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Abstract: It is believed that human milk oligosaccharides (HMO) act as receptor analogues that inhibit the at-
tachment of pathogenic microorganisms to the infant colon, but the direct involvement of HMO in anti infec-
tion has not as yet been demonstrated. The present study was conducted to clarify whether HMOs as well as
commercially available galacto oligosaccharides (GO), from which lactose has been removed, affect the ex-
pression of toll-like receptor (TLR) 2 and 4, and of MD2 mRNA in the HT-29, human colonic cell line. HT-29
cells were treated with neutral human milk oligosaccharides (nHMOs), which had been separated from the
acidic oligosaccharide fraction and also from lactose, as well as with GOs. HT-29 cells were treated with spe-
cific oligosaccharides of major components of nHMO or GO. The mRNA expression of TLR2, 4 and MD2
were measured using Real-time RT-PCR normalized to glyceraldehydes 3-phosphate dehydrogenase (GAPDH)
mRNA expression. The addition of nHMO affected the expression of TLR2. Treatment with 1.0 mg/mL of
nHMO as well as with 0.5 mg and 1.0 mg/mL GO enhanced the mRNA expression of TLR4. In experiments
with specific oligosaccharides, treatments with 3"sialyllactose (3-SL), 6’-sialyllactose (6-SL) or 6-
galactosyllactose (6-GL) increased the expression of TLR-2, while the administration of lacto-N-
fucopentaose I (LNFP I), 3-, 6-SL or 6-GL enhanced that of TLR4. These results suggest that HMOs as well
as GOs had a direct effect on colonic epithelial cells, with induction of the mRNA expression of TLR.
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The human milk oligosaccharide (HMO) fraction is the
third largest solid component in milk/colostrum, after lac-
tose and lipids. The maximum concentration of HMO is
observed in colostrum (more than 20 g/L), while after
about two weeks of lactation, this falls to about 12—
14 g/L in milk."” It is thought that human milk has a high
content of neutral oligosaccharides, especially fucosyloli-
gosaccharides.””

Several studies on HMO have suggested that most of
these substances remain undigested in the small intes-
tine,"” and thus reach the colon where they stimulate the
growth of colonic microorganisms beneficial to human
health, specifically bifidobacteria and lactobacilli.*"" The
colonic microflora of the breast-fed infant contains more
than 90% bifidobacteria and lactobacilli,’”” whereas
formula-fed infants are more often colonized by Es-
cherichia coli, Clostridium difficile or Bacteroides."”

In addition, other functions have been attributed to
HMO, including serving as a component of innate immu-

* Corresponding author (Tel. +81-155-49-5566, fax. +81—155—49—
5577, E-mail: urashima@obihiro.ac.jp).

nity by preventing the attachment of potential pathogens
to the intestinal tract.” For example, some mainly fuco-
sylated HMOs have been found to act as receptor ho-
mologs, inhibiting the binding of pathogens, such as en-
teropathogenic E. coli, Campylobacter jejuni, Vibrio chol-
erae and Salmonella fyris, to their host receptors.”

A direct effect of HMOs or commercially available pre-
biotic oligosaccharides on the intestinal innate immune
system has not, however, as yet been demonstrated. It has
recently been reported that the feeding of prebiotic oligo-
saccharides (arabino-galactan, short-chain fructo-oligo-
saccharide, iso-malto-dextrins, etc.) together with bifido-
bacteria (Bifidobacterium bifidum and B. longum subsp.
infantis) has effects that may alter the course of rotavirus
disease in BALB/c mice."” This suggests that these prebi-
otic saccharides not only promote the growth of colonic
bifidobacteria, but also act as a direct regulator of the in-
testinal innate immune system.

All  microorganisms contain distinct structures or
microbe-associated molecular patterns that are recognized
via pattern recognition receptors (PRRs). It is well known
that an important class of PRRs is TLRs. The TLRs, TLR
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1-10, were discovered as homologues of Drosophila Toll
proteins, playing an important role in differentiation, cel-
lular/molecular mediation of bacterial-epithelial crosstalk
and defense.””

Among the TLRs, TLR2 and 4 recognize different bac-
terial cell wall components. Recent data indicate that TLR
2 is mainly involved in responses to cell wall components
of gram-positive bacteria, while TLR4 has a role in the
recognition of gram-negative bacterial compounds.””
TLR2 is required for the recognition of Gram-positive
constituents, including bacterial lipopeptide, lipoteichoic
acid, peptidoglycan and soluble tuberculosis factor.” ™"
TLR4, on the other hand, has been shown to be required
for the recognition of lipopolysaccharide (LPS), which is
mainly a gram-negative bacterial wall component. Muta-
tions or absence of TLR4, in addition, abolish the re-
sponse to LPS.”*® Further studies have shown that the
MD?2 protein is also required for effective LPS signal
transduction, forming a complex with the extracellular do-
main of TLR4.7*

The present studies were done to clarify whether HMOs
affect the expression of TLR2, 4 and MD2 mRNA in HT-
29, an intestinal cell line. This approach may help to elu-
cidate a novel mechanism for the anti- pathogenic effect
of HMO. Their expression in HT-29 as affected by HMO
was compared with the effects of a commercially avail-
able GO mixture of prebiotic saccharides.

