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Trefoil family factor 2 (TFF2), also known as spasmolytic peptide, is a low-molecular-weight protein that is
upregulated in gastric tissues infected with Helicobacter or having other inflammatory conditions, but a precise
function is yet to be elucidated. The role of TFF2 in the development of gastritis, colitis, and inflammatory cytokine
responses was examined both in vivo and in vitro using wild-type and TFF2 knockout mice. TFF2 knockout and
wild-type mice were infected with Helicobacter felis (H. felis) to induce gastritis. Colitis was induced in TFF2 knockout
and wild-type mice by administering dextran sodium sulfate (DSS) in drinking water. Histopathology, clinical
disease (colitis), and antibody levels (H. felis) were examined. TFF2 expression in tissues was determined by reverse
transcriptase PCR, and the inflammatory and proliferative responses of TFF2-expressing macrophages and spleen
cells were examined by cytokine enzyme-linked immunosorbent assay, thymidine incorporation, and gene array
studies. TFF2 knockout mice have increased susceptibility to H. felis-induced gastritis, with enhanced gastric
inflammation. They were also more susceptible to DSS-induced colitis, with prolonged colonic hemorrhage and
persistent weight loss. Remarkably, TFF2 expression was not limited to the gastrointestinal tract, as suggested in
previous studies, but was also present in macrophages and lymphocytes. The inflammatory and proliferative
responses of these immune cell types were dysregulated in TFF2 knockout mice. TFF2~/~ cells were hyperresponsive
to interleukin 1 beta stimulation but showed normal responses to lipopolysaccharide, suggesting a specific role for
TFF2 in interleukin 1 receptor but not Toll-like receptor 4 signaling via their Toll-interleukin 1 resistance domains.
TFF2~'~ lymphocytes also produced higher levels of interleukin 2 than wild-type cells. Thus, TFF2 was expressed
in the gastrointestinal cells and in immune cells and was a negative regulator of gastrointestinal inflammation and
immune cell cytokine responses. Our studies suggest that TFF2 not only controls gastrointestinal repair but also

regulates mononuclear cell inflammatory responses.

Trefoil factor family 2 (TFF2), also known as spasmolytic
polypeptide, is a small peptide upregulated in association with
gastric Helicobacter infection and other diverse inflammatory
conditions of the gastrointestinal tract. There are three known
members of the TFF family (TFF1, -2, and -3), which all
contain one or more three-looped structural motifs resembling
a three-leaf clover or trefoil (36). Under normal conditions,
TFF2 is expressed and secreted by gastric mucosal neck cells
and antral mucous cells, and it appears to play a role in gastric
cytoprotection, at least in part through promotion of epithelial
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cell migration. More recently, studies with TFF2-deficient mice
showed evidence of decreased gastric cell proliferation and
increased susceptibility to gastric mucosal injury (10).

While a number of potential biological roles for TFF2 have
been reported, a precise understanding of the function of
TFF2 has remained elusive. In addition, the cellular mecha-
nisms by which TFF2 exerts its effects remain uncertain, since
cell surface receptors for the TFFs have yet to be identified.
Recently, the possibility has been raised that TFF2 may be
involved in some aspect of immune function. Cook et al. re-
ported that TFF2 (and TFF3) could be detected at low levels
in rat spleen, lymph nodes, and bone marrow (2). To investi-
gate the role of TFF2 in immunity, we undertook studies of
immune cells isolated from wild-type and TFF2-deficient mice.
These studies reveal a specific role for TFF2 in the negative
regulation of interleukin 1 (IL-1) receptor-mediated signaling.

MATERIALS AND METHODS

Animals: TFF2~/~ mice (Farrell). Specific-pathogen-free TFF2-deficient
(SPKO) and wild-type littermate controls on a mixed C57BL/6 X 129Sv back-
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TABLE 1. Scoring criteria for statistical analysis of histology

Description
Seore Colitis Mucosal Crypt
erosion/ulcer loss/atrophy
0 None None None
1 Mild; focal or multifocal Mild, focal erosion Mild; focal or multifocal
2 Moderate; focal or multifocal Multifocal erosion or focal ulcer + submucosal Moderate; multifocal
or segmental edema (>2 foci) (>5 foci)
3 Marked; hemorrhagic and diffuse Diffuse erosion or multifocal/segmental Marked; segmental
ulcer with submucosal edema
4 Severe; hemorrhagic and diffuse Diffuse ulcer and marked submucosal edema Severe; diffuse

ground were generated as previously reported (10). The mice were maintained in
an Association for Assessment and Accreditation of Laboratory and Animal
Care (AAALAC)-approved facility under barrier conditions. Animal protocols
were approved by the Institutional Animal Use and Care Committee of the
University of Massachusetts Medical School.

