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Introduction to TFF Peptides and Their Multiple Roles

The TFF? (trefoil factor family) domain is an ancient
cysteine-rich shuffled module forming the basic unit for the
family of secretory TFF peptides (in short, TFFs).'~” Three
mammalian TFFs are known consisting of either one (TFF1
and TFF3) or two TFF domains (TFF2). The corresponding
human genes form a cluster on chromosome 21. TFFs are
characteristic secretory products of the mucous epithelia.
Here, they play a key role in the maintenance of the surface
integrity for these delicate epithelia in health and disease.
Furthermore, TFFs have also been detected in much lower
concentrations in the blood, the immune system, and the
central nervous system (CNS). However, the physiological
relevance of TFFs in these systems has so far been under-
emphasized.

Many of the multiple biological functions of TFFs are
expected to be triggered by receptor activation. However,
most attempts to isolate TFF binding proteins with charac-
teristics of typical receptors have failed.®” Only recently, the
chemokine receptor CXCR4 has been described as a low
affinity receptor for TFF2 by Wang and co-workers.'® This
review discusses implications of that milestone paper.

TFFs in Mucous Epithelia. Systematic studies on the
biosynthesis and localization of TFFs particularly in the
human body demonstrated their predominant expression
in various mucous epithelia, such as the alimentary, the
respiratory, and the urogenitary tracts, the conjunctiva,
and the inner ear.'' Here, they are often cosecreted with
various mucins.'?> TFF3 seems to represent the standard
TFF peptide found in all of these organs, whereas TFF1
and TFF2, as the predominant gastric TFF peptides, have
probably more specialized functions. There are numerous in
vivo studies in rodents clearly indicating potent protective
and healing effects for all three TFFs after various mucosal
damages.®'" However, luminal application is clearly super-
ior to systemic delivery.'® Furthermore, all three lines
of TFF-deficient mice show mucosal abnormalities. For
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example, TFF1-deficient mice develop obligatory antropy-
loric adenomas, 30% of which progressed to carcinomas.'*
TFF2-deficient mice have an increased number of parietal
cells and show increased susceptibility to gastric injury,'”
whereas TFF3-deficient mice show a decreased resistance to
colonic injury.'® Generally, TFFs support various comple-
mentary mucosal defense and repair mechanisms by their
multiple molecular functions including (1) formation of
mucous barriers, (2) enhancement of rapid mucosal repair
by cell migration (a process termed “restitution”), (3) mod-
ulation of mucosal differentiation processes, and (4) mod-
ulation of the mucosal immune response.

TFFs are characteristic constituents of mucous gels and
thus protect these delicate epithelia.'> However, only TFF2
changed the viscosity of gastric mucin preparations.'”'® This
is consistent with the fact that TFF2 is noncovalently bound
to gastric mucins.”

There are many in vitro studies clearly demonstrating a
motogenic effect for all three TFFs; i.e., these peptides
enhance cell migration.'! This has been shown for gastric,
intestinal, bronchial, and oral epithelial cells, as well as the
cornea. Generally, restitution is an important component in
the early stages of mucosal repair preceding inflammation,
the latter being critical for cancer progression. Restitution
begins within minutes after injury and is achieved by the
migration of neighboring cells into the wounded area.’*!
This complex multistep process has been observed in the
gastric and intestinal mucosae, the respiratory tract, the
renal epithelium and the urothelium, the gall bladder epithe-
lium, the oral epithelium, and the cornea. Restitution re-
quires continuous blood flow and includes at least (1) a
reduction of cell—cell contacts, (2) a shift of the cell polarity
from polarized epithelial cells (with apical—basal polarity) to
polarized migrating cells (with planar polarity), (3) migra-
tion of cells, (4) repolarization of cells (morphological resti-
tution), and (5) restoration of barrier function (transmucosal
epithelial resistance, functional restitution).21 Thus far, be-
sides being motogenic, TFFs have been reported to change
the growth and migration patterns of cells, they induced
scattering of transformed cells, and they modulate adherens
and tight junctions.”'~** Furthermore, TFFs show also an
antiapoptotic effect.”* This ensures that rapid repair by cell
migration is not disturbed by cell death due to an intimate
relationship between cell migration and cell survival.>! TFFs
also exhibit a proangiogenic activity that would support
restitution.”’

