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ABSTRACT
Dendritic cells (DC) are key players in the adaptive immune system charged with balancing 
immunity and tolerance. Although immunity is favored when microbial or inflammatory 
mediators activate DC maturation, the mechanisms that facilitate peripheral tolerance 
remain elusive. We investigated the function of β-catenin signaling in DC, using mice with 
either DC-specific deletion or expression of a stabilized (constitutively active) form of 
β-catenin. Neither deletion nor stabilization of β-catenin had an effect on Langerhans cell 
localization in the epidermis. However, conditional mutation of β-catenin in DC resulted 
in dys-regulated contact hypersensitivity responses to topical hapten. In particular, the 
β-catenin stabilization mutant favored a tolerogenic DC phenotype in the skin, resulting 
in reduced contact hypersensitivity. Together with the elevated percentage of regulatory 
T cells in lymph nodes and spleen in steady state, our findings suggest that β-catenin 
signaling in DC plays a critical role in DC mediated tolerance in vivo. 
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INTRODUCTION
Immature DC, such as epidermal Langerhans cells (LC), are strategically positioned at 
epithelial boarders to sample antigen to the environment. Pathogen encounter or pro-
inflammatory cytokines initiate DC maturation and migration to draining lymph nodes 
(LN). In contrast to their immature precursors, mature DC express increased levels of 
surface peptide-MHC complexes, co-stimulatory molecules and secrete immunogenic 
cytokines for efficient priming of naïve T cells (1, 2). DC under steady-state conditions, are 
not immunogenic and instead contribute to immunological tolerance to self-proteins and 
innocuous environmental antigens. On the one hand, immature DC are widely assumed 
to induce T cell anergy or regulatory T cells (Treg) (3, 4), although there is little direct 
evidence to support this view. On the other hand, the signals that drive LN migration and 
promote a tolerogenic DC phenotype in the steady-state are poorly understood (2). Even 
where specific DC subpopulations have been implicated in tolerance (5-7), little is known 
regarding the signals that control their activities. At a minimum, the poor migratory and 
antigen processing capacities of immature DC suggest that they may be unable to ensure 
tolerance at an efficiency comparable to the ability of mature DC to present foreign or self 
antigens (8). 
Skin DC provide an excellent model to study the role of DC in immune regulation. 
Immature LC form a dense network in the epidermis by adhering to the surrounding 
keratinocytes via E-cadherin and β-catenin containing adherens junctions (AJ) (9, 10). 
Down-regulation of E-cadherin was suggested to be involved in the regulation of LC 
activation, but whether it causes or results from LC maturation and mobilization remains 
elusive (11-13). Disruption of homotypic E-cadherin interactions in vitro has been shown 
to cause DC maturation in the absence of TLR ligands, which in part involves activation 
of GSK3β and the transcriptional co-activator β-catenin. A large pool of β-catenin binds 
to the E-cadherin cytoplasmic domain in non-activated bone marrow (BM)-derived DC 
and in LC (14). In diverse cell types, β-catenin is activated by WNT signals, which block 
β-catenin phosphorylation and degradation thereby enabling its nuclear translocation to 
promote TCF/LEF-dependent transcription (15). In BM-derived DC loss of E-cadherin-
mediated cell attachments activates β-catenin, which triggers a unique form of maturation 
characterized by upregulation of peptide loaded MHC II, co-stimulatory molecules and 
receptors for migratory chemokines but without concomitant production of immunogenic 
cytokines. These DC present antigen to T cells, but induce a largely regulatory phenotype, 
at least in vitro or following adoptive transfer (14). Whether E-cadherin-mediated control 
of β-catenin contributes to control LC function remains elusive. Moreover, the skin 
contains different Langerin+ and negative dermal DC populations that do not express 
E-cadherin, but may still be controlled by β-catenin signaling.
