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Abstract 

The asthmatic airway epithelium displays lower expression of cell-cell junction protein E-

cadherin and may be more susceptible to damage by allergens like house dust mite (HDM). 

We have previously shown that knock-out of E-cadherin in vivo in all the lung epithelial cells 

during embryonic development resulted in spontaneous inflammation and remodeling of the 

airways and lungs. In this study, we investigated the effect of loss of E-cadherin on 

susceptibility to chronic allergen challenge. To investigate this, we used inducible, cell-type 

specific knock-out models to delete E-cadherin in different subsets of lung epithelial cells by 

inducing Cre activity in surfactant protein C (SP-C) expressing cells during embryonic 

development, or in club cell secretory protein (CCSP) expressing cells either during 

embryonic development, or after birth. Two week old female mice were initially sensitized 

after weaning, followed by chronic exposure to HDM. In all the three models, we observed 

that loss of E-cadherin resulted in denudation of airway epithelial cells and airspace 

enlargement, along with spontaneous inflammation characterized by the increase in 

infiltration of dendritic cells (DCs) and eosinophils, although the kinetics were different 

between the three models. E-cadherin knockdown did not enhance HDM-induced 

inflammatory responses in any of the models. We conclude that the extent of lung epithelial 

E-cadherin loss affects the kinetics and magnitude of spontaneous airway inflammation and 

structural changes in the lungs but does not enhance sensitivity to allergens in young mice. 

This indicates that the downregulation of E-cadherin by HDM is sufficient to induce airway 

inflammation in mice. 

 

Introduction 

Asthma is broadly characterized by T helper 2 (Th2) cell mediated inflammation, and 

remodeling of the airways, which refers to the structural changes in airways such as increased 

smooth muscle mass, thickening of airway wall, subepithelial fibrosis, and increase in goblet 

cell numbers. The airway epithelium is thought to play a key role in the pathogenesis of 

asthma (1). The airways are lined with a pseudostratified epithelium consisting of basal cells, 

club cells, ciliated cells, and goblet cells, which are connected to each other by intercellular 

junctional proteins that are critical for barrier formation (1). The asthmatic airway epithelium 

has been shown to have an impaired barrier function, with reduced expression of tight 

junction proteins ZO-1 and occludin and adherens junction protein E-cadherin (2,3). 

Allergens like house dust mite (HDM) have been shown to disrupt airway epithelial barrier 
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function (4), to which airway epithelial cells from asthmatic donors are more susceptible than 

those from healthy donors (5). Of interest, loss of E-cadherin expression has been shown to 

result in decreased epithelial barrier function and increased pro-inflammatory responses, 

specifically Type 2 promoting factors, in human bronchial epithelial cells (6). In addition, E-

cadherin is involved in cell proliferation, differentiation, and regulation of signaling 

pathways (including WNT/β-catenin, EGFR signaling) that lead to production of growth 

factors and pro-inflammatory mediators (7). 

 

Exposure to allergens like house dust mite (HDM) has been previously shown to disrupt E-

cadherin at the cell junctions and promote epithelial-mesenchymal transition (EMT) in 

airway epithelial cells, which may contribute to airway epithelial remodeling and remodeling 

of the subepithelial layer in the airway walls (8). Upon exposure to HDM, airway epithelial 

cells release pro-inflammatory chemokines like C-C motif chemokine ligand 20 (CCL20) 

and CCL17, alarmins such as thymic stromal lymphopoietin (TSLP), IL-25, IL-33, and 

cytokines such as granulocyte-macrophage colony-stimulating factor (GM-CSF), which 

attract and activate the dendritic cells (DCs) and Th2 cells, macrophages and type-2 innate 

lymphoid (ILC2) cells. We have previously shown that E-cadherin plays a major role in the 

modulation of immune responses of the airway epithelium and demonstrated that deletion of 

E-cadherin results in loss of epithelial barrier function as well as increased Th2 cell attracting 

pro-inflammatory response in airway epithelial cells (6). In addition, we previously observed 

spontaneous eosinophilic airway inflammation and denudation of airway epithelial cells in 

mice with selective E-cadherin loss induced by surfactant protein C (Sftpc or SP-C) promoter, 

which is expressed in all the lung epithelial cells during early stages of development (9,10). 