DSS colitis. Mice received 4% dextran sodium sulfate (DSS) in their drinking
water for 4 days, followed by 18 days of plain water. A second cycle of DSS
treatment, for 3 days, was followed by an additional 25 days of plain water. Mice
were weighed, and blood in the stool was monitored using Hemoccult strips (n =
11 mice per group for wild-type and knockout mice). For statistical analysis, the
P values were obtained by testing a group X time interaction in a linear random
effects model (where the animal is a random effect) to test whether the time
trends were significantly different between the groups. A likelihood ratio test was
used to compare nested models (with and without the interation term) after day
23 (11). The entire length of the colon was examined histologically and scored by
a gastrointestinal (GI) pathologist blinded to the treatment group. Statistical
analysis of histologic scores were performed using the Mann-Whitney test. Scor-
ing criteria are given in Table 1.

Helicobacter felis infection studies. An H. felis (ATCC 49179) strain was used
for oral inoculation as previously described (41). The organism was grown for
48 h at 37°C under microaerobic conditions on 5% lysed horse blood agar,
harvested, and resuspended in phosphate-buffered saline. Bacteria were assessed
by Gram stain and phase microscopy for purity, morphology, and motility. Mice
were orally infected with 10% CFU of H. felis in 0.3 ml phosphate-buffered saline
given three times every other day. At 3 and 6 months postchallenge, mice were
sacrificed, and gastric tissues were collected from the corpus and antrum and
used for histopathologic evaluation (n = 4 for the wild type; n = 8 for TFF2
knockout mice). Murine tissues were harvested, processed, and blindly scored
by a comparative pathologist, using an established scoring rubric which we
have previously described in detail (31). The mice were 70% B6 and 30%
SV/129, but the controls were genetically matched. The inflammation in the
wild-type (littermate) controls is slightly less in mice on a completely SV129
background (31).

Evaluation of serum antibody responses to H. felis. Serum was collected at
intervals up to 12 months postinfection and evaluated by enzyme-linked
immunosorbent assay (ELISA) for serum immunoglobulin G2c¢ (IgG2c)
(IgG2a-equivalent Thl-promoted isotype in C57BL/6 mice) (25) and IgG1
(Th2-promoted isotype in all strains of mice) using an outer membrane
antigen preparation of H. felis as previously described (13, 30). Antigen (10
pg/ml) was coated on Immulon II plates (Thermo Labsystems, Franklin,
MA), and sera were diluted 1:100. Biotinylated secondary antibodies were
monoclonal antimouse antibodies produced by clones A85-1 and 5.7 (Phar-
mingen, San Diego, CA) for detecting IgG1 and IgG2c, respectively (25).
Assays were developed with extravidin peroxidase (Sigma), followed by the
2,2'-azinobis(3-ethylbenzthiazolinesulfonic acid substrate (Kirkegaard &
Perry Laboratories, Gaithersburg, MD). Data were analyzed using the two-
sample Student ¢ test, assuming equal variances.

Peritoneal macrophages. Peritoneal exudate cells (PECs) were harvested by peri-
toneal lavage of mice. In some experiments, 1 ml of 4% thioglycolate was adminis-
tered intraperitoneally, and cells were harvested 4 days later (elicited macrophages).
PECs were cultured at 10° per well in 24-well plates in RPMI 1640 plus 10%
heat-inactivated fetal calf serum and stimulated with lipopolysaccharide (LPS) or
human interleukin 1 beta (IL-18). LPS from Escherichia coli serotype O111:B4 was
purchased from Sigma (St. Louis, Missouri) and phenol reextracted to remove
contaminating lipopeptides (21). IL-1B was purchased from R&D Systems (Minne-
apolis, MN). Culture supernatants were harvested 18 h after stimulation, and cyto-
kine levels were determined by ELISA (OptEIA; BD-Pharmingen).

