(b1-4)Glc and NeuNAc(a2-6)(Gal(b1-3))Gal(b1-4)

Glc. Finally, three structures containing the sialic acid variant,

Neu5Gc, were identified (sialyllactose, sialyllactosamine and

disialyllactose).

Structural characterisation of the HMO pool used in the pre-

sent study is currently ongoing. Early findings correlate well

with previous publications, where 100–150 oligosaccharides

can be divided into two groups: (1) neutral oligosaccharides

containing galactose, N-acetylglucosamine, fucose and lactose

core and (2) acidic oligosaccharides containing the same

oligosaccharide composition with additional N-acetylneurami-

nic acid(22,27–31). Initial comparative analysis of the BMO and

HMO pools revealed that they are composed of 90 % acidic

oligosaccharides and 70 % neutral oligosaccharides, respect-

ively. BCO that have not been reported to be present in

human milk were identified as trisaccharides, containing

(GalNAc(a1-3)Gal) units at the reducing end, as well as

HMO

290
441

602

BCO

191

268265

248

3′SL

Fig. 1. Venn diagram showing the number of differentially expressed tran-

scripts shared by human milk oligosaccharide treatment (HMO), bovine

colostrum oligosaccharide treatment (BCO) and 30-sialyllactose (30SL) treat-

ment of HT-29 cells.
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those containing Neu5Gc(16). Although there were distinct

differences in the number and complexity of the oligosacchar-

ides present in both pools, they shared a number of common

structures such as lacto-N-neotetraose, 20-fucosyllactose, 30-

sialyllactose and 60-sialyllactose. These structures have been

associated with many biological activities such as anti-infective

activity, immunomodulation and cell differentiation(2,17,18),

and their presence in both milks may explain the similarities

observed between the HMO and BCO transcriptional

responses in HT-29 cells. Indeed, these results may suggest

that bovine colostrum is a sustainable source of biologically

active oligosaccharides.

Overall, these results highlight the limited effect that a single

glycan structure, in this case 30-sialyllactose, can have on the

transcriptome of human intestinal epithelia. For example, the

number of DET affected after the HMO and BCO treatments

of HT-29 cells was much higher than that affected after the

30-sialyllactose treatment. Moreover, the significance of the

gene ontology categories influenced by the 30-sialyllactose

treatment was lower than that influenced by the other treat-

ments. Therefore, the food industry may need to consider

the use of multiple oligosaccharide structures in functional

foods in order to provide any health benefits associated with

such ingredients. The use of mixtures of oligosaccharides

may reduce costs in production as the fractionation of food-

sourced oligosaccharides can often be both time consuming

and expensive.

Regulation of immune system-associated glycogenes

Gene set enrichment analysis of the transcriptional data

revealed that the most significant (P value) biological process

influenced by the HMO, BCO and 30-sialyllactose treatments

was an immune system response. To identify the immune

system-associated glycogenes differentially expressed in the

present study, the list of DET was compared with the

human glycogene list (version 4) published by the Consortium

for Functional Glycomics (Table 2). All the genes that were

identified could be placed into three separate classes: cyto-

kines, chemokines and cell surface receptors. To quantify

and validate differences in the expression levels of these

genes, we performed real-time PCR using complementary

DNA and RealTime ready custom panels. As illustrated in

Fig. 3, treatment of the HT-29 cells resulted in significant

differences in the expression of the chemokines chemokine

(C–X–C motif) ligand 1 (CXCL1), chemokine (C–X–C

motif) ligand 3 (CXCL3), chemokine (C–C motif) ligand 20

(CCL20), chemokine (C–X–C motif) ligand 2 (CXCL2),

chemokine (C–X–C motif) ligand 6 (CXCL6), chemokine

(C–C motif) ligand 5 (CCL5), chemokine (C–X3–C motif)

ligand 1 (CX3CL1) and CXCL2, as well as the cytokines

IL-1b, IL-8, colony-stimulating factor 2 (granulocyte–

macrophage) (GM-CSF2), IL-17C and the plate factor 4.

Differential expression was also confirmed for cell surface

receptor genes that code for interferon g receptor-1, intercel-

lular adhesion molecule-1 (ICAM-1) and -2 (ICAM-2) and

IL-10 receptor a.

