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Lactobacillus plantarum Lipoteichoic Acid
Alleviates TNF-a-Induced Inflammation in the
HT-29 Intestinal Epithelial Cell Line

Hangeun Kim', Bong Jun Jung?, Ji Hae Jung?, Joo Yun Kim?, Sung Kyun Chung®, and Dae Kyun Chung

We recently observed that lipoteichoic acid (LTA) isolated
from Lactobacillus plantarum inhibited endotoxin-me-
diated inflammation of the immune cells and septic shock
in a mouse model. Here, we examined the inhibitory role of
L. plantarum LTA (pLTA) on the inflammatory responses
of intestinal epithelial cells (IEC). The human colon cell line,
HT-29, increased interleukin (IL)-8 expression in response
to recombinant human tumor necrosis factor (TNF)-alpha,
but not in response to bacterial ligands and interferon
(IFN)-gamma. TNF-a also increased the production of in-
ducible nitric oxide synthase (iNOS), nitric oxide (NO), and
intercellular adhesion molecule 1 (ICAM-1) through activa-
tion of p38 mitogen-activated protein kinase (MAPK) from
HT-29 cells. However, the inflammatory response of HT-29
on TNF-a stimulation was significantly inhibited by pLTA
treatment. This pLTA-mediated inhibition accompanied the
inhibition of nuclear factor (NF)-kappa B and MAPKs. Our
data suggest that pLTA regulates cytokine-mediated im-
mune responses and may be a good candidate for main-
taining intestinal homeostasis against excessive inflam-
mation.

INTRODUCTION

Interleukin (IL)-8 is a chemokine produced by many cell types,
including macrophages, endothelial cells, and epithelial cells.
IL-8 protein is a member of the CXC chemokine family that is
encoded by the /L8 gene in humans (Modi et al., 1990). IL-8
acts as a chemotactic factor that attracts neutrophils and baso-
phils to the lesion. In addition, it plays important roles in angio-
genesis, metastasis, and inflammation (Singh et al., 2010). IL-8
binds to both the CXCR1 and CXCR2 receptors with similar
affinity and initiates down-stream signaling cascades. CXCR1
and CXCR2 are expressed on cancer cells, endothelial cells,
neutrophils, and tumor-associated macrophages. After IL-8
binds to its receptors, signals activate phosphatidylinositol-3-
kinase or phospholipase C to promote calcium mobilization and
the activation of Akt and PKC. Alternatively, IL-8 signaling acti-
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vates mitogen-activated protein kinase (MAPK) signaling cas-
cades (Waugh and Wilson, 2008). In epithelial cells, IL-8 secre-
tion is up-regulated by Chlamydia trachomatis infection (Buchholz
and Stephens, 2008) through signaling pathways that include
the extracellular signal-regulated kinase (ERK) signaling path-
way (Buchholz and Stephens, 2007; Fernandes et al., 2009). In
addition, lipopolysaccharide (LPS), IL-1a, IL-1B, IL-10, IFN-y,
and TNF-o regulate IL-8 production in various cell types (Cas-
satella, 1995). Its secretion is also up-regulated by chemoat-
tractants. In human monocytes, IL-8 production is controlled by
autocrine regulation (Browning et al., 2000). Cell wall compo-
nents from Gram-negative and Gram-positive bacteria, such as
LPS and lipoteichoic acid (LTA), increase IL-8 secretion from
intestinal epithelial cells through the activation of IL-1 receptor
associated kinase (IRAK) and MAP kinases (Otte et al., 2004).
However, the effects of LTA isolated from probiotics on IL-8
secretion in intestinal epithelial cells have not been well studied.
HT-29 cells produce IL-8 after stimulation by TNF-a. and IL-18,
but not by IFN-y, IL-10, or IL-13. TNF-a. and nitric oxide (NO)
trigger colonic inflammation and carcinogenesis in a Helico-
bacter hepaticus-infected mouse model, indicating that inflam-
mation mediated by elevated TNF-a. and NO causes colon
carcinogenesis (Erdman et al., 2009; Kolios et al., 1996). Ad-
hesion molecules, such as intercellular adhesion molecule 1
(ICAM-1) and vascular cell adhesion molecule 1 (VCAM-1), are
also implicated in cancer progression (O’Hanlon et al., 2002;
Rosette et al., 2005).