For analysis of cytokine gene transcription, resident (nonelicited) peritoneal
macrophages were incubated in polypropylene tubes with or without IL-13 (100
ng/ml) for 2 h. The cells were harvested and lysed, and RNA was prepared using
a commercial RNA extraction kit (RNeasy; QIAGEN, Valencia, CA). Total
mRNA (5 pg per blot) was reverse transcribed, labeled with biotin, and hybrid-
ized to a Mouse NF-«kB Signaling Pathway SuperArray according to the manu-
facturer’s instructions (SuperArray, Inc., Frederick, MD). (The experiment was
repeated on three separate occasions using cells pooled from two to three mice.)
Chemiluminescent images on film were transilluminated, scanned, and analyzed
using GEArray software.

Spleen cell assays. Spleen cells were isolated using lymphocyte separation
medium M and cultured in 96-well plates at 2 X 10° per well with concanavalin
A (ConA) (2.5 pg/ml) and IL-18 (1 to 100 ng/ml). [*H]thymidine (1 p.Ci per well)
was added for the last 16 h of a 96-h incubation. (The analysis was repeated on
at least three separate occasions using spleen cells from pools of two to three
mice.) For anti-CD3 stimulation, HighProtein binding plates (Corning) were
coated with anti-CD3 antibody (Ab) at 400 ng/ml together with anti-CD28 at 100
ng/ml (BD-Pharmingen). Spleen cells were plated at 1 X 10° per well and
incubated for 18 h. Cytokine levels were measured in culture supernatants by
ELISA. Statistical analysis was performed using Student’s ¢ test (JMP software).
For fluorescence-activated cell sorting analysis, spleen cells were harvested, and
red blood cells were lysed with Tris-ammonium chloride. Cells were incubated
with allophycocyanin- or phycoerythrin-labeled antibody specific for CD3, CD4,
CDS8, CD11b, or CD19 (BD-Pharmingen) and analyzed using a BD FACScan
analyzer.

RT-PCR detection of TFF2 and TFF1 mRNA. RNA was extracted using
RNeasy (QIAGEN) reagents and treated with RNase-free DNase (Ambion).
Reverse transcriptase PCR (RT-PCR) analysis was performed on tissues from
individual mice and on tissues from pools of two to three animals on at least
three separate occasions with identical results. Murine embryonic fibroblasts
were prepared as previously described (22). RNA was DNase treated, reverse
transcribed, and PCR amplified using the QIAGEN One-Step/RT-PCR kit. PCR
conditions for all three genes were as follows: 94°C for 2 min, followed by 30
cycles at 94°C for 30 s plus 55°C for 30 s plus 72°C for 30 s and one cycle at 72°C
for 10 min. Primers were TFF2 (5'-GCAGTGCTTTGATCTTGGATGC-3" and
5'-TCAGGTTGGAAAAGCAGCAGTT-3'), TFF1 (5'-TGTGTCCTCGCTGT
GGTCCTCA-3" and 5'-CGATGGCCATGGGGTGGAAGC-3'), and glyceral-
dehyde-3-phosphate dehydrogenase (5'-GACATCAAGAAGGTGGTGAAG
C-3" and 5'-GTCCACCACCCTGTTGCTGTAG-3").

RESULTS

TFF2~'~ mice show increased inflammatory responses to H.
Selis. TFF2 is thought to play a role in protection of the
gastrointestinal tract from injury. Exogenous administration
of TFF2 protects mice and rats from GI injury in several
models of gastrointestinal inflammatory disease. We exam-
ined the effect of TFF2 on gastrointestinal pathology using
knockout mice and studied two models of gastrointestinal
inflammation, Helicobacter felis-induced gastritis and DSS-
induced colitis.

Wild-type and TFF2™/~ mice were inoculated with H. felis
and assessed at 3 and 6 months postinfection. TFF2~/~ mice
showed more severe inflammation in response to H. felis than
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FIG. 1. TFF2™/~ mice show more-severe inflammatory responses to Helicobacter felis. (a) Histopathology from wild-type and TFF2~/~ mice
infected for 6 months with H. felis, showing marked inflammation in TFF2~/~ cells compared to wild-type cells. (b) H. felis-specific [gG1 and IgG2c
levels in serum (12 months postinfection) determined by ELISA. (IgG2c is the IgG2a-equivalent allele that is uniquely expressed in C57BL/6 mice
[25].) IgG2c levels were significantly higher in TFF2™/~ mice than in wild-type mice (P = 0.029).

wild-type mice (Fig. 1a and b). Histological scoring revealed
significant differences between wild-type and TFF2™/~ mice in
the degree of inflammation, atrophy, mucus metaplasia, and
dysplasia at both the 3- and 6-month time points (Table 2). In
addition, there was a significantly greater degree of hyperplasia
and intestinal metaplasia at 6 months in the TFF2~/~ mice
(P < 0.01) (Table 2).

