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Abstract: Trefoil factor family peptides (TFF1, TFF2, TFF3), together with mucins, are typical exocrine
products of mucous epithelia. Here, they act as a gastric tumor suppressor (TFF1) or they play
different roles in mucosal innate immune defense (TFF2, TFF3). Minute amounts are also secreted
as endocrine, e.g., by the immune and central nervous systems. As a hallmark, TFF peptides have
different lectin activities, best characterized for TFF2, but also TFF1. Pathologically, ectopic expression
occurs during inflammation and in various tumors. In this review, the role of TFF peptides during
inflammation is discussed on two levels. On the one hand, the expression of TFF1-3 is regulated by
inflammatory signals in different ways (upstream links). On the other hand, TFF peptides influence
inflammatory processes (downstream links). The latter are recognized best in various Tff -deficient
mice, which have completely different phenotypes. In particular, TFF2 is secreted by myeloid
cells (e.g., macrophages) and lymphocytes (e.g., memory T cells), where it modulates immune
reactions triggering inflammation. As a new concept, in addition to lectin-triggered activation, a
hypothetical lectin-triggered inhibition of glycosylated transmembrane receptors by TFF peptides is
discussed. Thus, TFFs are promising players in the field of glycoimmunology, such as galectins and
C-type lectins.

Keywords: gastric cancer; reactive oxygen species; inflammation; innate immunity; macrophages;
trefoil factor; lectin; FCGBP; mucin; receptor blocking

1. Introduction
1.1. TFF Peptides: The “Classical” View

In humans, secretory trefoil factor family (TFF) peptides comprise TFF1, TFF2, and
TFF3 (reviews: [1–4]). They share characteristic cysteine-rich modules (TFF domains [5];
formerly trefoil domains [6], P-domains [7]), where six cysteine residues form three in-
tramolecular disulfide bridges in the order CysI-V, CysII-IV, and CysIII-VI (Figure 1). Both
TFF1 and TFF3 contain a single TFF domain and a 7th cysteine residue at their C-terminal
outside the TFF domain (CysVII). In contrast, TFF2 contains two TFF domains and two ad-
ditional cysteine residues, the latter connecting the C- and N-terminal via a disulfide bridge
(Figure 1). There are indications that the resulting circular structure occurs in different
forms (maybe supercoils) [8,9]. In spite of their overall similarity, there is probably a major
structural difference between TFF1 and TFF3 concerning the nucleophilicity of CysVII,
which is enhanced in TFF1 by steric exposure (neighboring proline residues, Figure 1).
Remarkably, human TFF2 is N-glycosylated (gastric TFF2 bears an unusual fucosylated
LacdiNAc oligosaccharide [10]); whereas murine and porcine TFF2 lack N-glycosylation
sites. Generally, TFF peptides have been characterized from frogs to humans thus far [11].
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Furthermore, minute amounts of TFF peptides undergo endocrine secretion. Typical 
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Figure 1. Schematic structures of the three human TFF peptides. Cysteine residues (C; numbering in Roman numerals) and
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The major amounts of TFF peptides are secreted from mucous epithelia, where they are
released together with mucins in an exocrine manner [4,11–13]. TFF1 is mainly expressed
in gastric surface mucous cells (together with the mucin MUC5AC), TFF2 is—together with
MUC6—restricted to gastric mucous neck cells, antral gland cells and duodenal Brunner’s
glands, whereas TFF3 is a typical product of intestinal goblet cells and most other mucous
epithelia and their glands. Consequently, TFFs are constituents of mucus barriers and
appear also in the corresponding body fluids, such as saliva, gastric juice, and urine, as
well as in tears and breast milk [3].

Furthermore, minute amounts of TFF peptides undergo endocrine secretion. Typical
examples are lymphoid organs and tissues (thymus, bone marrow, spleen, lymph nodes,
gut-associated lymphatic tissue, etc. [14–18]), the brain, the thyroid, and the pancreas [4].
That is the reason why TFFs are also detectable in normal human serum [3,4].

In the past, the biological/molecular function of TFF peptides was explained as a
paradigm of their migratory effects, which were postulated to stimulate the rapid repair of
mucous epithelia by a process called “restitution” [19]. Subsequently, many publications
appeared reporting motogenic effects in vitro and protective or healing effects of TFFs
in vivo (compilation: [11]). The three TFF peptides showed remarkably similar activities.
Taken together, the effects observed were not really convincing as they were hardly de-
tectable in vitro and occurred at concentrations of 10−6 to 10−7 M or even above [4,12,20].
This concentration is atypical of classical receptor/peptide ligand interactions and is in
agreement with a failure to detect high-affinity TFF binding proteins [21]. Thus, rather
low-affinity binding can be expected, which would be in agreement with the known,
but different, lectin activities of TFF peptides [4,22]. Such a hypothetical function of TFF
peptides as activating lectin ligands for a plethora of transmembrane glycoproteins trigger-
ing signal transduction processes has already been proposed in the past [23]. Currently,
the following transmembrane proteins were reported to have a binding affinity for TFF
peptides: β1 integrin [24], CRP-ductin/DMBT1gp340 [24,25], CXCR4 and CXCR7 [26–28],
PAR2 [29], PAR4 [30], LINGO2 [31], and LINGO3 [32]. Remarkably, many of these trans-
membrane proteins are known to support cell migration processes. Based on this rather
diverse list, one might also expect that more members will be added in the near future (e.g.,
transmembrane mucins and other Cluster of Differentiation/CD molecules). However,
it is the challenge now to clarify unambiguously whether signal transduction processes
are triggered specifically by TFF peptides and to characterize the potential ligand bind-
ing in detail (e.g., dose-response curves for different forms of TFF1, TFF2, and TFF3), a
major question being whether TFF peptide binding occurs via lectin or protein–protein
interactions. Finally, the question arises on the biological significance of such processes
in mucous epithelia (exocrine secretion) or mainly in organs with endocrine secretion of
minute amounts of TFF peptides.
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However, the concentrations of TFF peptides in mucous epithelia are rather high and
it is unlikely that under physiological conditions they mainly act as activating high-affinity
ligands of transmembrane receptors triggering intracellular signaling processes. This view
is strengthened by long lasting systematic studies concerning the natural forms of TFF
peptides in mucous epithelia [33–37]. As the major result, surprisingly, TFF peptides were
found to appear in different molecular forms indicating diverse molecular functions. This
led to a change in the paradigm concerning their molecular functions in healthy mucous
epithelia [4].

1.2. Exocrine TFF Peptides Occur in Different Molecular Forms and Have Diverse Molecular
Functions

Gastric TFF1 occurs mainly as a monomer with a highly exposed free thiol group at
CysVII as shown for humans [37], mice [9], and the Xenopus laevis ortholog xP1 [38]. Such
an unpaired cysteine residue is unusual for secretory proteins, which normally undergo
assembly, retention or degradation in the endoplasmic reticulum [39]. Similar to Ig light
chains [40], TFF1 obviously escapes this fate probably due to the four acidic residues
flanking CysVII (Figure 1). Furthermore, CysVII is expected to be very nucleophilic because
of its steric exposure by two proline residues in close proximity (Figure 1). Thus, CysVII

would be ideally suited to serve as a scavenger for extracellular reactive oxygen/nitrogen
species (ROS/RNS) [4,9,37,38]. In addition, TFF1 could also fulfill an intracellular function
as a chaperone to ensure the correct folding and assembly of, for example, the gastric mucin
MUC5AC [4,37,41]. Furthermore, minor amounts of TFF1 form disulfide-linked hetero-
dimers with gastrokine 2 (GKN2) and IgG Fc binding protein (FCGBP) [9,33,37,42]. Finally,
dimeric TFF1 has lectin activity toward both a core oligosaccharide of the Helicobacter
pylori lipopolysaccharide as well as the carbohydrate moiety of the mucin MUC6 [37,43,44].
An αGlcNAc residue seems to be a common motif in these different structures, which is
probably part of the recognition sequence of the lectin TFF1 [4].

TFF2 is a lectin recognizing specifically the O-linked GlcNAcα1→4Galβ1→R moiety
of the mucin MUC6 [8,23,33,35,36,45]. Remarkably, the unusual α1,4GlcNAc-capped
sugar moiety of MUC6 is evolutionarily conserved from frogs to humans [46,47]. The
TFF2/MUC6 interaction has been shown to alter the viscoelastic properties of mucous
gels [48] and physically stabilizes probably the inner adherent layer of the two-layered
gastric mucus [4,8,49]. The stabilizing effect is even visible at the electron microscopic
level [49]. Thus, in agreement with data from Tff2-deficient (Tff2KO) mice, TFF2 is expected
to play a role in the innate immune defense of the gastric mucosa [4,20,49]. Of note, the α1,
4GlcNAc-capped sugar moiety of MUC6 also suppresses H. pylori growth [50].