To determine if β-catenin plays any role in DC function in vivo, we constructed two 
different conditional mouse mutants that either lack (DC-βcatdel) or express a stabilized 
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form (DC-βcatex3) of β-catenin selectively in CD11c+ LC and DC (16-19). Here we 
analyzed skin DC homeostasis and the regulation of skin immunity in these mice.

RESULTS

Efficient mutation of β-catenin in LC/DC 
Although mechanical disruption of E-cadherin-mediated cell-cell adhesion induced a 
mature BMDC phenotype, retroviral over-expression of β-catenin only resulted in partial 
DC maturation in vitro (14). An explanation for this finding could be that β-catenin 
over-expression alone was insufficient to induce complete phenotypic maturation. We 
therefore sought to determine the function of β-catenin signaling in DC in vivo. 
Strikingly, epidermal sheets of both DC-βcatdel and DC-βcatex3 mice displayed an intact 
LC network indistinguishable from WT (Fig. 1A). This was quite unexpected, based on 
the in vitro observation that the release of β-catenin from E-cadherin upon disruption of 
AJ or an overexpression of β-catenin results in upregulation of DC maturation markers 
such as MHC II, CD86 and CCR7, the latter of which can guide the migration of the cells 
to the draining LN. Moreover, an intact LC network despite the deletion of β-catenin 
contradicts the widely accepted idea that E-cadherin/β-catenin mediated AJ control LC 
retention in the epidermis and their migration to cutaneous LN (9-13). 
To exclude that the LC network is still intact due to inefficient mutation of β-catenin, 
freshly prepared epidermal and dermal cell suspensions were analyzed for their β-catenin 
levels by intracellular staining. A positive shift in fluorescence intensity demonstrated 
efficient stabilization of β-catenin in LC of the DC-βcatex3 mutant (Fig. 1B). Furthermore, 
β-catenin was substantially reduced (~80%) in LC of DC-βcatdel mice. In dermal DC only 
stabilization of β-catenin in the DC-βcatex3 mutant was observed, with β-catenin expression 
being absent or too low to detect, except for in a small fraction of WT DC. Notably, 
the expression of E-cadherin, the binding partner of β-catenin in AJ, was decreased in 
both, epidermal LC and the dermal DC population (presumably transmigrating LC). 
Nevertheless, in contrast to the in vitro data (14), neither stabilization nor deletion of 
β-catenin in vivo affected the immature state of LC in situ (Fig. 1C), which is consistent 
with the maintenance of an intact epidermal LC network (Fig. 1A).
The apparent lack of LC maturation and mobilization in situ in cells expressing a stabilized 
β-catenin allele suggested that β-catenin signaling was inactive or insufficient, or that 
other factors might act to regulate LC maturation. Since β-catenin can only regulate gene 
transcription after translocation into the nucleus, we determined nuclear β-catenin levels 
in LC and DC using ImageStream® technology, which allows morphologic characterization 
of a distinct cell population by parallel acquisition of flow cytometry and fluorescence 
microscopy data. In DC-βcatex3 mice, the frequency of LC, dermal and cutaneous LN DC 
positive for nuclear β-catenin was significantly increased as compared to WT, indicating 
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that mutant stabilized β-catenin indeed efficiently translocated into the nucleus (Fig. 1D 
and 1E). Thus, despite the apparent activation of β-catenin signaling, other factors in the 
epidermis appeared to limit phenotypic maturation of LC and their emigration. 

β-catenin signaling impairs CHS response
Despite the lack of obvious changes in skin DC populations and maturation, it remained 
possible that the alteration in β-catenin signaling affected the in vivo function of the LC 

Figure 1. β-catenin is dispensable to maintain an intact LC network and does not contribute to 
phenotypic maturation of LC/DC
(A) Intact LC network in DC-βcatdel and DC-βcatex3 mouse mutants. Epidermal sheets were separated 
from dermis after incubation with 20mM EDTA/PBS, fixed with ethanol and stained using anti-MHC 
II Alexa488 (bar=50 µm). The LC network of mutant mice is similar to WT. (B) Efficient target gene 
recombination in LC and dermal DC. Freshly prepared epidermal and dermal single cell suspensions 
from WT and the two mutant mouse strains were analyzed by intracellular FACS for expression of 
β-catenin and E-cadherin (epidermis gated on MHC II+, dermis on MHC II+  CD11c+ cells). The 
deletion of β-catenin leads to a partial loss of E-cadherin in LC. One out of 3 experiments is shown. 
