
PepT1 expressed in immune cells has an important
role in promoting the immune response during
experimentally induced colitis
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We and others have shown that the dipeptide cotransporter PepT1 is expressed in immune cells, including macrophages
that are in close contact with the lamina propria of the small and large intestines. In the present study, we used PepT1-
knockout (KO) mice to explore the role played by PepT1 in immune cells during dextran sodium sulfate (DSS)-induced
colitis. DSS treatment caused less severe body weight loss, diminished rectal bleeding, and less diarrhea in PepT1-KO mice
than in wild-type (WT) animals. A histological examination of colonic sections revealed that the colonic architecture was
less disrupted and the extent of immune cell infiltration into the mucosa and submucosa following DSS treatment was
reduced in PepT1-KO mice compared with WT animals. Consistent with these results, the DSS-induced colitis increase in
colonic myeloperoxidase activity was significantly less in PepT1-KO mice than in WT littermates. The colonic levels of
mRNAs encoding the inflammatory cytokines CXCL1, interleukin (IL)-6, monocyte chemotactic protein-1, IL-12, and
interferon-g were significantly lower in DSS-treated PepT1-KO mice than in DSS-treated WT animals. Colonic immune cells
from WT had significantly higher level of proinflammatory cytokines then PepT1 KO. In addition, we observed that
knocking down the PepT1 expression decreases chemotaxis of immune cells recruited during intestinal inflammation.
Antibiotic treatment before DSS-induced colitis eliminated the differential expression of inflammatory cytokines between
WT and PepT1-KO mice. In conclusion, PepT1 in immune cells regulates the secretion of proinflammatory cytokines
triggered by bacteria and/or bacterial products, and thus has an important role in the induction of colitis. PepT1 may
transport small bacterial products, such as muramyl dipeptide and the tripeptide L-Ala-gamma-D-Glu-meso-DAP, into
macrophages. These materials may be sensed by members of the nucleotide-binding site–leucine-rich repeat family of
intracellular receptors, ultimately resulting in altered homeostasis of the intestinal microbiota.
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One of the normal transport functions of gut epithelial
cells is the absorption of small peptides from the diet,
a process mediated by peptide transport activity.1–3

This is achieved by the action of the apical membrane
protein, intestinal H-coupled oligonucleotide transporter
PepT1 (PepT1), which cotransports peptides with Hþ .4,5

The specificity of PepT1 is broad and includes many di- and
tri-peptides in addition to various peptide-derived drugs.6–12

Interestingly, as we first reported, PepT1 transports the
small formylated bacterial peptide fMLP.13,14 Since that time,
we have shown that other bacterial peptides, including
muramyl dipeptide (MDP) and the tripeptide L-Ala-gamma-
D-Glu-meso-DAP (Tri-DAP) may also be transported by
PepT1.15,16

PepT1 is highly expressed in epithelial cells of the small
intestine, but is expressed poorly or not at all in the colon.17

However, PepT1 expression is induced in the colon under
conditions of chronic inflammation, such as inflammatory
bowel disease (IBD),17 a process in which the transcription
factor Cdx2 has been shown to have an important role.18,19

We and others have demonstrated that PepT1 is also
expressed in immune cells, such as macrophages, that are
in close contact with the lamina propria of the small and
large intestines,20–22 where low concentrations of small
bacterial-derived peptides are present.

The intracellular accumulation of bacterial products such
as Tri-DAP, fMLP, and MDP in the epithelial and immune
cells mediated by endogenously expressed PepT1 may trigger
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intracellular signals that lead to initiation of intestinal in-
flammatory responses.13,15,16,23,24 Induction of an immune
response requires recognition of microorganisms by host
receptors, such as fMLP receptors or Toll-like receptors,
expressed on immune system cells.25–29 Alternatively,
receptors belonging to the NBS–LRR (nucleotide-binding
site–leucine-rich repeat) family, such as NOD2 (nucleotide-
binding oligomerization domain containing 2), are also able
to detect specific bacterial compounds, such as MDP, and
induce inflammatory responses.30–37 Indeed, we have
demonstrated that PepT1 transporter activity in the colonic
epithelial cells has an important role in determining the
intracellular levels of ligands for NOD1 and NOD2, which, in
turn, determines the activation level of downstream
inflammatory pathways.15,38,39

The expression of PepT1 in colonic-associated immune
cells (eg, macrophages) in close contact with the lamina
propria of the intestine21,22 suggests that, during intestinal
inflammation, bacterial di- and tripeptides (eg, MDP and
Tri-DAP) may be taken up and subsequently interact with
NBS–LRR proteins (eg, NOD1 and NOD2), resulting in the
activation of an immune response. In the present study, we
used PepT1-knockout (KO) mice to examine the role of
PepT1 expression in immune cells during dextran sodium
sulfate (DSS)-induced colitis.