MATERIALS AND METHODS

Oligomate 55 (lot YPS1214N), GO, was kindly sup-
plied from Yakult Pharmaceutical Industry Co., Ltd. (To-
kyo, Japan). 2"-fucosyllactose (2-FL), 3-fucosyllactose (3-
FL), Lacto-N-tetraose (LNT), Lacto-N-fucopentaose I
(LNFP 1), Sialyllacto-N-tetraose (LSTc), 3'—sialyllactose A3
".SL) and 6™-sialyllactose (6-SL) were purchased from
Dextra Laboratories (England). 4-Galactosyllactose (4-
GL) and 6-galactosyllactose (6-GL) were obtained from
Dr. Tadashi Nakamura (Obihiro University); their purities
were checked by high performance liquid chromatography
(HPLC) after pyridylamination prior to the successive
study® and were found to be 83.8 and 71.8% pure, re-
spectively.

Preparation of oligosaccharide fraction from human
milk. The components of nHMO and GO are shown in
Table 1. Human colostrum samples were collected in Ke-
iai Hospital from twenty-four healthy mothers during the
first 3 days of lactation, as previously described.” We ob-
tained informed consent from all the donors to use their
samples, using the protocol approved by Obihiro Univer-
sity of Agriculture and Veterinary Medicine.

HMOs were isolated from colostrum as desribed by
Gnoth et al.” and Kunz et al.’® with a few modifica-
tions. The colostrum was centrifuged at 3000 x ¢ at 4°C
for 30 min; the upper lipid layer was removed, the aque-
ous phase was decanted and then one volume was treated
with two volumes of precooled 95% ethanol to precipitate
the protein. The solution was mixed gently overnight,
centrifuged at 3000 x ¢ at 4°C for 30 min and the super-
natant was freeze-dried. To remove sialyloligosaccharides,
lactose and monosaccharides, 100 mg of the freeze-dried

Table 1. The oligosaccharides used in this study.

Oligosaccharides

2’-Fucosyllactose*
3-Fucosyllactose
Difucosyllactose

Lacto-N-tetraose (LNT)*
Lacto-N-neotetraose (LNnT)
Lacto-N-fucopentaose I (LNFP 1)*
Lacto-N-fucopentaose 1I (LNFP II)
Lacto-N-fucopentaose 111 (LNFP III)

Neutral human milk
oligosaccharide (nHMO)

3’-Galactosyllactose
Galacto-oligosaccharide (GO) 4’-Galactosyllactose
6'-Galactosyllactose

*Major oligosaccharides.

Specific oligosaccharide Structure

2'—Fucosyllactose (2’-FL)
3-Fucosyllactose (3-FL) CalB1-4[Fucol-3]Glc
Lacto-N-tetraose (LNT) GalB1-3GlcNAcB1-3Galp1-4Glc
Lacto-N-fucopentaose I (LNFP I)  Fucoul-2GalB1-3GleNAcB1-3GalB1-4Gle
3'-Sialyllact0se (3’-SL) NeuSAco2-3Galp1-4Glc
6'-Sialyllactose (6’-SL) NeuS5Aco2-6GalB1-4Glc
Sialyllacto-N-tetraose ¢ (LSTc)  Neu5Aco2-6GalB1-4GleNAc1-3Galf1-4Gle
4"-Galactosyllactose (4-GL) GalB1-4GalB1-4Glc
6’-Galactosyllactose (6-GL) ~ GalB1-6GalB1-4Glc

Fuco1-2GalB1-4Glc

Gle, glucose; Gal, galactose; Fuc, fucose; GlcNAc, N-acetylglucosamine;
Neu5Ac, N-acetyl neuraminic acid. *Major oligosaccharide.

supernatant was dissolved in 1 mL H.O, filtered through a
0.45-um filter (Advantec Toyo Kaisha, Ltd., Tokyo, Ja-
pan) and applied to a BioGel P-2 fine column (particle
size 45-90 wm, 250 cm x 4.6 cm i.d., Bio-Rad Laborato-
ries, Hercules, USA). The elution solvent was water (flow
rate 0.25 mL/min) and 5 mL fractions were collected.
Saccharides were detected by refractive index measure-
ments using Smart Chrom (KYA Technology, Tokyo, Ja-
pan). Finally, the whole nHMO fraction was isolated by
filtration through a BioGel P-2 extrafine column (particle
size < 45 um, 250 cm x 4.6 cm i.d., Bio-Rad Laborato-
ries) with water as the eluent, to remove lactose. The
composition of all nHMO fractions was examined using
HPLC after derivatization with 1-phenyl-3metyl-5pyra-
zolon and 2-aminopyridine in order to confirm.”

