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Dalmasso G, Nguyen HT, Charrier-Hisamuddin L, Yan Y,
Laroui H, Demoulin B, Sitaraman SV, Merlin D. PepT1 mediates
transport of the proinflammatory bacterial tripeptide L-Ala-y-p-Glu-
meso-DAP in intestinal epithelial cells. Am J Physiol Gastrointest
Liver Physiol 299: G687-G696, 2010. First published June 17, 2010;
doi:10.1152/ajpgi.00527.2009.—PepT1 is a di/tripeptide transporter
highly expressed in the small intestine, but poorly or not expressed in
the colon. However, during chronic inflammation, such as inflamma-
tory bowel disease, PepT1 expression is induced in the colon. Com-
mensal bacteria that colonize the human colon produce a large amount
of di/tripeptides. To date, two bacterial peptides (N-formylmethionyl-
leucyl-phenylalanine and muramyl dipeptide) have been identified as
substrates of PepT1. We hypothesized that the proinflammatory trip-
eptide L-Ala-y-D-Glu-meso-DAP (Tri-DAP), a breakdown product of
bacterial peptidoglycan, is transported into intestinal epithelial cells
via PepT1. We found that uptake of glycine-sarcosine, a specific
substrate of PepT1, in intestinal epithelial Caco2-BBE cells was
inhibited by Tri-DAP in a dose-dependent manner. Tri-DAP induced
activation of NF-kB and MAP kinases, consequently leading to
production of the proinflammatory cytokine interleukin-8. Tri-DAP-
induced inflammatory response in Caco2-BBE cells was significantly
suppressed by silencing of PepT1 expression by using PepT1-shRNAs
in a tetracycline-regulated expression (7er-off) system. Colonic epi-
thelial HT29-CIL.19A cells, which do not express PepT1 under basal
condition, were mostly insensitive to Tri-DAP-induced inflammation.
However, HT29-CI.19A cells exhibited proinflammatory response to
Tri-DAP upon stable transfection with a plasmid encoding PepT]l.
Accordingly, Tri-DAP significantly increased keratinocyte-derived
chemokine production in colonic tissues from transgenic mice ex-
pressing PepT1 in intestinal epithelial cells. Finally, Tri-DAP induced
a significant drop in intracellular pH in intestinal epithelial cells
expressing PepT1, but not in cells that did not express PepT1. Our
data collectively support the classification of Tri-DAP as a novel
substrate of PepT1. Given that PepT1 is highly expressed in the colon
during inflammation, PepT1-mediated Tri-DAP transport may occur
more effectively during such conditions, further contributing to intes-
tinal inflammation.

inflammation; inflammatory bowel diseases

MEMBERS OF THE PROTON-OLIGOPEPTIDE cotransporter family,
SLC15, mediate di- and tripeptide transport that is prominent
in a number of tissues, notably the gut epithelium and the
kidney (8). The intestinal isoform, designated PepTl
(SLC15A1), is primarily expressed in the brush border mem-
branes of enterocytes in the small intestine, the bile duct
epithelial cells, the proximal tubular cells of the kidney, and the
immune cells (4). The closely related family member PepT2
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(SLC15A2) is the renal isoform (8). Recently, we found that
PepT1 is mainly located in the lipid raft membrane microdo-
mains of immune cells and intestinal epithelial cells (IECs)
(22). Under normal conditions, PepT1 is not detectable or
poorly expressed in the colon (9, 25, 26). However, as we have
previously reported, PepT1 is expressed in epithelial cells of
the chronically inflamed human colon (19), suggesting that
PepT1 expression can be induced in colonic cells under in-
flammatory conditions and may be involved in intestinal in-
flammation. In these colonic epithelial cells, PepT1 is mainly
expressed at the apical membrane, as is the case in normal
epithelial cells of the small intestine (19). A recent clinical
study has confirmed our initial observation, showing that
colonic PepT1 is upregulated in inflammatory bowel disease
(IBD) (34). Following our studies showing that PepT1 may
play a role in intestinal inflammation, Zucchelli and colleagues
demonstrated that a PepT1 gene polymorphism is associated
with IBD (35). Studies by our group and others suggest that the
transcription factor Cdx2 plays a crucial role in PepT1 expres-
sion (6, 21, 27). Recently, we reported that pathogenic bacteria
induced the expression of PepT1 in colonocytes via Cdx2 (23);
however, the mechanisms underlying colonic PepT1 expres-
sion remain largely unclear.

