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ARTICLE INFO ABSTRACT

Keywords: Mucus secretion and mucociliary clearance are crucial processes required to maintain pulmonary homeostasis. In

Branching morphogenesis the trachea and nasal passages, mucus is secreted by submucosal glands (SMGs) that line the airway, with an

i'evelopment additional contribution from goblet cells of the surface airway epithelium. The SMG mucus is rich in mucins and
irway

antimicrobial enzymes. Defective tracheal SMGs contribute to hyper-secretory respiratory diseases, such as cystic
fibrosis, asthma, and chronic obstructive pulmonary disease, however little is known about the signals that
regulate their morphogenesis and patterning. Here, we show that Fgf10 is essential for the normal development of
murine tracheal SMGs, with gland development arresting at the early bud stage in the absence of FGF10 sig-
nalling. As Fgf10 knockout mice are lethal at birth, inducible knockdown of FgfI0 at late embryonic stages was
used to follow postnatal gland formation, confirming the essential role of FGF10 in SMG development. In het-
erozygous Fgf10 mice the tracheal glands formed but with altered morphology and restricted distribution. The
reduction in SMG branching in Fgf10 heterozygous mice was not rescued with time and resulted in a reduction in
overall tracheal mucus secretion. Fgf10 is therefore a key signal in SMG development, influencing both the
number of glands and extent of branching morphogenesis, and is likely, therefore, to play a role in aspects of SMG-
dependent respiratory health.

Fibroblast growth factor
Respiratory disease

1. Introduction

Airway mucus secretion plays a critical role in the muco-ciliary
clearance of billions of airborne particles and pathogens daily. Respira-
tory mucus is produced by the goblet cells of the surface epithelium and
the submucosal glands (SMGs) found within the submucosal layer of the
nasal, tracheal and bronchial cavities (Sturgess and Imrie, 1982; Borth-
wick et al.,, 1999; May and Tucker, 2015). The structure of tracheo-
bronchial SMGs are characterised into three domains: (1) the distal
secretory gland, (2) the medial collecting duct and (3) the proximal
ciliated duct (reviewed in May and Tucker, 2015). The distal region
consists of two distinct secretory cell types, responsible for producing
airway mucus. Serous cells produce a solution primarily consisting of
mucin MUC7, proteoglycans and bactericidal proteins such as lactoferrin
and lysozyme (Masson et al., 1966; Klockars and Reitamo, 1975; Fink-
beiner, 1999), while mucous cells produce a gel rich in MUC2 and
MUCS5b and antimicrobial peptide cathelicidin (Buisine et al., 1999;
Finkbeiner, 1999). Collectively these secretions provide a barrier to the
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exposed surface airway epithelium. While the cellular composition of
SMGs is homologous across mammals, SMG distribution can change
between species. In mice, respiratory SMGs are found within the walls of
the nasal cavity and extend to the upper trachea, with most tracheal
SMGs found between the cricoid cartilage and the first tracheal cartilage
ring. SMGs in mice only extend to the seventh cartilage ring, however in
humans glands extend more caudally throughout the trachea and bronchi
(Borthwick et al., 1999; Sturgess and Imrie, 1982).

The need to understand the morphogenesis, structure and function of
the SMGs is emphasised by the role they play in respiratory diseases such
as cystic fibrosis (CF), asthma and chronic obstructive pulmonary disease
(COPD). Abnormal mucus secretion from tracheal and nasal SMGs is
characteristic of patients with CF (Joo et al., 2010; Salinas et al., 2005;
Jeong et al., 2015), contributing to decreased mucociliary clearance of
the airways and onset of pulmonary infection. Further evidence in the pig
model of CF shows that mucus hypo-secretion (Joo et al., 2010; Cho et al.,
2011), and increased mucus tethering from the SMGs (Hoegger et al.,
2014) give rise to hindered muco-ciliary clearance, prior to the onset of

1 Current address: Program in Craniofacial Biology, Department of Cell and Tissue Biology, University of California, 513 Parnassus Avenue, San Francisco, CA,

94143, USA.

https://doi.org/10.1016/j.ydbio.2019.03.017

Received 8 January 2019; Received in revised form 26 March 2019; Accepted 26 March 2019

Available online 6 April 2019
0012-1606/© 2019 Elsevier Inc. All rights reserved.


mailto:abigail.tucker@kcl.ac.uk
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ydbio.2019.03.017&domain=pdf
www.sciencedirect.com/science/journal/00121606
www.elsevier.com/locate/developmentalbiology
https://doi.org/10.1016/j.ydbio.2019.03.017
https://doi.org/10.1016/j.ydbio.2019.03.017
https://doi.org/10.1016/j.ydbio.2019.03.017

A.J. May et al.

inflammation, indicative that SMG morphology and function are primary
defects of CF pathogenesis. Mouse models of CF have been shown to have
abnormal distribution of tracheal SMGs, with an increase in proximal
numbers of SMGs in diseased animals (Borthwick et al., 1999). Moreover,
early onset of hypertrophy in SMGs is characteristic of infants with CF
(Oppenheimer and Esterly, 1975; Sturgess and Imrie, 1982). Chronic
asthma sufferers also show signs of SMG secretory cell hyperplasia
(Aikawa et al., 1992; Rogers, 2004), while sufferers of COPD show mu-
cous cell hyperplasia that gives rise to mucus-hypersecretion and airway
plugging (Reid, 1960; Rogers, 2008).