(C) Epidermal, dermal and sLN single cell suspensions of WT and the two mutant mouse strains were 
stained for MHC II, CD86 and CCR7 to determine the maturation status of LC/DC in steady state. 
No difference could be detected between mutant and WT LC/DC. The isotype control is depicted 
in grey; one out of 3 experiments is shown. (D) Nuclear translocation of stabilized β-catenin in DC. 
Using ImageStream® technology CD11c+ cells were analyzed for their nuclear β-catenin content. BF, 
bright field; DAPI, nuclear staining. 
DC-βcatex3 DC exhibit a higher relative nuclear β-catenin internalization (Rd) in comparison to WT. 
One out of three experiments is shown
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and dermal DC. We therefore determined their ability to induce contact hypersensitivity 
(CHS), a skin DC-mediated delayed-type hypersensitivity reaction towards topically 
applied hapten (oxazolone), which manifests in redness and swelling of treated skin (20). 
While CD8+ T-cells are considered to drive the inflammatory response against the auto-
antigen covalently bound to oxazolone, CD4+ T cells are regarded to confine and attenuate 
the inflammation (21). At the peak of the response (24 h after hapten challenge), the 
increase in ear thickness of DC-βcatdel mice did not significantly differ from WT, whereas 
the DC-βcatex3 mutants displayed little if any ear swelling (Fig. 2A). At 48 h the β-catenin 
deletion mutant revealed a moderate delay in their ability to down regulate the response. 
In contrast, even after 96 h the DC-βcatex3 mutants failed to develop any significant ear 
swelling reaction (Fig. 2B). Thus, DC-specific β-catenin stabilization protects from CHS.

Figure 2. Stabilization of β-catenin in DC abrogates CHS. 
(A) Lack of hapten-induced ear swelling in DC-βcatex3 mice. WT, DC-βcatdel and DC-βcatex3 
mice were sensitized with 2% oxazolone on shaved abdominal skin and challenged with 0.5% 
oxazolone on the right ear 5 days later. Ear swelling was measured as the difference between the 
right and left ear at the indicated time points after hapten challenge (n=6). In contrast to WT 
and the two deletion mutants, DC-βcatex3 mice do not show significant ear swelling at the peak 
of response (24 h; left graph). (B) Absent ear swelling reaction in DC-βcatex3 during the entire 
course of CHS (right graph). Bars mark the mean value for each mouse line. One out of two 
experiments is shown, * p< 0.05 by Man-Whitney test.
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β-catenin stabilization does not affect maturation, migration or Ag 
uptake and presentation of LC/DC
The lack of CHS in DC-βcatex3 mice may be due to altered migration of skin DC to 
cutaneous LN and/or inefficient LC/DC maturation after inflammatory stimulation. 
Following topical FITC painting of ear skin to label and track epidermal LC, DC-βcatex3 
mice did not reveal any differences in migration kinetics or percentage of FITC+ DC 
immigrants in skin-draining LN as compared to control mice (Fig. 3A). Consistently, 
expression levels of maturation markers 48 h after FITC sensitization, when most of the 
skin DC immigrants have arrived in the LN, were similar as compared to WT (Fig. 3B). 