The colon is normally colonized by commensal bacteria,
which produce peptides that are potential substrates of PepT1.
To date, two bacterial peptides have been reported to be
transported by PepT1 and both of them possess proinflamma-
tory effects. The first is muramyl dipeptide (MDP) (32, 35), a
motif present in the cell wall of both gram-positive and
gram-negative bacteria, the second is N-formylmethionyl-
leucyl-phenylalanine (fMLP) (20), a chemoattractant tripeptide
produced by Escherichia coli. Peptidoglycan is a major con-
stituent of the bacterial wall, and MDP is the minimal motif
found in all peptidoglycans. L-Ala-y-p-Glu-meso-diamin-
opimelic acid (Tri-DAP) is a natural peptide released during
peptidoglycan degradation that is mostly found in the pepti-
doglycans from gram-negative bacteria. It has been shown that
Tri-DAP is recognized by intracellular nucleotide-binding oli-
gomerization domain 1 (NODI1) proteins; once inside the cells,
Tri-DAP induces inflammatory responses (2, 12). A major
question raised by these observations is how Tri-DAP pene-
trates into the cells. A recent study demonstrated that, in human
lung epithelial cells, this uptake is PepT2 mediated (30). Since
PepT1 is closely related to PepT2 and is the representative
di/tripeptide transporter in the gut, we hypothesized that PepT1
can transport Tri-DAP into IECs. We further speculated that,
since colonic PepT1 expression is induced during intestinal
inflammation, PepT1-mediated Tri-DAP transport might con-
tribute to intestinal inflammation. To test these hypotheses, we
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evaluated PepT1-mediated transport of Tri-DAP and assessed
its consequent inflammatory effects in two IEC models: the
human small intestinal Caco2-BBE cell line, which expresses
PepT1, and the human colonic epithelial HT29-CL.19A cell
line, which does not express PepT1. These were validated by
Tri-DAP stimulation of colonic tissues from wild-type and
PepT1 transgenic mice expressing PepT1 only in IECs.

MATERIALS AND METHODS

Cell culture and transfection. The human small intestinal epithelial
Caco2-BBE cells (passages 20-30) and human colonic epithelial
HT29-CL.19A cells (passages 20-30) were grown in DMEM supple-
mented with 10% fetal bovine serum (FBS) and 1.5 mg/ml plasmocin
(Invivogen). HT29-CL.19A cells were transfected with the PepT1/
pEGFP-C3 plasmid (Clontech) constructed as previously described
(19) or the empty vector by using Lipofectamine 2000 (Invitrogen) in
Opti-MEM 1 serum-reduced medium (Invitrogen). Transfected cells
were then stably selected in culture medium supplemented with 1.2
mg/ml geneticin (Invitrogen).
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Generation of TetR Caco2-BBE cell line containing hPepTlI-
ShRNA constructs. Caco2-BBE cells were first transfected with the
pcDNA4TO/myc-His/LacZ vector (Invitrogen), which encodes the
tetracycline repressor (7erR). This TetR Caco2-BBE cell line was
stably selected in DMEM supplemented with 10% Tet system-FBS
(Clontech) and 10 wg/ml blasticidin (Invivogen).

Three human (h) PepT1-small interfering RNA (siRNA) candidates
were siRNAI1, 1,399%-76 bp; siRNA2, 346*-76 bp; siRNA3,
1,706*-76 bp (*position in the PepT1 sequence, NCBI accession no.
NM_005073.3.) Short hairpin (sh) constructs were designed, gener-
ated and introduced into the pRNATin-H1.2/Hygro vector (Gen-
script). The TefR Caco2-BBE cells were transfected with the
pRNATiIn-H1.2/Hygro empty vector or hPepT1-shRNA constructs
and stably selected in DMEM supplemented with 10% Tet system-
FBS, 10 pg/ml blasticidin, and 500 pg/ml hygromycin (Invitrogen).
Expression of siRNAs was induced by treating cells with 2.5 pg/ml
tetracycline for 2 days.

Transport experiments. Transport experiments were performed as
we previously described (5, 6, 22). Briefly, Caco2-BBE cells (pas-
sages 20-30) grown on 12-well plates for 8 days were washed twice
with Hanks’ balanced salt solution (HBSS; Sigma) supplemented with
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Fig. 1. L-Ala-y-D-Glu-meso-DAP (Tri-DAP) inhibits PepT1-mediated transport of ['*C]glycine-sarcosine (['*C]Gly-Sar) into Caco2-BBE cells. Caco2-BBE cells
(passages 20-30) were grown on plastic plates for 8 days. A: uptake of 20 uM ['*C]Gly-Sar in the absence or presence of 20 mM glycine-leucine (Gly-Leu)
or the indicated concentrations of Tri-DAP was determined as described under MATERIALS AND METHODS. Results were expressed as real uptake of ['*C]Gly-Sar.
The K; value, for Tri-DAP to PepT1, was determined from Dixon plot (competitive inhibition) by use of the SigmaPlot 8.0 software. Values represent means *
SE of n = 6 wells/condition. Data are representative of 3 determinations (*P < 0.05; ***P < (0.001) vs. no competitor. B: intracellular pH of Caco2-BBE cells
in response to Tri-DAP stimulation. Caco2-BBE cells (passages 20-30) grown on glass-bottom microwell dishes for 8 days were loaded with the fluorescent
dye BCECF-AM, and intracellular pH before and after addition of 5 mM Tri-DAP or vehicle (arrow) was measured in real time as described in MATERIALS AND
METHODS. For each condition, 3 independent experiments were performed. Graphs represent the mean of intracellular pH of 40 selected cells from 1 assay.
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10 mM 2-(N-morpholino)ethanesulfonic acid (MES) (pH 6.2) and
stabilized in the same buffer for 15 min at 37°C. Cells were then
incubated with HBSS-10 mM MES (pH 6.2) containing 20 uM
['“C]glycine-sarcosine (['*C]Gly-Sar; specific activity of 50 mCi/
mM; American Radiolabeled Chemicals) in the presence or absence
of 20 mM glycine-leucine (Gly-Leu, Sigma) or different concentra-
tions of Tri-DAP (Anaspec) for 15 min at room temperature. Wells
were washed three times with ice-cold PBS. Radioactivity was deter-
mined by using a B-counter (1219 Rackbeta). Specific uptake of
['“C]Gly-Sar mediated by hPepT1 was calculated as follow: (uptake
of ['*C]Gly-Sar) — (uptake of [“C]Gly-Sar + Tri-DAP). The K;
value, which provides a measure of the affinity of Tri-DAP to PepT1,
was determined from the Dixon plots (competitive inhibition) by
using the SigmaPlot 8.0 software.