The loss of E-cadherin driven by the SP-C promoter during embryonic development also 

affected the alveolar type II cells in the knock-out mice, resulting in emphysematous lesions 

in the lung (9). Since asthma is mainly a disease of the airways, specific knockout of E-

cadherin in bronchial cells may be a more relevant model to study the contribution of E-

cadherin loss to airway epithelial integrity in asthma, as observed upon HDM exposure. 

Therefore, we aimed to induce E-cadherin loss selectively in airway epithelial cells by use of 

the club cell secretory protein (Scgb1a1 or CCSP) promoter sequences. The use of CCSP-

rtTA transgenic strain and the tet-operon driven Cre transgene allows for induction of Cre 

activity and recombination of the conditional E-cadherin allele in most airway epithelial cells 

when doxycycline is administered during pregnancy, or selectively in club cells when 
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doxycycline is administered after birth (9,11,12), and compared these models to the 

previously used model using the SP-C promoter. In addition, we hypothesized that the loss 

of E-cadherin in airway epithelium facilitates allergen-induced epithelial responses. To 

assess if loss of epithelial barrier function increases the sensitivity to allergen-induced airway 

inflammation, we compared HDM-induced airway inflammation in wild-type and E-cadherin 

knockout mice, using the three different mouse models with E-cadherin knocked out in all 

lung epithelial cells, and specifically in airway epithelial cells during embryonic development 

or after birth. 

 

Materials and Methods 

Generation of conditional E-cadherin knock-out (Cdh1-/-) mice 

Conditional E-cadherin knock-out mice (Cdh1fl/fl), backcrossed onto the C57Bl/6J 

background were purchased (Jackson Laboratory, Maine, USA). Compound transgenic SP-

C-rtTA/(tetO)7-Cre mice and CCSP-rtTA/(tetO)7-Cre mice on C57Bl/6J background that 

express the reverse tetracycline transactivator (rtTA) controlled by the human surfactant 

protein C (SP-C) promoter and rat club cell secretory protein (CCSP) promoter respectively 

and express Cre recombinase under control of the tet operator (tetO) were kindly provided 

by Prof. Jeffrey Whitsett and obtained from Prof. Bart Lambrecht, VIB, Ghent, Belgium. 

Cdh1fl/fl mice were crossed with SP-C-rtTA/(tetO)7-Cre mice to obtain both homozygous 

Cdh1fl/fl Cre+ mice (SP-C-rtTA+/(tetO)7-Cre+/Cdh1fl/fl) and Cdh1fl/fl Cre− mice (SP-C-

rtTA+/(tetO)7-Cre−/Cdh1fl/fl) mice as litter-mate controls. Similarly, Cdh1fl/fl mice were also 

crossed with CCSP-rtTA/(tetO)7-Cre mice to obtain both homozygous Cdh1fl/fl Cre+ mice 

(CCSP-rtTA+/(tetO)7-Cre+/Cdh1fl/fl) and Cdh1fl/fl Cre− mice (CCSP-rtTA+/(tetO)7-

Cre−/Cdh1fl/fl) mice as litter-mate controls. Doxycycline-containing chow (200 mg/kg; Bio-

Serv, Frenchtown, NJ, USA) was provided ad libitum either to the pregnant dams or during 

the postnatal period to the mother before weaning and to the pups after weaning to generate 

the following models of conditional E-cadherin knock-out mice: 

 

Model 1: SP-C-rtTA/(tetO)7-Cre/Cdh1fl/fl with doxycycline treatment during embryonic 

stage 

Model 2: CCSP-rtTA/(tetO)7-Cre/Cdh1fl/fl with doxycycline treatment during embryonic 

stage 

Model 3: CCSP-rtTA/(tetO)7-Cre/Cdh1fl/fl with doxycycline treatment during postnatal stage 
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Mice were kept under specific pathogen-free conditions and maintained on a 12-hour light-

dark cycle, with food and water ad libitum. Initial allergic sensitization was done using 

intranasal (IN) administration of 1µg of house dust mite (HDM, Citeq Biologics, Groningen, 