MATERIALS AND METHODS
Genotyping of PepT1-KO Mice
Our laboratory recently obtained PepT1-KO mice from
Deltagen (San Mateo, CA). These mice were backcrossed with
WT (C57BL/6) animals to have the same genetic background
in both the littermates (WT and PepT1 KO). Genomic DNA
from tail snips was extracted by using REDExtract-Amp
Tissue PCR Kit (Sigma, St Louis, MO) according to the
manufacturer’s protocol. The following primers and condi-
tions were used for identifying the WT, heterozygous and
homozygous PepT1-KO mice: forwards; 50-AGTGTGGG
CTGGTGAGACACGTGT-30, 50-GGGCCAGCTCATTCCTCC
CACTCAT-30; reverse: 50-CAGGGGGAGAGAGAAACAGA
GTTAG-30. Specific PCR amplifications for each target gene
were obtained using the following conditions: 94 1C for
3min, 94 1C for 15 s, 55 1C for 30 s, 72 1C for 1min, and
72 1C for 10min with a total of 40 cycles.

Induction of Colitis
Six-week-old PepT1-KO and C57BL/6 WT female mice were
used in the study. Colitis was induced by the addition of
2.5% (w/v) DSS (molecular weight 36 000–50 000Da; MP
Biomedicals, LLC, OH ) in the drinking water for 7 days.
Physical characteristics such as body weight were measured
for 7 days. The mice were humanely euthanized, and colon
tissue was processed further by extracting total RNA for in-
flammatory cytokines analysis and immunohistochemistry
after 7 days with or without DSS treatment.

Recovery Study
To assess the recovery of animals from intestinal injury,
6-week-old PepT1-KO and C57BL/6 WT female mice were
given 2.5% DSS for 7 days, and the DSS were replaced with
normal drinking water. The recovery from the tissue injury
caused by DSS treatment was checked by body weight every
day for 7 days. Mice that lost more than 20% of their body
weight from each group was humanely euthanized and noted
as dead or not recovered from the tissue injury. Each group
had a total of 10 mice with appropriate controls (mice given
normal drinking water) were maintained throughout the
study. The mice were humanely euthanized and the colonic
inflammation was assessed.

Myeloperoxidase Assay
For myeloperoxidase (MPO) assay, 1 g of colon tissue was
homogenized in 50mM phosphate buffer (pH 6.0) contain-
ing 0.5% hexadecyltrimethyl ammonium bromide (Sigma).
The homogenate was sonicated, freeze-thawed three times,
and centrifuged at 13 000 r.p.m. for 15min. Supernatant
(20 ml) was added to 1mg/ml o-dianisidine hydrochloride
(Sigma) and 0.0005% H2O2, and the change in absorbance at
460 nm was measured.

Endoscopic Assessment of Colitis
Direct visualization of DSS-induced colonic mucosal damage
in vivo was performed using the Coloview (Karl Storz
Veterinary Endoscopy, Tuttlingen, Germany). Mice were
supplied with food and water until the endoscopy was
performed. The mice were anesthetized with 1.5 to 2%
isoflurane, and 3 cm of the colon proximal to the anus was
visualized after inflation of the colon with air. The endo-
scopic damage score was determined using a previously
described scoring method with one modification: assessment
of colon translucency (0–3 points), presence of fibrin attached
to the bowel wall (0–3 points), granular aspect of the mucosa
(0–3 points), morphology of the vascular pattern (0–3 points),
and stool characteristic (normal to diarrhea; 0–3 points).40

As this scoring method did not include assessment for the
presence of blood in the lumen, we added this parameter
(0 points: no blood; 1 point: slight bleeding; and 2 points:
frank bleeding) to generate a range in total score from
0–17 points.

RNA Extraction and Real-Time Reverse Transcription-
PCR Analysis
Total RNA was extracted from the colon of mice by RNeasy
Mini kit (Qiagen, Valencia, CA) according to the manu-
facturer’s instruction. The yield and quality of RNA were
verified. cDNA was generated from the total RNAs using the
maxima first strand cDNA synthesis kit (Thermo Scientific,
Glen-Burnie, MD) as described previously.41 Levels of
inflammatory cytokines were quantified by real-time reverse
transcription (RT-PCR) using Maxima SYBR Green/ROX
qPCR Master Mix (Fermentas). Fold induction was
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calculated using the Ct method as follows: DDCt¼
(Cttarget�Cthousekeeping)group 1� (Cttarget�Cthousekeeping)group 2,
and the final data were derived from 2�DDCT. Sequence of
all primers used for RT-PCR is given in Table 1.

Haematoxylin and Eosin and Immunohistochemistry
The colon tissues were removed and postfixed by immersion
in formalin, embedded in paraffin, sectioned and stained
with haematoxylin and eosin. Stained colon tissues sections
were observed under a microscope. Scale bars¼ 50 mm. For
immunestaining, 5-mm paraffin-embedded tissue sections
were deparaffinized in xylene, and rehydrated in an ethanol
gradient. Epitope retrieval was done by treating tissue sec-
tions with 10mM sodium citrate buffer (pH 6.0) and 10mM

citric acid (116ml:38ml) at 100 1C for 10min in a pressure
cooker. Sections were blocked with 10% goat serum with 1%
BSA in 1X TBS (Tris-buffered saline), and then incubated
with Ly6G antibody (neutrophil marker) (1:1000 dilution)
overnight at 4 1C.42 After washing in TBS, sections were
incubated with 0.3% H2O2 and biotinylated goat anti-rat IgG
from Vector Labs (Vector Laboratories, Burlingame, CA):
Vectastain ABC reaction and DAB reaction (Dako,
Carpinteria, CA) were performed subsequently. Slides were
counter stained with hematoxylin. Images were acquired
using an Olympus microscope equipped with a DP-23 Digital
Camera.

