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Abstract
Background & Aims—Lymphoepithelial interactions in the gut can occur in the epithelium and
the sub-epithelial space. We asked whether Normal, Crohn’s Disease (CD) or Ulcerative colitis (UC)
lamina propria lymphocytes (LPL) could promote intestinal epithelial cell (IEC) growth and
differentiation.

Methods—T84 cells were co-cultured with freshly isolated LPL for varying periods. After removal
of LPL, IECs were lysed and subjected to i) measurement of intestinal alkaline phosphatase (IAP)
activity; ii) Western blot analysis for MAPK and Akt activation; and iii) Real Time-PCR to assess
CDX2 mRNA levels. Tissue sections were immunostained for evidence of MAPK and PI3K
activation, CDX2 and IAP; and CDX2 mRNA expression was assessed on human colonic biopsies.

Results—IAP activity was increased in T84 cells co-cultured for 8 days with Normal LPL (p<0.05),
and even greater with CD LPL (p<0.001). Crypt IECs in active CD mucosa expressed IAP ex vivo.
Phospho-MAPK (ERK1/2, p38, and JNK) and phospho-Akt were seen as early as 30 min after co-
culture. MAPK activation was greatest in T84 cells co-cultured with CD LPL. There was a specific
increase in P-p38 MAPK and P-Akt staining in the nuclei of crypt IECs in active vs inactive CD,
normal mucosa and UC mucosa. CDX2 mRNA expression was increased in CD LPL co-cultured
T84 cells which not correlated with the CDX2 protein localization ex vivo.

Conclusion—Our observations indicate that there is crosstalk between LPL and IECs, which leads
to IEC differentiation. Moreover, in CD mucosa, the differentiation of IEC is accelerated.

INTRODUCTION
Intestinal epithelial cells (IECs) provide the first line of defense for the host by preventing the
entry of potentially dangerous microorganisms into underlying lymphoid tissues. In the
intestine, two major lymphocyte populations exist: the intraepithelial lymphocytes (IEL) which
remain associated with the basolateral membrane of the IECs, and the LPL which localize to
the subepithelial lamina propria and are in contact with IECs via basolateral projections through
the semi-porous basement membrane1, 2. Previous studies from our lab suggested that IECs
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function as antigen-presenting cells (APCs) and, as such, can promote regulatory T-cell
responses in the mucosa3-8. In a reverse interaction, studies by Chen et al. suggested that IEL
could induce IEC differentiation via the production of keratinocyte growth factor (KGF)9.
Thus, lymphoepithelial interactions have the potential to promote barrier function as well as
regulate mucosal immune responses. The control of immune responses in the gut is critical for
normal immune homeostasis in the host. Failure to control such responses has been proposed
as one mechanism in the development of inflammatory bowel disease (IBD)1.

In one murine model of IBD, the Interleukin-10 (IL-10)-deficient mouse10, lymphocyte
development and antibody responses are normal, but most animals are growth retarded and
anemic. Profound alterations are present in the intestine of these animals, such as a chronic
enterocolitis that can involve the entire intestinal tract; and is associated with either
hyperregenerative or degenerative lesions of the intestinal epithelia. The typical architecture
of the mucosa is disturbed by the formation of abnormal crypt and villus structures consisting
of branched and fused villi, enlarged and branched crypts, and labyrinthine sheets of
enterocytes on the surface10. These findings suggest that IL-10 and probably other factors
involved in regulating inflammation may have a role in controlling IEC homeostasis:
proliferation vs. differentiation.

Cell proliferation, lineage-specific differentiation, migration, and finally apoptosis and/or cell
shedding are tightly regulated processes that are spatially and temporally regulated along the
crypt/surface axis in the colon. The epithelium is characterized by its rapid and constant
renewal. This process involves cell generation and migration from the stem cell populations
located at the bottom of the crypt to the extrusion of terminally differentiated cells at the tip of
the villus11, 12. Thus, the crypt is mainly composed of proliferative and poorly differentiated
cells, whereas the villus is lined with functional absorptive, goblet, and endocrine cells13. The
molecular and cellular mechanisms responsible for the fine coordination between proliferation,
migration, and differentiation along the crypt-villus axis are still largely unknown.

Several studies suggest that the intestine specific, caudal-related cdx1 and cdx2 homeobox
genes encode nuclear transcription factors that play a critical role in IEC proliferation and
differentiation. In contrast to CDX1 which is mainly expressed in the crypt compartment
(although not restricted to proliferative cells)14, the CDX2 homeoproteins are mainly expressed
in differentiating enterocytes15, triggering growth retardation and cell differentiation by
overexpression in several intestinal lines in vitro16. Furthermore, genes regulated by either
CDX1 or CDX2 generally define a functional differentiated phenotype, such as sucrase-
isomaltase16, dipeptidyl peptidase IV14, or intestinal alkaline phosphatase (IAP)15.

