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ABSTRACT
Similar to other epithelia, a network of dendritic cells (DC) constantly screens the lung 
tissue for invading pathogens. In recent years it has become evident that DC not only play 
a key role in mounting a protective immune response but also contribute to the induction 
and maintenance of immune tolerance. Failure to maintain the balance between immunity 
and tolerance in the lung entails fatal consequences such as the development of allergic 
asthma. Since recent experiments have indicated a role for β-catenin in DC-mediated 
tolerance we wanted to determine whether β-catenin signaling exerts a similar function 
in pulmonary DC in vivo. To this aim, we have generated DC-specific mutant mice 
that express a stabilized form of β-catenin and analyzed them in steady state and OVA-
induced allergic asthma. In DC-βcatex3 mice, prominent features of allergic asthma like 
airway hyper-responsiveness, eosinophilia and inflammatory cytokines were significantly 
decreased as compared to WT controls. Moreover, the numbers of regulatory T cells in 
the lungs of mutant mice were twofold enhanced which supports a role for β-catenin in 
promoting a regulatory DC phenotype.
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INTRODUCTION
The lung, in contrast to most other epithelia, provides a relatively sterile microenvironment, 
as cilia and mucus production sweep off most of the inhaled macroscopic particles 
and airborne antigen (Ag) within one day (1). Environmental antigens that manage to 
overcome this first line of defense face an extensive network of dendritic cells (DC), 
which screen the lung for invading pathogens (2). In the lung a meticulous control of 
immunity and tolerance is vital since an inappropriate immune response to inhaled Ag 
would impair the respiratory function. Sometimes this entails life threatening situations 
for instance during an asthma attack in response to an allergen. Globally about 300 million 
people suffer from asthma with prevalence rising (3). Besides constituting a financial 
burden to the health care budget, asthma severely compromises the quality of the life of 
the patients by inflammation, obstruction and hyper-responsiveness of the airways (4, 5). 
Murine models of allergic asthma have been established to study the mechanisms that 
induce or contribute to the pathology of asthma in vivo (6). In particular, the role of DC 
to induce the TH2 driven allergic response was the subject of intensive research in recent 
years (7), especially as DC present a promising target to develop new immunotherapies 
in the future.
DC are central to the induction of adaptive immunity based on their unique capacity to 
sample and transport Ag to draining lymph nodes (LN) and instruct Ag-specific naïve 
T cells to elicit a protective immune response (8, 9). To discriminate dangerous from 
self- and innocuous foreign antigen, DC are equipped with receptors that enable them 
to specifically recognize pathogen-associated patterns (e.g. Toll-like receptors (TLR) or 
C-type lectin receptors) (10). Internalization of pathogen-derived Ag in combination with 
inflammatory signals stimulates DC maturation into immunogenic DC. DC maturation 
is characterized by the upregulation of MHC II, co-stimulatory molecules (e.g. CD80/86) 
and CCR7, a chemokine receptor that guides DC migration to the draining LN (8, 11, 
12). 
In a murine model of allergic asthma, depletion of DC prior to antigen challenge abolishes 
characteristic symptoms like airway hyper-responsiveness (AHR), eosinophilia and the 
production of inflammatory cytokines (13). This finding points out that besides T cell 
priming (7), DC are critical for the maintenance of the TH2-driven asthma response.
On the other hand, during recent years it has become evident that DC not only play 
an essential role in conferring immunity, but also critically contribute to the induction 
and maintenance of immune tolerance. DC that transport self- or innocuous Ag to the 
draining LN during steady state are assumed to induce and maintain peripheral tolerance 
either by deleting self-reactive T cells, rendering them unresponsive or converting 
them into regulatory T cells (Treg) (14-16). Thus, as the induction of a TH2 response is 
dependent on instructions from DC such as Ag presentation and co-stimulation, a better 
understanding of DC regulation and function may provide new therapeutic approaches 
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for the treatment of allergic asthma.
Mediating the two opposing tasks of inducing immunity and tolerance vitally relies on 
the coordinated differentiation, migration and maturation of DC. While many of the 
pathogen-derived and inflammatory signals that drive immunogenic DC maturation 
have been unraveled, the signals that prompt DC to acquire a tolerogenic phenotype 
remain elusive. However, recent in vitro experiments demonstrated that overexpression 
of β-catenin in bone marrow-derived DC (BMDC) results in phenotypically mature DC, 
which express high levels of MHC II, CD86 and CCR7. In contrast to TLR-stimulated DC 
these DC failed to produce inflammatory cytokines and were incapable to stimulate T cell 
proliferation but instead induced IL-10-secreting Treg. Collectively, this data implied a 
critical role for β-catenin signaling in promoting a tolerogenic DC phenotype.
β-catenin regulates gene expression as central and non-redundant component of 
the canonical WNT signaling pathway. In absence of a WNT signal, free β-catenin is 
rapidly cleared from the cytosol as it is sequestered by a complex that targets β-catenin 
for proteasomal degradation. Conversely, WNT signaling inactivates the degradation 
complex, which allows the accumulation of β-cateni to enter the nucleus and initiate 
gene transcription. More recently, Manicassamy et al. have linked DC-specific deficiency 
of β-catenin in the intestine to enhanced inflammation in a model of inflammatory 
bowel disease. In particular, β-catenin deficient DC from the intestine showed decreased 
secretion of anti-inflammatory molecules such as retinoic acid converting enzymes, IL-10 
and TGF-β (17). To further address the in vivo role of β-catenin signaling in controlling 
DC function, we have generated DC-βcatex3 mice, which express a stabilized form of 
β-catenin selectively in CD11c+ cells. Here we analyzed DC-βcatex3 mice in a murine 
model of allergic asthma to determine the effects of DC-specific stabilization of β-catenin 
on DC and T cell homeostasis in the lung. 