LTA is found within the cell walls of Gram-positive bacteria,
and is considered analogous to the LPS of Gram-negative
bacteria because they share many biochemical and physiologi-
cal properties (Ginsburg, 2002). Although both pathogenic and
probiotic Gram-positive bacteria express LTA (Neuhaus and
Baddiley, 2003), the immunomodulatory properties of the two
types are very different. LTAs from pathogenic Gram-positive
bacteria such as S. aureus, S. pneumonia, and S. epidermidis,
efficiently activate monocytes and macrophages through the
secretion of proinflammatory cytokines such as TNF-a, IL-18,
IL-6, and IL-8 (Ellingsen et al., 2002; Mattsson et al., 1993;
Standiford et al., 1994). In contrast, LTA from the probiotic L.
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plantarum (pLTA) only minimally induces TNF-o. production
when compared to that of S. aureus (aLTA). In addition, pLTA
effectively inhibits aLTA- or LPS-triggered TNF-a. secretion and
suppresses the septic shock caused by aLTA or LPS stimula-
tion (Kim et al., 2008a; 2008b). The distinct immunological ac-
tivities of aLTA and pLTA might contribute to the different
physiological effects of S. aureus and L. plantarum on the hu-
man innate immune response.

As an effective molecule for several immune cells, including
monocytes, macrophages, dendritic cells, and T-cells, LTA
activates or inhibits the immune system through the TLR1-
TLR2 signaling pathway (Ellingsen et al., 2002; Meron-Sudai et
al, 2008; Son et al., 2008). However, the role of LTA in colon
epithelial cells has not been well investigated. In particular,
studies regarding the effects of LTA on TNF-a-induced epithe-
lial inflammation are needed. In this study, we have demon-
strated that pLTA efficiently inhibits TNF-a-induced inflamma-
tion in a colon cell line. The inhibition mechanism was concomi-
tant with the down-regulation of NF-kB and MAPKs. In addition,
pLTA inhibited the adhesion of monocytes to HT-29 cells
through the down-regulation of adhesion molecules, which was
increased by TNF-o.. Therefore, our data suggests that pLTA
plays important roles in the maintenance of intestinal homeo-
stasis.

MATERIALS AND METHODS

Materials and reagents

Whole cell bacteria and subcellular bacterial fractions were
prepared from S. flexneri (KCTC 2517), L. plantarum K8
(KCTC10887BP), and S. aureus (KCTC 1621) as previously
described (Kim et al., 2007a). P. gingivalis LPS (PGLPS), mu-
ramyl dipeptide (MDP), Pam3CSK4, and monophosphoryl lipid
A from S. minnesota (MPLA) were purchased from Invivogen
(USA). Lipopolysaccharide from Escherichia coli 055:B5 was
purchased from Sigma (USA). Seung Hyun Han, a professor of
Department of Oral Microbiology and Immunology at Seoul
National University in Korea, provided Actinobacillus actinomy-
cetemcomitans LPS (AALPS). The biochemical inhibitors
SB203580 (p38 inhibitor), SP600125 (JNK inhibitor), PD98059
(ERK1/2 inhibitor), IKK inhibitor, NF-xB activation inhibitor, Akt
inhibitor, and Wortmannin (PI3K inhibitor) were obtained from
Calbiochem (USA). Anti-human TLR2 (clone: TL2.1) and anti-
human ICAM-1 (clone: BBIG-I11) neutralizing antibodies were
purchased from eBioscience (USA) and R & D Systems (USA),
respectively.

Cell culture

The human colon cancer cell line, HT-29, was cultured in Dul-
becco’s minimal essential medium (DMEM, Gibco) supple-
mented with 10% decomplemented fetal bovine serum (FBS) in
a humid atmosphere under 5% CO; at 37°C. Cells were plated
at a density of 10°cells per well in 12-well plates 24 h before
treatment. Each well was treated with bacterial ligands and
cytokines. At the end of the incubation period, supernatants
and cells were collected from each plate and the amounts of
pro-inflammatory cytokine and mRNA were quantified by en-
zyme linked immunosorbent assay (ELISA) and reverse tran-
scriptase polymerase chain reaction (RT-PCR).