The mitogen-activated protein kinase (MAPK) family, such as extracellular signal-regulated
kinase (ERK), Jun amino-terminal kinase (JNK), and p38 MAPK, has been shown to play
various roles in regulating gene expression via transcription factor phosphorylation. This
signaling pathway has been implicated in IEC differentiation. Elevated ERK1/2 activities
stimulate cell cycle progression of IECs, whereas low level activities are correlated with G1
arrest and differentiation17. Moreover, p38 MAPK is rapidly activated in IECs induced to
differentiate, and this activation enhances CDX2 transcriptional activity16.

Another signaling pathway, phosphatidylinositol 3-kinase/Akt (PI3K/Akt), has been
implicated in cellular differentiation with conflicting reports regarding its ability to promote
or inhibit IEC differentiation18-21. Laprise et al. described that PI3K is necessary for functional
and morphological differentiation of IECs. The recruitment of PI3K appears to be essential for
the integrity of the adherens junctions via Akt and p38 MAPK activation19. In contrast, Evers
et al reported that the PI3K/Akt pathway mediates proliferative signals in IECs18, 20, 21, and,
by the antagonistic effect of PTEN (phosphatase and tensin homologue deleted from
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chromosome 10) on the PI3K/Akt pathway, regulates the intestine-specific cdx2 homeobox
gene18.

The purpose of this study was to better understand the dysregulation of IECs that occurs in the
mucosa of IBD patients. To do so, the role of LPL in IEC differentiation was investigated using
a new experimental model set up in our laboratory, i.e., freshly isolated LPL derived from the
mucosa of normal or CD patients were co-cultured with IEC lines, such as T84. T84 cells co-
cultured with CD LPL displayed a greater increase of IAP activity than with normal LPL. Both
Akt and the MAPK signaling pathways were activated in T84 cells co-cultured with normal
and CD LPL, but the level of CDX2 mRNA was significantly higher in T84 cells co-cultured
with CD LPL. These findings were validated ex vivo using tissue sections of normal, inactive
and active CD and ulcerative colitis (UC) colonic mucosa. Our findings suggest that there is
crosstalk between LPL and IECs, leading to IEC differentiation and in CD mucosa this
differentiation is accelerated

MATERIALS AND METHODS
Cell lines

T84, a human carcinoma cell line derived from a colon carcinoma, and Caco-2, a human colon
carcinoma cell line with enterocytic properties, were obtained from the American Type Culture
Collection (ATCC, Manassas, VA). T84 cells were cultured in DMEM/F12 (Invitrogen,
Carlsbad, CA) /5% heat-inactivated FCS (Hyclone, Logan, UT), and Caco-2 cells in DMEM
(Invitrogen) /10% heat-inactivated FCS and 1% non essential amino-acids (Invitrogen). HT29
Clone 16E, a goblet cell line and derivative of the HT29 human colonic cancer cell line was a
gift of Pr. C.L. Laboisse22. This cell line was cultured in DMEM/10% heat-inactivated FCS.

Isolation of IECs and LPLs from human intestinal mucosa
Surgical specimens from patients undergoing colon resection for IBD or cancer or biopsies
from patients undergoing colonoscopy at the Mount Sinai Medical Center were used as a source
of IEC and LPL. The surgical specimens obtained from IBD patients were all from non
inflamed areas. Isolation of IECs and LPLs was performed as previously described in our
laboratory using Dispase II (Roche Diagnostics, Alameda, CA) and Collagenase treatment6.
The biopsies were incubated in RPMI containing 3mg/ml Dispase II for 15-30 min, with
vortexing every 5min, in a 37°C water bath. During this treatment, IECs were released from
the tissues. The cell suspension resulting from the dispase treatment was washed twice,
pelleted, and then, processed for Trizol extraction (Invitrogen) or further analysis.

Co-culture assay
The IEC lines were seeded in 6 or 12 well plates the night before the experiment in a non
confluent state (40-50 % confluency), or on regular and inverted Transwells® with a diameter
of 6.5 mm and a pore size of 3 m (Corning Inc., Corning, NY) in a confluent state. During the
LPL isolation, the cells were serum-deprived. The co-cultures were set up with a ratio of 1
IEC: 1 LPL. For the Transwells® studies, the LPL were incubated on the basolateral side of
the filter. In some experiments, the IEC lines were preincubated with 100nM wortmanin
(Calbiochem, San Diego, CA), a PI-3K inhibitor, for 90 min prior to co-culture. The inhibitor
was removed before the co-culture.

The IEC line and LPL alone served as negative controls for all studies.