RESULTS

No enhanced phenotypic BMDC maturation despite efficient 
β-catenin stabilization
To analyze the effect of β-catenin signaling on DC function in vivo we have constructed 
mice in which exon 3 of the β-catenin locus is removed selectively in DC by Cre/loxP-
mediated conditional mutagenesis (18). Exon 3 contains serine/threonin residues, which 
are phosphorylized by a protein complex in the absence of WNT signaling and target 
β-catenin for proteasomal degradation. Therefore, deletion of exon 3 results in expression 
of stabilized β-catenin, which accumulates in mutant cells (chapter 2). To determine 
whether β-catenin is stabilized in DC of DC-βcatex3 mice, we analyzed its expression in 
BMDC of mutant mice by flow cytometry. As depicted in figure 1A, DC-βcatex3 mice 
showed robust recombination in CD11c+ DC indicated by a marked increase of β-catenin 
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levels as compared to WT (Fig. 1A). Retroviral overexpression of β-catenin in BMDC 
was described to lead to a phenotypic DC maturation, characterized by upregulation 
of MHC II, and co-stimulatory molecules in the absence of proinflammatory cytokine 
production (19). Therefore, we compared the expression of the maturation markers 
CD80, CD86, MHC II, CCR7 and CD40 in WT and DC-βcatex3 BMDC. In contrast to in 
vitro manipulated WT BMDC (19), we did not detect enhanced expression of any of the 

A

β-catenin MHCIICD86

B

CD80

CCR7 CD40

WT
DC-βcatex3

isotype

Figure 1. Efficient β-catenin stabilization in BMDC
Mutant and WT BM precursors were cultured with GM-CSF and CD11c+ cells were analyzed for 
the expression of β-catenin by intracellular FACS. (A) β-catenin levels are significantly elevated 
in DC-βcatex3 cultures (day 9 of culture). (B) WT and DC-βcatex3 CD11c+ BMDC were analyzed 
for CD86, CD80, MHC II, CCR7 and CD40 expression by flow cytometry. 

maturation markers in DC-βcatex3 BMDC (Fig. 1B). Thus, despite efficient expression of 
stabilized β-catenin, our data do not suggest a role for β-catenin signaling in the regulation 
of BMDC maturation. We therefore sought to determine a functional phenotype in vivo. 