Ex Vivo and In Vitro Immune Cell Isolation and Cytokine
Expression Analysis
Inflammatory cytokines expression regulated by colonic im-
mune cells of WT and PepT1-KO mice were assessed by
isolating the colonic immune cells as previously described.43

Collected immune cells resuspended in DMEM media, and
the number of cells was counted. Equal numbers of immune
cells of WT and PepT1 KO (2.6� 107) were added on a six-
well plate and stimulated with LPS (10 mg/ml) and incubated
at 37 1C for 1 h, short centrifuged, and washed with
phosphate-buffered saline (PBS); and then RNA extracted
(Qiagen) for cytokine analysis.

Also, the inflammatory cytokines expression regulated by
immune cells, in the presence or absence of PepT1, was assessed
in mouse macrophage cell lines (RAW 264.7) by transfecting
PepT1 small inhibitory RNA (siRNA) (Ambion, Life Technol-
ogies, Grand Island, NY), and later stimulating with LPS for
1 h. RAW 264.7 (mouse macrophage) cells were seeded in
12-well plates at a density of 3.0� 106 cells/well (Costar,
Corning, NY), and incubated at 371C with 5% CO2 overnight.
The transfection of mPepT1 siRNA in macrophages was
performed by using Lipofectamine 2000 (Life Technologies)
along with a negative and (Ambion) positive control (Ambion)
by using the manufacturers protocol. The PepT1 siRNA along
with the respective controls at 150mM concentration was used
for each transfection, and incubated at 371C with 5% CO2 for
24 h. The cells were stimulated with LPS for 1 h and washed
with PBS, and RNA extraction and qRT-PCR analysis were
performed as described above. The expression of mPepT1
and inflammatory cytokines expression were analyzed with
appropriate controls. All transfection studies were done in
triplicate, and the experiment was repeated three times.

Quantitative Cell Migration or Chemotaxis Assay
To analyze the chemotactic cell migration of colonic immune
cells of WT and PepT1 KO, equal number of isolated WT and
PepT1-KO immune cells (2.6� 107) were used for the ex vivo
chemotaxis assay.

It has been previously shown that RAW 264.7 cells exhibit
properties of responsiveness to chemotactic stimuli.44 For
in vitro analyses, RAW 264.7 cells were plated in DMEM
medium containing 10% FBS without antibiotics on a six-well
plate. After 24h, the 40–50% confluent wells are transfected
with PepT1 siRNA (150mM/well), Negative control (NC) siRNA
(150mM/well), and nontransfected RAW 264.7 as controls. After
48h of transfection, the cells were washed in PBS, scrapped and
suspended in DMEM media (without FBS and antibiotics),
counted and diluted equally to get 2.6� 107 cells/ml.

The chemotaxis assay was performed in a 24-well cytose-
lect cell migration assay kit with 5-mm-pore-diameter poly-
carbonate filter (Cell Biolabs, San Diego, CA). The bottom
wells were filled with 500 ml of monocyte chemotactic pro-
tein-1 (MCP-1) (250 ng/ml) diluted in DMEM media with
5% FBS. (Peprotech, Rocky Hill, NJ). In the top wells,
immune cells of WT or PepT1 KO or RAW 246.7 cells

Table 1 List of primers used in this study

No. Primer Sequences

1 34B4 sense 50-TCCAGGCTTTGGGCATCA-30

36B4 antisense 50-CTTTATCAGCTGCACATCACTCAGA-30

2 MCP-1 sense 50-CTGGATCGGAACCAAATGAG-30

MCP-1 antisense 50-CGGGTCAACTTCACATTCAA-30

3 IFN-g sense 50-CAGCAACAGCAAGGCGAAA-30

IFN-g antisense 50-CTGGACCTGTGGGTTGTTGAC-30

4 TNF-a sense 50-AGGCTGCCCCGACTACGT-30

TNF-a antisense 50-GACTTTCTCCTGGTATGAGATAGCAAA-30

5 CXCL-1 sense 50-TAGGGTGAGGACATGTGTGG-30

CXCL-1 antisense 50-AAATGTCCAAGGGAAGCGT-30

6 IL-6 sense 50-ACAAGTCGGAGGCTTAATTACACAT-30

IL-6 antisense 50-TTGCCATTGCACAACTCTTTTC-30

7 IL-12 sense 50-TACTAGAGAGACTTCTTCCACAACAAGAG-30

IL-12 antisense 50-TCTGGTACATCTTCAAGTCCTCATAGA-30

8 mPepT1 sense 50-CTCCATCTTCTACCTGTCCATCAACGCA-30

mPepT1 antisense 50-GCTACGGTTCCTGAAGCGGTTTTTGACT-30

9 IL-17 sense 50-CAGGAACCCTCATCCTTCAA-30

IL-17 antisense 50-ATTCCCAAGCCCAGAATCTT-30

10 IL-10 sense 50-GGTTGCCAAGCCTTATCGGA-30

IL-10 antisense 50-CTTCTCACCCAGGGAATTCA-30
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transfected with PepT1 siRNA or NC siRNA or only RAW
246.7 were added. The experiment was done in triplicate.
After 24 h of incubation at 37 1C and 5% CO2, the cell
migration was assessed by fluorometric format according to the
manufacturer’s protocol, and read at 480/520 nm in Synergy 2
Multi-Mode Microplate Reader (Biotek, Winooski, VT).