Interestingly, exposure of the HT-29 cells to HMO and BCO

resulted in the up-regulation of IL-17C and IL-1b. IL-17C

belongs to the IL-17 family of cytokines whose members

have been shown to induce the expression of pro-inflamma-

tory chemokines and cytokines. Until recently, the biological

function(s) of IL-17C were unknown. However, there is now

evidence to suggest that IL-17C is an epithelial cell-derived

cytokine with a function similar to that of IL-17A. Indeed,

Pappu et al.(32) demonstrated the ability of IL-17C to act in

an autocrine manner and induce a rapid innate immune

response in epithelial cells. Moreover, it has been shown

that IL-17C expression in colonic epithelial cells was induced

by exposure to bacterial products (peptidoglycan and

flagellin) or via the pro-inflammatory cytokine IL-1b. Thus,

the up-regulation of IL-1b in the HT-29 cells after HMO and

BCO treatments could account for the increased IL-17C

expression. However, another contributing factor may be the

presence of glycans that bind to the epithelial cell surface.

It is more than likely that the expression of IL-17C by the

intestinal cells observed in the present study resulted in the

up-regulation of other cytokine genes as well as chemokine

genes. Previously, IL-17A has been shown to up-regulate the

expression of a subset of chemokines and cytokines including

CXCL1, chemokine (C–X–C motif) ligand 8 (CXCL8), CCL20,

IL-6 and IL-8(33). It has also been shown to negatively regulate

the production of cytokines such as CCL5(33). Similarly, Pappu

et al.(32) demonstrated the ability of IL-17C to increase the

expression of CXCL1, CXCL3, CCL20 and IL-8 as well

as colony-stimulating factors in epidermal keratinocytes.

Table 1. Gene set enrichment analysis of the transcriptional response of HT-29 cells to milk oligosaccharides

Differentially expressed
transcripts P

Gene ontology category HMO BCO 30SL HMO BCO 30SL

Multicellular organismal process 209 275 129 2·63£1028 2·34 £ 1026 2·08 £ 1026

Developmental process 165 211 99 2·53 £ 1028 6·11 £ 1026 1·52 £ 1025

Locomotion 33 42 20 2·91 £ 1025 4·03 £ 1025 9·21 £ 1024

Signalling process 104 145 – 2·37 £ 1024 7·02 £ 1025 –
Signalling 149 201 90 1·18 £ 1025 3·08 £ 1025 4·51 £ 1024

Response to stimulus 184 228 105 3·94 £ 1029 8·19 £ 10210 8·75 £ 1025

Immune system process 84 91 35 9·03 £ 10216 3·24 £ 1025 6·82 £ 1024

Multi-organism process 48 – – 9·99 £ 1025 – –

HMO, human milk oligosaccharides; BCO, bovine colostrum oligosaccharides; 30SL, 30-sialyllactose.

J. A. Lane et al.2132

B
ri
ti
sh

Jo
u
rn
al

o
f
N
u
tr
it
io
n

https://doi.org/10.1017/S0007114513001591  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114513001591


We have observed that treating the HT-29 cells with BCO and

HMO increased the expression of CXCL1, CXCL3, CCL20, CSF2

and IL-8 and decreased the expression of CCL5. Therefore, we

hypothesise that in the early stages of infant development

where both HMO and bacteria are highly abundant, these

may induce the expression of IL-1b and IL-17C, leading to

the production of pro-inflammatory cytokines and chemo-

kines. Induction of the genes of these factors in the neonate

epithelium in vivo would result in an epithelial innate

immune response early in the postnatal period that could

potentially protect against bacterial colonisation in infants.

Interestingly, Pappu et al.(32) also demonstrated the unique

ability of IL-17C to control homeostasis in the gut mucosa.

