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The secreted trefoil factor family 2 (TFF2) protein contributes
to the protection of the gastrointestinal mucosa from injury by
strengthening and stabilizing mucin gels, stimulating epithelial
restitution, and restraining the associated inflammation.
Although trefoil factors have been shown to activate signaling
pathways, no cell surface receptor has been directly linked to
trefoil peptide signaling. Here we demonstrate the ability of
TFF2 peptide to activate signaling via the CXCR4 chemokine
receptor in cancer cell lines. We found that both mouse and
human TFF2 proteins (at �0.5 �M) activate Ca2� signaling in
lymphoblastic Jurkat cells that could be abrogated by receptor
desensitization (with SDF-1�) or pretreatment with the specific
antagonist AMD3100 or an anti-CXCR4 antibody. TFF2 pre-
treatment of Jurkat cells decreased Ca2� rise and chemotactic
response to SDF-1�. In addition, the CXCR4-negative gastric
epithelial cell line AGS became highly responsive to TFF2 treat-
ment upon expression of the CXCR4 receptor. TFF2-induced
activation of mitogen-activated protein kinases in gastric and
pancreatic cancer cells, KATO III andAsPC-1, respectively, was
also dependent on the presence of the CXCR4 receptor. Finally
we demonstrate a distinct proliferative effect of TFF2protein on
an AGS gastric cancer cell line that expresses CXCR4. Overall
these data identify CXCR4 as a bona fide signaling receptor for
TFF2 and suggest a mechanism through which TFF2 may mod-
ulate immune and tumorigenic responses in vivo.

Trefoil factor 2 (TFF2),2 previously known as spasmolytic
polypeptide, is a unique member of the trefoil family that is
expressed primarily in gastric mucous neck cells and is up-reg-
ulated in the setting of chronic inflammation. Experimental
induction of ulceration in the rat stomach leads to rapid up-reg-

ulation of TFF2 expression with high levels observed 30 min
after ulceration with persistence for up to 10 days (1). TFF2 is
secreted into the mucus layer of the gastrointestinal tract of
mammals where it stabilizes the mucin gel layer and stimulates
migration of epithelial cells (2–4), suggesting an important role
in restitution and in maintenance of the integrity of the gut.
Exogenous administration of recombinant TFF2, either orally
or intravenously, providesmucosal protection in several rodent
models of acute gastric or intestinal injury (5, 6). A TFF2�/�

knock-outmousemodel has confirmed the importance ofTFF2
in the protection of gastrointestinal mucosa against chronic
injury (7).
It is widely accepted that trefoil factors exert their biological

action through a cell surface receptor. This suggestion comes
from studies on binding of 125I-labeledTFF2 that demonstrated
specific binding sites in the gastric glands, intestine, and colon
that could be displaced by non-radioactive TFF2 (6, 8–10).
Structural studies have revealed potential binding sites for
receptors for all members of the trefoil factor family (11, 12). In
concordance with this hypothesis, several membrane proteins
were found to interact with TFF2. First it was shown that
recombinant human TFF2 (and TFF3) could bind to a 28-kDa
peptide from membrane fractions of rat jejunum and two
human adenocarcinoma cell lines, MCF-7 and Colony-29 (13).
Later it was found that recombinant TFF3 fused with biotin
selectively bound with a 50-kDa protein from themembrane of
rat small intestinal cells (14). However, these 28- and 50-kDa
proteins were characterized only by their molecular size with-
out further identification. Two TFF2-binding proteins that
have been characterized include a 140-kDa protein, the � sub-
unit of the fibronectin receptor, and a 224-kDa protein called
muclin (15). Another TFF2-binding protein was isolated by
probing two-dimensional blots of mouse stomach with a
murine TFF2 fusion protein, leading to the identification of the
gastric foveolar protein blottin, a murine homolog of the
human peptide TFIZ1(16). Although these three proteins have
now been well characterized, none of them has been shown to
mediate responses to TFF2, and no activated signaling cascades
have been shown.
Despite the absence of an identified cell surface receptor for

TFF2, there is nevertheless clear evidence that TFF2 and TFF3
rapidly activate signal transduction pathways (17, 18). TFF3
prevents cell death via activation of the serine/threonine kinase
AKT in colon cancer cell lines (19). The TFF3 protein also acti-
vates STAT3 signaling in human colorectal cancer cells, thus
providing cells with invasion potential (20). TFF3 treatment
leads to EGF receptor activation and �-catenin phosphoryla-
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tion in HT-29 cells (21) and to transient phosphorylation of
ERK1/2 in oral keratinocytes (22). With respect to TFF2,
recombinant peptide enhances the migration of human bron-
chial epithelial cell line BEAS-2B (4). TFF2 has been shown to
induce phosphorylation of c-Jun NH2-terminal kinase (JNK)
and ERK1/2. Consistent with this observation, the motogenic
effect of TFF2 is significantly inhibited by antagonists of ERK
kinases and protein kinase C but not by inhibitors of p38 mito-
gen-activated protein kinase (MAPK). It is believed that the
motogenic effect of trefoil factors and of TFF2 in particular,
could contribute to in vivo restitution of gastric epithelium by
enhancing cell migration.
Although previous studies have suggested that TFF2 func-

tions primarily in cytoprotection, accumulating evidence now
suggests that TFF2may also play a role in the regulation of host
immunity. For example, recombinant TFF2 reduces inflamma-
tion in rat and mouse models of colitis (23, 24). In addition,
TFF2 was detected in rat lymphoid tissues (spleen, lymph
nodes, and bone marrow) (25). Recently we and others found
TFF2 mRNA expression in primary and secondary lymphopoi-
etic organs (26, 27). These data suggest that TFF2 may play
some function in the immune system. In concordance with
these findings, we detected an exacerbated inflammatory
response to acute injury in TFF2 knock-out animals (27, 28).
These observations prompted us to look at the possible func-
tion of TFF2 in immune cells. Unexpectedly we found that
TFF2modulates Ca2� and AKT signaling in lymphoblastic Jur-
kat cells and that these effects appear to be mediated through
the CXCR4 receptor.