Depletion of Colonic Bacterial Flora by Antibiotic
Treatment in WT and PepT1-KO Mice
It has been previously shown that depleting microbiota in
colon significantly reduced the severity of colitis and mini-
mizes the difference of cytokine expression profile upon DSS
treatment in mice model.38 Hence, the colonic bacteria were
removed by treating the mice with antibiotics as previously
described.38,45–47 6 weeks old female PepT1 KO and C57BL6
WT were given broad spectrum antibiotics (1 g/l) in its
drinking water for 6 weeks (ampicillin, vancomycin,
neomycin sulfate, and metronidazole). After 6 weeks of
antibiotic treatment, 2.5% DSS was given in drinking water
for 7 days. Physical characteristics such as body weight were
checked every day. Appropriate controls (mice given normal
drinking water) were maintained throughout the experiment.
The mice were humanely euthanized and colon tissue was
collected for cultivable bacteria per gram of tissue. Colonic
tissue samples were plated before and after antibiotic
treatment to check the depletion of bacteria in colon tissue.
Colonic tissues were washed with sterile PBS and 1 g of tissue
was homogenized in 1ml sterile PBS, and 100 ml was plated
on LB agar and incubated at 37 1C for 24 h; and then the
number of cultivable bacteria were counted and compared
with appropriate control groups. Colonic tissues were
processed further by extracting total RNA for inflammatory
cytokines analysis.

Statistical Analysis
Values were expressed as meansþ s.e.m. Statistical analysis
was performed using unpaired two-tailed t-test by GraphPad
Prism 5 software. Po0.05 were considered statistically
significant.

RESULTS
Genotyping PepT1-KO Mice
Heterozygous and homozygous m-PepT1-KO mice were
identified using a multiplex RT-PCR strategy. Three reaction
steps were used to genotype mice. For both F1 and F2 gen-
erations, wild-type (WT) and targeted alleles were detected in
multiplex reactions using primers that yielded 213 and
360-bp products, respectively. For F1 mice, a second reaction
was performed to detect only the targeted allele (Supplementary
Figure a1). Mice positive at this step (targeted allele or
heterozygote) were used for further breeding steps
(Supplementary Figure a2). For F2 mice, a second reaction
was performed to detect only the WT or endogenous allele.
These steps ensured that homozygous mutant mice were
properly selected (Supplementary Figure a3). Only homozygous

mice and their WT littermates were used for further study.
The knockdown of PepT1 expression was checked in
PepT1-KO mice upon DSS treatment. The small intestine
and colon tissue collected for RNA showed no PepT1
expression in PepT1 KO mice compared with WTmice, where
PepT1 expression was observed (Supplementary Figure 1b).

Intestinal Inflammation Induced by DSS is Reduced in
PepT1-KO Mice
It has been previously shown that DSS-induced colitis is ag-
gravated in a transgenic mouse line, in which PepT1 is
overexpressed in colonic mucosa and normally expressed in
immune cells.38 Here, we investigated DSS-induced intestinal
inflammation in PepT1-KO mice, carrying a germline
ablation of PepT1, and in WT mice. As noted in the
Introduction, PepT1 is not normally expressed in the colon;
thus, PepT1-KO mice lack PepT1 expression in both the
colonic mucosa and colonic-associated immune cells, whereas
WT mice lack PepT1 expression only in the colonic mucosa.
DSS treatment caused less severe body weight loss in PepT1
mice (5%) compared with WT B/6 mice (15%), whereas
vehicle (water) control mice gained weight (Figure 1a).
A colonoscopy performed on day 7 to assess colonic
inflammation revealed severe inflammation with bloody
diarrhea in the colon of WT mice, whereas PepT1-KO mice
exhibited significantly less inflammation and non-bloody
diarrhea (Figure 1b). Clinical inflammation scores, based on
colonoscopies and assigned as described in Materials and
methods, were 13/17 for WT DSS mice and 4/17 for PepT1-
KO DSS mice (Figure 1c). In addition, a histological
examination of colonic sections revealed less disruption of the
colonic architecture in PepT1-KO mice upon DSS treatment,
with less immune cell infiltration into the mucosa and
submucosa (Figure 1d). Consistent with these results, colonic
MPO activity, which was increased by DSS treatment in both
WT and KO mice, was significantly less in PepT1-KO mice
(0.235U/mg) than in WT littermates (0.824U/mg; Figure 1e).

