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Abstract

Tissue damage in the upper and lower airways caused by
mechanical abrasion, noxious chemicals, or pathogenic
organisms must be followed by rapid restorative processes;
otherwise, persistent immunopathology and disease may ensue.
This review will discuss evidence for the important role served
by trefoil factor (TFF) family members in healthy and diseased
airways of humans and rodents. Collectively, these peptides
serve to both maintain and restore homeostasis through their
regulation of the mucous layer and their control of cell motility,
cell differentiation, and immune function in the upper and
lower airways. We will also discuss important differences in
which trefoil member tracks with homeostasis and disease
between humans and mice, which poses a challenge for research
in this area. Moreover, we discuss new evidence supporting
newly identified receptor binding partners in the leucine-rich
repeat and immunoglobulin-like domain-containing NoGo
(LINGO) family in mediating the biological effects of TFF
proteins in mouse models of epithelial repair and infection.
Recent advances in our knowledge regarding TFF peptides
suggest that they may be reasonable therapeutic targets

Humans inspire up to 20,000 L of air per day
(1), which is filtered by the nasal cavity and
airway. This filtration is performed by a
mucosal barrier containing ciliated epithelial
cells interspersed with mucus-producing
secretory cells (2). The damaged mucosal
epithelium can be repaired by peptides in the
TFF (trefoil factor) family: TFF1, TFF2, and

in the treatment of upper and lower airway diseases of diverse
etiologies. Further work understanding their role in airway
homeostasis, repair, and inflammation will benefit from these
newly uncovered receptor-ligand interactions.
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epithelium repair; CXCR4; CXCR7

Clinical Relevance

This translational review highlights the role of trefoil factor
(TFF) family peptides in repair of the airway mucosa.
Collectively, these peptides serve to both maintain and restore
homeostasis through their regulation of the mucous layer and
control of cell motility, cell differentiation, and immune
function in the upper and lower airways. Recent advances in
our knowledge regarding TFF peptides and their newly
uncovered receptor-ligand interactions suggest that they may
be reasonable therapeutic targets in the treatment of upper
and lower airway diseases of diverse etiologies.

TFF3 (also known as breast
cancer—-associated peptide ps2, spasmolytic
peptide, and intestinal TFF, respectively) (3).
TFFs have a cloverleaf structure created by
disulfide bonds at six conserved cysteine
residues (4, 5). These peptides are expressed
in the airway by various glandular and
mucus-secreting epithelia and hematopoietic

cells in the sinonasal tract (6, 7), trachea, and
lungs (8).

In this review, we first discuss
expression patterns of TFFs 1, 2, and 3 in
healthy and diseased human respiratory
tissue (Table 1 and Figure 1) and evidence
from mouse model systems supporting a role
for TFF2 in airway restoration. Next, we
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discuss the biological functions of TFFs in
the airway, including their contribution to
cell motility, signaling-cell proliferation and
differentiation, and modulation of
inflammation (Figure 2). Finally, we will
discuss evidence of receptors for TFFs,
including previously orphaned members of
the LINGO (leucine-rich repeat and
immunoglobulin-like domain-containing
NoGo) receptor family (Figure 3), which
could open the possibility for novel
therapeutics in airway disease.

Localization of TFFs in
Airway Tissue

TFF family members are found throughout
human mucosal tissues (8). The second-
highest TFF3 expression occurs in the
trachea, especially in the submucosal glands,
which also express TFF1, and the
pseudostratified epithelium in the bronchus
(8) (Figure 1). Healthy human nasal and lung
tissue has a higher basal mRNA and protein
expression for TFF3 relative to TFF1,
whereas TFF2 is undetectable (6-9).

TFF1 and TFF3 (6.5 kD and 7 kD) share
a common single trefoil domain and
carboxy-terminal cysteine and differ in
tissue-specific glycosylation patterns (10).
TFF2 is larger (12 kD) and has multiple
trefoil domains and no carboxy-terminal
cysteine (11). TFF1 and TFF3
immunostaining localized in ciliated
epithelial layers that included mucus-
secreting cells and were absent from alveolar
cells that lacked mucin expression (6, 8)
(Figure 1). TFF levels in sampled tissues or
fluids are often increased during disease and

