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Immunobiotic Lactobacillus jensenii Modulates the Toll-Like Receptor
4-Induced Inflammatory Response via Negative Regulation in Porcine
Antigen-Presenting Cells

Julio Villena,® Rie Suzuki,® Hitomi Fujie,®* Eriko Chiba,® Takuya Takahashi,® Yohsuke Tomosada,® Tomoyuki Shimazu,®* Hisashi Aso,*
Shyuichi Ohwada,© Yoshihito Suda,? Shuji lkegami,® Hiroyuki Itoh,® Susana Alvarez,® Tadao Saito,® and Haruki Kitazawa®

Food Immunology Group, Graduate School of Agricultural Science, Tohoku University, Sendai, Japan?; Laboratory of Clinical and Experimental Biochemistry, Reference
Centre for Lactobacilli (CERELA-CONICET), Tucuman, Argentinab; Cell Biology Laboratory, Graduate School of Agricultural Science, Tohoku University, Sendai, Japan<;
Department of Food, Agriculture and Environmental Science, Miyagi University, Sendai, Japan®; and Division of Research and Development, Meiji Dairies Corporation,
Kanagawa, Japan®

Previously, we demonstrated that Lactobacillus jensenii TL2937 attenuates the inflammatory response triggered by activation of
Toll-like receptor 4 (TLR-4) in porcine intestinal epithelial cells. In view of the critical importance of antigen-presenting cell
(APC) polarization in immunoregulation, the objective of the present study was to examine the effect of strain TL2937 on the
activation patterns of APCs from swine Peyer’s patches (PPs). We demonstrated that direct exposure of porcine APCs to L. jen-
senii in the absence of inflammatory signals increased expression of interleukin-10 (IL-10) and transforming growth factor 3 in
CD172a* APCs and caused them to display tolerogenic properties. In addition, pretreatment of CD172a™ APCs with L. jensenii
resulted in differential modulation of the production of pro- and anti-inflammatory cytokines in response to TLR4 activation.
The immunomodulatory effect of strain TL2937 was not related to a downregulation of TLR4 but was related to an upregulation
of the expression of three negative regulators of TLRs: single immunoglobulin IL-1-related receptor (SIGIRR), A20, and interleu-
kin-1 receptor-associated kinase M (IRAK-M). Our results also indicated that TLR2 has an important role in the anti-inflamma-
tory activity of L. jensenii TL2937, since anti-TLR2 antibodies blocked the upregulation of SIGIRR and IRAK-M in CD172a*
APCs and the production of IL-10 in response to TLR4 activation. We performed, for the first time, a precise functional charac-
terization of porcine APCs from PPs, and we demonstrated that CD172a™ cells were tolerogenic. Our findings demonstrate that
adherent cells and isolated CD172a" cells harvested from swine PPs were useful for in vitro study of the inflammatory responses

in the porcine gut and the immunomodulatory effects of immunobiotic microorganisms.

he gut of vertebrates is rich in antigen-presenting cells (APCs),

such as macrophages and dendritic cells (DCs). These APCs
reside underneath the epithelial cell layer in an immature state and
are prepared to recognize foreign antigens or invading pathogens
(21). In addition, APCs in gut-associated lymphoid tissues
(GALT) persist both in the subepithelial dome region and in the
interfollicular regions of Peyer’s patches (PPs). Under steady-state
conditions, APCs, together with intestinal epithelial cells, create a
tolerogenic environment in response to food antigens and com-
mensal bacteria. However, in the presence of pathogenic micro-
organisms, APCs undergo a maturation process and the develop-
ment of adaptive immune responses is initiated (21). These
functions of intestinal APCs—specifically, to distinguish between
the diverse elements of the intestinal flora and to respond to in-
vading pathogens—are principally determined by pattern recog-
nition receptors (PRRs). Toll-like receptors (TLRs) are an impor-
tant class of PRRs in innate immunity and play a critical role in
pathogen recognition and host defense. However, inappropriate
TLR signaling can contribute to loss of tolerance and result in
tissue injury (1, 18); for example, the inflammatory response trig-
gered by the interaction between lipopolysaccharide (LPS) and
TLR4 can cause serious intestinal damage. LPS present in the
outer membrane of Gram-negative bacteria triggers the produc-
tion of proinflammatory mediators that can contribute to intesti-
nal inflammation and damage during infection. Thus, while TLR4
recognition of LPS is required for clearance of Gram-negative or-
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ganisms, it is believed that excessive and/or prolonged proinflam-
matory cytokine secretion can be harmful to the host (1, 18).
Lactic acid bacteria (LAB) able to modulate the immune sys-
tem (immunobiotics) (9) are known to play a beneficial role in the
prevention and therapy of a variety of intestinal inflammatory
disorders, including atopic and inflammatory bowel diseases (9).
In this sense, we have demonstrated that Lactobacillus jensenii
TL2937 attenuates the expression of proinflammatory cytokines
and chemokines triggered by enterotoxigenic Escherichia coli
(ETEC) or by LPS (28). L. jensenii TL2937 attenuates proinflam-
matory responses in a porcine intestinal epitheliocyte (PIE) cell
line by downregulating TLR4-dependent NF-kB and mitogen-
activated protein kinase (MAPK) activation. Furthermore, we
demonstrated that L. jensenii TL2937 stimulation of PIE cells re-
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Modulation of Porcine APCs by Immunobiotics

sults in upregulation of three negative regulators of TLRs, A20,
B-cell lymphoma 3-encoded protein (Bcl-3), and mitogen-acti-
vated protein kinase 1 (MPK-1), and that these effects are partially
dependent on the activation of TLR2 (28).

Studies on the precise mechanisms of probiotic action indicate
that the immunoregulatory mechanisms behind the positive ef-
fects of immunobiotics are related to the modulation of immune
cells, such as APCs (7, 17, 34). Moreover, different probiotic
strains affect APC maturation in different ways since cytokine and
surface marker expression in APCs varies with the probiotic
strains used (8). L. jensenii TL2937 may be capable of inducing
tolerance to LPS in APCs; therefore, studying the effects of this
probiotic strain on porcine APCs is important. Most studies ad-
dressing the effect of probiotics on APCs have been conducted in
mice, and very few studies have investigated these effects in com-
mercially important livestock animals, such as pigs. Recent ad-
vances in the characterization of the porcine immune system, par-
ticularly in porcine macrophages and DCs, have permitted the use
of the porcine model for many immunological studies (2, 38).
Although the library of reagents for such studies is still small com-
pared to that for mouse studies, knowledge of porcine immunol-
ogy is advancing rapidly. Moreover, the porcine immune system
has been the focus of increased interest in recent years because of
its potential as a suitable model for the study of the human intes-
tinal immune system, since the porcine gastrointestinal tract has
many structural aspects that are more similar to those of the hu-
man tract than those of the rodent tract are.