In the intestine as well as saliva, TFF3 mainly occurs as a disulfide-linked hetero-dimer
with FCGBP [34,51]. FCGBP is a repetitive, cysteine-rich glycoprotein (consisting of about
5400 amino acid residues) ubiquitously expressed in vertebrates and cephalochordates,
where it is a characteristic secretory product of most mucin-producing cells (such as TFF3),
and thus appears in the corresponding body fluids [47,52]. The molecular function of
FCGBP has not been elucidated in detail. Generally, it is an early response gene after
microbial infection and seems to play a role in the mucosal innate immune defense [20];
it likely regulates pathogen attachment and the clearing of microorganisms [53,54]. For
example, FCGBP could bind IgG after its transcytosis via the neonanal Fc receptor (FcRn),
and this complex could trap microbia, including viruses [55,56]. The hetero-dimerization
of TFF3 and FCGBP could modulate the binding characteristics to microbia by a lectin
activity of TFF3 [4,9,20]. A similar effect is expected for TFF1–FCGBP [9,37].

1.3. Pathological Expression of TFF Peptides: Links to Inflammation and Cancer

Soon after their discovery, ectopic expression of TFF peptides was detected in patho-
logical conditions, particularly during chronic inflammation, such as gastro-esophageal
reflux disease, Barrett esophagus, gastric and duodenal ulcers, diverticulitis, inflammatory
bowel disease, pancreatitis, hepatholithiasis, cholecystitis, salpingitis, and inflammatory
nasal polypi (for reviews, see [3,11,20,57]). These studies were mainly based upon histolog-
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ical results (immunofluorescence, immunohistochemistry, and in situ hybridization). In
most of these cases, a glandular structure termed “ulcer-associated cell lineage” (UACL,
also known as pyloric or pseudo-pyloric metaplasia) was described as the prominent site
for TFF peptide synthesis [58]. For example, both TFF1 and TFF2 are ectopically expressed
in Crohn’s disease [59]. Furthermore, TFF2 and TFF3 were detected after mucosal in-
jury/ulceration; TFF2 was expressed early, whereas TFF3 was a late response gene clearly
indicating a different regulation of TFF2 and TFF3 [60]. Strongly increased levels of all
three TFF peptides were also observed in the bronchioalveolar lavage fluid from patients
with chronic obstructive lung disease (COPD) [61].

Synthesis of TFF peptides is also dysregulated (up- or down-regulated) in different
metaplasias [62,63], as well as malignancies (compilations: [11,12]). There are also multiple
reports suggesting different roles for TFF peptides in tumor progression [1,64–68].

An acute inflammation is a defense mechanism of the immune system driven primarily
by myeloid cells (e.g., macrophages). Macrophages are phagocytic cells of the innate
immune system and they have remarkable plasticity. They have two states of polarized
activation: classically activated (M1) and alternatively activated (M2) phenotypes. The
latter is subdivided at least into three subtypes (M2a, M2b, and M2c) [69]. The activation
and response of macrophages is controlled by subsets of differently polarized CD4+ T
lymphocytes (Th1, Th2 and Th17 cells), each secreting signature cytokines and expressing a
lineage-specifying transcription factor [70–72]. The type of immune response after injury or
infection depends upon pathogen/danger-associated molecular patterns (PAMPs/DAMPs)
and is characteristic for different pathogens (e.g., extracellular or intracellular bacteria,
parasitic helminths, fungi, and viruses) [71]. These PAMPs and DAMPs, as well as ROS, are
sensed by pattern-recognition receptors (PRRs), which are activators of the inflammasome
and also direct triggers of (acute) inflammatory as well as regenerative processes (reparative
inflammation) [73]. Furthermore, inflammation underlies many chronic and degenerative
diseases. Of special note, most, but not all, chronic inflammatory diseases increase the risk
of cancer [74,75]. An inflammatory environment is also a hallmark of cancer [76,77]. Thus,
cytokines produced by activated immune cells are an important link between inflammation
and cancer [78,79].

Numerous studies addressed the following question: which signals trigger the ex-
pression of TFF peptides during inflammation, and are there differences between the three
TFF genes? Further questions asked were as follows: (i) is a loss of TFF peptides linked
to inflammation, and (ii) is the expression of cytokines regulated by TFF peptides? The
data concerning the multiple links of TFF peptides and inflammation are rather complex,
partly seemingly controversial and often based upon single observations in a variety of
very specialized systems. In order to get a glimpse on this complex interplay, the topic
is discussed on two different levels (Figure 2): (i) complex regulation of TFF expression
by inflammatory mediators (upstream links; Section 2); and (ii) role of TFF peptides in
inflammatory processes (downstream links; Section 3). This scheme does not exclude
possible feedback loops, e.g., those between inflammatory processes and the regulation of
TFF expression (see Section 4.1).
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In contrast to previous reviews describing the situation in healthy mucous epithelia
(including the function of TFF peptides in the mucosal innate immune defense [4,20]), here,
the role of TFF peptides during pathological, inflammatory conditions is discussed.

2. Regulation of TFF Expression by Inflammatory Mediators

Multiple reports indicate a complex regulation of TFF gene expression. Typical reg-
ulatory signals include estrogen, pro- and anti-inflammatory cytokines, transforming
growth factor α (TGFα), fibroblast growth factors (FGFs), gastrin, TFF peptides (inter-
regulation), prostaglandins, arachidonic acid, indomethacin, aspirin, omeprazole, bu-
tyrate, hydrogen peroxide, osmotic stress, hypoxia, X-ray irradiation, and pathogens
(reviews: [11,65,66,80,81]). The three human TFF genes share some cis acting elements in
their promoter regions [82]. Here, based on molecular data, the regulation of TFF gene
expression during inflammatory conditions will be discussed for selected cases.

2.1. Down-Regulation of TFF1 during Gastric Inflammation and Ectopic TFF1 Expression in
Chronic Inflammatory Diseases

An infection of the stomach with H. pylori is accompanied by gastritis, leading to
dysregulated expression of TFF peptides. In the human antrum, on the protein level,
mainly TFF1 is reduced in infected individuals [83]. In a mouse model of H. pylori infection,
TFF1 expression is initially somewhat up-regulated transcriptionally and then also down-
regulated about 14 days post-infection [84]. The down-regulation of TFF1 after H. pylori
infection could be explained by a multi-step mechanism. First, H. pylori-infected cells
(such as TFF1-secreting surface mucous cells) release interleukin (IL)-8 [85], which is a
chemoattractant for neutrophils and macrophages. The latter then secrete IL-1β, which is
the predominant pro-inflammatory cytokine produced in response to H. pylori infection;
this shifts the immune response toward a Th1-axis (pro-inflammatory) [86]. From the
in vitro data, one might conclude that IL-1β is responsible for the down-regulation of
TFF1, as TFF1-3 expression is repressed by IL-1β (and IL-6) via nuclear factor κB (NF-κB)
and CCAT/enhancer binding protein (C/EBP), respectively [87]. Of note, a similar down-
regulation of TFF1 was observed also in other murine models of gastric inflammation [88].
Furthermore, TFF1 expression is also decreased in human gastric tissue along the multi-step
cascade from inflammation and NF-κB activation to adenocarcinoma [89].

However, the situation concerning TFF1 expression during H. pylori infection is prob-
ably not that simple. For example, TFF1 expression (together with IL-8 expression) is
strongly induced in vitro in the gastric adenocarcinoma cell line AGS after H. pylori infec-
tion [84,90]. Here, no immune cells are present, which would secrete IL-1β. One possible
explanation would be that TFF1 expression is directly activated by H. pylori via ERK sig-
naling [85,91]. Furthermore, there are indications that TFF1 suppresses H. pylori-induced
gastric inflammation in vivo and in vitro [84,92].

