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TLR3 promotes MMP-9 production in
primary human airway epithelial cells
through Wnt/β-catenin signaling
P.-J. Royer1*, K. Henrio1, M. Pain1, J. Loy1, A. Roux2, A. Tissot1, P. Lacoste1, C. Pison3,4,5, S. Brouard6,7,8,9,
A. Magnan1 and the COLT consortium

Abstract

Background: Airway epithelial cells (AEC) act as the first line of defence in case of lung infections. They constitute a
physical barrier against pathogens and they participate in the initiation of the immune response. Yet, the modalities of
pathogen recognition by AEC and the consequences on the epithelial barrier remain poorly documented.

Method: We investigated the response of primary human AEC to viral (polyinosinic-polycytidylic acid, poly(I:C)) and
bacterial (lipopolysaccharide, LPS) stimulations in combination with the lung remodeling factor Transforming Growth
Factor-β (TGF-β).
Results: We showed a strong production of pro-inflammatory cytokines (Interleukin (IL)-6, Tumor Necrosis Factor α,
TNFα) or chemokines (CCL2, CCL3, CCL4, CXCL10, CXCL11) by AEC stimulated with poly(I:C). Cytokine and chemokine
production, except CXCL10, was Toll Like Receptor (TLR)-3 dependent and although they express TLR4, we found no
cytokine production after LPS stimulation. Poly(I:C), but not LPS, synergised with TGF-β for the production of matrix
metalloproteinase-9 (MMP-9) and fibronectin. Mechanistic analyses suggest the secretion of Wnt ligands by AEC along
with a degradation of the cellular junctions after poly(I:C) exposure, leading to the release of β-catenin from the cell
membrane and stimulation of the Wnt/β-catenin pathway.

Conclusion: Our results highlight the cross talk between TGF-β and TLR signaling in bronchial epithelium and its impact
on the remodeling process.

Background
Airway epithelial cells (AEC) act as a physical barrier,
separating the inside of the body from the environment
through a dense network of transcellular adherens and
tight junctions. Disorganisation of airway epithelium is a
hallmark of chronic respiratory disorders. It leads to air-
way obstruction and loss of respiratory function. Airway
remodeling through the process of epithelial to mesen-
chymal transition (EMT) has been proposed in chronic
respiratory diseases such as chronic obstructive pulmon-
ary disease (COPD), pulmonary fibrosis, asthma or
chronic lung allograft dysfunction [1–3]. However,
airway epithelium has more than a structural role. It is

the first line of defence against airborne pathogens,
particulate matter or allergens and express a wide range
of pathogen recognition receptors such as Toll Like
Receptor (TLR), the Nucleotide Oligomerization
Domain (NOD)-like receptors (NLR) or the Retinoic
acid-Inducible Gene 1 (RIG-I)-like receptor (RLR).
Recent works have highlighted the capacity of AEC to
attract and activate innate or adaptive immune cells
within the lung. AEC are thus the main orchestrators of
the lung inflammatory responses and remodeling pro-
cesses associated to the respiratory physiology [4, 5].
Relationship between remodeling and inflammation

has been suggested for a long time [6]. Matrix metallo-
proteinases (MMP) produced during mesenchymal dif-
ferentiation spread inflammation through the
degradation of matrix and lung tissues, or through the
processing of cytokines and chemokines allowing the re-
cruitment of immune cells within the lung [7–9].
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Transforming growth factor β (TGF-β) is the foremost
inducer of EMT. It plays a central role in the patho-
logical mechanisms behind the remodeling process
observed in COPD, pulmonary fibrosis or asthma
[10–12]. However, TGF-β is a pleiotropic growth factor
expressed in the normal lung [13], and its ability to drive
EMT is largely dependent on the microenvironment in
which it is produced. Inflammatory cytokines like TNFα
and IL-1β [14, 15], or chemokines like CCL-2 [16] pro-
duced by macrophages or activated T cell have thus been
shown to promote TGF-β-induced EMT.
Although AEC express a wide range of pathogen rec-

