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Abstract

Inflammatory bowel disease (IBD), which comprises
ulcerative colitis and Crohn’s disease, is characterized
by inflammation of the gastrointestinal tract. The trefoil
factors 1, 2, and 3 (TFF1-3) are a family of peptides
that play important roles in the protection and repair of
epithelial surfaces, including the gastrointestinal tract.
TFFs may be involved in IBD pathogenesis and are a
potential treatment option. In the present review, we
describe the TFF family and their potential role in IBD
by summarizing the current knowledge of their expres-
sion, possible function and pharmacological role in IBD.

© 2014 Baishideng Publishing Group Co., Limited. All rights
reserved.
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Core tip: Ulcerative colitis and Crohn’s disease are char-
acterized by mucosal inflammation. The trefoil factor
(TFF) family consists of three peptides, TFF1, TFF2
and TFF3, and all are widely distributed in the mucous
membranes of the gastrointestinal tract. The TFFs fa-
cilitate a significant role not only in mucosal repair but
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also in protecting mucous epithelia from a variety of
insults. This review describes the trefoil factor family
and the role of the peptide family in relation to inflam-
matory bowel disease (IBD), and we summarize the
current knowledge of their expression, possible function
and potential pharmacological role in IBD.

Aamann L, Vestergaard EM, Grenbaek H. Trefoil factors in
inflammatory bowel disease. World J Gastroenterol 2014;
20(12): 3223-3230 Awvailable from: URL: http://www.wjgnet.
com/1007-9327/full/v20/i12/3223.htm DOI: http://dx.doi.
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INTRODUCTION

Ulcerative colitis (UC) and Crohn’s disease (CD) are the
two most common inflammatory bowel diseases (IBDs).
The etiologies of both diseases are unknown but are con-
sidered to be multifactorial, involving the genetic compo-
sition of an individual, the commensal gut flora and the
environment'".

Studies of the mucosal barrier indicate that trefoil fac-

tors (TFF) facilitate a significant role not only in mucosal

repait but also in protecting mucous epithelia from a
variety of insults in the gastrointestinal tract”. In this re-
spect, repair is essential for preventing inflammation and
ulceration. In conjunction with other mechanisms, several
products that are primarily secreted from the goblet cells,
including TFF and mucins form the innate immune re-
sponse and first line of defense in the mucus layer. How
this fully occurs is still only partly understood”,

In mammals, the trefoil factor family consists of three
peptides: TFF1, TFF2 and TFF3; all three are widely
distributed in the gastrointestinal tract and are present
in virtually all mucous membranes. The importance of
TFFs in the protection and repair of epithelial surfaces is
well established™.

TFF1 and TFF3 each have one trefoil domain, while
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Figure 1 Role of trefoil factors in inflammatory bowel disease. The po-
tential mechanisms involving anti-apoptotic properties, migration and invasion,
angiogenesis, and interaction with mucins. IBD: Inflammatory bowel disease;
EGF-R: Epidermal growth factor receptor; NF-xB: Nuclear factor-kappa B.

TFF2 has two trefoil domains. The trefoil domain is chat-
acterized by a sequence of amino acid residues, in which
6 cysteines are linked by 3 disulphide bonds to form
the “trefoil” disulphide loop structure or the clover-like
shaped structure”. The resistance of the peptides to pro-
teolytic digestion, acids and thermal degradation seems
to be caused by the compact trefoil structure of the pep-
tides®”. TFF1 and TFE3 only contain one trefoil domain
but have a seventh free cysteine, which is essential for the
formation of dimers'®. It is not clear whether the main
part of naturally occurring TFF1 and TFF3 consists of
monomers or dimers”.

TFF2, formerly known as the Pancreatic Spasmolytic
Polypeptide, was the first TFF to be isolated in the early
1980s from a side-fraction obtained during the purifica-
tion of insulin from porcine pancreasm. The human ho-
mologue of TFF2 is produced primarily by mucus neck
cells in the body and in antral glands of the stomach,
while a small amount is expressed in Brunner’s gland in
the duodenum™”. The cloning of an estrogen-regulated
gene from the MCF-7 human breast cancer cell line re-
sulted in the identification of pS2, which is today known
as TFF1". TFF1 is also produced in the stomach by
superficial gastric foveolar cells"". Tt was also discovered
that these peptides share a new sequence motif, named
the trefoil domain®. A third trefoil factor, TFF3, was
identified in 1991 as a rat cDNA sequence'” and a hu-
man cDNA sequence in 1993" that was initially known
as the intestinal trefoil factor ITF). TFF3 is expressed in
the goblet cells of the small and large intestine!” and is
co-produced and secreted with mucin (MUC)2",

This review describes the TFF family and the role of
this family as it relates to IBD and summarizes the cur-
rent knowledge of their expression, possible function
and pharmacological role in IBD.