TFFs clearly promote chemotactic migration, but they
do not show a chemokinetic effect.”® Studies concerning
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TFF-triggered signaling cascades are rare and include extra-
cellular-signal related kinases 1 and 2 (ERK1/2), c-Jun-N-
terminal kinase (JNK), phosphatidylinositol 3-kinase (PI13-
K), signal transducers and activation of transcription 3
(STAT3).'*?7"2° Migration has been reported to depend
on protein kinase C (PKC), ERK1/2, and Src family of
tyrosine kinases but not on PI3-K, p38, or cAMP-dependent
kinase.?’*® In contrast, the antiapoptotic effect of TFF3
requires PI3-K.%" Of major interest, TFF1 and TFF3 differ
in their ability to induce the activation of STAT3.%

There are also increasing indications that TFFs modulate
various mucosal differentiation processes, e.g., in the respira-
tory tract and the stomach.***' These processes are crucial for
the continuous regeneration of mucous epithelia from stem
cells.’! For example, TFF1 is required for the commitment
program of mouse oxyntic epithelial progenitors.*?

Pathologically, TFFs are ectopically expressed during
various inflammatory diseases, particularly in the gastro-
intestinal tract.>®7-!111233 Here, a prominent glandular
structure known as the ulcer-associated cell lineage
(UACL) is a prominent site of TFF synthesis.

TFFs in the Immune System. There are also clear indica-
tions that TFFs participate in immune responses and in-
flammatory processes. Expression of TFF2 and TFF3 has
been observed also in lymphoid tissues, such as spleen,
thymus, lymph nodes, and bone marrow, and they stimulate
migration of monocytes.** Here, particularly TFF2 is pre-
sent in macrophages and lymphocytes.® Interestingly, the
inflammatory responses of these immune cells were dysre-
gulated in TFF2-deficent mice, suggesting that TFF2 not
only controls gastric repair but also is a negative regulator of
both gastrointestinal inflammation and systemic immune
responses.> >

TFFs in the CNS. TFF3 is a typical neuropeptide of
oxytocinergic neurons of the supraoptic and paraventricular
nuclei.!' However, its major expression site in the CNS is the
cerebellum, where it is postnatally regulated with a max-
imum between P15 and P20.%” There are multiple indications
for TFF3 modulating neuronal activity. For example,
injected TFF3 showed fear-modulating activities.''

TFF2 Is a Low Affinity Ligand for CXCR4. Only recently,
the chemokine receptor CXCR4 has been convincingly
demonstrated to be activated by TFF2 at a concentration
of about 5 x 1077 M.'® This concentration is quite high
compared with that of the major physiological CXCR4
ligand stromal cell-derived factor (SDF-1/CXCL12) which
is already active below 10~ M.**-* However, the low affinity
binding observed is in perfect agreement with a previous
study showing a maximum motogenic effect of TFF2 pre-
cisely at that concentration.*” TFF2 was able to attenuate
CXCL12—CXCR4 mediated chemotaxis, and the TFF2-
triggered signaling was abrogated with the specific CXCR4
antagonist AMD3100.'° Furthermore, TFF2 responsiveness
of CXCR4 negative AGS cells could be induced upon
expression of the CXCR4 receptor. However, responses
triggered by TFF2 were not congruent with those obtained
after CXCL12 treatment, e.g., the kinetics of the Ca’" flux
and the phosphorylation of ERK1/2 were different.'”

CXCR4: A Unique Chemokine Receptor with Multiple Roles

The CXCR4 receptor belongs to the family of chemokine
receptors, which comprises more than 20 seven transmem-
brane domain G-protein-coupled receptors (GPCR) sharing
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Figure 1. CXCR4 receptor ligands. Schematic illustration of
CXCR4 activation by stromal cell-derived factor (SDF-1/
CXCL12), TFF2, and macrophage migration inhibitory factor
(MIF) as well as inhibition by human fS-defensin-3 (hBD-3) and
binding of HIV-1 by gp120. Furthermore, ligation of these peptides
with other receptors, such as CXCR7, CD4, CXCR2, CD74, and
CD44, is shown. The N-glycosylation site used in human CXCR4 is
indicated by a knob. The functionally particularly important extra-
cellular and intracellular loops of CXCR4 are also depicted (ECL2,
ICL2, ICL3) as well as the disulfide bridge between ECL1 and
ECL2. Furthermore, the N- and the C-terminal regions of CXCR4
are indicated.