These data suggest a crucial role of β-catenin signaling to control DC function in vivo 
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Figure 3. β-catenin stabilization does not interfere with DC migration, Ag uptake, processing 
or presentation
(A) Unaffected migratory capacity of skin DC after FITC painting. The percentage of mutant 
FITC+ LC/DC in skin draining LN at 12, 24 and 48 h after FITC painting is similar to WT (left 
graph). (B) Skin DC immigrants from mutant mice express stabilized β-catenin (right graph) 
but do not show an increase in the expression of maturation markers. Data are representative 
of two independent experiments (n=3 mice per experimental group). (C) Unimpaired DC 
uptake, processing and presentation of DQ™ OVA. Freshly isolated LC/DC from skin draining 
LN, epidermis and dermis of mutant and WT mice take up and process DQ™ OVA with similar 
efficiency. One out of 3 experiments is shown. (D) Splenic DC from DC-βcatex3 and WT mice that 
were FACS-sorted for DQ™ OVA uptake and processing, are equally able to induce proliferation 
of OTI and OT-II T cells (n= 3 mice per experimental group). Significance was calculated by 
Student’s t-test; * p<0.05,** p<0.01.
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that does not rely on alterations in migrational behavior and phenotypic maturation of 
the DC. 
The inability of stabilized β-catenin in DC to mediate a WT CHS reaction might reflect 
a decrease in DC antigen uptake, processing or presentation preventing effective T cell 
activation. To address this possibility, DC from epidermis, dermis and cutaneous LN 
of WT or DC-βcatex3 mice were incubated with the fluorochrome–OVA derivate DQ™ 
OVA at different time points. Our data demonstrate that both LC/DC lacking β-catenin 
or expressing constitutively active β-catenin were indistinguishable from WT cells in 
taking up and processing OVA (Fig. 3C). To examine their ability to present antigen 
to T cells, we pulsed DC-βcatex3 and WT splenocytes with DQ™ OVA and subsequently 
isolated DQ™ OVA+ CD11c+ cells by FACS-sorting. The purified DC were co-cultured 
with either MHCI-restricted OT-1 or MHC II-restricted OT-II OVA-specific TCR-
transgenic T cells that were labeled with CFSE to track cell proliferation. As measured by 
flow cytometry, both DC-βcatex3 and WT DC were able to induce similar OT-1 and OT-2 
T cell proliferation (Fig. 3D). Taken together, stabilization of β-catenin does not impair 
antigen ingestion, processing or T-cell activation by primary tissue DC. 

LC/DC specific stabilization of β-catenin enhances the frequency of 
Tregs in a TGFβ-dependent way
Having excluded deficits in the migratory or T cell stimulatory potential of DC-βcatex3 
LC/DC, we assessed the T cell populations in lymphoid organs for clues that might 
explain the absent CHS response. The frequencies of CD8+ and CD4+ T cells were not 
different from WT. In contrast, we detected about twice as many FoxP3+CD4+ T cells 
in sLN and the spleen of DC-βcatex3 mice as compared to controls (Fig. 4A, left panel). 
Further analysis demonstrated that not only the CD4+CD25+ T cells but, in particular, 
the CD4+CD25neg sub-population exhibits a similar twofold increase in the percentage 
of FoxP3+ T cells (Fig. 4A, right panel). While the latter are considered to be adaptive 
Treg induced in the periphery, the increased frequency of FoxP3+CD4+ T cells in the 
thymus (Fig. 4B) indicated that β-catenin signaling in DC also enhances the generation 
of naturally occurring Treg (22, 23). Since T cell-specific stabilization of β-catenin was 
recently shown to enhance Treg survival and function (24), it is important to point out 
that in DC-βcatex3 mice there was no direct stabilization of β-catenin in the Foxp3+CD4+ 
T cells themselves (Fig. 4C). Exogenous as well as DC-endogenous TGF-β has been 
described to play an important role in the conversion of T lymphocytes to iTreg (25). 