ELISA

An indirect sandwich ELSIA method was used to quantify IL-8
secretions into the supernatants of both control and treated HT-
29 cells according to the manufacturer’s instructions. ELISA
was performed using monoclonal mouse IgG1 clone #6217 for

capture and biotinylated human IL-8-specific polyclonal goat
IgG (R&D Systems, USA). Colorimetric results were read in an
ELx800 microplate reader (Biotek Instruments, USA) at a
wavelength of 450 nm in 96-well high-binding Stripwell Costar
EIA microplates (Costar 2592). Substrate Reagent Pack (Cata-
log # DY999, R&D Systems, USA) was used for all strepta-
vidin-HRP reactions.

Western blot analysis

Proteins in cell lysates were resolved by SDS-PAGE, trans-
ferred onto nitrocellulose membrane, and blotted with the ap-
propriate primary antibodies. Positive signals were detected
using a peroxidase-conjugated secondary antibody. Protein
bands were visualized by enhanced chemiluminescence with
the Super Signal West Detection Kit (Thermo Chemical Com-
pany, USA). Cellular B-actin was similarly detected to compare
the protein load in each lane.

Reverse-transcriptase polymerase chain reaction and
quantification

The total RNA from the controls and pLTA tolerant HT-29 cells
was extracted using the guanidium thiocyanate-acid phenol-
chloroform method. cDNA synthesis was conducted using the
Improm-I™ Reverse Transcription System (Promega, USA).
RT-PCR was performed in a total reaction volume of 20 ul con-
taining 5 U of Taq polymerase, 1X PCR buffer, 50 mM MgCl,,
10 mM dNTP mixture, 10 uM of each oligonucleotide primer,
and 1 ul of cDNA. Amplification was performed with an initial
denaturation at 95°C for 10 min followed by 25 to 35 cycles at
95°C for 15 s, 55°C for 30 s, and 72°C for 30 s. Amplification
was finalized at 72°C for 10 min. After completing the cycling
process, PCR products were separated by 0.8% agarose gel
electrophoresis and band quantity was analyzed using the Im-
age J program. The forward and reverse primers were as fol-
lows: 5-GTCTTCACCACCATGGAGAA-3 and 5-AGTGAGG
GTCTCTCTCTTCC-3' for GAPDH, 5-ACCCTAGGGGAAAC
ATCTCT-3' and 5-GCATCCTCACAGGCTGAAT-3 for TLR2,
5-TTTCTAAAGCGCGTCGATGC-3' and 5'-CAGCGCTAGATT
CTGGATGG-3' for CD14, 5'-GATTCTGACGAAGCCAGAGG-
3 and 5-CATTATGACTGCGGCTGCTA-3' for I-CAM1, 5'-
AAGATGGTCGTGATCCTTGG-3' and 5-TTCTTGCAGCTTT
GTGGATG-3' for V-CAM1, and 5-CGCTTCAGAAAACCAC
CTCA-3 and 5-CAAAGTTGGGACAGTCACCG-3' for TNFR-
SF1A, 5'-ACTTACCCCAGCCAGTGTCC-3 and 5-TCTCCA
GCTGTGACCGAAG-3' for TNFRSF1B.

Statistical analysis

Results are expressed as the mean + SD and statistical analy-
ses were performed by two-tailed unpaired Student’s ttests
with the GraphPad Prism 5 program (GraphPad, USA). A p
value of < 0.05 was considered statistically significant.

RESULTS

rhTNF-a increased IL-8 production in HT-29 cells

To examine the effects of various ligands on IL-8 induction, HT-
29 cells were treated with isolated bacterial cell wall compo-
nents, synthetic TLR ligands, cytokines, and whole cell bacteria.
Bacterial cell wall components such as lipoteichoic acid (LTA),
lipopolysaccharide (LPS; 055:B5), peptidoglycan (PGN), and
synthetic ligands such as monodipeptide (MDP), Pam3CSK4,
and monophosphoryl lipid A (MPLA) did not induce IL-8 ex-
pression (Fig. 1A). Both live and heat-killed whole cell bacteria
from Shigella flexneri (SF) exhibited increased IL-8 expression
compared to unstimulated cells (Fig. 1B). However, neither
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Fig. 1. rhTNF-a increased IL-8 expression in HT-29 cells. (A) HT-29
cells were stimulated with muramyl dipeptide (MDP), Pam3CSK4,
monophosphoryl lipid A (MPLA), S. aureus LTA (aLTA), S. aureus
peptidoglycan (aPGN), S. flexneri peptidoglycan (fPGN), L. planta-
rum peptidoglycan (pPGN), A. actinomycetemcomitans LPS
(AALPS), P. gingivalis (PGLPS), E. coli LPS, rhTNF-a, and rhIFN-y
for 6 h. HT-29 cells were stimulated with live and heat-killed S.
aureus, S. flexneri, and L. plantarum (B), with different doses of
rhTNF-a (C) for 6 h, and with 50 ng/ml of rhTNF-o for the indicated
time points (D). In all experiments, culture supernatants were col-
lected and IL-8 expression was analyzed using ELISA. UT indicates
untreated cells. Data are given as means + standard deviations for
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triplicate samples in a single experiment. *, p < 0.05; **, p < 0.01; ***,

p < 0.001 compared to UT (A, B, and C) or 0 h stimulation (D).

