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Abstract – To clarify the crucial role of Toll-like receptor (TLR) 2 and TLR9 in immature gut-
associated lymphoid tissues (GALT), we focused on the expression of TLR2 and TLR9 and the
immune responses induced by their ligands in the GALT of presuckling newborn swine. Quanti-
tative real-time PCR revealed that TLR2 and TLR9 mRNA were expressed at detectable levels in
all tested tissues (heart, thymus, lung, spleen, liver, kidney, skeletal muscle, duodenum, jejunum,
ileum, ileal Peyer patches (Pps), and mesenteric lymph nodes (MLN)). In particular, in immature
intestinal tissues and GALT, TLR2 and TLR9 mRNA were expressed at higher levels in ileal Pps
and MLN than in the duodenum, jejunum, and ileum. We confirmed that the TLR2 and TLR9 pro-
teins were also highly expressed and that their ligands were preferentially recognized by TLR2- or
TLR9-expressing cells in the MLN and ileal Pps. Zymosan, CpG2006, and lactic acid bacteria could
promote mitogenesis and production of multiple cytokines by the MLN and ileal Pps. In addition,
double immunostaining for cytokeratin 18 and either TLR2 or TLR9 revealed that both TLR2 and
TLR9 are strongly expressed in the columnar membranous (M) cells. Interestingly, while the apical
membrane of the columnar M cells strongly expressed TLR2 protein and preferentially recognized
zymosan, both “TLR2 expression on the apical membrane” and “TLR2-mediated zymosan bind-
ing” were negligible in neighboring enterocytes. These results indicate that TLR2 and TLR9 allow
MLN and ileal Pps to respond to a variety of bacterial components immediately after birth, thereby
providing newborns with a host defense system.
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1. INTRODUCTION

The gut-associated lymphoid tissues
(GALT) consists of scattered effector
lymphocytes and organized inductive
sites, namely the mesenteric lymph nodes
(MLN) and Peyer patches (Pps). These
tissues provide a barrier against the inva-
sion of host tissues by both pathogenic
and nonpathogenic bacteria [32]. Because
microbial antigens are separated from the
body by only a single epithelial cell layer,
microbial stimuli including immunobi-
otics [9] can influence gut-associated
immunological homeostasis.

Most allergic diseases reflect an imbal-
ance between T-helper (Th) 1 and 2 cells in
lymphocyte-mediated immunity [31]. The
bacteria encountered after birth are thought
to constitute the major trigger for a shift
away from the predominant Th2-mediated
newborn immune system towards a Th1-
mediated system that is less susceptible
to allergens [4]. Indeed, a relationship be-
tween the intestinal microflora and the
development of allergies has been pro-
posed based on differences in the composi-
tion of the intestinal microflora in allergic
and nonallergic infants [18, 19]. Despite
this correlation, the molecular mechanism
for the recognition of various microbial
molecules in the immature GALT of new-
borns remains unclear.

In the host-microbe interaction,
monocytes and macrophages along with
dendritic cells play a crucial role in
the innate immune responses against
pathogen-associated molecular patterns
(PAMP) [30]. PAMP are produced by
microorganisms and often play an im-
portant role in bacterial structure. They
activate the host immune system through
a process mediated by Toll-like receptors
(TLR). The TLR signaling pathways lead
to activation of a variety of transcription
factors such as nuclear factor-κB (NF-κB),
which triggers the production of Th1
and/or Th2-cytokines. Examples of PAMP

include cellular components such as
zymosan and DNA motifs, which have
been shown to activate TLR2 and TLR9
signaling pathways, respectively [46].
In previous studies, we showed that
the PAMP from lactic acid bacteria
(LAB) (e.g., cell wall components, ex-
tracellular phosphopolysaccharide, and
CpG or non-CpG DNA motifs) have
immunostimulatory activities, includ-
ing augmentation of mitogenic activity,
up-regulation of costimulatory molecule
expression, and induction of cytokine pro-
duction [17,23,24,35,45]. Furthermore, in
recent studies, we revealed that immunobi-
otic LAB and their CpG or non-CpG DNA
motifs are recognized by TLR2 and TLR9,
respectively, and we also confirmed that
NF-κB is activated in TLR2- or TLR9-
expressing transfectants [37–39, 47].
More recently, TLR2 and TLR9, which
participate in the recognition of LAB com-
ponents, were found to be preferentially
expressed in adult swine GALT [40, 48].
Although the expression patterns of TLR2
and TLR9, and the biological effects of
their ligands (e.g., CpG-DNA and cell wall
components) and LAB in adult swine have
been characterized [20, 40, 48, 51], there
is less information about the molecular
pathways through which TLR2 and TLR9
mediate innate immunity in the immature
GALT of newborn swine. This information
is of value for understanding host defense
in newborn humans and animals.

In recent years, there has been a grow-
ing interest in the swine immune system
because of its possible use as a model for
the human immune system and because
of the economic importance of swine as
livestock [14, 16]. In addition, with re-
spect to digestion, the swine gastrointesti-
nal tract has many structural aspects that
are more similar to the human system than
the rodent system. Therefore, investigat-
ing how TLR mediate microbial stimula-
tion of the GALT in newborn swine is
important for understanding the activation
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and development of the immune system in
newborn humans.

In the present study, we measured the
expression of TLR2 and TLR9 mRNA in
various newborn swine tissues. Using im-
munohistochemistry and flow cytometry,
we also analyzed the functional expres-
sion of TLR2 and TLR9 proteins as well
as the receptor binding of their ligands in
the GALT of presuckling newborn swine.
Furthermore, we showed that TLR2 and
TLR9 ligands as well as LAB induce cer-
tain immune responses, including augmen-
tation of mitogenic activity and induction
of cytokine production, immediately after
birth. These results suggest that TLR2 and
TLR9 play a critical role even in the imma-
ture GALT of healthy presuckling newborn
swine, information that is helpful for un-
derstanding the role of these receptors in
newborn humans.

2. MATERIALS AND METHODS

2.1. Experimental tissues

Experimental tissues (heart, thymus,
lung, spleen, liver, kidney, skeletal muscle,
duodenum, jejunum, ileum, ileal Pps, and
MLN) were immediately prepared from
newborn LWD swine (n = 9; genotype
1/2 Duroc, 1/4 Landrace, 1/4 Large White;
age 0 days; Hiruzu Co., Ltd., Miyagi,
Japan) that had not received colostrum.
Intestinal tissues and GALT from new-
born swine were prepared as described
previously [42]. The swine were clinically
healthy and free of infectious diseases. The
present study was conducted in accordance
with the Guidelines for Animal Experi-
mentation of Tohoku University, Japan.

2.2. LAB

Lactobacillus (L.) delbrueckii ssp. bul-
garicus and L. gasseri, which are two
species of LAB, were tested in this study.

L. bulgaricus NIAI B6 was obtained from
the National Institute of Animal Indus-
try (Tukuba, Japan). L. gasseri JCM1131T

was purchased from the Japan Collection
of Microorganisms (Saitama, Japan). All
strains were cultured at 37 ◦C for 16 h in
Man Rogosa Sharpe broth (Difco, Detroit,
MI, USA), lyophilized, and killed by heat
treatment for 30 min at 56 ◦C.