Intestinal Alkaline Phosphatase activity
After one hour, 1, 2, 4 or 8 days, T84 cells were washed with cold PBS containing Ca2+ and
Mg2+ in order to remove the LPL, then frozen at −20°C. The cells were lysed in 350ul of 0.5%
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Triton X-100, 10mM Tris-HCl [pH 8], and 150mM NaCl. 50l of each sample was mixed with
150ul of a p-nitrophenyl phosphate solution (Sigma-Aldrich, St. Louis, MO). After a 30min
incubation at RT, the absorbance at 405nm was measured. The protein content of each sample
was quantified using the Biorad DC kit (Biorad, Hercules, CA). Caco-2 cells exhibit a
constitutively high level of IAP activity23, 24, so, we used this cell line as a positive control in
our experiments.

Real-Time PCR analysis for human CDX2 mRNA expression
After 4 days, the T84 cells were washed with PBS in order to remove the LPL, and then,
processed for Trizol extraction (Invitrogen). We used a previously described protocol25.
Briefly, 5 μg total RNA were converted into cDNA and was used for a 40 cycle three-step PCR
using an ABI Prism 7900 (PE Applied Biosystems, Foster City, CA) in 20 mM Tris, pH 8.4,
50 mM KCl, 5 mM MgCl2, 200 μM deoxynucleoside triphosphates, 0.5x SYBR Green I
(Molecular Probes, Inc., Eugene, OR), 200 nM each primer, and 0.5 U Platinum Taq
(Invitrogen). The number of target copies in each sample was extrapolated from its detection
threshold (CT) value using a plasmid or purified PCR product standard curve included on each
plate. Three different housekeeping genes were used as controls. Each transcript in each sample
was assayed three times, and the median CT values were used to calculate the FOLD
INCREASE IN GENE EXPRESSION as 2-ΔΔCT where the ΔΔCT corresponds to (Mean
CTTARGET NORMAL- CTTARGET UC/CD)-(Mean CTCONTROL NORMAL- CTCONTROL UC/CD).
By definition ΔΔCT in the control group equals 0 and 20 equals 1. With this method, we
normalized our results to the reference genes and to the control group. The primers used in this
study are presented in the supplementary material.

The same experimental procedure was used for real-time PCR analysis using RNA from freshly
isolated IECs from biopsies.

Western Blot analysis
After 30 min to 3 hours of co-culture, the T84 cells were washed with cold PBS in order to
remove the LPL, and frozen at −80°C. The cells were scraped from the plastic at 4°C into 150ul
of lysis buffer (50mM Tris-HCl [pH 7.5], 150 mM NaCl, 1%NP-40, 2 mM Na3VO4, 1 mM 4-
(2-aminoethyl)-benzene sulfonyl fluoride, 10 mM NaF, 5 mM NaPPi, 10 mM -
glycerophosphate). The lysate was then sonicated and solubilized for 30min at 4°C, centrifuged
at 14,000xg for 20min at 4°C. The protein concentration of the supernatant was determined as
described above.

Equal protein concentrations of whole-cell lysates were resolved by 10% SDS-PAGE. The
proteins were transferred onto a polyvinylidene fluoride membrane (Immobilon-P, Millipore,
Billerica, MA) and incubated overnight at 4°C with either anti-phospho Akt, anti-phospho
ERK1/2, anti-phospho p38, anti-phospho JNK, anti-Akt (Cell Signaling, Danvers, MA) or anti-
ERK2 (Santa Cruz Biotechnology, Santa Cruz, CA), and HRP-conjugated anti-rabbit or anti-
mouse antibodies (Cell Signaling). The binding of antibodies was revealed with an enhanced
chemiluminescence detection system (ECL, Amersham Biosciences, Pittsburgh, PA).

Intestinal Alkaline Phosphatase staining
Biopsies from patients undergoing endoscopic examination (Normal, inactive and active CD
and UC ) and colonic tissues from C57BL/6 (WT) and RAG1−/− mice, obtained from The
Jackson Laboratory, Bar Harbor, ME., were paraffin-embedded. All mice were housed under
specific-pathogen-free conditions in individually ventilated cages at the Mount Sinai School
of Medicine Animal Facility. All experiments were performed following institutional
guidelines. Tissue sections were dewaxed and rehydrated. IAP was stained according to the
manufacturer’s protocol using the BCIP/NBT Alkaline Phosphatase Substrate Kit IV (Vector
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Laboratories, Burlingame, CA). The slides were then mounted with a coverslip using
Vectashield Hard Set (Vector Laboratories). The slides were examined with a Zeiss Axioskop
light microscope at 20X magnification.