are associated with disease severity (Table 1)
(6,9, 12-16). Specifically, TFF1 and TFF3 are
associated with functional impairment
during chronic obstructive pulmonary
disease (COPD), with greater levels than
those measured in controlled adult patients
with asthma or healthy control subjects being
demonstrated (14, 15). TFF2 levels increase
moderately during acute pediatric asthma
and during metastatic lung cancer (Table 1)
(14, 16). There is some conflicting
information regarding the direction of
changes in chronic rhinosinusitis (CRS),
depending on whether nasal polyps are
present (CRS with nasal polyps [CRSWNP])
or not (CRS without nasal polyps [CRSsNP])
(9, 12). Both TFF1 and TFF3 levels were
higher in nasal tissue from patients with
CRSsNP (9), whereas TFF1 was decreased
and TFF3 was increased in CRSWNP (12).
Surgical removal of the polyps with steroid
treatment was associated with a reversal of
altered TFF1 and TFF3 mRNA expression
(12). Some of the discrepant findings may be
related to different sampling regions in the
sinonasal tract, but more work is needed to
clarify the biological importance of TFFs in
both CRSWNP and CRSsNP (Table 1).

TFF2 in Murine Model
Systems: Potential for
Translation

Most clinical data do not support the
presence of TFF2 in healthy human lungs or
noncancerous disease (Table 1). In culture
systems using human bronchial epithelial cell
lines, TFF2 can promote features of wound

Table 1. Evidence of Increased TFF Expression in Human Airway Diseases

healing, specifically cell migration and
restoration of mono- or multilayered cells
(17). It is possible that TFF2 may be play a
role at lower expression levels; is rapidly
turned over, depending on age; or is
impacted by specific diseases (e.g., asthma in
Table 1). In contrast, TFF2 is highly
expressed in the mouse lung (18), which
lacks submucosal glands in the distal airways
(19) (Figure 1E). TFF2 immunostaining is
limited to “occasional” bronchial epithelial
cells but becomes more intense and localized
to cytoplasm and mucous vacuoles of
bronchial epithelial cells after OVA
(ovalbumin) exposure (20). Deletion
experiments suggest that immune-cell
expression of TFF2 also contributes to lung
function at a steady state (21). TFF2 is
upregulated during helminth infection, early
allergen exposure (20, 22), or chemical injury
(21, 23), suggesting that it plays an important
role in airway repair.

TFF2 deficiency did not impair goblet-
cell numbers, epithelial thickness, or normal
immune-cell content in BAL fluid (BALF)
but did cause significant thickening of the
subepithelial layer because of increased
deposition of collagen (20, 22), although this
was not replicated by others (23). We have
observed that TFF2 deficiency is also
associated with enlarged alveoli and hypoxia
at a steady state, likely because of the
combined lack in hematopoietic and
nonhematopoietic cells (21). TFF2 deficiency
has different consequences depending on the
allergic airway model examined. In the OVA
model of allergic asthma, a lack of TFF2 did
not alter tissue remodeling, mucus secretion,
or lung function (22). TFF2 deficiency
reduced airway hyperresponsiveness,

Disease TFFs

Lung cancer TFFs 1, 2, and 3

CF TFFs 1 and 3
COPD TFFs 1%, 2, and 3*
COPD TFFs 1 and 3
Asthma, pediatric, attack TFF2

Asthma, adult, controlled None

CRSwNP TFF3T

CRSsNP TFFs 1 and 3
Nasal allergy TFFs 1 and 3

Tissue or Fluid Localization Measured  Severity or Treatment  Citation
TFFs 1 and 2, BALF; TFF3, tissue Protein TFF2 = metastasis 14, 40
Lung, nasal polyps, sputum Both — 6
BALF~, serum Protein Stage Il, Ill > stage | 14, 15
Sputum Protein — 15
Nasal mucosa brushings mRNA — 16
Serum, sputum Protein Control=asthma <COPD 15
Middle nasal turbinate® mRNA Treatment reversed 121
Sinonasal tract Both Eosinophilia had no effect 9
Inferior turbinate mRNA — 13

Definition of abbreviations: BALF = BAL fluid; CF = cystic fibrosis; COPD = chronic obstructive pulmonary disease; CRSsNP = chronic
rhinosinusitis without nasal polyps; CRSWNP = chronic rhinosinusitis with nasal polyps; TFF = trefoil factor.