TFF2~/~ mice (like wild-type mice) showed a strong Thl-
polarized T-cell response to H. felis as revealed by IgG subclass
analysis. In fact, the levels of IgG2c were significantly higher in
TFF2~/~ mice than in wild-type mice (P = 0.029) (Fig. 1b).
IgG1 levels were not significantly different (P = 0.12) between
TFF2~/~ and wild-type mice.

TFF2~/~ mice are susceptible to DSS colitis: delayed recov-
ery compared to wild-type mice. Intermittent DSS treatment is
thought to model recurrent inflammatory bowel disease by

TABLE 2. Histological scores of gastric corpus mucosa in TFF2~/~
mice and wild-type mice with Helicobacter felis
infection for 3 or 6 months

Score®
Chara.ctfaristig of 3 mo 6 mo
H. felis infection
Wild type  TFF2~/~  Wild type ~ TFF2~/~

Inflammation 09+05 23*06° 1.1+08 24+0.9
Atrophy 0101 14=1.0* 1.0x0.6 23=1.0¢
Mucus metaplasia 03+03 16=13* 03+03 16=11°
Intestinal metaplasia 0.0 200 04=*=04 00x0.0 0.6= 0.4°
Hyperplasia 00+x00 05+05 00x00 0.7=05°
Dysplasia 00=0.0 05=x04“ 00=00 0.6=04"

@ P < 0.05; results for TFF2™/~ mice compared with those for wild-type mice.

> P < 0.01; results for TFF2™/~ mice compared with those for wild-type mice.

¢n = 8 for TFF2™/~ mice with H. felis infection for 6 months. n = 4 for other
groups.
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FIG. 2. TFF2™/~ mice are susceptible to DSS colitis. TFF2™/~ mice showed delayed recovery from DSS colitis (slower weight gain) and
prolonged inflammation (occult blood) compared to results for wild-type mice. Data shown are means for 11 animals per group starting at day 22,
1 day prior to the start of the second cycle of DSS. (a) Weights relative to starting weight. (b) Blood in stool was monitored both visually and by
Hemoccult strip. Scoring for blood in stool was as follows: 0, none; 1, trace using Hemoccult strips; 2, strong positive using Hemoccult strips; 3,

gross hemorrhage.

subjecting the colonic epithelium to acute injury followed by a
period of epithelial healing and regeneration (3, 4, 9, 20, 35).
Mice were subjected to two cycles of DSS treatment and were
weighed daily and scored for colonic hemorrhage. Weight loss
was minimal (<10%) during the first cycle of DSS, and no
significant differences were noted between wild-type and
TFF2~/~ mice. However, following the second cycle of DSS,
TFF2~/~ mice showed greater colonic inflammation and injury
than wild-type mice, as measured clinically by sustained weight
loss (Fig. 2a) (P < 0.0001) and by increases in the frequency
and persistence of colonic hemorrhage (Fig. 2b) (P = 0.004).
Pathological examination of colons from mice recovering from

DSS colitis revealed evidence of persistent inflammation, crypt
atrophy, erosion, and ulceration at 3 weeks after the second
cycle of DSS (Fig. 3a to d). Histological scores showed a
tendency for greater inflammatory changes and ulceration in
the colons of TFF2™/~ mice than in those of wild-type mice
(Fig. 3e), but the differences did not achieve statistical signif-
icance (P > 0.05).

Expression of TFF2 in murine tissues. We next examined
TFF2 expression in gastric and nongastric cells. First, we con-
firmed that TFF2 was expressed in the stomach. TFF2 mRNA
could be detected by RT-PCR in stomach tissue from wild-type
and heterozygous (TFF2*/7) mice but not in that from ho-
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FIG. 3. Inflammatory responses in colons of TFF2~/~ and wild-type mice treated with DSS. Histopathology for TFF2™/~ (a, ¢, d) or wild-type
(b) mice treated with two cycles of DSS followed by 25 days of water. Colons show inflammatory cell infiltration (asterisk), separation and atrophy
of crypts (open arrow), and focal ulceration (solid arrows). (¢) Histological scoring of colons from individual wild-type and TFF2~/~ mice (P >

0.05, Mann-Whitney).