In view of the critical importance of APC polarization in im-
munoregulation, the objective of the present study was to examine
the effect of L. jensenii TL2937 on activation patterns of APCs
from swine PPs. Therefore, in this study, we characterized APCs
that were harvested from swine PPs, developed in vitro systems
that allowed the evaluation of APC activity, and evaluated the
functional consequences of direct exposure of APCs to L. jensenii
TL2937 under both inflammatory and noninflammatory condi-
tions.

MATERIALS AND METHODS

Microorganisms. ETEC strain 987 was kindly provided by M. Nakazawa
at the National Institute of Animal Health (Tsukuba, Japan) (28). ETEC
cells were grown in tryptic soy broth (TSB; Becton Dickinson and Com-
pany, San Jose, CA) for 24 h at 37°C with shaking. After overnight incu-
bation, bacteria from subcultures were centrifuged at 5,000 X gfor 10 min
at 4°C, washed with phosphate-buffered saline (PBS), and heat killed
(100°C, 30 min). Cultures of each of three Lactobacillus strains (L. jensenii
T12937, L. casei MEP221115, and L. casei MEP221104) were grown in
Man-Rogosa-Sharpe (MRS) medium (Difco, Detroit, MI) for 16 h at

FIG 1 Phenotypes and distribution of APCs in swine PPs. (A) Immunohisto-
chemical analysis of APCs from ileal PPs. Tissue sections were stained with
antibodies against CD172a and CD11R1, and the distribution of CD172a™
CD11R1,CD172a" CD11R1%,and CD172a~ CD11R1™" cells was examined.
(B) Flow cytometric analysis of APCs in suspensions of mononuclear cells
isolated from adult swine PPs and incubated with antibodies against MHC-II,
CD172a, and CD11R1. Strong expression of MHC-II was used as a working
definition of porcine APCs. Three populations in MHC-II" cells were defined:
CD172a* CD11R17, CD172a* CD11R1"®", and CD172a~ CD11R1"". SSC,
side scatter. (C) Flow cytometric analysis of the expression of MHC-II, CD80/
86, CD14, CD4, TLR2, and TLR4 in CD172a™ CDI1IR1~, CD172a™
CD11R1M8" and CD172a~ CD11R1'" APCs from swine PPs. The results
represent data from three independent experiments using ileal PPs from at
least three different swine.
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FIG 2 Phenotype and distribution of adherent population in swine PPs. Antigen-presenting cells (macrophages and dendritic cells) from PPs were obtained by
taking advantage of their capacity to adhere to glass. (A) Immunohistochemical analysis of populations of adherent cells isolated from swine PPs. Cells were
stained with antibodies for MHC-II, CD172a, and CD11R1. (B) Flow cytometric analysis of the adherent cell population. Cell suspensions were incubated with
antibodies against CD172a and CD11R1. Three cell populations were defined: CD172a* CD11R1~, CD172a™ CD1 1IR1"M8" and CD172a~ CD11R1"™. In
addition, expression of MHC-ITand CD80/86in CD172a™ CD11R1~,CD172a" CD11R1"®",and CD172a~ CD11R1'*" adherent cells was examined. The results
represent data from three independent experiments using ileal PPs from at least three different swine. FSC, forward scatter.
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FIG 3 Effect of Lactobacillus jensenii TL2937 on adherent population from swine PPs. Antigen-presenting cells (macrophages and dendritic cells) from PPs were
obtained by taking advantage of their capacity to adhere to glass. Adherent cells were treated with L. jensenii TL2937 for 16 h. Untreated adherent cells were used
as controls. (A) Expression of IL-1@3, IL-6, TNF-«, IL-2, IL-4, IL-12, IFN-vy, TGF-$, and IL-10 mRNAs was examined using RT-PCR. Values for bars with
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37°C, washed with PBS, and heat killed (56°C, 30 min). These bacterial
samples were resuspended in Dulbecco’s modified Eagle medium
(DMEM), enumerated using a microscope and a Petroff-Hausser count-
ing chamber, and stored at —80°C until use (28).

Isolation of immunocompetent cells from swine Peyer’s patches.
Suspensions of porcine PP immunocompetent cells were prepared from
the ilea of adult swine as previously described (16, 31). All procedures
were conducted in accordance with the Guidelines for Animal Experi-
mentation of Tohoku University, Sendai, Japan. Briefly, PPs were cut into
small fragments; the fragments were then gently pressed through a nylon
mesh and washed three times in complete RPMI 1640 medium (Sigma, St.
Louis, MO) supplemented with 10% fetal calf serum (FCS; Sigma). Re-
sidual erythrocytes were lysed by resuspension in hypotonic salt solution
(0.2% NaCl). Next, harvested PP cells were subjected to hypertonic rescue
in an equal volume of 1.5% NaCl. Finally, immune cells were fractionated
using Lympholyte-mammal (Cedarlane, Hornby, Ontario, Canada) den-
sity gradient centrifugation, and the isolated immune cells were sus-
pended in complete DMEM (Invitrogen, Tokyo, Japan) supplemented
with 10% FCS (Sigma), 50 pg/ml penicillin-streptomycin, and 50 pg/ml
gentamicin (Nacalai Tesque, Kyoto, Japan).

Isolation of adherent population from swine Peyer’s patches. APCs
(macrophages and DCs) from PPs were isolated by taking advantage of
their capacity to adhere to glass. After mononuclear cells were isolated
from swine PP samples as described above, cell suspensions were adjusted
to a concentration of 5 X 107 cells/ml. Cell suspensions (1 ml/well) were
placed into 2-well glass plates (Iwaki, Tokyo, Japan) and incubated for 2 h
at 37°C (5% CO, atmosphere) to allow cells to adhere to the glass surface.
Subsequently, these glass plates were washed gently with complete RPMI
1640 medium (Sigma) to remove nonadherent cells.

Isolation of CD172a" cells from swine Peyer’s patches. CD172a™
cells were isolated from swine PPs using anti-porcine CD172a-biotin-
conjugated SWC3a IgG1 (Southern Biotech, Birmingham, AL), strepta-
vidin microbeads, and 25 LS* MACS separation columns from a magnet-
ically activated cell sorting (MACS) separation system (Miltenyi Biotec
GmbH, Bergisch Gladbach, Germany). All procedures were conducted
according to the manufacturer’s instructions.