2.3. Quantitative expression analysis
by real-time polymerase chain
reactions (PCR)

Total RNA was isolated from various
newborn swine tissues as described pre-
viously [40, 48]. Briefly, cDNA were pre-
pared by reverse transcription of 1 µg
total RNA using Oligo d(T)18 primer (In-
vitrogen, Carlsbad, CA, USA). An equiv-
alent volume of cDNA solution (5 µL)
from each sample was used for quantifi-
cation of swine TLR2- or TLR9-specific
cDNA by real-time quantitative PCR. The
real-time quantitative PCR reactions were
performed on a LightCycler using Fast-
Start DNA Master SYBR Green I mix-
ture (Roche, Mannheim, Germany) and the
following primers: swine TLR2, 5′-ACA
TGA AGA TGA TGT GGG CC-3′ (sense)
and 5′-TAG GAG TCC TGC TCA CTG
TA-3′ (antisense) [48]; swine TLR9, 5′-
GTG GAA CTG TTT TGG CAT C-3′
(sense) and 5′-CAC AGC ACT CTG AGC
TTT GT-3′ (antisense) [40]; and swine β-
actin, 5′-CAT CAC CAT CGG CAA CGA-
3′ (sense) and 5′-GCG TAG AGG TCC
TTC CTG ATG T-3′ (antisense). PCR was
carried out with an initial denaturation for
10 min at 95 ◦C, followed by 45 cycles of
15 s at 95 ◦C, 10 s at 60 ◦C, and 5 s at
72 ◦C. The results are expressed as the rel-
ative mRNA index, which was calculated
as the mRNA index (TLR mRNA copy
number/β-actin mRNA copy number) for
the test sample divided by the mRNA in-
dex in the spleen. In the control tubes, poly
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(A)+ RNA samples were used as templates
to check for the presence of contaminat-
ing genomic DNA. Amplification products
of contaminants such as primer dimers
were not detected by SYBR green chem-
istry using serial dilutions of cDNA. DNA
sequencing confirmed that the amplified
cDNA were identical to bases 1852 to 1961
of swine TLR2 and bases 2496 to 2694 of
swine TLR9, respectively.

2.4. Polyclonal antibodies (Ab) to swine
TLR2 and TLR9

The anti-swine TLR2 and TLR9
polyclonal Ab [40, 48] were generated
in our previous studies. Briefly, pep-
tides corresponding to residues 76 to 90
(CVNLRALRLGANSIH) of the swine
TLR2 extracellular domain and 269 to
285 (CPKDHPKLHSDTFSHLS) of the
swine TLR9 extracellular domain were
synthesized, emulsified at a 1:1 ratio (v/v)
with Freund Complete Adjuvant, and
injected into Japanese white rabbits. After
two boosters at monthly intervals, the
rabbits were bled, and the antisera were
collected and purified by epitope affinity
chromatography.

2.5. Immunohistochemical analysis

Immunohistochemical analysis was
conducted according to our previous re-
ports [40, 48]. Swine were sacrificed, and
fresh ileal Pps and MLN were prepared,
washed with phosphate-buffered saline
(PBS), cut into small pieces (5 mm ×
10 mm), and fixed in Zamboni fixative
(0.2% saturated picric acid and 4%
paraformaldehyde in 0.1 M phosphate
buffer, pH 7.4) for 16 h at 4 ◦C [44].
The fixed tissues were washed for 24 h
with 1% arabic gum in 0.1 M phos-
phate buffer containing 8% sucrose and
once for 24 h with the same solution

containing 16% sucrose. The washed
samples were then immersed in TISSUE
TEKO.C.T. compound (Sakura Finetech-
nical, Tokyo, Japan) and quickly frozen in
a dry ice/acetone bath. Cryostat sections
(10 µm thickness) were prepared from
the frozen tissues that were then mounted
on poly-L-lysine-coated glass slides,
and washed in PBS. The sections were
incubated for 20 min with 1% bovine
serum albumin and 2% normal goat serum
(Vector Laboratories, Burlingame, CA,
USA) in PBS at room temperature to block
nonspecific binding sites. After removal
of the blocking solution, sections were
incubated for 16 h at 4 ◦C in a humidified
chamber with 1:600 anti-swine TLR2
polyclonal Ab or 1:1000 anti-swine TLR9
polyclonal Ab. After washing three times
with PBS, sections were incubated for
30 min at room temperature with 1:1000
Alexa 488-conjugated goat anti-rabbit IgG
(Molecular Probes, Eugene, OR, USA).

Double immunostaining for cytoker-
atin 18, a marker for swine membranous
(M) cells, and either TLR2 or TLR9 was
performed on cryostat sections of ileal
Pps. Briefly, the sections were washed
in 0.05 M Tris-HCl (pH 7.6) for 5 min
and then treated for 3 min with 0.03%
pronase E (Kaken Pharmaceutical, Tokyo,
Japan) in the same buffer to retrieve anti-
gen expression of cytokeratin 18. After
washing in PBS, the sections were incu-
bated for 20 min with 1% bovine serum
albumin and 2% normal goat serum in
PBS at room temperature, followed by
16 h with 1:1600 anti-cytokeratin 18 mon-
oclonal Ab (mAb) (clone CY-90; Sigma-
Aldrich, St. Louis, MO, USA) in PBS for
16 h in a humidified chamber at 4 ◦C.
The sections were washed again in PBS
and incubated for 30 min at room temper-
ature with 1:1000 Alexa 647-conjugated
goat anti-mouse IgG (Molecular Probes).
The cytokeratin 18-immunoreactive cells
were stained with 1:600 anti-swine TLR2
polyclonal Ab or 1:1000 anti-swine TLR9
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polyclonal Ab, followed by 1:1000 Alexa
488-conjugated goat anti-rabbit IgG.

While protecting the sections from di-
rect exposure to light, they were washed
three times in PBS and then stained with
SYTOX orange (Molecular Probes) to de-
tect nuclei. Finally, the specimens were
washed three times in PBS, mounted in
PermaFluor (Immunon, Pittsburgh, PA,
USA), and observed under a MRC-1024
confocal laser scanning microscope (Bio-
Rad, Richmond, CA, USA). Control ex-
periments were performed by omitting pri-
mary Ab. The specificity of the positive
staining of swine TLR2 and TLR9 was de-
termined by a preabsorption study in which
the primary Ab were incubated with the
corresponding antigen for 48 h at 4 ◦C be-
fore application to the sections.

Immunohistochemical and immuno-
blotting studies have demonstrated that
the cytokeratin 18 mAb is specific [13].
Especially, the mAb can recognize the
cytokeratin 18 in the swine M cells be-
cause the M cells more strongly expressed
the cytokeratin 18 than the neighboring
enterocytes [13].

2.6. Flow cytometric analysis

Single-cell suspensions from ileal Pps
and MLN were prepared as previously
described [40, 48]. Briefly, after cutting
the specimens into small fragments, they
were gently pressed through a nylon
mesh and washed three times in com-
plete RPMI 1640 medium (Sigma) supple-
mented with 10% fetal calf serum (FCS)
(Sigma). Residual erythrocytes were lysed
by resuspension in hypotonic salt solution
(0.2% NaCl), followed by hypertonic res-
cue in an equal volume of 1.5% NaCl.
After washing three times with a stain-
ing buffer (PBS containing 2% FCS and
0.1% sodium azide), the cells were treated
with 2 mg/mL collagenase (Wako, Osaka,
Japan) and 0.1 mg/mL dispase (Sigma)

for 30 min at 25 ◦C, after which they
were passed through cell strainers (BD bio-
science, Tokyo, Japan) to remove debris
and connective tissue.