GO was separated from lactose, and the presence of
each component was monitored as described previously
for Oligomate 55 (Yakult Pharmaceutical Industry Co.,
Ltd.). To this end, Oligomate 55 was diluted with water,
followed by freeze-drying, and 100 mg was applied to a
Bio Gel P-2 extrafine column, to remove all traces of lac-
tose. The components in the eluted fraction were moni-
tored by reverse-phase HPLC with PA-labeling to confirm
that the lactose in Oligomate 55 was removed success-
fully, and that the fraction contained 4-, 6~ and 3"-GL,
their proportions being approximately 60, 30, 10%, re-
spectively.

Cell culture. HT-29, a human colonic carcinoma cell
line (ATCC HTB-38, Lot number 3441400), was pur-
chased from American Type Culture Collection (Manas-
sas, USA). The cells were cultured as described by Furrie
et al.’’ with a few modifications. Cultures were main-
tained at 37°C in 5% CO. in 75 cm’ tissue culture flasks
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Table 2. Primer pairs of TLR2, TLR4, MD2 and GAPDH in the present studies.

Gene Association Sequence (5 3 Prqduct

number size

TLR-2 U88878 Forward GGGTTGAAGCACTGGACAAT 205
Reverse TGTTGTTGGACAGGTCAAGG

TLR-4 U88880 Forward CGTTTTATCACGGAGGTGGT 211
Reverse CCCCATCTTCAATTGTCTGG

MD-2 ABO018544 Forward ATTGGGTCTGCAACTCATCC 236
Reverse GTCATCAGATCCTCGGCAAA

GAPDH M33197 Forward GAGTCAACGGATTTGGTCGT 201
Reverse TGGGATTTCCATTGATGACA

in Dulbecco’s modified Eagle’s medium, low glucose type
(DMEM, Invitrogen Corporation, Carlsbad, USA), supple-
mented with 10% fetal bovine serum (FBS, HyClone,
South Logan, USA), and 1% penicillin/streptomycin (In-
vitrogen Corporation). The cells were passaged at precon-
fluent densities using 0.05% trypsin (Invitrogen Corpora-
tion) twice before use.

Treatment of HT -29 cell lines with nHMO, GO, and
specific milk oligosaccharides. HT-29 cells were plated
in six-well dishes at an initial density of 1.0 x 10°/wells
and cultured at 37°C in 5% CO, in DMEM with 10%
FBS. Once confluent, the cells were washed two times
with Dulbecco’s phosphate-buffered saline (=) (PBS) at
37°C, and left for 24 h in DMEM without FBS. The cells
were stimulated with 0.5 mg or 1 mg/mL of nHMO and
GO in DMEM without FBS for 24 h. In other experi-
ments, the cells were treated with 40 um (40 nmol/well)
of each specific milk oligosaccharide. After removal of
the media, the cells were washed two times with PBS.

Real-time RT-PCR analysis of TLR2, 4 and MD2 ex-
pression in HT-29. The total RNA was extracted from
HT-29 cells using ISOGEN according to the manufac-
turer’s instructions. cDNA was synthesized using the Ex-
script RT reagent kit (Takara Bio Inc., Tokyo, Japan)
from 2 pg of total RNA diluted with 40 uL. of EAZY Di-
lution (Takara Bio Inc.). Those were quantified at 260 nm
and checked for quality by 260/280 nm ratio.

Quantitative real-time PCR for TLR2, 4, MD2 and
GAPDH was performed using 5 UL of the cDNA as tem-
plate in a final volume of 50 uL. by ABsolute QPCR
SYBR Green Mix (NIPPON Genetics Co., Ltd., Tokyo,
Japan) with a 7300 Real-Time PCR system (Applied Bio-
systems, Foster City, USA). Primer pairs of TLR2, 4, MD
2 and GAPDH used in PCR were obtained from Sigma-
Aldrich Corporation (St. Louis, USA), as shown in
Table 2. After an initial denaturation at 95°C for 10 min,
PCR reactions for all amplifications were conducted using
40 cycles at 95°C for 30 s, 59°C for 30 s and then 72°C
for 30 s, and the measured values were normalized to the
level of glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) mRNA expression. The PCR reactions were
performed in triplicate, and each PCR product size was
checked using 2% agar gel electrophoresis.

Statistical analysis. All results are expressed as a
mean plus standard deviation. Statistical analysis was
done using JMP 6.03 software (SAS Institute Inc., Cary,
USA). Data (n=6) on the treatment of HT-29 with
nHMO or GO were subjected to one-way analysis of vari-

ance for comparison of means, and significant differences
were calculated using the Tukey-Kramer test. Significant
differences between the results using specific oligosaccha-
rides and those with controls (medium only) were deter-
mined using Dunnett’s test.