EXPERIMENTAL PROCEDURES

Chemicals, Chemokines, Peptides, and Antibodies—The
CXCR4 receptor antagonist AMD3100, was purchased from
Sigma. The Ca2�-sensing dye Indo-1 and the transfection rea-
gent Lipofectamine 2000 were obtained from Molecular Probes/
Invitrogen. The recombinant human chemokine stromal cell-de-
rived factor (SDF)-1� was purchased from R&D Systems
(Minneapolis, MN). Unlabeled (azide-free) and phycoerythrin-
conjugated anti-human CXCR4 (12G5) and anti-mouse CXCR4
(clone 2B11) antibodies were purchased from BD Pharmingen.
12G5 antibodies recognize conformation-dependent epitope
including amino acid 28 in the NH2 terminus, amino acids 179,
181, 182, and 190 in the second extracellular loop (ECL2); and
amino acid 274 in the ECL3 (29). Antibody 2B11 was raised to
63 amino acids of the NH2 terminus of CXCR4 receptor (30).
Isotypic mouse IgG2a antibodies were from eBioscience (San
Diego, CA). Antibodies to total human AKT, Ser-473 (or Thr-
308)-phosphorylated AKT, and total and phosphorylated
ERK1/2 were purchased from Cell Signaling Technology (Bev-
erly,MA). Antibodies to�-tubulin were purchased fromOnco-
gene Science, Inc. (Cambridge, MA). Rabbit anti-TFF2 anti-
bodies to a carboxyl-terminal peptide (16 amino acids) of
hTFF2 (which also recognize mTFF2) were developed previ-
ously and characterized in our laboratory (31).
Cell Lines—KATO III, AsPC-1, AGS, NIH3T3, HEK293T/

17, and Jurkat E6-1 cancer cell lines were purchased from the
American Type Culture Collection (Manassas, VA). AGS,
NIH3T3, HEK293T/17, and AsPC-1 cells were cultured in

DMEM supplemented with heat-inactivated 10% fetal bovine
serum (Invitrogen), 100 units/ml penicillin, and 100 units/ml
streptomycin. KATO III and Jurkat cells were cultivated in
RPMI 1640 medium with 10% fetal bovine serum. All cell cul-
tures were incubated at 37 °C in a humidified atmosphere (5%
CO2). Where indicated, cells were starved in the respective
medium with bovine serum albumin (0.5%) but lacking serum
overnight.
Cloning and Expression of mTFF2 in Eukaryotic Cells—To

express recombinant mouse TFF2 in CHO-K1 and Jurkat cells,
we used a retroviral vector, pMIG, which was kindly provided
by Dr. David Baltimore (Caltech, Pasadena, CA). This vector
contains a multiple cloning site followed by an internal ribo-
somebinding site and the green fluorescent protein (GFP) gene.
A strong viral long terminal repeat promoter controls tran-
scription of both the cloned and GFP genes. The coding region
of immature mouse TFF2 along with the noncoding 5� flanking
region and EcoRI/SalI flanking restriction sites was amplified
from MGC clone (BC050086; Open Biosystems, Baltimore,
MD) by PCR and introduced into corresponding restriction
sites of the pMIG polylinker. The integrity of the resultant con-
struct, pMIG-mTFF2 (GFP), was verified by sequencing.
The stable CHO-K1 cell line secreting recombinant mouse

TFF2 was generated by infection with the pMIG-mTFF2 retro-
virus in the presence of Polybrene (5 �g/ml). The GFP-positive
pool of cells was collected by flow cytometric sorting. Stable
pools of Jurkat cells bearing empty pMIG or pMIG-mTFF2
were selected in identical fashion.
Recombinant TFF2—Recombinant human TFF2 purified

from Escherichia coli (�98% pure by SDS-PAGE and high pres-
sure liquid chromatography analysis) was obtained from Pep-
rotech (Rocky Hills, NJ). Human glycosylated TFF2 purified
from yeast that have been used in the majority of the published
studies on the biological function of TFF2 peptide was kindly
provided by Dr. Lars Thim (“Novo Nordisk,” Maaloev, Den-
mark). Formurine TFF2 production, CHO/pMIG-mTFF2 cells
were expanded, and the TFF2 was purified from the superna-
tant of adherent cells by a combination of gel filtration on Seph-
adexG-50 and ion-exchange chromatography.Homogeneity of
the final product was validated through electrophoresis in an
18% polyacrylamide gel under both reducing and nonreducing
conditions. The presence of the monomeric form of secreted
recombinant TFF2 was confirmed in Western blot analysis by
using antibodies developed to the carboxyl end of the human
counterpart.
Chemotaxis Assay—For themigration assay we used Jurkat T

cells transfected with retroviral vector pMIG (control) or
pMIG-TFF2. The latter expresses both TFF2 and GFP proteins
from a single bicistronic transcription unit. For the migration
assay, control or TFF2-expressing cells were washed, and 3 �
106 cells/ml were suspended inmedium containing RPMI 1640
medium with 1% bovine serum albumin with low endotoxin
content (Sigma, CAS 9048-46-8). 100-�l aliquots of cell sus-
pensions were applied to the upper chambers of 24-well Tran-
swell plates (Boyden chamber, Costar 3422, 5-�m-diameter
pore size). 600 �l of RPMI 1640 medium/BSA supplemented
with the indicated concentrations of SDF-1� (R&D Systems)
were loaded into the lower chambers. Cells were allowed to
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migrate for 3 h at 37 °C. After incubation, the porous inserts
were removed carefully, and the viable cells were counted using
a hemocytometer. The results are expressed as the percentage
of cells that migrated to the bottom chamber. Each experiment
was performed seven to eight times in triplicate. In experiments
with recombinant TFF2, Jurkat cells were applied to the upper
chambers with different concentrations of recombinant pro-
tein (75–1000 nM) in the upper and lower chamber. 600 �l of
RPMI 1640medium/BSA supplemented with 100 ng/ml SDF-1
were loaded into the lower chambers.
Generation of Stably Transfected AGS Cells Bearing the

CXCR4-GFP Chimeric Receptor—The retroviral construct
LZRS-CXCR4-GFP-IRES-Zeocin encoding simian CXCR4was
kindly provided by Drs. Eloise Anthony and Peter L. Hordijk
(32). Amphotrophic retrovirus was obtained, and virgin AGS
cells (5� 106) were infected with this retrovirus (at a multiplic-
ity of 1:10) as described above. Infected GFP-positive cells
(�3%) were collected by flow cytometric sorting (twice),
expanded, and stored in working aliquots in vapors of liquid
nitrogen. AGS cells expressing GFP comprised 96% of the final
purified cell population.
Measurement of Ca2� Level by Flow Cytometry—Jurkat cells

(2.5 � 106 cells/ml) were resuspended in RPMI 1640 medium
containing 0.5% BSA and incubated with the Ca2�-binding dye
Indo-1AMat a final concentration of 5�M for 1 h at 37 °C in the
dark with agitation. Loaded cells were washed, resuspended in
Hanks’ balanced salt solution medium containing 2 mM CaCl2
and 1mMMgCl2, and left for 20min at room temperature. Cells
were aliquoted into fluorescence-activated cell sorter tubes that
were immediately transferred into a 37 °C water bath for an
additional 5min prior tomeasurements. Equilibrated cells were
then used for flow cytometric analysis of theCa2� level using an
LSRII machine (BD Biosciences). The base-line intracellular
Ca2� level was recorded for an initial 25–30 s followed by a
stimulation with the indicated concentrations of SDF-1�,
human or murine TFF2, gastrin, ionomycin, or diluent (phos-
phate-buffered saline). Data collection was continued at the
speed of 2000 events/s for an additional 4–10 min. An increase
in binding of cytosolic Ca2� to Indo-1 results in a change of the
emission spectrum of Indo-1 from 510 nm (free form) to 420
nm (Ca2�-bound form). Thus, blue (4�,6-diamidino-2-phenyl-
indole channel, 420 nm) and violet (Indo channel, 510 nm) cell
fluorescencewasmeasured, and data were plotted using FlowJo
software (version 6.4; Tree Star, Inc.). Intracellular calcium
mobilization in response to SDF-1� or recombinant mouse/
human TFF2 in the presence of AMD3100 or anti-CXCR anti-
body was measured after Jurkat cells were preincubated for 40
min at 37 °C with AMD3100 at a concentration of 0.5 �g/ml or
with 13 �g/ml 12G5 antibody (eBioscience) accordingly.
Immunodetection of Phosphorylation Status of Proteins—Ju-