25—85% identity on the amino acid level.****> Usually,
chemokine receptors bind more than one chemokine and the
more than 50 different chemokines are known bind to multiple
receptors. However, the receptor CXCR4 (previously:
LESTR, fusin) is outstanding in many respects; e.g., it repre-
sents a primordial member of this family most distantly
related to all other members, and it is the only one critical
for life. Furthermore, CXCR4 exists in different isoforms as
the result of differential splicing, which affects the length of the
N-terminal portion, as well as various post-translational
modifications, such as N-glycosylation, tyrosine sulfation,
and modification of serine-18 by chondroitin sulfate.’**!
Interestingly, all these modifications accumulate in the
N-terminal extracellular region of CXCR4 (see Figure 1)
and at least sulfation at tyrosine-21 affects binding of the
physiological ligand stromal cell-derived factor (SDF-1/
CXCL12).* CXCR4 is also capable of forming homo- and
heterodimers which are present in lipid rafts.”® Thus, the
presence of a huge variety of different forms may underlie
the multiple functions and cellular responses by CXCR4.
Multiple Roles of CXCR4. Generally, CXCR4 together
with its predominant physiological ligand CXCL12 plays a
key role for a variety of chemotactic processes regulating the
precise migration of cells.*” Of special note, stem cell traf-
ficking is also regulated by CXCL12—CXCR4 during devel-
opment as well as in the adult.*® This explains why the
CXCL12—CXCR4 axis has pleiotropic effects on organo-
genesis during development, for regeneration and repair in
adulthood and also for tumorigenesis and metastasis.**
The importance of CXCR4 for development is documen-
ted by the fact that disruption of CXCR4 is embryonically
lethal resulting from failure of hematopoiesis with impaired
B-lymphopoiesis and bone marrow myelopoiesis, defective
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gastric vasculogenesis, a cardiac septum defect, and defects
in cerebellar cell migration. Of note, CXCR4 and CXCL12
deficient mice show similar developmental defects, suggest-
ing a monogamous and nonredundant relationship between
this receptor and its major ligand.

In the adult, CXCR4 is expressed in a wide variety of cell
types including most hematopoietic cell types, endothelial
cells, neurons, microglia, and astrocytes as well as epithelial
cells.*"* This explains why the CXCL12—CXCR4 axis plays
a role for the recruitment of immune cells to inflamed tissues,
e.g., during rheumatoid arthritis,*> and why it is a pivotal
player in angiogenesis.*® In the brain, the distrubution of
CXCL12and CXCR4 overlaps in a number of regions and the
CXCLI12—CXCR4 pair is capable of directly modulating
neuronal activity.*® Furthermore, the CXCL12—CXCR4 axis
is a master regulator of trafficking of both normal and cancer
stem cells because both express CXCR4.** On the one side,
this is very important for the homing of stem cells to injured
tissue, for example, in the heart.*” On the other side, CXCR4 is
the most widely expressed chemokine receptor in malignancy
and it clearly contributes to tumor metastatic capacity.*
Finally, CXCR4 is an HIV-1 coreceptor required for entry
of T-tropic but not M-tropic strains.**

CXCR4 in Epithelia. Both CXCR4 and its ligand CXCL12
are also typically expressed by various mucous epithelia, e.g.,
in the intestine.*” Here, this pair contributes to mucosal
wound healing by enhancing restitution.>® Of special note
and somewhat surprising, CXCR4 has been reported to have
a predominant apical and, to a lesser extent, basolateral
distribution on human enterocytes.5 ! Furthermore, CXCR4
but not CXCLI12 expression is up-regulated by proinflam-
matory mediators such as IL-15 or tumor necrosis factor-o
(TNF-a).>*>? Additionally, the CXCL12—CXCR4 axis can
also trigger secretion of other chemokines from epithelia,
such as IL-8, and thus may affect the effects of chronic
inflammation. >

Activation of CXCR4. For a long time, only a single natural
ligand has been known for CXCR4, i.e., CXCL12,**' which
later has been shown to bind also to the receptor RDCI1/
CXCR7.>* CXCR?7 is capable of forming functional hetero-
dimers with CXCR4, and it effectively reduces the level of
CXCL12 in the environment by binding and internalizing this
chemokine.*>® Only recently, macrophage migration inhibi-
tory factor (MIF) was described as a further noncognate
ligand for CXCR4.”” Furthermore, CXCR4 was the first
chemokine receptor shown to serve as a coreceptor for entry
of T cell tropic HIV-1 strains in a CD4 dependent or inde-
pendent manner.*' Interestingly, there are also peptides that
compete with the natural ligand CXCLI12, such as human
[-defensin-3, and act as antagonists of CXCR4.%® This
increasingly complex situation is outlined in Figure 1.