Butyrate uptake cells mediated by the monocarboxylate transporter
1 (MCT-1) in Caco2-BBE was performed as described previously
(22). Briefly, cells were washed and then incubated with HBSS-10
mM MES (pH 6.2) containing 20 uM [!“C]butyrate (specific activity
of 16 mCi/mmol, Sigma) in the presence or absence of 1 mM
a-cyano-4-hydroxycinnamate (CHC) for 1 h at room temperature.
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Specific uptake of ['“C]butyrate mediated by MCT-1 was calculated
as follows: (uptake of ['*C]butyrate) — (uptake of ['*C]butyrate +
CHCO).

Intracellular pH measurements. Intracellular pH of cells was mea-
sured as previously described (3, 31) by ratiometric measurement of
fluorescence of the pH sensitive dye 2',7’-bis-(2-carboxy-ethyl)-5
(and-6) carboxyfluorescein, acetoxymethyl ester (BCECF-AM; Mo-
lecular Probe). Briefly, cells (passages 20—30) were grown on glass-
bottom microwell dishes (35 mm petri dishes, 14 mm microwell;
MatTek) for 8 days to reach confluency. Cells were then loaded with
10 uM BCECF-AM for 1 h at 37°C. Cells were washed with HBSS
supplemented with 10 mM HEPES pH 7.4 to remove the excess of
dye. Ratiometric measurement of fluorescence in cells were per-
formed by using the Intracellular Imaging apparatus (Intracellular
Imaging) consisting of a Nikon TSE 100 Ellipse inverted microscope
with epifluorescence attachments. BCECF was successively excited at
440 and 490 nm, and light emitted at 535 nm was detected by a cooled
charge-coupled device imaging camera. An electronic shutter (Sutter
Instruments) was used to minimize photobleaching of dye. Data were
collected in real time by use of the InCyt Im2 software (Intracellular
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Fig. 2. Tri-DAP inhibits the uptake of ['“C]Gly-Sar in HT29-CIL.19A cells stably transfected with PepT1. HT29-CIL.19A cells stably transfected with a vector
encoding PepT1 (HT29-C1.19A/PepT1) or an empty vector (HT29-Cl.19A/vector) (passages 20—30) were cultured on plastic plates for 8 days. A: Western blot
analysis of PepT1 expression in HT29-C1.19A/PepT1 and HT29-Cl.19A/vector cells. Blots are representative of 3 similar determinations (fop), and bars show
means * SD of relative intensity of the bands obtained from 3 determinations (bottom). **P < 0.005. B: uptake of 20 uM ['*C]Gly-Sar in the absence or presence
of 5 or 10 mM of Tri-DAP was determined by transport assay, and results were expressed as ['“C]Gly-Sar real uptake. Values represent means + SE of n =
6 wells/condition. Data are representative of 3 determinations. $¥*P < 0.001; NS, not statically significant vs. untreated HT29-Cl.19A/vector; ***P < 0.001 vs.
untreated HT29-CL.19A/PepT1. C: HT29-CL.19A/PepT1 and HT29-C1.19A/vector cells (passages 20—30) grown on glass-bottom microwell dishes for 8 days
were loaded with the fluorescent dye BCECF-AM, and intracellular pH before and after addition of 5 mM Tri-DAP (arrow) was measured in real time as
described in MATERIALS AND METHODS. For each condition, 3 independent experiments were performed. Graphs represent the mean of intracellular pH of 40

selected cells from 1 assay.
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Imaging). Forty cells per monolayer were selected for each measure-
ment.

Western blot. Total proteins were extracted from the cells (passages
20-30, cultured on plastic plates for 8 days) by use of RIPA buffer
[150 mM NaCl, 0.5% sodium deoxycholate, 50 mM Tris-HCI (pH
8.0), 0.1% SDS, 0.1% Nonidet P-40, 2 mM Na3zVO,, 10 mM NaF
supplemented with protease inhibitor cocktail (Roche)], resolved on
polyacrylamide gels and transferred to polyvinylidene difluoride
membranes (Bio-Rad). Membranes were blocked and then probed
overnight at 4°C with relevant antibodies: anti-IkB-a (dilution
1:1,000; Santa Cruz no. sc-371), anti-phospho-ERK1/2 (dilution 1:1,000,
Cell Signaling no. 4,370), anti-phospho-p38 (dilution 1:1,000, Cell
Signaling no. 9216), anti-ERK1/2 (dilution 1:1,000, Cell Signaling
no. 4695), anti-p38 (dilution 1:1,000, Cell Signaling no. 9212),
anti-GAPDH (dilution 1:1,000, Ambion no. AM4300), anti-human
MCT-1 (dilution 1:1,000, Alpha Diagnostic no. MCT-12A), and
anti-PepT1 [generated as previously described (19)]. After washes,
membranes were incubated with appropriate horseradish peroxidase-
conjugated secondary antibodies (anti-mouse, dilution 1:1,000, Am-
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ersham Biosciences no. NA931V; anti-rabbit, dilution 1:5,000, Am-
ersham Biosciences no. NA934V). Immunoreactive bands were de-
tected using the enhanced chemiluminescence detection system
(Amersham Biosciences). Films were analyzed by densitometry, and
signal intensity was quantified using a Gel documentation system
(Alpha Innotech).