Neutrophil Infiltration with DSS-Induced Colonic
Inflammation in WT and PepT1-KO Mice
Staining of colon tissue sections with an antibody against
Ly6G (a neutrophil marker) showed that the level of neu-
trophil infiltration following treatment with DSS was sig-
nificantly higher in WT mice than in PepT1-KO mice
(Figure 2a). As expected, neutrophil infiltration was absent in
both WT and PepT1-KO vehicle control mice. These results
show that the observed increase in colonic MPO activity,
described above, is associated with increased neutrophil
infiltration in the colonic mucosa, confirming that DSS-
induced inflammation is more severe in WT mice than in
PepT1-KO mice. The number of infiltrating neutrophil upon
DSS treatment was counted microscopically in the colon
tissue of WT and PepT1 KO after Ly6G staining. The
neutrophil infiltration in WT mice treated with DSS was
significantly higher in number than PepT1-KO (Figure 2b).
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PepT1 Deficiency Reduces Inflammatory Cytokine
Transcriptional Responses in Colonic Cells
To further investigate the effects of PepT1 ablation on the
DSS-induced colonic inflammatory response, we examined
changes in the expression of inflammatory cytokines by
RT-PCR. The colonic levels of mRNA for the inflammatory
cytokines CXCL1 (also known as KC), interleukin (IL)-6,
MCP-1, IL-12, interferon (IFN)-g, and tumor necrosis factor
(TNF)-a in WT mice were significantly increased by DSS
compared with H2O control (Figure 3), providing additional
support for the induction of an inflammatory response in the
colonic cells by DSS. The colonic mRNA levels of CXCL1,
IL-6, MCP-1, IL-12, and IFN-g were significantly reduced in
PepT1-KO mice treated with DSS compared with WT mice
treated with DSS. Interestingly, there were no significant
differences in TNF-a mRNA levels between WT and PepT1-
KO mice (Figure 4).

Ex Vivo and In Vitro Analysis of PepT1 Expression In
Immune Cells: Contribution of these Cells to the Overall
Inflammatory Marker Expression Profile
Immune cells isolated from WT and PepT1-KO mice were
stimulated with LPS, and then RNA was extracted to analyze
the mPepT and other inflammatory cytokine expression. As
shown in Figure 3, the WT colonic immune cells treated with
LPS showed increased expression of mPepT1 compared with
PepT1 KO, as it was expected due to knockdown of PepT1.
For cytokines such as IL-6, CXCL-1, MCP-1, and IL-10
expression were also significantly higher in WT colonic
immune cells compared with PepT1 KO upon LPS treatment
(Figure 3). Interestingly, upon LPS treatment, TNF-a
expression was also showed statistically significant. Which in
contrast during the DSS treatment of the WT and PepT1-KO
mice whole colon used for TNF-a cytokine expression
(Figure 4). This can be explained by the standard deviation

Figure 1 PepT1 deficiency reduces intestinal inflammation induced by DSS in PepT1-KO mice. Body weight of mice exposed to DSS and normal

drinking water (a). Colonoscopy performed, to assess colonic inflammation (b). The endoscopic damage score was determined (c). Histological

examination of colonic sections of mice experiencing colitis in WT and KO with their respective water controls (d). DSS treatment induced an increase

in the colonic activity of MPO in both WT and KO mice (e). Values represent means±s.e.m. of n¼ 6/group. **Po0.001 and ***Po0.0001. Scale

bar¼ 50 mm.
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obtained in the mice study being large in WT mice; hence
statistical significance was not obtained.

These results were further confirmed by in vitro analysis of
PepT1 expression in the immune cells and their role in in-
flammatory marker expression profile in the mouse macro-
phage cell line (RAW 246.7) transfected with siRNA against
PepT1 or the appropriate control siRNA. After stimulating
siRNA-transfected macrophages with LPS for 1 h, we assessed
the expression of PepT1 and other inflammatory markers
(cytokines) by qRT-PCR. These results were shown in
Supplementary Figure 2. mPepT1 expression was sig-
nificantly reduced in macrophages transfected with PepT1
siRNA, whereas PepT1 expression was significantly higher in
LPS-treated parental macrophages and control macrophages
transfected with NC siRNA. Notably, siRNA-mediated down-
regulation of PepT1 was associated with a significantly
diminished induction of CXCL1, TNF-a, IL-6, and MCP-1
following LPS treatment. Interestingly, the IL-12 cytokine
profile remained unchanged (Supplementary Figure 2).
On the basis of these ex vivo and in vitro data, we suggest
that PepT1 expression in immune cells may contribute to
cytokine expression/secretion during intestinal inflammation.

PepT1 Deficiency Decreases Immune Cells Migration
Rate and its Possible Role in Immune Cells Mediated
Intestinal Inflammation
Immune cells expressing PepT1 may have relatively higher
migration rate towards the tissue injury or inflammation
caused by DSS. To test this idea, colonic immune cells from
WTand PepT1-KO mice are isolated and the cells were serum
starved and chemotaxis assay was performed with equal
number of cells. The cells were added on the top and the
bottom had a 5% serum contained DMEM medium with
chemoattractants (MCP-1) both the wells were separated by a
membrane. As shown in Figure 5 the immune cells isolated
from PepT1-KO mice had a reduced rate of migration than
immune cells from the WT mice towards the chemoat-
tractants. These results indicate that knockdown of PepT1
expression decreases chemotaxis of colonic immune cells
recruited during intestinal inflammation.