FUNCTIONAL CHARACTERISTICS OF
TFFS

The physiologically relevant functions of TEFFs are not
clear, and the important question of how TFFs work
remains unresolved. Do they work by cross-linking
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with mucins, #ia a receptor, or in a completely different
way? Data suggest that TFFs may have multiple cellular
functions that support their protective and repair func-
tions"' '’ Below, we describe the potential mechanisms
involving anti-apoptotic properties, migration and inva-
sion, angiogenesis, and interaction with mucins (Figure 1).

Anti-apoptotic properties are very important for
epithelial restitution, where epithelial cells must migrate
over the denuded area of the gut mucosa. In this process,
the epithelial cells are vulnerable to apoptosis or anoikis,
which is the form of apoptosis that is induced by an-
chorage-dependent cells detaching from the surrounding
extracellular matrix. TFFs have been found to have anti-
apoptotic effects in several cell lines"™"”, and this effect
has been supported by the finding that TFF3-deficient
mice have increased numbers of apoptotic cells in their
colonic crypts'”’. Furthermore, TFF3 has anti-anoikic
effects on intestinal epithelial cells #ia its activation of nu-
clear factor-kappa B (NF-kB)*". This effect of TFF was
dependent on the activation of epidermal growth factor
receptor (EGFR) and required TFF3 dimer""”,

An abnormal distribution or expression of tight junc-
tion proteins in gastrointestinal epithelial cells, which
causes barrier dysfunction, is thought to be involved in
IBD pathogenesis[zﬂ. The effect of TFF3 on increased
intestinal permeability and its association with tight junc-
tion proteins was evaluated in an zz vitro intestinal epithe-
lia barrier model in which colorectal epithelial cells were
treated with platelet-activating factor (PAF). The analysis
revealed that TFF3 suppressed the PAF-induced down-
regulation of the tight junction proteins claudin-1 and
zonula occludens-1. These proteins maintain the tight
junction’s integrity and intestinal barrier function, and
TFF3 thereby decreases mucosal permeability[zz]. TFF3
induces the recovery of tight junction protein changes,
which contributes to the TFF3-mediated stabilization
and maintenance of intestinal epithelial barrier function.
The findings may provide new insight into the protective
functions of TFF3 in epithelial cells and demonstrate its
potential for treatment of TBD"**.

The proliferative phase of wound healing is charac-
terized by angiogenesis and pro-angiogenic properties,
which are dependent on cyclooxygenase-2 and EGFR
signalling and have been described for all TFF s,

Alterations in the intestinal mucous components may
impair the barrier function of the mucin layer and may
be a contributing factor to IBD™. In IBD, the mucin
types and expression are affected by several factors. For
example, the numbers of mucin-producing goblet cells
are reduced in active disease and changes in the thickness
and composition of the mucous gel layer may occur™
Although MUC2 is the major colonic mucin, alterations
in the composition and concentrations of colonic mucins
occur in IBDP*,

Several studies support the hypothesis that TFFs in-
teract with mucins to enhance the mucosal bartrier. TFFs
and mucins are co-localized in the gut. When TTF3 and
mucin were combined, they were more effective in pro-

March 28, 2014 | Volume 20 | Issue 12 |



tecting epithelial cells in an iz vitro model of epithelial
barrier, which indicates a joint effect in mucosal protec-
tion™. The TFFs may act differently when coupled with
specific mucins, which is supported by the finding that
each TFF co-localizes with its own unique mucin type
in the ulcer-associated cell lineage (UACL) and normal
gastrointestinal mucosa. For example TFF1 couples with
MUCS5AC, TFF2 couples with MUCG6 and TFF3 couples
with MUC2",

The combination of mucins and TFFs has been
demonstrated to protect cell monolayers against injurious
agents by increasing mucus viscosity and decreasing pro-
ton permeation”™”. TFF2 in particular has been shown
to increase the viscosity and elasticity of porcine gastric
mucus and may contribute to a more resilient protective
barrier than TFF3. Conversely, TFF1 and TFF3 do not
increase the viscosity of mucus but instead form small
complexes with the mucins”", which may be beneficial in
the intestines. TFF1 binds to the von Willebrand Factor
C domain of MUC2™, TFF3 was recently reported to
form a disulfide-linked heteromer with IgG Fc binding
protein, which could contribute to the stability of the
mucin network in the mucus layer by interacting with
MUC2 mucin®”,

In addition to the direct stabilization of the sutrface
mucous layer, TFF-mucin interactions have also been
shown to promote [Cﬁl}lsll,llat effects such as cell migration

and NO production”™"".