Using a dextran sodium sulphate-induced colitis model, the

researchers have demonstrated that the expression of IL-17C

resulted in the resolution of the disease. IL-17C not only

could provide protection during the early stages of life but

may also play a significant role in the development and matu-

ration of the infant intestinal immune response together with

the establishment and maintenance of resident

microflora. Other chemokines that were up-regulated in the

presence of HMO and BCO were CXCL6 and CXCL2

(Table 2). In addition to their function as mediators of the

innate immune response, several of the induced chemokines

possess inherent antimicrobial activity. The chemokine gene

with the highest level of induced transcription was CCL20,

followed by CXCL1, CXCL6 and CXCL2, and these chemo-

kines are known to have direct antimicrobial effects in

addition to their role in immunomodulation(34). Indeed, the

human granulocyte chemotactic protein 2, CXCL6, is often

expressed in epithelial cells during inflammation and displays

antibacterial activity against a number of enteric bacteria,

possibly protecting against bacterial colonisation of the intes-

tinal tract.

Interestingly, there is emerging evidence that CCL20 is

consistently induced by epithelial cells in response to pro-

biotic bacteria such as Lactobacillus salivarius (35–37)

and Lactobacillus acidophilus (38). The expression of pro-

inflammatory genes can lead to the up-regulation of the

NF-kB complex, resulting in intestinal inflammation, which

can be an undesirable response in the host if it results in a

chronic state. The pro-inflammatory potential of such genes

would be attenuated by the induction of a number of genes

known to have an anti-inflammatory effect on the NF-kB tran-

scription factor. The most significant of these are baculoviral

IAP repeat containing 3 (BIRC3), NF-k light polypeptide

gene enhancer in B-cells inhibitor, a (NFKBIA), NF-k light

polypeptide gene enhancer in B-cells inhibitor, 1 (NFKBIE)

and TNFa-induced protein 3 (TNFAIP3). These negative regu-

lators act by sequestering NF-kB in the cytoplasm, preventing

it from reaching the nucleus, and ensuring that the NF-kB

complex is poised in favour of an anti-inflammatory response

even in the presence of pro-inflammatory chemokines. As

with the increased transcription of chemokines, similar up-

regulation of the NF-kB regulatory genes has been reported

for a number of probiotic bacteria, both in vitro (37,38) and

in vivo (39,40). Therefore, there is accumulating evidence to

suggest that many probiotic bacteria can cause the NF-kB

complex to shift in favour of an anti-inflammatory-type

response in which the complex is sequestered in the cyto-

Table 2. Differential expression of the immune system-associated glycogenes

Fold change

Name Description HMO BCO 30SL

CXCL1 Chemokine (C–X–C motif) ligand 1 8·84 22·41 –*
CXCL3 Chemokine (C–X–C motif) ligand 3 4·05 7·04 –*
CCL5 Chemokine (C–C motif) ligand 5 3·53† 3·43† 2·16†
CCL20 Chemokine (C–C motif) ligand 20 14·96 31·20 1·53
CXCL6 Chemokine (C–X–C motif) ligand 6 4·28 4·83 –*
CXCL2 Chemokine (C–X–C motif) ligand 2 4·05 9·57 –*
CX3CL1 Chemokine (C–X3–C motif) ligand 1 1·59 2·39 –*
PF4 Platelet factor 4 1·61 1·82 –*

IL-12B Interleukin 12B 3·67† 3·66† 3·57†
IL-17C Interleukin 17C 7·44 17·86 –*
IL-1b Interleukin 1, beta 2·72 3·12 –*
IL-8 Interleukin 8 3·17 9·76 –*
IL-17F Interleukin 17F –* –* 3·12
CSF2 Colony-stimulating factor 2 (granulocyte–macrophage) 2·51 2·97 –*

IFNGR1 Interferon gamma receptor-1 –* 1·63 –*
IL10RA Interleukin 10 receptor, alpha –* 1·85 –*
IL2RG Interleukin 2 receptor, gamma –* 1·73 –*
IL4R Interleukin 4 receptor 1·51 1·53 –*
CD74 Molecule, major histocompatibility complex, class II invariant chain –* 1·84 –*
ICAM-1 Intercellular adhesion molecule-1 1·50 2·15 –*
ICAM-2 Intercellular adhesion molecule-2 –* 1·81 –*
CLEC4E C-type lectin domain family 4, member E platelet/endothelial cell adhesion molecule –* 2·40 –*