RESULTS AND DISCUSSIONS

To our knowledge, this is the first study showing a di-
rect effect of nHMO and GO on the innate immune sys-
tems of colonic cells. Although there have been many
studies suggesting the prevention of attachment of patho-
gens to the colonic mucosa,™ there have been no experi-
ments investigating the influence of HMO or of specific
milk oligosaccharides on the gene expression of TLR2, 4
and MD?2 on intestinal cells such as HT-29 cells. As the
unresponsiveness of Caco-2, the major colonic cell line,
has been shown to LPS stimulated TLR4 expression,” we
used only the HT-29 cell line in these experiments. Ac-
cording to the result of this study, the gene expressions of
TLR2, 4 and MD2 in HT-29 were affected by 0.5 and 1.0
mg/mL of nHMO or GO administration. Further study is
required to establish the most suitable concentration of
HMO that has effects on the intestinal cell line.

The effects of nHMO or GO administration on gene

expression of TLR2, 4 and MD?2 in HT-29.

The mRNA expression of TLR2, 4 and MD2 in HT-29
after the treatments with nHMO or GO are shown in
Fig. 1. The addition of 1 mg/mL of nHMO remarkably
increased the mRNA expression of TLR2 compared with
the control and that of GO (Fig. 1 (A)). It is known that
the concentration of nHMO in colostrum or mature milk
is much higher than that of acidic oligosaccahrides.” It
has been reported that various microbial cell wall con-
stituents act as signals via TLR2. Representative examples
of these constituents are lipoteichoic acid and peptidogly-
can, which are cell wall constituents of some bifidobacte-
ria and lactobacilli.”” Our results suggest that nHMO may
affect the bifidus flora of the infant colon through the en-
hancement of TLR2 expression.

Treatment with 0.5 mg or 1.0 mg/mL of GO, and with
1.0 mg/mL of nHMO enhanced the gene expression of
TLR4 (Fig. 1 (B)). Administration of nHMO at 1.0 mg/
mL enhanced the gene expression of TLR4 in HT-29 cells
more than that at 0.5 mg/mL. Although two dose treat-
ments with GO maintained the stimulation at high expres-
sion, there were no differences between the treatment at
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Fig. 1. The effect of the nHMO or GO administration on the
mRNA expressions of TLR2, 4 and MD2 in HT-29 cell.

Treatment of 0.5 mg/mL of nHMO or GO is shown as open bars
(n = 6) and that of 1.0 mg/mL is shown as solid (n = 6). Values
are the means of percentage of control as 100%, and vertical lines
represent the SD. Significant differences, which were determined by
the Tukey-Kramer test, are shown by different superscript letters (p
< 0.05). Abbreviations in this figure are explained in Table 2.

0.5 mg/mL and at 1.0 mg/mL. These results raise the
possibility that GO was more effective in increasing TLR
4 expression at lower levels than nHMO. It has been
shown that TLR4 plays a role in the recognition of the
gram-negative bacterial substance, LPS.” In addition,
some reports have suggested that TLR4 induces the acti-
vation of nuclear factor-xB and the expression of the pro-
inflammatory cytokines in human intestinal cells.””” The
administration of nHMO and GO may evoke such im-
munoreactions in the intestine, by induction of the expres-
sion of TLR4.

The expression of MD2 after the addition of
0.5 mg/mL of GO was higher than that of 1.0 mg/mL
GO (Fig. 1(C)). The administration of nHMO and GO
significantly increased the expression of MD2 in HT-29
cells, similar to that of TLR4. However, a different result
was observed with MD2 in that addition of 0.5 mg/mL of
GO produced higher expression than 1.0 mg/mL. This in-
dicated that treatment with GO at 0.5 mg/mL was ade-
quate for the largest expression of MD2 under our experi-

mental conditions. MD2 is a protein that is located out-
side TLR4 on the cell surface.” TLR4 without the expres-
sion of MD2 alters inactive pro-inflammatory cytokine
gene expression in response to LPS;” this shows that
MD?2 has significant effects on innate immunity. Since
these oligosaccharide fractions were shown to have a
stimulating effect on MD2 expression as well as on TLR4
expression, they may have a role in preventing the inva-
sion of the cells by gram-negative bacteria.

The effects of specific oligosaccharides that are major
components of HMO and GO on gene expression of
TLR2, 4 and MD2 in HT-29 cells.

According to our previous studies,” the major compo-
nents of HMO in colostrum are 2’-FL, LNT and LNFP 1.
Their percentages are about 20, 15 and 20%, respectively.
Thus, it was concluded that 0.5 mg/mL of the nHMO
fraction contained LNFP I (Mw 853.7) at about 100 mMm
in this study. The concentration of nHMO at 10 pug/mL,
which contained 2 pg/mL (2.34 um) or less of LNFP I,
and 1 pg/mL of acidic human milk oligosaccharide frac-
tion (aHMO), used by Eiwegger er al.”” in their experi-
ment must have been within physiological conditions. In-
terestingly, they found that the aHMO, containing 3™-, 6™
SL, and LSTc, was more effective in cytokine production
and activation of cord blood derived T cell in vitro than
nHMO.