mozygous TFF2~/~ knockout animals (Fig. 4a). TFF2 was also
expressed in spleen cells (consistent with studies of Cook et al.
[2]), suggesting that TFF2 expression was not limited to the GI
tract and could be present in cells of the immune system. In

addition to spleen tissue, TFF2 was also expressed in PECs,
primarily macrophages, and in murine embryonic fibroblast
cell lines (Fig. 4a). Interestingly, TFF2 was not well expressed
in the thymus relative to expression in the spleen of wild-type
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FIG. 4. TFF2 expression in gastric and immune cells. (a) PCR-amplified RNA from wild-type, TFF2*/~, and TFF2 ™/~ mice. TFF2 is expressed
in stomach, splenocytes, PEC, and murine embryonic fibroblasts (MEFs) from wild-type mice but not in thymic cells nor in corresponding cells
from TFF2-deficient mice. Dose-dependent proliferation of spleen cells (b) and thymocytes (c) cultured with ConA plus various doses of IL-1B
(1 to 100 ng/ml). Proliferation of lymphocytes was measured by '*H]thymidine incorporation in cultures incubated for 96 h with ConA plus IL-1B.
(d) IL-2 and (e) IL-4 cytokine secretion into culture supernatants 24 h after spleen cell challenge with ConA and IL-1B. (f) Gamma interferon

secretion from spleen cells cultured on anti-CD3-coated plates plus anti-CD28.
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FIG. 5. Macrophages from TFF2~'~ mice show increased responses
and TFF2™/~ mice were challenged with IL-18 10 to 100 ng/ml or with
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to IL-1B but not TLRA4. (a) Elicited macrophages (PEC) from wild-type
LPS, a TLR4 ligand, at 10 to 100 ng/ml. Secretion of IL-6 into culture

supernatants was measured by ELISA. (b) Resting macrophages from aged mice with constitutive activation of cytokine genes. Resting (resident)
peritoneal macrophages were cultured in medium alone or challenged with IL-1B for 2 h. Inflammatory cytokine mRNA levels were determined
using a SuperArray NF-kB Signaling Pathway Array membrane. Membranes probed with wild type or TFF2™'~ mRNA with or without IL-18
challenge. Bar graph: Densitometry measurements of selected inflammatory cytokine genes.

animals, suggesting lesser expression in immature T cells. The
gene encoding TFF1, which is closely related to that encoding
TFF2, lies within the same region of the chromosome as the
gene for TFF2 and is an excellent internal control for RNA
quality and for PCR and gene targeting specificity, i.e., the
gene for TFF2 was specifically targeted in the knockout; thus,
TFF2~/~ mice should be wild type for TFF1 expression. As
predicted, TFF1 was expressed in the thymus as well as in the

spleen and stomach of both wild-type and TFF2~/~ mice. Fur-
ther, thymic TFF1 levels were higher in TFF2~/~ mice than in
wild-type mice.

Splenic T cells but not thymocytes from TFF2~/~ mice are
hyperresponsive to ConA-plus-IL-13-induced proliferative
signals. The expression of TFF2 in leukocytes in the spleen
and peritoneal cavity raised the possibility that TFF2 could
regulate inflammation by directly affecting mononuclear cells
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(Iymphocytes and macrophages) in inflammatory infiltrates.
TFF2~/~ splenic T cells exhibited an enhanced proliferative
response compared to that of wild-type T cells when stimulated
with ConA alone or ConA plus IL-13 (Fig. 4b). The hyperre-
sponse of spleen cells was dose dependent on the IL-13 con-
centration, suggesting that TFF2 may have a direct effect on
IL-1R signaling in mature T cells. Interestingly, thymocytes
(immature T cells) from TFF2~/~ and wild-type mice had very
similar proliferative responses to ConA plus IL-1B (Fig. 4c),
consistent with the lack of TFF2 expression in these cells (Fig.
4a). Consistent with the enhanced proliferative response of
mature T cells, TFF2 ™/~ splenic T cells secreted higher levels
of IL-2 and IL-4 (Fig. 4d and e) than wild-type T cells when
cultured with ConA or ConA plus IL-1. TFF2™/~ cells also
exhibited enhanced proliferation and cytokine secretion when
activated via their T-cell receptors using anti-CD3 plus CD28
as stimulants (Fig. 4f).