Development of SMGs undergoes typical patterns common to other
branching organs such as the lung, salivary gland and mammary gland
(Tucker, 2007; Hannezo et al., 2017). Tracheal SMG morphogenesis can
be described in four stages (Keswani et al., 2011; Thurlbeck et al., 1961).
Stage 1 of development defines the specification and emergence of an
initial gland bud from the respiratory epithelium (Fig. 1, A). Stage 2 is
characterised by elongation of the epithelial bud into the underlying
mesenchyme, and the onset of cavitation within the stalk as lumen for-
mation begins (Fig. 1, A). Stage 3 describes the continual clefting and
branching of the SMG, alongside lumen formation. Stage 4 is classified by
cellular differentiation, indicated by mucus production within the distal
glandular secretory cells (Fig. 1, A).

A few studies have shed light on the signalling pathways involved in
tracheal SMG development and patterning. Eda/Edaradd expression is
required for early gland initiation and budding as tracheal SMG number
is severely reduced in both the Tabby (Eda mutant), and Crinkled mice
(Edaradd mutant) at postnatal day 7 (Rawlins and Hogan, 2005).
Furthermore, human patients with hypohidrotic ectodermal dysplasia,
caused by defects in the EDA pathway, have reduced numbers of respi-
ratory SMGs, asthma-like symptoms, and respiratory tract infections
(Callea et al., 2013). Wnt/p-catenin activation of lymphoid enhancer

A

Developmental Biology 451 (2019) 158-166

factor Lef-1 is also required for early SMG bud specification and
outgrowth (Xie et al., 2014). The transcription factor Sox2 inhibits
expression of Lef-1, while WNT signalling reduces Sox2 expression in the
SMG placode. Therefore, WNT signalling leads to reduced Sox2 and an
increase of Lef-1 transcripts in SMG placodes, suggesting a dynamic
relationship between WNT signalling and Sox2 expression during SMG
bud specification (Xie et al., 2014).

In vertebrates, fibroblast growth factors (FGFs) make up one of the
largest family of polypeptide proteins with 22 ligands (FGF1-FGF22) and
four cell membrane-bound FGF receptors (FGFRs) (Ornitz and Itoh,
2001). Fgf10/Fgfr2b signalling is required for successful development of
many branched organs (Ohuchi et al., 2000). Lung morphogenesis is
inhibited in the absence of Fgf10 and Fgfr2b expression, and Fgf10 and
Fgfr2b homozygous mice die at birth due to lung agenesis (Sekine et al.,
1999; Min et al., 1998; De Moerlooze et al., 2000). Morphogenesis of the
submandibular salivary gland is arrested at the initial bud stage at em-
bryonic day E12.5 in both Fgf10 and Fgfr2b homozygous (—/—) mice, and
salivary glands are hypoplastic and secrete a reduced volume of saliva in
Fgf10 heterozygous (+/—) adults (May et al., 2015). More recently it has
been shown that Fgf10 maintains Sox9 expression and regulates Sox9+
epithelial progenitor cell expansion during salivary gland morphogenesis
(Chatzeli et al., 2017).

The tracheal SMGs have not been investigated in the complete
absence of Fgf10 signalling, however Fgf10 heterozygous mice have a
reduction in the number of SMGs at postnatal day 20 compared to
wildtype littermates (Rawlins and Hogan, 2005). The glands present in
the tracheal submucosa had undergone less branching and were
restricted to the anterior trachea, with no glands found between the more
posterior cartilaginous rings (Rawlins and Hogan, 2005). Considering
this altered phenotype, we investigated the role of FGF10 in early
tracheal SMG development using both knockout and conditional

Fig. 1. Fgfl0 is essential for successful tracheal gland
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branching morphogenesis. (A) Schematic representa-
tion of the four stages of tracheal gland branching
morphogenesis. Stage 1: Tracheal SMG buds first
invaginate from the respiratory epithelium into the
underlying mesenchyme. Stage 2: Elongation of the
bud occurs, and cavitation begins lumen formation.
Stage 3: Epithelial stalk undergoes clefting and
branching and lumen formation continues. Stage 4:
Continual branching and cellular differentiation oc-
curs indicated by mucus production by acinar cells.
(B-D) Frontal trichrome stained images of the anterior
trachea at postnatal stage (P) 0. (B’-D') High power
images of B-D. (B,B’) WT SMGs reached lumen for-
mation and branching stages in the ventral trachea at