Therefore, we studied to what extent DC from DC-βcatex3 mice are more efficient in 
Treg conversion. Moreover we were interested as to whether Treg conversion induced 
by stabilization of β-catenin in DC is based on endogenous TGF-β production by the 
DC. To this aim, GFPneg T cells from OT-II/Foxp3-GFP-DTR reporter mice (26) were 
co-cultured with OVA-loaded splenic DC from WT and DC-βcatex3 mice either in the 
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absence or with increasing concentrations of TGF-β for 96 h. The induction of Foxp3 
expression, indicated by GFP fluorescence, was measured by flow cytometry. However, 
neither in absence of TGF-β nor at any of the TGF-β concentrations applied to the DC-T 
cell cultures a significant difference in Treg conversion between mutant an WT DC was 
detected (Fig. 4D). This indicates that, at least in vitro, the capacity of DC-βcatex3 DC to 
convert Tregs depends on exogenous TGF-β to the same degree as WT DC. 

Figure 4. Increased frequency of Foxp3+CD4+ T cells in DC-βcatex3 mice.  
(A) Significant increase of total FoxP3+CD4+ T cells in DC-βcatex3 mice. Skin-draining LN 
(sLN) and spleen (spl) were analyzed for the frequency of CD4+FoxP3+ T cells in steady-state 
WT and DC-βcatex3 mutants. In particular, the CD25neg population of CD4+Foxp3+ T cells is 
elevated in DC-βcatex3 mice. Gating on CD25negCD4+ T cells the percentage of Foxp3+ T cells 
was equally increased as in the total CD4+ T cell compartment. (B) Increased frequency of 
CD25+CD4+Foxp3+ T cells in the thymus of DC-βcatex3 mice. Similar to secondary lymphoid 
organs FACS analysis of Foxp3 expression on CD25+CD4+ cells in the thymus shows a profound 
increase of Foxp3+ T cells in DC-βcatex3 mice. (C) DC and CD4+ T cells from wild-type and 
DC-βcatex3 sLN were analyzed by FACS for accumulation of stabilized β-catenin. Only LC/DC 
from DC-βcatex3 mice but neither T cells from DC-βcatex3 mice, nor DC or T cells from wild-type 
contain stabilized β-catenin. (D) FACS-sorted GFPneg CD4+ T cells from OT-2/Foxp3-GFP-DTR 
reporter mice and MACS purified DC from DC-βcatex3 and WT mice were co-cultured at a 1:5 
ratio in presence of increasing TGF-β concentrations. Foxp3 expression (=GFP expression) of 
CD4+ T cells was measured by flow cytometry after 96 h of culture. Treg conversion by mutant 
DC was comparable to WT. One out of three (A) or one out of two experiments (B-D) is shown 
(2-3 mice per group).
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DISCUSSION
Our study provides two new and fundamentally relevant insights into the in vivo regulation 
of DC function in general and LC function in particular. Firstly, despite efficient deletion 
of β-catenin and the corresponding decrease of its binding partner E-cadherin, the LC 
network was still intact in DC-βcatdel mice. This was unexpected since so far E-cadherin/
β-catenin cell adhesion was considered to be essential for retaining the immature 
LC in the epidermis (9, 10, 12). Studies of cultured epithelial cells demonstrated that 
E-cadherin is essential for establishing but not for maintaining AJ (15, 27). Likewise, our 
finding that knockout of β-catenin does not affect LC homeostasis might be attributed 
to late expression of the CD11c-Cre transgene and therefore does not lead to disruption 
of pre-existing AJ or other cell adhesion mechanisms that might play a role at a later 
time point (16). Alternatively, in DC-βcatdel mice β-catenin may be replaced by its close 
homologue plakoglobin (d-catenin) preventing deterioration of AJ (15, 27). However, the 
corresponding decrease of E-cadherin in LC/DC of DC-βcatdel mice does not support this 
theory. In either event, it is clear that continued expression of β-catenin was not required 
to maintain LC in the epidermis, suggesting that the local microenvironment in the skin 
provides additional signals governing LC maturation and migration. 