The cells (2 × 106) were incubated with
1 µM Fluorescein isothiocianate (FITC)-
conjugated CpG2006 (Operon, Tokyo,
Japan) which has been identified as an
optimal ligand for human and swine
TLR9 [15, 39, 41] or 10 µg/mL FITC-
conjugated zymosan (Molecular Probes)
which is a ligand for TLR2 [47] for 1 h
at 37 ◦C in an atmosphere containing
5% CO2. After washing three times with
a staining buffer, the cells obtained from
MLN were incubated for 1 h at 4 ◦C with
anti-swine TLR2 polyclonal Ab or anti-
swine TLR9 polyclonal Ab. After wash-
ing three times with staining buffer, the
cells were incubated for 30 min at 4 ◦C
with Phycoerythrin-Cyanine-5 (PE-Cy5)-
conjugated goat anti-rabbit IgG at 1:100
(Santa Cruz Biotechnologies, Santa Cruz,
CA, USA). For dual staining of the cells
from ileal Pps, they were incubated with
anti-cytokeratin 18 mAb followed by PE-
conjugated sheep anti-mouse IgG (Sigma)
and either anti-TLR2 Ab or anti-TLR9 Ab
followed by PE-Cy5-conjugated goat anti-
rabbit IgG. The cells were analyzed on a
FACSCalibur (BD bioscience). In negative
controls, mouse or rabbit normal IgG (all
from Santa Cruz Biotechnologies) were
used as primary Ab. To permeabilize cells,
0.3% saponin was added to the staining
buffer as described previously [52]. Simi-
lar results were obtained from at least nine
different newborn swine.

2.7. Assay of lymphocyte proliferation

Lymphocyte proliferation was assayed
as previously described [41]. Briefly, the
cells from ileal Pps or MLN (n = 9;
2 × 105 cells/well) were placed in each
well of a 96-well microplate (Corning-
Costar, Corning, NY, USA) in 100 µL
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of complete RPMI 1640 medium supple-
mented with 2% FCS, 10 µM CpG2006
(Operon), 10 µg/mL zymosan (Molecu-
lar Probes), and 100 µg/mL L. gasseri
JCM1131T, or 100 µg/mL L. bulgaricus
NIAI B6. The cells were grown for 48 h
at 37 ◦C in an atmosphere of 5% CO2,
and test conditions were assayed in tripli-
cate. During the final 16 h of culture, the
cells were radiolabeled with 9.25 kBq/well
of [methyl-3H]-uridine (Amersham Life
Science International, Buckinghamshire,
UK). The cells were then harvested with
a glass fiber filter (Packard Bioscience,
Canberra, Australia), and adsorbed 3H was
measured with a liquid scintillation counter
(Beckman Instruments, Palo Alto, CA,
USA). The results are presented as the
stimulation index = (counts per min (cpm)
in treated cultures – cpm for background)
÷ (cpm in control cultures – cpm for back-
ground). A Limulus amebocyte lysate kit
(Seikagaku, Tokyo, Japan) confirmed that
all test solutions were free of endotoxin.

2.8. Measurement of cytokine
production and TLR expression

The expression of cytokines and TLR
was measured by real-time quantita-
tive PCR as previously described [41].
Briefly, total RNA was isolated from
1 × 106 ileal Pps and MLN cells
treated with no addition, CpG2006
(10 µM), zymosan (10 µg/mL), L. gasseri
JCM1131T(100 µg/mL), or L. bulgaricus
NIAI B6 (100 µg/mL) for 6 h at 37 ◦C in
an atmosphere of 5% CO2. Five replicates
were performed for each condition. Total
RNA was treated for 10 min at 37 ◦C with
RNase-free DNase I (Roche, Lewes, UK),
followed by heat inactivation for 15 min
at 70 ◦C. The cDNA were prepared by re-
verse transcription from 1 µg of total RNA
using oligo d(T)18 primer. An equivalent
volume of the cDNA solution was used for
measuring the levels of cytokine, TLR2,

and TLR9 cDNA by real-time quantitative
PCR using a 7300 Real Time PCR System
(Applied Biosystems, Warrington, UK).
Fluorescent real-time quantitative PCR
reactions were performed using a TaqMan
PCR core reagent kit (Applied Biosys-
tems) in 25 µL containing 5 ng of cDNA
and the following primers: swine IFN-γ,
5′-GCA AAG CCA TCA GTG AAC
TC-3′ (sense) and 5′-TCT CTG GCC TTG
GAA CAT AG-3′ (antisense) [41]; swine
IL-12p35, 5′-AGT TCC AGG CCA TGA
ATG CA-3′ (sense) and 5′-TGG CAC
AGT CTC ACT GTT GA-3′ (antisense);
swine IL-6, 5′-TGG ATA AGC TGC AGT
CAC AG-3′ (sense) and 5′-ATT ATC
CGA AGT GCC CTC AG-3′ (antisense);
swine IL-10, 5′-TGG GTT GCC AAG
CCT TGT-3′ (sense) and 5′-GCC TTC
GGC ATT ACG TCT TC-3′ (antisense);
swine TGF-β, 5′-CTG GCC CTG CTG
AAC TTT G-3′ (sense) and 5′-AAG
GTG GTG CAA GTG GAC ATG-3′
(antisense); swine TLR2, 5′-ACA TGA
AGA TGA TGT GGG CC-3′ (sense) and
5′-TAG GAG TCC TGC TCA CTG TA-3′
(antisense) [48]; swine TLR9, 5′-GTG
GAA CTG TTT TGG CAT C-3′ (sense)
and 5′-CAC AGC ACT CTG AGC TTT
GT-3′ (antisense) [40]; and swine β-actin,
5′-CAT CAC CAT CGG CAA CGA-3′
(sense) and 5′-GCG TAG AGG TCC TTC
CTG ATG T-3′ (antisense). PCR was
carried out with an initial denaturation for
10 min at 95 ◦C, followed by 45 cycles of
15 s at 95 ◦C and 60 s at 60 ◦C. The results
are expressed as the relative mRNA index,
which was calculated as the mRNA index
(cytokine or TLR mRNA copy number/β-
actin mRNA copy number) for the test
sample divided by the mRNA index in
unstimulated cells. In the control tubes,
poly (A)+ RNA samples were used as
templates to check for the presence of con-
taminating genomic DNA. Amplification
products of contaminants such as primer
dimers were not detected by SYBR green
chemistry using serial dilutions of cDNA.
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Figure 1. Analysis of TLR2 and TLR9 expression in newborn swine tissues by real-time quan-
titative PCR. The TLR2 and TLR9 mRNA levels were normalized by the swine β-actin level,
and the relative index was determined in comparison to the TLR2 and TLR9 mRNA level in the
spleen (1.00). Values represent means, and error bars indicate the standard deviations. The results
are means of nine independent experiments using various tissues from at least nine different new-
born swine.