To further confirm these results, RAW 246.7 cells were
transfected with PepT1 siRNA along with NC siRNA added
in to top well were allowed to pass through the membrane
towards the DMEM medium (5% serum) with chemoat-
tractants (MCP-1) in the lower well, which was separated by

Figure 2 Neutrophil infiltration in DSS-induced colonic inflamed tissues of WT and PepT1-KO mice. Colonic tissue stained with the neutrophil marker

(Ly6G) showed no neutrophil infiltration in both WT and PepT1-KO water control mice. Upon DSS treatment, the WT mice had significantly increased

levels of neutrophil infiltrations compared with DSS-treated PepT1 deficiency mice (brown colored cells). These results indicate that DSS-induced

intestinal inflammation was more severe in WT mice compared with PepT1-KO mice (a). The number of infiltrating neutrophil upon DSS treatment in

WT and PepT1-KO mice colon tissue was counted microscopically, and the number of infiltrating neutrophil was shown to be statistically significant (b).

Scale bar¼ 50mm.
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Figure 3. Ex vivo analysis of PepT1 expression in immune cells, and their role in inflammatory markers expression profile. RT-PCR analysis of cytokines

expression in the colonic immune cells of WT and PepT1-KO mice stimulated with LPS. The PepT1 expression was significantly more in WT colonic

immune cells after LPS treatment, whereas PepT1 KO had no expression of mPepT1. The mRNA expression levels of inflammatory markers such as

CXCL1, TNF-a, IL-6, MCP-1 and IL-10 were significantly higher in WT colonic immune cells compared with PepT1 KO. Values represent means±s.e.m. of

n¼ 3 and **Po0.01, ***Po0.001.

Figure 4. PepT1 deficiency reduces the inflammatory cytokines expression in colonic cells. The colonic mRNA expression levels of inflammatory

cytokines IFN-g, IL-12, IL-6, TNF-a, MCP-1, and CXCL1 were significantly increased in mice treated with DSS compared with water control. The colonic

mRNA expression levels of inflammatory cytokines (IFN-g, IL-12, IL-6, MCP-1, and CXCL1) were reduced significantly in PepT1-KO mice treated with DSS

compared with WT mice treated with DSS. Values represent means±s.e.m. of n¼ 6/group and **Po0.001, ***Po0.0001.
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5 mM pore size membrane. As shown in Supplementary
Figure 3, the PepT1 siRNA transfected macrophages had a
reduced rate of migration than the cells transfected with NC
siRNA towards the chemo-attractants. The ex vivo and
in vitro results indicate that reduction/knock down of PepT1
expression decreases chemotaxis of immune cells recruited
during intestinal inflammation (Supplementary Figure 3).

PepT1 Deficiency Increases the Survival of Mice
following DSS-Induced Intestinal Inflammation
We next examined the effect of PepT1 deficiency in vivo,
testing the ability of mice to recover from DSS-induced
colitis. Mice were treated with DSS for 7 days, provided in
drinking water, after which DSS water was replaced with
normal drinking water (recovery phase), and the mice were
monitored for 8 days to assess recovery from DSS-induced
intestinal injury. During the recovery phase, all WTmice lost
more than 20% of their body weight by day 3 and were killed.
In contrast, PepT1-KO animals start to gain weight after day
4, and recovered 95% of their initial body weight by day 7
(Figure 6). Taken together, these results show that the absence
of PepT1 increases intestinal recovery in mice following
DSS-induced colitis.

Antibiotic Treatment Decreases the Colonic Bacterial
Population and Reduces the Severity of Colitis in WT
and PepT1-KO Mice
To determine the amount of cultivable bacteria in the colon
of WT and PepT1-KO mice, we humanely euthanized
6-week-old mice and cultured 1 g of colon tissue on LB media
as described in Materials and methods. These experiments

showed that WT mice had a significantly greater number of
cultivable bacteria than PepT1-KO mice (Figure 7a). Both
PepT1-KO mice and WT littermates were treated for 6 weeks
with broad-spectrum antibiotics given in drinking water to
deplete intestinal enteric microbial communities. Three
randomly selected WT and PepT1-KO mice were killed, and
their colon tissues were dissected. After washing with sterile
PBS, 1 g of colonic tissue was homogenized and 100 ml of
the homogenate was cultured immediately after antibiotic
treatment. The number of cultivable bacteria was quantified
and compared with that obtained from mice not treated with
antibiotics to confirm bacterial depletion. Antibiotic treat-
ment markedly reduced the total number of bacteria in WT
and PepT1-KO mice (Figure 7b).

The remaining antibiotic-treated mice (n¼ 7/group) were
given DSS for 7 days, and intestinal inflammation was as-
sessed and compared with that in vehicle control mice. DSS
treatment produced a mild effect on both WTand PepT1-KO
mice, reducing body weight by 9% in WT mice and 7% in
PepT1-KO mice (Figure 8c). Mice in both control groups
showed an increase (3–4%) in body weight at the end of the
experiment (Figure 7c).

These results demonstrate that antibiotic treatment
markedly reduced the total number of cultivable bacteria in
both WTand PepT1-KO mice, and eliminated the differential
effects of DSS-induced colitis in WT and PepT1-KO mice.
Collectively, these results suggest that bacteria has an im-
portant role in the observed aggravation of DSS-induced
colitis in WT mice compared with PepT1-KO mice.