ognition receptors, their contribution on TGF-β-induced
EMT remains largely unexplored. We investigated here
the impact of pathogens associated molecular patterns
(PAMPS) on AEC remodeling during TGF-β exposure.
Primary human AEC were cultured under submerged
conditions or were differentiated at Air Liquid Interface
(ALI). Viral (polyinosinic-polycytidylic acid (poly(I:C)) or
bacterial (lipopolysaccharide (LPS)) stimulations were
used along with low-dose of TGF-β (1 ng/ml). The in-
flammatory response as well as the remodeling process
engaged were assessed. We showed that poly(I:C), but
not LPS, synergised with TGF-β for the production of
matrix metalloproteinase-9 (MMP-9) and fibronectin.
Mechanistic analyses suggest the secretion of Wnt li-
gands by AEC along with a degradation of the cellular
junctions after poly(I:C) exposure, leading to the release
of β-catenin from the cell membrane and stimulation of
the canonical Wnt/β-catenin pathway. Our results high-
light the cross talk between TGF-β, TLR and Wnt
signaling in bronchial epithelium and its impact on the
remodeling process.

Methods
Airway epithelial cell culture
AEC were isolated and cultured as already described
[16]. Briefly, human primary BEC were obtained from
lung donor trachea or bronchi, included within the mul-
ticentre COLT (Cohort in Lung Transplantation,
NCT00980967) study (Comité de Protection des
Personnes Ouest 1-Tours, 2009-A00036–51). Study was
approved by local ethical committee. After excision, tis-
sues were incubated at 4 °C overnight with 1 mg/ml type
XIV collagenase in HEPES-buffered RPMI (both from
Sigma-Aldrich). Isolated AEC were washed and cultured
for less than 5 passages in cnT17 (CELLnTEC Advanced
Cell Systems AG, Bern, Switzerland) containing penicil-
lin and streptomycin (P/S) (respectively 100 UI/ml and
100 μg/ml) on 24-well plates coated with human type IV
collagen (Sigma-Aldrich). Cell purity was routinely
checked by cytokeratin and αSMA staining. For air-
liquid interface (ALI) cultures, cells were grown at con-
fluence in cnT17 medium, on 12-mm diameter, 0.4-μm

pore size transwells (Corning, NY) coated with human
type IV collagen. Then, 1 ml of a 1:1 mix of DMEM
(Gibco, Invitrogen Ltd., Paisley, UK) and Bronchial
Epithelial Basal Medium + bullet kit (Lonza, Basel,
Switzerland) (Bronchial Epithelial Growth Medium,
BEGM) supplemented with retinoic acid (1.10−7 M),
bovine serum albumin (1.5 μg/ml) and P/S (all from
Sigma-Aldrich) was added to the basal compartment.
Medium was changed every 2–3 days and ALI cultures
were used after 21 days. ALI differentiation was verified
by β-tubulin/β-catenin staining.
Submerged or ALI-differentiated AEC were then stim-

ulated in CnT17 or BEGM respectively, supplemented
with 0.5% foetal calf serum (Sigma-Aldrich). AEC were
treated with 1 ng/ml of TGF-β (R&D systems, Abing-
don, UK), 1 μg/ml of LPS or 50 μg/ml of poly(I:C) (both
from Sigma-Aldrich). Activity of TLR ligands was
verified on human PBMC (not shown). For ALI-culture,
TGF-β was added at the lower compartment and LPS
(1 μg in 20 μl) and poly(I:C) (50 μg in 20 μl) were added
to the apical surface of the epithelium. In some
conditions, AEC were treated with 100 μM of 614,310
(inhibitor of TLR3/dsRNA complex) (Calbiochem,
Merck Millipore, Fontenay Sous Bois, France), 5 μM of
CID755673 (inhibitor of PKD), 1 μM of FH535 (inhibitor
of the β-catenin/ T-cell factor/lymphoid enhancer-
binding factor (TCF/LEF)) (both from Tocris, Bio-
techne, Lille France) and 5 μM of IWP2 (inhibitor of
Wnt ligand secretion) (Sigma Aldrich). Inhibitors were
added 30 min. Before AEC stimulation and were kept in
the medium during the culture. After 24 h of culture,
supernatants were collected, centrifuged for 5 min at
13,000 g and frozen at −20 °C for subsequent analysis.
AEC were rinsed with PBS (Gibco) before RNA and pro-
tein extraction.