NL) at day 14 followed by chronic allergen sensitization with 1µg/g only in female mice 

starting from day 21 for 3 times a week for 3 weeks. Male mice were euthanised at day 21 

and the female mice were euthanised 24 hours after the last allergen challenge (~ day 42) by 

anesthetising the animals with isoflurane/oxygen (Nicholas Piramal India Ltd., London, UK) 

and exsanguinating them before removing the lungs. All animal experiments were reviewed 

and approved by The Institutional Animal Care and Use Committee of the University of 

Groningen (The Netherlands). All experiments were performed in accordance with relevant 

guidelines and regulations. Only the female pups were used for experiments as approved by 

the institutional animal care and use committee at the University of Groningen, and have 

undergone HDM challenge, while the male pups had to be euthanised within 3 weeks. Male 

pups did not undergo HDM challenge and were sacrificed at day 21, followed by harvesting 

of lung tissues. 

 

Genotyping 

The ear cuts which were used to label mice were lysed followed by the isolation of genomic 

DNA. Mice were identified using PCR primers specific for each promoter (E-cadherin; fwd: 

GGG TCT CAC CGT AGT CCT CA, E-cadherin rvs: GAT CTT TGG GAG AGC AGT CG; 

SP-C-rtTA fwd: AAA  AT CT TG CCA  GC TT TC CCC,  SP-C-rtTA rvs: ACT GC CC AT 

TGC CC AA AC AC; Cre fwd GC  CA CG AC  CAA  GT GA CA  GCA  AT G, Cre rvs: 

AGA  GA CG GA  AAT  CC AT CG  CTC  G). Amplification of PCR products for E-

cadherin, rtTA and Cre was performed as following: Denaturation at 95°C for 5 min, 35 

cycles denaturation at 95°C for 30 s, annealing at 62°C for 1 min, and extension at 72°C for 

1 min, followed by 10 extensions at 72°C. 

 

Histology and imaging 

The whole left lungs from female mice at day 42 were harvested by filling with Tissue-Tek® 

O.C.T.TM Compound (Sakura Finetek, Tokyo Japan), fixed in 10% formalin for 24 hours, 

embedded in paraffin and cut into 5 µm thick sections for immunohistochemistry staining. 

Sections were stained for E-cadherin as previously described (9) using purified mouse anti-
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E-cadherin antibody (Catalog No. 610182, BD Biosciences, New Jersey, USA). Images were 

acquired using a Hamamatsu scanner microscope and analysed using Aperio Image Scope. 

 

Flow Cytometry 

Male mice were sacrificed at 3 weeks (W3) and female mice were sacrificed at 6 weeks (W6) 

and right superior lobes were collected and mechanically digested to obtain single cells which 

were split into two mixes. The cells were incubated with 2% normal rat serum and Fc receptor 

antibody to reduce non-specific binding, followed by staining with monoclonal antibodies 

directed against CD3, CD5, CD19, NK1.1, FcERI, CD11b, CD11c, GR1, TER119, CD4, 

CD45, CD127, KLRG1, T1/ST2, GATA3 and a fixable live/dead marker for the first mix 

(Table S1). For the second mix, monoclonal antibodies directed against CD4, CD11b, 

CD11c, SiglecF (CD170), F4/80, major histo-compatibility complex class 2 (MHC II), GR1 

and a fixable live/dead marker were used (Table S1). The gating strategy, which has been 

adopted from a previous study (13) is described in the supplementary data (Figure S1 & S2). 

Acquisition of both the 8-color sample mixes was done using BD FACSVerse™ flow 

cytometer (BD biosciences). Final analysis and graphical output were performed using 

FlowJo software (BD biosciences).  