*TFFs 1 and 3 were higher in BALF of patients with stage Il or Il than stage | COPD.
TTFF1 mRNA decreased in all CRSWNP sites sampled (nasal polyps, middle nasal turbinate, bulla ethmoidalis), versus controls (inferior

turbinate).
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Figure 1. Localization of TFFs (trefoil factors) in the healthy and diseased airway. TFFs are found in the (A) nasal epithelium, (B) tracheal/
bronchial epithelium, and (C) bronchiolar—alveolar transition (club-cell transdifferentiation into goblet cells) and (D) are mostly absent from
healthy alveoli but may be located there in the context of cancer. (E) TFF2 is dominant in the mouse lung and is expressed in nasal brushings
from pediatric patients with asthma during an attack. CF = cystic fibrosis.

eosinophil infiltration, and mucus
production in allergic asthma models (house
dust mite and exogenous IL-13) (16) and
exacerbated naphthalene-induced lung
injury (23). That exogenous TFF2 in healthy
mice produced cellular features reminiscent
of allergic airway responses (16) but
alleviated pathology in the OVA model (20)
suggests that a deeper understanding of
TFF2’s biological functions is needed to
determine its therapeutic potential.
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TFFs, Mucins, and
Airway Resistance

TFFs are co-secreted with mucins (6, 8) and
are believed to enhance mucociliary
clearance. TFFs can increase mucous
viscosity by binding with the terminal
disaccharide residue of mucin glycoproteins
(24) (Figure 2A). However, thick mucus
obstructs small airways and increases
resistance, impeding airflow in diseases such

as COPD, in which high TFF3 and TFF1
levels in BALF are associated with low forced
expiratory volume (14). Both TFF1 and TFF3
colocalized with the mucin MUC5AC in the
nasal epithelium and colocalized with
MUCSB in the epithelium and submucosal
glandular cells (13) (Figure 2A). MUC5B,
rather than MUCS5AG, is indispensable for
bacterial clearance from the lungs (25),
which may suggest that the association of
TFFs 1 and 3 with MUC5B promotes this
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function. TFFs accumulate around bacterial
pathogens in tissues or sputum, and TFF
upregulation is associated with the presence
of specific bacteria (6, 12). In cystic fibrosis,
TFF1 was found in sputum and TFF3 was
found in bronchus tissue surrounding
Staphylococcus aureus (6) (Figure 2A). In
patients with CRSWNP, TFF3 upregulation
in the polyp and middle turbinate tissue was
associated with the presence of S. epidermis
as compared with patients with sterile nasal
swabs (12). Thus, either alone or with
mucins, TFFs may augment bacterial
clearance but exacerbate COPD.

TFFs and Cell Motility

Newly generated cells migrate into damaged
regions (26) (Figure 2B). TFF2 and TFF3
induce the migration of cultured human
bronchial epithelial cells synergistically with
EGF (epidermal growth factor) (17), using
different intracellular signaling cascades (27),
suggesting that TFFs do not signal through
EGER (EGF receptor). Moreover, TFF-
induced migration is enhanced by
extracellular matrix substrates like fibronectin
and collagen type I (27). During regeneration
from HINI influenza infection in mice, there
is a dramatic upregulation of TFF2 transcripts
in extremely mobile progenitor cells that give
rise to a dysplastic epithelium (28, 29).
Whether TFF2 expression is also elevated in
progenitors that contribute to euplastic
regeneration remains unknown.

TFFs, Cell Proliferation and
Differentiation, and Cancer

Cell proliferation and differentiation are also
critical for the repair of damaged mucosal
epithelium (26). Exogenous TFF3 promoted
ciliogenesis in the primary human airway
epithelia via induction of the transcription
factor FOX]J1 (30) (Figure 2C). Club cells are
nonciliated secretory cells (Figure 1)
vulnerable to naphthalene injury (31) and
have a stem-cell function that regenerates the
lung epithelium in vitro (32, 33). Early after
naphthalene injury, TFF1 and TFF3 are
highly expressed in degenerating club cells
within the bronchoalveolar duct junctions
(18), a stem-cell niche (34). TFF-expressing
stem cells could aid repair after injury. Club
cells also express TFF1 after OVA or
Aspergillus fumigatus allergen exposure,

Translational Review

which may implicate TFF1 in their
differentiation into goblet cells (35, 36). TFF2
released by alveolar macrophages is required
for epithelial repair during bleomycin-
induced injury and parasitic helminth
infection and is dependent on Wnt4 and
Wntl6 expression (37) (Figures 2B and 2C).
Taken together, these findings suggest that
TFFs may contribute to airway epithelial
repair by signaling proliferation and
differentiation of progenitors into mucus-
secreting cells.