RT2 profiler PCR array and quantitative PCR
RNA were extracted using the RNA NucleoSpin kit
(Macherey-Nagel, Hoerdt, France). The human EMT
RT2 profiler PCR array (Qiagen) was utilized to investi-
gate a panel of 84 EMT related genes according to the
manufacturer’s instructions. Briefly, 500 ng of RNA was
converted to cDNA using RT2 First Strand Kit (Qiagen).
cDNA was amplified by qPCR in RT2 SYBR Green qPCR
Master Mix (Qiagen), using a Bio-rad CFX96 system.
Analysis of expression was then performed using the
web-based RT2 profiler PCR Array data analysis software
(Qiagen). PCR array results were then confirmed by
qPCR using SYBR green mix (Eurogentec, Angers,
France) on a CFX96 system using the following primers:
GAPDH forward 5′-GGGAAACTGTGGCGTGAT-3′,
reverse 5′-TTCAGCTCAGGGATGACCTT-3′; MMP-9
forward 5′-ATGCCTGCAACGTGAACATCTTCG-3′,
reverse 5′-CAGAGAATCGCCAGTACTTCCCAT-3′;
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Fibronectin forward 5′-GCAGGGTCAGCAAATGGTT
CAG-3′, reverse 5′-AGGTAGGTCCGCTCCCACTG-3′;
ColVA2 forward 5′-ATGGTCCTGATGGCCCAAAA-3′,
reverse 5′-AATTCCTCTTTCTCCCGGCA-3′; ITGA5
forward 5′-CTTCCTCGGGACCTCAGATC-3′, reverse
5′-TTTGGCTCTCTTGTTGGTGC-3′; PLEK2 forward
5′-GTATGAAAACCGACCGCTCC-3′, reverse 5′-GAA
TAGCCCCGGTGATCTCA-3′, BAMBI forward 5′-GAT
GCTACTGTGATGCTGCC-3′, reverse 5′-TGGGTGA
GTGGGGAATTTGA-3′; Wnt3a forward 5′-AGAGGC
GGGGCTACAGATT-3′, reverse 5′-CAGAGCCACGCC
CTTACTG-3′; Wnt4 forward 5′-GCAGAGCCCTCAT
GAACCT-3′, Wnt4 reverse 5′-CACCCGCATGTGTGT
CAG-3′; Wnt5a forward 5′-CGTCTGGAAGCAGAC
GTTTC-3′, reverse 5′-TCACGCCTCCTGATCTCC-3′;
Wnt5b forward 5′-TGCCTTTCCAGCGAGAAT-3′,
Wnt5b reverse 5′-CCCCCTTTCCTCTTCAGGTA-3′;
Wnt7a forward 5′-CTTCGGGAAGGAGCTCAAA-3′,
reverse 5′-GCAATGATGGCGTAGGTGA-3′; Wnt10a
forward 5′-TAATTCCATAAAGGGCCCAGA-3′, reverse
5′-TTGTTAAATGAATGATGAAGG-3′. Gene expression
was normalized to GAPDH.

Immunoblotting
Cellular fractionation was performed with the nuclear
protein extraction kit (Cayman Chemical, Hamburg,
Germany) according to the manufacturers’ instructions.
Proteins extracted with the RNA NucleoSpin kit sepa-
rated on 8% bis-acrylamide gel were transferred onto
nitrocellulose membranes (Bio-Rad). Membranes were
blocked for 1 h at room temperature in Tris-buffered
saline (TBS) (100 mM NaCl, 10 mM Tris, pH 7.5) with
5% non-fat dry milk. Membranes were incubated over-
night at 4 °C with primary antibodies against the follow-
ing proteins: fibronectin (Santa Cruz, Heidelberg,
Germany), β-actin (Sigma-Aldrich), active (#8814) and
total (#8480) β-catenin (both from Cell Signaling,
Leiden, The Netherlands). Detection was performed with
horseradish peroxydase-labelled secondary antibodies
(Rockland Immunochemicals, Limerick, USA) and a
clarity chemiluminescence kit (Bio-Rad). Chemidoc MP
imaging (Bio-Rad) was used for analysis.