HMO, human milk oligosaccharides; BCO, bovine colostrum oligosaccharides; 30SL, 30-sialyllactose.
* No significant signal detected.
† Negative value.
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plasm but retains the potential to trigger an inflammatory

response when required. The potential to activate measured

and proportionate pro- and anti-inflammatory responses is

crucial as complete inactivation of NF-kB can result in a

pleiotropic dysfunction of cellular processes(41). What is less

well understood is the effect of milk oligosaccharides on epi-

thelial immune responses. There have been some reports that

human milk constituents may down-regulate the inflammatory

response in intestinal epithelial cells(42,43); however, this

hypothesis requires further validation. Interestingly, our data

demonstrated the up-regulation of both pro-inflammatory

genes and NF-kB regulatory genes in the presence of milk

oligosaccharides, which while causing a generalised immune

system response, is likely to direct the NF-kB complex towards

an anti-inflammatory response. The up-regulation of the regu-

latory RNase Zn finger CCCH-type containing 12A (ZC3H12A)

is interesting as this has a significant role in the modulation of

innate immune responses, particularly of those associated with

autoimmune dysfunction(44). The data presented here raise the

possibility that in addition to their well-recognised role in the

physical blocking of pathogenic bacteria, milk oligosaccha-

rides may also act directly on the host immune system to

induce a host-derived antimicrobial response and also

reduce intestinal inflammation.

As illustrated in Table 2, BCO treatment of the HT-29 cells

altered the expression of a number of immune system-associ-

ated cell surface receptors, some of which were not expressed

after the HMO treatment. Indeed, the up-regulation of the

intercellular adhesion molecule ICAM-1 was the only mechan-

ism shared by both treatments. These receptors could function

early in the postnatal period by interacting with breast milk

components. Human breast milk contains its own immune

system components including cytokines, macrophages, neu-

trophils and lymphocytes. Indeed, colostral (approximately

4 £ 109 per litre) and mature (approximately 1 £ 108–109 per

litre) milk leucocytes are composed of 55–60 % macrophages,

30–40 % neutrophils and 5–10 % lymphocytes(45). These com-

ponents in milk provide protection for suckling infants while

also facilitating immune system development and maturation.

For example, the maternal cytokines transforming growth

factor b, IL-6 and IL-10 have been shown to contribute to

the differentiation of IgA-producing cells and the development

and maturation of the naive intestinal immune system(45). The

induction of cell surface receptors by HMO and BCO could be

important to the health of suckling infants. For example,

ICAM-1 functions during the transepithelial migration of leu-

cocytes by interacting with lymphocyte function-associated

antigen 1 (LFA-1) expressed on the surface of circulating

leucocytes. Leucocytes provide protection for infants by

neutralising any potential danger on-site. However, excessive

leucocyte infiltration can lead to the emergence of an inflam-

matory disease. Therefore, this process must be controlled

physiologically. Previously, Bode et al.(4) demonstrated the

ability of acidic HMO to bind to circulating leucocytes and

thereby reduce rolling and adhesion. 30-Sialyllactose was

identified as one of the major inhibitory components in this

work. Considering this, HMO and BMO could result in a con-

50

40

30

20

10

0

–10

R
el

at
iv

e 
ex

p
re

ss
io

n
 (

ta
rg

et
:h

o
u

se
ke

ep
in

g
 r

at
io

)

–20

–30

CXCL1

CXCL2

CXCL5

CXCL2
0

CXCL6

CXCL2

CX3C
L1

IL-
12

B

IL-
17

C
IL-

1β
IL-

8
CSF2

IFN
GR1

IL1
0R

A
IL2

RG
IL4

R
CD74

IC
AM

-2

IC
AM

-1 PF4

Fig. 3. RT-PCR analysis demonstrating the changes in mRNA expression levels of immune-associated glycogenes after the human milk oligosaccharide (HMO, )

and bovine colostrum oligosaccharides (BCO, ) treatments of HT-29 cells. Error bars represent the range of possible relative expression values defined by the

standard error of the delta threshold cycle (Ct). CXCL1, chemokine (C–X–C motif) ligand 1; CXCL2, chemokine (C–X–C motif) ligand 2; CXCL5, chemokine

(C–C motif) ligand 5; CXCL20, chemokine (C–C motif) ligand 20; CXCL6, chemokine (C–X–C motif) ligand 6; CX3CL1, chemokine (C-X3-C motif) ligand 1;

CSF2, colony-stimulating factor 2 (granulocyte–macrophage); IFNGR1, interferon gamma receptor-1; IL10RA, IL10 receptor, alpha; IL2RG, IL2 receptor, gamma;

IL4R, IL4 receptor; CD74, molecule, major histocompatibility complex, class II invariant chain; ICAM-2, intercellular adhesion molecule-2; ICAM-1, intercellular

adhesion molecule-1; PF4, platelet factor 4.