Real-time RT-PCR. Caco2-BBE cells (passages 20-30) were cul-
tured on plastic plates for 8 days and stimulated or not with Tri-DAP.
Total RNA was isolated from the cells with TRIzol reagent (Invitro-
gen) followed by reverse transcription using cDNA first-strand syn-
thesis kit (Fermentas). Real-time RT-PCR was performed by using the
iQ SYBR Green Supermix (Bio-Rad) and the real-time iCycler
sequence detection system (Bio-Rad). cDNA was amplified at 95°C
for 3 min followed by 45 cycles of 95°C for 30 sec and 60°C for 1 min
with 1 uM of specific primers: IL-8 sense 5'-GTG CAG TTT TGC
CAA GGA GT-3'; IL-8 antisense 5'-AAA TTT GGG GTG GAA
AGG TT-3'; 18S sense, 5'-CCC CTC GAT GCT CTT AGC TGA
GTG T-3'; 188 antisense, 5'-CGC CGG TCC AAG AAT TTC ACC
TCT-3'. 18S was used as a housekeeping gene, and fold induction was
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Fig. 3. Tri-DAP induces activation of NF-kB and MAP kinases in Caco2-BBE cells. A: Caco2-BBE cells (passages 20—30) grown on plastic plates for 8 days
were stimulated with 5 mM Tri-DAP for the indicated times, and degradation of IkB-a was assessed by Western blot. B: Caco2-BBE cells (passages 20-30)
grown on plastic plates for 4 days were transiently transfected with a NF-«kB-luciferase reporter construct and then stimulated with 5 mM Tri-DAP for 30 or 120
min. Luciferase activity in cell lysates were quantified by luciferase assay as described in MATERIALS AND METHODS. Data were normalized to Renilla activity
and expressed as relative luciferase activity. Values represent means = SE of n = 6 wells/condition. Data are representative of 3 determinations with similar
results. ¥**P < (0.001 vs. control (without Tri-DAP stimulation). C: Caco2-BBE cells (passages 20-30) grown on plastic plates for 8 days were stimulated with
5 mM Tri-DAP for the indicated times, and levels of phospho (circled P)-ERK1/2 and phospho-p38 were analyzed by Western blot. Blots in A and C are
representative of 3 similar determinations (fop), and bars show means * SD of relative intensity of the bands obtained from 3 determinations (bottom). NS, not

statically significant; **P < 0.005; ***P < 0.001 vs. control.
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calculated by using the cycle threshold method (Ct) method as
follows: AACt = (Cturget — Cthousekeeping) treatment — (Cturgec —
Cthousckeeping) Nontreatment, and the final data were derived
from 27AACY

NF-kB activation study. Caco2-BBE cells (passages 20-30) grown
on plastic plates for 4 days were transfected with 2 pg of the
pNF-kB-luc vector (BD Biosciences) and 5 ng of a construct encoding
Renilla luciferase (Promega) by using 10 pg/ml lipofectin (Invitro-
gen). Cells were washed, serum starved overnight, and then stimulated
with different concentrations of Tri-DAP for the indicated times. After
stimulation, cells were lysed, and luciferase activity was detected with
a luminometer (Luminoskan; Thermo LabSystems) and normalized to
Renilla luciferase activity.

Tri-DAP stimulation of cultured mouse colon. Colons were taken
from 8-wk-old, sex-matched FVB wild-type and PepT1 transgenic
mice that we previously generated (7). Mouse colonic tissues were
cultured as previously described (28). Briefly, colonic samples were
removed, cut open longitudinally, and washed in HBSS supplemented
with penicillin and streptomycin (Cellgro). The colons were then
further cut into segments of ~1 c¢m? and placed into 24 flat-bottom-
well culture plates containing fresh RPMI 1640 medium (Invitrogen)
supplemented with penicillin and streptomycin. The colon segments
were cultured at 37°C in a 5% CO- atmosphere and 90% humidity for
12 h in the presence of 5 mM Tri-DAP or vehicle. Culture superna-
tants were collected, centrifuged at 13,000 g for 10 min, and stored at
—20°C until used. All procedures using mice were approved by the
Institutional Animal Care and Use Committee at Emory University.

ELISA. 1L-8 levels secreted into cell culture media were quantified
by using the IL-8 enzyme-linked immunosorbent assay (ELISA) kit
(eBioscience). Keratinocyte-derived chemokine (KC) levels secreted
into colon culture supernatant were quantified by the mouse ELISA
CXCL1/KC kit (R&D Systems).

Statistical analysis. Values were expressed as means = SE or
means * SD. Statistical analysis was performed using unpaired
two-tailed Student’s #-test by InStat v3.06 (GraphPad) software. P <
0.05 was considered statistically significant.