CXCLI12-triggered activation of CXCR4 has been studied
in detail and is mostly coupled to heterotrimeric G; proteins,
i.e., activation is sensitive to pertussis toxin (PTX).*> After
the release of free Gg, a major outcome is a chemotactic
effect on cell migration (chemotaxis). CXCL12 requires the
CXCR4 amino terminus for binding and the second extra-
cellular loop (ECL2) for activation of downstream signaling
pathways.>” In contrast, the third intracellular loop (ICL3)is
important for G;-dependent signaling, and ICL2 and ICL3
as well as the C-terminal part of CXCR4 are needed for
chemotaxis.®® Activation of multiple signal transduction
pathways has been reported, such as phospholipase C-y
(PLC-y), Ca>" mobilization, PKC, ERK 1 /2, PI3-K, as well
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as the Janus kinase signal transducers and activation of
transcription (JAK/STAT) pathway (which is independent
of G;)®! and nuclear factor k-B (NFx-B).®°~% Particularly
PKC and PI3-K, but not ERK /2, are required for CXCL12-
triggered migration of hematopoetic cells.®* Furthermore,
increased phosphorylation of focal adhesion components
and adaptor molecules has been observed, such as proline-
rich tyrosine kinase 2 (Pyk-2), p130Cas, focal adhesion
kinase (FAK), paxillin, Crk, and Crk-L.%>

CXCLI12 can also induce CXCR4 dimerization, which is a
critical step in triggering biological responses.®”*®' Further-
more, CXCLI12 causes CXCR4 internalization accompanied
by receptor desensitization and uncoupling from G-pro-
teins.>® Internalization, which is a Gi-independent event,
involves phosphorylation of the CXCR4 carboxyterminal
cytoplasmatic domain by PKC and GPCR kinases followed
by interaction with S-arrestin.®® Interestingly, there is a dis-
ease, the WHIM syndrome, characterized by truncations in
the C-terminal domain of CXCR4, which lead to enhanced
responsiveness to CXCL12 due to impaired CXCR4 inter-
nalization and altered S-arrestin-dependent signaling.®*®*
The latter would be in line with reports that S-arrestin also
plays a role in Gj-dependent processes in CXCR4.°%¢4

It is certainly one of the most important challenges in the
field to define the molecular mechanisms that link the
CXCR4 signaling to the reorganization of the actin cytoske-
leton that drives chemotaxis.>*®> For example, gene expres-
sion profiling has recently been reported after activation
of the CXCLI12—CXCR4 axis identifying 30 differentially
expressed genes, such as IL-8 and IL-6.°

Possible Functional Implications and Future Perspectives

Comparison of TFFs and CXCL12. On the one side, TFFs
and CXCL12 have major common functional elements, such
as the chemotactic effect, the regulation of apoptosis, and
probably modulation of neuronal activity. They also share
some common expression sites, such as mucous epithelia, the
immune system, and the CNS. On the other side, there are
major differences; e.g., TFFs behave like inflammatory cyto-
kines, whereas CXCLI12 is a homeostatic cytokine. Further
discrepancies affect the expression levels particularly in mu-
cous epithelia, the phenotype of TFF- and CXCL12-deficient
mice, as well as the signaling cascades triggered by these
peptides. For example, the TFF2-triggered motogenic effect
is independent of PI3-K, whereas CXCL12-induced chemo-
taxis requires P13-K.2?%%2 Furthermore, there are consider-
able differences between TFF2 and CXCLI12 concerning
ERK /2 activation, Ca** mobilization kinetics, etc., at least
in the cells investigated by Dubeykovskaya et al.'” These data
suggest that there may be additional and probably also cell
type specific factors affecting the signaling pathways triggered
by TFF2 and CXCLI12, respectively. Furthermore, TFF2
might have the potential to also activate additional receptors
other than CXCR4. One candidate might be CXCR7 which
can form functional heteromers with CXCR4. On the basis of
many analogous effects of all TFFs, TFF1 and TFF3 also
have to be classified as potential CXCR4 ligands.

Functional Implications of a Possible TFF—Chemokine
Receptor Axis. Generally, the overlapping expression pro-
files of TFFs and CXCR4 (and other chemokine receptors as
well) at least in mucous epithelia, the immune system, and the
CNS allow physiologically relevant activation of CXCR4 by
TFFsin these tissues. The following examples illustrate this.
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The major expression sites for TFF2 are gastric mucous
neck and antral gland cells which are thought to release this
peptide apically into the gastric lumen. Here, it is noncova-
lently bound to the mucus layer and it is also a constituent of
the gastric juice.'” Furthermore, TFF2 is an early response
gene induced after gastric injury.>* During gastric ulcer
healing, epithelial CXCR4 expression is up-regulated
whereas the CXCLI12 level is down-regulated.'® Thus,
TFF2 would be well designed to act as a physiological
CXCR4 ligand enhancing restitution of the gastric epithe-
lium. In the past, luminal TFFs have been expected to reach
their basolateral receptors only when needed, i.e., after injury
and exposure of the basolateral membrane.?’ Such a
mechanism has been demonstrated in airway epithelial re-
pair by the epidermal growth factor (EGF) ligand heregulin,
enabling selective activation of those cells that directly
neighbor the wounded area.”’ However, CXCR4 has been
reported to have a predominant apical distribution, at least
on enterocytes.”' Thus, the question emerges of how perma-
nent activation of CXCR4 by TFF2 is avoided. Hypotheti-
cally, this could be achieved by inactivation of TFF2 due to
binding to the mucus layer and selective release of TFF2
upon injury by a yet unknown mechanism. Such a “reverse”
mechanism would be complementary to activation of the
basolateral HER receptors by the various EGF receptor
ligands in the gastrointestinal tract.