Increased phenotypic maturation of pulmonary DC and reduced 
numbers of alveolar macrophages in DC-βcatex3 mice
The lung harbors multiple DC populations, with all conventional DC (cDC) being 
CD11c+. Furthermore, pulmonary DC can be subdivided into a CD11b+ and a CD11bneg 
population the latter of which co-expresses CD103 (7, 20). Notably, alveolar macrophages 
(aMΦ), in contrast to most other macrophage populations, also express high levels of 
CD11c but are low or negative for CD11b (21). Examination of lungs from DC-βcatex3 
and wild type (WT) mice demonstrated robust stabilization of β-catenin in both, CD11c+ 

CD11b+ DC and CD11c+ CD11bneg cells, comprising both DC and macrophages (Fig. 2A). 
Unexpectedly, there was a significant decrease of at least 50% of the resident CD11c+ 

cell population in the lungs of mutant mice (Fig. 2B). More detailed analysis of total 
CD11c+ cells revealed that the two main cDC populations were not affected, as the 
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frequency of CD11b+ CD103+and CD11bneg CD103+ cells was similar to WT. Instead, the 
fraction of CD11chigh cells, including the alveolar macrophages (aMF; CD11c+ CD11blow/

neg CD103neg), was significantly reduced (Fig. 2C). Conversely, the frequency of CD11cneg 
CD11bhigh cells was enhanced (Fig 2C, bottom panel). The CD11cneg CD11bhigh population 
are monocytes that enter the lung from the blood stream to replenish DC (22) and 
interstitial macrophages (23). To assess whether DC-specific stabilization of β-catenin 

Figure 2. Efficient stabilization of β-catenin in pulmonary DC
(A) Efficient stabilization of β-catenin in pulmonary CD11c+ cell populations of DC-βcatex3 mice. 
CD11c+CD11blow and CD11c+CD11b+ cells from lungs of WT and DC-βcatex3 mice were analyzed 
for β-catenin expression by intracellular staining and flow cytometry. (B) Total CD11c+ cells 
are strongly decreased in lungs of DC-βcatex3 mice (n=3-4; one representative experiment out of 
4 is shown). (C) FACS analysis for CD103+ and CD11b+ DC demonstrates that the number of 
alveolar macrophages (aMF; CD11c+CD103negCD11bneg, 47 ± 1.4 vs 77 ± 1.8) and of interstitial 
macrophages and monocytes (CD11cneg CD11c+, 3.6 ± 0.5 vs 8.2 ± 0.03) but not pulmonary DC 
(CD11c+CD103+CD11bneg, 34 ± 1.1 vs 13.2 ± 1.6 and CD11c+CD103negCD11b+, 17.4 ± 2.3 vs 9.4 
± 0.3) are diminished (mean ± SD, mutant versus WT). (D) Analysis of freshly prepared aMF, 
CD11c+CD103negCD11b+ and CD11c+CD103+CD11b-DC from steady state lung tissue of DC-
βcatex3 mice for the activation markers CD40, CD80, CD86, PDL-1 and PDL-2.  (n=4). Statistics 
were calculated by using Student’s t-test; * p< 0.05, ** p< 0.005, ** p< 0.005.
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has an impact on phenotypic DC maturation in the lung, single cell suspensions of 
pulmonary tissue were analyzed for the co-stimulatory molecules CD40, CD80, CD86 
as well as programmed death ligand 1 and 2 (PD-L1 and PD-L2), which are associated 
with attenuation of immune responses (24). Pulmonary DC, in particular CD11b+ DC, 
expressed enhanced levels of co-stimulatory molecules while expression of these markers 
was decreased on aMF as compared to WT. Notably, in both CD11b+ and CD103+ DC-
βcatex3 DC, expression of the immunoregulatory molecule PD-L2, and in CD11b+ DC 
also of PD-L1, is elevated as compared to WT. In contrast, aMF express lower levels of 
PD-L1 (Figure 2D). Consequently, the stabilization of β-catenin in vivo in the different 
CD11c+ cell populations (including DC and aMF)  in lungs of DC-βcatex3mice, not only 
seems to alter maturation of pulmonary DC but also causes a marked decrease of CD11c+ 
aMF. Currently it is not clear how enhanced β-catenin signaling mediates this effect and 
how this is related to the twofold increase of CD11cneg CD11b+ cells. 