Stage 4

PO. (C. C) Fgf10 +/- SMGs form lumens, however
branching of the glands was reduced. (D, D') Gland
buds were found in Fgf10 —/— mice however they had
not elongated from the respiratory epithelium. Scale
bar in B, B’=100 pm, same scale in other images.
Arrows indicate SMGs, orange outline SMGs in higher
magnification images. Cartilages stain blue with
alcian blue.
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knockout mice.
2. Materials and methods
2.1. Experimental animals

Fgf10-deficient mice were first generated by Min et al. (1998) (Mouse
Genome Informatics ID 1099809). Investigation was carried out on WT
(n=3), Fgf10 +/— (n = 2) and Fgf10 —/— (n =4) for PO SMG analysis
and WT (n=7) and Fgf10 +/— (n = 6) for adult SMG analysis. For
inducible ablation experiments, the ubiquitous pCAGGCre-ERT2 allele
(Hayashi & McMahon, 2002) was crossed to Fgf10 floxed (Fgf10A02
tmclc) mice on a C57BL/6 background (produced by MRC-Harwell as
part of the International Mouse Phenotyping Consortium (IMPC; Skarnes
et al.,, 2011; Bradley et al., 2012)). Fgf10fl/fl females were crossed to
pCAGCre-ERT2/+;Fgf10fl/+ males to generate pCAGCre-ERT2+/+;
Fgf10l/fl (WT;Fgf10"", n=3), pCAGCr-eERT2/+;Fgf10fl/+ (Cre"™R"%;
Fgf10V*, n=3) and pCAGCre-ERT2/+;Fgf10fl/fl (Cre™R™%Fgf10"*",
n=23) mouse pups, which were collected at postnatal day (P)21.
R26-tdTomato reporter line (Gt(ROSA)26 Sor tm14(CAG-tdTomato)Hze
JAX labs) was used to confirm the activity of the Cre induced by
tamoxifen and were mated to FgflOfl/fl males to generate
Fgf10fl/f;R26RtdTom females. These were mated to
PCAGcreERT2/+;Fgf10fl/+ males and the Tomato was observed with a
Nikon SMZ25 fluorescence microscope. Fgf10/lacZ/+ reporter mice
carrying a nuclear-targeted lacZ insertion that does not disrupt Fgf10's
coding exons, were mated and postnatal pups were provided by
Mohammad Hajihosseini (n = 3) (Kelly et al., 2001; Hajihosseini, 2008).
All procedures and culling methods were performed under a project li-
cense approved by the United Kingdom's Home Office and in accordance
with the Animal (Scientific Procedures) Act of 1986, United Kingdom.

2.2. Animal collection

Mice were mated in the late evening. Midday of the day at which a
vaginal plug was discovered was recorded as embryonic day (E) 0.5.
Adult males and females were culled by exposure to rising levels of COy
gas or by cervical dislocation. Primers used to detect wildtype Fgf10 locus
were 5'-GAGGAAATGCTGCGCACAATGTATACTCGG-3’ (Fgf203 forward
primer) and 5-GGATACTGACACATTGTGCCTCAGCCTTTC-3" (Fgf204
reverse primer), while the mutant Fgf10 locus was detected by primers 5'-
GCTTGGGTGGAGAGGCTATTC-3* (Fgf233 forward primer) and 5'-
CAAGGTGAGATGACAGGAGATC-3’ (Fgf234 reverse primer) of the neo-
cassette insert (Sekine et al., 1999). The inducible loss of Fgf10 was
performed by administering 75 mg of tamoxifen/kg body weight intra-
peritoneally in corn oil into E17.5 pregnant mice, and 15 pg/g into each
pup at postnatal day 2. Corn oil injections alone has been shown to lead
to no activation of this Cre line (Hayashi and McMahon, 2002). E17.5 was
chosen as this is 24 h prior to the induction of SMG in the trachea (May
and Tucker, 2015). Tamoxifen recombination time was expected to occur
24 h after administration (Danielian et al., 1998). Tamoxifen was injec-
ted in combination with progesterone to counter the negative effects of
tamoxifen on the ability to give birth naturally (Lizen et al., 2015). At this
dose of tamoxifen the recombination of this Cre line is not 100% pene-
trant (Hayashi and McMahon, 2002). Therefore a second injection was
given postnatally at P2. Mice were then culled at postnatal day 21.