rkat cells were washed twice in RPMI 1640 medium, sus-
pended at 10 � 106 cells/ml in the same medium with 0.5%
BSA, and starved for 20 h at 37 °C in 5% CO2. Cancer lines
AGS, KATO III, or AsPC-1 or recombinant cells AGS/
CXCR4 were seeded in 60-mm dishes (5 � 105 cells/dish),
grown for 24 h in DMEM supplemented with 10% fetal
bovine serum, and starved overnight in DMEM supple-
mented with 0.5% BSA. Cells were stimulated with of SDF-1

(100 nM) or TFF2 (500 nM) at different time points, washed
with ice-cold phosphate-buffered saline, and resuspended in
lysis buffer (50 mM Tris-HCl, pH 7.4, 1% Nonidet P-40, 150
mM NaCl, 0.5% sodium deoxycholate, 1 mM phenylmethyl-
sulfonyl fluoride, 10 �g/ml aprotinin, 1 �g/ml leupeptin, 1
�g/ml pepstatin, 2 mM sodium vanadate, 2 mM sodium fluo-
ride, and 0.25 mM sodium pyrophosphate) for 20 min. After
centrifugation (15 min at 13,000 rpm), the soluble fractions
were kept at �80 °C until use. Protein concentration was
detected with a kit (Bio-Rad). Equivalent amounts of protein
from each sample were run on 10% Tricine-glycine SDS-
PAGE (Invitrogen) and transferred to 0.45-�m nitrocellu-
lose membranes (Bio-Rad) according to standard protocols.
The blots were probed with anti-phospho-AKT (Thr-308) or
-AKT (Ser-473) and then anti-total AKT or with anti-phos-
pho-ERK1/2 (Thr-202/Tyr-204) mouse monoclonal anti-
bodies followed by anti-total ERK1/2 rabbit polyclonal anti-
bodies. Bound primary antibodies were visualized with
appropriate peroxidase-coupled secondary antibodies (Santa
Cruz Biotechnology) using Enhanced Luminol Chemilumines-
cence Reagent (Amersham Biosciences).
Proliferation Assay—To assess a proliferative effect of cyto-

kines on epithelial cells, AGS and AGS/CXCR4 cells were
plated at density 12 � 103 cells/well in a 96-well plate in com-
plete DMEM for 24 h. The next day this medium was replaced
with DMEM supplemented with 0.1% BSA. The following day
various concentrations of cytokines were added to quiescent
cells in triplicates for an additional 72 h. At the end cell growth
was analyzed using either Cell Counting Kit-8 (WST-8,
Dojindo Laboratories, Rockville, MD) or the BrdU Cell Prolif-
eration Assay (Chemicon, Temecula, CA) according to the
manufacturer’s instructions.
Studies of Binding of Recombinant TFF2 to Jurkat Cells—

Binding experiments were performed with 3 � 105 Jurkat cells
resuspended in 50 �l of phosphate-buffered saline, 3% BSA
containing anti-CXCR4-phycoerythrin monoclonal antibody
2B11 (10 �g/ml) or 12G5 (10 �g/ml) in the presence of SDF-1
or TFF2 (in the concentrations indicated in the figure legends)
at 4 °C for 1 h. The cells were washed twice in phosphate-
buffered saline, 3% BSA buffer. As a negative control, cells
were stained with phycoerythrin-labeled isotype-matched
antibodies. Finally the cells were analyzed on an LSRII flow
cytometer.
Statistical Analysis—If not specially stated, each experiment

was repeated three to eight times. Statistical significance of the
differences observed between experimental groups was deter-
mined by a two-tailed t test. p values less than 0.05 were con-
sidered to be significant.

RESULTS

TFF2 Attenuates SDF-1�/CXCR4-mediated Chemotaxis and
Ca2� Signaling in Jurkat Cells—We and others have previously
demonstrated TFF2mRNA expression in the secondarymouse
lymphoid organs, namely the spleen and thymus (25–27). To
evaluate possible TFF2 regulation in splenocytes by mitogens,
we stimulated mouse splenocytes with T cell and B cell mito-
gens, concanavalin A and lipopolysaccharide, respectively.
Total mRNA was isolated from activated splenocytes, and the
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level of TFF2 mRNA was analyzed by quantitative real time
reverse transcription PCR. This analysis revealed a distinct
increase in TFF2 mRNA abundance in response to concanava-
lin A (40-fold up-regulation), whereas lipopolysaccharide
induced a more modest 2.5-fold increase compared with
unstimulated cells (data not shown). To study the possibility of
TFF2 function in T cells, we used as a model the well charac-
terized Jurkat clone E6-1 T cell line, which does not express
endogenous TFF2mRNA (data not shown). TFF2 gene expres-
sion has been shown in a number of malignancies (33), but the
absence of TFF2 expression in Jurkat cells provided us with an
opportunity to study TFF2 function through stable overexpres-
sion. We cloned the TFF2 cDNA (including its own secretory
signal) into a retroviral vector (pMIG) that contained an addi-
tional marker, GFP, for easier selection of the infected Jurkat
cells. Jurkat cells were infected with recombinant retrovirus
pMIG-TFF2 (GFP) or empty retrovirus pMIG (GFP). Respec-
tive pools of GFP-positive stable clones (�99%; not shown)
were collected after sorting by flow cytometry. Western blot
analysis revealed secretion of TFF2 protein into the culture
medium by the pooled Jurkat clones containing the pMIG-
TFF2 retrovirus but not the empty pMIG retrovirus (supple-
mental Fig. 1A). AlthoughGFP expressionwas strictly localized
to the cytoplasm, themajority of TFF2 protein was found in the
culture medium. Under reducing conditions, the secreted
recombinant mouse TFF2 migrated in concordance with the
expected calculated molecular mass of around 12 kDa for the
secreted monomer form. Nonreduced recombinant murine
TFF2 migrates slightly slower than the reduced form, and both
migrated as a single band (supplemental Fig. 1B). Because no
oligomeric forms of recombinant murine TFF2 were detected
we suggested that the arrangement of disulfide bonds at the
positions of Cys residues and that folding for the recombinant
protein were likely to be identical to that of the native protein.
A common and important property of hematopoietic cells is

chemotaxis (34). The directional movement of many hemato-
poietic cells, including T cells, is regulated in part by the che-
mokine SDF-1�/CXCL12 through the CXCR4 receptor.
Therefore, we tested whether TFF2 expression affects SDF-1�/
CXCR4-mediated chemotaxis of Jurkat cells.We quantified the
migration of Jurkat pMIG and pMIG-mTFF2 cells in response
to various concentrations of SDF-1�. As shown in Fig. 1 (top),
the pool of TFF2-expressing Jurkat cells migrated �30–40%
less efficiently than Jurkat cells containing the empty pMIG
retrovirus. This inhibitory effect of TFF2 on SDF-1�-mediated
migration was statistically significant for all ligand concentra-
tions tested (p � 0.003).