Staphylococcus aureus (SA) nor Lactobacillus plantarum (LP)
exhibited increased IL-8 expression. Interestingly, IL-8 expres-
sion in colon cells significantly increased as a result of treat-
ment with recombinant human (rh) TNF-co, but not with rhIFN-y
(Fig- 1A). The synergic effect of both rhTNF-a. and rhIFN-y was
not shown, indicating that IFN-y does not affect the inflamma-
tion of intestinal epithelial cells while TNF-o. modulates intestinal
inflammation. These results are consistent with previously re-
ported data (Erdman et al., 2009; Kolios et al., 1996). HT-29
cells stimulated with rhTNF-a. increased IL-8 expression in a
dose-dependent manner (Fig. 1C) and reached the highest
level at 24 h of incubation (Fig. 1D).

LTA inhibited rhTNF-o-induced IL-8 production

Previously, we have shown that pLTA inhibited LPS- and aLTA-
induced TNF-o production in THP-1 cells (Kim et al., 2008a;
2008b). In this study, we examined the inhibitory effect of pLTA
against rhTNF-a in HT-29 cells. As shown in the figures, HT-29
cells inhibited IL-8 expression after stimulation with pLTA fol-
lowed by rhTNF-a. This inhibition increased in a pLTA dose-
dependent manner (Fig. 2A), and no significant cytotoxicity was
seen as a result of pLTA and rhTNF-a (Fig. 2B) under the
same conditions. This result suggests that IL-8 inhibition oc-
curred as a result of treatment with pLTA, and not by cell death.
To test whether other bacterial ligands inhibit rhTNF-o-induced
IL-8 expression, HT-29 cells were pretreated with diverse ligands
from Gram-negative and Gram-positive bacteria cell wall com-
ponents. These included LPS, LTA, and PGN, and synthetic
ligands such as MPLA and Pam3CSK4. After re-treating with
50 ng/ml of rhTNF-o, IL-8 expression was reduced in LTA
treated cells, but other ligands did not reduce IL-8 expression
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Fig. 2. pLTA inhibited rhTNF-o-mediated IL-8 expression in HT-29
cells. (A) HT-29 cells were stimulated with the indicated doses of
pLTA for 20 h followed by restimulation with 50 ng/ml of rhTNF-o. for
24 h. IL-8 expression was analyzed from culture supernatant using
ELSIA. (B) After stimulation with 50 ng/ml of rhTNF-o following
pLTA pretreatment at the indicated dose, the cell survival rate was
analyzed by a Premix WST-1 cell proliferation assay system (Ta-
kara Bio Inc.). (C) Cells were pretreated with the indicated ligands
for 20 h and 50 ng/ml of rhTNF-a. was retreated for 24 h. IL-8 ex-
pression was analyzed with supernatant using ELISA. The data are
given as means + standard deviations for triplicate samples in a
single experiment. *, p < 0.05; **, p < 0.01 compared to 0 ng/ml of
pLTA treatment (A) or rhTNF-a treatment only (C). UT indicates
untreated cells.

(Fig. 20).

LTA inhibited cytokine-mediated NO production

Inducible nitric oxide synthase (iNOS) and nitric oxide (NO)
production trigger colonic inflammation and carcinogenesis
(Erdman et al., 2009). To examine the inhibitory effect of pLTA
on the production of INOS and NO, HT-29 cells were pretreated
with pLTA. They were then re-treated with a cytokine cocktail
including recombinant human TNF-a, IFN-y, and IL-1a for 24 to
48 h (Kolios et al., 1995). The levels of INOS mRNA and NO
production were determined by reverse transcriptase poly-
merase chain reaction (RT-PCR) and a nitro oxide detection kit,
respectively. Cytokine cocktail-mediated iINOS production was
inhibited in pLTA-treated cells in a dose-dependent manner
(Fig. 3A, upper panel). The iINOS level increased approximately
4 fold following incubation of HT-29 cells with cytokine cocktail,
while a ~2 fold reduction in iINOS level was observed with a
high dose of pLTA pretreatment (Fig. 3A, lower panel). In addi-
tion, pLTA pretreatment inhibited cytokine-induced NO produc-
tion compared to untreated cells (Fig. 3B). Interestingly, pLTA
itself did not induce NO production.