J. A. Lane et al.2134

B
ri
ti
sh

Jo
u
rn
al

o
f
N
u
tr
it
io
n

https://doi.org/10.1017/S0007114513001591  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114513001591


trolled leucocyte response in the gut by countering the

expression of ICAM-1 with anti-adhesive activity.

Cell surface receptor genes that were only up-regulated in

the presence BCO included interferon g receptor-1

(IFNGR1), ICAM-2 and IL-10 receptor a (IL10RA). The glyco-

protein IFNGR1 is predominantly responsible for mediating

high-affinity, species-specific ligand binding, ligand trafficking

and signal transduction. It has been shown to increase natural

resistance to bacterial, parasitic and viral infections. Therefore,

the expression of IFNGR1 could provide increased protection

in newborns. ICAM-2 is mainly found on resting endothelial

cells, but it has been shown to be expressed by epithelial

cells. It contributes to lymphocyte recirculation by blocking

LFA-1-dependent cell adhesion. Thus, ICAM-2 functions to

control the infiltration of leucocytes. IL10RA is a cell surface

receptor of the cytokine synthesis inhibitory factor IL-10,

which can inhibit the synthesis of pro-inflammatory cytokines

interferon g (IFN-g), IL-2, IL-3, TNF-a and GM-CSF as well as

stimulate T-cell and B-cell maturation. The interaction of these

receptors with their respective ligands, which have been

shown to be present in human milk, could result in a con-

trolled immune response in infants. Moreover, their presence

could enhance immune competence while also contributing

to the maturation of the intestinal immune response.

In the global analysis of DET levels described above, we

discussed the overlap observed between the different treat-

ments and the substantial difference between the number of

DET induced by BCO and HMO. To investigate the hypothesis

that there may be a differential regulation of immune system

gene transcription induced by the different treatments, we

examined the transcriptional patterns of the immune system

genes described in the present study. It is clear from Fig. 4

that, as was observed for the global transcriptional pattern

resulting from the BCO and HMO treatments, the immune

system gene transcription levels could be segregated into

four clusters, each corresponding to a single set of experimen-

tal replicates. The BCO and HMO replicates formed a separate

grouping when compared with the 30-siallylactose and control

samples. The overall transcript levels of the immune system

genes for the HMO and BCO treatments were substantially

higher than those for the 30-siallylactose and control treat-

ments. Further separation between the BCO and HMO

samples was observed when considering the transcript levels

of the cytokines CXCL1, CXCL2, CXCL6, IL-8 and IL-1b. As

has been discussed previously, the BCO and HMO samples

share a number of common oligosaccharide structures; how-

ever, these structures are present in each sample at different

concentrations, which could account for differences in the
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transcript levels of these immune system-associated genes. It is

also notable that the clustering of genes resulted in three dis-

tinct groups that could be designated as containing mainly

cytokine and chemokine, NF-kB-related and immune system

genes with multiple functions (ZC3H12A, TNF, IL-17C and

TNFAIP3). Overall, the data shown in Fig. 4 are in agreement

with the inferences drawn from Fig. 1, indicating that BCO and

HMO are more effective in inducing transcriptional changes

when compared with 3-siallylactose, with HMO having the

most substantial effect. However, there was no evidence to

suggest that a significant pro-inflammatory response was

induced. In fact, the pattern of immune system genes induced

by BCO was similar to that induced by HMO, with the only

difference being that the transcript levels were generally

higher following the BCO treatment. Thus, the effect of BCO

on the immune system is likely to be at least as beneficial as

that of the HMO.