Secondly, enhanced β-catenin expression in LC/DC shifted the balance from immunity 
towards tolerance, as if the ‘steady-state’ condition was rendered more predominant over 
environmental insults that attempt to induce immune responsiveness. In the absence of any 
changes in LC/DC antigen uptake, processing and presentation, the enhanced frequency 
of FoxP3+ Treg seems the most likely explanation for the reduced responsiveness of DC-
βcatex3 mice to hapten-mediated CHS in the skin. This conclusion is consistent with the 
generation of IL-10 producing Treg by β-catenin over-expressing DC in vitro (14). In 
particular, these DC can induce a similar form of Treg-mediated tolerance due to their 
failure of immunogenic cytokine release (or other factors), which reflects a phenotypic or 
steady-state form of maturation. Jiang et al. further demonstrated that over-expression of 
β-catenin in vitro induces DC maturation, similar to the phenotypic maturation observed 
following BMDC cluster disruption, by TCF/LEF-dependent transcriptional activation. 
In particular, membrane expression of MHC II, CD86 and CCR7 were upregulated after 
cluster disruption, i.e. the cells gained the capacity to migrate to the LN (28). Intrinsically, 
it is not surprising that we cannot see enhanced DC maturation in DC-βcatex3 mice, since 
the β-catenin expression would be expected only to render somewhat more efficient the 
naturally occurring process that is manifested even in the control mice. It is also possible 
that the gradual accumulation of stabilized β-catenin, as opposed to a more synchronous 
pulse of nuclear import in response to a specific signal (e.g. cluster disruption in vitro) 
further limited the phenotypic consequences of the event. 
It remains elusive how LC/DC-specific stabilization of β-catenin causes the increased 
frequency of FoxP3+ T cells in vivo and whether they are the only reason for the 
non-responsiveness of DC-βcatex3 mice in the CHS model. The higher number of 
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CD25+FoxP3+CD4+ cells both in the thymus and the periphery, suggests that β-catenin 
signals in DC contribute to the development of naturally occurring Treg. On the other 
hand, the higher percentage of CD25negFoxP3+CD4+ cells in resting DC-βcatex3 mice 
implies DC-mediated de novo induction of CD25neg adaptive Treg in the periphery. Given 
that stabilized β-catenin in DC appeared to enhance both pathways of Treg development 
(naturally occurring and adaptive), we could not establish the relative importance of DC 
with stabilized β-catenin for the in vivo conversion of peripheral Treg in DC-βcatex3 mice 
(29). This distinction is further complicated, because FoxP3 expressing CD25neg CD4+ 
T cells can regain CD25 expression upon stimulation and, conversely, augmentation of 
CD25negFoxP3+CD4+ T cell frequencies could be caused by expansion of already existing 
Treg cells in the LN that lose CD25 expression at a later time point (30). Irrespective 
of their source, the higher frequency of FoxP3+CD4+ T cells is functionally relevant as 
demonstrated by the robust phenotype of DC-βcatex3 mice. The observation that DC from 
DC-βcatex3 mice in vitro are dependent on exogenous TGF-β to convert T cells to Treg, 
suggests that stabilization of β-catenin does neither control TGF-β production in DC nor 
enhance TGF-β dependent Treg conversion in vitro. However, the fact that DC-βcatex3 
DC do not show increased Treg conversion rates in vitro does not exclude an enhanced 
capacity of Treg conversion of mutant DC in vivo as tissue derived signals, which were not 
accounted for in cell culture, might play a role as well. In the gut for example, retinoic acid 
(RA) is contributing to enhanced DC-mediated TGF-β-dependent Treg conversion (7, 31) 
and recently similar mechanisms have been shown to be effective in the microenvironment 
of the skin and lung (32). In particular, Manicassamy et al. have shown that β-catenin 
signaling in intestinal DC is necessary for the expression of the RALDH enzymes and the 
induction of Tregs (31). However, Guilliams et al. have demonstrated lately that the ability 
to metabolize RA is restricted to distinct DC populations like CD103+ DC in the gut or 
CD103neg CD11b+ DC in the dermis, whereas splenic DC prove to be poor producers 
of RA (32). Notably, in our experiments to determine Treg conversion, we made use of 
splenic DC from DC-βcatex3 mice. Therefore, given that β-catenin signaling is only capable 
to induce the expression of RA-metabolizing enzymes in specific DC populations, using 
RALDH competent DC-βcatex3 DC from dermis instead of the spleen might reveal an 
increase of Treg conversion as compared to WT. Alternatively the increase of total Tregs 
in DC-βcatex3 mice may be explained by a DC mediated expansion of nTregs, which in 
turn can promote peripheral Treg conversion (33). A third possibility is that stabilization 
of β-catenin interferes with the balance of Th17 and Foxp3+ Treg conversion by favoring 
Treg cell conversion (34). 