 

Statistics 

All statistical analyses were performed using GraphPad Prism (Graphpad software, San 

Diego, USA). Non-parametric Kruskal-Wallis test was performed to assess for significant 

differences between the wild type (Cre-) and knockout (Cre+) mice and treatment with HDM 

or PBS. Multiple comparisons between different groups were done by uncorrected Dunn’s 

test. P < 0.05 was considered statistically significant.  

 

Results 

Effects of downregulation of E-cadherin in all epithelial cells 

To assess whether specific downregulation of E-cadherin in the airway epithelium results in  

manifestations specific for asthma and increases sensitivity to allergens, we compared 3 

different models of loss of E-cadherin in the respiratory epithelia: model 1 inducing loss in 

all lung epithelial cells (SP-C-rtTA/(tetO)7-Cre/Cdh1fl/fl with doxycycline during 

pregnancy, Fig. 1A), model 2 inducing loss in all airway epithelial cells, but not in alveolar 

epithelial cells (CCSP-rtTA/(tetO)7-Cre/Cdh1fl/fl with doxycycline during pregnancy, Fig. 
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3A) and model 3 inducing loss of E-cadherin only in club cells (CCSP-rtTA/(tetO)7-

Cre/Cdh1fl/fl with doxycycline after birth, Fig. 5A) and assessed E-cadherin and 

inflammatory parameters at baseline (PBS challenge) and upon chronic HDM exposure. 

 

Next, we performed an initial sensitization followed by chronic house dust mite (HDM) 

exposure (Fig. 1A, 3A, 5A), which was adapted from a previous model model (14), aiming 

to achieve significant allergic airway inflammation (9). 

 

Histological analysis in model 1 at 6 weeks after birth showed that the expression of E-

cadherin was significantly decreased in the Cre+ mice compared to Cre- mice treated with 

PBS (Figure 1B,C). We also observed partial denudation of epithelial cells in the airways of 

Cre+ mice, while the remaining epithelial cells in the airways of all the Cre+ mice retained 

the expression of E-cadherin. HDM treatment significantly decreased the E-cadherin 

expression in Cre- mice to a similar extent as the E-cadherin knockout (Figure 1B,C). Cre+ 

mice also showed enlargement of alveolar airspaces resembling emphysema (Figure 1D). 

 

As soon as at 3 weeks after birth, there was a significant increase in the number of T helper 

2 (Th2) cells, dendritic cells (DCs) and eosinophils, in Cre+ compared to Cre- group (Figure 

2A-C). There was also a trend towards decrease in the alveolar macrophages (AMs) in Cre+ 

compared to Cre- mice (Fig. 2D). The significant increase in the Th2 cells, DCs, eosinophils 

and significant decrease in AMs was still observed in 6-week old Cre+ mice compared to the 

Cre- group (Figure 2E-H). Remarkably, HDM treatment did not have a significant effect on 

the lung infiltration of any inflammatory cells in female mice at 6 weeks in either Cre- 

controls or Cre+ mice (Figure 2E-H). In addition, the significant differences in Th2 cells, 

eosinophils and AMs between PBS-exposed Cre- and Cre+ mice were also retained in the 

HDM-treated groups (Figure 2E,G,H). 

 

 

 

 

  



78 

 

 

Figure 1: Conditional knock out of E-cadherin in mice specifically in SP-C expressing cells during embryonic 

development (model 1). (A) Floxed E-cadherin mice (Cdh1fl/fl) were crossed with SP-C-rtTA/(tetO)7-Cre mice to 

obtain both homozygous Cdh1fl/fl Cre+ mice (SP-C-rtTA+/(tetO)7-Cre+/Cdh1fl/fl) and Cdh1fl/fl Cre− mice (SP-C -

rtTA+/(tetO)7-Cre−/Cdh1fl/fl) mice. Doxycycline-containing chow was provided ad libitum to the pregnant dams till 

the pups are born. The Cre+ or Cre- pups are initially sensitized, followed by chronic treatment with HDM. (B) IHC 

staining for E-cadherin was performed on paraffin embedded sections of lung tissue from female Cre- (wild type) 

and Cre+ (knock out) mice treated with HDM/PBS at 6 weeks (Scale bar – 200 µm). (C) The total amount of E-

cadherin stain per unit length (perimeter) of airway was quantified with color deconvolution method using ImageJ. 