Attenuated allergic asthma response in DC-βcatex3 mice
Next, we wondered whether the constitutive activation of β-catenin affects the function of 
DC in vivo. To this aim, we investigated whether DC-βcatex3 lung DC are able to induce an 
immune response against an exogenous antigen and analyzed DC-βcatex3 side by side with 
WT mice in an OVA-based model for allergic asthma (25). On day 0 and 14 mice were 
sensitized to OVA/alum and challenged with OVA-aerosol on days 28-30. One day after the 
last challenge mice were exposed to increasing concentrations of the broncho-constrictor 
methacholine to determine AHR by whole body plethysmography. In this assay, the 
Enhanced Pause (PenH) parameter reflects the airway in response to metacholine (26). 
Corresponding to the increasing concentrations of metacholine, the PenH of WT mice 
was rising. By contrast, in DC-βcatex3mice the PenH remained at baseline levels similar to 
those that were measured upon exposure to saline (Fig. 3A). In agreement with the results 
from AHR measurements, broncho-alveolar lavage fluid (BALF) from the lungs of WT 
mice featured a distinctive increase in the number of eosinophils, a hallmark of allergic 
asthma also in humans (27). In contrast, DC-βcatex3 mice accumulated significantly lower 
numbers of eosinophils in their lungs while monocyte and lymphocyte numbers were 
comparable to WT (Fig. 3B). In addition, cytokine levels of IL-2, IL-3, IL-4, IL-5, IL-6, IL-
10 and eotaxin from BALF of DC-βcatex3 and WT mice were evaluated. While the BALF of 
mutants and controls contained similar amounts of IL-2, IL-10 and eotaxin, we observed 
significantly reduced levels IL-3 and IL-4 and a trend towards reduced levels of IL-6 and 
IL-5 in BALF of mutant mice (Fig. 3C). The inability of DC-βcatex3 DC to elicit allergic 
asthma, and in particular the decrease of the TH2 cytokines, suggests an altered CD4+ T 
cell-activation by the mutant DC. 
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Increased frequencies of nTreg and iTreg in DC-βcatex3 mice
Hence, we scrutinized the T cell populations in mediastinal LN (mLN) and lung tissue for 
clues that might explain the absent AHR response and the lack of eosinophilia in lungs 
of DC-βcatex3 mice. The frequencies of CD8+ and CD4+ T cells in mLN under steady state 
conditioins were not different from WT (Fig. 4B). In contrast, we detected about twice 
as many FoxP3+CD4+ T cells in steady state mLN of DC-βcatex3 mice as compared to WT. 
Further dissection demonstrated that not only the CD4+CD25+ T cells but, in particular,
the CD4+CD25neg T cell population exhibited a similar twofold increase in the percentage 
of FoxP3+ T cells (Fig. 4A). While these are considered to be adaptive regulatory T cells 