2.3. Histological staining

Upon collection, trachea were fixed in 4% paraformaldehyde in PBS
(PFA) overnight at 4 °C. Tissue was dehydrated in increasing methanol
concentrations and left overnight at 4 °C in Isopropanol (Sigma Aldrich).
Samples were cleared in 1,2,3,4 Tetrahydronaphthalene at RT, and
embedded in paraffin wax. Alternative serial 8 pm sagittal sections were
collected along the dorsal/ventral axis of each trachea. Paraffin
embedded sections were dewaxed using Histoclear and rehydrated
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through an ethanol series. Tracheal sections were stained using a Tri-
chrome stain of 1% Alcian Blue, Ehrlich's Haematoxylin and 0.5% Sirius
Red in saturated Picric Acid.

2.4. X-gal staining of Fgf10 LacZ+/— postnatal submucosal glands

Trachea of postnatal day 7 (P7) were fixed in PFA 4% overnight at
4°C, followed by two washes in 2 pM of magnesium chloride (MgCly) in
PBS for 5 and 15 min at RT. Samples were then washed in a solution of
0.1% of Deoxycholic Acid, 0.2% of Igepal NP-40, 1 uM of MgCl, in PBS
for 5 min at RT. Staining was performed using the previous solution with
5mM of KsFe(CN)s, 5mM of K4Fe(CN)s and 1mg/mL of X-gal in
Dimethyl sulfoxide (DMSO) overnight at 37 °C. Samples were washed in
PBS and post-fixed in PFA overnight at 4 °C to stop the reaction, followed
by the paraffin embedding process. Sections of 8-10 pm were then
counterstained in 0.5% of alcoholic eosin and mounted with Neomount
(Merck Millipore).

2.5. Cartilaginous staining of embryonic tracheal tissue

Trachea were dissected from E18.5 Fgf10 WT and Fgf10 +/- litter-
mates and fixed overnight in 95% ethanol in deionised H,O at 4 °C. After
24 h of fixation, fat from the tissue was removed by storing the trachea in
100% acetone overnight at RT. Followed by two rinses in 95% ethanol,
trachea were placed in Alcian Blue solution (15 mg Alcian Blue 8GX in
80 ml 95% ethanol and 20 ml glacial acetic acid) for 24 h rocking at RT.
Tissue was rinsed with 95% ethanol twice for 30 min and stored in 95%
ethanol overnight at RT. Trachea were cleared in 1% Potassium Hy-
droxide (KOH) for 3-4 h. Tissue went through a series of 1% KOH and
glycerol solutions, at RT. Tissue was stored in 100% glycerol imaged
using a Leica MZFLiii dissection microscope fitted with a Leica DFC300
Fx camera.

2.6. Mucus secretion analysis

Mice aged 7-8 weeks (WT; n =4, Fgf10 +/—; n = 6) were culled by
exposure to rising levels of CO5 and trachea were immediately dissected.
The thyroid gland and oesophagus were removed, and the trachea was
cut along the dorsal trachealis muscle (Supplementary Fig. 1, A). The
following procedure was modified from the method used by lanowski
et al. (2007). Using insect pins, the trachea was opened and pinned to a
sylgard plate and the luminal mucosal surface was exposed (Supple-
mentary Fig. 1, B). The mucosal side of each trachea was dried with air
spray and 5 pl of mineral oil (Sigma) was added to the surface. Beneath
the trachea, 2.5 pl of D-MEM/F12 plus penicillin/streptomycin and 1%
Glutamax (Invitrogen) medium was added to nourish the tissue during
incubation (Supplementary Fig. 1, B). Tracheal tissue was placed in a 5%
CO3 incubator at 37 °C for 10 min. The exposed trachea was placed under
a Leica MZFLiii dissection microscope fitted with a Leica DFC300 Fx
digital camera. A further 2.5 pl of DMEM/F12 medium containing 60 pM
of the cholinergic carbachol (Sigma) was added to the medium bath,
giving a final concentration of 30 pM carbachol, leading to stimulation of
the tracheal glands. Photographs of the anterior region of the trachea
were taken every 30 s for 10 min to trace mucus bubble production.