DNA sequencing analysis confirmed that
the amplified cDNA corresponded to the
sequences of the targeted genes.

2.9. Statistics

All results represent the average of five
to nine separate experiments. The statisti-
cal significance of differences was assessed
using the Student t-test.

3. RESULTS

3.1. Expression of TLR2 and TLR9
in newborn swine tissues

The current studies are the first to make
a quantitative comparison of the tissue-
specific expression of TLR2 and TLR9

mRNA in newborn swine prior to receipt
of colostrum. We used real-time quantita-
tive PCR to analyze the expression of these
mRNA in swine tissues immediately after
birth.

Figure 1 shows that TLR2 and TLR9
mRNA were expressed at detectable levels
in all tissues of newborn swine. The ex-
pression levels of TLR2 mRNA decreased
in the following order: thymus, ileal Pps,
spleen, MLN, lung, heart, kidney, liver,
ileum, jejunum, skeletal muscle, and duo-
denum. Among the intestinal tissues and
GALT, TLR2 mRNA was most strongly
expressed in the ileal Pps and MLN, with
lower levels found in the duodenum, je-
junum, and ileum. The expression of TLR9
decreased in the following order: MLN,
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spleen, ileal Pps, duodenum, liver, lung,
heart/thymus/ileum, jejunum, kidney, and
skeletal muscle. TLR9 mRNA was ex-
pressed significantly in MLN and at a level
1.3-fold higher than in spleen. Except for
MLN and the spleen, expression of TLR9
mRNA was higher in the ileal Pps than in
the other tissues (Fig. 1).

3.2. Distribution of TLR2 and TLR9
in newborn swine MLN and ileal
Pps

The intestinal tissues and GALT are im-
portant for establishing effective immuno-
logical responses toward intestinal micro-
bial antigens. Quantitative real-time PCR
in these tissues revealed that TLR2 and
TLR9 mRNA are expressed at higher lev-
els in the ileal Pps and MLN than in the
duodenum, jejunum, and ileum. To deter-
mine which cells may contribute to initial
innate immunity, we next examined the
distribution of TLR2 and TLR9 proteins in
newborn swine MLN and ileal Pps by im-
munohistochemistry.

Visualization of the immunohistochem-
ical staining by confocal microscopy
(Fig. 2) revealed that all of the lymphoid
follicles in the MLN were primary folli-
cles lacking germinal centers. Anti-swine
TLR2-reactive cells (green fluorescence)
were found inside the medullary cords and
in the lymphoid follicles, which contain
immune cells (Fig. 2A). A high level of
TLR2 expression was also found in lym-
phoid follicles (Fig. 2B). On the contrary,
cells strongly expressing TLR9 (green flu-
orescence) were observed around the lym-
phoid follicles in MLN (Fig. 2C). The lym-
phoid follicles also contained cells with
moderate TLR9 expression (Fig. 2D).

We then used immunohistochemistry to
determine whether TLR2 and TLR9 are
already expressed in immature ileal Pps
of newborn swine. Immunohistochemical
analysis using an anti-swine TLR2 poly-

clonal Ab revealed many TLR2-positive
cells in the lymphoid follicles (Figs. 3A
and 3B). However, TLR9-positive cells
were preferentially located around the bot-
tom of the lymphoid follicles (Figs. 3C and
3D). Also, the cells in the lymphoid folli-
cles moderately expressed TLR9 (Fig. 3D),
and the interfollicular areas contained both
cells positive for TLR2 and cells positive
for TLR9 (Figs. 3A and 3C).

Immunostaining was not detected in
MLN or ileal Pps when the primary Ab
were omitted (data not shown). Also, di-
lution of the primary Ab reduced the inten-
sity of immunolabeling, suggesting that the
staining with the anti-TLR2 and anti-TLR9
polyclonal Ab was specific. Preabsorption
studies confirmed the specificity of both
primary Ab (data not shown).

3.3. Expression of swine TLR2
and TLR9 on M cells

M cells in the follicle-associated ep-
ithelia (FAE) transport foreign macro-
molecules and microorganisms to antigen-
presenting cells within and under the
epithelial barrier. In the present study, im-
munohistochemical analysis showed that
cells in the immature FAE contained TLR2
or TLR9 (Figs. 3A and 3C). To deter-
mine whether M cells in newborn swine
also express TLR2 and TLR9, we per-
formed double immunofluorescent staining
of frozen sections from ileal Pps using Ab
to cytokeratin 18 and either swine TLR2
or TLR9. Figures 4A−4F show magnified
views of the columnar M cells in the imma-
ture FAE. A small number of M cells were
identified with the anti-cytokeratin 18 mAb
(blue fluorescence) in the immature dome
epithelium (Figs. 4B and 4E). Double
immunofluorescent staining for TLR2 and
cytokeratin 18 revealed that the two pro-
teins are present in similar areas of these
cells (Fig. 4C). This was also found when
the cells were double-stained for TLR9
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Figure 2. Immunofluorescent localization of TLR2 and TLR9 expression in longitudinal sections
of newborn swine MLN. (A) Frozen sections of MLN, which include lymphoid follicle (LF)
and medullary cords (MC), were incubated with an anti-swine TLR2 polyclonal Ab. The box in
panel (A) indicates the section magnified in panel (B). Green images indicate swine TLR2+ cells.
(C) Frozen sections of MLN were incubated with an anti-swine TLR9 polyclonal Ab. The box in
panel (C) indicates the section magnified in panel (D). Green images indicate swine TLR9+. Nu-
clei in all panels were stained with SYTOX orange (red). Original magnification = 200× (A, C) or
400× (B, D). Scale bars = 50 µm (A, C) or 20 µm (B, D). The results represent nine independent
experiments using MLN from at least nine different newborn swine.

Figure 3. Immunofluorescent localization of TLR2 and TLR9 expression in longitudinal sections
of newborn swine ileal Pps. (A, B) Frozen sections of ileal Pps were incubated with an anti-swine
TLR2 polyclonal Ab. The box in panel (A) indicates the section magnified in panel (B). Green
images indicate swine TLR2-positive cells. (C, D) Frozen sections of ileal Pps were incubated
with an anti-swine TLR9 polyclonal Ab. The box in panel (C) indicates the section magnified in
panel (D). Green images indicate swine TLR9-positive cells. Nuclei in all panels were stained with
SYTOX orange (red). Original magnification = 400× (A, C) or 800× (B, D). Scale bars = 20 µm
(A, C) or 5 µm (B, D). LF, lymphoid follicles. The results represent nine independent experiments
using ileal Pps from at least nine different newborn swine.
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Figure 4. Newborn swine M cells express TLR2 and TLR9. Double immunohistochemical staining
in the same longitudinal section of newborn swine ileal Pps with anti-swine TLR2 polyclonal Ab
(green; A) or anti-swine TLR9 polyclonal Ab (green; D) and with anti-cytokeratin 18 mAb to detect
M cells (blue; B, E). The merged images are shown in panels (C) (TLR2−/cytokeratin 18+) and
(F) (TLR9−/cytokeratin 18+). Primary Abs were omitted from control experiments in (G–I). Upper
images, intestinal rumen side; lower images, lamina propria side. The arrows indicate the expression
of TLR2 (A–C) and TLR9 (D–F) in newborn swine M cells. Nuclei in all columns were stained with
SYTOX orange (red). Original magnification = 1000×. Scale bars = 2 µm. The results represent nine
independent experiments using ileal Pps from at least nine different newborn swine.

and cytokeratin 18 (Fig. 4F). Interestingly,
TLR2 was not only expressed in the cy-
toplasm but also in the apical membrane
of the columnar M cells (Fig. 4C). In par-
ticular, the apical membrane of the colum-
nar M cells strongly expressed TLR2, and
its expression was not observed in the
neighboring enterocytes (Fig. 4C). How-
ever, this apical membrane did not express
TLR9. We did not detect any immunos-
taining when the primary Ab were omitted
(Figs. 4G−4I).