LTA inhibited rhTNF-a-mediated THP-1 cell adhesion to
HT-29

Adhesion molecules such as intercellular adhesion molecule 1
(ICAM-1) and vascular cell adhesion molecule 1 (VCAM-1) are
implicated in cancer progression (O’Hanlon et al., 2002; Ro-
sette et al., 2005). In this study, the effect of pLTA on the TNF-
a-induced expression of adhesion molecules was examined. In
HT-29 cells, ICAM-1 mRNA expression was significantly in-
creased by rhTNF-a, while it slightly increased by pLTA (Fig.
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Fig. 3. pLTA inhibited rhTNF-o-mediated iNOS and NO produc-
tion. (A) HT-29 cells were treated with the indicated dose of
pLTA for 20 h and then restimulated with cytokine cocktail (100
ng/ml of rhTNF-a,, 300 U/ml of IFN-y, and 10 ng/ml of IL-1c) for
48 h. Total RNA was extracted, cDNA was synthesized, and
PCR was performed with specific primers for iNOS and GAPDH
(upper panel). The INOS mRNA quantity was normalized with
GAPDH after density analysis using Image J software (lower
panel). Experiments were replicated at least three times. One
representative data point is displayed. (B) HT-29 cells were pre-
incubated with pLTA for 20 h and retreated with cytokine cock-
tail for 24 h. NO production was analyzed with a Nitric Oxide
Colorimetric Assay Kit (Abcam) according to the manufacturer's
instruction. Data are given as means * standard deviations for
triplicate samples in a single experiment. *, p < 0.05. UT indi-
cates untreated cells.

Fig. 4. pLTA inhibited THP-1 cell adhesion to HT-29 cells. HT-
29 cells (A) or THP-1 cells (B) were treated with 100 pg/ml of
pLTA for 20 h followed by 50 ng/ml of rhTNF-a. for 6 h. rhTNF-a
or pLTA alone were used as controls. After extracting total
RNA, cDNA was synthesized and PCR was performed with
specific primers for ICAM-1, VCAM-1, and GAPDH (upper panel).
The I-CAM1 mRNA quantity was normalized with GAPDH after
density analysis using Image J software (lower panel). (C) HT-
29 and THP-1 cells were analyzed for ICAM-1 expression by
Western blot. For adhesion assay, THP-1 and HT-29 cells were
treated with 100 pg/ml pLTA for 20 h (D), 10 pg/ml anti-ICAM-1
or isotype control antibody for 1 h (E), and washed tree times
with PBS to eliminate unbound pLTA or antibodies. Both cells
were co-cultured with 50 ng/ml of rhTNF-a for 24 h and unat-
tached THP-1 cells were removed using PBS. The attachment
of pLTA to HT-29 cells was analyzed using a microscope. Ar-
rows indicate colonized THP-1 cells on HT-29 cells. All experi-
ments were repeated at least 3 times and a representative
figure is displayed. UT indicates untreated cells.
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4A, upper panel). Following incubation of HT-29 cells with
rhTNF-a, I-CAM1 mRNA increased approximately 9-fold. How-
ever, VCAM-1 mRBRNA was not detected in the HT-29 cells. In
contrast, ICAM-1 mRNA was significantly inhibited by pLTA
(Fig. 4A, lower panel). In THP-1 cells, ICAM-1 and VCAM-1
mRNA were increased by rhTNF-a but not by pLTA. However,
the rhTNF-o-mediated increases of these molecules were sig-

nificantly inhibited by pLTA pre-treatment (Fig. 4B, upper panel).