Data is presented as median ± IQR; *=p<0.05, Kruskal-Wallis test. (D) Hematoxylin and eosin (H & E) staining 

was performed on lung sections to visualize the lung parenchyma of PBS-treated female Cre- and Cre+ mice at 6 

weeks (Scale bar – 1 mm). 
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Figure 2: Effect of E-cadherin knockout in SP-C-expressing cells during embryonic development (Model 1) on the 

inflammatory cell population in 3-weeks old male Cre- (wild type) and Cre+ (knock out) mice (A-D). Effect of 

sensitization and chronic treatment with HDM on the inflammatory cell population in female Cre- and Cre+ mice at 

6 weeks (E-H). 

 

Effects of E-cadherin loss in airway epithelial cells 

We observed a significant decrease in the expression of E-cadherin in Cre+ mice compared 

to Cre- mice treated with PBS (Figure 3B,C). Similar to model 1, we also observed partial 

denudation of epithelial cells in the airways and surprisingly also enlarged alveolar airspace 

in Cre+ mice compared to Cre- mice (Figure 3B, D). Interestingly, HDM did not have any 

effect on the expression of E-cadherin in Cre- mice (Figure 3B, C). 

Similar to model 1, airway epithelial specific knockdown of E-cadherin resulted in a 

significant increase in the Th2 cells, DCs, eosinophils and a significant decrease in the AMs 

in lung tissue both at 3-week and 6-week s after birth in Cre+ mice compared to the Cre- group 

(Figure 4A-H). In this model, we observed that HDM treatment significantly increased the 

number of DCs and eosinophils in Cre- mice (Figure 4F, G), but there was no further increase 

in the HDM-induced inflammation in Cre+ mice. 
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Figure 3: Conditional knock out of E-cadherin in mice specifically in CCSP expressing cells during embryonic 

development (model 2). (A) Floxed E-cadherin mice (Cdh1fl/fl) were crossed with CCSP-rtTA/(tetO)7-Cre mice to 

obtain both homozygous Cdh1fl/fl Cre+ mice (CCSP-rtTA+/(tetO)7-Cre+/Cdh1fl/fl) and Cdh1fl/fl Cre− mice (CCSP-

rtTA+/(tetO)7-Cre−/Cdh1fl/fl) mice. Doxycycline-containing chow was provided ad libitum to the pregnant dams till 

the pups are born. The Cre+ or Cre- pups are initially sensitized, followed by chronic treatment with HDM.  (B) IHC 

staining for E-cadherin was performed on paraffin embedded sections of lung tissue from female Cre- (wild type) 

and Cre+ (knock out) mice treated with HDM/PBS at 6 weeks (Scale bar – 200 µm). (C) The total amount of E-

cadherin stain per unit length (perimeter) of airway was quantified with color deconvolution method using ImageJ. 

Data is presented as median ± IQR; **p<0.01, Kruskal-Wallis test. (D) Hematoxylin and eosin (H & E) staining was 

performed on lung sections to visualize the lung parenchyma of PBS-treated female Cre- and Cre+ mice at 6 weeks 

(Scale bar – 1 mm). 
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Figure 4: Effect of E-cadherin knockout in CCSP-expressing cells during embryonic development (Model 1) on the 

inflammatory cell population in 3-weeks old male Cre- (wild type) and Cre+ (knock out) mice (A-D). Effect of 

sensitization and chronic treatment with HDM on the inflammatory cell population in female Cre- and Cre+ mice at 

6 weeks (E-H). 

 

Effects of E-cadherin loss in club cells 

In contrast to model 1 and 2, we only observed a partial downregulation of E-cadherin at 6 

weeks after birth in Cre+ mice (Figure 5B,C). Although HDM treatment did not reduce E-

cadherin expression in Cre- mice, it tended to decrease E-cadherin expression in Cre+ mice 

(Figure 5B,C). The differences in E-cadherin expression between Cre- and Cre+ mice became 

significant upon HDM exposure (Figure 5B,C). The partial denudation of airway epithelial 

cells and increased alveolar airspaces were also observed in the Cre+ mice of model 3 

compared to Cre- mice (Figure 5D). 