In sharp contrast to the down-regulation of TFF1 in gastric inflammation, TFF1 expres-
sion is ectopically induced in different organs in chronic inflammatory diseases [59,93,94] as
well as in different animal models of inflammation, such as encephalitis [95], asthma [62,96],
pancreatitis [94], and in the murine spleen after Toxoplasma gondii infection [97,98]. The
up-regulation of TFF1 was observed also in vitro in gastric epithelial cells by the pro-
inflammatory Th1 cytokine tumor necrosis factor (TNF)-α via NF-κB [99]. Furthermore,
the up-regulation of TFF1 expression during inflammation was described to occur via the
transcription factor forkhead box (FOX) FOXA1 and FOXA2 (formerly: hepatocyte nuclear
factors 3 α and β), which bind in human and rodent TFF1 promoters to motif IV, close
to the TATA box [100]. These winged helix domain transcription factors play a role in
acute-phase response and inflammatory processes [101]. Furthermore, the Th2 cytokine
IL-13 also up-regulated TFF1 in bronchial epithelial cells in vitro and in an in vivo model;
of note, FOXA2 was down-regulated and FOXA3 was up-regulated in this system [102]. In
a murine asthma model, IL-13 seems to induce TFF1 expression in Clara cells (Clara cell
metaplasia), which are able to trans-differentiate into goblet cells [62,96].
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Indicative of the pleiotrophic nature of the cytokine IL-6, in vivo studies using mu-
tated gp130 signal-transducing chains (gp130757F and gp130∆STAT, respectively) for IL-
6/IL-11 revealed that IL-6 can also potently positively regulate the expression of TFF
peptides [81,91,103,104]. For example, in gp130757F mutants, SHP2-Ras-ERK signaling
is blocked, the Tff1 level is decreased, and antral adenomas and carcinomas are devel-
oped [104]. This is remarkably similar to the phenotype of Tff1KO (development of antral
adenomas and partly carcinomas [105]). Thus, TFF1 expression seems to require IL-6-
triggered SHP2-Ras-ERK signaling [81,91,103,104].

Minute amounts of TFF1 are also synthesized in the brain, for example, in astro-
cytes [12]. In the latter, TFF1 expression can be induced in vitro by IL-6, IL-7, and TNF-
α [106]. TNF-α has been shown to up-regulate TFF1 expression via NF-κB [99]. Further-
more, TFF1 (but not TFF2 or TFF3) is up-regulated in two murine encephalitis models,
probably in neurons (e.g., in internal granular layer of the cerebellum) [95]. Both models
are accompanied by a strongly increased expression of TNF-α [95].

TFF1 (but not TFF2 or TFF3) is also up-regulated in the immune system, e.g., in
the murine spleen after T. gondii infection (two models) [97,98]. Here, TNF-α is also
up-regulated [97], which could be responsible for the induced TFF1 transcription via
NF-κB [99]. Furthermore, the specific up-regulation of TFF1, but not of TFF2 and TFF3,
could also be induced by the binding of FOXA1 and FOXA2 to motif IV in the TFF1
promoter [100].

2.2. Regulation of TFF2 during Inflammation

In contrast to TFF1, TFF2 was only transiently reduced in the human stomach after H.
pylori infection [83]. TFF2 is rather up-regulated in inflammatory conditions as shown for
various diseases [107], as well as in murine models of gastric inflammation [88] and allergic
airway disease [108]. For example, gastrin-deficient mice exhibit chronic inflammation
in the hypochlorhydric stomach and the Th1 cytokine interferon-gamma (IFN-γ) is the
most abundant pro-inflammatory cytokine [109]. Using the gastric cell line NCI-N87, TFF2
expression was induced by IFN-γ [109]. In MKN45 gastric cells, the nuclear peroxisome-
proliferator-activated receptor γ (PPARγ) regulates TFF2 expression via a non-canonical
response element (PPRE) [110]; other than typical PPARγ ligands, such as troglitazone,
non-steroidal anti-inflammatory drugs (NSAIDs), such as indomethacin, can induce TFF2
expression by activating PPARγ [110].

Furthermore, TFF2 was strongly induced in the lung in murine asthma models by the
Th2 cytokines, IL-4 and IL-13 [111]. TFF2 induction can occur in both a STAT6-dependent
manner (by IL-4, IL-13, and ovalbumin) and a STAT6-independent mechanism (by chronic
expression of IL-4 or by the allergen Aspergillus fumigatus) [111]. The Th2 cytokine-mediated
induction of TFF2 expression probably occurs via an indirect mechanism, as the TFF2 pro-
moter is not known to contain a STAT-binding site but is rather regulated via GATA6 [111].
TFF2 was also induced in vivo in the murine lung as well as in vitro in human bronchial ep-
ithelial cell cultures by IL-13 [102]. Thus, TFF2 seems to be inducible during inflammation
in different ways, i.e., by the Th2 cytokines IL-4 and IL-13 as well as by allergens.

Minute amounts of TFF2 are also expressed in the immune system, such as the thymus,
bone marrow, spleen (memory T cells), lymph nodes, and peritoneal macrophages [14–18].
In the rat spleen, there is a biphasic regulation of TFF2 (up-regulation starting at 96 h)
following lipopolysaccharide (LPS) administration; the latter induces an inflammatory
reaction [14].

2.3. Regulation of TFF3 during Inflammation

The Th2 cytokines IL-4 and IL-13 up-regulate TFF3 expression in vitro via the transcrip-
tion factor STAT6 [112]. Of special note, the heterodimer partner of TFF3, i.e., FCGBP, is also
up-regulated by IL-13 [102,113]. This points to a co-ordinate expression of these disulfide-
linked partner proteins during Th2 inflammation. Furthermore, in rodent models, TFF3
expression is increased in the colon after infection with pathogens, such as Nippostrongy-



Int. J. Mol. Sci. 2021, 22, 4909 7 of 22

lus brasiliensis [114], Bifidobacterium dentium [115], and co-infection with Giardia muris and
Citrobacter rodentium [116]. The latter is dependent on the NLRP3 inflammasome [116]. In
contrast, infection with Citrobacter rodentium alone reduces TFF3 expression and RagKO (T
and B cell-deficient) mice did not exhibit this reduction [116,117]. Thus, it is mainly the
host immune system that modulates the function of the goblet cells [117].

In contrast, the Th1 cytokine TNF-α inhibits TFF3 expression via NF-κB [118]. TFF3
repression occurs via promoter binding sites for NF-κB and C/EBPβ [118,119]. Further-
more, IL-1β and IL-6 and a combination of both can also down-regulate TFF3 expression in
certain cell lines [87].

On the other hand, mice with a mutated gp130 signal-transducing chain (gp130∆STAT)
of the IL-6/IL-11 receptor had a reduced Tff3 level and impaired intestinal wound heal-
ing [91]. This phenoptype is remarkably similar to that of Tff3KO mice [120]. Thus, in
this in vivo model, TFF3 expression seems to depend on IL-6-triggered STAT1/3 signal-
ing [81,91,103].

TFF3 is also linked to the intestinal innate immune response as its expression is
induced after activation of Toll-like receptor 2 (TLR2) by commensal bacteria [121]. This is
probably a secondary effect, as goblet cells probably do not express TLR2. Of special note,
a severe form of ulcerative colitis (pancolitis) is associated with the heterozygous TLR2-
R753Q polymorphism [122], which failed to induce TFF3 synthesis, at least in vitro [121].

Minor amounts of TFF3 are expressed in lymphatic organs such as the thymus and
bone marrow as well as the spleen (memory T cells) and lymph nodes [14,15,123]. In the
murine thymus, TFF3 expression is up-regulated by the autoimmune regulator (Aire) [123].
In the rat spleen, there is a biphasic regulation of TFF3 (up-regulation starting at 14 h) after
exposure to LPS [14].

In the rodent and human brain, minute amounts of TFF3 are expressed mainly in neu-
rons and also in the choroid plexus, but not in astrocytes or resting microglial cells [124–127].
Of note, in rodent primary cultures, TFF3 expression was detected in neurons as well as in
activated microglial cells, but not in astrocytes [126]. The expression in activated microglial
cells points to a neural immune function of TFF3, as these cells are the resident myeloid
cells of the CNS, forming its innate immune defense [128].

3. Role of TFF Peptides for Inflammatory Processes

Generally, the role of TFF peptides in influencing inflammatory processes can be
investigated by loss-of-function models (e.g., various Tff -deficient mice) and by gain-
of-function studies (e.g., direct application of TFF peptides). Of special note, there is a
remarkably limited number of convincing reports describing significant effects of TFF
peptides (e.g., in vitro) in gain-of-function studies; there are specific and sensitive readouts
missing, which would allow direct functional measurements. This might be a further
indication that the major functions of TFF peptides probably do not rely on simple ligation
to high-affinity transmembrane receptors and triggering signaling cascades.