After treatment with rhTNF-o,, ICAM-1 and VCAM-1 expression
increased about 3- and 7.5-fold, respectively, compared to
untreated cells. The expression of these molecules also de-
creased by pLTA (Fig. 4B, lower panel). Similar results were
observed for protein levels. rhTNF-a increased ICAM-1 expres-
sion in THP-1 and HT-29 cells, and the expression of ICAM-1
was inhibited by pLTA in these cells (Fig. 4C). Since the adhe-
sion of monocytes to IECs represents the expression of adhe-
sion molecules and inflammation of both cells (Lee et al., 2010;
Thapa et al., 2009), we examined whether pLTA inhibits the
rhTNF-a-induced adhesion of monocytes to colon epithelial
cells. As shown in Fig. 4D, high numbers of pLTA-untreated
THP-1 cells adhered to HT-29 cells while minimal numbers of
pLTA-treated THP-1 cells adhered to HT-29 cells, indicating
that pLTA reduced the expression of the adhesion molecules
which were involved in THP-1 cell adhesion to HT-29 cells.
THP-1 cell adhesion to HT-29 cells was inhibited by ICAM-1
neutralization antibody (Fig. 4E). This result suggests that
ICAM-1 mediated the interaction of both cells.

LTA inhibited rhTNF-o-mediated NF-xB and MAPK
activation

To analyze the inhibitory mechanism of pLTA on rhTNF-a-
induced colon cell inflammation, a key signaling pathway initi-
ated by TNF-o using inhibitors for signaling molecules was
identified (Fig. 5A). In HT-29 cells, rhTNF-o-induced IL-8 ex-
pression was not affected by the PI3K, Akt, or JNK pathways.
The inhibitor for IKK did not decrease rhTNF-a-mediated IL-8
production, while NF-xB and ERK inhibitors reduced IL expres-
sion. However, the p38 kinase inhibitor induced significant IL-8
inhibition. This result suggests that pLTA may inhibit the p38
signaling pathway as well as the NF-xB and ERK signaling
pathways. To examine whether pLTA inhibits the NF-xB and
MAPK pathways, key molecules were examined by western
blotting after treatment with pLTA and rhTNF-a.. As shown in
Fig. 5B, rhTNF-a dramatically increased phospho-p38, phos-
pho-ERK, and phosphor-JNK. However, pLTA pretreatment
significantly inhibited the TNF-a-induced phosphorylation of
MAPKs. The degradation of IkBa, an inhibitor of NF-xB, was
increased by rhTNF-a. and reduced by pLTA pretreatment.
These results demonstrate that pLTA effectively inhibits TNF-a.-
induced NF-xB and MAPK signaling pathways.

U et s

pared to untreated cells (UT). (B) HT-29 cells were treated
with 100 pg/ml of pLTA for 20 h followed by 50 ng/ml of
rhTNF-a for 1 h. Treatments of rhTNF-o or pLTA alone were
used as controls. The variation of signaling molecules was
analyzed by Western blotting. UT indicates untreated cells.

The role of receptors in the inhibition of IL-8 by LTA

LTA is recognized by TLR2 and CD14. TNF-a. induces signaling
pathways through the TNF receptor superfamilies (TNFRSF) 1A
and 1B, which are responsible for cell survival and cell death,
respectively (Narayanan and Patial, 2010; Triantafilou et al.,
2004). In this study, we examined the role of receptors on the
regulation of IL-8 expression. In HT-29 cells, CD14 mRNA was
not amplified with CD14-specific primers, and there was no
significant change in TLR2 mRNA (Fig. 6A, upper panel). CD14
mRNA in THP-1 cells was significantly increased by LPS and
aLTA but not by pLTA and rhTNF-a (data not shown). This
indicates that pLTA and TNF-o. do not induce CD14 mRNA
production in HT-29 cells. TNFRSF1A production was signifi-
cantly increased by rhTNF-a treatment while TNFRSF1B
mRNA was not detected in the HT-29 cells (Fig. 6A, lower
panel). However, the TNFRSF1A was almost completely inhib-
ited by pLTA pretreatment. In an experiment using anti-TLR2
and -CD14 antibodies for neutralization, anti-TLR2 antibody
reversed the inhibition of rhTNF-a-mediated IL-8 expression by
pLTA, while anti-CD14 and control IgG did not (Fig. 6B). This
experiment indicates that TLR2 plays an important role in the
inhibition of rhTNF-a-induced IL-8 expression by pLTA. How-
ever, rhTNF-a-induced IL-8 expression was not completely
recovered in HT-29 cells treated with anti-TLR2 neutralization
antibody, indicating the existence of another signaling pathway
that is responsible for IL-8 reduction. One possible mechanism
could be a reduction of TNFRSF1A, which affects rhTNF-a-
mediated IL-8 expression. Therefore, the next experiment ex-
amined the effect of the pLTA-TLR2 signaling pathway on
TNFRSF1A expression. As expected, TNFRSF1A mRNA was
significantly inhibited by pLTA pretreatment (Fig. 6C, upper
panel) while TLR2 neutralization using specific anti-TLR2 anti-
body did not inhibit pLTA-induced TNFRSF1A production. The
intensity bar indicates that a 50% decrease in rhTNF-a-induced
TNFRSF1A expression by pLTA was recovered in anti-TLR2
antibody treated cells (Fig. 6C, lower panel). These data indi-
cates that pLTA inhibits TNF receptor expression as well as IL-
8 expression through TLR2.