 

In this model, no significant differences were observed in the number of eosinophils, Th2 

cells, DCs and AMs between Cre+ mice and the Cre- controls in the 3-week old male mice 

(Fig. 6A-D). At 6 weeks, however, we observed a significant increase in eosinophils, and sig- 
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Figure 5: Conditional knock out of E-cadherin in mice specifically in CCSP expressing cells during postnatal 

development (model 3). (A) Floxed E-cadherin mice (Cdh1fl/fl) were crossed with CCSP-rtTA/(tetO)7-Cre mice to 

obtain both homozygous Cdh1fl/fl Cre+ mice (CCSP-rtTA+/(tetO)7-Cre+/Cdh1fl/fl) and Cdh1fl/fl Cre− mice (CCSP-

rtTA+/(tetO)7-Cre−/Cdh1fl/fl) mice. Doxycycline-containing chow was provided ad libitum to the weaning 

mother/pups after birth. The Cre+ or Cre- pups are initially sensitized, followed by chronic treatment with HDM.   

(B) IHC staining for E-cadherin was performed on paraffin embedded sections of lung tissue from female Cre- (wild 

type) and Cre+ (knock out) mice treated with HDM/PBS at 6 weeks (Scale bar – 200 µm). (C) The total amount of 

E-cadherin stain per unit length (perimeter) of airway was quantified with color deconvolution method using ImageJ. 

Data is presented as median ± IQR; *p<0.05, Kruskal-Wallis test. (D) Hematoxylin and eosin (H & E) staining was 

performed on lung sections to visualize the lung parenchyma of PBS-treated female Cre- and Cre+ mice at 6 weeks 

(Scale bar – 1 mm). 
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Figure 6: Effect of E-cadherin knockout in CCSP-expressing cells after birth (Model 1) on the inflammatory cell 

population in 3-weeks old male Cre- (wild type) and Cre+ (knock out) mice (A-D). Effect of sensitization and chronic 

treatment with HDM on the inflammatory cell population in female Cre- and Cre+ mice at 6 weeks (E-H). 

 

nificant decrease of AMs in lung tissue in Cre+ mice treated with PBS compared to the Cre- 

controls (Figure 6G). HDM treatment induced an increase in eosinophils and Th2 cells in 

Cre- mice (Figure 6E,G). In Cre+ mice, however, no further increase in the number of 

eosinophils and Th2 cells was induced by the HDM treatment, while the baseline differences 

between Cre+ and Cre- mice were retained also in the HDM treated groups (Figure 6E,G). 

 

Discussion 

In the current study, we investigated the effects of HDM in three different mouse models 

designed to allow deletion of the E-cadherin gene in different populations of lung epithelial 

cells, the first model used to induce loss of E-cadherin in all the lung epithelial cells, the 

second one to induce loss of E-cadherin only in airway epithelial cells during embryonic 

development and the third one to restrict E-cadherin deletion after birth only in club cells. 

While model 1 and model 2 show spontaneous infiltration of DCs and eosinophils in E-
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cadherin knockout (Cre+) mice at 3 weeks after birth, model 3 lacked this early inflammatory 

response. This may well be because of the difference in the timing of the deletion of E-

cadherin in model 3, where doxycycline is administered after birth. All three models 

displayed epithelial denudation, in degrees that correspond to the anticipated extent of the E-

cadherin loss, as well as airspace enlargement/loss of alveolar septa. Our data confirms that 

the loss of E-cadherin in the airway epithelium induces spontaneous airway inflammation 

with the type and time of induction depending on the subset of epithelial cells targeted for E-

cadherin deletion. 