RESULTS

Tri-DAP inhibits PepTI-mediated transport of glycine-sar-
cosine in intestinal epithelial cells. Intestinal epithelial Caco2-
BBE cells were grown on 12-well plastic plates until they
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reached confluence, after which PepT1-mediated specific up-
take of ['*C]Gly-Sar was measured in the presence of cold 20
mM Gly-Leu, a substrate of PepT1 (5, 20, 22), or different
concentrations of Tri-DAP. As expected, 20 mM Gly-Leu
significantly suppressed PepT1-mediated uptake of ['“C]Gly-
Sar (Fig. 1A, left). Interestingly, Tri-DAP at final concentration
of =5 mM significantly decreased ['*C]Gly-Sar uptake. A
subsequent analysis of the concentration dependence of this
inhibitory effect showed that Tri-DAP at 5, 10, and 20 mM
inhibited PepT1-mediated ['*C]Gly-Sar by up to ~40, 55, and
60%, respectively (Fig. 1A). The level of inhibition by Tri-
DAP reached ~60% of uptake. This could be due to the low
affinity of Tri-DAP for PepT1. The K; value of Tri-DAP for
PepT1 was then determined from the Dixon plot (competitive
inhibition) by using the SigmaPlot 8.0 software. The K; value
of Tri-DAP was 4.78 £ 0.24 mM. Therefore Tri-DAP could be
classified as a substrate of PepT1 with medium-low affinity
according to the evaluation of Brandsch et al. (1).

Since it is known that PepT1 cotransports peptides with H*
(29), we measured the intracellular pH of Caco2-BBE cells
before and after Tri-DAP stimulation. As shown in Fig. 1B, 5
mM Tri-DAP induced a significant drop of the intracellular pH,
indicating an increase of the intracellular proton concentration.
In contrast, the intracellular pH of vehicle-treated cells was not
changed during measurement. These results demonstrate that
the uptake of Tri-DAP into Caco2-BBE cells was coupled with
that of H", suggesting the transport of Tri-DAP by PepT1 into
Caco2-BBE cells.

To verify these finding, we assessed the inhibitory effect of
Tri-DAP on ['*C]Gly-Sar uptake in another IEC model, the
colonic epithelial HT29-CIL.19A cells, which normally do not
express PepT1 (19, 20). HT29-C1.19A cells were stably trans-
fected with a plasmid encoding PepT1 (HT29-C1.19A/PepT1)
or with the empty vector (HT29-Cl.19A/vector). As expected,
Western blot analysis showed that PepT1 was strongly ex-
pressed in HT29-C1.19A/PepT1 cells but not in HT29-C1.19A/
vector cells (Fig. 24). ["*C]Gly-Sar uptake in the presence or
absence of Tri-DAP in these cells was then determined. As

Fig. 4. Tri-DAP induces production of IL-8 in
Caco2-BBE cells. Caco2-BBE cells (passages
20-30) grown on plastic plates for 8 days were
stimulated with 5 mM Tri-DAP for the indi-

* cated times, and levels of IL-8 mRNA (A) and
protein (B) were assessed by real-time RT-PCR
and ELISA, respectively. Values represent
means * SE of n = 6 wells/condition. Data are
representative of 3 determinations. (*P < 0.05;
##kp < (0.001) vs. control (without Tri-DAP
stimulation).

120 240

Tri-DAP stimulation time (min)
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shown in Fig. 2B, Tri-DAP at 5 and 10 mM significantly
inhibited ['*C]Gly-Sar transport in HT29-C1.19A/PepT1 cells,
reducing uptake by more than 50 and 60%, respectively. In
contrast, in HT29-Cl.19A/vector, Tri-DAP only very slight
inhibited uptake, even at a concentration of 10 mM. The
marked increase in the inhibitory effect of Tri-DAP on
['4C]Gly-Sar uptake produced by exogenous expression of
PepT1 in HT29-CL.19A cells confirms that PepT1 transports
Tri-DAP into IECs. Most importantly, Tri-DAP induced an
intracellular acidification in HT29-CL.19A cells expressing
PepT1 but not in cells that did not express PepT1 (Fig. 2C).
Collectively, our data demonstrate that PepT1 transports Tri-
DAP into IECs.

Tri-DAP induces proinflammatory response in Caco2-BBE
cells. Since our results showed that Tri-DAP is transported into
IECs that express PepTl and because Tri-DAP has been

PepT1 TRANSPORTS Tri-DAP

reported to exert a proinflammatory effect (12, 30), we as-
sessed Tri-DAP-induced inflammatory responses in IECs.
IECs express the nuclear factor-kB (NF-«kB), a transcription
factor activated in response to immune and proinflammatory
signals (15). NF-kB is known to be involved in the upregula-
tion of several immunomodulatory genes, including the proin-
flammatory cytokine interleukin-8 (IL-8) (13). Given that 5
mM Tri-DAP efficiently competed with Gly-Sar for PepT1-
mediated transport into Caco2-BBE cells (Fig. 14), we used
this concentration for subsequent experiments. Caco2-BBE
cells were stimulated with Tri-DAP for the indicated times, and
IkB-a degradation, which is a prerequisite and an indicator for
NF-kB activation, was assessed by Western blotting. We found
that IkB-o was rapidly degraded in Caco2-BBE cells upon
stimulation with Tri-DAP (Fig. 3A). NF-kB activation was
further assessed after stimulation with Tri-DAP for the indi-