TFFS IN EXPERIMENTAL IBD

In animal models of IBD induced by the intrarectal ad-
ministration of 5% acetic acid, various and conflicting

patterns of altered/increased TFF expression have been
observed”™. A possible explanation for the conflicting
results observed in studies exploring the effects of TFFs
in the treatment of gastrointestinal damage may be that
different TFF forms, dosages and administration routes
have been used in colitis models.

In general, the expression pattern of the TFFs in ani-
mal models differs from the pattern observed in humans,
but the models have been very useful for investigating,
for example, the temporospatial expression of TFFs after
the induction of damage and the possible use of TFFs
for pharmacologic intervention in IBD.

In vivo studies have clearly shown that TFFs have
protective and healing effects when given exogenously
following either enteral or parenteral administration. This
finding suggests that TFFs might be useful in the IBD
treatment. In this instance, rodent colitis models have
been useful for examining the relationship between in-
testinal damage and the expression of the TFFs and thus
examining the role of exogenously added TFFs in epithe-
lial repair during instances of injured mucosa.

Mashimo ¢# @/’” showed that mice lacking TFF3 had
impaired mucosal healing, with poor epithelial regenera-
tion after injury; those mice died from extensive colitis
after oral administration of dextran sulfate sodium (DSS),
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an agent that causes mild epithelial injury in wild-type
mice. The same was observed following chemotherapy
and radiation-induced damage[38]. In addition, luminal
treatment with recombinant TFF3 (tTFF3) restored the
capacity for restitution in TFF3-knockout mice exposed
to DSS and radiation-induced damage[37’38].

Although several animal studies have documented the
effect of treatment with TFFs, the optimal administration
route for treatment with TFFs remains unclear. In animal
models of gastric ulceration, both oral and systemic treat-
ments with TFFs are effective for protection, prevention
and healing™ ™. Subcutaneous infusions of recombinant
TFF2 (rTFF2) or porcine TFF2 (pTFF2) decreased acute
gastric ulceration damage by 50% without changing the
gastric acid secretion”™™. In the gastric ulceration model,
both orally and subcutaneously administered TFF2 had
an effect; however, both treatments aggravated duodenal
ulcerations. After oral administration, pTFF2 is bound to
the mucus layer of the stomach and small intestine, but
it does not reach the colonic mucosa™’. The same dose
of pTFF2, given subcutaneously, was superior to oral
pTFEF2 treatment. When administered orally as a pro-
phylactic treatment, hTFF2 had a protective function in
Non-steroidal anti-inflammatory drug (NSAID)-induced
damage in rat gastric mucosa!™, whereas both rTFF2 and
fTTF3 prevented ethanol- and indomethacin-induced
gastric injury when given up to 2 h before injury. How-
ever, following intraperitoneal administration, the fTFF2
treatment had no effect™.

The effects of TFFs have also been demonstrated in
animal models of intestinal inflammation and damage.
Here, the optimal route of administration is unclear, with
some studies favoring oral treatment and others favoring
49 In a DSS-induced experimental
colitis model, pre-treatment with subcutaneously or in-
tracolonically administered TFF2, ameliorated the clinical
course of this chemically induced colitis, with the luminal

systemic treatment

route being superior to the parenteral route™. In another
study, the distribution profile of subcutaneously and in-
traperitoneally administered TFF3 was very similar to the
intravenous distribution, with a high uptake of tracer in
the kidney and gastrointestinal organs. TFF3 availability
was slightly faster following s¢ administration than fol-
lowing 7p administration, and both administration routes
would yield comparable pharmacological effects™. The
molecular forms of TEFs also seem to play a role. In a
DSS colitis model and in a model of colitis induced by
the intraperitoneal injection of mitomycin luminal treat-
ment with dimeric TFF3 was effective, whereas treatment
with monomeric TFF3 had no effect. It is worth men-
tioning that a systemic TFF3 monomer treatment intensi-
fied the mucosal insults'”. In a previous study, the subcu-
taneous administration of the hTFF1 dimer was proven
to be more compelling than the TFF1 monomer™.