DISCUSSION

In a previous study, we have shown that pLTA inhibited LPS- or
aLTA-induced TNF-a. production in THP-1 cells (Kim et al.,
2008a; 2008b). In addition, pLTA has low immune activation
effects while LPS and aLTA induce high levels of TNF-o. pro-
duction. Interestingly, pLTA does not increase the activation of
NF-xB and MAP Kinases. However, signaling activation by LPS
and aLTA is significantly inhibited by pLTA pretreatment. These
results suggest that pLTA has a fine-tuning effect on pathogen-
mediated inflammation in THP-1 cells. Monocytes are a major
source of inflammatory cytokines and play an important role in
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the innate and adaptive immune systems of vertebrates. When
bacteria invade epithelium from the intestinal lumen through M-
cells, monocytes recognize invading microorganisms through
TLR and enhance the production of pro-inflammatory cytokines.
These cytokines activate innate immune cells, such as neutro-
phils and natural killer cells, and acquired immune responses
(Rescigno, 2011; Sheikh and Plevy, 2010).

Unlike monocytes, IECs did not respond to bacterial ligands
and IFN-y (Fig. 1). Many bacterial species can contribute to the
tumorigenesis of IEC. Escherichia coli, which causes inflamma-
tory bowel disease (IBD) and colorectal cancer (CRC), contrib-
utes to the colonization of IEC and the production of IL-8, IFN-y,
and TNF-o. It also mediates the adhesion of carcinoembryonic
antigen-related molecule 6. Although bacterial cell wall compo-
nents, such as LPS and LTA, contribute to TLR-mediated in-
flammation (Terzic et al., 2010), these ligands may not directly
alter IEC inflammation (Fig. 1). The TLR-mediated signaling
pathway via bacterial ligands may be limited in IEC because of
impaired expression of TLR accessory molecules. Compared to
THP-1 cells, IECs are lacking in CD14 and TLR expression in
response to bacterial stimulation (Fig. 6A), which may cause
impairment of bacterial cell wall ligand-mediated inflammation in
epithelial cells.

Both positive regulators, such as proinflammatory cytokines
TNF-a, IL-1, and IL-6, and negative regulators, such as trans-
forming growth factor-p (TGF-B), IL-10, and single immu-
noglobulin IL-1R-related molecule (SIGIRR) induce colon can-
cer development (Danese and Mantovani, 2010). The transcrip-
tion factors NF-xB and MAPKs are particularly important in
colon cancer development (Danese and Mantovani, 2010;
Huang et al., 2010). Activation of NF-kB contributes to the acti-
vation of innate immunity, inflammation, cell proliferation, and
survival. NF-xkB also controls the expression of inflammatory

i irlil
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Fig. 6. pLTA regulated rhTNF-o-mediated receptor
expression. (A) HT-29 cells were treated with 100 pg/ml
of pLTA for 20 h followed by 50 ng/ml of rhTNF-a. for 6
h. Treatment with rhTNF-a or pLTA alone was used as
control. After extracting total RNA, cDNA was synthe-
L sized and PCR was performed with specific primers for
TLR2, CD14, TNFRSF1A, TNFRSF1b, and GAPDH
(upper and lower panel). (B) HT-29 cells were pretreated
+ with anti-TLR2, -CD14, or control IgG for 30 min and
+ then restimulated with 50 ng/ml of rhTNF-a. for 24 h. IL-8
- expression was analyzed from culture supernatants by
o ELISA. Data are given as means + standard deviations
i for triplicate samples in a single experiment. *, p < 0.05.
(C) HT-29 cells were treated with 100 pg/ml of pLTA for
20 h following anti-TLR2 antibody treatment for 30 min
and then restimulated with 50 ng/ml of rhTNF-o for 6 h.
After total RNA extraction and cDNA synthesis, the
TNFRSF1A mRNA level was amplified by PCR using
specific TNFRSF1A primers (upper panel). The TNFRSF1A
mRNA quantity was normalized with GAPDH after den-
sity analysis using Image J software (lower panel). At
least 3 different experiments were conducted. UT indi-
cates untreated cells.