A TetR Caco2-BBE O TetR Caco2-BBE/Vector B
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Fig. 5. Downregulation of PepT1 expression in Caco2-BBE cells decreases Tri-DAP-induced inflammation. Caco2-BBE cells were stably transfected first with
the pcDNA4TO/myc-His/LacZ vector, which encodes the tetracycline repressor (7efR), and then with the PepT1-short hairpin RNA (shRNA)1 construct (7etR
Caco2-BBE/PepT1-shRNAL) or the empty vector (TetR Caco2-BBE/vector). Cells (passages 25-30) grown on plastic plates for 6 days were treated or not with
2.5 pg/ml tetracycline for 2 days. A: PepT1 and monocarboxylate transporter 1 (MCT-1) expression was analyzed by Western blot. B: uptake of 20 pM
['*C]Gly-Sar = 5 mM Tri-DAP and uptake of 20 uM ['“C]butyrate = 1 mM «-cyano-4-hydroxycinnamate (CHC) in these cells were determined. Data are
presented as specific uptake: PepT1-mediated ['*C]Gly-Sar specific uptake = (uptake of ['*C]Gly-Sar) — (uptake of ['*C]Gly-Sar + Tri-DAP); MCT-1-mediated
['“C]butyrate specific uptake = (uptake of ['*C]butyrate) — (uptake of ['*C]butyrate + CHC). Values represent means * SE of n = 6 wells/condition from 1
determination. ***P < 0.001. C and D: TetR Caco2-BBE/PepT1-shRNA1 and TefR Caco2-BBE/vector cells were treated with 2.5 pg/ml tetracycline for 2 days
and then stimulated with 5 mM Tri-DAP for the indicated times. Degradation of IkB-a (C) and activation of the MAPKs ERK1/2 and p38 (D) were assessed
by Western blot. All blots in A, C, and D are representative of 3 similar determinations, and bars show means * SD of relative intensity of the bands obtained
from 3 determinations. ***P < 0.001 (A and B); (*P < 0.05; **P < 0.005; ***P < 0.001) vs. untreated TetR Caco2-BBE/vector (C and D); $*P < 0.005 (C).
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cated times by measuring luciferase activity in Caco2-BBE
cells transiently transfected with a NF-«kB-responsive lucif-
erase reporter plasmid. As shown in Fig. 3B, Tri-DAP treat-
ment resulted in a significant increase in luciferase activity in
the cells, indicating activation of NF-kB. Because mitogen-
activated protein kinases (MAPKs) are also involved in inflam-
mation (13), activation of MAPKs in Caco2-BBE cells in
response to Tri-DAP stimulation was next analyzed by West-
ern blot. We found that Tri-DAP stimulation of Caco2-BBE
cells induced a rapid increase in the levels of phospho-ERK1/2
and phospho-p38, indicating that these MAPKs were activated
(Fig. 3C). It has been shown that activation of proinflammatory
pathways, such as MAPK and NF-kB pathways, in IECs leads
to production of IL-8 (13, 15). Quantitative real-time RT-PCR
analysis revealed a significant increase in IL-8 mRNA levels
by ~3.5-fold in Caco2-BBE cells at 2 h after stimulation with
Tri-DAP (Fig. 4A). The levels of IL-8 in the culture medium of
Caco2-BBE cells treated with Tri-DAP for 2 and 4 h, quanti-
fied by ELISA, were also significantly increased (Fig. 4B).
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(39 kDa)
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p38—>
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Taken together, these results indicate that Tri-DAP induces
proinflammatory response in intestinal epithelial Caco2-BBE
cells.

Tri-DAP-induced proinflammatory response in intestinal ep-
ithelial cells is PepTI dependent. Since we found that Tri-DAP
is transported into IECs by PepTl, we next investigated
whether PepT1 is involved in Tri-DAP-mediated inflamma-
tion. PepT1 expression was modulated in Caco2-BBE cells by
using a Tet-off system. TetR Caco2-BBE cells were stably
transfected with PepT1-shRNA constructs (7efR Caco2-BBE/
PepT1-shRNA) or the empty vector (TefR Caco2-BBE/vector).
Western blot analyses revealed that the PepT1-shRNA1 con-
struct (see MATERIALS AND METHODS) was effective in knocking
down PepT1, with highest repression effect after 2 days of 2.5
wg/ml tetracycline treatment and therefore was used for other
studies. As shown in Fig. 54, tetracycline treatment decreased
PepT1 expression in TefR Caco2-BBE/PepT1-shRNAL1 cells
but had no such effect in TetR Caco2-BBE/vector cells. Ex-
pression of the monocarboxylic transporter-1 (MCT-1), used as
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Fig. 6. Expression of PepT1 in HT29-CL.19A increases Tri-DAP-induced proinflammatory response. HT29-C1.19A stably transfected with a vector encoding
PepT1 (HT29/PepT1) or the empty vector (HT29/vector) at passages 25-30 were grown on plastic plates for 8 days. Cells were stimulated with 5 mM Tri-DAP
for the indicated times. Levels of IkB-a (A), phospho-ERK1/2 (B, top), and phospho-p38 (B, bottom) were analyzed by Western blot. All blots are representative
of 3 determinations, and bars show means * SD of relative intensity of the bands obtained from 3 determinations. (¥**P < 0.005; ***P < 0.001) vs. untreated

HT29/PepT1; (*P < 0.05; *3P < 0.005) vs. untreated HT29/vector.
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a control, in TetR Caco2-BBE/PepT1-shRNAT cells was also
not affected by tetracycline treatment (Fig. SA). Uptake exper-
iments further showed that specific uptake of 20 uM ['*C]Gly-
Sar in the presence of 5 mM Tri-DAP was significantly
reduced in TerR Caco2-BBE/PepT1-shRNA1 cells treated with
tetracycline but not in tetracycline-treated TefR Caco2-BBE/
vector. In contrast, specific uptake of ['“C]butyrate mediated
by MCT-1 in TefR Caco2-BBE/PepT1-shRNA1 cells treated
with tetracycline were not inhibited (Fig. 5B). Together, these
results demonstrate that 7efR Caco2-BBE/PepT1-shRNA1
cells exhibited decreases in expression and activity of PepTl,
but not those of another transporter MCT-1.