3.1. Loss of TFF1 Is Linked to Antral Inflammation and Cancer

Tff1KO mice, in contrast to Tff2KO und Tff3KO mice, have a severe phenotype, i.e., they
all develop adenomas in the gastric antral and pyloric mucosa and about 30% progress to
carcinomas [105,129]. As early as 3 days postnatally, pits and glands in the antropyloric
region are elongated due to severe hyperplasia and there is an expansion of proliferat-
ing epithelial progenitor cells, the latter being almost entirely devoid of mucus [129,130].
Interestingly, gp130757F mutants with blocked SHP2-Ras-ERK signaling of the IL-6/IL-11 re-
ceptor show strongly reduced Tff1 levels and a similar phenotype [104]. In Tff1KO mice, Tff2
expression is also drastically reduced, particularly in the gastric corpus, but not so much
in the pancreas [9,129,131]. From results with gp130757F mutants and gp130757F/Tff2KO

mice [132], one might conclude that the reduced Tff2 level in Tff1KO mice probably ex-
acerbates antral tumorigenesis. The loss of TFF1 is associated with activation of NF-κB-
mediated chronic antral inflammation and multi-step carcinogenesis [89]. This is accompa-
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nied by an increased level of T lymphocytes and dramatic induction of IL-17 expression
with age [133]. Of special note, the selective Cox-2 inhibitor celecoxib significantly reduced
dysplastic lesions, clearly demonstrating the consecutive link of chronic inflammation
and carcinogenesis [89,105,134]. Thus, Tff1 is a gastric tumor suppressor in mice [105]. In
addition, the observation that TFF1 triggers a delay of the cell cycle [135] is typical of tumor
suppressors. Furthermore, Tff1KO mice show significantly higher tumor incidence after
chemically-induced tumorigenesis [136].

Interestingly, at 5 months, the villi of the small intestinal mucosa were enlarged
(hyperplasia) in Tff1KO mice by a thickened lamina propria, which contained inflammatory
cells [129]. A role of TFF1 outside the stomach is in line with lineage tracing studies using
Tff1-Cre mice, which detected labeling also in the intestine [137]. However, Tff1KO mice did
not show an increased susceptibility to dextran sulfate sodium (DSS)-induced colitis [17].

Lineage tracing studies using transgenic Tff1-CreERT2 and Tff1-Cre mice showed that
Tff1 is also expressed in long-lived stem and progenitor cells of the gastric antrum, which
finally re-populate the entire antral units [137,138]. In contrast, the fundic units were
only partially traced by these cells [137,138]. This is surprising and remarkable. Fundic
and antral units undergo continuous self-renewal from stem and progenitor cells, but
the progenitor cells differ characteristically in these units (for review, see [139]). The
clonal expansion in single glands is more rapidly in the antrum when compared with
the corpus [140]. Fundic units mainly contain Troy+ progenitor cells at their base [141],
whereas at the base of antral units, mainly Lgr5+ progenitor cells are found, which probably
originate from Cckbr+ progenitor cells at the +4 position [142,143]. Thus, the study with the
Tff1-CreERT2 and Tff1-Cre mice would explain why inflammation and carcinogenesis in
Tff1KO mice are restricted to the antrum, as Tff1 is expressed possibly already in Lgr5+ (and
maybe also in Cckbr+) progenitor cells, but not in fundic Troy+ progenitor cells [138]. This
is also in line with the significant up-regulation of Cckbr and the transcription factor Mist,
specifically in the gastric antrum of Tff1KO mice [9].

Finally, the question arises on the precise molecular function of TFF1 and how a loss of
TFF1 triggers gastric inflammation and carcinogenesis. Currently, at least four hypothetical
models (or a combination of these) are plausible.

First, TFF1 could be an intracellular chaperone, as, in Tff1KO mice, the unfolded
protein response (UPR) is activated [41,105]. This is in agreement with the discovery
of a disulfide-linked TFF1 heterodimer with a yet unknown partner protein X (TFF1-X;
Mr of 60k) in the human stomach; X might be a disulfide isomerase of the endoplasmic
reticulum (ER) related to ERp57 [4,37]. ERp57 is not only involved in the correct folding of
glycoproteins and assembly of the major histocompatibility complex (MHC class I), but also
regulates gene expression via interaction with STAT3 [144]. Of note, the expression of the
ER disulfide isomerase Pdia3 (i.e., the murine homologue of human ERp57) is significantly
up-regulated in the gastric fundus and antrum of Tff1KO mice [9]. This model is also in line
with the observation that lectins play an important role in quality control and glycoprotein
sorting in the secretory pathway [145].

Second, TFF1 was postulated to act as a scavenger for extracellular ROS/RNS due to
its exposed and probably highly nucleophilic CysVII residue [4,9,37,38]. Such protection
is of particular importance for the gastric mucosa, as it is the target, as well as a potent
generator, of ROS/RNS [4]. In particular, stem cells are highly sensitive to damage by ROS.
An ultimate test of this hypothesis would be to check if a synthetic peptide mimicking the
C-terminal CysVII of TFF1 cures Tff1KO mice from developing adenomas and carcinomas.

Third, TFF1 could serve as an extracellular lectin, recognizing a yet not identified
glycoprotein with a terminal GlcNAcα1→R moiety or a similar structure. This unusual
sugar moiety is characteristic of the mucin MUC6 from frog to human and is essential for
binding the lectin TFF2 [8,36]. The addition of the terminal GlcNAcα residue is catalyzed
by the enzyme α1,4-N-acetylglucosaminyltransferase (α4GnT) [146]. Remarkably, A4gntKO

mice have a very similar phenotype to Tff1KO mice [146]. Recently, dimeric TFF1 has also
been shown to bind to MUC6 as a lectin; the terminal GlcNAcα moiety or a similar structure
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is likely involved in this binding [37,44]. Thus, one might speculate that the ligation of
TFF1, or even a modified TFF1 (e.g., sulfenylated TFF1), to MUC6 or a yet not identified
transmembrane glycoprotein could serve as a signal for the correct self-renewal of antral
units. Generally, TFF1 could act as an activating, as well as an inhibitory, ligand (see also
Section 4.1). The latter possibility is increasingly interesting, as TFF1 has been shown
to block the interaction of the IL-6 receptor IL6Rα-gp80 and gp130 (signal-transducing
chain) [147], and maybe also the interaction of TNF-α and its receptor [89]. However, the
known lectin interaction of MUC6 and TFF2 does not seem to play a role here, as Tff2KO

mice have a completely different phenotype to A4gntKO mice.
Fourth, a 37k-entity of Gkn2, probably a Gkn2 homodimer, was recently detected

in Tff1KO mice, only (particularly in the antrum) [9]; the usual Tff1-Gkn2 heterodimer
cannot be synthesized any more in these mice because of a lack of Tff1. Such a secretory
Gkn2 homodimer may impact the inflammatory processes in the antrum or influence early
differentiation. In human, the major amounts of GKN2 are hardly soluble and are probably
part of the inner gastric mucus layer [37].

3.2. TFF2: Component of the Gastric Mucus Barrier (Lectin Binding to MUC6), Inhibition of
Myeloid Cells (Anti-Inflammatory Factor), and Increased Synthesis of the Alarmin IL-33
(Promotion of Th2 Immunity)

Tff2KO mice did not show obvious gastrointestinal abnormalities [148]. However, in
Tff2KO mice, the degree of gastric ulceration after administration of the COX1/2 inhibitor
indomethacin was significantly increased [148] and the recovery of the gastric surface from
laser-induced photodamage was delayed [149]. Tff2KO mice also exhibited accelerated
progression of gastritis to dysplasia in the gastric antrum after infection with H. pylori [150]
and these animals show an increased susceptibility to H. felis-induced gastritis, with
enhanced gastric inflammation [16]. All these effects are in agreement with a hypothetical
function of TFF2 in the gastric mucosal innate immune defense by physically stabilizing
the inner mucus barrier layer due to its lectin interaction with MUC6 [4,8,20].

TFF2 expression is not limited to the gastrointestinal tract but is also present in
macrophages and lymphocytes. Remarkably, peritoneal macrophages from Tff2KO mice
were hyperresponsive to IL-1β stimulation concerning the secretion of IL-6 [16]. Thus,
TFF2 functions as an anti-inflammatory peptide in immune cells, negatively regulating
the expression of IL-1β-induced genes. This in vitro result might be in agreement with
an in vivo study, where colonic IL-6 production was dramatically reduced in a murine
DSS colitis model after topical pretreatment (intracolonic route) with TFF2 [151]. A similar
protective effect against DSS-induced colitis was also obtained with a TFF2-secreting Lacto-
coccus lactis strain, which had a therapeutic effect even in chronic colitis in Il10KO mice [152].
In contrast, Tff2KO mice exhibited a more severe response to and a delayed recovery from
DSS-induced colitis [16,17]. A conclusive explanation is not possible currently as, in Tff2KO

mice, colonic Tff3 expression is also strongly reduced, which could be the cause of this
phenotype [17]. Surprisingly, the protective effect of TFF2 from DSS-induced colitis seemed
to originate from colonic epithelial cells and not from colonic leucocytes, as TFF2 is not
synthesized in the latter [17].