 

Though spontaneous inflammation was observed in the Cre+ mice for all the three models, 

there were some subtle differences. For instance, increased numbers of DCs and eosinophils 

in Cre+ mice at 3 weeks were only observed in models 1 and 2, but not in model 3. This 

suggests that the early innate immune response is dictated by the timing of the doxycycline 

administration and consequently, the timing or extent of loss of E-cadherin. In model 1, an 

early eosinophilic inflammation at 3 weeks is followed by a type-2 immune response at 6 

weeks, which is indicated by the increased differentiation of Th2 cells in Cre+ mice. Of 

interest, early eosinophilic inflammation has been reported in children before the clinical 

diagnosis of asthma (15), and it will be of interest to study whether the loss of E-cadherin 

and epithelial barrier dysfunction is an early event upon exposure to allergens and has an 

important role in the development of type-2 inflammation during the inception of asthma in 

these young children. In contrast to model 1, the Th2 cell response in lung of Cre+ mice 

compared to wild type (Cre-) controls was absent in models 2 and 3. This suggests that the 

infiltration of Th2 cells might be dependent on the extent to which airway epithelial cells 

have lost E-cadherin, particularly in alveolar epithelial cells. Also, unlike in model 1, HDM 

induced an increase in eosinophils in Cre- mice at 6 weeks in both models 2 and 3. In contrast, 

HDM downregulated E-cadherin only in the Cre- mice of model 1. It is not fully clear why 

effects of HDM varied between wild type mice generated from SP-C and CCSP lines. One 

explanation seems to be the substantial within-group variance after quantification of the E-

cadherin staining, impacting on the power to detect differences between the groups. There 

may also be some intrinsic differences between the SP-C and CCSP mouse lines which have 

been maintained as independent mouse lines for a large number of generations. These might 

impact on the sensitivity for HDM-induced loss of E-cadherin. With respect to the effect of 

HDM in Cre+ mice, we did not observe any differences in all the three models. The lack of 
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additional effects of HDM in Cre+ mice suggests that the loss of E-cadherin achieved with 

the Cre-mediated recombination event cannot be further educed by HDM exposure, 

indicating that the cells that retain E-cadherin expression in the airway wall in the three 

models might be resistant to HDM-induced E-cadherin loss. In model 1, we previously 

postulated these cells to be some progenitor that can escape loss of E-cadherin during 

development, and later contribute to (limited) repopulation of the airway wall after birth (9). 

A similar mechanism may be active in model 2, whereas in model 3 no E-cadherin positive 

cells were observed in the HDM treated Cre+ mice. This indicates that the selective pressure 

for repopulation of the airway wall by an unidentified progenitor population might not be as 

high in this model driven by postnatal rather than embryonic doxycycline administration. 

This would agree with the observed reduced level of spontaneous airway inflammation at 

week 3, as well as the relatively mild loss of E-cadherin at week 3 in this model. 

 

In all three models, we observed that some airway epithelial cells of Cre+ mice retained the 

expression of E-cadherin. A specific subset of stem/progenitor cell populations that lacks the 

expression of SP-C may be responsible for the retention of E-cadherin expressing cells in 

model 1 (16). Alternatively, CCSP is extensively expressed in most of the airway epithelial 

cells during the embryonic development, but its expression gradually decreases later during 

the development after birth (12). This could explain why E-cadherin may have been partially 

recurred in model 2, but to a greater extent in model 3. The damage to the alveolar epithelial 

cells resembling emphysema in all three models alludes to possible off–target effects of the 

rtTA and/or Cre. Though the activity of rtTA has been reported to cause emphysema even in 

the absence of doxycycline both in SP-C-rtTA and CCSP-rtTA control mice (17,18), we did 

not observe any alveolar epithelial damage in the Cre- mice that also express rtTA driven by 

SP-C or CCSP promoters. The more likely reason, therefore, could be the imperfect 

regulation of Cre expression, leading to E-cadherin loss in alveolar epithelial cells, and 

thereby loss of viability of these alveolar epithelial cells, and as a consequence, emphysema 

(19). In model 1, where the Cre recombinase is active during the embryonic stage, we have 

previously shown that the lung development was normal at birth but deteriorated at 4 and 10 

weeks (9), suggesting that the damage in the parenchyma could be a consequence of E-

cadherin knock-out. However, it is confounding how the E-cadherin knock-out targeted to 

the airway epithelial cells and club cells in models 2 and 3 respectively could also cause 

damage to the alveolar niche. We speculate that loss of a specific subset of airway epithelial 
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progenitor cells at the broncheoalveolar junction with loss of E-cadherin is involved in the 

renewal of alveolar epithelial cells which might contribute to loss of alveolar cells and the 

observed emphysematous lesions, even if the differentiated alveolar cells retain expression 

of E-cadherin. This hypothesis will be investigated in future studies. 