Concluding remarks

The lower incidence of infectious and inflammatory diseases in

breast-fed infants than in formula-fed infants has resulted in

efforts being made to decipher the beneficial ingredients

in humanmilk. In thepresent study,wehighlighted thepotential

of HMO as bioactive ingredients that could influence many bio-

logical processes in colonic epithelial cells. We also highlighted

the promise of bovine colostrum as a suitable source of oligosac-

charides that may function similarly to those found in human

milk. We demonstrated the ability of HMO and BCO to increase

the level of expression of cell surface receptors, chemokines and

cytokines in HT-29 cells. Specifically, these oligosaccharides

induced the expression of an epithelial cell-derived cytokine,

IL-17C. Theexpressionof IL-17C in vivo could result in increased

protection for neonates while also contributing to the matu-

ration of the intestinal immune response. Indeed, the consump-

tion of HMO and BCO in the postnatal period may promote the

maturation of the naive cytokine response and contribute to

lower immune competence in infants. Although therewere simi-

larities observed between the HMO and BCO treatments, there

were distinct differences such as the number and induction

level (P value) of DET. These differences are more than likely

due to the limited number and varying concentrations of

common oligosaccharides in each sample. Considering these

results, further studies are required to determine whether

these differences have varying effects on human health. Further-

more, there is a need to investigate whether these transcriptional

changes can result in differential phenotype expression. In con-

clusion, our data highlight the potential of food-sourced glycans

to induce a pro-inflammatory response in colonic epithelial

cells, which could play a significant role in the development

and maturation of the intestinal immune response.

Acknowledgements

The present study was funded by the Department of Agricul-

ture and Food, Ireland, under the Food Institutional Research

Measure, project reference no. 05/R&D/TD/368, and Science

Foundation Ireland Alimentary Glycoscience Research Cluster

(AGRC), grant no. 08/SRC/B1393. The authors’ contributions

are as follows: S. D. C., R. M. H. and J. A. L. conceptualised

and designed the study; J. A. L. conducted the experiments

and acquired the data; J. A. L. and J. O’C. analysed and inter-

preted the data; J. A. L. wrote the first draft of the manuscript;

S. D. C., R. M. H., J. O’C. and J. A. L. critically revised the

manuscript and are primarily responsible for the final content.

The authors declare that there are no conflicts of interest.

References

1. Kunz C, Rodriguez-Palmero M, Koletzko B, et al. (1999)
Nutritional and biochemical properties of human milk, part
I: general aspects, proteins, and carbohydrates. Clin Perina-
tol 26, 307–333.

2. Kuntz S, Rudloff S & Kunz C (2008) Oligosaccharides from
human milk influence growth-related characteristics of
intestinally transformed and non-transformed intestinal
cells. Br J Nutr 99, 462–471.

3. Newburg DS, Ruiz-Palacios GM & Morrow AL (2005) Human
milk glycans protect infants against enteric pathogens. Annu
Rev Nutr 25, 37–58.

4. Bode L (2006) Recent advances on structure, metabolism,
and function of human milk oligosaccharides. J Nutr 136,
2127–2130.

5. Hickey RM (2009) Harnessing milk oligosaccharides for
nutraceutical applications. In Dairy-derived Ingredients:
Food and Nutraceutical Uses, pp. 308–343 [M Corredig,
editor]. Guelph, ON: University of Guelph.

6. Field AC, Caccavelli L, Fillion J, et al. (2001) Neonatal induc-
tion and maintenance of tolerance to Th2-induced immune
manifestations in rats. Transplant Proc 33, 2275–2276.

7. Schack-Nielsen L & Michaelsen KF (2007) Advances in our
understanding of the biology of human milk and its effects
on the offspring. J Nutr 137, 503S–510S.

8. Romagnani S (2004) The increased prevalence of allergy and
the hygiene hypothesis: missing immune deviation, reduced
immune suppression, or both? Immunology 112, 352–363.

9. Niers LEM, Hoekstra MO, Timmerman HM, et al. (2007)
Selection of probiotic bacteria for prevention of allergic dis-
eases: immunomodulation of neonatal dendritic cells. Clin
Experimen Immunol 149, 344–352.