Immunohistochemical analysis. Immunohistochemical analysis of
swine PPs and adherent cells was conducted as described in our previous
reports (29, 32). Fresh PPs were obtained from adults pigs, washed with
PBS, cut into small pieces (5 mm by 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. The fixed tissues were washed
once for 24 h with 1% arabic gum in 0.1 M phosphate buffer containing
8% sucrose and then once again for 24 h with the same solution contain-
ing 16% rather than 8% sucrose. The washed samples were then immersed
in Tissue-Tek OCT compound (Sakura Finetek, Tokyo, Japan) and
quickly frozen in a dry ice-acetone bath. Cryostat sections (10 wm thick)
were prepared from the frozen tissue; these sections were then mounted
on poly-L-lysine-coated glass slides and washed in PBS. The mounted
sections were incubated for 20 min with 1% bovine serum albumin and
2% normal goat serum (Vector Laboratories, Burlingame, CA) in PBS at
room temperature to block nonspecific binding sites. After removal of the
blocking solution, mounted sections were incubated for 16 h at 4°Cin a
humidified chamber with one of the following primary antibodies: anti-
porcine CD172a-phycoerythrin (PE) SWC3 IgG1 (Southern Biotech),
anti-porcine CD172a-fluorescein isothiocyanate (FITC) SWC3 IgGl
(Southern Biotech), anti-porcine CD11R1-unlabeled mouse IgG1 (AbD
Serotec, Kidlington, Oxford, United Kingdom), or anti-porcine major
histocompatibility complex class II (MHC-II)-unlabeled mouse IgG2a

(VMRD, Pullman, WA). Mounted sections were washed in PBS and then
incubated with one of the following secondary antibodies: anti-mouse
IgG2a-FITC (AbD Serotec) or anti-mouse IgG-FITC (AbD Serotec).
Immunomodulatory effect of lactobacilli. Evaluation of the immu-
nomodulatory activity of L. jensenii TL2937, L. casei MEP221115, or L.
casei MEP221104 was performed using mononuclear cells from PPs, ad-
herent cells, or isolated CD172a™ cells prepared as described above. In
each case, cells were plated at a density of 1.5 X 10° cells/well in 12-well
type I collagen-coated plates (Iwaki) or in 2-well glass plates (Iwaki).
Lactobacilli were added to each well at a concentration of 5 X 10 cells/ml.
Porcine cells were incubated with lactobacilli for 16 h; each well was then
washed vigorously with medium at least three times to eliminate bacterial
strains; finally, the porcine cells were stimulated with ETEC (5 X 107
cells/ml) or LPS (1,000 ng/ml; from E. coli O55:B5, prepared by phenol
extraction followed by gel filtration chromatography; Sigma) for 12 h.
Changes in expression of costimulatory molecules and of cytokines in the
cultured porcine APCs were evaluated by flow cytometry and real-time
PCR using the methods described below. In some experiments, a TLR2
agonist, Pam3CSK4 (200 ng/ml; EMC Microcollection, Tubingen, Ger-
many), was used to stimulate mononuclear PP cells, adherent cells, or
isolated CD172a™" cells for 16 h. In addition, unlabeled anti-porcine
TLR2-rabbit IgG (Santa Cruz, Santa Cruz, CA) was used in blocking ex-
periments. Cultured porcine cells were incubated with the unlabeled anti-
TLR2 antibodies for 12 h before stimulation with L. jensenii TL2937.
Flow cytometric analysis. Flow cytometry was used to assess expres-
sion of MHC-II, TLR2, TLR4, and several cytokine proteins in CD172a*
CD1IR1 ", CD172a* CD11R1"", and CD172a~ CD11R1"" cells from
PPs, as well as in adherent cells and CD172a ™" PP cells. Cells were isolated
as described above and labeled with primary antibodies: anti-porcine
CD172a-PE SWC3 IgGl (Southern Biotech), anti-porcine CD11R1-un-
labeled IgGl (AbD Serotec), anti-porcine MHC-II-unlabeled IgG2a
(VMRD), anti-porcine CD4-FITC IgG2b (Southern Biotech), anti-por-
cine CD14-FITC IgG2b (AbD Serotec), anti-porcine TLR2-unlabeled
rabbit IgG (Santa Cruz), anti-porcine TLR4-unlabeled rabbit IgG (Santa
Cruz), anti-porcine gamma interferon (IFN-v)-unlabeled IgG2b (R&D
Systems, Minneapolis, MN), anti-porcine interleukin-10 (IL-10)-unla-
beled IgG2b (R&D Systems), anti-porcine IL-1B/IL-1F2-unlabeled 1gG1
(R&D Systems), anti-porcine IL-6-unlabeled IgG2b (R&D Systems), and
anti-porcine transforming growth factor 32 (TGF-B2)-unlabeled IgG
(R&D Systems). The binding of unlabeled monoclonal antibodies was
visualized using the following secondary antibodies: anti-mouse IgG1-
peridinin chlorophyll protein (PerCP)/Cy5.5 (Bio Legend, San Diego,
CA), anti-mouse IgG2a-FITC (AbD Serotec), anti-rabbit IgG-Alexa Fluor
489 (Santa Cruz), anti-mouse IgG2b-FITC (AbD Serotec), and anti-
mouse IgG-FITC (AbD Serotec). In addition, expression levels of
CD80/86 proteins were evaluated using a human CD152 (cytotoxic-T-
lymphocyte-associated antigen 4) Ig/FITC fusion protein (Ancell, Bay-
port, MN). Cells stained with irrelevant mouse IgG-FITC, IgG2b-FITC,
IgG2a-PerCP, IgG2b-PE, IgG2a-PE, or IgG1-PE antibodies (eBioscience,
San Diego, CA) were included as isotype controls. Analysis of the stained
cells was performed using a FACSCalibur apparatus (BD, Franklin Lakes,
NJ), which was equipped with Cell-Quest software. Data analysis was
performed using Flow]Jo software (Tree Star, Ashland, OR).
Quantitative expression analysis using real-time PCR. Two-step
real-time quantitative PCR (qPCR) was used to characterize the expres-
sion of specific mRNAs in immune cells (13, 28). Total RNA was isolated
from individual samples of porcine APCs using TRIzol reagent. All
cDNAs were synthesized using a Quantitect reverse transcription (RT) kit
(Qiagen, Tokyo, Japan) according to the manufacturer’s recommenda-

different letters were significantly different (P < 0.05). (B) Expression of MHC-II, CD80/86, TLR2, and TLR4 was studied in CD172a* CD11R1~, CD172a™
CD11R1"&" and CD172a~ CD11R1'" adherent cells by flow cytometric analysis. Histograms represent data from flow cytometric analysis, as follows: adherent
cells treated with L. jensenii TL2937 (gray histograms), untreated control cells (white histograms), and isotype controls (black histograms). Values of mean
fluorescence intensity (MFI) are shown for treated and control groups. The results represent data from three independent experiments.
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tions. Real-time quantitative PCR was carried out using a 7300 real-time
PCR system (Applied Biosystems, Warrington, United Kingdom) and
Platinum SYBR green qPCR SuperMix UDG with carboxy-X-rhodamine
(Invitrogen). The primers used for the analysis of proinflammatory (IL-
1B, IL-6, and tumor necrosis factor alpha [TNF-a]), Th1 (IL-2, IL-12 and
IFN-v), Th2 (IL-4), and immunomodulatory (TGF-f and IL-10) cyto-
kines were described previously (23). The primers used to assess expres-
sion of six negative regulators of TLR signaling (single immunoglobulin
IL-1-related receptor [SIGIRR], Toll-interacting protein [Tollip], inter-
leukin-1 receptor-associated kinase M [IRAK-M], A20, Bcl-3, and
MKP-1) are described by Shimazu et al. (28). PCR cycling conditions were
2 min at 50°C, followed by 2 min at 95°C and then 40 cycles of 15 s at 95°C,
30 s at 60°C, and 30 s at 72°C. The reaction mixtures each contained 5 pl
of the sample cDNA and 15 pl of the master mix, which included the
appropriate sense and antisense primers. Expression of B-actin in each
sample was assessed, and the B-actin data were used as an internal control
to normalize differences between samples and to calculate relative expres-
sion levels.