Nonetheless, our work establishes β-catenin signaling as a pivotal pathway to induce a 
tolerogenic DC phenotype in vivo, most likely via the induction of FoxP3+CD4+ Treg. As 
such, modulation of β-catenin signals in LC/DC may be a promising novel approach for 
immunotherapeutic intervention in allergic and autoimmune diseases.
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MATERIALS 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 (16) was performed using the following Cre primers: 
5’-GGACATGTTCAGGGATCGCCAGGCG-3’   
5’-GCATAACCAGTGAAACAGCATTGCTG-3’
The floxed alleles for β-catenin were identified by PCR as described by Brault et al. and 
Harada et al. (17, 19).

BM-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.

Preparation of epidermal sheets and fluorescent microscopy
The preparation, staining and analysis of epidermal sheets was performed as described 
previously (20). Briefly, ears were treated with EDTA to separate dermis from epidermis, 
which was then fixed with ethanol and stained with anti-MHC II Alexa 488 (M5/114.15.2, 
Biolegend). The epidermal sheets were mounted on glass slides with Vectashield 
mounting medium (Vector Laboratories). Images were taken at RT using an Axioplan 2 
fluorescent microscope (objective 63x) in combination with an AxioCam MRm camera 
and Axiovision LE software (all from Zeiss). 
Cell preparation and flow cytometry
Mouse ears were split and incubated in HBSS with 1mM CaCl2, 10mM HEPES, 10% FCS 
and 0.5% Trypsin (EDTA free; GIBCO) for 90 minutes at 37°C to separate epidermis 
from dermis, but to prevent break down of E-cadherin. Epidermis was further digested 
in HBSS with CaCl2, HEPES, 0.05% DNaseI (Sigma), 0.01% Trypsin and 10% FCS at 37°C 
under gentle shaking for 40 minutes and then passed through a 70µ cell strainer (Falcon) 
and washed with HBSS containing 20% FCS. Lymphoid organs and dermis were digested 
with collagenase D (Worthington) and EDTA in the presence of 1mM CaCl2 and 10mM 
HEPES to facilitate release of DC. For flow cytometric analysis cells were blocked with 
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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), E-cadherin FITC (36, BD), anti-PD-L1 PE (MIH5, eBiosciences), anti-
CCR7 Alexa 647 (4B12, Biolegend), anti-CD86 PE (GL-1, BD) / Alexa 488 (GL-1, 
Biolegend) and anti-DEC205 purified from the NLDC-145 hybridoma (provided by J. 
Samsom, Erasmus MC, Rotterdam, The Netherlands) and conjugated to biotin in our 
laboratory. 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. T cells from 
spleen and LN were analyzed after passing the tissue through 70µ cell strainers and direct 
staining with the relevant antibodies.  Staining for FoxP3 was performed with the anti-
FoxP3 PE monoclonal antibody and staining kit from eBiosciences according to the 
manufacturer’s instructions. 