After 10 min of exposure to carbachol, the total number of mucus
bubbles produced were counted. Viable bubbles for area measurement
were those which followed the criteria described in Ianowski et al.
(2007): (a) a complete circular outline surrounding each mucus bubble so
that accurate measurements could be collected and (b) no fusion with
adjacent droplets. For gland opening analysis these criteria were not
followed, as they were not required to count the amount of bubbles
produced. The area of each bubble was calculated in micrometres (pmg)
ImagelJ software. Overall trachea mucus secretion was calculated by the
sum of all areas of each bubble per animal. Statistics and graphs were
calculated using Microsoft Excel and Graphpad Prism software.
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Fig. 2. Tracheal SMG morphogenesis is inhibited after conditional ablation of Fgf10 during postnatal SMG development. (A) Fgf10*%/* trachea at postnatal day (P) 7

stained with X-gal (blue — arrows) to show Fgf10 expression surrounding SMGs. (B) Time-course of tamoxifen (TMX) administration of wildtype (WT) and Cr

RT2,
>

Fgf10"" tdTom mice. TMX was given to pregnant females at embryonic day (E)17.5 and individual pups on P2. Trachea were analysed on P21. (G) Confirmation of
inducible Cre recombination in the anterior (a) and posterior (p) trachea by the expression of R26tdTomato (red). (D) A significant loss in anterior SMG branching is
evident in P21 Fgf10 conditional knock-out mice adjacent to the cricoid cartilage (CC), with a reduction in SMG branch expansion into the mesenchyme compared to
WT. Heterozygous mice showed a slight reduction in anterior SMG branching. (D, E) Posterior SMGs are present between the cartilage rings (C1-C4) in WT animals at
P21, however are reduced in heterozygous and homozygous Fgf10 mutant mice. (E) Schematic of gland distribution. N numbers represent each specimen analysed
while pink bars represent mesenchymal space where SMGs are found between each cartilage ring (C1-8). X indicates presence of SMGs at P21. Scale bar in A =100 pm,

C & D =200 pm. Orange outline indicates anterior SMGs. Arrows indicate posterior SMGs.

3. Results
3.1. Complete loss of Fgf10 leads to defective tracheal SMG development

To investigate the role of Fgf10 during early stages of tracheal SMG
development, glands were analysed in Fgf10 +/- and Fgf10 —/— mice.
Although Fgf10 —/— mice die at birth due to lung agenesis (Min et al.,
1998; Sekine et al., 1999), initiation of SMGs can be analysed as anterior
glands start to emerge from the tracheal epithelium at Embryonic day (E)
18.5 (May and Tucker, 2015). Fgf10 mutant pups were collected on
E19/P (postnatal day) 0 as the mother was giving birth. In wildtype (WT)
animals, anterior glands had budded, elongated, cavitated and
commenced branching (Fig. 1, B, B'). Similar stages of development were
observed in heterozygous (Fgfl0 +/—) littermates however gland
development appeared delayed and branching of the formed glands
reduced (Fig. 1, C, C). In the complete absence of Fgf10 in homozygous
animals (Fgf10 —/—), some gland buds were found emerging from the
surface epithelium, however development was arrested at this bud
initiation stage with no glands found at a distance from the tracheal
surface (Fig. 1, D. D). This indicates that the SMGs did not undergo later
stages of branching morphogenesis and that Fgfl10 expression is not
required for initial epithelial gland bud specification but is required for
subsequent successful bud elongation and branching.

3.2. Time inducible loss of Fgf10 during postnatal development reduces
anterior tracheal SMG branching and posterior SMG expansion

To further investigate the role of Fgf10 during SMG morphogenesis,
we turned to later stages of postnatal gland development. First, we
analysed Fgfl0 expression in Fgf10"%/* mice at P7. Xgal staining
revealed Fgf10 expression in the mesenchyme surrounding the devel-
oping SMG (Fig. 2, A). To follow development of the tracheal SMGs at
postnatal stages we moved to a time inducible Fgf10 knockout mice
(CreERTZ;FgfIOﬂ/ﬂ;thom). Tamoxifen was administered to pregnant fe-
males at E17.5, just as the most anterior tracheal SMGs were starting to
initiate, and again to individual pups at P2, with tracheal tissue collected
at P21 (Fig. 2, B). As Fgf10 —/— mice die at birth, due to agenesis of the
lungs (Sekine et al., 1999; Min et al., 1998), ablation of FGF10 using the
inducible knockout mouse allowed pups to develop to E17.5 with
adequate Fgf10 expression, but permitted our continued study of SMG
development in the absence of Fgf10 from E18.5. Earlier injection was
not attempted due to potential compromised development of the palate,
which is reliant on Fgf10 expression (Rice et al., 2004; Teshima et al.,
2016). Tamoxifen inducible Cre recombination was confirmed in the
anterior and posterior trachea by the expression of R26tdTomato (red —
Fig. 2, C). No Tomato was observed in control Cre negative
Fgf1 o ﬂ;thom pups (Fig. 2, C). Trichrome staining of tracheal sections
concluded a significant loss of anterior SMG branching adjacent to the
cricoid cartilage in Cre™%Fgf10"# animals compared to control Cre
negative littermates (Fig. 2 D, orange outline). A slight reduction in
anterior SMG branching was observed in heterozygous Cre™ % Fgf1 o+
littermates (Fig. 2, D). Additionally, an absence of SMGs located posterior
to the cricoid cartilage, in between the tracheal cartilage rings was
evident in both Cre™ "% Fgf10"* and Cre™ % Fgf10"# animals, while in
control mice SMGs reached the 4th cartilage ring (C4) (Fig. 2D and E).
These results further support the necessity of Fgf10 in tracheal SMG
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elongation and branching.