Lymphocyte differentiation in TFF2~'~ mice is normal. Our
studies suggested that TFF2 was expressed in the spleen but
not in the thymus and that splenic responses mediated via
IL-1R were dysregulated in TFF2~/~ mice. TFF2 deficiency
did not affect the differentiation of lymphocytes in the
TFF2~/~ mice. Fluorescence-activated cell sorting analysis of
spleen cells stained for CD3™" cells (T and NK cells), CD3™
CD4" cells (T helper cells), CD3" CD8" cells (cytolytic T
cells), CD19" cells (B cells), and CD11b™ cells (dendritic cells
and splenic macrophages) indicated that the percentage of
each of these subpopulations was indistinguishable when wild-
type and TFF2™/~ spleen cells were analyzed by flow cytometry
(data not shown). Similarly, the percentage of CD4* CD8"
double- and single-positive thymic lymphocytes was unchanged
for TFF2~/~ mice compared to that for wild type mice (data
not shown). Thus, TFF2 deficiency did not affect the differen-
tiation of lymphocytes in the TFF2™/~ mice, although the
proliferative response of these cells to IL-1B challenge (i.e.,
IL-1R signaling) was enhanced.

Wild-type and TFF2™'~ macrophages responded similarly
to TLR4 LPS but were hyperresponsive to IL-1f3 stimulation
in vitro. Peritoneal macrophages, like spleen cells, expressed
TFF2 mRNA. We therefore wanted to determine if the hyper-
responsiveness to IL-18 we found in TFF2~/~ spleen cells was
limited to lymphocytes or occurred in other IL-1-responsive
cell types. Peritoneal macrophages isolated from wild-type and
TFF2~/~ mice were challenged with IL-1B to engage IL-1R,
and the secretion of IL-6 into culture supernatants was mea-
sured. TFF2™/~ macrophages secreted much higher levels of
IL-6 than wild-type macrophages in response to IL-1R stimu-
lation (Fig. 5a, left panel). In contrast, wild-type macrophages
secreted low levels of IL-6 even at the highest IL-18 concen-
tration tested (100 ng/ml), suggesting that IL-1R activation was
limited in wild-type mice. Interestingly, macrophages from
TFF2"/~ heterozygous mice secreted IL-6 at levels intermedi-
ate between those of homozygous knockout cells and wild-type
cells, suggesting a gene dosage effect of TFF2 on IL-1R sig-
naling (Fig. 5a).

Unlike the case with the IL-18 response, wild-type and
TFF2 ™/~ mice had very similar responses to LPS (Fig. 5a, right
panel), suggesting that the hyperresponsiveness of TFF2~/~
mice was specific for IL-1B/IL-1R signaling pathways despite
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the fact that the IL-1R pathway shares many common adapters
with the LPS/TLR4 pathway (1).

Resident (resting) macrophages from TFF2 mice are
highly activated compared to wild-type macrophages. Our in
vivo and in vitro studies suggested that TFF2 deficiency pro-
duced a dysregulated, proinflammatory response. We exam-
ined the inflammatory gene expression profile of resident peri-
toneal macrophages from older adult mice (>8 weeks of age).
RNA was prepared from freshly isolated, resident macro-
phages, labeled with biotin, and hybridized to a commercial
NF-kB signaling pathway gene array (SuperArray). Wild-type
resident macrophages expressed few inflammatory cytokine
genes, but the expression of these genes could be induced by a
2-h incubation with IL-1B (Fig. 5b). In contrast, TFF2~/~ res-
ident macrophages expressed a large number of inflammatory
genes even in the absence of exogenous IL-1B (Fig. 5b). In fact,
the pattern of gene expression in unstimulated TFF2~/~ mac-
rophages is remarkably similar to the gene expression pattern
in wild-type macrophages incubated with IL-1B. This included
changes in genes such as those encoding IL-1a, IL-13, mono-
cyte chemoattractant protein 1, etc. (Fig. 5B). Thus, TFF2~/~
macrophages appeared to have been activated via their IL-1R
in vivo, consistent with the hyperinflammatory phenotype of
these mice.

—/—

DISCUSSION

Since 1989, it has been well documented that TFFs are
expressed along the length of the normal gastrointestinal tract,
with TFF2 expression being primarily localized to the stomach
(27, 28). In previously published experiments using either rats
or mice, our group has shown that TFF2 is constitutively ex-
pressed in the GI mucosa within specialized epithelial cells and
is markedly upregulated in response to inflammation, injury,
and repair, as demonstrated using immunohistochemisty of
tissue sections (18, 34). Here we demonstrate that immune
cells are an important additional source of TFF2, a novel and
potentially important finding, and that immune cell TFF2 is an
important regulator of the innate immune response in these
cells.