Antibiotic Treatment Eliminates the Differential Expression
of Inflammatory Cytokines in WT and PepT1-KO Mice
Measurements of inflammatory cytokine mRNA levels con-
firmed that DSS induced a mild colonic inflammation in

Figure 5 PepT1 deficiency decreases immune cells migration rate and its

possible role in immune cells mediated intestinal inflammation. Colonic

immune cells of WT and PepT1-KO mice were isolated and chemotaxis

assay was performed. The top well had the respective immune cells and

the bottom well had 5% serum containing DMEM medium with

chemoattractants (MCP-1). Top and bottom wells were separated by a

membrane. After 24 h of incubation at 37 1C as shown in this figure

the immune cells isolated from PepT1-KO mice had a reduced rate of

migration towards the chemoattractants than immune cells from the WT

mice. Values represent means±s.e.m. of n¼ 3 and ***Po0.0001.

Figure 6 PepT1 deficiency increases the survival from DSS-induced

intestinal inflammation. To study the effect of PepT1 deficiency in the

ability of mice to recover from DSS-induced colitis, mice were treated

with DSS for 7 days, and then DSS water was replaced with normal

drinking water (recovery phase), and then the recovery from the

DSS-induced intestinal injury was observed for 8 days. n¼ 10/group.
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Figure 7 Broad-spectrum antibiotic treatment decreases the colonic bacterial population and reduces the severity of colitis in WT and PepT1-KO mice.

The amount of cultivable bacteria in the colon of WT and PepT1-KO mice (a). Both the WT and PepT1-KO littermates were treated for 6 weeks with

broad-spectrum antibiotics given in drinking water to deplete enteric microbial communities in the intestine. Three randomly selected WT and PepT1-

KO mice were killed and the numbers of cultivable bacteria were quantified (b). Six weeks antibiotic treated mice were given DSS for 7 days, and the

intestinal inflammation was assessed by body weight (c). Values represent means±s.e.m. of n¼ 7/group and **Po0.001.

Figure 8 Antibiotics treatment eliminates the differential expression of inflammatory cytokines in WT and PepT1-KO mice. After 6 weeks of antibiotic

treatment, mice exposed to DSS had mild colonic inflammation, with no significant difference evident between WT and PepT1-KO mice, as assessed by

measuring the expression levels of proinflammatory cytokines. IFN-g, IL-12, IL-6, CXCL1, TNF-a, and IL-1b expressions were lower in antibioticþDSS-

treated WT and PepT1-KO mice. Antibiotic treatment eliminated the difference in cytokine mRNA levels between WT and PepT1-KO mice. Values

represent means±s.e.m. of n¼ 7/group.

Immune cells PepT1 is involved during colitis

S Ayyadurai et al

896 Laboratory Investigation | Volume 93 August 2013 | www.laboratoryinvestigation.org

http://www.laboratoryinvestigation.org


antibiotic-treated mice compared with that in untreated mice
(Figure 8). DSS-treated WT and PepT1-KO mice given an-
tibiotics showed no significant difference in the expression of
the proinflammatory cytokines CXCL1, IL-12, IFN-g, TNF-a,
and IL-1b (Figure 8). Thus, antibiotic treatment eliminated
the difference in cytokine mRNA levels between WT and
PepT1-KO mice. Interestingly, in contrast to WT mice after
antibiotic treatment, the increase in IL-6 and IL-12 induced
by DSS was not significantly different between DSS-treated
and untreated PepT1-KO mice after antibiotic treatment
(Figure 8). Results from control mice given normal drinking
water, which expressed a similar cytokine profile (Figure 4),
are not included in these data. Taken together, these results
suggest that the role of bacteria in intestinal inflammation,
noted above, is due, at least in part, to PepT1 expression.

DISCUSSION
The present study extends the findings of our previous studies,
which showed that bacterial products such as fMLP, Tri-DAP,
and MDP may be transported by the intestinal epithelial
oligopeptide transporter, PepT1.13–16 Once in the cytosol,
these small bacterial peptides initiate an inflammatory
response.13,15,16,23,24 Inflamed colonocytes express PepT1 and,
consequently, have the capacity to take up such bacterial
peptides, which can subsequently interact with members of the
NBS–LRR family of intracellular receptors (eg, NOD1/NOD2)
that mediate intracellular recognition of microbes and their
products.30–37 Thus, an inflammatory response initiated at the
epithelial level could lead to an inflammatory cascade that
results in tissue damage.15,38,39 In addition, we have previously
demonstrated that PepT1 is also expressed in immune cells and
may transport small proinflammatory peptides such as fMLP,
thereby participating in the intestinal inflammatory
responses.20–22,48 Importantly, it has recently been shown that
a PepT1 polymorphism is associated with IBD. Overall, our
studies have revealed that PepT1 may be involved in the
pathogenesis of IBD in humans.17,49,50 However, a direct role of
PepT1 in immune cells during intestinal inflammation has not
been investigated.