3.4. Ligand recognition by TLR2-
or TLR9-expressing cells from
newborn swine MLN and ileal Pps

We next examined the recognition of
TLR2- or TLR9-expressing cells by TLR
ligands. Cells were isolated from fresh
newborn swine MLN and ileal Pps and ex-
amined by flow cytometry. The cells from
MLN and ileal Pps were gated as one or
two distinct cell populations, respectively
(Figs. 5A-a and 6A-a).
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Figure 5. Flow cytometric analysis of the expression and ligand binding by TLR2 and TLR9 in
newborn swine MLN. Isolated cells (2 × 106) were incubated with FITC-zymosan (10 µg/mL)
or FITC-CpG2006 (1 µM). After 1 h, the cells were stained with anti-TLR2 or anti-TLR9 Ab and
analyzed by flow cytometry. (A) Double immunofluorescence of the cell suspensions from newborn
swine MLN using Ab specific for swine TLR2 (A-c; X-axis) or swine TLR9 (A-d; X-axis) or
using normal rabbit IgG (A-b; X-axis). Dot plots of gate R1 (A-b, A-c, A-d) for newborn swine
MLN (A-a) are shown. The data represent 50 000 live cell events, with the percentages of cells
shown in each quadrant. For the analysis of ligand binding, the dot plots were gated as R3-R6 in
panels (A-c) and (A-d). (B) Ligand binding of FITC-zymosan (B-a, B-b) and FITC-CpG2006 (B-c,
B-d) in each cell population. Flow cytometric results are presented as histograms corresponding
to the cells in gates R3-R6 gates in (A-c) and (A-d). Dotted lines, unstimulated cells; solid line,
cells stimulated with FITC-zymosan or FITC-CpG2006. The mean fluorescence intensity of FITC-
conjugated ligands bound to unstimulated or stimulated cells in gates M3-M6 is shown in each
panel. (C) The results of histograms in (B) are expressed as the relative index compared to the
estimated mean fluorescence intensity of FITC-conjugated ligands (FITC-zymosan, C-a; FITC-
CpG2006, C-d) compared with unstimulated cells in each gate. Similar results were obtained from
at least nine different newborn swine.

The gate R1 population from MLN and
ileal Pps contained TLR2+ cells (lower
right quadrants of Figs. 5A-c and 6A-c)
and TLR9+ cells (lower right quadrants
of Figs. 5A-d and 6A-d). The gate R2
population from the ileal Pps contained
cells positive for both TLR2 and cytok-

eratin 18 (TLR2+/cytokeratin 18+; upper
right quadrant of Fig. 6A-f) as well as
cells positive for both TLR9 and cytok-
eratin 18 (TLR9+/cytokeratin 18+; upper
right quadrant of Fig. 6A-g), strongly sug-
gesting that TLR2- or TLR9-expressing
M cells exist in the FAE of ileal Pps.
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Figure 6. Flow cytometric analysis of TLR2 and TLR9 expression and ligand binding in newborn
swine ileal Pps. Isolated cells (2 × 106 cells) were incubated with FITC-zymosan (10 µg/mL) or
FITC-CpG2006 (1 µM). After 1 h, the cells were stained with Abs to cytokeratin 18 and either swine
TLR2 or TLR9. The cells were then analyzed by flow cytometry. (A) Double immunofluorescence
of the cell suspensions from newborn swine ileal Pps using an Ab specific for swine TLR2 (A-c,
A-f; X-axis), an Ab to swine TLR9 (A-d, A-g; X-axis), or normal rabbit IgG (A-b, A-e; X-axis)
along with either a mAb to cytokeratin 18 (A-f, A-g; Y-axis) or normal mouse IgG (A-e; Y-axis).
Dot plots for gates R1 (A-b, A-c, A-d) and R2 (A-e, A-f, A-g) of newborn swine ileal Pps (A-a)
are shown. The data represent 50 000 live cell events, with the percentages of cells shown in each
quadrant. For ligand binding analysis, the dot plots were gated as R3-R14 in panels (A-c, A-d, A-f,
A-g). (B) Binding of FITC-zymosan (B-a, B-b, B-e, B-f, B-i, B-j) and FITC-CpG2006 (B-c, B-d,
B-g, B-h, B-k, B-l) to each cell population. Flow cytometric results are presented as histograms
corresponding to the cells in gates R3-R14 in (A-c, A-d, A-f, A-g). Dotted lines, unstimulated cells;
solid line, cells stimulated with FITC-zymosan or FITC-CpG2006. The mean fluorescence intensity
of FITC-conjugated ligands on unstimulated or stimulated cells in gates M3-M14 is shown in each
panel. (C) The results of the histograms in (B) are expressed as the relative index compared to the
estimated mean fluorescence intensity of FITC-conjugated ligands (FITC-zymosan, C-a, C-b, C-c;
FITC-CpG2006, C-d, C-e, C-f) and compared with unstimulated cells in each gate. Similar results
were obtained from at least nine different newborn swine.
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The gate R2 population also included
TLR2+ or TLR9+ cells that were negative
for cytokeratin 18 (TLR2+/cytokeratin 18−
and TLR9+/cytokeratin 18−, respectively;
lower right quadrants of Figs. 6A-f and
6A-g), suggesting the presence of TLR2-
or TLR9-expressing enterocytes.

Next, we divided the cells from MLN
and ileal Pps into distinct cell popula-
tions based on TLR and cytokeratin 18 ex-
pression levels (gates R3-6 in Figs. 5A-c
and 5A-d and gates R3-14 in Figs. 6A-c,
6A-d, 6A-f, and 6A-g). Both TLR2+ and
TLR2− cells of MLN and ileal Pps recog-
nized FITC-labeled zymosan (Figs. 5B-a,
5B-b and 6B-a, 6B-b, 6B-e, 6B-f, 6B-i,
6B-j). Interestingly, the mean fluorescence
intensities for zymosan binding were con-
siderably higher for TLR2+ than TLR2−
cells in gate R1 as well as for cytokeratin
18+ cells from ileal Pps (Figs. 6C-a, 6C-c).
In particular, TLR2+/cytokeratin 18+ cells
bound approximately 3-fold more FITC-
zymosan than TLR2−/cytokeratin 18+ cells
(Figs. 6B-i, 6B-j and 6C-c). On the con-
trary, the TLR2 expression levels had a
slight influence on the binding of FITC-
zymosan to gate R1 cells from MLN and
the cytokeratin 18− cells from ileal Pps
(Fig. 5C-a and Fig. 6C-b).