The DSS model is considered to be suitable for
studying acute epithelial damage, but the model lacks the
chronic inflammation characteristics of IBD. In colitis
models that are more representative of IBD, such as the
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dinitrobenzene sulphonic acid model, hTFF2 has shown
enhancing effects on colonic epithelial repair and a de-
crease in local inflammation after luminal application. In
addition, endogenous concentrations of TFF2 and TFF3
were increased in the active phase of colitis and reduced
to basal levels after hTFE2 treatment!”.

The chronic production of NO »ia inducible nitric
oxide synthase (INOS) leads to tissue damage and inflam-
mation. In a study involving local intracolonic hTFF2
treatment, the 7z vitro inhibition of NO and iNOS in
monocytes was observed, along with a reduction in the
levels of the damaging reactive oxygen species and a de-
crease in colitis. These findings further indicate that TFFs
exert a positive effect on mucosal protectionm.

In combination therapy, TFEF3 and EGF act in a syn-
ergistic manner to stimulate cell migration 7 vifro and can
potentially provide a more effective and safe approach
for treating intestinal ulcerations”"". This may reduce
the degree of colonic injury and may prove to be useful
when treating colitis in patients with a disease that is be-
yond the reach of enema therapy[%].

Poulsen ¢f /™ showed that orally given TFF did not
reach the colon. Systematically administered TFF2 and
TFF3 bind to the gastric mucosal surface and are trans-
ported to the lumen. Whether this occurs in the colon is
uncertain, but it seems that less of the systemically ad-
ministered TFF is present in the colon than in the stom-
ach”. The intragastric administration of the TFF1-
secreting Lactococeus lactis (L. lactis) in DSS-induced colitis
was followed by the active delivery of TFF at the colonic
mucosa. A significant protective effect was observed,
which may represent a new therapeutic approach that in-
volves the 7 situ secretion of TFF by orally administered
L. Jactis™.

In another recent attempt to improve the application
of TFFs, a recombinant adenoviral vector containing
the human ITF (AITF) gene was constructed and shown
both to promote cellular migration in an 7 vitro intestinal
wound model and to improve the healing of intestinal
mucosal injury®™,

REGULATION OF TFF EXPRESSION IN
IBD

Several studies have shown that the cytokines and tran-

scription factors that are related to the immune system
and important in IBD can regulate the expression of
TFFs and vice versa.

The tumor necrosis factor alpha (TNF-q) triggering
of NF-kB activation is known to be a proinflammatory
factor in the pathogenesis of IBD and may contribute
to the development of ulcerations. Toll-like receptor-4
(TLR4)/NF-kB expression is essential for the activation
of human intestinal epithelial cells and the subsequent
expression of cytokines. Using cell culture studies, it was
shown that both TNF-¢ and NF-xB induced the down-
regulation of TFI3 by repressing transcription and in
experimental colitis, the increase in the epithelial expres-
sion of NF-kB coincided with reduced TFF3 expression
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during the acute phasem.

In a more recent study, the intraperitoneal applica-
tion of tTFF3 promoted a protective effect against colitis
(trinitrobenzene sulphonic acid-induced) and was accom-
panied by a reduction in TNF-q expression in the colonic
endothelium. The protective effect was also paralleled by
a reduction in TLR4/NF-kB expression, indicating that
hTFF3 may have therapeutic potential through the inhi-
bition of the TLR4/NF-kB signaling pathways[sﬂ.

Podolsky ez al™ investigated the possible linkage be-
tween TLR2 that plays a key role in the innate immune
system as well as in the digestive system. This possible
linkage was studied for TFF3 in a DSS-induced colitis
model and for TLR2 and TFF3 in knockout mice models.
The oral administration of a TLR2 agonist in TFF3 and
TLR2 knockout mice causes anti-apoptotic protection of
the TFEF3 stress-induces inflammatory intestinal mucosa.
Recombinant TFF3 administration decreased morbidity
and mortality during acute colonic injury in a TLR2-defi-
cient mice model. These findings imply that TLR2 exerts
diverse mucosa-protective properties in different epithe-
lial cell types, critically suppressing mucosal apoptosis
and the associated leukocyte influx during acute colitis by
regulating TFF3 in goblet cells.

Several studies have indicated that TFF expression
may be regulated viz the EGFR; TFFs and EGF ate co-
expressed in the UACL cell line®™. The transcription of
TFF1 is enhanced by EGF" and EGFR activation is
required for the auto- and cross-induction of TFFs and
for the anti-apoptotic effect of TEE3™", Additionally all
TEFFs have been shown to cause transient phosphoryla-
tion of the EGFRY. However, no binding to the EGFR
has been demonstrated, and the mechanisms remain un-
clear.