Immunohistochemistry
For immunohistochemistry, tissue sections were dewaxed, rehydrated, and endogenous
peroxidase activity was quenched with 1.5% H2O2 in methanol (15 min RT). Antigen retrieval
was performed by heating for 10min at 100°C in 0.01 M sodium citrate. The stainings were
done according to the manufacturer’s protocol using a rabbit or mouse Histostain-Plus kit
(Invitrogen). The tissues were incubated overnight with either anti-phospho Akt, anti-phospho
PTEN, anti-cyclin D1, anti-phospho ERK1/2, anti-phospho p38, anti-phospho JNK (dilution
1/50, Cell Signaling), or anti-CDX2 (Biogenex) antibodies in PBS containing 0.1% Triton-
X100, or Ready-to-Use anti-CDX2 (Biogenex, San Ramon, CA). The slides were counter-
stained with Mayer’s Hematoxylin Solution (Sigma-Aldrich). The slides were then mounted
with a coverslip using Vectashield Hard Set (Vector Laboratories). The slides were examined
with a Zeiss Axioskop light microscope at 20X and 100X magnification.

Statistical analysis
Results are presented as the mean +/− standard deviation. Because of the variability of human
samples, statistical significance was determined by One-way Anova followed by post-test
Newman-Keuls, t-test followed by Mann-Whitney test, or One-way Anova followed by
Kruskal-Wallis test. p < 0.05 was considered significant.

Densitometric analysis
The changes in band intensity were quantified by densitometric analysis using the Scion Image
program for PC. All experiments were repeated at least 3 times, and a representative result is
shown for each experiment.

RESULTS
Normal LPL induce an increase of IAP activity in T84 cells

Intestinal Alkaline Phosphatase (IAP) is exclusively expressed in villus enterocytes in normal
mucosa and hence serves as an excellent marker of crypt-villus differentiation23, 24. The
putative effect of normal LPL on epithelial differentiation was investigated using T84, a crypt-
like intestinal epithelial cell line, co-cultured with freshly isolated normal LPL for 1 hour, 4
and 8 days (Fig 1A). These different time points were based on the kinetics of T84 cell
differentiation. We followed differentiation by quantifying IAP activity. Normal LPL induced
a slight increase in IAP activity after 4 days of co-culture with non-polarized T84 cells (179.3
+/−60.9 nmol pNP/mg prot vs. 67.2+/−41.6), and this reached significance after 8 days (287.6
+/−151.8 nmol pNP/mg prot vs. 110.9+/−67.7, p<0.05), suggesting that normal LPL have an
effect on IEC differentiation.

CD LPL induce a greater increase in IAP activity than normal LPL
The colonic mucosa of IL10 KO mice has been reported to display abnormal biclonal
crypts10 before the presence of active inflammation. We were interested to determine whether
IBD LPL played a role in this process. T84 cells were co-cultured with freshly isolated CD or
UC LPL for 1 hour, 4 and 8 days. CD LPL induced a highly significant increase in IAP activity
as rapidly as after 4 days of co-culture with T84 cells (Fig 1A) (355.7+/−217.8 nmol pNP/mg
prot vs. 67.2+/−41.6, p<0.001); this increase was even greater after 8 days (576.4+/−51.2 nmol
pNP/mg prot vs. 110.9+/−67.7, p<0.001).
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We performed this assay using Caco-2 and HT29 Cl16E cells (data not shown) and each cell
line showed a different pattern of differentiation in the presence of LPL, particularly with CD
LPL. The T84 cell line was the most responsive in terms of an increase in IAP activity. This
cell line mimicks an intestinal crypt cell that can potentially explain its susceptibility to
differentiate. Non-polarized Caco-2 cells are known to be highly differentiated (baseline IAP
activity was already quite high), so further differentiation was difficult to detect. The HT29
Cl16E cell line is a goblet like cell line, and IAP activity is not an accurate marker of
differentiation.

Freshly isolated LPL from UC patients had a cytotoxic effect on the IEC lines so these results
are not shown. We are currently trying to better understand this phenomenon.

Taken together, these findings are consistent with enhanced differentiation of intestinal crypt
cells induced by CD LPL.

IAP induction due to CD LPL is contact dependent
In order to determine whether IEC differentiation in the presence of CD LPL was mediated by
soluble factors or required cell contact, T84 cells were seeded on conventional or inverted
Transwells® the night before the experiment. The inverted Transwells® were flipped the
morning of the LPL isolation. LPL were added to the basolateral side of the IECs allowing
contacts between T84 cells and LPL while assessing the involvement of soluble factors in
conventional Transwells®. IAP activity was assessed after 1 or 2 days of co-culture (Fig 1B).
In T84 cells co-cultured with either Nor or CD LPL in conventional Transwells®, the IAP
activity was comparable to the control (data not shown). In T84 cells co-cultured with. When
T84 cells were co-cultured with CD LPL in inverted Transwells®, IAP activity was increased
after 1 day (781.3+/−550 nmol pNP/mg prot vs. 377+/−85.7), and this induction was significant
after 2 days of co-culture (858+/−753.9 nmol pNP/mg prot vs. 377+/−69.9, p<0.05). In contrast,
with Nor LPL the IAP activity was comparable to controls

These findings strongly suggest that the enhancement of IEC differentiation by CD LPL is
contact dependent.