10. Velupillai P & Harn DA (1994) Oligosaccharide-specific
induction of interleukin 10 production by B220þ cells from
schistosome-infected mice: a mechanism for regulation of
CD4þ T-cell subsets. Proc Natl Acad Sci U S A 91, 18–22.

11. Eiwegger T, Stahl B, Schmitt J, et al. (2004) Human milk-
derived oligosaccharides and plant-derived oligosaccharides
stimulate cytokine production of cord blood T-cells in vitro.
Pediatr Res 56, 536–540.

12. Vos AP, Haarman M, van Ginkel JW, et al. (2007) Dietary sup-
plementation of neutral and acidic oligosaccharides
enhances Th1-dependent vaccination responses in mice.
Pediatr Aller Immunol 18, 304–312.

13. Tao N, DePeters EJ, Freeman S, et al. (2008) Bovine milk gly-
come. J Dairy Sci 91, 3768–3778.

14. Tao N, DePeters EJ, German JB, et al. (2009) Variations in
bovine milk oligosaccharides during early and middle
lactation stages analyzed by high-performance liquid chro-
matography-chip/mass spectrometry. J Dairy Sci 92,
2991–3001.

15. Barile D, Marotta M, Chu C, et al. (2010) Neutral and acidic
oligosaccharides in Holstein–Friesian colostrum during the
first 3 days of lactation measured by high performance
liquid chromatography on a microfluidic chip and time-of-
flight mass spectrometry. J Dairy Sci 93, 3940–3949.

J. A. Lane et al.2136

B
ri
ti
sh

Jo
u
rn
al

o
f
N
u
tr
it
io
n

https://doi.org/10.1017/S0007114513001591  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114513001591


16. Marino K, Lane JA, Abrahams JL, et al. (2011) Method for milk
oligosaccharide profiling by 2-aminobenzamide labeling and
hydrophilic interaction chromatography. Glycobiology 21,
1317–1330.

17. Mysore JV, Wigginton T, Simon PM, et al. (1999) Treatment
of Helicobacter pylori infection in rhesus monkeys using a
novel antiadhesion compound. Gastroenterology 117,
1316–1325.

18. Hakkarainen J, Toivanen M, Leinonen A, et al. (2005) Human
and bovine milk oligosaccharides inhibit Neisseria meningi-
tidis pili attachment in vitro. J Nutr 135, 2445–2448.

19. Matrosovich MN, Gambaryan AS, Tuzikov AB, et al. (1993)
Probing of the receptor-binding sites of the H1 and H3 influ-
enza A and influenza B virus hemagglutinins by synthetic
and natural sialosides. Virology 196, 111–121.

20. Lane JA, Marino K, Naughton J, et al. (2012) Anti-infective
bovine colostrum oligosaccharides: Campylobacter jejuni
as a case study. Int J Food Microbiol 157, 182–188.

21. Otani H & Monnai M (1993) Inhibition of proliferative
responses of mouse spleen lymphocytes by bovine milk
k-casein digests. Food Agric Immunol 5, 219–229.

22. Kobata A & Ginsburg V (1972) Oligosaccharides of human
milk. IV. Isolation and characterization of a new hexasac-
charide, lacto-N-neohexaose. Arch Biochem Biophys 150,
273–281.

23. Bradford MM (1976) A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the
principle of protein-dye binding. Anal Biochem 72,
248–254.

24. Maere S, Heymans K & Kuiper M (2005) BiNGO: a Cytoscape
plugin to assess overrepresentation of gene ontology
categories in biological networks. Bioinformatics 21,
3448–3449.

25. Dydensborg AB, Herring E, Auclair J, et al. (2006) Normaliz-
ing genes for quantitative RT-PCR in differentiating human
intestinal epithelial cells and adenocarcinomas of the
colon. Am J Physiol Gastrointest Liver Physiol 290,
G1067–G1074.

26. Kuntz S, Kunz C & Rudloff S (2009) Oligosaccharides from
human milk induce growth arrest via G2/M by influencing
growth-related cell cycle genes in intestinal epithelial cells.
Br J Nutr 101, 1306–1315.

27. Ninonuevo MR, Park Y, Yin HF, et al. (2006) A strategy for
annotating the human milk glycome. J Agric Food Chem
54, 7471–7480.