Treatments with 3’-, 6-SL or 6-GL increased the ex-
pression of TLR2 in HT-29 cells (Fig. 2 (A)). In the ex-
periments on the administration of specific oligosaccha-
rides that are components of HMO and GO, we observed
that 3™, 6™-SL as well as 6-GL stimulated the expression
of TLR2. Although nHMO was found to have a remark-
able influence on TLR2 expression, the administration of
specific components of nHMO, such as 2"-FL, LNT and
LNFP I, had no effect. Administration of 40 uM of each
specific oligosaccharide used in this experiment might not
have been enough to affect the mRNA expression of TLR
2, while 40 uMm treatment with specific acidic oligosaccha-
rides used in this study should be enough to affect TLR2
mRNA expression, as mentioned above. Velupillai et al.*"
have reported that some minor oligosaccharides of human
milk, such as lacto-N-fucopentaose III (LNFP III) and
lacto-N -neotetraose (LNnT), had an effect on murine
Interleukin-10 secretion. This suggests that these minor
oligosaccharides in nHMO may affect the expression of
TLR2 in HT-29 cells.

Treatment with LNFP 1, 3", 6-SL or 6-GL enhanced
the expression of TLR4 (Fig. 2 (B)). In this study, 3"~ and
6-SL stimulated the expression of both TLR2 and 4.
These results might have indicated some specific aHMO
influences on innate immune systems of the human colon
even at low concentration, compared with nHMO. Schu-
macher er al.”” have shown interference by aHMO with
specific P-selectin ligand binding, but not by nHMO.
Similar results were also obtained by Bode et al.*” who
showed that an aHMO fraction decreased the formation of
a complex between platelets and neutrophils.

Both human milk and bovine colostrum contain 3”- and
6-SL. Although neutral oligosaccharides predominate
over acidic oligosaccharides in human milk, there have
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Fig. 2. The effect of the addition of 40 uM sole oligosaccharides
on the mRNA expressions of TLR2, 4 and MD2 in HT29
cells.

MD2/GAPDH (% of Contol)

Values are the means of percentage of control as 100%, and ver-
tical lines represent the SD. Significant differences compared with
control in Dunnet’s test are shown by *p < 0.05. Abbreviations in
this figure almost are explained in Table 2, and Lac means lactose.

been some reports about various effects by the latter.***”
In bovine milk, acidic oligosaccharides constitute most of
the oligosaccharide fraction.”” Bovine milk is generally
used for preparing artificial formulas, and there is a possi-
bility that bovine colostrum can be used as a source of 3
and 6-SL, which are present at concentrations of about
1.0 and 0.2 g/L, respectively.””

There was no effect on the expression of MD2 resulting
from the addition of any of these oligosaccharides
(Fig. 2 (C)). In the experiment with nHMO or GO treat-
ment, however, MD2 mRNA expression was affected.
The administration of specific oligosaccharides at 40 um
might be the threshhold level to increase the expression of
MD2 mRNA. This suggests that mRNA expression of
TLR4 and MD2 are promoted by different concentrations
of some specific oligosaccharides. Lactose, the most
dominant saccharide in milk, had no effect on these gene

expressions in the present study.

Although nHMO had a significant effect on the stimu-
lation of TLR4 expression, in the experiments with spe-
cific oligosaccharides only LNFP I at 40 um had this ef-
fect. In future experiments, several concentrations of each
oligosaccharide should be used to determine whether they
affect expression of TLR4 in a dose-dependent manner. In
addition, a further study is necessary to investigate in the
signal pathway of HMO, GO and specific oligosaccha-
rides for TLR expression.

The result of this study suggests that nHMO may con-
tribute to infant colonic health induced by the increasing
in the expression of TLR2, 4 and MD2.

REFERENCES

1) G.V. Coppa, P.Pierani, L. Zampini, I. Carloni, A. Carlucci
and O. Gabrielli: Oligosaccharides in human milk during dif-
ferent phases of lactation. Acta Paediatr. Suppl., 88, 89-94
(1999).

2) A. Kobata, K. Yamashita and Y. Tachibana: Oligosaccharides
from human milk. Methods Enzymol ., 50, 216220 (1978).

3) C. Kunz, S. Rudloff, W. Baier, N. Klein and S. Strobel: Oligo-
saccharides in human milk: structural, functional, and meta-
bolic aspects. Annu. Rev. Nutr., 20, 699-722 (2000).

4) P. Chaturvedi, C.D. Warren, C.R. Buescher, L.K. Pickering
and D.S. Newburg: Survival of human milk oligosaccharides
in the intestine of infants. Adv. Exp. Med. Biol ., 501, 315-323
(2001).

5) G.V. Coppa, P. Pierani, L. Zampini, S. Bruni, I. Carloni and
O. Gabrielli: Characterization of oligosaccharides in milk and
feces of breast-fed infants by high-performance anion-
exchange chromatography. Adv. Exp. Med. Biol., 501, 307—
314 (2001).

6) M.B. Engfer, B. Stahl, B. Finke, G. Sawatzki and H. Daniel:
Human milk oligosaccharides are resistant to enzymatic hy-
drolysis in the upper gastrointestinal tract. Am. J. Clin. Nutr.,
71, 1589-1596 (2000).