Tri-DAP-mediated proinflammatory response was then as-
sessed in tetracycline-treated Caco2-BBE/PepT1-shRNA1 and
TefR Caco2-BBE/vector cells. As shown in Fig. 5, C and D,
Tri-DAP rapidly induced the degradation of IkB-a and activa-
tion of the MAPKs ERK1/2 and p38 in TetR Caco2-BBE/
vector cells at 15 min posttreatment. In contrast, these actions
were delayed until 45 min after treatment with Tri-DAP in
TetR Caco2-BBE/PepT1-shRNAL1 cells. The delayed activa-
tion of NF-kB and MAPKs caused by PepT1 downregulation
in Caco2-BBE cells strongly suggests that PepT1 is function-
ally involved in Tri-DAP-induced intestinal inflammation.

To further confirm that the proinflammatory effects of Tri-
DAP are PepT1 dependent, we stimulated HT29-C1.19A/vector
and HT29-C1.19A/PepT1 cells with Tri-DAP for the indicated
times and assessed activation of NF-kB and MAPKs by West-
ern blotting. In HT29-CI.19A cells expressing PepT1, Tri-DAP
induced a rapid and robust degradation of IkB-a, indicating
NF-kB activation (Fig. 6A). In contrast, IkB-a was poorly
degraded in HT29-Cl.19A/vector cells, which do not express
PepT1. Activation of MAPKSs upon stimulation with Tri-DAP,
reflected by phosphorylation of ERK1/2 and p38, was also
stronger in HT29-CL.19A/PepT1 cells than in HT29-CL.19A/
vector cells (Fig. 6B).

Finally, the role of PepT1 in Tri-DAP-mediated proinflam-
matory response in IECs was confirmed using a PepT1 trans-
genic mouse model which we previously generated (7). Trans-
genic mice expressed human (h) PepT1 specifically in IECs
since hPepT1 expression was controlled by a villin promoter.
As expected, Western blot analysis showed that hPepT1 is
expressed only in colonic epithelial cells of transgenic mice,
but not in those from wild-type mice (Fig. 7A). Colonic tissues
from wild-type and transgenic mice were cultured and stimu-
lated with 5 mM Tri-DAP or vehicle for 12 h, and the levels of
KC, a potent murine neutrophil chemoattractant (16), in the
supernatants were measured by ELISA. We found that Tri-
DAP induced a significant increase in KC secretion in colono-
cytes from transgenic mice (Fig. 7B). In contrast, in the colons
from wild-type mice, where PepTl is not or is poorly ex-
pressed (19, 34), KC production was not significantly increased
in response to Tri-DAP stimulation. These results strongly
support the in vitro finding that PepT1 mediates Tri-DAP
transport into IECs.

Collectively, our results suggest that PepT1 can transport
Tri-DAP into IECs, thereby increasing intestinal inflammation.

DISCUSSION

Bacteria are normally present in the gastrointestinal tract,
where their density increases from very low levels in the

PepT1 TRANSPORTS Tri-DAP

stomach, which is nearly sterile, to 10''-10'? count-forming
units per gram in the colon (24). It is known that bacteria
produce peptides that can be transported into IECs. The intes-
tinal di/tripeptide transporter PepT1 has been shown to trans-
port the proinflammatory bacterial peptides MDP and fMLP
into IECs (20, 32). Under normal conditions, PepT1 is not
expressed in the colon (19), thereby limiting the access of these
peptides into the interior of cells. PepT1 expression is turned
on in the colon during chronic inflammation, such as IBD. In
the present study, we investigated whether the tripeptide Tri-
DAP, a proinflammatory breakdown product of bacterial pep-
tidoglycan, is transported by PepT1.

It has been reported that Tri-DAP is the optimal peptidogly-
can motif recognized by NOD1 but not NOD2 (2, 10, 12),
whereas the dipeptide y-pD-glutamyl-meso-diaminopimelic acid
(iE-DAP) is the minimal NODI-recognized motif (12). iE-
DAP failed to induce production of IL-8 in the colonic epithe-
lial cells LoVo and SW620; however, its proinflammatory
properties were restored after chemical modification of its NH,
residues by acylation, which improves its membrane perme-
ability (18). Pathogenic bacteria, such as Shigella flexneri (11)
and Helicobacter pylori (33), activate NODI1 signaling in
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Fig. 7. Tri-DAP increases keratinocyte-derived chemokine (KC) production in
the colons from PepT1 transgenic mice. A: Western blot analysis of human
PepT1 (hPepT1) expression in tissue extracts from wild-type and transgenic
mice. B: colonic tissues from 6—8 wk old, sex-matched wild-type and PepT1
transgenic mice were cultured and stimulated with 5 mM Tri-DAP for 12 h.
KC levels in the supernatant were determined by ELISA. Data are means = SE
of N = 9 mice per group per condition. Data are representative of 2
determinations with similar results. *P < 0.05.
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epithelial cells either by cell invasion or via their secretion
system, suggesting that peptidoglycan must be internalized into
cells to induce downstream signaling events. Collectively,
these studies indicate that colonic epithelia only respond to the
peptidoglycan motifs, Tri-DAP or iE-DAP, when these prod-
ucts are present in the cytosol. Thus colonocytes fail to trans-
port Tri-DAP or are “inert” to Tri-DAP under normal condi-
tions. A recent study demonstrated that Tri-DAP was trans-
ported into lung epithelial cells by PepT2 (30), a transporter
closely related to PepT1 (8). Since PepT2, unlike PepT1, is not
expressed in the gastrointestinal tract (8), we hypothesized that
PepT1 could be responsible for Tri-DAP transport in the gut.