In the gut, TFFs are typically expressed in mucus-secreting
cells, and consequently, most of the focus has been on their
role in cytoprotection and reparation of the mucosal lining of
the gut (29, 37, 40). However, given that administration of
exogenous TFFs reduces inflammation in the gastrointestinal
tract (40), Cook et al. (2) first explored the possibility of ex-
pression of TFFs in nongastric cells. They reported the expres-
sion of TFF?2 in rat spleen and lymphoid tissues (2). Thus, the
current study extends these findings but also provides the first
demonstration that TFF2 functions as an anti-inflammatory
peptide with specificity for IL-1B signaling and immune cell
cytokine secretion.

In this study, we demonstrate a novel role for TFF2 in the
regulation of IL-1 signaling. We confirmed that TFF2 is ex-
pressed not only in gastric epithelial cells (18, 34) but also in
spleen cells and that TFF2 deficiency is associated with in-
creased cytokine secretion by macrophages and T-cell prolif-
eration in response to IL-1B. These in vitro responses corre-
lated with increased inflammatory responses to LPS injection,
H. felis infection, and DSS models of inflammatory bowel dis-
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ease. The effect of TFF2 deficiency on macrophages was highly
specific for the IL-1 pathway, since no alteration was seen in
the responses of PECs to the TLR4 ligand LPS, which shares
many/most of the same signaling pathways.

Several previous observations suggested that TFF2 might
play a role in controlling or dampening inflammation. Several
groups have reported that application of recombinant trefoils
can reduce inflammatory indices in animal models of colitis
(16, 33, 40). For example, luminal application of recombinant
TFF2/spasmocytic peptide in a rat model of colitis revealed
markedly accelerated colonic mucosal rebuilding and reduced
inflammatory indices (40) through mechanisms that could pos-
sibly include inhibition of inducible nitric oxide synthase and
NO in monocytes (17). In addition, TFF2 is clearly upregulated
in epithelial cells in chronic inflammatory conditions of the
gastrointestinal tract, such as peptic ulcer disease and Crohn’s
disease, and in other organ systems, such as the lung; in fact,
TFF2 may be regulated directly by a variety of cytokines (26).
TFF2 may also function in promoting restitution of the epi-
thelium, and it has always been assumed that such increased
epithelial expression functioned mainly in the context of epi-
thelial regeneration and repair. Recently, TFF2 has been
shown to affect the development of asthma in mice (26). How-
ever, given our results, it would seem reasonable to suggest
that TFF2 may also represent a signal by the epithelium to the
immune system to down-regulate or otherwise dampen an
acute inflammatory response. Thus, TFF2 would serve as a key
player in the epithelial-immune signaling system.

IgG subclass responses have been used as estimates of Th
cell type, with IgG1l being produced in Th2 processes and
I1gG2c (the C57BL/6 allelic equivalent of IgG2a) in Thl re-
sponses of C57BL/6 mice (25, 32, 38). Thus, the 1gG1/IgG2c
ratio represents a quantifiable measure of balance between
mucosal Th2/Th1 activity, and in previous studies by our group,
a low ratio (indicating a predominant Th1l response) has cor-
related well with the tendency toward neoplastic progression
(12). TFF2~/~ mice, like wild type mice, had a Th1-dominated
response to H. felis and in fact had significantly higher levels of
IgG2c than wild-type mice following H. felis infection. Thus,
the Ab response to infection was consistent with an enhanced
proinflammatory response in the TFF2~/~ mice.

The expression of TFF2 in spleen cells raised the possibility
that TFF2 might affect lymphocyte responses. We examined
the effect of TFF2 deficiency on spleen cell responses to B- and
T-cell mitogens. Splenic B cells proliferate in response to
Pokeweed mitogen, while splenic T cells proliferate and se-
crete cytokines in response to ConA. IL-1B (an inflammatory
cytokine which has been linked to human gastrointestinal dis-
ease and gastric cancer progression) synergizes with ConA to
stimulate T-cell proliferation. T cells are also activated by
cross-linking T-cell receptors with plate-bound anti-CD3 Ab.