Normal, CD and UC LPL induce PI3K dependent Akt activation in T84
The PI3K/Akt pathway has been shown to affect proliferation, differentiation, and apoptosis
in a number of cells26, including IECs. PI3K was shown to modulate enterocyte-like
differentiation in HT29 and Caco-2 cells, as well as goblet cell differentiation18, 20, 21, 27.
Therefore, the activation of Akt was assessed in T84 cells co-cultured with normal, CD or UC
LPL for 30 min to 3 hours. WB analysis was performed using an antibody directed against the
phosphorylated (activated) form of Akt (Fig 2). Normal, CD and UC LPL induced the
phosphorylation of Akt in T84 cells within 30 min of co-culture (Fig 2A) and this lasted at
least 3 hours. WB assessing total Akt revealed the presence of comparable total Akt protein in
the analyzed samples. Freshly isolated LPL, a control for the presence of residual LPL in the
co-cultures., did not demonstrate Akt phosphorylation (data not shown), suggesting that the
Akt activation seen in T84 cells was specifically induced by the LPL. In a preliminary
experiment, we analyzed the phosphorylation of Akt at varying ratios of IEC:LPL (1:1 or 1:2),
and showed that the ratio of 1:2 led to a more robust, but not earlier, response (data not shown).
However, since the differences were not dramatic and given the presence of limiting cell
numbers, we used a 1:1 ratio for subsequent experiments.

In order to confirm that the Akt activation was PI3K dependent, pharmacological inhibition of
this pathway was performed. T84 cells were pretreated for 90 min with either DMSO (negative
control) or Wortmanin (100nM), washed with PBS before the co-culture in order to remove
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the inhibitor, and then co-cultured for 3 hours with normal LPL. Wortmanin treatment did not
affect the viability of T84 cells. The effect of wortmanin on phospho-Akt induction was
assessed by WB analysis (Fig 2B). PI3K inhibition totally abrogated Akt phosphorylation in
T84 cells co-cultured with normal LPL. Thus, PI3K and subsequently Akt are activated when
T84 cells are co-cultured with freshly isolated Nor, CD or UC LPL.

Normal, CD and UC LPL activate the MAPK pathway in T84 cells
The MAPK pathway is also involved in intestinal epithelial cell proliferation and
differentiation. ERK1/2 has been shown to modulate the microvillus architecture of IECs and
p38 MAPK has been shown to be involved in adherens junction assembly, and expression of
several differentiation markers including IAP17, 19. Therefore, the activation of the three
MAPK members (ERK1/2, p38 MAPK, and JNK) was assessed in T84 cells co-cultured with
normal, CD or UC LPL for 30 min to 3 hours. We performed a WB analysis using specific
antibodies directed against the phosphorylated forms of ERK1/2, p38 MAPK, and JNK
(supplementary data). Normal, and to a greater extent CD and UC, LPL led to ERK1/2, p38
MAPK, and JNK activation within 30 min of co-culture. WB using an antibody recognizing
all ERK2 proteins confirmed equivalent loading of protein.

Thus, the MAPK pathway is activated when IEC are co-cultured with freshly isolated LPL as
well, however, IBD LPL (both CD and UC) induced a stronger activation of the MAPK
pathway.

CD LPL induce an increase in the expression of CDX-2 in colonocyte-like cells
p38 MAPK and PI3K/Akt pathways are thought to play an important role in intestinal epithelial
cell differentiation via activation of the intestine-specific transcription factor CDX216, 18, 19.
Moreover, it was recently shown that CDX2 alters the proliferation of intestinal crypt cells and
stimulates the expression of distinct intestinal differentiation markers14, 15. We therefore
examined CDX2 mRNA by Real-Time PCR in T84 cells co-cultured with normal, CD or UC
LPL for 4 days (Fig 3). The level of CDX2 mRNA in T84 cells co-cultured with Nor LPL was
significantly increased (2.28+/−1.10.58 fold increase vs. 0.80+/−0.515 in control cells,
p<0.005) (Fig 3), and this was further increased when the T84 cells were co-cultured with CD
LPL (3.98+/−2.91.45 fold increase, p<0.005). As mentioned above, freshly isolated LPL from
UC patients had a cytotoxic effect on the IEC lines at 4 days.

Preliminary studies using supernatants from LPL cultured for 2 days and co-cultured with the
IEC line failed to induce CDX2 mRNA expression (data not shown), suggesting that CDX2
expression may be contact dependent.

Ex vivo histological correlation of in vitro findings: IAP staining
To further investigate whether the in vitro findings, described above, correlated with changes
ex vivo, we performed a series of histological analyses. We first assessed IAP staining in colonic
mucosa of normal, inactive and active CD and UC patients (Fig 4A). In normal mucosa, IAP
staining was restricted to the apical surface of the surface epithelium, as reported. In contrast,
IAP expression extended down the crypt-surface axis in inactive CD mucosa, with greater and
more extensive expression in active CD mucosa. In inactive UC mucosa, the staining was
restricted to the apical surface of the epithelium (similar to normal), and this staining was almost
undetectable in active UC mucosa.