Unchecked regeneration produces
cancer, which is also associated with TFFs (14,
38-41). TFF3 immunoreactivity is found in
adenocarcinoma (AD), but not squamous cell
carcinoma, and is required to maintain the
AD phenotype (40). The combination of
novel TFF3 and MEK1/2 kinase inhibitors
were able to suppress AD cell growth (41).
TFF1 expression is also preferentially
associated with AD, but overexpression in
cancer cell lines may suppress proliferation
(38). TFF2 is downregulated in lung ADs
from nonsmokers as compared with those
from smokers (39). TFF1 and TFF2, but not
TFF3, were elevated in BALF from patients
with lung cancer (mostly smokers), and for
TFF2, this was associated with metastatic
cancer (14) (Table 1). TFF2 may be a
biomarker for invasive mucinous AD, a rare
but highly lethal subtype of non-small-cell
lung cancer (42). Tumors lack the lung-
specifying transcription factor NKX2.1, and
co-deletion of NKX2.1 and K-Ras
recapitulates this cancer in mice, which
appear to revert to a gastric-like architecture
(42). TFF2 might contribute to invasiveness
by enhancing cell motility. It has been
suggested that chronic inflammation and
overblown TFF repair could contribute to
colorectal cancer (43). Perhaps this could also
occur in the airway. Disentangling the
mechanisms of mucosal healing from cancer
progression will be critically important to
determine how TFFs may be targeted to best
therapeutic effect.

TFFs and Inflammation

TFF2 expression can be acutely induced by
type 2 cytokines (IL-4 and IL-13) or
Aspergillus in the lung by STAT6-dependent
processes and can be maintained by STAT6-
independent mechanisms during chronic
exposure (44). In gastrointestinal mucus-
producing cell lines, IL-4 and IL-13 similarly
upregulate TFF3 in a STAT6-dependent

manner (45), but whether this occurs in the
airway mucosa is unknown. TFFs can also
modulate inflammation (16, 21, 46, 47)
(Figure 2D). When TNFa is present in
culture, both TFF2 and TFF3 augment IL-6
and IL-8 release by human bronchiolar
epithelial cells but do not do so alone (46).
TFFs are believed to augment intracellular
signaling cascades that drive IL-6 and IL-8
secretion (e.g., phosphorylation of ERK1/2)
(46). Evidence in mouse parasitic infections
suggests that TFF2 may help to skew
responses toward type 2 immune responses
and may hinder some aspects of type 1
immune responses, characterized by IL-12
signaling (16, 21, 47). Given that type 2
cytokines induce TFF2, this may constitute
an autocrine circuit. TFF modulation of
mucosal immune responses may have
consequences for airway function in the
context of infection or disease.

TFF Receptors

TFF signaling through canonical
receptor-ligand interactions has been long
debated. TFF2 requires CXCR4 (CXC
receptor 4) for calcium mobilization and
ERK1/2 and AKT activation in vitro, two
downstream signaling cascades of TFFs (48,
49) (Figure 3A). CXCR4 dimerizes with
CXCR?7, and these receptors are required for
TFF3-mediated cell migration but do not
mediate cell proliferation or MAPK
activation (50). However, direct binding
between TFFs and CXCRs has not been
demonstrated. TFF3 binds to CD147 (basigin
or emmprin), which seems to mediate both
mucosal restitution after injury and
promotion of colorectal cancer (43). Both of
these effects were attributed to a TFF3-
enhanced CD147-CD44 interaction, leading
to phosphorylation of STAT3 and expression
of PTGS2 (prostaglandin G/H synthase 2)
(43). Given that CD147, CD44, and EGFR
form a signaling complex that promotes
invasion of breast cancer cells (51), such
associations may be important to examine in
the context of lung carcinomas.