In the present study, we used PepT1-KO mice,51–54 in
which PepT1 is not expressed in colonic epithelial or immune
cells, and WT mice, in which PepT1 is expressed in immune
cells but not in colonic epithelial cells. First, we observed that
DSS-induced colitis was less severe in PepT1-KO mice
compare with WT mice. Our results suggested that this
difference could be explained by the modest elevation in the
expression of proinflammatory cytokines (eg, CXCL1, IL-6,
MCP-1, IL-12, and INF-g) in PepT1-KO mice compared with
WT mice after DSS treatment. As immune cells are the
primary source of secreted proinflammatory cytokines, we
hypothesized that the lack of PepT1 expression in the
immune cells of PepT1-KO mice could affect the production
of proinflammatory cytokines by these cells. Indeed, we also
demonstrated that inflamed macrophages lacking PepT1
expression secreted less cytokine than the same macrophages

expressing PepT1. This suggests that immune cells that
express the PepT1 transporter may directly utilize di- and tri
peptides. Moreover, the expression of PepT1 in immune cells
may provide the supply of small peptides needed for the
secretion of cytokines and chemokine receptor(s) involved in
intestinal inflammation. In this context, it is possible that the
expression of chemokine receptor(s) could be decreased in
immune cells with low PepT1 expression. Indeed, we
observed that reduction of PepT1 expression decreases
chemotaxis of immune cells recruited during intestinal
inflammation. Further support for this latter conclusion
may be provided by the observation that small peptides (eg,
arginine-containing peptides) taken up by the PepT1
transporter system can serve as direct substrates of
inducible nitric oxide (NO) synthase in the production of
NO by alveolar macrophages.55 Other studies have
demonstrated that some membrane channel activities in
macrophages are important in IL-1b secretion via regulation
of the Nlrp3 (NACHT/LRR/pyrin domain-containing
protein 3) inflammasome.56 In addition, we have
demonstrated that wound healing is improved in PepT1-
KO mice compared with WT mice. This latter observation
suggests that wounds induced by DSS resolve themselves
more effectively in PepT1-KO mice, resulting in less severe
colonic tissue damage.

We further explored the role of colonic bacteria in PepT1-
mediated inflammation by treating PepT1-KO mice and WT
littermates treated for 6 weeks with broad-spectrum anti-
biotics to deplete enteric microbial communities before the
induction of colitis with DSS. An assessment of various
parameters of colitis and inflammation, including in-
flammatory cytokine levels, in these mice showed that anti-
biotic treatment eliminated the difference in colitis severity
between WT and PepT1-KO mice. These results suggest that
bacteria and/or bacterial products, such as fMLP, MDP and/
or Tri-DAP, are crucial for aggravation of DSS-induced colitis
in WT animals. Interestingly, colonic bacterial levels were
higher in WT mice than in PepT1-KO mice, possibly sug-
gesting that some distinct bacterial population not present in
PepT1-KO mice which is induced by the absence of PepT1
expression in colonic immune cells. Colonic immune cells,
such as dendritic cells and macrophages, are instrumental in
maintaining immune homeostasis and tolerance in the gut
and in controlling intestinal inflammation. Colonic immune
cells lacking PepT1 expression could affect interactions be-
tween intestinal microbiota and the innate immune system,
providing a possible explanation for the lower numbers of
colonic bacteria in PepT1-KO mice. It is also possible that
bacterial products that are transported by PepT1 are not
taken up by immune cells in PepT1-KO mice, inducing
dysregulation of bacterial recognition. This would prevent
immune cells such as macrophages from sensing bacterial
products through the NBS–LRR family of intracellular receptors
that are expressed in macrophages, ultimately affecting
overall colonic bacterial homeostasis.
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We previously demonstrated the contribution of mucosal
versus immune cell-derived hPepT1 to the development of
colitis.38 We generated bone marrow chimeras of WTmice or
b-actin–hPepT1 mice (ubiquitously overexpressing hPepT1).
WT mice that received myeloid cells from b-actin–hPepT1
animals overexpressed hPepT1, whereas WT mice that
received myeloid cells from WT mice showed normal
PepT1 expression. We found that the former were more
sensitive to induced colitis than the latter. As the two groups
differed only in the expression level of PepT1 in their
immune cells, we concluded that PepT1 expression in
immune cells has a role in the proinflammatory response.38

In this study, PepT1 was not detected in IECs from WT or
PepT1-KO mice, but its expression differed in the immune
cells of WT mice (detectable PepT1 expression) and PepT1-
KO mice (no detectable PepT1 expression), which suggest
that the observed effects are likely due to differences in the
PepT1 expression levels of their immune cells.

In the present study, we have demonstrated that PepT1
expression in immune cells plays an important role in DSS-
induced colitis. PepT1 expressed in immune cells regulates
proinflammatory cytokine secretion, which is dependent on
bacteria and/or bacterial products. Immune cell PepT1 may
thus serve to transport small bacterial products such as MDP
and tri-DAP into macrophages, allowing them to be sensed
by the NBS–LRR family of intracellular receptors and parti-
cipate in intestinal microbiota homeostasis.

Supplementary Information accompanies the paper on the Laboratory

Investigation website (http://www.laboratoryinvestigation.org)
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