In a recent study, it was shown that dietary supple-
mentation with conjugated linoleic acid, which may have
anti-inflammatory effects, protected against DSS-induced
colitis in a process involving the induction of TFF31,

Overall, multiple studies have investigated, with con-
flicting results, the relation between TFFs and cytokines
as well as the transcription factors related to the immune
system. More studies are clearly needed to describe the
regulation of TFFs in IBD and thus pave the way for
drug development.

TFFS IN CLINICAL STUDIES

Although multiple 7z vitro and animal studies since the
discovery of TFF 30 years ago have documented the
crucial role of TFFs in the epithelial restitution of the
gut, few studies have been performed in IBD patients to
investigate the clinical potential of TFF in IBD.

TFF are expressed in several tissues that contain mu-
cus-secreting cells, but they are most markedly expressed
in the gastrointestinal tract. At this site, each TFF is co-
localized with its unique mucin type. For example, TFF1
is co-localized with MUCS5AC, TFF2 is co-localized with
MUCS6, and TFF3 is co-localized with MUC2/”**, TFF1
and TFF2 are primarily located in the stomach™", where-
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as TFF3 is predominantly present in the mucous cells of
the small and large intestine". Several studies have docu-
mented the supportive and protective functions of TFFs
in the human gastrointestinal tract. Those studies have
shown the up-regulated expression of all three TFFs at
the site of mucosal damage in IBD>%, peptic ulcer™”
and the neoexpression of TFF1 in UC with histologically
severe disease™

The UACL, which occurs at sites of chronic gastroin-
testinal ulceration including IBD expresses a number of
peptides that have been implicated in the repair of dam-
aged mucosa, such as the TFEFs"). In small intestinal
Crohn’s disease, TFF2 mRNA is expressed in the acinar
and proximal duct cells, while TFF1 mRNA and peptide
are found in the distal duct cells and in the surface cells'®”.
As in normal gastrointestinal mucosa, the co-localization
of specific TFFs and mucins is observed in IBD%,

The co-localization of TFF3 with DMBT1 in IBD,
which has been proposed to have a role in cell differen-
tiation and growth, indicates that DMBT1-TFF3 interac-
tions may play a role in IBD™.

Quantitative measurements of TFFs have been im-
portant tools for elucidating the biological functions
of the peptides and exploring their role as biomark-
ers for IBD. Larger than normal serum concentrations
of TFF2 and TFF3, Ze., 2000 to 10000 and 140 to 500
times higher, respectively, have been measured in bowel
dischargesm. All three TFFs are present in sera from
healthy individuals"™; in line with immunohistochemical
studies showing increased expression in IBD, the sera
concentrations of the peptides were also elevated in IBD
patientsmjs]. The TTF3 concentrations were significantly
higher in UC patients and their levels correlated with the
clinical and biochemical parameters of disease activity.

Because of large biological variations, measurements
of TFFs are not useful as clinical biomarkers for disease
activity in CD and UC"™"\. However, quantitative mea-
surements may still be important and should be included
in continued research in the area.

In clinical studies TFF peptides are considered prom-
ising for the treatment of inflammatory conditions of
mucous membranes. In IBD the effect of TFF3 enemas,
given in combination with oral mesalazine in patients
with mild-to-moderate left-sided UC, have been tested.
UC patients were given a total daily dose of 750 mg of
dimeric rTFF3 in 75 mlL enemas (dosage concentration
of 10 mg/mL), similar to the luminally administered
doze used in animal models of gut injury that has proven
effective. The TFF3 enema was well tolerated, but in this
first human study no additional benefit of TFF3 treat-
ment was detected compared to the effect of 5-amino-
salicylic acid treatment alone™. One possible explanation
may be the rapid decay of TFFs observed in the colon'",
In future trials, the systemic route should be explored.

CONCLUSION

Since the discovery of the TFFs, a number of animal
studies and studies on UC and CD patients have shown
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that the peptides are linked to inflammatory conditions
in the gut. Although a significant role in mucosal protec-
tion and repair has been established for the TFFs, the full
knowledge of their biological functions in IBD remains
clusive. The quantitative measurements of the peptides in
patients with IBD have been less promising, due to large
inter-individual variations, and their future use as bio-
markers in IBD is uncertain. Future studies are needed
to show whether the peptides have a potential as a novel
therapeutic in IBD. Additionally further identification of
the regulatory mechanisms that can affect TFF expres-
sion may aid in the development of new drugs for treat-
ing IBD.
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