7) M.J. Gnoth, C. Kunz, E. Kinne-Saffran and S. Rudloff: Human
milk oligosaccharides are minimally digested in vitro. J. Nutr.,
130, 3014-3020 (2000).

8) L. Bode: Recent advances on structure, metabolism, and func-
tion of human milk oligosaccharides. J. Nutr., 136, 2127-2130
(2006).

9) G. Boehm and B. Stahl: Oligosaccharides from milk. J. Nutr.,
137, 847S5-849S (2007).

10) M. Kitaoka, J. Tian and M. Nishimoto: Novel putative galac-
tose operon involving lacto-N-biose phosphorylase in Bifido-
bacterium longum. Appl. Environ. Microbiol ., 71, 3158-3162
(2005).

11) R.E. Ward, M. Ninonuevo, D.A. Mills, C.B. Lebrilla and J.B.
German: In vitro fermentability of human milk oligosaccha-
rides by several strains of bifidobacteria. Mol. Nutr. Food.
Res., 51, 13981405 (2007).

12) H.J. Harmsen, A.C. Wildeboer-Veloo, G.C. Raangs, A.A.
Wagendorp, N. Klijn, J.G. Bindels and G.W. Welling: Analy-
sis of intestinal flora development in breast-fed and formula-
fed infants by using molecular identification and detection
methods. J. Pediatr. Gastroenterol. Nutr., 30, 61-67 (2000).

13) J. Penders, C. Thijs, C. Vink, F.F. Stelma, B. Snijders, I.
Kummeling, P.A. van den Brandt and E.E. Stobberingh: Fac-
tors influencing the composition of the intestinal microbiota in
early infancy. Pediatrics., 118, 511-521 (2006).

14) D.S. Newburg: Neonatal protection by an innate immune sys-
tem of human milk consisting of oligosaccharides and glycans.
J. Anim. Sci., 87, 2634 (2009).

15) G.V. Coppa, L. Zampini, T. Galeazzi, B. Facinelli, L. Ferrante,
R. Capretti and G. Orazio: Human milk oligosaccharides in-
hibit the adhesion to Caco-2 cells of diarrheal pathogens: Es-



182

16)

17)

18)

19)

20)

21)

22)

23)

24)

25)

26)

27)

28)

29)

30)

31)

32)

cherichia coli, Vibrio cholerae, and Salmonella fyris. Pediatr.
Res., 59, 377-382 (2006).

A. Cravioto, A. Tello, H. Villafan, J. Ruiz, S. del Vedovo and
J.R. Neeser: Inhibition of localized adhesion of enteropatho-
genic Escherichia coli to HEp-2 cells by immunoglobulin and
oligosaccharide fractions of human colostrum and breast milk.
J. Infect. Dis., 163, 1247-1255 (1991).

D.S. Newburg, G.M. Ruiz-Palacios and A.L. Morrow: Human
milk glycans protect infants against enteric pathogens. Annu.
Rev. Nutr., 25, 37-58 (2005).

G.M. Ruiz-Palacios, L.E. Cervantes, P. Ramos, B. Chavez-
Munguia and D.S. Newburg: Campylobacter jejuni binds in-
testinal H(O) antigen (Fuc alpha 1, 2Gal beta 1, 4GIcNAc),
and fucosyloligosaccharides of human milk inhibit its binding
and infection. J. Biol. Chem., 278, 14112—-14120 (2003).

H. Qiao, L.C. Duffy, E. Griffiths, D. Dryja, A. Leavens, J.
Rossman, G. Rich, M. Riepenhoff-Talty and M. Locniskar:
Immune responses in rhesus rotavirus-challenged BALB/c
mice treated with bifidobacteria and prebiotic supplements. Pe-
diatr. Res., 51, 750-755 (2002).

K.A. Zarember and P.J. Godowski: Tissue expression of hu-
man Toll-like receptors and differential regulation of Toll-like
receptor mRNAs in leukocytes in response to microbes, their
products, and cytokines. J. Immunol ., 168, 554-561 (2002).

E. Lien, T.J. Sellati, A. Yoshimura, T.H. Flo, G. Rawadi, R.
W. Finberg, J.D. Carroll, T. Espevik, R.R. Ingalls, J.D. Radolf
and D.T. Golenbock: Toll-like receptor 2 functions as a pattern
recognition receptor for diverse bacterial products. J. Biol.
Chem., 274, 33419-33425 (1999).

O. Takeuchi, K. Hoshino, T. Kawai, H. Sanjo, H. Takada, T.
Ogawa, K. Takeda and S. Akira: Differential roles of TLR2
and TLR4 in recognition of gram-negative and gram-positive
bacterial cell wall components. Immunity, 11, 443-451 (1999).
R. Schwandner, R. Dziarski, H. Wesche, M. Rothe and C.J.
Kirschning: Peptidoglycan- and lipoteichoic acid-induced cell
activation is mediated by toll-like receptor 2. J. Biol. Chem.,
274, 17406-17409 (1999).