Statistical analysis. Statistical analyses were performed using the
GLM and REG procedures available in the SAS computer program (SAS,
1994). Comparisons between mean values were carried out using one-way
analysis of variance and Fisher’s least-significant-difference (LSD) test.
For these analyses, P values of <0.05 were considered significant.

RESULTS

Phenotypes and distribution of APCs in swine PPs. The expres-
sion of two markers, CD172a and CD11R]1, in tissue sections of
swine ileal PPs was analyzed. We found CD172a* CD11R1 ",
CD172a” CD11R1", and CD172a~ CD11R1" cells in both the
subepithelial and the interfollicular regions of PPs (Fig. 1A).
CD172a~ CD11R17 cells were more abundant in the interfollicu-
lar region, whereas the CD172a™ CD11R17™ cells were apparently
more uniformly distributed than the CD172a~ CD11R1™" cells.
Interestingly, there were fewer CD172a™ CD11R1 " cells than ei-
ther CD172a™ CDI11IR1™" cells or CD172a™ CD11R1™ cells, and
most CD172a™ CD11R1™ cells were observed in the subepithelial
region of PPs. The strong expression of MHC-II has been used as
a working definition of porcine APCs (3). Therefore, we aimed to
examine the expression of MHC-II in mononuclear cells har-
vested from swine PPs. We found that almost 60% of these cells
exhibit strong expression of MHC-II (Fig. 1B). These cells include
not only macrophages and DCs but also T and B cells, as we have
demonstrated previously (11, 12). Using anti-CD172a and anti-
CD11R1 antibodies, we were able to define three populations of
MHC-II" cells in fresh PPs: CD172a* CDI11R1~, CD172a™
CD11R1M8" and CD172a~ CD11R1"™Y (Fig. 1B). These three
populations of cells all exhibited strong expression of MHC-II
(Fig. 1C). In addition, we examined the expression of other
molecules in order to characterize each cell population. We
found that only 1 to 2% of PP cells expressed CD80/86 mole-
cules, and no expression of CD4 was detected (Fig. 1C). Cells
from PPs expressed variable levels of CDI14: CD172a™
CDI11R1™ cells expressed the highest levels of CD14 (8.1 =

2.5%), and CD172a~ CD11R1'" cells did not express detect-
able levels of CD14 (Fig. 1C). In addition, we evaluated the
expression of TLR2 and TLR4. APCs from PPs expressed vari-
able levels of TLR2. CD172a™ CD11R1"¢" cells exhibited the
strongest TLR2 expression (58.5% = 3.1%); these cells were
followed by CD172a” CDI11R1~ (35.1% = 4.2%) and
CD172a~ CD11R1'"" (30.3% =+ 3.7%) (Fig. 1C). In addition,
low levels of TLR4 expression were evident in APCs (Fig. 1C).

Phenotype and distribution of adherent cells isolated from
swine PPs. Next, we isolated APCs (DCs and macrophages) from
porcine PP tissue samples by culturing the mononuclear cells
from these samples on glass plates and selecting the adherent cells.
Here, these cells are referred to as adherent cells. After 2 h of
incubation and subsequent removal of the nonadherent cells, we
were able to obtain a cell population enriched in MHC-II-positive
(MHC-II") cells (Fig. 2A). Expression of CD172a and CD11R1
was variable among this population of cells (Fig. 2A). Flow cyto-
metric analysis of these adherent cells showed that it was possible
to identify the three populations of APCs detected in mononu-
clear cells isolated from fresh PPs (Fig. 2B). This method of APC
isolation did not completely eliminate CD172a” CD11R1™ cells
(which include T and B cells) from the cultures; however, it did
allow us to harvest samples with a high proportion of APCs. To
assess whether the in vitro culture of adherent cells itself induced
the activation of these cells, we evaluated the expression MHC-II
and CD80/86. There were no apparent differences in the expres-
sion of MHC-II or CD80/86 in any of the populations of isolated
APCs (Fig. 2B) when expression was compared with that in cells of
fresh PPs (Fig. 1C).

Effect of L. jensenii TL2937 on adherent cells isolated from
swine PPs. The stimulation of adherent cells from swine PPs with
L. jensenii TL2937 did not induce significant changes in expression
of TNF-a, IL-2, IL-4, or IL-12 (Fig. 3A). However, in adherent
cells from PPs treated with L. jensenii TL2937, expression of IL-13,
IEN-v, IL-6, TGF-f3, and IL-10 did increase: 12.44, 9.5, 1.63, 1.72,
and 2.52 times, respectively (Fig. 3A). We also observed that stim-
ulation with L. jensenii TL2937 increased the expression of MHC-
11, CD80/86, and TLR2 in all three populations of APCs, but there
was no apparent difference in the expression of TLR4 between L.
jensenii TL2937-treated and -untreated cells (Fig. 3B).

In order to evaluate the effect of L. jensenii TL2937 on APCs
under inflammatory conditions, adherent cells were treated with
the Lactobacillus strain for 16 h and then challenged with LPS or
ETEC. The mRNA levels of various cytokines were assessed 12 h
after the challenge with LPS or ETEC (Fig. 4A). The challenge with
either LPS or ETEC resulted in an increase in the expression of
proinflammatory (IL-1f,IL-6,and TNF-a), Th1 (IL-2,1L-12,and
IEN-vy), and Th2 (IL-4) cytokines; in contrast, either challenge
resulted in a decrease in the expression of the immunomodulatory
cytokines TGF-3 and IL-10 (Fig. 4A). Pretreatment of adherent

FIG 4 Effect of Lactobacillus jensenii TL2937 on adherent population from swine PPs under inflammatory conditions. Antigen-presenting cells (macrophages
and dendritic cells) from PPs were obtained by taking advantage of their capacity to adhere to glass. Adherent cells were treated with L. jensenii TL2937 for 16 h
and then challenge with ETEC (5 X 10 cells/ml), LPS (1,000 ng/ml), or sterile medium for 12 h. Adherent cells not treated with L. jensenii TL2937 and challenged
with ETEC, LPS, or sterile medium were used as controls. (A) Expression of IL-13, IL-6, TNF-a, IL-2, IL-4, IL-12, IFN-y, TGF-B, and IL-10 mRNAs was
examined using RT-PCR. Expression of IL-1, IL-6, IFN-y, TGF-, and IL-10 (B) and MHC-II, CD80/86, TLR2, and TLR4 (C) proteins was studied in CD172a™
CDI1R1 ", CD172a” CD11R1M&", and CD172a~ CD11R1"" adherent cells using flow cytometric analysis. Values of mean fluorescence intensity (MFI) are
shown for each group. The results represent data from three independent experiments. Values for bars with different letters were significantly different (P <

0.05).
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cells with L. jensenii TL2937 did not induce significant changes in
the levels of IL-2, IL-4, or IL-12 after the challenge with ETEC or
LPS compared with those for the respective controls. However,
the TL2937 strain did induce higher levels of IFN-vy, IL-13, and
IL-10 and lower levels of IL-6 and TNF-« in these challenged
adherent cells (Fig. 4A). In addition, L. jensenii TL2937 prevented
the decrease of TGF-f in response to the challenge with ETEC or
LPS (Fig. 4A).