These data are consistent with the in vitro findings of enhanced IAP expression induced by CD
LPL and suggest that the changes seen are not just related to the presence of inflammation.
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If LPLs are involved in normal IEC differentiation, one would predict that IEC differentiation
would be altered in the absence of LPL. To evaluate this in vivo, we analyzed IAP expression
in the colons of RAG1−/− mice. As seen in figure 4B, IAP staining was absent in colonocytes
in RAG1−/− mice while expressed (albeit in a patchy manner) in WT mice.

These data support the crosstalk between IEC and LPL which leads to IEC differentiation.

Anti-phospho Akt and anti-phospho PTEN staining of colonic biopsies show a different
localization pattern in normal vs. inactive and active CD and UC mucosa

We next analyzed phospho-Akt expression by immunohistochemistry (Fig 5). The localization
of phospho-Akt in normal mucosa revealed basolateral expression in the upper 2/3 of the
surface IEC. In contrast, expression extended into the nuclei of the crypt in inactive and active
CD and inactive UC mucosa, but to a lesser extent in active UC mucosa. The phospho-Akt
staining exhibited a nuclear pattern in both CD and UC, suggesting that this effect may be
inflammation related.

To determine the factors regulating phospho-Akt, we analyzed the expression of phosphatase
and tensin homologue, PTEN. Since PTEN, antagonizes the effects of PI3K on
phosphoinositide phosphorylation, the loss of PTEN permits the constitutive activation of
signaling downstream from PI3K18. The phosphorylated (inactive) form of PTEN was
analyzed in colonic biopsies by immunohistochemistry (Fig 5). The pattern of phospho-PTEN
expression was similar to that seen for phospho-Akt, with the most striking observation being
the abundance of the nuclear staining along the crypt-surface axis in active CD mucosa. This
was less remarkable in active UC mucosa. As the PI3K/PTEN pathway seemed dysregulated
in active CD mucosa, we investigated one of the nuclear targets downstream of Akt, cyclin
D1. This protein is involved in the balance between cell cycle and cell arrest. Interestingly,
normal mucosa exhibited surface epithelial staining (Fig 5). This staining tended to become
more nuclear in the crypt of inactive and active CD. In contrast to CD mucosa, the staining of
UC mucosa was almost the same as normal mucosa.

Thus, the PI3K pathway appears to be much more activated in epithelial cells from CD mucosa
than UC mucosa. Crypt cells, which are undifferentiated in the normal state, were the most
dysregulated cell type in CD.

Nuclear phospho-MAPK staining is increased in active CD mucosa vs. normal mucosa
The MAPK pathway was also analyzed by immunohistochemistry ex vivo (supplementary
data). Normal and inactive CD mucosal epithelium revealed almost the same phospho-ERK1/2
staining, i.e. cytoplasmic expression in surface epithelium, while active CD mucosa exhibited
largely nuclear staining of the active forms of ERK1/2 all through the crypt-surface axis. This
staining was much more remarkable in UC mucosa, suggesting that this effect might be
inflammation related.

Phospho-p38 MAPK staining revealed a localization mostly in the surface epithelium and some
sporadic positive nuclei along the crypt-surface axis in normal and inactive CD mucosa. In
active CD mucosa, almost all the epithelium were extensively stained, including expression in
the nuclei of surface and crypt IEC. Interestingly, inactive and active UC mucosa did not reveal
the presence of any phospho-p38 MAPK along the crypt, suggesting that the translocation of
Phospho-p38 MAPK to the nuclei of crypt IEC might be specific to CD.

Phospho-JNK staining was barely detectable in the basolateral side of the surface epithelium
in normals and was more nuclear in the crypt of inactive CD and UC, and active CD mucosa.
In contrast, active UC mucosa showed greater expression of the active form in the surface
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epithelium. Thus, p38 MAPK, like PI3K, seems to be altered in crypt epithelial cells in CD
mucosa.

CDX2 protein expression is increased in crypt epithelial cells of IBD mucosa
In order to confirm the involvement of CDX2 in the dysregulated differentiation of IECs in
CD mucosa, surface colonic IECs derived from biopsies were isolated and analyzed for their
CDX2 mRNA expression level by real-time PCR. There was large variability from one sample
to another within the same disease type (Fig 6A). In surface IECs from active UC biopsies, the
expression level of CDX2 mRNA was significantly decreased compared to normal IECs (0.07
+/−0.08 fold increase vs 0.39+/−0.79, p<0.05), potentially accounting for the decrease in IAP
staining (Fig 4A). This last result suggests that there is a strong correlation between the absence
of IAP staining and the decrease in CDX2 mRNA expression, potentially explaining the
decrease in IEC maturity in UC patients.