 

Alveolar macrophages (AMs) are the major subtype of the macrophages found in normal 

mouse lung, while other obscure subsets of macrophages include interstitial macrophages 

(IMs), classical (Ly6C+) and non-classical (Ly6C-) monocytes/macrophages, which can 

together be referred as non-alveolar macrophages (13,20). AMs not only maintain lung 

homeostasis predominantly by suppressing inflammation, but also exhibit anti-inflammatory 

properties in some cases (21). Here we observed that AMs, identified as F4/80+ CD11b- 

SiglecF+, were significantly decreased in Cre+ mice at 6 weeks in all the three models, which 

could be a consequence of the loss of the alveolar niche. Previously, we have shown that the 

loss of E-cadherin leads to increased EGFR signaling, resulting in the release of pro-

inflammatory cytokines like CCL17, CCL20 and TSLP (6). In addition, we have shown that 

specific inhibition of β-catenin/CBP signaling reduced the HDM-induced CCL20 (22). As 

EGFR is a target gene of β-catenin signaling (23), future studies should be directed towards 

investigating the role of β-catenin in airway inflammation in mice by specifically inhibiting 

β-catenin signaling. 

 

In conclusion, we show that knockout of the E-cadherin in airway epithelial cells induced 

airway inflammation, which was dependent on the extent of epithelial cells in which the E-

cadherin loss was induced, while eosinophilic inflammation was observed in all the models 

at 6 weeks. Knock-out of E-cadherin in all the mouse lung epithelial cells controlled by SP-

C promoter during embryonic stage exclusively showed infiltration of Th2 cells. Finally, our 

data shows that the conditional knockout of E-cadherin in mice does not lead to aggravated 

immune responses upon chronic HDM treatment, indicating that downregulation of E-

cadherin is sufficient to induce an airway inflammatory response. 
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Supplementary data 

Table S1: Markers used for identification of different inflammatory cell types in mice using 

flow cytometry: 

Mix 1 Mix 2 

Lineage 

(Lin) PE 

CD3 CD4 BV605 

CD5 CD11b PE 

CD19 CD11c APCeF780 

NK1.1 CD170 (Siglec F) PerCPCy5.5 

FcERI F4/80 PECy7 

CD11b MHCII (I-Ad) FITC 

CD11c GR1 (Ly6G) APC 

GR1 (Ly6G)  

Ter119  

CD4 BV605  

CD45 APC  

CD127 APCeF780  

KLRG1 PerCPCy5.5  

T1/ST2 FITC  

GATA3 PECy7  

 

Cells Markers 

T helper 2 (Th2) cells Lin+ CD4+ GATA3+ T1/ST2+ 

Dendritic cells (DCs) CD11c+ F4/80- 

Eosinophils (EOs) F4/80+ CD11b+ SiglecF+ 

Neutrophils (Neutros) F4/80- CD11b+ Ly6G+ 

Macrophages AMs + NAMs 

Alveolar macrophages (AMs) F4/80+ CD11b– SiglecF+ 

Non-alveolar macrophages (NAMs) F4/80+ CD11b+ SiglecF- 
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Figure S1: Gating strategy for the flow cytometry on inflammatory cells in lung tissue for total lymphocytes, CD4+ 

T-cells and T helper 2 cells. 
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Figure S2: Gating strategy for the flow cytometry on inflammatory cells in lung tissue for dendritic cells, 

eosinophils, neutrophils, macrophages, and their subtypes. 
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