A. Yoshimura, E. Lien, R.R. Ingalls, E. Tuomanen, R. Dziar-
ski and D. Golenbock: Cutting edge: recognition of Gram-
positive bacterial cell wall components by the innate immune
system occurs via Toll-like receptor 2. J. Immunol ., 163, 1-5
(1999).

B. Beutler: Tlr4: central component of the sole mammalian
LPS sensor. Curr. Opin. Immunol ., 12, 20-26 (2000).

A. Poltorak, P. Ricciardi-Castagnoli, S. Citterio and B. Beutler:
Physical contact between lipopolysaccharide and toll-like re-
ceptor 4 revealed by genetic complementation. Proc. Natl.
Acad. Sci. USA, 97, 21632167 (2000).

M.T. Abreu, P. Vora, E. Faure, L.S. Thomas, E.T. Arnold and
M. Arditi: Decreased expression of Toll-like receptor-4 and
MD-2 correlates with intestinal epithelial cell protection
against dysregulated proinflammatory gene expression in re-
sponse to bacterial lipopolysaccharide. J. Immunol., 167,
1609-1616 (2001).

R. Shimazu, S. Akashi, H. Ogata, Y. Nagai, K. Fukudome, K.
Miyake and M. Kimoto: MD-2, a molecule that confers
lipopolysaccharide responsiveness on Toll-like receptor 4. J.
Exp. Med ., 189, 1777-1782 (1999).

S. Asakuma, T. Urashima, M. Akahori, H. Obayashi, T. Naka-
mura, K. Kimura, Y. Watanabe, I. Arai and Y. Sanai: Vari-
ation of major neutral oligosaccharides levels in human colos-
trum. Eur. J. Clin. Nutr., 62, 488—494 (2008).

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

E. Furrie, S. Macfarlane, G. Thomson, G.T. Macfarlane, Mi-
crobiology, G. Gut Biology, T. Tayside and B. Tumour: Toll-
like receptors-2, -3 and -4 expression patterns on human colon
and their regulation by mucosal-associated bacteria. Immunol-
ogy, 115, 565-574 (2005).

D. Dai, N.N. Nanthkumar, D.S. Newburg and W.A. Walker:
Role of oligosaccharides and glycoconjugates in intestinal host
defense. J. Pediatr. Gastroenterol. Nutr., 30, Suppl. 2, S23-33

33)

34)

35)

36)

37)

38)

39)

40)

41)

42)

43)

44)

45)

46)

47)

48)

J. Appl. Glycosci., Vol. 57, No. 3 (2010)

(2000).

U. Bocker, O. Yezerskyy, P. Feick, T. Manigold, A. Panja, U.
Kalina, F. Herweck, S. Rossol and M.V. Singer: Responsive-
ness of intestinal epithelial cell lines to lipopolysaccharide is
correlated with Toll-like receptor 4 but not Toll-like receptor 2
or CD14 expression. Int. J. Colorectal. Dis., 18, 25-32 (2003).
C. Kunz, S. Kuntz and S. Rudloff: Intestinal flora. Adv. Exp.
Med. Biol ., 639, 67-79 (2009).

R. Medzhitov, P. Preston-Hurlburt and C.A. Janeway, Jr.. A
human homologue of the Drosophila Toll protein signals acti-
vation of adaptive immunity. Nature, 388, 394-397 (1997).

K. Kariko, D. Weissman and F.A. Welsh: Inhibition of toll-
like receptor and cytokine signaling-a unifying theme in
ischemic tolerance. J. Cereb. Blood Flow Metab., 24, 1288—
1304 (2004).

T.C. Savidge, P.G. Newman, W.H. Pan, M.Q. Weng, H.N.
Shi, B.A. McCormick, A. Quaroni and W.A. Walker:
Lipopolysaccharide-induced human enterocyte tolerance to
cytokine-mediated interleukin-8 production may occur inde-
pendently of TLR-4/MD-2 signaling. Pediatr. Res., 59, 89-95
(2006).

Y. Nagai, S. Akashi, M. Nagafuku, M. Ogata, Y. Iwakura, S.
Akira, T. Kitamura, A. Kosugi, M. Kimoto and K. Miyake:
Essential role of MD-2 in LPS responsiveness and TLR4 dis-
tribution. Nat. Immunol ., 3, 667672 (2002).

E. Cario and D.K. Podolsky: Differential alteration in intestinal
epithelial cell expression of toll-like receptor 3 (TLR3) and
TLR4 in inflammatory bowel disease. Infect. Immun., 68,
7010-7017 (2000).

T. Eiwegger, B. Stahl, J. Schmitt, G. Boechm, M. Gerstmayr, J.
Pichler, E. Dehlink, C. Loibichler, R. Urbanek and Z. Szepfa-
lusi: Human milk-derived oligosaccharides and plant-derived
oligosaccharides stimulate cytokine production of cord blood
T-cells in vitro. Pediatr. Res., 56, 536540 (2004).

P. Velupillai and D.A. Harn: Oligosaccharide-specific induc-
tion of interleukin 10 production by B220+ cells from
schistosome-infected mice: a mechanism for regulation of
CD4+ T-cell subsets. Proc. Natl. Acad. Sci. USA, 91, 1822
(1994).