To support the notion that TFF2 modulates chemokine-de-
pendent cellular migration through a cell surface mechanism,
we tested the effect of exogenous recombinant TFF2 on SDF-
1�-dependent chemotaxis of non-transfected, parental Jurkat
cells. Purified murine TFF2 was added to Jurkat cells in the
upper chamber of a Boyden chamber assay, and Jurkat cells
were allowed to migrate toward SDF-1�. A significant (up to
30%) inhibition of SDF-1�-dependent Jurkat cell migrationwas
observedwhen recombinantmurineTFF2was applied at a con-
centration 500–600 nM (Fig. 1, bottom).

TFF2 did not affect growth or proliferation of Jurkat cell (not
shown), reducing the likelihood of a nonspecific toxic effect.
However, we could not further discriminate whether TFF2
affects chemotaxis and/or chemokinesis of Jurkat cells because
other chemotactic compounds (like IGF-1, serum, etc.) did not
work in this assay. Recombinant TFF2 on its own was unable to
stimulate chemotaxis at concentrations ranging from 10 to
1000 nM (data not shown). The inhibitory effect of TFF2 on
SDF-1�-dependent chemotaxis suggested the existence of
some sort of interaction between TFF2 signaling and CXCR4
signaling in Jurkat cells. One explanation for the interaction
might include down-regulation of CXCR4 receptor expression
on the surface of Jurkat cells in response to TFF2 stimulation.
However, flow cytometry did not reveal any variations in the
surface expression of the CXCR4 receptor in Jurkat pMIG-
mTFF2 compared with Jurkat pMIG cells (data not shown).
The SDF-1�-induced migration of Jurkat cells is accompa-

nied by the intracellular mobilization of Ca2� ions (35). There-
fore, we tested for a Ca2� spike in Jurkat cells with or without
TFF2 expression in response to SDF-1� stimulation (Fig. 2).
TFF2 expression (in pMIG-mTFF2 Jurkat cells) resulted in a
marked decrease in the magnitude of calcium flux after stimu-
lationwith 5 nMSDF-1� (Fig. 2, top panel). However, this inhib-
itory effect on calcium signaling was mostly abrogated when a
muchhigher dose of SDF-1� (50 nM)was applied (Fig. 2, bottom

FIGURE 1. Endogenous and exogenous TFF2 inhibits chemotaxis Jurkat
cells to SDF-1�. Top, Jurkat cells bearing empty retrovirus (pMIG; filled bars)
or cells expressing mTFF2 (pMIG-mTFF2; empty bars) were tested in chemo-
tactic assays to the indicated concentrations of SDF-1 for 3 h. The relative
number of migrated cells versus input cells was calculated (mean � S. E.) and
is shown on the ordinate. Statistically significant differences (p � 0.003)
between strains is depicted by asterisks (*). Bottom, parental Jurkat cells were
tested in a chemotactic assay to SDF-1� (12.5 nM) as above but in the pres-
ence of various concentrations of recombinant mTFF2 prior to (15 min) and
during migration in both chambers. Statistically significant differences (*, p �
0.05; **, p � 0.002) between treated and untreated cells are indicated.
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panel). The latter observation raises the possibility of competi-
tion between two ligands for a common receptor, although het-
erologous desensitization of CXCR4 signaling by TFF2 through
a distinct receptor could not be excluded.
TFF2 Stimulates Calcium Mobilization and Protein Kinase

B/AKT Activation in Jurkat Cells—We next tested recombi-
nant TFF2 protein for the ability to directly stimulate signaling
pathways in Jurkat cells. To this end, we measured Ca2� flux in
Jurkat cells after exposure to different concentrations of highly
purified recombinant mouse TFF2. As shown in Fig. 3 (top),
murine TFF2 was able to induce a prominent calcium rise in
Jurkat cells with a magnitude comparable to that induced with
12.5 nM SDF-1�. However, to achieve the maximum calcium
response, the effective concentration of TFF2 required (500–
600 nM) was at least 50 times higher than needed for SDF-1�. In
addition, the kinetics of the responses were quite different. The
amplitude of calcium release induced byTFF2was broader than
that seen in SDF-1�-treated cells, and the peak calcium rise was
achieved in �100 s after TFF2 stimulation, whereas it was
reached in 40 s after SDF-1� treatment. Additional experi-
ments showed that the TFF2 (but not SDF-1�)-induced Ca2�

spike was completely abrogated when free extracellular Ca2�

ions were depleted with EDTA in testing buffer (not shown).
Dose-response studies with recombinant TFF2 show that no
significant calcium release was detected at concentrations

below 50 nM; a maximum response was observed at 500–600
nM mTFF2, whereas higher peptide doses possessed an inhibi-
tory effect (Fig. 3, bottom).
Although the recombinant murine TFF2 used in the above

studies was homogenous based on analysis in gel electrophore-
sis (supplemental Fig. 2), we could not completely exclude the
possibility that tiny impurities could produce the responses
attributed to TFF2. Therefore, as additional controls, we tested
two preparations of recombinant human TFF2 that were puri-
fied from bacteria or yeast by others. We found that both pro-
teins were able to induce a calcium mobilization in Jurkat cells
with the same optimal effective concentration (�500–600 nM)
as recombinant mouse TFF2 (Fig. 3, bottom, and data not
shown). In both cases of humanTFF2 proteins, we observed the
same inhibitory effect at high TFF2 concentrations (�1 �M) on
calcium mobilization in Jurkat cells.
A change of cytoplasmic calcium concentration following a

specific stimulus is often considered as primary evidence for
receptor-mediated activation of signaling pathways in T cells
(36). To further examine downstreamTFF2 signaling, we inves-
tigated possible activation of protein kinase B/AKT and
ERK1/2 kinases in Jurkat cells at various time points following
treatment with 600 nMmTFF2.We found that TFF2 stimulated

FIGURE 2. Endogenous TFF2 decreases Ca2� flux induced by the low but
not high dose of SDF-1� in Jurkat cells. Jurkat pMIG (blue line) and Jurkat
pMIG-mTFF2 (green line) cells were loaded with Indo-1 (Ca2�-sensing dye)
and tested for changes in the intracellular Ca2� level (blue/violet fluores-
cence ratio) upon stimulation with 5 nM (top) or 50 nM (bottom) SDF-1� for
4 min by flow cytometry. The same cells challenged with buffer are shown
as red (pMIG) or black (pMIG-mTFF2) lines (base lines). Chemokine (or
buffer) was added at the time point indicated by arrows. The top and
bottom figures represent data from the same experiment. DAPI,
4�,6-diamidino-2-phenylindole.