In another animal model of intestinal inflammation, Tff2KO mice were orally infected
with T. gondii [153]. In wild type mice, this leads to lethal ileitis. Surprisingly, Tff2KO mice
showed an increased baseline level of IL-12/23p40 when compared with the wild type,
but they did not develop the typical intestinal immunopathology [153]. Generally, TFF2
antagonized the IL-12 release from macrophages and dendritic cells [153]. This inhibitory
effect was due to cell-intrinsic TFF2 expression and could be also induced by exogenous
TFF2 [153]. IL-12 is a known driver of Th1 inflammation, leading to a preferential expansion
of IFN-γ-producing lymphocytes. Of note, in Tff2KO mice, the baseline production of IFN-γ
was not different, but the expansion of IFN-γ-producing Th1 cells was greatly induced after
T. gondii infection [153]. Taken together, in this animal model, TFF2 is an anti-inflammatory
peptide, down-regulating the expression of IL-12 in macrophages and dendritic cells,
leading to a suppression of the Th1 immune response after T. gondii infection. Currently,
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the precise molecular mechanism of how TFF2 inhibits TLR-driven IL-12 expression is not
known. A receptor blocking mechanism may be involved, as discussed in Section 4.1.

In contrast to infection with T. gondii [153], oral infection with Yersinia enterocolitica
resulted in a lethal outcome in Tff2KO mice, but not in wild type mice [154]. In Tff2KO mice,
the reduced amount of macrophages allowed Y. enterocolitica to cross the epithelial barrier
of the ileum [154]. Currently, a proper explanation of these results it is not possible as there
are no more molecular data available. The reduced Tff3 synthesis in Tff2KO mice [17] may
also contribute to this result.

In another set-up, nine day-old (P9) Tff2KO rats were orally infected with E. coli,
which led to bacteremia, in contrast to the wild type [155]. At this time point, intestinal
Tff2 expression reaches a peak and drops sharply thereafter [156]. Thus, the increased
susceptibility of Tff2KO rats is in agreement with a function of TFF2 for the barrier integrity
of the neonatal rat intestine.

In a further study, TFF2 from splenic memory T cells suppressed the expansion of
splenic myeloid-derived suppressor cells (MDSC) via CXCR4 [18]. The number of MDSCs
is increased in tumors where they create an inflammatory environment. Tff2KO mice
had an increased number of MDSCs and exhibited a greater number of tumors in an
azoxymethane/DSS model of inflammatory colorectal carcinogenesis [18].

The inhibitory effect of TFF2 on macrophages was also demonstrated by a myeloid-
specific deletion of Tff2 (Cd11cCreTff2flox mice) [157]. After infection with the hookworm
Nippostrongylus brasiliensis, the lung pathology was exacerbated in these mice and the
proliferative expansion of epithelial alveolar type 2 cells was reduced [157]. The latter was
due to the diminished expression of Wnt4 and Wnt16. Thus, myeloid-derived TFF2 also
drives macrophages to accelerate epithelial regeneration after lung injury [157].

After the infection of mice with N. brasiliensis, TFF2 expression increased first in
the lung (early stage) and then in the intestine (late stage); this is a prerequisite for the
induction of IL-33 production, a Th2-promoting cytokine, in lung epithelial cells, alveolar
macrophages, and inflammatory dendritic cells [158]. Thus, in parasitized Tff2KO mice, the
IL-33 levels are only slightly increased [158]. Of special note, the TFF2-triggered induction
of IL-33 synthesis in bone marrow-derived macrophages required CXCR4 [158], which is a
putative TFF2 receptor [26,27].

The TFF2-IL-33 axis has also been described in the stomach, where IL-33 is synthesized
in a subpopulation of surface mucous cells, probably in precursors of surface mucous
cells [159]. In the CNS and other epithelial tissues, IL-33 is expected to act as an alarmin
by responding rapidly after insult [159]. In Tff2KO mice, IL-33 expression is significantly
reduced at least in the gastric fundus [159]. Furthermore, H. pylori infection also changed IL-
33 expression biphasically—an acute phase with increased IL-33 followed by suppression
in the chronic phase [159]. Chronic IL-33 application caused an infiltration of macrophages,
neutrophils, and dendritic cells into the stomach, leading to a Th2 immune response as well
as activation of the already present group 2 innate lymphoid cells (ILC2), particularly in
the antrum [159]. Taken together, one could postulate that exocrine epithelial TFF2 might
induce IL-33 expression in gastric surface mucus cells after injury and disruption of the
gastric mucosal barrier, allowing ligation of a putative basolateral TFF2 receptor, such as
CXCR4. A similar activation of a basolateral receptor after injury has been described for
heregulin-α and its receptor in epithelial cells of the lung [160].

Taken together, TFF2 has a function in the normal stomach as a constituent of the
gastric mucus barrier (physical stabilization of the inner, insoluble layer by strong lectin
interaction with MUC6), which is a first line defense against microbial infections (innate
immunity; Figure 3) [4,8,20]. In contrast, after injury or infection, TFF2 has diverse roles
in the immune system and for inflammation. This explains why Tff2KO mice have a
compromised immune system [15]. On the one hand, TFF2 is a brake for myeloid cells (e.g.,
inhibition of IL-6 and IL-12 release) so that, in particular, Th1 inflammation after a mucosal
challenge (infection) is not overshooting (anti-inflammatory effect; Figure 3) [16,18,107,153].
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On the other hand, TFF2 is a positive regulator of the alarmin IL-33 in the CNS and mucous
epithelia, which is an activator of a Th2 immune response after injury (Figure 3) [158,159].
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response (after IL-33 release probably by a non-classical secretory mechanism via exosomes [161]). Furthermore, exocrine
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repressing a Th1 response.

Currently, it is not clear how TFF2 triggers the immune modulatory effects in
the different cell types. There are multiple indications that one putative receptor is
CXCR4 [18,26,27,158,162]. However, currently there are no data defining the interaction
of TFF2 and CXCR4 (lectin or a protein–protein interaction). As TFF2 is a lectin, binding
strongly to the O-linked GlcNAcα1→4Galβ1→R moiety of the mucin MUC6 [8,23,36,45],
an interaction of TFF2 with the carbohydrate moiety of CXCR4 would be not surprising.
Such a lectin interaction could also have the advantage of being specific for a cell type,
depending on the glycosylation status of the cell [20]. Furthermore, signaling by TFF2 could
also be more complex, e.g., by binding to glycosaminoglycans, as shown for a number of
cytokines [163].

3.3. Loss of Tff3 Is Linked to Increased DSS-Induced Colonic Inflammation

Tff3KO mice develop normally and are grossly indistinguishable from their wild type
littermates [120]. However, the migration of colonic crypt cells due to self-renewal of the
epithelium from precursor cells was strongly delayed [120]. In the DSS-induced colitis
model (2.5% DSS), Tff3KO mice reacted much more sensitively when compared with the
wild type animals [120]. Of special note, also a number of mouse strains with reduced
TFF3 levels showed a similar phenotype in the DSS colitis model to the Tff3KO animals:
Agr2KO [164], Tff2KO [17], and gp130∆STAT [91].

The murine colonic mucus consists of two layers: a firmly adherent inner layer, and a
loose outer layer. Normally, the inner layer is devoid of bacteria [165,166]. After DSS treat-
ment, the thickness of the inner mucus layer of the colon decreased and became permeable
so that bacteria were able to penetrate and reach the epithelial cells even after 4 h [167].
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This occurred before infiltration of the immune cells was observed. In wild type mice,
the TFF3 expression was increased after DSS treatment in an early phase [168,169]. Thus,
the increased sensitivity of Tff3KO mice in the DSS colitis model is probably an indication
that in these animals, more bacteria reach the epithelium due to an intestinal mucosal
barrier defect. Most of the intestinal TFF3 forms a hetero-dimer with FCGBP, which is
mucus-associated [34] and is expected to play a role in the mucosal innate immune defense
by, for example, regulating pathogen attachment and the clearing of microorganisms [20].
It would be interesting to test if Tff3KO mice show also mucosal barrier defects in the oral
cavity or the urogenitary tracts, as TFF3 (and FCGBP) is also synthesized in these epithelia.
Another interesting goal would also be the generation of FcgbpKO mice and to determine
their phenotype in the DSS colitis model. Furthermore, the binding of TFF3 to DMBT1gp340,
a pattern recognition receptor with a function in mucosal innate immunity, could play a
protective role here [20,25,170].