Figure 3. Stabilization of β-catenin in DC suppresses allergic asthma
(A) Impaired AHR of DC-βcatex3 mice in allergic asthma. WT and DC-βcatex3 mice were 
sensitized and later challenged with OVA to induce allergic asthma. Increasing concentrations 
of the broncho-constrictor metacholine administered to the mice one day after the last OVA 
challenge fails to trigger AHR in DC-βcatex3 mice contrary to WT animals. (B) Diminished 
eosinophilia in BALF from OVA-treated DC-βcatex3 mice. One day after AHR measurements the 
cells of the lumen were isolated by lung lavage. Cytospins were stained with Giemsa to determine 
the cellular composition of the BALF. DC-βcatex3 mice contained only few eosinophils in contrast 
to WT, which exhibited distinctive eosinophilia, a hallmark of allergic asthma. One out of three 
experiments is shown; * p< 0.05 by Student’s t-test. (C) The BAL fluid was tested for titers of IL-2, 
IL-3, IL-4, IL-5 (49.4 pg/ml ± 36.8 versus 75.3 pg/ml ± 26.6), IL-6 (134.2 pg/ml ± 51.4 versus 
57.64 pg/ml ± 18.7), IL-10 and eotaxin by Luminex and cytometric bead array. In lungs of DC-
βcatex3 mice IL-4 (50 pg/ml ± 8.8 versus 13.5 pg/ml ± 2.4) and IL-3 (42.1 pg/ml ± 3.5 versus 9.3 
pg/ml ± 2.8) were significantly decreased. One out of at least 2 experiments is shown; ** p< 0.001 
and *** p< 0.0006 by Student’s t-test. 
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(iTreg) induced in the periphery, the simultaneous increase in FoxP3+CD4+CD25+ T 
cells indicated that β-catenin signaling in DC expands and/or enhances the generation 
of naturally occurring Treg (nTreg) (28, 29). To find out whether the observed increase 
of Treg in DC-βcatex3 mice was restricted to the draining LN or if lung itself harbored 
higher Treg numbers, we analyzed T cells of lung tissue from mutant and WT mice 
prior to and after asthma induction. Additional staining for helios was performed to 
discriminate between nTreg (helios+) and iTreg (heliosneg) (30). CD4+ T cells from lungs 
of unsensitized DC-βcatex3 mice show a trend towards an increase in the fraction of nTreg 
(Foxp3+helios+) but not iTreg (Foxp3+heliosneg) (Fig. 4C). However, after the induction of 
allergic asthma the percentage of total Treg was increased twofold. Differential expression 
of helios revealed that both types of Treg, nTreg and iTreg, were significantly increased 
in the lungs of challenged DC-βcatex3 mice as compared to challenged WT controls. Our 

Figure 4. Increased percentage of Treg in lung and mediastinal LN
(A) Peritoneum-draining mediastinal nodes (mLN) of WT and DC-βcatex3 mutants were analyzed 
for the frequency of CD4+FoxP3+ T cells in steady-state. mLN of DC-βcatex3 mice contain more 
Foxp3+ T cells in the CD4+CD25+ and CD25neg population. (B) The overall percentage of CD4+ 
and CD8+ T cell populations of DC-βcatex3 mice in mLN are comparable to WT. (C) Steady state 
lung tissue was digested with collagenase and the CD4 T cells were analyzed for intracellular 
Foxp3 and Helios to differentiate between nTreg (Helios+) and iTreg (Heliosneg). Mutant lungs 
show a trend towards increased numbers of nTreg as compared to WT. (D) In contrast, after 
asthma induction both, numbers of nTreg and iTreg, show a significant increase in lung tissue of 
DC-βcatex3 mice as compared to WT ** p< 0.005 and *** p< 0.0005 by Student’s t-test.
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results from the analysis of Treg fractions from mLN and lung of DC-βcatex3 mice suggest 
that stabilization of β-catenin in DC stimulates both, the expansion of nTreg and the 
conversion of iTreg.