FIGURE 3. Recombinant mouse TFF2 stimulates Ca2� flux in Jurkat cells.
Top, cells were loaded with Indo-1 dye and tested for Ca2� flux by flow cytom-
etry upon stimulation (arrow) with SDF-1� (12.5 nM) or mTFF2 (300 and 600
nM) or buffer (BL) for 4 min. Bottom, Ca2� flux stimulated with various doses of
mouse (rhombus) or human (square) recombinant TFF2 peptides was meas-
ured in Jurkat cells by flow cytometry as above. The maximal increases of
Ca2� level above the respective basal levels versus the tested concentrations
are shown. The drawn trend lines were created using Microsoft Excel. DAPI,
4�,6-diamidino-2-phenylindole.
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AKT but not ERK1/2 phosphorylation, whereas SDF-1� acti-
vated both kinases (Fig. 4). The protein kinase B/AKT (Thr-
308) phosphorylation was detected as early as 5 min after TFF2
or SDF-1� challenge in agreement with previous observations
(37, 38). Thus, the pattern of kinase activation byTFF2 in Jurkat
cells was different from that for SDF-1�. Overall taken together
our data indicate some similarities but also important differ-
ences in the signaling pathways activated by TFF2 and SDF-1�
in Jurkat cells.
CXCR4 Receptor Is Necessary for TFF2-stimulated Ca2� Flux

in Jurkat Cells—The finding of a TFF2-induced Ca2� flux in
Jurkat cells strongly indicated the presence of a cell surface
receptor(s) for the trefoil peptide. Interestingly the finding of an
inhibitory effect on calcium rise at high TFF2 concentrations
resembles a response pattern described previously for many
chemokine family receptor(s) upon ligand stimulation. In addi-
tion, the observed competition between exogenous SDF-1�
and endogenously expressed TFF2 on Ca2� flux assay induced
by the former (Fig. 3) raised the possibility thatCXCR4 receptor
might actually be part of the putative TFF2 receptor complex in
Jurkat cells. The nine amino-terminal amino acid residues of
SDF-1� have been shown to be absolutely required for its che-
motactic properties (39). Curiously the amino terminus of
the mature TFF2 peptide shows a weak similarity to that of
SDF-1�.3 To further establish a link between the putative
TFF2 receptor and CXCR4, we measured Ca2� flux in com-
petition and receptor desensitization experiments. First we
treated Jurkat cells repeatedly with SDF-1� or TFF2 at opti-
mal concentrations (Fig. 5A). As expected, we did not detect
a Ca2� flux after the second SDF-1� treatment because of
receptor desensitization (Fig. 5A, bottom). A similar effect
was found for TFF2, strengthening a receptor-dependent
mechanism for the observed Ca2� signaling. Next we treated
Jurkat cells with sequential doses of TFF2 (600 nM) and
SDF-1� (12.5 nM) and vice versa. In this experiment we also
introduced a third (control) treatment of amidated gastrin
(Gas17) because the CCK-2 G-protein-coupled receptor is

expressed on Jurkat cells (40). Pretreatment of Jurkat cells
with TFF2 decreased the Ca2� flux induced by SDF-1� by
40–60% (Fig. 5B, bottom, and data not shown). In contrast,
SDF-1� pretreatment completely abrogated the calcium
spike observed in response to TFF2 treatment (Fig. 5B, bot-
tom). Importantly neither TFF2 nor SDF-1 stimulation
blocked the Ca2� rise induced by amidated gastrin, indicat-
ing the specificity of the inhibition. Taken together, these
data suggest that SDF-1� completely desensitizes TFF2
receptors, whereas TFF2 only partially desensitizes SDF-1�
receptor (CXCR4) in Jurkat cells.

3 Z. Dubeykovskaya, A. Dubeykovskiy, J. Solal-Cohen, and T. C. Wang, unpub-
lished observation.

FIGURE 4. Trefoil peptide and SDF-1 activate different signaling path-
ways in Jurkat cells. Cells were starved in serum-free medium overnight and
then stimulated with mTFF2 (600 nM) or SDF-1� (12.5 nM) for the indicated
times. Protein extracts were prepared and analyzed for activation/phospho-
rylation of ERK1/2 or AKT (Thr-308) kinases by Western blot analysis using the
corresponding antibodies. Final detection with anti-total ERK1/2 or anti-total
AKT antibodies was performed with respective membrane to ensure uniform
sample loading. pAKT, phospho-AKT; pERK, phospho-ERK.

FIGURE 5. Homologous and heterologous desensitization of TFF2- and
SDF-1-dependent calcium signaling in Jurkat cells. A, cells were loaded
with Ca2�-sensing dye and repeatedly treated with mTFF2 (600 nM; top) or
SDF-1 (12.5 nM; bottom) with a final treatment with gastrin (Gas17; 100 nM) at
the indicated time points (arrowheads) and in each case followed by the
measuring of cellular Ca2� level by flow cytometry (�2000 cells/s) for 10 min.
B, Ca2� flux was measured as in A, but cells were successively treated with 12.5
nM SDF-1� and 600 nM mTFF2 (top) or vice versa (bottom) with final stimula-
tion by gastrin (100 nM). Data are shown as curves created by FlowJo software.
DAPI, 4�,6-diamidino-2-phenylindole.
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To ascertain a direct involvement of the CXCR4 receptor in
TFF2-induced Ca2� flux, we pretreated Jurkat cells with an
anti-CXCR4 antibody (12G5) or AMD3100, a specific small
molecule antagonist of the CXCR4 receptor (41). As expected,
both pretreatments significantly decreased the magnitude of
the Ca2� response to SDF-1� but not to gastrin stimulation
(Fig. 6, left, and data not shown). Curiously neutralization of the
CXCR4 receptor also prominently decreased the Ca2� rise
observed in TFF2-challenged cells (Fig. 6, right). However, both
pretreatments did not affect calcium mobilization stimulated
by gastrin. Overall the simplest explanation for the above
results is that TFF2, similar to SDF-1�, interacts directly with
the CXCR4 receptor.
TFF2 Stimulates ERK1/2 and AKT Activation in AGS Cells

Engineered to Express CXCR4-GFP Receptor—To demonstrate
that CXCR4 receptor expression is sufficient to mediate TFF2
signaling, we generated gastric epithelial AGS cells stably
expressing the recombinant CXCR4 receptor fused at its car-
boxyl terminus to GFP (see “Experimental Procedures”). Previ-
ous studies have shown that the CXCR4-GFP fusion product
results in a fully functional CXCR4 receptor (32, 42). We chose
AGS cells in part because they are unique among a tested panel
of gastric cancer cell lines in that they do not endogenously

express CXCR4 mRNA.3 In addi-
tion, TFF2 is abundantly expressed
in stomach and is known to pro-
mote restitution of the gastric epi-
thelium. As expected, the unmodi-
fied AGS cells did not respond to
mTFF2 challenge with any detecta-
ble activation of mitogen-activated
protein or AKT kinases (Fig. 7D). In
contrast, AGS/CXCR4-GFP cells
responded to TFF2 treatment with
robust phosphorylation of ERK1/2
and protein kinase B/AKT (Fig. 7, A
and C, top panels). Interestingly in
contrast to our findings in Jurkat
cells, the pattern and kinetics of
kinase activation by TFF2 in AGS
cells closely resembled that seen
with SDF-1� treatment (Fig. 7, A
and C, bottom panels).