3.3. Anterior and posterior tracheal SMGs are reduced in Fgf10+/- adult
mice

It has previously been reported that there is an altered SMG pheno-
type in adult Fgf10 +/- mice, with a reduction in branching of the
anterior SMGs adjacent to the cricoid cartilage and a severe reduction in
the posterior expansion of the glands between each tracheal cartilage
ring in adult Fgf10 +/— (Rawlins and Hogan, 2005). We investigated
adult WT and Fgf10 +/- littermates and observed a similar phenotype in
our mouse line with a reduction in anterior tracheal SMGs in heterozy-
gous animals compared to their WT littermates (Fig. 3, A). Variation in
severity of this reduction was observed in Fgf10+/- mice, however the
number of glands was always decreased in the heterozygous adults
compared to WT littermates (Fig. 3A and B). Analysis of SMGs between
tracheal cartilage rings also showed a notable reduction in the
anterior-posterior presence of the glands (Fig. 3, B). The majority of adult
WT littermates showed continuous SMG development between each
cartilage ring, most often reaching the mesenchyme between the 6th and
7th ring (Fig. 3, B). Posterior initiation therefore continues between P21
and 6 weeks in WTs. In Fgf10 +/- mice, posterior expansion of the SMGs
was significantly reduced, with small SMGs only found above the 3rd
cartilage ring. In a previous study investigating tracheal SMG formation
in the Tabby mouse, which has deficient Eda signalling, the pseudos-
tratified epithelium of the trachea showed a disorganized appearance
and increased height of columnar epithelial cells compared to WT ani-
mals (Rawlins and Hogan, 2005). In our study, no epithelial abnormal-
ities were observed in the Fgfl0 +/- animals compared to their WT
littermates (Fig. 3, C).

Fgf10 has been shown to be expressed in the ventral tracheal
mesenchyme from E12.5-E16.5 when tracheal patterning is underway
(Sala et al., 2011). Additionally, Fgf10 null embryos have truncated tra-
chea with disorganized rings (Sala et al., 2011). As SMGs form between
the tracheal cartilage rings, we wanted to ensure that the observed
altered SMG phenotype in Fgf10 +/- animals was not a secondary defect
due to abnormal cartilage patterning. This hypothesis was ruled out using
whole mount Alcian Blue staining, however, as no difference in cartilage
phenotype between WT and Fgf10 +/- littermates was observed (Sup-
plementary Fig. 1, A).

3.4. Fgf10 +/— adult mice showed reduced tracheal SMG openings and
overall mucus secretion

Using histological methods, it was difficult to conclude whether the
heterozygous mice showed a reduction in branching of each gland, a
reduction in the number of glands within the anterior mesenchyme, or
collectively both of these mechanisms. We therefore moved to a live
tracheal explant model to follow mucous production. Previous papers
have used the application of mineral oil to the mucosal tracheal surface to
investigate SMG fluid secretion (Joo et al., 2001; Ianowski et al., 2007).
We therefore used this model to assess whether the defect in branching
led to a reduction in the amount of mucus secreted into the airway lumen
in heterozygous animals compared to their WT littermates (Supplemen-
tary Fig. 1B and C). A time line of images was taken of the tracheal tissue
in culture during mucus production stimulated by carbachol over a
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Fig. 3. Fgf10 +/— tracheal SMG phenotype is not recovered in adult animals. (A,C) Frontal sections through adult tracheas stained with trichrome. (A) WT adults
show extensively branched anterior SMGs adjacent to the cricoid cartilage (CC) while Fgf10 +/- littermates show a significant reduction in glands in a similar plane.
Scale bar =100 pm. (B) Posterior extension of the SMGs is noticeably reduced in Fgf10 +/— animals compared to their WT littermates. N numbers represent each
specimen analysed while pink bars represent mesenchymal space where SMGs are found between each cartilage ring (C1-C8). X indicates presence of SMG. (C) No
obvious differences were observed in the tracheal epithelium of adult WT and Fgf10 +/— littermates at 6-10 weeks. Scale bar in A, C =50 pm.
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10-min period. Images were analysed and the number of mucus bubbles
present between the cricoid cartilage (CC) and Tracheal cartilage 2 (C2)
were counted. Each bubble represented the presence of a gland opening.
Results elucidated that the number of bubbles was significantly reduced
in Fgf10 +/- animals (p < 0.001), indicating a decrease in the number of
functional glands within the mesenchyme of the trachea between the
anterior cartilage rings in Fgf10 +/- adults (Fig. 4A and B). While analysis
of the area of each individual bubble did not differ significantly between
the two groups (p = 0.429), the overall amount of mucus secreted (sum of
all bubble areas) was significantly reduced in Fgf10 +/- adults (Fig. 4, B,
p < 0.001). Together with the histological analysis of Fgf10 heterozygous
adult mice, these results indicate a reduction in total mucus secreted
within the tracheal lumen compared to WT littermates.