In order to correlate the mRNA expression with the protein localization, we stained colonic
tissue sections for CDX2 (Fig 6B). CDX2 expression is localized in the nuclei of surface IECs
in Nor and CD. CDX2 is also expressed in the nuclei of crypt IEC in CD and UC. However,
there was a decrease in CDX2 expression in surface epithelial cells in UC. The crypt staining
in UC might be due to a differently dysregulated pathway.

Taken together these data fit with the in vitro effect of CD LPL on CDX2 expression in T84
cells and the ex vivo IAP staining of crypt IECs, i.e. CDX2 is involved in the dysregulation of
IEC differentiation in IBD.

DISCUSSION
Defects in epithelial barrier function have been described in IBD (CD, UC). Blair et al.
described that MLCK upregulation is connected with barrier dysfunction and IBD
pathogenesis28; however, the pathophysiologic mechanisms leading to this dysfunction are not
well defined. Prior studies from our laboratory have demonstrated interactions between IECs
and lymphocytes leading to lymphocyte activation. In this manuscript, we asked whether
lymphocytes can affect epithelial cell differentiation and whether this effect is altered in IBD.
Epithelial regeneration was reportedly found to be accelerated in UC. UC is a preneoplastic
disease characterized by chronic epithelial damage and ulceration resulting in epithelial
regeneration and loss of IEC differentiation due to high turnover. The normal differentiation
pattern of colonic epithelial cells is characterized by growth in the crypts with maturation of
cells as they move to the surface. In UC, the regenerative zone has been shown to extend into
the upper part of the crypt. This process is exaggerated in the presence of active inflammation.

Based on the immunologic phenotypes of CD and UC, we asked whether CD mucosa displayed
the same epithelial dysregulation and whether this could be driven by interactions with LPL.

In this study, we showed that Nor LPL promoted T84 cell differentiation. Using both in vitro
and ex vivo systems (supplementary Table 2 summarizes the in vitro and ex vivo findings), we
documented an increase in crypt epithelial cell maturation in colonic CD mucosa driven by
LPL, and this pattern was restricted to CD. Inflamed UC epithelium did not show evidence of
enhanced colonocyte differentiation. The enhanced IEC differentiation in CD correlated with
the severity of disease but was not purely inflammation related as it did not occur in UC mucosa
and was cell contact dependent as i) IAP was only induced in inverted T84 cell polarized
monolayers co-cultured with CD LPL in the basolateral compartment, and ii) supernatants from
CD LPL did not promote similar changes. These findings are consistent with other data from
our group showing the nuclear localization of SOX9 and β-catenin in crypt epithelial cells in
colonic CD mucosa, i.e. the dysregulation and acceleration of crypt epithelial cell
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differentiation in CD (unpublished data). Söderholm et al. reported that increased endosomal
uptake of the protein antigen horseradish peroxidase (HRP) into enterocytes was correlated
with the expression of TNF mRNA in histologically unaffected ileal mucosa of CD
patients29. The process of endocytosis is believed to occur preferentially in highly
differentiated enterocytes, providing further indirect evidence of enhanced differentiation. In
our study, we showed that IAP is upregulated in crypt epithelial cells of CD but not in UC
mucosa, suggesting that these IECs are more mature than normal crypt IECs. The enhancement
of maturation of IECs in CD may contribute to the process of mucosal inflammation. Since
CD IECs are more mature, transcytosis of intact proteins or presentation of antigen fragments
by MHC complexes on enterocytes to lymphocytes30 would be increased, promoting
inflammation.

Kernéis et al. documented the ability of Peyer’s patch lymphocytes to induce the differentiation
of Caco-2 cells into M cells31, and showed that this was cell contact dependent, supporting the
hypothesis that lymphocytes affect IEC differentiation. Chen et al. evaluated the role of IELs
in the dextran sodium sulfate (DSS) mouse colitis model 9. IEL from DSS treated mice
expressed KGF, a potent IEC mitogen. T cell (TCR−/) and KGF-dual deficient mice
(KGF−/−), but not T cell-deficient mice (TCR−/−), were more prone than WT mice to DSS-
induced mucosal injury and demonstrated delayed tissue repair. Termination of DSS treatment
resulted in vigorous IEC proliferation in WT mice but not in TCR−/− mice or KGF−/− mice,
suggesting that IEL help preserve the integrity of damaged epithelial surfaces by providing the
localized delivery of an epithelial cell growth factor.