To confirm that TFF2 does trig-
ger intracellular signaling in AGS
cells through the CXCR4 receptor,
we preincubated AGS/CXCR4-GFP
cells with the specific CXCR4 inhib-
itor AMD3100 (0.6 �M for 15 min)
or the CXCR4-neutralizing anti-
body (12G5; 5 and 10 �g/ml for 15
min) prior to mTFF2 or SDF-1�
stimulation. We found that CXCR4
receptor neutralization abrogated
ERK1/2 activation upon TFF2 and
SDF-1� stimulation, whereas the
isotype-matched antibody did not
affect ERK1/2 activation (Fig. 7B).

FIGURE 6. Neutralization of the CXCR4 receptor blocks TFF2-induced
Ca2� flux in Jurkat cells. Cells were loaded with Ca2�-sensing dye and
treated or not with 12G5 antibodies (5 �/ml) or antagonist AMD3100 (0.6 �M)
for 15 min prior to stimulation with SDF-1� (12.5 nM) or mTFF2 (600 nM). The
measurements of calcium ion level were performed by flow cytometry for 4
min. The maximal Ca2� level was determined for each stimulus with/without
treatment and is shown on the abscissa. The indicated treatments did not
affect a robust Ca2� response to gastrin (Gas17). The data shown (mean �
S. E.) are representative of similar data obtained in two additional experi-
ments. DAPI, 4�,6-diamidino-2-phenylindole.

FIGURE 7. TFF2 activates CXCR4-dependent signaling in AGS cells engineered to express the chemo-
kine receptor. AGS (D) or AGS/CXCR4-GFP (A–C) cells were serum-deprived overnight and tested for
phosphorylation of ERK1/2 (A, B, and D) or AKT (C and D) kinases by Western blot with respective phos-
phospecific antibodies upon stimulation with SDF-1� (12.5 nM) or mTFF2 (600 nM). At the end of the assay,
membranes were incubated with correspondent antibodies to total kinases to ensure uniform sample
loading. In B, AGS/CXCR4 cells were pretreated with AMD3100 (0.6 �M), anti-CXCR4 antibodies (5 or 10
�/ml), or isotype matched antibodies (IgG; 10 �/ml) for 15 min prior to stimulation. pAKT, phospho-AKT;
pERK, phospho-ERK; Unst., unstimulated.
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Taken together, these results clearly show that, similar to SDF-
1�, TFF2 activates ERK1/2 and AKT kinases through the
CXCR4 receptor.
TFF2 Stimulates Proliferation of AGS/CXCR4—Activation of

the SDF-1/CXCR4 axis has been shown to stimulate prolifera-
tion in several cell lines that is dependent on ERK1/2 activation
(43–46). Therefore, we investigated whether the TFF2/CXCR4
axis promotes proliferation of AGS/CXCR4 cells. Initially we
evaluated theTFF2 effect on the number of viable AGS orAGS/
CXCR4 cells. Cells were starved for 24 h in serum-freemedium
followed by incubation with either mTFF2, SDF-1�, or EGF for
72 h. The number of viable cells was then assessed using the
WST-8 proliferation assay kit according to the manufacturer’s
instructions. TFF2 and SDF-1� clearly increased the number of
viable AGS/CXCR4 cells in a dose-depended manner (Fig. 8B).
Importantly pretreatment with AMD3100 or the anti-CXCR4-
neutralizing antibody decreased the number of viable AGS/
CXCR4-GFP cells following TFF2 or SDF-1 stimulation, imply-
ing direct involvement of the CXCR4 receptor in this
proliferative/survival effect (Fig. 8C). In contrast, EGF but not
TFF2 or SDF-1� increased in a dose-dependent manner the
number of viable AGS cells, which lack the CXCR4 receptor
(Fig. 8A). These results are in agreement with previous reports
that did not observe any effect of trefoil peptides on the growth
or [3H]thymidine incorporation in AGS cells (47). To inde-
pendently determine whether TFF2 does stimulate AGS/
CXCR4 cell proliferation we measured BrdUrd incorporation
into DNA of these cells in the above experimental settings. We

found that TFF2 significantly
increased DNA synthesis in AGS/
CXCR4 cells (Fig. 8D). Taken
together our results showed that
TFF2 similarly to SDF-1� promotes
proliferation of AGS/CXCR4 cells
through the CXCR4 receptor.
TFF2 Activates CXCR4 Signaling

Pathways in AsPC-1 and KATO III
Cancer Cell Lines—Under normal
physiologic conditions, TFF2 pep-
tide is most abundant in the stom-
ach and is found atminimal levels in
the pancreas (48). Therefore, we
next investigated whether TFF2 is
able to activate CXCR4 signaling in
relevant cancer cell lines that natu-
rally express the CXCR4 chemokine
receptor. We selected the human
pancreatic cell line AsPC-1 and the
gastric carcinoma cell lineKATO III
for further study. It has been
reported that theCXCR4 receptor is
functional in the AsPC-1 cell line
(49, 50). We were also able to show
by flow cytometry that KATO III
cells also display CXCR4 receptors
on their cell surface (data not
shown). Activation of ERK1/2
kinases was observed in both KATO

III and AsPC-1 cells treated with mTFF2 (600 nM) or SDF-1
(12.5 nM) (Fig. 9, A and B). In KATO III cells, SDF-1� but not
TFF2 was able to induce AKT kinase activation (Fig. 9A). In
contrast, both TFF2 and SDF-1� clearly stimulatedAKT kinase
activity in AsPC-1 cells (Fig. 9B). The CXCR4 antagonist
AMD3100 and the neutralizing anti-CXCR4 12G5 antibody
completely abrogated ERK1/2 activation after TFF2 and
SDF-1� stimulation, whereas the control isotopic antibody did
not affect phosphorylation of ERK1/2 in either cell line (Fig. 9,C
and D). Thus, TFF2 was able to activate CXCR4 signaling in
native epithelial cancer cell lines expressing the endogenous
CXCR4 chemokine receptor.
TFF2 Inhibits Binding of the Anti-CXCR4 2B11 Antibody to

Jurkat Cells—The ability of TFF2 to recognize the CXCR4
receptor on Jurkat cells was assessed in a binding assay with
monoclonal anti-CXCR4 antibodies specific to different por-
tions of the receptor. The 2B11 antibody was raised to the NH2
terminus of the CXCR4 receptor (30), whereas the 12G5 anti-
body is specific to the conformation-dependent receptor
epitopes (29) (see “Experimental Procedures” for details). TFF2
at a concentration of 12 �M significantly (by 40%) inhibited the
ability of the 2B11 (phycoerythrin-labeled) antibody to recog-
nize the CXCR4 receptor (Fig. 10B, top panel). In the same
assay, SDF-1 at lower (nM) concentrations produced a similar
inhibitory effect (Fig. 10B, middle panel). In both cases, the
effect was dose-dependent, consistent with a specific interac-
tion between the ligands and the CXCR4 receptor (Fig. 10B,
bottom panel). However, TFF2 did not inhibit binding of the