Immunofluorescence
β-catenin and E-cadherin staining were performed on
methanol fixed submerged cultures. Primary antibody
against total β-catenin (Cell Signaling) and E-cadherin
(Invitrogen) were used followed by an Alexa Fluor
568-conjugated anti-rabbit IgG or an Alexa Fluor
488-conjugated anti-mouse IgG (both from Life
Technologies). Nuclei were stained with DAPI and sam-
ples were mounted with Prolong Gold Antifade reagent
(Life Technologies). Images were taken using Axiovert

200 M microscope and analyzed with Axiovision 4.5
software (Carl Zeiss; Marly Le Roi, France).

Detection of cytokines and MMP-9
Cytokine concentrations were determined with the
FlowCytomix technology and levels of MMP-9 in cell
culture supernatants were measured with the human
MMP-9 platinum ELISA (both from Thermofisher,
Villebon sur Yvette, France).

Statistical analysis
Data are expressed as mean +/− standard error of
mean (SEM). Number of independent repeats is
stated in the figure legends. Differences between
groups were assessed by one-way analysis of variance
(ANOVA) followed by a Tukey post hoc test using
GraphPad Prism 6.0 (GraphPad Software; La Jolla,
USA). * p < 0.05, ** p < 0.01, *** p < 0.001.

Results
Proinflammatory response of AEC after stimulation with
TLR agonists
We first investigated the inflammatory response of AEC
after stimulation with LPS or poly(I:C), a double
stranded RNA, to simulate bacterial or viral interaction
respectively. We showed a strong production of inflam-
matory cytokines (IL-6, IFNα, IL-1α and β), chemokines
(CCL2, 3, 4 and CXCL10) and soluble ICAM-1 im-
munoglobulin after treatment with poly(I:C) but not LPS
(Fig. 1a). Moderate levels TNF-α and IL-17 were pro-
duced. IL-8 production by contrast was not affected by
the culture conditions. This inflammatory response initi-
ated by poly(I:C) exposure was not altered by TGF-β.
Whereas TLR3 is the main receptor for double-stranded
RNA, Retinoid induce gene I (RIG-1) and Melanoma
Differentiation-Associated protein 5 (MDA5), two cyto-
solic RLR have been described as well [17]. To confirm
the role of TLR3 in dsRNA-induced inflammatory re-
sponse, AEC were treated with a TLR3/dsRNA complex
inhibitor (614310) before poly(I:C) stimulation. We
noted a dramatic drop in cytokine (IL-6, TNFα, IL-17,
IL-1α and β) and chemokine (CCL2, CCL3 and CCL4)
secretion after TLR3 blockade (Fig. 1b) although ICAM1
production was partially affected. Surprisingly, IL-8 and
CXCL10 production was upregulated, suggesting a RLR
dependent production and a cross interference between
the RLR and TLR signaling.

Poly(I:C) supports TGF-β induced EMT process in human AEC
We then investigated the ability of a TLR stimulation to
support the process of EMT in AEC. Pathway focused
gene expression analysis using an EMT profiler array was
performed to screen AEC response to TGF-β, poly(I:C) or
the combination of the two. Untreated AEC were used as
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a control. We noted an upregulation of MMP-9 (fold
change (FC) = +6.6) and serpin (FC = +18.6) after TGF-β
treatment, while poly(I:C) alone notably induced MMP-9
upregulation (FC = +15.2) and downregulation of Wnt5b
(FC = −12.1) and Wnt11 (FC = −34.9). Combination of
TGF-β and poly(I:C) promoted a strong upregulation of
MMP-9 (FC = +90.9), serpine1 (FC = +34.8), fibronectin
(FC = +9.2), Collagen type V, alpha2 (ColVA2) (FC = +3.1),
Integrin A5 (ITGA5) (FC = + 4.9) or Pleckstrin 2
(PLEK2) (FC = +4.8) along with a downregulation of
Wnt11 (FC = −19.1) (Fig. 2a and Additional file 1: Table
S1). We then performed independent cell cultures to
confirm by qPCR the EMT array data. Profile of expres-
sion MMP-9, fibronectin, ColVA2, ITGA5 and PLEK2
was notably confirmed, with a dramatic and significant
upregulation of expression in the TGF-β + poly(I:C)
condition (Fig. 2b).