G. Schumacher, G. Bendas, B. Stahl and C. Beermann: Human
milk oligosaccharides affect P-selectin binding capacities: in
vitro investigation. Nutrition, 22, 620-627 (2006).

L. Bode, S. Rudloff, C. Kunz, S. Strobel and N. Klein: Human
milk oligosaccharides reduce platelet-neutrophil complex for-
mation leading to a decrease in neutrophil beta 2 integrin ex-
pression. J. Leukoc. Biol ., 76, 820-826 (2004).

B. Finke, B. Stahl, M. Pritschet, D. Facius, J. Wolfgang and
G. Boehm: Preparative continuous annular chromatography (P-
CAC) enables the large-scale fractionation of fructans. J. Ag-
ric. Food Chem., 50, 4743-4748 (2002).

A. Geisser, T. Hendrich, G. Boehm and B. Stahl: Separation of
lactose from human milk oligosaccharides with simulated mov-
ing bed chromatography. J. Chromatogr. A, 1092, 17-23
(2005).

S. Martin-Sosa, M.J. Martin and P. Hueso: The sialylated frac-
tion of milk oligosaccharides is partially responsible for bind-
ing to enterotoxigenic and uropathogenic Escherichia coli hu-
man strains. J. Nutr., 132, 3067-3072 (2002).

P.K. Gopal and H.S. Gill: Oligosaccharides and glycoconju-
gates in bovine milk and colostrum. Br. J. Nutr., 84, Suppl. 1,
S69-74 (2000).

T. Nakamura, H. Kawase, K. Kimura, Y. Watanabe, M. Oh-
tani, I. Arai and T. Urashima: Concentrations of sialyloligosac-
charides in bovine colostrum and milk during the prepartum
and early lactation. J. Dairy. Sci., 86, 1315-1320 (2003).




Effect of Human Milk Oligosaccharides in the Intestinal Cell 183

FEHRiatk HT-29 (ZH1(1 5
ERINTAUTHED Toll $2E5%2, 45KV
MD2 B FEBRICRIFTHZE
BB, BRI, ARAT—HE, 55T
R OIE, RS, e E
VRESE - B RN ST TR R R AL i R
Whget > ¥ — L AEsE T — &
(062-8555 FLWET & FIX ¥+ [ 1)

2 LR R B AT SR P E R =y b
(080-8555 i JATHARHI BT TH 2 ¢ 11 7 )

P 7OV N SRR
(186-8650 L LUARIEI L TP~ 1796)

AL KRR BE A R T TR S e A A
(080-8555 A THARHI BT VY 2 it 11 7 )

b I F) THEEHEROBEICBWT, WHEE
RERIHEET 2 2 TREETBC &) BENER
ORI > TWAE, —JF, B INWs ) IhE (HMO)
DEFE~NOHEBEIERIZIZE A RIS TR, Z
CCAREIE, FELHMO TH Lo IVt
THEW 7 (nHMO), e LCofilioy s 7 4+ T
BEW 5 (GO), EHICIEFNEFNOMG 2 HBRT 24 T
B B O B R E A~ O EHENEH * BGET3 5 72 0,
IS oG h e MEEMIK HT-29 1281 % Toll #%

K2, 4 (TLR2, 4) BL U MD2 O#EZFRHBIZKITT
HEIZOWTHRI L7z, ¢ MEEMBKRHAT-29 % 1 x
10¢/well TEEFE L, #NFND A ) THEM 5> % 0.5 mg/mL,
1.0 mg/mL C, B+ ) THETIZ40 M TG L, 24
FEE I 2 | L7z, MIlEICB1F 5 TLR2, 4 B LT
MD2 mRNA %3 %, 855 Real Time PCR % F\» T Lbig
Maf L7z, 77 LB OO 5 % 7239 % TLR 2 i
ZTFHBIZB VT, nHMO 1 mg/mL %50 A5 H & 7z 1
(<005 ZRL7. T, 79 LBEMEE OB S
BT A TLR4B LMD 2 BT HBHICBWTIE,
nHMO 1 mg/mL 7 5 OFI2 GO 0.5 8 £ U 1.0 mg/mL #% 5-
WCEDEELREMN (p <0.05) AN, B+ T
WER:5-Cl, TLR2 ERTHRBEIIBWTE, 3-v 71U LT
7 h—Z 3SL), 6-T7)IVTF 27 F—A (6-SL) LT
6-H5 27 b NVT 7 b—A (6-GL) EELREINERL
72. TLR4 B THEBICBWVW T, 97 bN-T7aRV ¥
+— A1 (LNFPI), 3-SL, 6-SL, 6-GL " A & 2 8N %
RL7z. F72, wIhot ) THERS5ICBWTS, MD2
BIETHBUT T 5 BILFRO 5 e 725 72, nHMO D
TLR BIEFHEBANOIERPHL IR Y), T2 i3
S LR R 7 T ARRTER A 2 B ek R 1C M b
LUHEMED ZE R HN A,