4. Discussion

The present study takes a number of approaches to show that Fgf10
signalling is essential for the development of tracheal submucosal glands.
Our results conclude that although SMG bud initiation may be Fgf10
independent, the later stages of gland branching, cellular differentiation
and gland secretion are significantly compromised in the absence of
Fgf10 expression.

As anterior tracheal SMGs in the ventral part of the tube start initi-
ating at E18.5 in our mouse line, this gave us an opportunity to collect
Fgf10 —/— pups at PO, along with their WT and Fgf10 +/- littermates, to
investigate the effect of loss of Fgf10 on gland initiation. Interestingly,
gland buds were found in ventral and slightly more dorsal anterior po-
sitions in the Fgf10 —/— specimens collected. This result showed that
Fgf10 is not required for the initiation of the epithelial gland primordia or
development of the initial gland bud, however it is essential for glands to
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progress to later development. The role of Fgf10 in these later morpho-
genetic stages was further supported by a reduction in SMG branching
observed in Fgf10 +/- pups at PO. Ventral glands of WT animals had
reached the lumen formation stage and were undergoing clefting and
branching while Fgf10 +/- littermates displayed glands that had elon-
gated into the underlying mesenchyme and formed lumens but showed
evident reduced branching. This phenotype mirrors that reported for
both the submandibular salivary gland (Jaskoll et al., 2005; Wells et al.,
2013; Teshima et al., 2016; Chatzeli et al., 2017) and mammary gland
(Mailleux et al., 2002) in Fgf10 —/— mice, where gland development
does not progress passed the bud stage and branching is reduced leading
to aplastic glands. This suggests that Fgf10 signalling in particular is not
needed for gland initiation, a conserved role reported in a variety of
glandular organs, but is essential for subsequent development stages and
that other ligands are essential for initial gland budding. One such factor
may be Fgf7, which also signals through Fgfr2b. Ex vivo studies of the
developing submandibular salivary gland have shown that Fgf7, through
activated MEK and PI3K signalling cascades, is required for salivary
gland budding, and that Fgf10 promotes branching and elongation of
gland ducts through MEK 1/2 signalling (Steinberg et al., 2005).
Furthermore, both recombinant Fgf7 and Fgf10 induce ectopic bud for-
mation of the lacrimal gland epithelium in mouse embryonic ocular
cultures (Makarenkova et al., 2000). This suggests that Fgf7 may promote
SMG initial bud formation, or compensation in the absence of Fgf10
signalling to induce SMG bud outgrowth. Furthermore, we have previ-
ously shown that Fgf10 expression is essential for a subset of nasal glands,
with other Fgfs compensating for the loss of Fgf10 in some glands (May
et al., 2016). The lateral nasal glands, for example, only require Fgf10 for
later gland branching stages, while the Steno's gland and the sinus glands
require Fgf10 expression earlier from gland initiation (May et al., 2016).
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Fig. 4. Fgf10 +/- adult mice have fewer tracheal SMGs and an overall reduction in mucus secretion. (A) Visualisation of functional gland openings in WT (n =4) and
Fgf10 +/— (n=6) anterior tracheal tissue by mucus bubble production. A decrease in the number of mucus bubbles was observed in Fgf10 +/— mice. Scale
bar = 500 pm. (B) Graphical representation of mucus bubble count, showing a significant reduction in number in Fgf10+/— animals compared to their WT littermates.

Average bubble area was similar between the two groups, however overall mucus secretion into the airway lumen was significantly reduced in Fgf10+/— animals.
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The trachea SMGs therefore show a reliance on Fgfl0 signalling more
similar to the stenos and sinus glands.