Of note, the expression of pro-inflammatory cytokines in cultured microglial cells was
reduced by TFF3 [171]. This points to an anti-inflammatory function of TFF3 by the shifting
of microglial cells from a M1 to a M2 phenotype, at least in vitro [171].

An immunomodulatory role of TFF3 is also in line with the observation that in the
murine spleen after T. gondii infection, the expression of the inflammasome constituent
Nlrp12 was significantly reduced in Tff3KO mice when compared with wild type mice [98].

4. Conclusion and Medical Perspectives

Taken together, from loss-of-function studies, it is clear that Tff -deficient mice have
completely different phenotypes, but all are related to inflammatory processes, either
directly or after various mucosal challenges. The following picture concerning the multiple
and different functions of TFF peptides has emerged (Table 1):

Table 1. TFF peptides and their downstream links to inflammation

Loss of TFF Impaired Functions Inflammatory Phenotypes

TFF1 Dysregulated self-renewal of gastric antral units Antral inflammation and cancer

TFF2
Gastric barrier defect Enhanced gastric inflammation after H. pylori infection

Dysregulated immune reactions Changed inflammatory responses after infections

TFF3
Intestinal barrier defect Increased inflammation after DSS challenge

Dysregulated immune reactions? Changed inflammatory responses?

Under physiological, healthy conditions, TFF peptides fulfill their protective functions
as exocrine products mainly in the gastric mucosa (TFF1, TFF2), or in a variety of mucous
epithelia (TFF3). Here, they play a role as a gastric tumor suppressor (TFF1) or they are
involved in the mucosal innate immune defense as integral parts of the mucus barrier
(TFF2/MUC6 lectin complex, TFF3-FCGBP heterodimer) [4,20]. As a hallmark, all three
TFF peptides have lectin activities, best characterized for TFF2 [4,22]. Thus, TFF peptides as
soluble lectins are comparable with multifunctional galectins and C-type lectins, which also
interact with mucins [172,173]. Currently, it cannot be excluded that TFF peptides also rec-
ognize microbial glycans as certain soluble lectins do [174]. Generally, TFF peptides act at
the delicate interface of epithelia, mucus/mucins, and microbia. Here, a number of medical
applications are within the limits of expectation; a porcine gastric mucin preparation is al-
ready used as artificial saliva, which contains TFF2 [36]. Similar topical formulations could
be used to treat patients with gastric or duodenal ulcers [20]. Equally promising are luminal
applications of TFF3-FCGBP or TFF3/DMBT1gp340 for the treatment of various infections
of mucous epithelia (development of anti-bacterial and anti-viral formulations) [20].

Under pathological conditions, e.g., after mucosal injury or infection, TFF2, in par-
ticular, is secreted in an endocrine fashion by myeloid cells (e.g., macrophages) and lym-
phocytes (e.g., memory T cells). Here, at least TFF2 is a modulator of immune reactions
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triggering inflammatory processes. On the one hand, TFF2 induces the synthesis and
release of the nuclear alarmin IL-33, at least in mucous epithelia, which leads to a Th2
immune response. There are multiple indications that certain TFF2 effects are mediated by
activating ligation to CXCR4 and/or a plethora of other glycosylated transmembrane pro-
teins. Unfortunately, the details are not known currently. As TFF2 is a lectin recognizing, at
least, the O-linked GlcNAcα1→4Galβ1→R moiety of the mucin MUC6, a lectin-triggered
activation of a glycosylated transmembrane protein seems reasonable [23]. On the other
hand, TFF2 inhibits myeloid cells.

4.1. Lectin-Triggered Receptor Blocking by TFF Peptides: An Hypothesis

In contrast to a proposed lectin-triggered activation of receptors [23], TFF peptides can,
in particular, block the ligation of natural ligands and their cognate membrane receptors.
This has been demonstrated for TFF1, which blocks the interaction of IL6Rα-gp80 (IL-6
binding chain) and gp130 (signal-transducing chain) in vitro by interaction with IL6Rα-
gp80 [147]. As a consequence, several STAT3 target genes are overexpressed in Tff1KO

mice [147]. The precise nature of TFF1 binding to IL6Rα-gp80 has not been elucidated thus
far, but it is tempting to speculate that TFF1 acts as a lectin binding to the carbohydrate
moiety of IL6Rα-gp80, which blocks receptor activation (lectin-triggered receptor blocking
hypothesis; Figure 4).
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Figure 4. Lectin-triggered receptor blocking hypothesis. TFF peptides are proposed to bind as lectins
to the carbohydrate moiety (indicated by a hexagon) of a glycosylated transmembrane receptor
(hatched rectangle), thus negatively interfering with the binding of the natural ligand(s).

Accordingly, TFF1 is a natural antagonist of the IL-6 receptor system and compa-
rable with the action of tocilizumab, a humanized anti-IL-6 receptor antibody, which is
used in the clinics for treating rheumatoid arthritis, cytokine release syndrome and even
COVID-19 [175]. A similar situation might occur in the TNF-α receptor system, where
TFF1 suppressed TNF-α-mediated NF-κB activation through TNFR1 [89] and inhibited the
expression of the tissue inhibitor matrix metalloproteinase-1 (TIMP1) [176]. Furthermore,
the hyperresponsiveness of peritoneal macrophages from Tff2KO mice to IL-1β stimula-
tion [16] might be due to the lectin binding of TFF2 to the IL-1 receptor. Such an inhibition
of the IL-1 receptor system by TFF2 is reminiscent of the IL-1 receptor antagonist anakinra,
which is clinically used for treating rheumatoid arthritis.

4.2. New Medical Perspectives

In the future, TFF peptides might be used to specifically block a series of glycosy-
lated receptors playing mayor roles in inflammatory processes. As glycosylation patterns
are relatively cell-specific, the use of TFF peptides could be selective for specific cells.
Furthermore, TFF peptides recognize different carbohydrate moieties. This combination
might allow interesting future clinical applications for TFF peptides and might open new
therapeutic strategies, e.g., as anti-inflammatory agents. Thus, it is now a promising goal
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to test systematically receptors for their binding of TFF peptides, e.g., in vitro. When using
different cell lines, the knowledge of the specific glycosylation pattern is of particular inter-
est. The use of different cell lines might explain contrary past results. As a prerequisite for
such studies, the carbohydrate specificities of TFF peptides have to be elucidated in detail.
Thus far, it is clear that the lectin characteristics of the three TFF peptides are different, but
partly related. GlcNAc seems to be a common moiety recognized at least by TFF1 and
TFF2 [4]. Furthermore, a series of mutant TFF peptides with precisely altered carbohydrate
specificities could be created, which would even expand their medical potential [4,20].

As lectins with multiple connections to the immune system, TFF peptides have to be
considered as promising new players in the field of glycoimmunology, such as galectins,
siglecs, and C-type lectins [177,178]. In particular, galectins are able to form multivalent
complexes with cell surface glycoconjugates, and such 2D and 3D cross-linked lattices
could influence signal transduction [179,180]. As a prerequisite for such studies, it has
to be cleared which of the polarized macrophage phenotypes and which lymphocytes
synthesize which TFF peptide. In addition, it is also important to understand the rather
complex regulation of TFF gene expression in these cells. For example, PPARγ is involved
in the regulation of macrophage polarization [181] as well as TFF2 expression [80,110].
Furthermore, there are auto-induction mechanisms known for TFF genes [80,182] as well as
epigenetic regulation via promoter methylation [11,66,80,132,183–185]. Such mechanisms
would be well suited for generating positive and negative feedback loops. This information
is necessary not only to fully understand the numerous results particularly obtained with
the Tff2KO mice (see Section 3.2), but also for a rationale clinical application of TFF peptides.