DISCUSSION
DC exert a critical role in the priming as well as in reactivating T cells after Ag challenge in 
the induction of allergic asthma in mice (31). However, against the majority of innocuous 
inhaled Ag that is transported to the lung draining LN, tolerance is induced by pulmonary 
DC (32). This suggests that at least some populations of lung DC, if not all depending on 
the stimuli they receive from their direct environment, can exert a regulatory function 
(7). Unraveling the signals that are involved in promoting a tolerogenic function in DC 
will benefit the development of DC-based therapeutic approaches to cure or at least 
ameliorate allergic asthma. Here we demonstrate an inability of DC-βcatex3 mice to 
develop allergic asthma, which together with the increased numbers of Treg, suggests 
a crucial role for β-catenin signaling in DC-mediated tolerance towards an innocuous 
foreign antigen (33).
In contrast to the phenotypic maturation obtained by overexpression of β-catenin in 
vitro (19), we did not observe enhanced maturation of BMDC from DC-βcatex3 mice. On 
the one hand, in the presence of the negative signal provided by continued E-cadherin 
adhesion in BMDC cultures, the low expression of stabilized β-catenin might have been 
insufficient to overcome the threshold to induce spontaneous maturation. Alternatively, 
genuine β-catenin expression itself was insufficient to induce phenotypic maturation 
on its own. Notably, retroviral overexpression of β-catenin in BMDC resulted in a less 
pronounced upregulation of maturation markers as compared to disruption of E-cadherin 
binding (19). Conversely, freshly prepared pulmonary CD11b+ DC displayed enhanced 
levels of the activation markers CD40, CD80 and CD86. At the same time, these DC co-
expressed higher levels of PD-L1/2, both of which exert an immunoinhibitory effect when 
binding to PD-1 on T cells (34). Furthermore, in murine allergic asthma particularly 
PD-L2 expression has been shown to be upregulated by DC and macrophages upon Ag 
challenge followed by reduced eosinophilia, AHR and a suppression of T cell activation 
(35). The enhanced expression of PDL-2 might therefore contribute to the impaired 
allergic response by DC-βcatex3 mice in asthma.
Unexpectedly, CD11c-expressing cells were significantly reduced in the lungs of DC-
βcatex3 mice. While the two cDC populations of the lung were not affected, the number 
of alveolar macrophages was considerably diminished. Notably, β-catenin stabilization 
was not only detected in DC but also in alveolar macrophages. Whether loss of these 
cells is caused by β-catenin signaling mediated apoptosis, migration or interference with 
macrophage development we do not know at this point. Alternatively, mutant DC might 
have an indirect effect on the homeostasis of alveolar macrophages. However, β-catenin 
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is known to promote cell motility for example in tumor cells and recent reports have 
suggested that macrophages from lung may be able to transport Ag to the draining LN 
(36). Nevertheless, migration of macrophages to the draining LN does not explain the 
observed increase of monocytes (CD11cnegCD11b+). On the other hand, the simultaneous
accumulation of monocytes in lungs of mutant mice could point to a block in macrophage 
differentiation. Otero et al. describe a positive role for β-catenin signaling in the regulation 
of macrophage differentiation and proliferation from bone marrow cells (37). This also 
argues against increased apoptosis as a reason for the decrease of the alveolar macrophages. 
Alternatively, DC from DC-βcatex3 mice could promote a skew from alveolar to interstitial 
macrophage differentiation, which would suggest that the increase of CD11cnegCD11b+ 
cells reflects augmented numbers of interstitial macrophages. In contrast to alveolar 
macrophages, interstitial macrophages have been reported to exert a regulatory function 
in inflammatory airway responses (38). Importantly, unlike DC, pulmonary interstitial 
macrophages were not able to convert T cells into Treg but regulated DC function by 
secreting high levels of IL-10 (38, 39). Nevertheless, as mutant and WT BALF contained 
equal amounts of IL-10, it probably does not account for the lack of characteristic 
symptoms of experimental allergic asthma in DC-βcatex3 mice. The observed decrease of 
IL-3, IL-4, IL-5 and IL-6 is in agreement with the abolished eosinophilia and AHR. IL-3 
and IL-5, which both are produced primarily by activated T cells, play an important role 
in the development and recruitment of eosinophils to the lung. Abrogation of IL-3/IL-5 
signaling in mice leads to a similarly attenuated asthma response as we have observed in 
DC-βcatex3 mice (40). The severity of airway inflammation is associated with increased 
synthesis of IgE antibody by B-cells, which requires IL-4 and T cell co-stimulation. IL-
4, which is also the most prominent TH2 polarizing factor is primarily produced by 
activated T cells and basophils but not by DC (7). As IL-4 was significantly reduced in 
BALF of DC-βcatex3, we conclude that the stabilization of β-catenin in DC, directly or 
indirectly, may affect T cell and possibly also basophil activation in vivo. Consistently, 
we find a trend to reduced IL-6 in BALF of mutant mice, an increased proportion of 
Treg in steady state mLN and an augmentation of both, iTreg and nTreg in pulmonary 
tissue after the induction of experimental asthma. Therefore we suggest that stabilization 
of β-catenin in lung DC enhances the expansion of nTreg and promotes the induction 
of iTreg, which suppress the activation of a TH2 response and thus the symptoms of 
murine allergic asthma. However, IL-6 as a characteristic inflammatory signal is usually 
not secreted at high levels in the absence of an inflammatory response in WT or mutant 
mice. Therefore, the trend towards less IL-6 in BALF does not explain the increase of Treg 
in steady state mLN. Thus, the precise mechanism by which stabilization of β-catenin in 
DC confers the tolerogenic function remains to be investigated in more detail.
In conclusion we propose that stabilization of β-catenin in DC represents a new signaling 
pathway that promotes a tolerogenic DC function in vivo. This tolerogenic function may 
be exerted through positive regulation of Treg, either by expansion of Treg and/or de novo 
conversion of T cells to a Treg phenotype.
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MATERIAL AND METHODS