FIGURE 8. TFF2 stimulates proliferation of AGS/CXCR4 cells through the CXCR4 receptor. AGS (A) or
AGS/CXCR4 (B) cells (12 � 103 cells/well) were cultivated in triplicate in serum-free DMEM (�0.1% BSA) with or
without TFF2, SDF-1, or EGF at the indicated concentrations. The number of viable cells was determined with
the WST-8 growth assay kit 72 h later. Each bar represents the mean � S.E. of three independent measure-
ments. Statistically significant stimulation of growth by cytokines (versus control) is indicated by asterisks (*)
above the respective bars (*, p � 0.05; **, p � 0.01). C, neutralization of the CXCR4 receptor with the antagonist
AMD3100 (AMD; 0.6 �M) or anti-CXCR4 antibodies (12G5; 10 �/ml) abrogates the growth stimulatory effect of
TFF2 (600 nM) and SDF-1 (12.5 nM) in AGS/CXCR4 cells. The growth effect was measured as in A. An asterisk
marks a statistically significant blocking effect (p � 0.05) in comparison with untreated but stimulated cells.
D, TFF2 (600 nM), SDF-1 (12.5 nM), and EGF (10 ng/ml) stimulate incorporation of BrdUrd (BrdU) in AGS/CXCR4
cells. Cells were plated and grown as above, but BrdUrd incorporation in newly synthesized DNA was assessed
21 h later as described under “Experimental Procedures.” Each bar represents the mean � S.E. of three replicate
determinations. (*, p � 0.05 versus control value).
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CXCR4 receptor with the 12G5 antibody (Fig. 10A, top and
bottom panels), which recognizes conformation-dependent
epitopes, including primarily amino acids in the second and
third extracellular loops (29). However, binding of the 12G5
antibody could be easily inhibited by SDF-1 (Fig. 10A, middle
and bottom panels). These data strongly suggest that TFF2
binds with the amino terminus of CXCR4 in contrast to SDF-1,
which has multiple binding sites within the CXCR4 receptor.
The data also raise the possibility that the observed inhibition of
TFF2/CXCR4 signaling by the 12G5 antibody may not neces-
sarily be linked to interference with ligand binding to the
CXCR4 receptor.

DISCUSSION

In this study, we present several lines of evidence to demon-
strate interaction of TFF2 with the CXCR4 receptor. The ser-
endipitous finding of a TFF2 inhibitory effect on SDF-1�-me-
diated chemotaxis prompted us to further investigate the
mechanism for this effect in Jurkat cells.We additionally found
that TFF2 itself can stimulate Ca2� flux and AKT kinase phos-
phorylation in Jurkat cells. Because neutralization of the
CXCR4 receptor strongly dampened the effect of TFF2 on sig-
naling, we reasoned that this chemokine receptor is a necessary

component of the TFF2 signaling
apparatus in lymphoblastic cells. To
further support a direct interaction,
we generated the AGS/CXCR4 cell
line that stably expresses the
CXCR4 receptor. In the CXCR4-ex-
pressing AGS cell line, but not the
original parent AGS cell line, TFF2
treatment strongly activated phos-
phorylation of mitogen-activated
protein kinase and AKT kinase,
promoting proliferation of these
cells. Importantly we showed that
ERK1/2 activation by TFF2 could
be abrogated by antagonism or
neutralization of the CXCR4 re-
ceptor. In addition, we demon-
strated that TFF2 stimulated
CXCR4-dependent signaling in
gastric and pancreatic cancer cells
that naturally express the chemo-
kine receptor. Thus, the CXCR4
receptor is a primary target of TFF2
in both lymphocytic and epithelial
cancer cell lines.
Until now, efforts to identify a

TFF2 receptor have used primarily
biochemical approaches, and find-
ings from these studies have been
limited by the absence of evidence
linking TFF2-interacting proteins
to any downstream signaling path-
way that would be consistent with
a receptor mechanism (13–15).
Because TFF2 is able to activate,

through the CXCR4 receptor, signaling cascades that play an
essential role in cell migration, proliferation, and survival,
we believe that some of the previously described biological
effects of TFF2 can be attributed to CXCR4 receptor signal-
ing. First, the motogenic effect of recombinant TFF2 was
shown on the human bronchial epithelial cell line BEAS-2B
(4), IEC-6 cells (47), breast cancer MCF-7 cells, and MDA-
MB-231 cells (33, 51, 52). Curiously all of these cell lines
express a functional CXCR4 receptor (53–55). However, sig-
naling pathways were investigated only in BEAS-2B cells,
and it was shown that BEAS-2B cells responded to TFF2 by
ERK1/2 activation.
Second, several recent studies support the idea of an essential

role for CXCR4 in the preservation of mucosal integrity. A
functional CXCR4 receptor was found to be expressed in epi-
thelial cell lines and human gastric epithelium (56–58). Our
data show that in epithelial cells TFF2 stimulation of CXCR4-
expressing cells leads to activation of AKT and mitogen-acti-
vated protein kinase signaling cascades, which are generally
accepted to be two important survival pathways. Indeed recom-
binant human TFF2 has been shown to be cytoprotective
through in vivo models of gastric injury (23, 59, 60). In one
study, during gastric ulcer healing, epithelial CXCR4 expres-

FIGURE 9. TFF2 activates CXCR4 signaling in cancer cells naturally expressing the chemokine receptor.
Gastric KATO III (A and C) and pancreatic AsPC-1 (B and D) cells were tested for ERK1/2 and AKT (Thr-308)
phosphorylation upon stimulation with SDF-1 (12.5 nM) or mTFF2 (600 nM) as indicated on the right of each
panel by Western blot. C and D, neutralization of the CXCR4 receptor with AMD3100 (0.6 �M) or specific (12G5;
10 �/ml) but not isotypic antibodies (IgG; 10 �/ml) blocks ERK1/2 activation by mTFF2 (600 nM; 5 min) in KATO
III (C) or AsPC-1 (D) cells. pAKT, phospho-AKT; pERK, phospho-ERK.
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sion levels were significantly increased, suggesting that CXCR4
might participate in themaintenance and renewal of the gastric
epithelium (61). In the same study, SDF-1 levels were signifi-
cantly down-regulated during ulcer healing, suggesting that

another ligand (e.g. TFF2) might account for CXCR4 stimula-
tion in this setting (58). Thus, bothCXCR4 andTFF2 have been
shown to be up-regulated during regeneration and repair of the
gastric mucosa. In light of our current finding, we would spec-