We next aimed to determine whether the changes in the ex-
pression of cytokines, as measured by RT-PCR, correlated with
changes in the expression of the respective proteins. Moreover, we
aimed to determine which APC populations were involved in the
production of cytokines after L. jensenii TL2937 treatment. There-
fore, we evaluated the expression of IL-18, IL-6, IFN-vy, TGF-j3,
and IL-10 in the three populations of APCs. As observed in the
RT-PCR analysis, flow cytometric studies showed that challenge
of APCs with ETEC resulted in increased levels of IL-13, IL-6, and
IFN-v, while it resulted in reductions of TGF-B and IL-10 (Fig.
4B). Moreover, the levels of IL-1B and IFN-vy were significantly
higher in L. jensenii TL2937-treated CD172a~ CD11R1"" cells.
Additionally, CD172a* CD11R1~ and CD172a* CDI11R1™¢"
cells treated with the TL2937 strain showed lower levels of IL-6
than the controls (Fig. 4B). The stimulation of APCs with L. jen-
senii TL2937 did not prevent the decrease in IL-10 or TGF-f3 levels
in CD172a~ CDI11R1™Y cells. In contrast, pretreatment with the
TL2937 strain significantly increased the levels of IL-10 in
CD172a" CDI1IR1™" and CD172a” CDI11RI™ cells, which
showed higher values than unchallenged control cells (Fig. 4B).
Interestingly, L. jensenii TL2937 prevented the decrease of TGF-3
in CD172a™ CD11R1"&" and CD172a* CD11R1~ populations
(Fig. 4B).

Challenge of APCs with ETEC resulted in significant increases
in the expression of MHC-II and CD80/86 in all populations of
APCs. However, in CDI172a~ CDIIRI'™ and CD172a”"
CD11R1"¢" cells pretreated with L. jensenii TL2937, the levels of
MHC-II and CD80/86 were higher than those observed in control
cells (Fig. 4C). Challenge of APCs with ETEC also increased the
levels of CD14 and TLR4, but no significant differences were ob-
served between cells treated with the lactic acid bacterium and
controls (Fig. 4C).

Effect of L. jensenii TL2937 on isolated CD172a™ cells. We
next aimed to assess the immunomodulatory effect of L. jensenii
TL2937 in isolated CD172a™ cells obtained using the MACS cell
separation system (magnetic cell labeling). Isolated CD172a™ cells
from PPs can be divided into CD11R1" and CD11R1" cells (Fig.
5A). When we evaluated the effects of the lactic acid bacterium on
isolated CD172a™ cells, we found that treatment with L. jensenii
TL2937 increased the expression of MHC-II and CD80/86 in both
cell populations, confirming our previous findings. Moreover,
treatment of isolated CD172a* cells with the TL2937 strain re-
sulted in increases of IL-10 in both CD172a™ CD11R1" and

CD172a* CD11R1~ cell populations, but TGF- production was
upregulated only in CD172a™ CD11R1" cells (Fig. 5B). The effect
of L. jensenii TL2937 was also evaluated under inflammatory con-
ditions. CD172a" cells were stimulated with L. jensenii TL2937 for
16 h and then challenged with LPS (Fig. 5C). As observed in the
previous experiments, the inflammatory challenge induced an in-
crease in the expression of MHC-II and proinflammatory cyto-
kines, along with a decrease of immunomodulatory cytokines.
However, L. jensenii TL2937-treated cells showed significantly
higher levels of MHC-II, IL-1f3, and IL-10 than control cells. In
addition, we observed that treatment with the TL2937 strain re-
sulted in upregulation of the production of TGF-B in CD172a™
CD11R17 cells (Fig. 5C). The Lactobacillus strain did not induce
any changes in the levels of IFN-vy, while it induced decreased
levels of IL-6 in both populations of APCs (Fig. 5C). Similar re-
sults were observed when the effect of L. jensenii TL2937 in
CD172a" cells challenged with ETEC was studied (data not
shown).

Role of TLR2 in the immunomodulatory effect of L. jensenii
TL2937. We next evaluated the role of TLR2 in the immunomodu-
latory effect of L. jensenii TL2937 on porcine APCs. We previously
established a line of pTLR2-transfected cells (HEKP"™*?) using lipo-
fection and a pcDNA-FLAG vector containing pTLR2 (33). Using
RT-PCR, confocal laser microscopy, and two-dimensional mi-
croscopy of HEKP™'** cells treated with FITC-zymosan, we con-
firmed that pTLR2 was expressed and functional in HEKPT"*?
cells. Moreover, TLR2-mediated immune activation via a wide
range of LAB strains was evaluated using these pTLR2-expressing
cells. We found that different Lactobacillus strains have different
capacities to induce the NF-kB-dependent promoter that drives
expression of luciferase. These strains can be classified into three
functional groups: strains with (i) high HEKP™™®? activity (strain
TL2937), (ii) moderate HEKPTIR? activity (strain MEP221115), or
(iii) no HEKPTLR2 activity (strain MEP221104) (33). Thus, L.
jensenii TL2937, L. casei MEP221115, and L. casei MEP221104
were selected for subsequent experiments. Adherent cells were
previously stimulated with one of the LAB strains for 16 h, and
then the levels of six mRNAs (IL-18, IL-6, TNF-a, IFN-vy, TGF-,
and IL-10) were evaluated (Fig. 6A). None of the strains studied
induced alterations in the levels of TNF-a. In contrast, stimula-
tion with each strain resulted in upregulation of the expression of
IL-1B, IL-6, and IFN-+y (Fig. 6A). The levels of IL-6 were signifi-
cantly higher in APCs treated with L. casei MEP221104 than in
untreated cells or in cells treated with either of the other strains,
but the highest levels of IL-13 and IFN-vy were induced by L.
jensenii TL2937. We also observed that, unlike L. jensenii TL2937,
the MEP221115 and MEP221104 strains did not induce signifi-
cant changes in the expression of TGF-B or IL-10 (Fig. 6A). To
study the role of TLR2 in the immunomodulatory effect of L.
jensenii TL2937, we next performed comparative studies with the
TLR2 agonist Pam3CSK4 and with anti-TLR2 antibodies. The use