We show several lines of evidence
implicating LINGO2 and LINGO3 as the
receptors of TFF3 and TFF2, respectively (52,
53), including verification of direct
LINGO2-TFF3 binding (52) (Figure 3B). In
the gastrointestinal tract, TFF3 binding to
LINGO?2 removes it from EGFR, allowing
EGEFR signaling to occur (52). We also
demonstrate that LINGO3 is required for

255



TRANSLATIONAL REVIEW

A Mucus Secrection and Thickness B cCell Motility
. Staph

Muous Layer

MARMANARSARLL i-| [

| Epithelium : eiliies

T Unknown
A T | B | S = b | e e ECiAR Receptors S
?,%\f‘ Submucosal Gland
C Proliferation and Differentiation D Modulating Inflammation
TNFo IL-6
9@ §@ 9@ Receptor IL-8
[ ]
nenRanan
‘Ir”u {\[ lJl'_,I Al AR
UL
‘ FoxJ1 Vg
208K @\ @&
i\ B R 7\ =

AMAARAR
JUUUIUY

<3

) v A
Type 2 4‘/
Immune

Responses Dentritic Cell  Macrophage

A

Figure 2. Contribution of TFFs to mucosal barrier function and repair. (A) TFFs bind the terminal disaccharide of mucin glycoproteins to thicken
the mucous layer (box outlined in black), which can constrict the airway. TFF1 (blue) and TFF3 (black) are associated with Muc5AC (epithelial)
and Muc5B (epithelial and submucosal). TFF1 has been found around Staph, and Muc5B is required for bacterial clearance in the lung (box
outlined in red). (B) Cell migration into a damaged site is required for tissue repair. TFF2 (red) and TFF3 (black) bind with unknown receptors to
enhance cell motility synergistically with EGF (epidermal growth factor) and extracellular matrix components. (C) TFF3 and FoxJ1 transcription
induce ciliogenesis. In the BADJ, NA injury or allergen exposure induces TFF1 and/or TFF3 in club cells, which can differentiate into epithelial or
goblet cells. TFF2 from macrophages induces WNT epithelial expression, which is associated with cell proliferation. (D) TFFs contribute to
immune function, including enhancing TNFa-evoked release of IL-6 and IL-8; TFF2-dependent induction of IL-33 in epithelial cells, dendritic
cells, and macrophages; type 2 responses; and worm clearance during helminth infection. BADJ = bronchoalveolar duct junctions; EGFR = EGF
receptor; NA = naphthalene; Staph = Staphylococcus aureus.
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Figure 3. CXCR (CXC receptor) and LINGO (leucine-rich repeat and immunoglobulin-like domain—containing NoGo) family members as TFF
receptors. (A) TFF2 requires CXCR4 for calcium mobilization, ERK1/2 activation, and AKT activation. Antagonism of CXCR4-CXCR?7 dimer
prevents TFF3-mediated cell migration but does not prevent cell proliferation or MAPK activity. Direct binding has not been demonstrated,
indicated by the circled question mark. (B) TFF3 interacts with LINGO2 to competitively reverse LINGO2-EGFR binding, enhancing cell
proliferation and protection against helminths. LINGOS3 is required for TFF2-mediated repair of nasal epithelial cultures. ERK1/2 = extracellular

regulated kinase 1/2; KO = knockout; PLC = primary liver cancer; Src = scrambled; WT = wild-type.

exogenous TFF2 to speed airway epithelial
repair in culture and that both are located in
the nasal polyp epithelium (53). Given the
newly identified TFF3-CD147 association
and a known role for CD147-CD44-EGFR
in cancer, it will be important to know how
TFF-LINGO interactions affect these
dynamics and if they might promote healing
without increased risk of cancer.

Conclusions/
Outstanding Questions

TFFs contribute to tissue repair by
regulating mucus secretion and viscosity,

Translational Review

promoting cell motility and differentiation
and regulating inflammation. To

perform these functions, TFFs can bind

to mucins and membrane-bound
receptors. We still do not completely
understand how TFF secretion is regulated
or how far TFFs travel from the cell of
origin to perform effector signaling
functions. This could have implications
for targeting mucous viscosity versus
immune signaling. Canonically, we think of
TFFs as being secreted from epithelial or
mucus-secreting cells, but immune-cell
expression also seems to be critical to
epithelial repair and should be explored
further.

A major roadblock to therapeutic use is
our poor understanding of mechanisms
responsible for appropriate injury repair
versus cancer progression. If one mechanism
is responsible for both, how can we enhance
repair without increasing the risk of cancer?
Direct activation or inhibition of TFFs may
not be the best approach. It may be better to
target binding partners or combine TFF-
targeted drugs with others, as in the study by
Zhang and colleagues (41). Antagonizing
TFF signaling could abrogate tumor
growth or reduce mucus thickening in
airway disease, whereas potentiating TFF
signaling could promote tissue repair during
discrete stages of injury. However, more
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questions need to be answered to move
forward safely. M

Author disclosures are available with the
text of this article at www.atsjournals.org.
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