As previously reported in other glands (May et al., 2016; Chatzeli
et al., 2017), here we show that Fgf10 is expressed in the mesenchyme
adjacent to the gland epithelium during branching morphogenesis. Due
to agenesis of the lungs Fgf10 —/— mice die at birth (Sekine et al., 1999;
Min et al., 1998), thereby preventing the study of later stages of tracheal
gland development in the null mutant. Therefore, we adopted the use of a
conditional Fgf10 ablation model to investigate if tracheal SMGs could
develop postnatally in the absence of FGF10 signalling. Ablation of Fgf10
was induced at E17.5 and P2 and tracheal tissue was collected at P21.
Histological analysis revealed a significant reduction in branching of the
anterior glands adjacent to the cricoid cartilage in CreERT2;Fgf1 0" mice
compared to wildtype littermates. Although minimal, some branching
and cellular differentiation (indicated by mucus staining - blue) had
occurred in the anterior gland epithelia. As our first tamoxifen admin-
istration may have taken 24 h to induce Cre-recombination, some re-
sidual Fgf10 may have promoted branching and mucus production in few
SMG primordia that had initiated by E17.5/E18.5. Furthermore, as 100%
Cre-recombination cannot be guaranteed, again some SMG placodes may
have been exposed to low levels of Fgfl10, inducing some cellular dif-
ferentiation. To further assess the role of Fgf10 in cellular differentiation,
analysis of differentiation markers such as AQP5 (Song et al., 2001) and
MUCS5b (Roy et al., 2014) would be required. In contrast, posterior SMGs,
which develop postnatally, were reduced in CreERTZ2;Fgf1 0"+ mice and
completely absent in CreERT2;Fgf1 0"f mice at P21, while the SMGs were
found to have extended to C4 by this stage in WT littermates. This
phenotype suggests one of two strategies: (1) bud outgrowth had
occurred, however loss of Fgf10 caused cell death in gland epithelium
leading to no SMG buds evident by P21; or (2) Fgf10 is required for gland
initiation and bud outgrowth in more posterior SMGs. In support of the
latter, heterogeneous progenitor cell populations and signalling mecha-
nisms are known to occur in the lung epithelium in an anterior/posterior
axis. Cytokeratin-5 positive basal cells replenish the airway epithelium in
the anterior trachea (Rock et al., 2009), while Clara cells are understood
to be the main stem cell population of the more posterior tracheal
epithelium (Rawlins et al., 2009). More recently, a study investigating
airway epithelial regeneration following severe injury showed a multi-
potent SMG myoepithelial progenitor replenished airway epithelium in
the anterior trachea (between CC-C1), with reduced replenishment
observed in the posterior epithelium (C1-C4) (Lynch et al., 2018).
Considering these heterogeneous mechanisms, while FGF10 may not be
essential for anterior SMG bud initiation, it may be required for bud
outgrowth in more posterior locations. This may also explain the
phenotype observed in adult Fgf10 +/- mice, where the posterior glands
were more strongly affected. It is understood that mesenchymal Fgf10
regulates progenitor cell proliferation in adjacent branching epithelial
structures in a number of different organs, such as the lung (Ramasamy
et al., 2007), pancreas (Bhushan et al., 2001) and salivary gland (Chatzeli
et al., 2017). For example, analysis of PCNA positive cells during lung
development with reduced Fgfl0 signalling revealed a significant
decrease in proliferating cells in the lung epithelium, while proliferation
was unchanged in the mesenchyme (Ramasamy et al., 2007). Further
analysis of cell proliferation in both the anterior and posterior trachea
will give insight into the role of Fgfl0 in regulating this process in
tracheal SMGs. The altered SMG phenotype in the conditionally ablated
Fgf10 model, and the global Fgf10 heterozygous mouse is similar to the
aplastic lacrimal and salivary gland phenotypes observed in patients that
suffer from both ALSG and LADD syndrome (Milunsky et al., 2006;
Shams et al., 2007; Entesarian et al., 2007). While no reports have stated
any pulmonary defects in patients with ALSG or LADD syndrome, the
airway SMGs may show aplasia and this phenotype could possibly give
rise to muco-ciliary deficiencies in those that suffer from these autosomal
dominant diseases. Furthermore, our functional tests of mucus secretion
in Fgf10 +/- adult mice conclude a significant reduction in total amount
of mucus secreted into the airway lumen. As only the anterior glands
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were included in the study, an even greater difference would be assumed
if all mucus bubbles extending posteriorly in WT animals had been
calculated.

Previous reports have indicated that SMG development finishes by
P21 in the mouse trachea (Rawlins and Hogan, 2005). However, in our
analysis, WT mice only had SMGs extending down to the 4th tracheal
cartilage ring (C4) at P21, in comparison to the 6-8 week WT mice where
glands were observed at more posterior levels (Fig. 3, B). We therefore
believe that posterior initiation of glands still occurs after 3 weeks. Later
tamoxifen injection in the conditional mutants will allow us to study this
further. In conclusion, we report that Fgfl0 expression in tracheal
mesenchymal is essential for tracheal submucosal gland morphogenesis,
in both late embryonic and early postnatal stages. Without this signalling
factor, glands fail to develop, arresting at the bud stage anteriorly.
Investigation into this developmental signalling cascade should be
considered in further research attempting to understand the role of these
organs in hyper-secretory respiratory diseases.
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