Production of MMP-9 by poly(I:C) is TLR3 dependent but is
not related to a stimulation of TGF-β production or signaling
We then sought to explore the molecular mechanisms
behind the synergistic interaction between TGF-β and
poly(I:C) by monitoring the expression of MMP-9, the
gene with the highest FC. qPCR and dosage from sub-
merged cultures showed that poly(I:C) but not LPS sup-
ported TGF-β-induced MMP-9 production by AEC

(Fig. 3a). These results were confirmed in ALI culture
conditions (Fig. 3b). Then, experiments with the TLR3/
dsRNA complex inhibitor confirmed the role of TLR3
signaling in the interaction between TGF-β and poly(I:C)
(Fig. 3c).
The upregulation of MMP-9 was not a consequence of

TGF-β overproduction after poly(I:C) treatment as we
could not detect any secretion of the latency associated
peptide (not shown), generated during mature TGF-β
release. Moreover, MMP-9 production under high
TGF-β concentration remained lower than with the
TGF-β + poly(I:C) combination (Fig. 3d), although this is
not the case for fibronectin expression. Besides, qPCR
experiments did not reveal any downregulation of BMP
and activin membrane-bound inhibitor homolog
(BAMBI) expression, a TGF-β pseudo receptor known
to inhibit TGF-β signaling [18] (Fig. 3e). Altogether,
these results ruled out a raise of TGF-β production or
signaling as the origin of MMP-9 release.

Poly(I:C) supports TGF-β induced MMP-9 through Wnt/β-
catenin dependent mechanism
MMP-9 is a known target of Wnt/β-catenin signaling
[19]. Because TLR3 can induce the disruption of epithe-
lial barrier [20], we hypothesized that TLR3 signaling in-
duces the release of β-catenin from the adherens

A B

Fig. 1 Inflammatory response of airway epithelial cells exposed to poly(I:C) or LPS. a Primary human AEC were cultured under submerged conditions
without (−) or with poly(I:C) (pIC) or LPS (LPS) in presence or not of TGF-β.Cytokine and chemokine secretion was investigated after 24 h of culture.
b AEC were pretreated with a TLR3/dsRNA complex inhibitor (614310) before analysis of cytokine and chemokine secretion. Data in A and B are
derived from 6 and 3 independent experiments. Statistical significances were determined with a one-way ANOVA followed by a Tukey’s post-hoc test
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junction, and the subsequent production of MMP-9.
Epithelial junctions in AEC were then investigated by
fluorescent microscopy. Treatment with TGF-β or TGF-
β + LPS did not alter the E-cadherin and β-catenin mem-
brane staining (Fig. 4a). By contrast, we noted a loss of
membrane E-cadherin and β-catenin after TGF-β +
poly(I:C) treatment, attesting a disassembly of adherens
junctions, AEC appear then smaller when cultured in
TGF-β and poly(I:C). The transfer of the active form of
β-catenin in the nucleus was confirmed by subcellular
fractionation (Fig. 4b). Inhibition of protein kinase D
(PKD), known to mediate the disruption of epithelial
barrier after poly(I:C) exposure [20], reduced MMP-9 se-
cretion in submerged or ALI differentiated AEC (Fig. 4b).
We then determined by qPCR the expression of Wnt li-
gands from submerged or ALI cultures. The expression
of the canonical (β-catenin dependent) Wnt7a was up-
regulated in submerged or ALI cultures after TGF-β +
poly(I:C) stimulation (Fig. 5). Although Wnt4 and
Wnt5a have been primarily described as non-canonical
Wnt, recent findings show that they can activate the
β-catenin pathway under certain conditions [21]. We
thus investigated their expression and showed an upreg-
ulation of Wnt4 expression in submerged or ALI condi-
tion after TGF-β + poly(I:C) treatment. Wnt 2 however
was not detected (not shown). Finally, to further confirm
the role of β-catenin signaling in MMP-9 production,
submerged or ALI cultures of AEC were performed in
presence of the following inhibitors: FH535, an inhibitor

of the β-catenin/TCF/LEF activity, and IWP2, an inhibi-
tor of Wnt ligand secretion. Both inhibitors induced a
dramatic drop in MMP-9 secretion (Fig. 6).