First clinical studies already started with TFF1 and TFF3 only (probably for patent
reasons) to reduce oral mucositis, which is a side effect of radio- and chemotherapy [186].
For the future, more sophisticated strategies can be expected, which could allow numer-
ous novel medical applications for TFF peptides; possible fields would be inflammation-
induced fibrosis, rheumatoid arthritis, or neurodegeneration. For example, TFF2 regulates
airway remodeling [187], reversed airway fibrosis [108], and is upregulated in the synovial
fluid of rheumatoid arthritis samples [188], whereas TFF3 is associated with neurodegen-
eration [189]. However, there are many open questions currently and there is a strong
necessity for further research before application in clinics can be considered, e.g., for the
treatment of various immune mediated inflammatory disorders.
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CNS Central nervous system
DAMPs Danger-associated molecular patterns
DSS Dextran sulfate sodium
ER Endoplasmic reticulum
FCGBP IgG Fc binding protein
FOX Forkhead box
GKN Gastrokine
IFN Interferon
IL Interleukin
NF-κB Nuclear factor kappa B
PAMPs Pathogen-associated molecular patterns
ROS Reactive oxygen species
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SDS Sodium dodecyl sulfate
SMC Surface mucous cell
TFF Trefoil factor family
TGF Transforming growth factor
TLR Toll-like receptor
TNF Tumor necrosis factor
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susceptibility to Yersinia enterocolitica Infection of Tff2 deficient mice. Cell. Physiol. Biochem. 2012, 30, 853–862. [CrossRef]
[PubMed]

155. McCarthy, A.J.; Birchenough, G.M.H.; Taylor, P.W. Loss of trefoil factor 2 sensitizes rat pups to systemic infection with the
neonatal pathogen Escherichia coli K1. Infect. Immun. 2019, 87, e00878-18. [CrossRef]

http://doi.org/10.7150/jca.19639
http://www.ncbi.nlm.nih.gov/pubmed/28900479
http://doi.org/10.1083/jcb200108056
http://www.ncbi.nlm.nih.gov/pubmed/12034770
http://doi.org/10.1038/onc.2011.41
http://www.ncbi.nlm.nih.gov/pubmed/21358676
http://doi.org/10.1002/path.5163
http://doi.org/10.1158/0008-5472.CAN-15-3089
http://doi.org/10.3390/ijms160819153
http://doi.org/10.1152/ajpgi.00415.2001
http://doi.org/10.1016/j.cell.2013.09.008
http://doi.org/10.1016/j.stem.2009.11.013
http://doi.org/10.1136/gutjnl-2014-307190
http://doi.org/10.1134/S000629791313004X
http://www.ncbi.nlm.nih.gov/pubmed/24490732
http://doi.org/10.1016/S0014-5793(00)01665-3
http://doi.org/10.1172/JCI59087
http://www.ncbi.nlm.nih.gov/pubmed/22307328
http://doi.org/10.1038/s41467-019-11011-4
http://doi.org/10.1172/JCI0212529
http://www.ncbi.nlm.nih.gov/pubmed/11805131
http://doi.org/10.1136/gut.2009.205625
http://doi.org/10.2353/ajpath.2007.070249
http://doi.org/10.1189/jlb.0803396
http://doi.org/10.1053/j.gastro.2004.05.020
http://doi.org/10.4049/jimmunol.1103374
http://doi.org/10.1159/000341463
http://www.ncbi.nlm.nih.gov/pubmed/22907484
http://doi.org/10.1128/IAI.00878-18


Int. J. Mol. Sci. 2021, 22, 4909 21 of 22

156. Birchenough, G.M.; Johansson, M.E.; Stabler, R.A.; Dalgakiran, F.; Hansson, G.C.; Wren, B.W.; Luzio, J.P.; Taylor, P.W. Altered
innate defenses in the neonatal gastrointestinal tract in response to colonization by neuropathogenic Escherichia coli. Infect. Immun.
2013, 81, 3264–3275. [CrossRef] [PubMed]

157. Hung, L.-Y.; Sen, D.; Oniskey, T.K.; Katzen, J.; Cohen, N.A.; Vaughan, A.E.; Nieves, W.; Urisman, A.; Beers, M.F.; Krummel, M.F.;
et al. Macrophages promote epithelial proliferation following infectious and non-infectious lung injury through a Trefoil factor
2-dependent mechanism. Mucosal Immunol. 2019, 12, 64–76. [CrossRef]

158. Wills-Karp, M.; Rani, R.; Dienger, K.; Lewkowich, I.; Fox, J.G.; Perkins, C.; Lewis, L.; Finkelman, F.D.; Smith, D.E.; Bryce, P.J.;
et al. Trefoil factor 2 rapidly induces interleukin 33 to promote type 2 immunity during allergic asthma and hookworm infection.
J. Exp. Med. 2012, 209, 607–622. [CrossRef] [PubMed]

159. Buzzelli, J.N.; Chalinor, H.V.; Pavlic, D.I.; Sutton, P.; Menheniott, T.R.; Giraud, A.S.; Judd, L.M. IL33 is a stomach alarmin that
initiates a skewed Th2 response to injury and infection. Cell. Mol. Gastroenterol. Hepatol. 2015, 1, 203–221.e3. [CrossRef] [PubMed]

160. Vermeer, P.D.; Einwalter, L.A.; Moninger, T.O.; Rokhlina, T.; Kern, J.A.; Zabner, J.; Welsh, M.J. Segregation of receptor and ligand
regulates activation of epithelial growth factor receptor. Nature 2003, 422, 322–326. [CrossRef]

161. Katz-Kiriakos, E.; Steinberg, D.F.; Kluender, C.E.; Osorio, O.A.; Newsom-Stewart, C.; Baronia, A.; Byers, D.E.; Holtzman, M.J.;
Katafiasz, D.; Bailey, K.L.; et al. Epithelial IL-33 appropriates exosome trafficking for secretion in chronic airway disease. JCI
Insight 2021, 6, e136166.

162. Engevik, K.A.; Hanyu, H.; Matthis, A.L.; Zhang, T.; Frey, M.R.; Oshima, Y.; Aihara, E.; Montrose, M.H. Trefoil factor 2 activation
of CXCR4 requires calcium mobilization to drive epithelial repair in gastric organoids. J. Physiol. 2019, 597, 2673–2690. [CrossRef]
[PubMed]

163. Händel, T.M.; Dyer, D.P. Perspectives on the biological role of chemokine:glycosaminoglycan interactions. J. Histochem. Cytochem.
2021, 69, 87–91. [CrossRef]

164. Park, S.-W.; Zhen, G.; Verhaeghe, C.; Nakagami, Y.; Nguyenvu, L.T.; Barczak, A.J.; Killeen, N.; Erle, D.J. The protein disulfide
isomerase AGR2 is essential for production of intestinal mucus. Proc. Natl. Acad. Sci. USA 2009, 106, 6950–6955. [CrossRef]

165. Johansson, M.E.; Larsson, J.M.; Hansson, G.C. The two mucus layers of colon are organized by the MUC2 mucin, whereas the
outer layer is a legislator of host-microbial interactions. Proc. Natl. Acad. Sci. USA 2011, 108 Suppl 1, 4659–4665. [CrossRef]

166. Johansson, M.E.; Hansson, G.C. Immunological aspects of intestinal mucus and mucins. Nat. Rev. Immunol. 2016, 16, 639–649.
[CrossRef]

167. Johansson, M.E.; Gustafsson, J.K.; Sjöberg, K.E.; Petersson, J.; Holm, L.; Sjövall, H.; Hansson, G.C. Bacteria penetrate the inner
mucus layer before inflammation in the dextran sulfate colitis model. PLoS ONE 2010, 5, e12238. [CrossRef]

168. Hoebler, C.; Gaudier, E.; De Coppet, P.; Rival, M.; Cherbut, C. MUC genes are differently expressed during onset and maintenance
of inflammation in dextran sodium sulfate-treated mice. Dig. Dis. Sci. 2006, 51, 381–389. [CrossRef]

169. Kjellev, S.; Thim, L.; Pyke, C.; Poulsen, S.S. Cellular localization, binding sites, and pharmacologic effects of TFF3 in experimental
colitis in mice. Dig. Dis. Sci. 2007, 52, 1050–1059. [CrossRef]

170. Madsen, J.; Mollenhauer, J.; Holmskov, U. Review: Gp-340/DMBT1 in mucosal innate immunity. Innate Immun. 2010, 16, 160–167.
[CrossRef] [PubMed]

171. Arnold, P.; Rickert, U.; Helmers, A.K.; Spreu, J.; Schneppenheim, J.; Lucius, R. Trefoil factor 3 shows anti-inflammatory effects on
activated microglia. Cell Tissue Res. 2016, 365, 3–11. [CrossRef]

172. Leclaire, C.; Lecointe, K.; Gunning, P.A.; Tribolo, S.; Kavanaugh, D.W.; Wittmann, A.; Latousakis, D.; MacKenzie, D.A.; Kawasaki,
N.; Juge, N. Molecular basis for intestinal mucin recognition by galectin-3 and C-type lectins. FASEB J. 2018, 32, 3301–3320.
[CrossRef]