Using various approaches, we show here that PepTl is
capable of mediating the transport of Tri-DAP into human
IECs. First, we observed that the transport of ['*C]Gly-Sar, a
reference substrate of PepT1, was inhibited by Tri-DAP in
Caco2-BBE cells, a small intestinal epithelial cell line that
express PepTl, indicating that Tri-DAP is transported by
PepTl. A K; value of ~4.8 mM was determined for Tri-DAP.
Several studies have been performed on Caco?2 cells to deter-
mine the affinity constants for numerous substrates of PepT1
by measuring their ability to inhibit transport of radiolabeled
Gly-Sar, and a broad range of K; between 2 pM-14 mM has
been reported (1). The K; for Tri-DAP found in our study is
therefore in the range of inhibitory constants that have been
described for PepT1 substrates. Second, addition of Tri-DAP to
Caco2-BBE cells led to a drop of the intracellular pH, further
demonstrating that Tri-DAP is transported by the peptide/H*
cotransporter PepT1.

We also found that Tri-DAP induced activation of proin-
flammatory pathways in Caco2-BBE cells, characterized by
activation of NF-kB and MAPKs and production of IL-8.
Importantly, downregulation of PepT1 expression in Caco2-
BBE cells decreased Tri-DAP-induced inflammatory response,
whereas exogenous expression of PepT1 in human colonic
HT29-CI.19A cells increased this inflammatory response. A
study recently published by Lee et al. (17) reported that
Tri-DAP required up to 3—4 h to induce a detectable activation
of a NF-kB-luciferase reporter gene in the human epithelial
kidney cells HEK293T, which are reported to express very low
levels of PepT1. However, when the cells were stimulated with
Tri-DAP in the presence of the membrane-permeabilizing
agent digitonin, a strong activation of the NF-kB-luciferase
reporter gene was detected within 10 min of treatment. In
intestinal epithelial Caco2-BBE cells, which highly express
PepT1, Tri-DAP induced significant activation of NF-«kB
within 30 min of stimulation, suggesting that these cells effi-
ciently uptake Tri-DAP and highlighting a potential role for
PepT1 in this process. Expression of PepT1 in HT29-Cl.19A
cells efficiently increased Tri-DAP-induced activation of
NF-kB and MAPK pathways, further confirming the impor-
tance of PepT1 for the proinflammatory effects of Tri-DAP in
IECs. These were validated by the findings that Tri-DAP
significantly increased KC production in colonic tissues from
PepT1 transgenic mice. However, in our study, Tri-DAP also
stimulated NF-kB and MAPK in HT29-CIL.19A cells lacking
PepT1 expression (HT29-CL.19A/vector), although to a lesser
extent than in HT29-CL.19A/PepT1 cells. Therefore, we cannot
rule out the possibility that other transporter(s)/receptor(s) for
Tri-DAP may also be present in IECs and make a marginal
contribution to the proinflammatory effects of this peptide.
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In an elegant study of the inhibitory effects of Tri-DAP on
[*H]Gly-Sar uptake in Xenopus laevis oocytes microinjected
with a plasmid encoding PepT1, Ismair et al. (14) found that
Tri-DAP did not compete with Gly-Sar for PepTl. In this
study, the authors did not directly study PepT1-mediated co-
transport of Tri-DAP/H" in oocytes expressing PepT1. Fur-
thermore, PepT1 normally has a low affinity for its substrates
(8). In our competition transport study, Tri-DAP significantly
inhibited ['*C]Gly-Sar uptake in Caco2-BBE cells only at
concentrations =5 mM. Thus, in the study of Ismair et al., it is
likely that the concentration of Tri-DAP used (25 wM) might
have been too low to compete out Gly-Sar.

Interestingly, a recent study by Girardin’s group (17) iden-
tified endocytosis as a new route for NOD1 ligands to enter
cells and induce inflammation. This study also demonstrated
that the SLC15A4 transporter, an isoform of the proton/oli-
gopeptide cotransporter family (8), is involved in the transport
of NOD1 ligands in early endosomes. Expression of SLC15A4
is significantly increased in the colon from patients with IBD
(17). Recently, Zucchelli et al. (35) reported that a PepT1 gene
polymorphism was associated with IBD and that this mutation
increased the transport of MDP mediated by PepT1. It would
be therefore interesting to assess the affinity of Tri-DAP for
this form of PepT1 during IBD. Together with these studies,
our results reported here suggest a role for the SLC15 trans-
porter family during intestinal inflammation.

In conclusion, our study demonstrates that, once expressed
in human IECs, PepT1 efficiently transports the tripeptide
Tri-DAP into the interior of the cells, inducing inflammatory
response. We speculate that during IBD the induced expression
of PepT1 in the colon could be involved in the transport of
Tri-DAP into colonocytes, thereby aggravating inflammation.
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