T cells from TFF2™/~ mice exhibited an enhanced prolifer-
ative response to ConA and ConA plus IL-1 and to anti-CD3-
coated plates. Thymocytes, on the other hand, were unaffected
by TFF2 deficiency. Thus, the hyperproliferative response of
the TFF2™/~ T cells was limited to mature cells and/or periph-
eral lymphoid tissues, i.e., mature T lymphocytes in the spleen
but not immature T cells in the thymus. The sensitivity to TFF2
follows the pattern of TFF2 gene expression in these lymphoid
organs. In addition to excess proliferation, TFF2~/~ lympho-
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cytes secreted increased levels of IL-2 and IL-4, suggesting a
generalized enhancement of T-lymphocyte activation. Al-
though TFF2 deficiency markedly increased T-cell prolifera-
tive responses in the spleen, TFF2 deficiency did not affect
B-cell proliferation induced by Pokeweed mitogen (data not
shown). Thus, mature T cells may be the major target of TFF2
regulation in the spleen.

Our current study suggests that in addition to excess cyto-
kine production and lymphocyte proliferation, a major pheno-
type associated with a deficiency of TFF2 is unrestrained
IL-1R signaling. In fact, the TFF2~/~ mouse resembled in
some ways a mouse with constitutive IL-1R activation. IL-13
signals via the type I IL-1R. The cytoplasmic domain of IL-1RI
contains a Toll-interleukin 1 resistance (TIR) domain which
mediates receptor signaling via MyD88-dependent pathways
leading to cytokine secretion. Like IL-1R, TLR4 utilizes TIR
domain-mediated and MyD88-dependent signaling cascades.
Thus, LPS-induced signaling via TLR4 engages many of the
same downstream adapters that are triggered by IL-1B8/IL-1R
engagement. To determine if TFF2 deficiency globally en-
hanced TIR signaling, we examined the response of wild-type
and TFF2 knockout macrophages to LPS. Interestingly,
TFF2~/~ mice were hyperresponsive to IL-1 receptor signaling
but not to LPS signaling, suggesting a selective enhancement of
IL-1R-induced pathways.

Interleukin 1 receptor signaling has been shown to be par-
ticularly important in chronic inflammatory diseases of the
gastrointestinal tract, including both inflammatory bowel dis-
ease and Helicobacter pylori gastritis. IL-1R signaling induces
the expression and secretion of multiple inflammatory cyto-
kines and chemokines, including IL-6, monocyte chemoattrac-
tant protein 1, and tumor necrosis factor alpha, as well as
autocrine secretion of IL-1B. These inflammatory cytokines
were up-regulated in resident peritoneal macrophages from
older TFF2 knockout mice, suggesting an ongoing inflamma-
tory response in vivo. Mononuclear cells isolated from the
intestinal mucosa of patients with Crohn’s disease or ulcerative
colitis show enhanced production of IL-1B (24), and patients
with ulcerative colitis show an increased carrier rate for the
intron 2 IL-1 receptor antagonist polymorphism (39). Infection
with H. pylori also results in a strong inflammatory response led
by the early release of IL-1p along with numerous other cyto-
kines and chemokines (5). Further, we have noted that H. felis
infection in C57BL/6 mice induces a significant IL-1f response
(12). However, the progression of gastric inflammation to gas-
tric atrophy and cancer is closely related to the overall balance
between pro- and anti-inflammatory cytokines and specifically
to the expression of IL-1B. Thus, proinflammatory polymor-
phisms in the IL-1B (511 T/T) and IL-1RN (*2) genes are
associated with an increased risk for gastric carcinoma in H.
pylori-infected individuals (6-8, 14, 23). H. pylori-infected car-
riers of these polymorphisms have been shown to exhibit
higher mucosal levels of IL-18 and more severe inflammation
than H. pylori-infected noncarriers (19). Recently, mice lacking
SIGIRR/Tir8, an important regulator of IL-1 signaling, were
shown to exhibit increased susceptibility to inflammatory bowel
disease (15). Given the central role of IL-1 in the inflammatory
process and the potential harm associated with excessive IL-
1-dependent signaling, it would be reasonable to speculate that
vertebrates have evolved diverse mechanisms, including TFF2,

8002 ‘T AInC uo HOS A3 SSYIN 40 AINN Ye B1o wiser el woij papeojumod


http://iai.asm.org

480 KURT-JONES ET AL.

to counterregulate the response to IL-1B. The recognition of
trefoil peptides as a novel class of cytokines may provide new
insight into the modulation of the immune system.
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