FIG 5 Effect of Lactobacillus jensenii TL2937 on isolated CD172a™ cells from swine PPs. CD172a™ cells from swine PPs were obtained by a MACS cell separation
system (magnetic cell labeling). Isolated CD172a™ cells can be divided into CD11R1" and CD11R1 ™ cells. (A) CD172a™ cells were treated with L. jensenii TL2937
for 16 h. Untreated CD172a™ cells were used as controls. Expression of MHC-11, CD80/86, TGF-@, and IL-10 proteins was examined in CD172a* CD11R1~ and
CD172a* CD11R1" cells using flow cytometric analysis. Histograms represent data from the flow cytometric analysis, as follows: CD172a™ cells treated with L.
jensenii TL2937 (gray histograms), untreated control cells (white histograms), and isotype controls (black histograms). Values of mean fluorescence intensity
(MFI) are shown for each group. (B) CD172a™ cells were treated with L. jensenii TL2937 for 16 h and then challenged with LPS (1,000 ng/ml) or sterile medium
for 12 h. CD172a™ cells not treated with L. jensenii TL2937 and challenged with LPS or sterile medium were used as controls. Values of MFI are shown for each
group. The results represent data from three independent experiments. Values for bars with different letters were significantly different (P < 0.05).
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FIG 6 Role of TLR2 in the immunomodulatory effect of Lactobacillus jensenii TL2937 on adherent cells from swine PPs. (A) Transfected cells that stably
expressed porcine TLR2 (designated HEKP™®? cells) were isolated as previously described (33). The capacity of several lactobacillus strains to activate TLR2 was
evaluated using this immune assay and stimulating HEKP"*2 cells with the different lactobacillus strains for 24 h. Strains were classified into three functional
groups according to the relative index (RI) values, as follow: high TLR2 activation (relative index, >5; Lactobacillus jensenii TL2937), moderate TLR2 activation
(relative index, between 1 and 5; Lactobacillus casei MEP221115), and negative TLR2 activation (relative index, <1; Lactobacillus casei MEP221104). Adherent
cells were treated with L. jensenii TL2937, L. casei MEP221115, or L. casei MEP221104 for 16 h. Untreated adherent cells were used as controls. Expression of
IL-1B, IL-6, TNF-c, IFN-vy, TGF-3, and IL-10 mRNAs was examined using RT-PCR. (B) Adherent cells were treated with L. jensenii TL2937, with L. jensenii
TL2937 plus anti-TLR2 antibodies, or with Pam3CSK4. Untreated adherent cells were used as controls. Expression of IL-1f, IL-6, TNF-a, IFN-y, TGF-f, and
IL-10 mRNAs was examined using RT-PCR. The results represent data from three independent experiments. Values for bars with different letters were
significantly different (P < 0.05).
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of anti-TLR2 antibodies did not induce any modification in the
levels of IL-6 in porcine APCs treated with L. jensenii TL2937 (Fig.
6B). In contrast, treatment with Pam3CSK4 resulted in a signifi-
cant enhancement in the production of IL-6 in APCs. Pam3CSK4
also induced upregulation of IL-18, IFN-v, and IL-10, and these
effects were similar to those induced by L. jensenii TL2937. More-
over, levels of IL-1B, IFN-, and IL-10 were reduced by half when
APCs were pretreated with anti-TLR2 antibodies (Fig. 6B). How-
ever, anti-TLR2 antibodies did not influence the effect of L. jense-
nii TL2937 on the expression of TGF-f in these APCs.

We also evaluated the role of TLR2 in the immunomodulatory
effect of L. jensenii TL2937 under inflammatory conditions (Fig.
7A). Treatment of porcine APCs with Pam3CSK4 did not affect
the levels of IL-6 or TGF-{ after the challenge with ETEC or LPS.
However, Pam3CSK4 did induce changes in IL-13, TNF-q,
IEN-v, and IL-10 levels that were similar to those observed in cells
treated with L. jensenii TL2937 (Fig. 7A). In addition, the capacity
of L. jensenii TL2937 to increase IL-1(3, IFN-vy, and IL-10 levels
and to reduce TNF-a levels was inhibited by treatment with anti-
TLR2 antibodies (Fig. 7A). In contrast, treatment of APCs with
anti-TLR2 antibodies did not modify the reduction of IL-6 or the
enhancement of TGF-f induced by L. jensenii TL2937 following
challenge with LPS or ETEC (Fig. 7A). In order to confirm the
effect of anti-TLR2 antibodies on cytokine production, we evalu-
ated the expression of IL-1B, IFN-y, and IL-10 proteins in the
three populations of porcine APCs. Treatment of adherent cells
with anti-TLR2 antibodies inhibited the enhancement of IL-1
and IFN-vy expression in CD172a~ CD11R1"" cells and the en-
hancement of IL-10 expression in CD172a* CDI1IR1~ and
CD172a* CD11R1™M" cells (Fig. 7B).

Effect of L. jensenii TL2937 on negative regulators of the TLR
signaling pathway in APCs. We also studied regulators that in-
hibit the TLR signaling pathway by evaluating the expression of
SIGIRR, Tollip, A20, Bcl-3, MKP-1, and IRAK-M mRNAs in PP-
derived adherent cells. APCs were stimulated for 16 h with L.
jensenii TL2937, L. casei MEP221115, or L. casei MEP221104, and
the expression of the negative regulators of TLRs was determined
using real-time PCR (Fig. 8). Treatment with L. jensenii TL2937
resulted in upregulation of the expression of SIGIRR, IRAK-M,
and A20, while treatment with L. casei MEP221115 induced up-
regulation of SIGIRR and IRAK-M (Fig. 8A). No modifications in
the expression of MKP-1, Bcl-3, or Tollip were observed following
treatment with any of the strains studied (Fig. 8A). There were also
no changes in expression of any of these negative regulators of
TLRs in the studies in which we employed anti-TLR2 antibodies
or Pam3CSK4 (Fig. 8B). However, the treatment of APCs with
Pam3CSK4 alone resulted in upregulation of the expression of
SIGIRR and IRAK-M, and these changes were similar to those
induced by L. jensenii TL2937 (Fig. 8B). We also observed that the
enhancement of SIGIRR and IRAK-M expression induced by L.
jensenii TL2937 was blocked by pretreatment with anti-TLR2 an-
tibodies. No modifications in the levels of A20 were induced with
anti-TLR2 antibodies or Pam3CSK4 (Fig. 8B). The upregulation
of SIGIRR, IRAK-M, and A20 induced by L. jensenii TL2937 was
confirmed in isolated CD172a™ cells (data not shown).