Mice
Mice were kept under SPF conditions in the animal facilities of the AMC and Erasmus 
MC.  All animal experimentation was in compliance with EU as well as national laws and 
approved by the local ethical committees. Experimental mice were between 8-12 weeks of 
age and non-transgenic littermates were used as controls. Genotyping PCRs for CD11c-
Cre (41) was performed using the following Cre primers: 
sense primer: 5’-GGACATGTTCAGGGATCGCCAGGCG-3’  
anti-sense-primer: 5’-GCATAACCAGTGAAACAGCATTGCTG-3’
The floxed allele for β-catenin was identified by PCR as described by Harada et al. (18).

Bone marrow-derived DC (BMDC)
To generate BMDC, murine BM precursors from tibia and femur were cultured in RPMI 
1640 supplemented with ultraglutamine (BioWhitttaker), granulocyte macrophage–
colony-stimulating factor (GM-CSF) from X63 supernatant, 5% FBS gold (PAA 
laboratories), 0.1mM 2-mercaptoethanol (Sigma) and penstrep 100 U/ml (Lonza Vervier). 
The cultures were supplied with fresh medium every other day and maintained until day 
14. On day 7, 9, 12 and 14 the cells were analyzed by flow cytometry for expression of 
CD11c, MHC II, CD86, β-catenin and E-cadherin.

Cell preparation and flow cytometry
Lungs were minced and digested in RPMI with collagenase D (Worthington), EDTA and 
DNaseI (Sigma) at 37°C under gentle shaking for 40 minutes and then passed through a 
70µ cell strainer (Falcon). T cells from LNs were analyzed after passing the tissue through 
70µ cell strainers and direct staining with the relevant antibodies. For flow cytometric 
analysis cells were blocked with Fc-Block (2.4G2; BD Biosciences) and stained with the 
relevant antibodies in PBS/0.5% BSA: anti-MHC II PE (M5/114, BD) / Alexa 647/PercP 
Cy5.5 (M5/114, Biolegend), anti-CD11c PE (HL3, BD) / Alexa 647 (N418, eBiosciences), 
anti-β-catenin FITC / purified (14, both BD) or Alexa 647 (Cell Signalling Technology), 
anti-CCR7 Alexa 647 (4B12, Biolegend), anti-CD86 PE (GL-1, BD) / Alexa 488 (GL-
1, Biolegend), anti-Helios Alexa 488. APC-Cy7- or PE-Cy7-conjugated streptavidin was 
used to visualize biotin-conjugated antibodies (both BD Pharmingen), and goat-anti-
mouse IgG (H+L) APC (Caltag) was used to detect purified anti-β-catenin monoclonal 
antibody. Staining for FoxP3 was performed with the anti-FoxP3 PE monoclonal antibody 
and staining kit from eBiosciences according to the manufacturer’s instructions. 

Allergic asthma induction
Sensitization of WT and mutant mice was achieved by i.p. injection of 20μg OVA (Fluka, 
Switzerland) and 100μg aluminium potassium sulphate (alum, Sigma-Aldrich, Germany) 
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in 200μl sterile saline on days 0 and 14. Mice were challenged i.n. on days 28, 29 and 30 
with 100μg OVA in 50μl of PBS. AHR was measured on day 31 after exposure to increasing 
concentrations of metacholine (6.25%, 12.5% and 25%) in sterile PBS or saline alone. All 
mice were sacrificed on day 32 and BAL fluid analysis was performed to determine the 
cellular composition and cytokine profile of the lung lumen.

Cytokine measurement
IL-3 was determined by ELISA (Biloegend), all other cytokines from BAL were measured 
using either a customized Bio-Plex assay (BioRad) or cytometric bead array (Bender).
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