Significant binding of FITC-labeled
CpG2006 was detected not only on TLR9+

cells but also on TLR9− cells in MLN and
ileal Pps (Figs. 5B-c, 5B-d and Figs. 6B-c,
6B-d, 6B-g, 6B-h, 6B-k, 6B-l), although
the level of binding was slightly higher for
TLR9+ than TLR9− cells in all cell popu-
lations from MLN and ileal Pps.

3.5. Augmentation of mitogenic activity
by zymosan, CpG2006, and LAB

Our immunohistochemical and flow
cytometric analyses showed that TLR2-
or TLR9-expressing cells from newborn
swine MLN and ileal Pps preferentially
bound their ligands compared to cells that

do not express the TLR. Therefore, we
next investigated the immune responses of
newborn swine MLN and ileal Pps to zy-
mosan, CpG2006, and LAB, to determine
whether TLR2- or TLR9-expressing cells
contribute to immune system function im-
mediately after birth.

We first examined the effect of zy-
mosan, CpG2006, and LAB on mitogenic
activity in newborn swine MLN and ileal
Pps cells. As shown in Fig. 7A, zy-
mosan and CpG2006 strongly induced mi-
togenesis in ileal Pps (stimulation index
[SI] = 4.7 and 2.2, respectively). Mito-
genesis was also induced by L. gasseri
JCM1131T (SI = 4.1) and L. bulgaricus
NIAI B6. In addition, CpG2006 had signif-
icant mitogenic activity in newborn swine
MLN cells (Fig. 7B; SI = 3.9). Although
the mitogenicity of zymosan, L. gasseri
JCM1131T, and L. bulgaricus NIAI B6
was lower in cells from MLN than in cells
from ileal Pps, the effects in MLN cells
were statistically significant (Fig. 7B; SI =
1.4, 1.5, and 2.0, respectively).

3.6. Induction of cytokine gene
transcription by zymosan,
CpG2006, and LAB in newborn
swine MLN and ileal Pps

To investigate whether zymosan,
CpG2006, and LAB stimulate other im-
mune responses besides cell proliferation,
we used real-time quantitative PCR to
examine their abilities to induce cytokine
gene expression in MLN and ileal Pps
(Fig. 8). Zymosan induced significant
increases in the levels of IFN-γ, IL-12p35,
IL-6, IL-10 and TGF-β gene transcripts in
cells from ileal Pps (Fig. 8A). Although
zymosan did not activate IFN-γ, IL-12p35,
and IL-10 expression in MLN cells, it
did activate the expression of the IL-6
and TGF-β genes (Fig. 8B). CpG2006
greatly induced the expression of all of
the tested cytokine genes in MLN cells.
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Figure 7. Mitogenic activity of CpG2006 and
zymosan towards newborn swine ileal Pps and
MLN. Cells (2 × 105/well) isolated from ileal
Pps (A) or MLN (B) were cultured in 96-well
plates for 48 h. Mitogenic activity was ex-
amined in the presence of 10 µM CpG2006
(CpG), 10 µg/mL zymosan (Zym), 100 µg/mL
L. gasseri JCM1131T(1131T), or 100 µg/mL L.
bulgaricus NIAI B6 (B6). Sixteen h before har-
vest, the cells were pulse-labeled with 9.25 kBq
(methyl-3H)-uridine. Cell proliferation was de-
termined by measuring 3H incorporation. Val-
ues represent means, and error bars indicate the
standard deviations. Each experiment was re-
peated nine times. ∗∗P < 0.01, ∗P < 0.05 vs.
cells cultured in the absence of stimulants.

Of these genes, IFN-γ gene expression
was increased the most. CpG2006 also
stimulated the expression of IL-6 and
TGF-β but not other cytokine genes in
cells from ileal Pps (Fig. 8A). In the
ileal Pps, L. gasseri JCM1131T strongly
stimulated IFN-γ, IL-12p35, IL-6, IL-10,
and TGF-β gene expression. L. bulgaricus

NIAI B6 also stimulated the expression
of the IFN-γ and TGF-β genes (Fig. 8A).
In the MLN, L. bulgaricus NIAI B6
significantly induced the expression of all
of the tested cytokine genes, whereas L.
gasseri JCM1131T activated only IFN-γ
and IL-10 gene expression (Fig. 8B).

3.7. Microbial stimulation increases
expression of TLR2 and TLR9
in newborn swine GALT

The postnatal period is important in the
development of the system that recognizes
intestinal microorganisms. Therefore, we
then analyzed the effects of various mi-
crobes on the expression of TLR2 and
TLR9 in GALT immediately after birth. In
immature ileal Pps, CpG2006, zymosan,
L. bulgaricus NIAI B6, and L. gasseri
JCM1131T significantly enhanced the ex-
pression of TLR2 and TLR9 (Figs. 9A,
9B). In addition, CpG2006, zymosan,
L. bulgaricus NIAI B6 and L. gasseri
JCM1131T increased the expression of
TLR2 mRNA in MLN (Fig. 9B). Also, the
expression of TLR9 was significantly in-
creased by CpG2006, zymosan, L. bulgar-
icus NIAI B6, and L. gasseri JCM1131T

(Fig. 9B).

4. DISCUSSION

In the present study, we demonstrated
that, within intestinal tissues and GALT
of newborn swine, TLR2 and TLR9 are
strongly expressed in the ileal Pps and
MLN. Similarly, our previous studies
found that TLR2 and TLR9 are prefer-
entially expressed in ileal Pps and MLN
among intestinal tissues and GALT of
adult swine [40, 48]. However, the ex-
pression levels of both TLR in GALT
are different between newborn and adult
swine as compared with other lymphoid
tissues. In newborn swine, expression of
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Figure 8. Analysis of cytokine mRNA expression in swine newborn ileal Pps and MLN. Cells
(1 × 106) from ileal Pps (A) and MLN (B) were cultured in the absence (medium control) or
presence of CpG2006 (CpG; 10 µM), zymosan (Zym; 10 µg/mL), L. gasseri JCM1131T(1131T;
100 µg/mL), or L. bulgaricus NIAI B6 (B6; 100 µg/mL). Expression of IFN-γ, IL-12p35, IL-6,
IL-10, and TGF-β mRNA were determined by real-time PCR. The results are expressed as the
relative mRNA index, which was calculated as the mRNA index (estimated cytokine mRNA copy
number/estimated β-actin mRNA copy number) for stimulated cells divided by the mRNA index for
unstimulated cells. Columns represent the mean relative index, and error bars indicate the standard
errors. Each experiment was repeated five times. ∗∗p < 0.01 and ∗p < 0.05 vs. cells cultured in the
absence of stimulants.
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Figure 9. Expression of TLR2 and TLR9 is induced by various stimuli in swine newborn ileal Pps
and MLN immediately after birth. Cells (1× 106 cells) from ileal Pps (A, B) and MLN (C, D) were
cultured in the absence (medium control) or presence of CpG2006 (CpG; 10 µM), zymosan (Zym;
10 µg/mL), L. gasseri JCM1131T(1131T; 100 µg/mL), or L. bulgaricus NIAI B6 (B6; 100 µg/mL).
Expression of TLR2 (A, C) and TLR9 (B, D) mRNA were determined by real-time PCR. The results
are expressed as the relative mRNA index, which was calculated as described in Fig. 8. Columns
represent the mean relative index, and error bars indicate the standard errors. Each experiment was
repeated five times. ∗∗p < 0.01 and ∗p < 0.05 vs. cells cultured in the absence of stimulants.