Discussion
AEC occupy a central position at the interface be-
tween environment and the body. They are continu-
ously exposed to the external stimuli and regulatory
mechanisms have been developed to avoid a perman-
ent hyper activation of the immune system. Whereas
they are equipped with a wide range of TLR, they ex-
press low levels of adapter proteins such as MD2 or
CD14 reducing their responsiveness to bacteria-
derived signals [22]. Secretion of IL-6 or IL-8 has
been reported, but with high dose of LPS (≥10 μg/ml)
and the used of cell lines rather than primary cells
[23–25]. The absence of response of AEC to LPS is
thus expected. Viral stimulations by contrast induce a
potent pro-inflammatory response as shown by IL-6,
IL-8 and type I IFN production [24]. We confirmed
here the induction of inflammatory response by pri-
mary human AEC after viral-derived stimulation. We
used double-stranded RNA as it is a product of most
virus infections (by either DNA or single-stranded
RNA viruses) [26]. Double stranded RNA can be rec-
ognized by TLR3, but also the cytosolic MDA5 or
RIG-1 RLR. We showed here TLR3 as the main actor
of the inflammatory response in AEC. Interestingly,

A

B

Fig. 2 Poly(IC) support epithelial to mesenchymal transition in AEC treated with TGF-ß. Human primary AEC were cultured under submerged conditions
with TGF-β and/or poly(I:C) for 24 h. a Expression of EMT related genes was investigated using a profiler PCR array (n= 1). b qPCR from 3 independent
experiments confirmed the expression data. Statistical significances were determined with a one-way ANOVA followed by a Tukey’s post-hoc test
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IL-8 and CXCL10 secretion profiles suggested their
production in a NLR dependent mechanism, and a
cross interference between TLR and NLR pathways.
This interplay between pathogen recognition receptors
has been reported before [27]. However, further work
will be necessary to determine the contribution of
NLR in AEC inflammatory response and to confirm
in these cells the cross interference between RLR and
TLR pathways.
Recent literature highlighted the major role of AEC in

the remodeling processes associated with chronic dis-
eases, infections or transplantation [1]. Although modu-
lation of TGF-β induced remodeling by inflammatory
environment has been described [14–16], the direct
interaction between TGF-β and TLR signaling in AEC
remains unexplored. AEC were cultured with low dose
of TGF-β (1 ng/ml) to emphasize the synergy with TLR3
signaling. Using profiler array, we showed that poly IC

supports TGF-β induced EMT with a significant upregu-
lation of MMP-9, FN, COLVA1, ITGA5 or PLEK2 ex-
pression. Interestingly, we recently described how T
cells-derived signals promote MMP-9 or FN production
by AEC exposed to TGF-β [16]. These results collect-
ively suggest that in response to various aggression/
stimulation signals, AEC generate a common remodeling
signature.
We further investigated the molecular mechanisms

leading to MMP-9 production when TGF-β and
poly(I:C) were combined. Indeed, the role of MMP-9 is
not limited to tissue remodeling. It can propagate in-
flammatory response through the modulation of cyto-
kine activity and recruitment of immune cells [28]. Its
production along with inflammatory cytokines, provide
immune cells with chemoattractant, penetrable extracel-
lular matrix, and activation signals. We did not detect
any production of TGF-β by AEC and increasing TGF-β

A

E

B

C D

Fig. 3 Analysis of MMP-9 production by airway epithelial cells exposed to poly(I:C) and TGF-β. a MMP-9 production was investigated in submerged
cultures by qPCR or ELISA dosage (n = 4). b Results of expression were then confirmed in ALI culture conditions by ELISA (n = 6). c Use of TLR3/dsRNA
complex inhibitor (614310) shows the role of TLR3 in MMP-9 production (n = 3). d Primary human AEC were cultured for 24 h with increasing doses of
TGF-β, and MMP-9 production was measured by qPCR or ELISA dosage (n = 3). Fibronectin expression was investigated by qPCR (n = 3) or western
Blotting. e qPCR analysis of BAMBI expression in submerged or ALI cultures exposed to TGF-β and/or poly(I:C) for 24 h (n = 3). Number of independent
experiments is mentioned for each panel. Statistical significances were determined with a one-way ANOVA followed by a Tukey’s post-hoc test
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concentration did not raise MMP-9 secretion. Moreover,
TGF-β signaling appeared unaffected in our model.
Thus, TGF-β production or gain in signaling does not
account for the production of MMP-9. Wnt/β-catenin
signaling is essential during lung development, whereas

aberrant Wnt/β-catenin is involved in the remodeling
processes associated with chronic lung diseases [1, 29].
Growing evidences show environmental factors such as
cigarette smoke, as inducers of Wnt ligands in AEC
[30, 31]. In an infectious context, Rezaee et al. reported a