28. Urashima T, Kitaoka M, Terabayashi T, et al. (2011) Milk
Oligosaccharides. New York: Nova Science Publishers.

29. Bruntz R, Dabrowski U, Dabrowski J, et al. (1988) Fucose-
containing oligosaccharides from human milk from a
donor of blood group 0 Le(a) nonsecretor. Biol Chem
Hoppe Seyler 369, 257–273.

30. Haeuw-Fievre S, Wieruszeski JM, Plancke Y, et al. (1993)
Primary structure of human milk octa-, dodeca- and
tridecasaccharides determined by a combination of
1H-NMR spectroscopy and fast-atom-bombardment mass

spectrometry. Evidence for a new core structure, the para-
lacto-N-octaose. Eur J Biochem 215, 361–371.

31. Boehm G & Stahl B (2007) Oligosaccharides from milk. J Nutr
137, 847s–849s.

32. Pappu R, Ramirez-Carrozzi V & Sambandam A (2011) The
interleukin-17 cytokine family: critical players in host
defence and inflammatory diseases. Immunology 134, 8–16.

33. Lee JW, Wang P, Kattah MG, et al. (2008) Differential regu-
lation of chemokines by IL-17 in colonic epithelial cells.
J Immunol 181, 6536–6545.

34. Yang D, Chen Q, Hoover DM, et al. (2003) Many chemo-
kines including CCL20/MIP-3 alpha display antimicrobial
activity. J Leukoc Biol 74, 448–455.

35. Ryan KA, O’Hara AM, van Pijkeren JP, et al. (2009) Lacto-
bacillus salivarius modulates cytokine induction and
virulence factor gene expression in Helicobacter pylori.
J Med Microbiol 58, 996–1005.

36. Sibartie S, O’Hara AM, Ryan J, et al. (2009) Modulation of
pathogen-induced CCL20 secretion from HT-29 human intes-
tinal epithelial cells by commensal bacteria. BMC Immunol
10, 54.

37. O’Callaghan J, Butto LF, Macsharry J, et al. (2012) Influence
of adhesion and bacteriocin production by Lactobacillus
salivarius on the intestinal epithelial cell transcriptional
response. Appl Environ Microbiol 78, 5196–5203.

38. O’Flaherty S & Klaenhammer TR (2012) Influence of
exposure time on gene expression by human intestinal epi-
thelial cells exposed to Lactobacillus acidophilus. Appl
Environ Microbiol 78, 5028–5032.

39. van Baarlen P, Troost F, van der Meer C, et al. (2011) Human
mucosal in vivo transcriptome responses to three lactobacilli
indicate how probiotics may modulate human cellular path-
ways. Proc Natl Acad Sci U S A 108, 4562–4569.

40. van Baarlen P, Troost FJ, van Hemert S, et al. (2009) Differ-
ential NF-kappa B pathways induction by Lactobacillus
plantarum in the duodenum of healthy humans correlating
with immune tolerance. Proc Natl Acad Sci U S A 106,
2371–2376.

41. Spehlmann ME & Eckmann L (2009) Nuclear factor-kappa B
in intestinal protection and destruction. Curr Opin Gastro-
enterol 25, 92–99.

42. Claud EC, Savidge T & Walker WA (2003) Modulation of
human intestinal epithelial cell IL-8 secretion by human
milk factors. Pediatr Res 53, 419–425.

43. Daddaoua A, Puerta V, Requena P, et al. (2006) Goat milk
oligosaccharides are anti-inflammatory in rats with hapten-
induced colitis. J Nutr 136, 672–676.

44. Matsushita K, Takeuchi O, Standley DM, et al. (2009)
Zc3h12a is an RNase essential for controlling immune
responses by regulating mRNA decay. Nature 458,
1185–1190.

45. Field CJ (2005) The immunological components of human
milk and their effect of immune development in infants.
J Nutr 135, 1–4.

HT-29 cell response to milk oligosaccharides 2137

B
ri
ti
sh

Jo
u
rn
al

o
f
N
u
tr
it
io
n

https://doi.org/10.1017/S0007114513001591  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114513001591