TLR2 was around 1.5 fold higher in ileal
Pps but lower in MLN as compared with
spleen. While, in ileal Pps and MLN of
adult swine, expression of TLR2 in both
tissues is more than 8-fold higher than
in other lymphoid tissues, including the
spleen and thymus [48]. In the analysis
of TLR9 expression, similar results were
obtained from the present and previous
studies. Considerable expression of TLR9
was observed in ileal Pps and MLN of
adult swine, which showed about 3-fold
higher expression than spleen and thy-
mus [40]. However, MLN showed mod-
erately higher levels of TLR9 (1.33-fold)
than spleen in newborn swine. Thus, the
expression levels of these two TLR were
higher in GALT of adults than in that of
newborns when their expressions were cal-

culated as the relative index compared to
spleen. Several studies using germ-free an-
imals have demonstrated the importance of
normal microflora in the gut for the nor-
mal development of the mucosal immune
system during postnatal periods [33,36]. In
contrast to peripheral secondary lymphoid
organs such as the spleen, which obtain
antigens from afferent lymphatics or blood,
GALT directly collect antigens across the
specialized FAE that separate the outside
from the inside [32]. The different expres-
sion levels of TLR in newborn and adult
swine GALT provide the idea that the in-
testinal microflora directly promotes the
expression of TLR2 and TLR9 in the ileal
Pps and MLN during postnatal develop-
ment of the GALT, resulting in the high
expression of TLR2 and TLR9 in adult
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GALT. Indeed, the present study showed
that microbes such as LAB and microbial
components significantly increased the ex-
pression of TLR2 and TLR9 in newborn
ileal Pps and MLN, suggesting that stim-
ulation with intestinal microbes is critical
for regulating the expression of TLR2 and
TLR9 immediately after birth and, thus,
the development of a system for recogniz-
ing intestinal microorganisms.

Immunohistochemical analysis of MLN
in newborn swine revealed that TLR2+

cells were located in medullary cords
and lymphoid follicles of MLN, whereas
TLR9+ cells were present in and around
the lymphoid follicles of MLN. In the
ileal Pps, TLR2+ cells were frequently
present in the lymphoid follicles, whereas
TLR9+ cells were located immediately
around the lymphoid follicles. These fol-
licles have been reported to consist of
T cells, B cells, lymphoblasts, follicular
dendritic cells, and macrophages [29]. In
addition, both TLR2+ cells and TLR9+

cells were found in the interfollicular ar-
eas. These interfollicular areas have been
reported to include T cells, interdigitat-
ing dendritic cells, and macrophages [29].
Therefore, TLR2+ or TLR9+ cells in the in-
terfollicular area may play a crucial role in
the activation of the immune system in pre-
suckling newborns.

Flow cytometric analysis also showed
that MLN and ileal Pps contained TLR2+

cells and TLR9+ cells. In our previ-
ous studies, gate R1 contained leukocytes
and lymphocytes such as dendritic cells,
macrophages, T cells, and B cells, whereas
Gate R2 contained epithelial cells such
as enterocytes and M cells [40, 48]. The
present results revealed that more zymosan
was bound by TLR2+ immune cells than
by TLR2− immune cells from ileal Pps,
whereas cells from MLN showed a smaller
difference in zymosan binding. This differ-
ence might be due to the distinct subsets
of immune cells and specific TLR2 expres-
sion levels in ileal Pps and MLN. This is

supported by recent reports that phenotypic
differences of lymphoid cell populations
appear to depend on swine GALT, includ-
ing MLN and ileal Pps [43]. Our current
study also revealed that the level of TLR2
expression was higher in ileal Pps than in
MLN. In TLR2− cells, there may be a low
level of zymosan binding by other recep-
tors, such as TLR6 [50] and dectin-1 [5].
Moreover, the present results indicate that,
even in immature GALT, TLR2 can rec-
ognize zymosan and may participate in
various immune responses.

Our studies further indicate that both
TLR9+ and TLR9− cells from MLN and
ileal Pps strongly bind the DNA motif
CpG2006. Recently, Klinman et al. re-
ported that the CpG DNA motif associates
with the cell surface and is transported
to the cytoplasm by the nonspecific endo-
cytosis within 10 min [27]. In addition,
TLR9 is preferentially expressed not on
the cell surface but rather in the intra-
cellular regions [27]. These findings sug-
gest that CpG2006 is randomly taken up
into the cytoplasm regardless of the ex-
tent of TLR9 expression and then recog-
nized by intracellular TLR9. Indeed, we
found that TLR9+ cells bind slightly more
CpG2006 than TLR9− cells. This binding
of CpG2006 may be mediated by intracel-
lular TLR9.

The majority of studies conducted so
far on the neonatal immune system have
used cord blood mononuclear cells rather
than cells derived from the GALT. Re-
cently, Karlsson et al. reported that there
is a relationship between cytokine produc-
tion by neonatal immune cells and bac-
teria in normal gastrointestinal flora [21].
The neonatal immune cells separated from
umbilical cord blood produced consider-
ably higher levels of IL-12 and TNF-α
upon stimulation with gram-positive bac-
teria than with gram-negative bacteria,
although these two types of bacteria in-
duced similar levels of IL-6 and IL-10 pro-
duction. Other researchers have recently
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reported that cord blood cells expressing
TLR2 produce IL-1β, IL-6, IL-8, IL-10,
and TNF-α after stimulation with bacterial
cell wall components [1]. Study of immune
responses induced by intestinal bacteria,
however, should be directly conducted on
cells from the GALT because cord blood
cells do not accurately represent GALT
cells.

In the present study, zymosan,
CpG2006, L. bulgaricus NIAI B6,
and L. gasseri JCM1131T strongly in-
duced mitogenesis in newborn swine
ileal Pps and MLN. Recently, Frasnelli
et al. [12] reported that TLR2-deficient
mice show a significant decrease in lymph
node cell proliferation and a lower IgG Ab
in response to zymosan, indicating that
TLR2 signaling has an important role
in the development of acquired immune
responses to zymosan. Corresponding data
on the importance of TLR9 in acquired
immunity to CpG-DNA have also been
reported [41]. In addition, L. bulgaricus
NIAI B6 and L. gasseri JCM1131T are
specifically recognized by cells transfected
with TLR2 [47], and their genomic DNA
strongly activates the immune system
via TLR9 [24, 25, 37–39, 41]. Together
with our current findings that many cells
from MLN and ileal Pps express TLR2
and TLR9, these results suggest that,
even in immature MLN and ileal Pps,
zymosan and CpG2006 induce a strong
immune response via TLR2 and TLR9,
respectively. Furthermore, LAB, which
have many ligands for TLR2 and TLR9,
also activate cells from MLN and ileal Pps,
resulting in modulation of the intestinal
immune response even in newborn swine.