ImageStream® analysis
Single cell suspensions of epidermis were stained with anti-MHC II PE, dermal and skin-
draining LN cells with anti-CD11c PE and then incubated with either anti-β-catenin FITC 
or anti-E-cadherin FITC (BD Biosciences) after fixation and permeabilization with 4% 
PFA and saponin (Sigma), respectively.  The samples were analyzed on an ImageStream100 
by AMNIS Corp. in Seattle, USA and London, UK using IDEAS software (AMNIS Corp., 
Seattle USA) at 40x magnification.
CHS induction
To elicit CHS, mice were sensitized with 50µl of 2% Oxazolone (Sigma-Aldrich) in 
acetone/olive oil (AOO) 4/1 on the shaved abdomen and challenged 5 days later with 
25µl of 0.5% Oxazolone in AOO on the back of the right ear. The left ear was untreated 
and swelling responses were measured as the difference between time point 0 (before 
challenge) and at 24, 48, 72, and 96 h after hapten challenge. 

FITC painting
FITC (Sigma-Aldrich) was dissolved in DMSO and diluted to 0.5% in 1/1 acetone/
dibutylphthalate (Sigma-Aldrich). Twenty-five ml were painted onto the dorsal sides 
of both ears.  Draining LN were collected at 12, 24 and 48h after sensitization for flow 
cytometric analysis.  Cells were stained with the following monoclonal antibodies: anti-
MHC II PE, anti-CD11c Alexa647, anti-Langerin biotin (929.F3, www.dendritics.net). 
PE-Cy7-conjugated streptavidin was used to visualize biotin-conjugated antibodies.

Antigen uptake and processing
Freshly prepared single cell suspensions of skin-draining LN, epidermis and dermis were 
incubated with 50µg/ml DQTM-OVA, a self-quenching fluorochrome-OVA conjugate that 
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emits a fluorescent signal only upon proteolytic cleavage (Invitrogen), for 5, 15, 30 and 
60 minutes at 37°C or at 4°C to determine background fluorescence. Antigen uptake was 
stopped by washing the cells with ice cold RPMI and immediate fixation with 4% PFA on 
ice. The percentage of OVA processing MHC II+ (anti-MHC II Alexa647, epidermis) or 
CD11c+ cells (anti-CD11c Alexa647, dermis and skin-draining LN) was determined by 
flow cytometry (FITC channel) at the indicated time points.
T cell proliferation
Splenic single cell suspensions were incubated with 50µg/ml DQTM-OVA for 60 minutes at 
37°C and stained with anti-CD11c PE. CD11c+ DQTM-OVA+ DC were then FACS-sorted 
and co-cultured for 2.5 days with either OT-1 or OT-2 OVA-specific TCR-transgenic T 
cells (ratio of 1:5) that were labelled with CFSE to track cell proliferation. T cells were 
identified by anti-CD8a APC-Cy7 or anti-CD4 PercP Cy5.5 (both BD Biosciences) 
staining.

Treg conversion assay

Splenic single cell suspensions from OT-2/Foxp3-GFP-DTR transgenic mice were stained 
with anti-CD3 PE (145-2C11; BD Pharmingen) and CD3+ GFPneg cells were isolated by 
FACS sort on a FACSAria (Beckton Dickinson) to obtain a T cell population devoid of 
Foxp3+ Tregs. For the isolation of DC splenic single cell suspensions from DC-βcatex3 
and WT mice were stained with anti-CD11c FITC and purified with MACS FITC beads 
(Miltenyi Biotech). DC and T cells were co-cultured for 96 h at a 1:5 ratio in IMDM either 
in absence of exogenous TGF-β or supplied with increasing concentrations (0.002ng, 
0.02ng, 0.2ng, 2ng and 10ng) of TGF-β (R&D systems). Treg conversion was measured 
by GFP fluorescence, which indicates induction of Foxp3 expression, on a FACS CantoII.
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