FIGURE 10. TFF2 inhibits binding of the anti-CXCR4 2B11 antibody to Jurkat cells. Cells were incubated with phycoerythrin-labeled anti-CXCR4 (lines 2–5),
12G5 (A), or 2B11 (B) or isotype-matched (line 1, tinted area) antibody in the presence of various concentrations of TFF2 (top panels) or SDF-1 (middle panels) for
1 h at 4 °C. At the end of the incubation period, cells were washed and analyzed with flow cytometry. Antibody binding in the presence of the following
concentrations of ligands are shown: in A and B (top panels): line 2, no TFF2; line 3, 12 �M TFF2; line 4, 60 �M TFF2; in A and B (middle panels): line 2, no SDF-1; line
3, 5 nM SDF-1; line 4, 25 nM SDF-1; line 5, 125 nM SDF-1. For the purpose of clarity, not all of the obtained curves are shown in the top and middle panels. Bottom
panels (A and B) summarize the median fluorescence intensities (MFI) of cell labeling that were calculated using data from the top and middle panels. The data
shown (mean � S. E.) are representative of three independent experiments.
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ulate that TFF2 contributes in vivo to the healing of the gastro-
intestinal epithelium through CXCR4 signaling.
High concentrations of recombinant TFF2 were required to

activate CXCR4 receptor signaling in our experiments. How-
ever, this is consistent with earlier published work that indi-
cated that trefoil factors activate signaling cascades at high con-
centrations. Notably in the earlier study by Graness et al. (4),
TFF2 protein was able to activate ERK1/2 signaling cascade in
BEAS-2B cells but only at high concentration (800 nM).
Another member of the trefoil factor family, TFF3 protein, was
able to stimulate STAT3 signaling pathway at a similar order
(10�7 M) of concentration (20). In more recent studies, ERK1/2
was activated with recombinant TFF3 at a concentration of 0.5
�M (22). Previous reports have indicated that normal physio-
logical levels of TFF2 in vivo are quite high and thus sufficient to
stimulate signaling. Indeed levels of TFF2 in the intestinal
lumen are significant (around 700 and 500 nM in samples from
jejunostomy and ileostomy, respectively) and consistent with
high levels found in the gastric lumen (up to 10 �M local con-
centration) in previous reports (62, 63). These observations
suggest that the TFF2-receptor interaction in vivo likely
occurs with a somewhat lower affinity than the SDF-1�-
CXCR4 interaction. Earlier studies on trefoil factor receptor
with radiolabeled native porcine TFF2 and mucosal cell
membranes/intestinal cells suggested a low affinity binding
with Kdof �10�6–10�7 M (64).

In our in vitro binding experiments, TFF2 showed an inhib-
itory effect on the binding of a monoclonal anti-CXCR4 anti-
body with specificity for the amino terminus of the CXCR4
receptor, whereas no inhibition of binding was found with an
antibody specific for the second and third extracellular loops of
CXCR4. This suggests that TFF2 recognizes at a minimum the
amino terminus of the CXCR4 receptor, although the TFF2
concentration for the antibody displacement effect (12 �M)
appears higher than the concentration required for activation
of signaling pathways (600 nM). Interestingly a similar concen-
tration discrepancy in functional and binding assays has been
noted previously for antagonist AMD3100, which inhibits only
30% of binding by radiolabeled SDF-1 to CXCR4 (65). It was
later shown that AMD3100 inhibits with high affinity func-
tional responses (chemotaxis and calcium mobilization),
whereas it inhibits with much lower (�3000-fold) affinity the
binding of radiolabeled SDF-1 to CXCR4 (66).
Although most chemokine receptors bind more than one

chemokine, and most chemokines bind to more than one
receptor, SDF-1�was until very recently considered as a unique
ligand for theCXCR4 receptor (67). Because the SDF-1/CXCR4
signaling axis is essential for chemotaxis, angiogenesis, and
hematopoiesis, one would expect tight regulation of this path-
way and thus multiple receptors or ligands. Recently several
studies have demonstrated that other proteins (human defen-
sin hBD3 andmigration inhibitory factor) can function as non-
cognate ligands for theCXCR4 receptor (68, 69) despite the fact
that their primary structures are quite different fromSDF-1 and
other chemokines (68, 69). Similarly to TFF2, human defensin
hBD3 (abundant intestinal secreted protein) at high (�3 �M)
concentrations inhibits SDF-1-stimulated Ca2� flux and che-
motaxis through the CXCR4 receptor (69). However, in con-

trast to TFF2, hBD3 inhibits SDF-1-mediated ERK1/2 activa-
tion and does not stimulate Ca2� flux itself while stimulating
CXCR4 internalization. Thus, hBD3 acts more as an antagonist
than an agonist of the CXCR4 receptor.
TFF2 also differed in several respects from SDF-1 in its sig-

naling through the CXCR4 receptor, and overall TFF2/CXCR4
signaling was found to be cell type-dependent. In gastric epi-
thelial cells, TFF2/CXCR4 signaling was quite similar to SDF-
1�/CXCR4, but in the Jurkat lymphoid cell line, TFF2/CXCR4
behaved quite differently. In Jurkat cells, TFF2 stimulated Ca2�

signaling and AKT but not ERK1/2 phosphorylation, inhibited
SDF-1-dependent Ca2� flux andmigration, and on its own was
unable to stimulate Jurkat migration or proliferation. The fact
that TFF2 inhibition of SDF-1 Ca2� signaling could be over-
come at high doses strongly suggests the possibility of a com-
petitive interaction between TFF2 and SDF-1, and overall the
data are consistent with TFF2 functioning as a partial agonist at
the CXCR4 receptor. The role of TFF2 in the regulation of
lymphoid function is not yet clear, although recent work has
suggested a role for TFF2 in the modulation of immune
responses. The application of recombinant TFF2 has been
shown to reduce inflammation in experimental animal models,
and TFF2 knock-out mice show increased inflammatory
responses. TFF2 is up-regulated in response to inflammation
and injury, and thus increased levels might control CXCR4
immune cells that are recruited to the inflamed gut. Although
the interaction between SDF-1 andCXCR4has been thought to
exert a homeostatic role for the hematopoietic system, recent
data have suggested that the SDF1/CXCR4 axis modulates
inflammation and T cell survival (70). It has been shown that
SDF-1� recruits leukocytes to sites of inflammation in animal
models of arthritis, peritonitis, and acute lung injury (71–75).
Recent clinical and experimental data on models of colitis sug-
gest that T cells are involved in sustained colonic inflammation
(76). In light of recent published data on the role of the CXCR4/
SDF-1 axis in themodulation of immune responses, we suspect
that the ameliorating effect of TFF2 on inflammation may be
due to the inhibitory effect on T cells. Thus, it is tempting to
speculate that TFF2may inhibit SDF-1-dependent immune cell
recruitment or survival and thus suppress or dampen inflam-
mation in the gastrointestinal mucosa.
In conclusion, we have for the first time identified a signaling

receptor for the trefoil family peptide TFF2.We show here that
TFF2 activated the CXCR4 chemokine receptor and affected
proliferation of receptor-expressing epithelial cancer cells. In
addition, TFF2 also induced Ca2� signaling in Jurkat cells
through theCXCR4 receptor andmodulated responses to SDF-
1�. Thus, TFF2 represents a novel addition to the growing class
of chemokine-like molecules (68).
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