In order to understand the mechanisms involved in the accelerated maturation process, we
studied signaling pathways known to participate in IEC differentiation. CD LPL activated PI3K
and MAPK pathways in IEC lines in T84 cells, while UC LPL activated MAPK pathways.
These data were correlated ex vivo: activation of p38 MAPK and PI3K pathways were
predominantly restricted to crypt epithelial cells in CD mucosa and were not detected in UC
mucosa. The differences seen between the in vitro and the ex vivo studies might be due to the
fact that we are dealing with a malignant cell line, which may respond differently to various
stimuli. Several studies have highlighted the p38 MAPK pathway, especially c-Raf, as a
potential target for therapy in CD32-34. In those studies, the authors correlated inhibition of the
MAPK pathway in the CD lamina propria with clinical remission. Based upon our study,
activation of these signaling pathways in IECs correlates with disease severity. Furthermore,
to our knowledge, no report has noted the involvement of the PI3K pathway in IBD. In view
of these results, the PI3K pathway could be a new target for therapy.

This manuscript provides a relatively unique model assessing the communication between the
epithelium and mucosal lymphocytes. Dysregulation of IECs in CD is driven by alterations in
the crosstalk between LPL and IECs leading to an acceleration of differentiation. This alteration
seems to involve the transcription factor CDX2 via the activation of PI3K and p38 MAPK
pathways, providing new insights into the dysfunction of the epithelial barrier in CD vs. UC.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

IECs intestinal epithelial cells

Nor normal

CD Crohn’s disease

UC Ulcerative colitis

LPL lamina propria lymphocyte

IAP intestinal alkaline phosphatase

MAPK mitogen-activated protein kinase

CDX2 caudal-related homeoprotein 2

PI3K phosphatidylinositol 3-kinase

APCs antigen-presenting cells

IEL intraepithelial lymphocyte

KGF keratinocyte growth factor

IBD inflammatory bowel disease

IL-10 interleukin-10

PTEN phosphatase and tensin homologue deleted from chromosome 10

HRP horseradish peroxidase

FAE follicle associated epithelium

DSS dextran sodium sulfate

TCR T cell antigen receptor

WT wild-type
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Figure 1.
A. IAP activity in T84 cells co-cultured with Nor or CD LPL for 1 hour, 4 or 8 days. Adherent
cells were co-cultured with freshly isolated LPL at a ratio of 1 IEC : 1 LPL. After removing
the LPL, the IEC line was lysed and IAP activity (nmol pNP/mg prot) was measured by a
colorimetric enzymatic assay and normalized to the protein content in each sample. B. IAP
activity in inverted polarized T84 cells co-cultured with Nor or CD LPL for 1 or 2 days.
Adherent cells were co-cultured and IAP activity determiend as described in 1A.
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Figure 2.
PI3K activation in T84 cells co-cultured with LPL. A. Immunoblotting for P-Akt and Akt in
lysates obtained from T84 cells co-cultured with freshly isolated Nor, CD or UC LPL for 30
min to 3 hours. The CTL (control) lane contains T84 alone. EGF (10 nM; 15min) was used as
a positive control. B. Immunoblotting for P-Akt and Akt in lysates obtained from T84 cells
pre-treated for 90 min with DMSO or Wortmannin (100 nM), washed out and co-cultured with
freshly isolated Nor LPL for 1 hour. The CTL lanes are as described in 2A. (Representative of
3 experiments). The percentage of Akt activity related to EGF induced activity was quantified
by densitometric analysis.
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Figure 3.
CDX2 mRNA expression in T84 cells co-cultured with Nor or CD LPL for 4 days. Adherent
cells were co-cultured as described in 1A. After removing the LPL, T84 mRNA was extracted
and quantified by Real Time-PCR. The fold increase in CDX2 mRNA expression was
calculated as described in Materials and Methods.
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Figure 4.
A. IAP staining of paraffin embedded colonic tissue of Nor, inactive and active CD, and
inactive and active UC. The slides were examined with a Zeiss Axioskop light microscope at
20X magnification. These data are representative of 4 experiments. B. IAP staining of paraffin
embedded colonic tissue from WT and RAG1−/− mice (20X magnification). (Representative
of 4 experiments).
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Figure 5.
Nor, inactive and active CD, and inactive and active UC colonic tissue sections were
immunostained using anti-phospho Akt, anti-phospho PTEN, and anti-Cyclin D1 antibodies.
The slides were counter-stained with Mayer’s Hematoxylin solution, and examined with a
Zeiss Axioskop light microscope at 20X magnification. The insets represent 100X
magnification of the crypt epithelial cells to document nuclear localization. (Representative of
4 experiments).
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Figure 6.
A. CDX2 mRNA expression in surface IECs from Nor, inactive and active CD, and inactive
and active UC colonic biopsies. The IECs were isolated, mRNA extracted and quantified by
Real Time-PCR. The fold increase of CDX2 mRNA expression was calculated as described
in Materials and Methods. B. Colonic tissue sections were immunostained and analyzed as
described in Fig 5 using anti-CDX2 antibodies. The insets represent 100X magnification of
the surface epithelial cells. (Representative of 4 experiments).
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