cytokines, adhesion molecules, inducible nitric oxide synthase,
and a number of anti-apoptotic genes (Mantovani et al., 2008;
Naugler and Karin, 2008). In our studies, IECs did not induce
IL-8 production in response to IFN-y (Fig. 1A). We also did not
detect expression of pro-inflammatory cytokines such as TNF-c,
IL-1B, and IFN-y from HT-29 cells (data not shown). Although
IFN-y did not affect HT-29 cell inflammation, TNF-o. mediated
NF-xB/MAPK activation and increased the expression of IL-8,
NO, and ICAM-1. In particular, p38, ERK, and NF-«B inhibitors
significantly inhibited IL-8 production (Fig. 5A), indicating that
these signaling pathways are primarily used for TNF-o-media-
ted inflammation in HT-29 cells.

Inflammation causes inflammatory diseases in IECs. There-
fore, the inhibition of inflammation is critical for intestinal ho-
meostasis. In this study, we showed that TNF-o-mediated pro-
duction of inflammatory molecules such as IL-8, iNOS, NO, and
adhesion molecules was inhibited by pLTA pretreatment. LTA
is a cell wall component of Gram-positive bacteria that has
numerous biological functions including neutrophil recruitment,
impairment of osteoclastogenesis, and induction of inflamma-
tion in the mammary gland and lung. It also causes septic
shock and multiorgan failure (Bougarn et al., 2010; De Kimpe et
al., 1995; Knapp et al., 2008; Rainard et al., 2008; Yang et al.,
2009). LTA plays important roles in both innate and adaptive
immunity (Chan et al., 2007; Kim et al., 2007b; Seo et al., 2008).
Although precise mechanical differences have not yet been
reported, LTAs have differential immunostimulatory effects on
host cells according to origin. For example, LTA isolated from S.
aureus and B. subtilis induces significant NO production from
RAW264.7 cells, while LTA isolated from L. plantarum induces
only mild NO production (Ryu et al., 2009). The structural dif-
ferences of LTAs may possibly account for the differences in
cellular responses to aLTA and pLTA. Previously, we reported
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that the two LTAs have different glycolipid anchors (Jang et al.,
2011). The biological roles of LTA glycolipid anchors have
drawn great attention, since they are known to be key mole-
cules that trigger innate immunity in hosts. The immunostimula-
tory activity of aLTA was remarkably diminished by removal of
the fatty acid acyl group of LTA (Ohshima et al., 1988). We also
demonstrated that the acyl group of pLTA was responsible for
inhibiting LPS-induced TNF-a production, not the D-alanine
substituent in the phosphoglycerol moiety of pLTA (Kim et al.,
2008a). Based on the glycolipid analysis conducted in a previ-
ous study, the glycolipid moiety of pLTA contains unsaturated
fatty acids and a third acyl chain on the conserved trihexosyl-
diacyl ceramide structure. The glycolipid from aLTA consists
only of saturated fatty acids attached to the dihexosyl-diacyl
glycerol structure. These structural differences may recruit dif-
ferent receptor complexes on the cell surface. LTA is a macro-
molecule composed of phosphate chain, sugar units, and gly-
colipid anchors. Due to their complexity, some LTAs are struc-
turally uncharacterized. These LTAs may induce serious im-
mune responses related to arthritis, nephritis, uveitis, en-
cephalo-myelitis, meningeal inflammation, periodontal lesions,
septic shock, and multiorgan failure. Although a previous study
(Kim et al.,, 2008a) used pLTA for an in vivo septic shock
mouse model, the application of LTAs to a human disease
model is needed to learn more about their safety.

In conclusion, inflammatory cytokines such as TNF-o cause
a number of inflammatory diseases in intestinal epithelial cells.
In this study, we showed that pLTA inhibits TNF-o-induced
inflammatory responses in HT-29 cells through inhibition of the
NF-xB and MAPK signaling pathways. Our results suggest that
LTA could be an effective component for maintaining intestinal
homeostasis.
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