A B

C

Fig. 4 Relocation of β-catenin after TGF-β and poly IC treatment. a Immunofluorescence analysis of β-catenin and E-cadherin expression in submerged
human AEC exposed to TGF-β and/or poly(I:C) (×40). b After cellular fractionation, nuclear levels of active and total β-catenin was investigated by
western blotting. c Primary AEC cultured under submerged or ALI conditions were treated with an inhibitor of PKD (CID755673) before stimulation for
24 h with TGF-β and/or poly(I:C). Levels of MMP-9 were then determined by ELISA. Data are derived from 3 independent experiments and statistical
significances were determined with a one-way ANOVA followed by a Tukey’s post-hoc test

Fig. 5 Analysis of Wnt expression by human primary AEC. qPCR analysis of Wnt ligand expression in primary AEC cultured under submerged or
ALI conditions with TGF-β and/or poly(I:C). Data are derived from 4 independent experiments and statistical significances were determined with a
one-way ANOVA followed by a Tukey’s post-hoc test
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PKD-dependent cytosolic transfer of β-catenin in AEC
treated with poly(I:C) but not LPS [20]. Yet, the authors
focused on the organization of the apical junctions, and
further investigations of Wnt/β-catenin signaling were not
performed. Given the massive production of MMP-9, a
target of Wnt/β-catenin signaling [19], we hypothesized
that this pathway was engaged in our model. We showed
the production of Wnt ligands by AEC after exposure
to TGF-β or poly(I:C). Wnt ligands are a family of
lipid-modified cysteine-rich secreted proteins. Nineteen
Wnt ligands have been identified so far [32]. Although
we focused on lung relevant ones, other Wnt ligands
not investigated in our study could be mobilized as
well. Moreover, cellular context can favor either the
canonical or the non-canonical pathway [33]. Additional
work will thus be necessary to confirm Wnt gene expres-
sion and for a comprehensive overview of the Wnt pro-
duction by AEC, and for determining which particular

ligand(s) is (are) involved in our model. The release of
β-catenin from cell membrane after poly(I:C) stimulation
fuels the Wnt/β-catenin pathway. The transfer of β-
catenin to the nucleus then coincides with the massive
production of MMP-9 in a PKD dependent manner. A
positive feedback loop, involving the degradation of cell-
cell junctions by MMP-9 is possible but was not investi-
gated in our study. Using inhibitors of Wnt secretion or
β-catenin/TCF/LEF activity we finally confirmed the role
of Wnt/β-catenin pathway in the production of MMP-9.
A summary of our main findings, is presented in Fig. 7.
Our study has several limitations that need to be

pointed out. Our experimentations were exclusively per-
formed with PAMPS and our findings will have to be
confirmed with viable pathogens. Moreover, MMP-9 is
produced by different cell types like neutrophils or mac-
rophages, and the relative contribution of these cells to
lung MMP-9 production remains to be explored.

Fig. 7 Summary of the main findings. a Steady-state: cytosolic β-catenin is phosphorylated by the GSK complex and targeted to the proteasome for
degradation. b Wnt ligand production after TGF-β exposure stabilize GSK complex at the cell membrane and reduce β-catenin degradation. c Then,
the massive relocation of β-catenin after poly(I:C) treatment, fuels the Wnt/β-catenin pathway and allows β-catenin translocation in the nucleus for
MMP-9 expression

Fig. 6 Inhibition of Wnt/β-catenin signaling blocks MMP-9 production. Human primary AEC cultured under submerged or ALI conditions were
treated with FH535 or IWP2 to block respectively the β-catenin/TCF/LEF complex or Wnt secretion. AEC were then stimulated with TGF-β and/or
poly(I:C) for 24 h before analysis of MMP-9 release by ELISA. Data are derived from 4 independent experiments and statistical significances were
determined with a one-way ANOVA followed by a Tukey’s post-hoc test
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Conclusion
As a conclusion, we describe how the cross talk between
TGF-β and TLR3 signaling favours a remodeling process in
the bronchial epithelium. Our work supports the airway
epithelium as an initiator of immune responses and identi-
fies the Wnt/β-catenin pathway as a potential therapeutic
target to tackle the progression of the remodeling process
associated to respiratory diseases.

Additional file

Additional file 1: Table S1. Expression data from the EMT profiler array.
(XLSX 15.9 kb)
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