DISCUSSION

In swine, no single specific marker is known to allow definitive
identification of APCs, although monocytes, macrophages, and
DCs have been studied in various tissues. The most frequent
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marker expressed on porcine macrophages and DCs is CD172a.
Additionally, CD11R1 is considered to be a marker specifically
and differentially expressed on porcine DCs but not on macro-
phages (30). The CD11R1 molecule is frequently expressed in mu-
cosal DCs; moreover, swine DCs emigrating from the intestine via
lymphatic vessels have been identified to be CD172a* CD11R1*
and CD172a~ CD11R17 cells (3). Thus, in the present study, we
used CD172aand CD11R1, together with MHC-II, to define APCs
in swine PPs. Three different populations of APCs in swine PPs
were defined using CD172a and CD11R1 as markers: CD172a™
CD1IRI"®", CD172a~ CDI1IR1"", and CD172a* CDIIR1~
cells. According to our present studies of CD4 and CD14 expres-
sion and previously published work (3, 39, 42), CD172a™
CD11R1™E" and CD172a~ CDI11R1"" cells could be DCs and
CD172a™ CD11R1™ cells could be macrophages; however, func-
tional studies are needed to accurately define each population.
Therefore, in this study, we refer to each of the three populations
as APCs.

We demonstrated that direct exposure of porcine APCs to L.
jensenii TL2937 in the absence of inflammatory signals activated
CD172a" APCs and caused them to become phenotypically and
functionally mature and to display tolerogenic properties. Our
findings show both similarities to and differences from previous
studies with lactobacilli and APCs from different species. For ex-
ample, human myeloid DCs exposed to lactobacilli increased ex-
pression of MHC-II and costimulatory molecules (7, 17, 34).
Moreover, similar to our current work, previous studies by Drakes
etal. (11) revealed that probiotic lactobacilli could induce upregu-
lation of IL-10 production and cell surface markers of maturation
and activation in DCs (11). However, other studies found that
coculture of lactobacilli with human myeloid DCs induced acti-
vation and maturation of these APCs and increased bioactive
IL-12 production but not IL-10 production (22). The differences
in the findings from these studies may result from one or more
causes, including differences in the Lactobacillus species and
strains investigated and the timing of sampling to assay cytokine
production. Moreover, the pattern of cytokine expression in bone
marrow-derived murine DCs is affected by exposure to various
Lactobacillus strains, and the changes in the pattern are dependent
on the concentration of the bacteria in the treatment (8). Specifi-
cally, low concentrations of L. casei yielded maximal levels of IL-6,
IL-12, and TNF-a but virtually no IL-10 induction. At higher
concentrations of L. casei, IL-10 production increased radically,
but there were no changes in the levels of other cytokines (8).
Another factor influencing the differential immunomodulatory
effect of lactobacilli is thought to be the type of APCs interacting
with the bacteria. The treatment with L. jensenii TL2937 increased
the expression of IL-10 and TGF-B in CD172a™ CD11R1™&" and
CD172a™ CD11R1™ cells, while the treatment with this bacterium
was associated with increased levels of IFN-y in CD172a"
CDI11R1" cells. One possible explanation for the differential im-
munomodulatory effect of TL2937 could be the levels of expres-
sion of TLR2 in distinct APCs. CD172a™ CD11R1™&", CD172a*
CDI11R17, and CD172a~ CD11R1"" cells differ with regard to
TLR2 expression; therefore, they are likely to differ in the degree to
which they interact with L. jensenii.

We also demonstrated that pretreatment of APCs with L. jen-
senii TL2937 resulted in differential modulation of the production
of pro- and anti-inflammatory cytokines in response to ETEC or
LPS challenge. The differential effects of the TL2937 strain in each
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APC population persisted because increased production of IFN-y
was observed in CD172a~ CD11R1'" cells. Moreover, IL-6 was
downregulated and IL-10 was upregulated in CDI172a*
CD11R1"¢" and CD172a™ CD11R1™ cells. This capacity of L. jen-
senii TL2937 to stimulate both tolerogenic and effector APCs
could have a beneficial effect in vivo because the preventive ad-
ministration of this strain may result in an improvement in the
adaptive immune response and protection from unproductive in-
flammation. In fact, evidence from in vivo trials of some strains
indicates that immunobiotics can simultaneously improve both
resistance against infection and protection from inflammatory tis-
sue damage (26, 36, 37). It will be of interest to examine whether L.
jensenii TL2937 is able to improve resistance to ETEC challenge
and to protect against inflammatory damage using in vivo exper-
iments on pigs. Our laboratory is currently conducting studies to
test this hypothesis.

Immunological tolerance can operate via deletion of reactive
cells, downregulation of one or more receptors, blockade of sig-
naling, suppression via cytokines, or some combination of these
(4, 20). Therefore, one possibility to explain the immunomodula-
tory effects of L. jensenii TL2937 is that they occur through the
downregulation of TLR4 in APCs and the blocking of signal trans-
duction at the receptor level, as described by Nomura et al. (24).
We have addressed this point, but we did not detect any changes in
TLR4 expression in APCs treated with L. jensenii TL2937 (data not
shown). We also evaluated the effect of the strain on the expres-
sion of negative regulators of TLRs in APCs. Of the six regulators
tested, SIGIRR, A20, and IRAK-M mRNA expression was upregu-
lated in CD172a™ cells stimulated with L. jensenii TL2937. Nota-
bly, IRAK-M-deficient cells stimulated by TLR ligands or bacteria
produce elevated amounts of proinflammatory cytokines, such as
IL-12, IL-6, or TNF-a, and these increases are accompanied by an
increase in NF-kB and MAPK activation (10). IRAK-M expres-
sion is induced upon LPS stimulation, and endotoxin tolerance is
diminished in IRAK-M-deficient cells; these observations indicate
that IRAK-M plays a critical role in regulating innate immunity
through a negative-feedback loop (12). Moreover, Biswas et al. (5)
showed that expression of IRAK-M is largely dependent on the
presence of commensal bacteria. The expression of IRAK-M is
greatly reduced in mice under germfree conditions, and this ex-
pression is restored by colonization of a single strain of commen-
sal bacteria, either a Gram-positive L. plantarum strain or a Gram-
negative E. coli strain (5). In addition, overexpression of SIGIRR
inhibits TLR-induced NF-kB activation and attenuates the pro-
duction of inflammatory cytokines in vitro (25), and the LPS-
induced inflammatory response is enhanced in SIGIRR-deficient
mice (19). A20 also has an essential role in the termination of
NEF-kB signaling in response to microbial products such as LPS (6,
40). Reportedly, A20 deficiency in enterocytes renders mice sen-
sitive to TNF-a-induced lethal inflammation, and this deficiency

leads to disruption of the epithelial barrier and infiltration of com-
mensal bacteria that initiate a systemic inflammatory response
(35). Therefore, induction of these three negative regulators by L.
jensenii TL2937 in CD172a™ APCs from swine PPs may be impor-
tant for establishing tolerance against LPS and ETEC.