TFF2 and TFF3 have been shown to augment TNF-a-
induced IL-6 and IL-8 secretion in bronchial epithelial cells,
whereas noninduced cells did not respond to TFF2 and
TFF3.% This could easily be explained now by up-regulation
of CXCR4 in these cells by TNF-o..>>>* CXCR4 activation
then triggers IL-6 and IL-8 expression.®® Thus, the drama-
tically altered response of epithelial cells to TFFs during
inflammation could well be due to altered CXCR4 levels.

TFF2 and EGF synergistically enhance their motogenic
effects but trigger chemotaxis via different signaling cas-
cades.”®** This might be due to interaction of CXCR4 with
receptor tyrosine kinases which are also able to colocalize in
lipid rafts.*® However, TFF2 alone does not trigger phos-
phorylation of the EGF receptor HER1.*° Maybe activation
of HER1 occurs only during costimulation with EGF. This
would explain the synergism observed (which is more than
the sum of both effects).

CXCRA4 is well-known as a coreceptor for entry of HIV-1
strains. Thus, it would be very challenging to test whether
TFFs are capable of inhibiting this entry route as has already
been proven for other CXCR4 ligands.®* This could be of
major importance for mucous epithelia and also for the
immune system.

CXCR4 is prominently expressed in the cerebellum
(together with CXCL12), and CXCR4- and CXCL12-defi-
cient mice show typical defects in cerebellar migration.*®
Interestingly, TFF3 is predominantly expressed in the cere-
bellum with a peak between P15 and P20.>” Furthermore,
TFF3-deficient mice exhibit certain motoric abnormalities
(Blaschke, Schwegler, and Hoffmann, unpublished data).
Thus, ligation of CXCR4 or a related receptor by TFF3
could play an important role for the postnatal development
of the cerebellum as well as its function in coordinating
motoric activities.

TFF2 is also expressed by macrophages and lymphocytes,
and the inflammatory response of these immune cells is
dysregulated in TFF2-deficient mice.*® This is a clear indica-
tion that a TFF—CXCR4 axis could be an important player

Hoffmann

in a variety of immunological processes including T-cell
survival.'

Future Perspectives. From the analysis of TFF-triggered
signaling cascades (e. g., comparing TFF1 and TFF3)* as
well as from the different phenotypes of the various TFF-
deficient animals (e.g., TFF1- and TFF2-deficent mice both
lacking a major exocrine peptide of the gastric mucosa)'*!*
one would expect that the three TFFs exert their functions by
ligating more than one receptor. Thus, TFFs are expected to
play an important role in the orchestration of chemokines
and their multiple receptors by increasing the already exist-
ing plethora of effects significantly.*'**  Additionally,
this complexity will be further potentiated by the fact that
TFFs as well as chemokine receptors are capable of form-
ing a variety of heteromers. Particularly, heterophilic
chemokine—chemokine interactions can affect the biological
activities profoundly.®” In this respect it will be very inter-
esting to reinvestigate the biological function of gastric TFF1
which naturally forms a disulfide-linked heterodimer with
gastrokine-2.%"

In the future, the detailed knowledge on the molecular
mechanisms of TFFs is expected to have impact on a variety
of different fields including mucosal protection and repair,
tissue regeneration, as well as cancer therapy, immunology,
and neurology. Particularly interesting would be the precise
knowledge concerning the active domain(s) of TFFs when
interacting with CXCR4. However, CXCL12, TFFs, MIF,
and S-defensin-3 represent cysteine-containing peptides
(CXCLI12, TFFs, and MIF also contain tryptophan re-
sidues), which do not show significant similarities in their
primary structures. The understanding of the active struc-
tures could open new and important therapeutic strategies
for pharmacological intervention of the extremely versatile
chemokine receptor system. A major impact will certainly
come from the development of new drugs, such as CXCR4
antagonists.®®
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