Analysis of cytokine expression re-
vealed that treatment of ileal Pps cells with
zymosan up-regulates the expression of
multiple cytokines, including Th1 (IFN-γ
and IL12p35), Th2 (IL-6), and T regula-
tory (Treg) cytokines (IL-10 and TGF-β).
In MLN cells, zymosan did not activate
the expression of the IFN-γ, IL-12p35, or

IL-10 genes, but it significantly enhanced
IL-6 and TGF-β gene expression. Again,
the differences in cytokine expression be-
tween ileal Pps and MLN may be influ-
enced by the distinct subset of immune
cells and the relative expression levels of
TLR2 between these two tissues.

Because the GALT is immature imme-
diately after birth due to a lack of prior
encounters with PAMP, it rarely develops
characteristics of an immune regulatory
system such as immune tolerance [2]. Im-
mediately after birth, the ability of the
immature GALT to induce active responses
to foreign antigens is thought to develop
in parallel with the ability to control and
regulate such responses [2]. Our current re-
sults indicate that zymosan is recognized
by TLR2 in newborn GALT, which then
activates immune responses via induction
of multiple cytokines (Th1 and Th2). In ad-
dition, it appears that zymosan simultane-
ously induces suppressive T cell responses
and immune tolerance to intestinal anti-
gens via Treg cytokines such as IL-10 and
TGF-β [11].

Our studies also showed that CpG2006
strongly induces IFN-γ, IL-12p35, IL-6,
IL-10, and TGF-β gene expression in MLN
cells. In agreement with our current results,
others have reported that, in some cases,
TLR9 signaling participates in the produc-
tion of IFN-γ, IL-12p35, IL-6, IL-10, and
TGF-β [6,8,26]. In the ileal Pps, CpG2006
also induced the expression of the IL-6
and TGF-β genes but not other cytokine
genes. Newborn swine ileal Pps may have
lower cytokine production than MLN be-
cause they express less TLR9. Further-
more, because only plasmacytoid dendritic
and B cells express TLR9 in human and
swine immune cells [14, 16], the specific
proportions of these two cell types in ileal
Pps and MLN may result in different ex-
tents of cytokine production.

In addition, we found that, in the ileal
Pps, L. gasseri JCM1131T strongly stim-
ulated IFN-γ, IL12p35, IL-6, IL-10, and
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TGF-β gene expression and that L. bulgar-
icus NIAI B6 stimulated IFN-γ and TGF-β
gene expression. However, in MLN, L. bul-
garicus NIAI B6 significantly induced
all cytokine genes, whereas L. gasseri
JCM1131T activated only IFN-γ and IL-10
gene expression. In summary, L. gasseri
JCM1131T, which was isolated from hu-
man intestine, strongly induced Th1 and
Treg cytokines in newborn ileal Pps, tis-
sues that have direct access to contents
of the lumen. In addition, L. bulgaricus
NIAI B6, a starter for yogurt production,
significantly activated immune responses
in MLN from the afferent lymphatics of the
ileal Pps, where dendritic cells transport
intestinal bacteria [28]. Both LAB strains,
however, strongly activated IFN-γ expres-
sion in newborn ileal Pps and MLN. This
suggests that the different patterns of cy-
tokine production induced by the two LAB
strains have different effects. This may be
due to the different structure and quan-
tity of bacterial components (e.g., genomic
DNA and cell wall components) in the
two strains. Our current results combined
with the widely accepted hygiene hypoth-
esis suggest that TLR2 and TLR9 are ex-
pressed in newborn swine GALT where
they recognize intestinal microorganisms
immediately after birth and mediate acti-
vation of immune responses that maintain
the Th1/Th2 balance necessary for innate
immunity.

M cells play a unique role in deliv-
ering antigenic components and microor-
ganisms across epithelial barriers to ini-
tiate immune responses or tolerance by
lymphoid cells lying within and beneath
the epithelium [34]. We previously re-
ported that TLR2 and TLR9 are strongly
expressed in the GALT not only by im-
mune cells, such as dendritic and B cells,
but also by cells in the FAE, including
pocket-like M cells [40, 48]. In the present
study, in agreement with the results of Kido
et al. [22], the M cells were columnar in
shape, similar to neighboring enterocytes,

and did not show a pocket-like morphol-
ogy. Double immunohistochemical stain-
ing and flow cytometric analysis confirmed
that columnar M cells in newborn swine
express TLR2 and TLR9. Moreover, TLR2
was preferentially expressed on the api-
cal side of the membrane. These findings
agree with the well-established subcellu-
lar expression of TLR2 in innate immune
cells and epithelial cell lines [7, 49]. For
instance, TLR2 is mostly distributed on
the cell surface and is specifically recruited
within 5 min by zymosan-incorporating
macrophage phagosomes [49]. TLR2 was
also shown to be expressed at the
apical membrane [7] of T84 human
intestinal epithelial cells. Interestingly,
TLR2+/cytokeratin 18+ cells bound more
zymosan than TLR2−/cytokeratin 18+ cells
or neighboring enterocytes. These results
suggest that columnar M cells recognize
intestinal microflora via TLR2 mostly on
the apical side of the membrane and that
intracellular recognition of bacterial DNA
is mediated by TLR9 in the cytoplasm.
Thus, TLR2 and TLR9 are expected to me-
diate immune activation of not only TLR2+

or TLR9+ lymphoid cells located beneath
the FAE, but also M cells. Furthermore,
the potential function of TLR2 as a pattern
recognition receptor along with its cellu-
lar distribution suggest that TLR2 plays
an important role in ligand-specific tran-
scytosis and transport in newborn swine
M cells. This possibility is further sup-
ported by the well-established relationship
between TLR2 signaling and transcytosis.

Recently, TLR2 ligands have been
found to specifically promote bacterial
phagocytosis in both murine and hu-
man macrophage cells through the IL-1
receptor-associated kinase 4 and the p38-
dependent induction of a phagocytic gene
program [10]. Moreover, activation of the
TLR2 and TLR4 signaling pathways by
gram-negative and -positive bacteria reg-
ulates multiple phases of phagocytosis
in macrophages, including internalization
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and phagosome maturation [3]. Further-
more, phagocytosis of green fluorescent
protein-expressing bacteria is impaired in
TLR2−/TLR4− macrophages [3], suggest-
ing that TLR2 plays a crucial role in the
transcytosis of entire microorganisms. Al-
though the precise function and charac-
teristics of columnar M cells remain un-
known, our current results should provide
some insight into the immune responses
that they mediate. More detailed studies
are needed to resolve the immunological
function of TLR2 and TLR9 in M cells.

The present results are valuable for de-
termining the role of TLR2 and TLR9 in
newborn swine as a model of the new-
born human immune system. The func-
tional expression of TLR2 and TLR9,
even in immature ileal Pps and MLN,
strongly suggests that these two recep-
tors can mediate immune responses of the
immature GALT to commensal microor-
ganisms, such as immunobiotic LAB, and
their cell components. TLR2+ or TLR9+

M cells, in particular, may play impor-
tant roles in the recognition and immune
response to immunobiotic LAB. Under-
standing the functional role of TLR2 and
TLR9 in the immature GALT should also
help in the development of oral vaccines
and physiologically functional foods that
specifically target immune responses in the
GALT.
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