TLR2 is required for some probiotics to exert their immuno-
modulatory effects. In vitro and ex vivo studies demonstrated that
some immunostimulatory lactobacilli interact with intestinal ep-
ithelial cells and induce release of IL-6 through an interaction with
TLR2 (14). Moreover, immunoenhancing lactobacilli are able to
increase the expression of TLR2 in DCs and macrophages isolated
from PPs in mice (14) and in human myeloid DCs (22). Notably,
TLR2 also seems to play an important regulatory role in the rec-
ognition of probiotic bacteria, which possess immunoinhibitory
effects in both human and murine DCs (15, 41). Immunobiotics
can inhibit IL-12 production by macrophages (27) and DCs (41)
via recognition of lipoproteins and insoluble cell walls by TLR2. In
addition, lipoteichoic acid isolated from L. plantarum reduces
LPS-induced TNF-a production in human THP-1 monocyte-like
cells in a TLR2-dependent manner (18). These studies demon-
strate that TLR2 not only is involved in producing an inflamma-
tory response but also can be involved in producing regulatory
DCs. Our results indicated that TLR2 may have an important role
in the anti-inflammatory activity of L. jensenii TL2937. Compar-
ative experiments using strains with moderate or no capacity to
stimulate TLR2, anti-TLR2 antibodies, or Pam3CSK4 demon-
strated that TLR2 was involved in the upregulation of SIGIRR and
IRAK-M in CD172a™ APCs and the elevated production of IL-10
in response to ETEC or LPS challenge. In addition, our studies
showed that TLR2 was involved in the stimulation of CD172a™
CD11R1'"" cells and the elevated production of IFN-+y in response
to TLR4 activation. We also observed that L. jensenii TL2937, but
not Pam3CSK4, induced increased expression of A20 and TGF-3
and that these increases were not abolished by the treatment with
anti-TLR2 antibodies. Therefore, our results indicated that some
other PRR(s), in addition to TLR2, might be involved in the anti-
inflammatory effect of L. jensenii TL2937 on CD172a* APCs.
Identification of this unknown receptor will be an important focus
of future investigations.

In conclusion, we have performed, for the first time, a func-
tional characterization of porcine APCs from PPs, and we dem-
onstrated that CD172a™ cells were tolerogenic, while CD172a”
CD11R1'" cells were involved in the generation of specific im-
mune responses. These findings represent an important advance
in understanding the gut immune system in pigs. Moreover, the
present study demonstrated that adherent cells and isolated
CD172a™ cells harvested from swine PPs were useful for in vitro
study of the inflammatory responses in the porcine gut.

Our results also showed that porcine APCs could be used for
studying the mechanisms involved in the immunomodulatory ef-

FIG 7 Role of TLR2 in the immunomodulatory effect of Lactobacillus jensenii TL2937 on adherent cells from swine PPs under inflammatory conditions.
Antigen-presenting cells (macrophages and dendritic cells) from PPs were obtained by taking advantage of their capacity to adhere to glass. Adherent cells were
treated with L. jensenii TL2937, with L. jensenii TL2937 plus anti-TLR2 antibodies, or with Pam3CSK4. Untreated adherent cells challenged with ETEC or LPS
were used as controls. (A) Expression of IL-1, IL-6, TNF-a, IEN-y, TGF-, and IL-10 mRNAs was examined using RT-PCR. (B) Expression of IL-13 and IFN-y
in CD172a~ CD11R1"™" cells and IL-10 in CD172a* CD11R1~ and CD172a* CD11R1"#" cells was examined using flow cytometric analysis. Histograms
represent data from flow cytometric analysis, as follows: adherent cells treated with L. jensenii TL2937 (gray histograms) or L. jensenii TL2937 plus anti-TLR2
antibodies (dotted lines), untreated control cells (white histograms), and isotype controls (black histograms). Values of mean fluorescence intensity (MFI) are
shown for each group. The results represent data from three independent experiments. Values for bars with different letters were significantly different (P <

0.05).
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FIG 8 Effect of Lactobacillus jensenii TL2937 on negative regulators of the TLR signaling pathway in adherent cells from swine PPs. (A) Transfected cells stably
expressing porcine TLR2 (designated HEKP™ 2 cells) were isolated as previously reported (33). The capacity of several lactobacillus strains to activate TLR2 was
evaluated using this immune assay. Strains were classified into three functional groups according to the relative index (RI) values, as follows: high TLR2 activation
(relative index, >5; Lactobacillus jensenii TL2937), moderate TLR2 activation (relative index, between 1 and 5; Lactobacillus casei MEP221115), and negative
TLR2 activation (relative index, <1; Lactobacillus casei MEP221104). Adherent cells were treated with L. jensenii TL2937, L. casei MEP221115, or L. casei
MEP221104 for 16 h. Untreated adherent cells were used as controls. Expression of SIGIRR, Tollip, A20, Bcl-3, MKP-1, and IRAK-M mRNAs was measured using
RT-PCR. (B) Adherent cells were treated with L. jensenii TL2937, with L. jensenii TL2937 plus anti-TLR2 antibodies, or with Pam3CSK4. Untreated adherent cells
were used as controls. Expression of SIGIRR, Tollip, A20, Bcl-3, MKP-1, and IRAK-M mRNAs was examined using RT-PCR. The results represent data from
three independent experiments. Values for bars with different letters were significantly different (P < 0.05).
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fects of probiotic microorganisms, such as their protective activity
against pathogen-induced inflammatory damage. Research using
these porcine APCs may provide useful information for the devel-
opment of new immunologically functional foods and feeds that
might be used to prevent intestinal disorders. In fact, using this
adherent cell population and isolated CD172a" cells from swine
PPs, we were able to demonstrate that L. jensenii TL2937 function-
ally modulated APCs to induce tolerance against LPS challenge via
the upregulation of TLR-negative regulators and immunomodu-
latory cytokines. Moreover, these in vitro systems allowed us to
demonstrate that this effect was partially mediated by the activa-
tion of TLR2 (Fig. 9).

Our studies contribute to knowledge of animal immunol-
ogy and the use of immunobiotics in animals. Moreover, they
can potentially contribute to an understanding of the mecha-
nisms of action of immunobiotics and selection of new immu-
nomodulatory strains for application in humans. For this rea-
son, there has been growing interest in the porcine immune
system because it has substantial potential as a low-cost model
for the study of the human immune system. The porcine gas-
trointestinal tract has many structural aspects that are more
similar to the human gastrointestinal tract than the structural
aspects of the rodent tract are. Pigs have several advantages as
experimental animals; for example, pigs are subject to naturally
occurring diseases. Moreover, tissue culture protocols and pig
breeding and maintenance practices allow researchers to con-
duct manipulations of the mucosal immune system in rela-
tively large populations in vivo, as well as in detailed molecular
studies in vitro (2, 38).
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FIG 9 Proposed mechanism for the immunomodulatory effect of Lactobacillus jensenii TL2937 on antigen-presenting cells from swine Peyer’s patches.
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