173. García Caballero, G.; Kaltner, H.; Kutzner, T.J.; Ludwig, A.K.; Manning, J.C.; Schmidt, S.; Sinowatz, F.; Gabius, H.J. How galectins
have become multifunctional proteins. Histol. Histopathol. 2020, 35, 509–539. [PubMed]

174. Wesener, D.A.; Dugan, A.; Kiessling, L.L. Recognition of microbial glycans by soluble human lectins. Curr. Opin. Struct. Biol.
2017, 44, 168–178. [CrossRef] [PubMed]

175. Meanwatthana, J.; Majam, T. Interleukin-6 antagonists: Lessons from cytokine release syndrome to the therapeutic application in
severe COVID-19 infection. J. Pharm. Pract. 2021. [CrossRef] [PubMed]

176. Omar, O.M.; Suotto, M.; Bhat, N.S.; Bhat, A.A.; Lu, H.; Chen, Z.; El-Rifai, W. TFF1 antagonizes TIMP-1 mediated proliferative
functions in gastric cancer. Mol. Carcinogen. 2018, 57, 1577–1587. [CrossRef]

177. Rabinovich, G.A.; Rubinstein, N.; Toscano, M.A. Role of galectins in inflammatory and immunomodulatory processes. Biochim.
Biophys. Acta 2002, 1572, 274–284. [CrossRef]

178. Johannssen, T.; Lepenies, B. Glycan-Based Cell Targeting To Modulate Immune Responses. Trends Biotechnol. 2017, 35, 334–346.
[CrossRef]

179. Sacchettini, J.C.; Baum, L.G.; Brewer, C.F. Multivalent protein-carbohydrate interactions. a new paradigm for supermolecular
assembly and signal transduction. Biochemistry 2001, 40, 3009–3015. [CrossRef] [PubMed]

180. Rabinovich, G.A.; Toscano, M.A.; Jackson, S.S.; Vasta, G.R. Functions of cell surface galectin-glycoprotein lattices. Curr. Opin.
Struct. Biol. 2007, 17, 513–520. [CrossRef]

181. Patel, U.; Rajasingh, S.; Samanta, S.; Cao, T.; Dawn, B.; Rajasingh, J. Macrophage polarization in response to epigenetic modifiers
during infection and inflammation. Drug Discov. Today 2017, 22, 186–193. [CrossRef]

http://doi.org/10.1128/IAI.00268-13
http://www.ncbi.nlm.nih.gov/pubmed/23798529
http://doi.org/10.1038/s41385-018-0096-2
http://doi.org/10.1084/jem.20110079
http://www.ncbi.nlm.nih.gov/pubmed/22329990
http://doi.org/10.1016/j.jcmgh.2014.12.003
http://www.ncbi.nlm.nih.gov/pubmed/28210674
http://doi.org/10.1038/nature01440
http://doi.org/10.1113/JP277259
http://www.ncbi.nlm.nih.gov/pubmed/30912855
http://doi.org/10.1369/0022155420977971
http://doi.org/10.1073/pnas.0808722106
http://doi.org/10.1073/pnas.1006451107
http://doi.org/10.1038/nri.2016.88
http://doi.org/10.1371/journal.pone.0012238
http://doi.org/10.1007/s10620-006-3142-y
http://doi.org/10.1007/s10620-006-9256-4
http://doi.org/10.1177/1753425910368447
http://www.ncbi.nlm.nih.gov/pubmed/20418254
http://doi.org/10.1007/s00441-016-2370-5
http://doi.org/10.1096/fj.201700619R
http://www.ncbi.nlm.nih.gov/pubmed/31922250
http://doi.org/10.1016/j.sbi.2017.04.002
http://www.ncbi.nlm.nih.gov/pubmed/28482337
http://doi.org/10.1177/08971900211000691
http://www.ncbi.nlm.nih.gov/pubmed/33759631
http://doi.org/10.1002/mc.22880
http://doi.org/10.1016/S0304-4165(02)00314-8
http://doi.org/10.1016/j.tibtech.2016.10.002
http://doi.org/10.1021/bi002544j
http://www.ncbi.nlm.nih.gov/pubmed/11258914
http://doi.org/10.1016/j.sbi.2007.09.002
http://doi.org/10.1016/j.drudis.2016.08.006


Int. J. Mol. Sci. 2021, 22, 4909 22 of 22

182. Bulitta, C.J.; Fleming, J.V.; Raychowdhury, R.; Taupin, D.; Rosenberg, I.; Wang, T.C. Autoinduction of the trefoil factor 2 (TFF2)
promoter requires an upstream cis-acting element. Biochem. Biophys. Res. Commun. 2002, 293, 366–374. [CrossRef]

183. Martin, V.; Ribieras, S.; Rio, M.-C.; Dante, R. The estrogen responsive element of the pS2 gene is recognized by a methylation
sensitive DNA binding protein. Biol. Chem. 1998, 379, 409–416. [CrossRef]

184. Ribieras, S.; Lefèbvre, O.; Tomasetto, C.; Rio, M.-C. Mouse Trefoil Factor genes: Genomic organization, sequences and methylation
analyses. Gene 2001, 266, 67–75. [CrossRef]

185. Carvalho, R.; Kayademir, T.; Soares, P.; Canedo, P.; Sousa, S.; Oliveira, C.; Leistenschneider, P.; Seruca, R.; Gött, P.; Blin, N.; et al.
Loss of heterozygosity and promoter methylation, but not mutation, may underlie loss of TFF1 in gastric carcinoma. Lab. Investig.
2002, 82, 1319–1326. [CrossRef]

186. Braga Emidio, N.; Hoffmann, W.; Brierley, S.M.; Muttenthaler, M. Trefoil factor family: Unresolved questions and clinical
perspectives. Trends Biochem. Sci. 2019, 44, 387–390. [CrossRef]

187. Royce, S.G.; Lim, C.; Muljadi, R.C.; Tang, M.L.K. Trefoil factor 2 regulates airway remodeling in animal models of asthma.
J. Asthma 2011, 48, 653–659. [CrossRef] [PubMed]

188. Popp, J.; Schicht, M.; Garreis, F.; Klinger, P.; Gelse, K.; Sesselmann, S.; Tsokos, M.; Etzold, S.; Stiller, D.; Claassen, H.; et al. Human
synovia contains trefoil factor family (TFF) peptides 1-3 although synovial membrane only produces TFF3: Implications in
osteoarthritis and rheumatoid arthritis. Int. J. Mol. Sci. 2019, 20, 6105. [CrossRef]

189. Paterson, R.W.; Bartlett, J.W.; Blennow, K.; Fox, N.C.; Shaw, L.M.; Trojanowski, J.Q.; Zetterberg, H.; Schott, J.M. Cerebrospinal
fluid markers including trefoil factor 3 are associated with neurodegeneration in amyloid-positive individuals. Transl. Psychiatry
2014, 4, e419. [CrossRef]

http://doi.org/10.1016/S0006-291X(02)00199-7
http://doi.org/10.1515/bchm.1998.379.4-5.409
http://doi.org/10.1016/S0378-1119(01)00380-8
http://doi.org/10.1097/01.LAB.0000029205.76632.A8
http://doi.org/10.1016/j.tibs.2019.01.004
http://doi.org/10.3109/02770903.2011.599906
http://www.ncbi.nlm.nih.gov/pubmed/21793772
http://doi.org/10.3390/ijms20236105
http://doi.org/10.1038/tp.2014.58

	Introduction 
	TFF Peptides: The “Classical” View 
	Exocrine TFF Peptides Occur in Different Molecular Forms and Have Diverse Molecular Functions 
	Pathological Expression of TFF Peptides: Links to Inflammation and Cancer 

	Regulation of TFF Expression by Inflammatory Mediators 
	Down-Regulation of TFF1 during Gastric Inflammation and Ectopic TFF1 Expression in Chronic Inflammatory Diseases 
	Regulation of TFF2 during Inflammation 
	Regulation of TFF3 during Inflammation 

	Role of TFF Peptides for Inflammatory Processes 
	Loss of TFF1 Is Linked to Antral Inflammation and Cancer 
	TFF2: Component of the Gastric Mucus Barrier (Lectin Binding to MUC6), Inhibition of Myeloid Cells (Anti-Inflammatory Factor), and Increased Synthesis of the Alarmin IL-33 (Promotion of Th2 Immunity) 
	Loss of Tff3 Is Linked to Increased DSS-Induced Colonic Inflammation 

	Conclusion and Medical Perspectives 
	Lectin-Triggered Receptor Blocking by TFF Peptides: An Hypothesis 
	New Medical Perspectives 

	References

