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ABSTRACT
β-catenin is critical to cell adhesion and cell signaling in many cell types. In a complex with 
E-cadherin, β-catenin stabilizes adherens junctions and is protected from degradation. 
Conversely, free β-catenin is removed rapidly from the cytosol by proteasomal 
proteolysis unless the cell receives a WNT signal, which stabilizes β-catenin and enables 
its nuclear translocation to drive gene transcription. Recent data from in vitro and in vivo 
experiments point to a critical role for β-catenin signaling in the regulation of dendritic 
cell (DC) function. Here we have generated mice that either lack or express a stabilized 
form of β-catenin to determine whether DC-specific β-catenin signaling controls auto-
immune responses in vivo. To this aim, the mutant mice were analyzed in EAE and a 
model of graft versus host (GvH)-like disease. While β-catenin stabilization was able 
to attenuate the disease score of EAE, mutant mice developed a GvH-like response 
comparable to controls. Although the influence of the tolerogenic pathway seems to 
be either outweighed by the inflammatory conditions involved in GvH-like disease 
or bypassed by antigen-presenting cells other than DC, the diminished EAE response 
suggests that β-catenin signaling promotes a propensity towards tolerogenic DC function. 
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INTRODUCTION
As the most potent antigen presenting cells (APC) of the immune system, dendritic cells 
(DC) play a central role in regulating immunity and tolerance (1, 2). At epithelial borders 
of the body that are in direct contact with the environment, immature DC serve as first 
line of defense against invading pathogens by continuously sampling antigen (Ag) from 
their surroundings (3). The recognition of pathogen-derived Ag in combination with 
pro-inflammatory cytokines initiates DC maturation, which transforms the phagocytic 
immature DC into professional APC. This process involves dramatic functional and 
phenotypic changes: enhanced surface expression of Ag-MHC complexes and co-
stimulatory molecules together with CCR7-mediated migration to the draining lymph 
nodes (LN) enable DC to prime naïve T cells and mount a protective immune response 
(4). However, DC have been shown to migrate and transport self/innocuous Ag to 
draining LN also during steady state, that is in the absence of inflammatory stimuli and 
with similar expression of MHC II and co-stimulatory molecules (5, 6). Thus, besides 
their ability to compel inflammatory responses to clear an infection, DC are considered to 
prevent harmful autoimmune reactions by establishing and maintaining tolerance against 
innocuous foreign and self-Ag (7-9). The crucial role of DC in mediating immune tolerance 
was further supported by the finding that depletion of DC resulted in fatal autoimmunity 
(2). A failure to recognize pathogen derived Ag or to tolerate harmless or self-Ag can 
thus manifest in severe medical conditions or even result in death, which emphasizes the 
necessity of a tight control of DC function (10). In particular, DC have been discussed 
to critically contribute to the onset of the autoimmune disease multiple sclerosis (MS) 
by activating autoreactive T cells (11-13), which makes them an attractive target for new 
immunotherapeutic approaches. MS is driven by auto-reactive encephalitogenic T cells 
that infiltrate the central nervous system (CNS) and destroy the axonal myelin sheath, 
which causes progressive neurodegeneration (14, 15). Murine models for MS, such as 
experimental autoimmune encephalomyelitis (EAE), have been developed to study 
the processes that are involved in the origin and perpetuation of autoreactive immune 
responses (16, 17) In contrast to the erroneous immune response causing EAE pathology 
which is driven by autologous T cells, the autoreactive response following a BM transplant 
from a genetically different host is elicited by T cells derived from the allograft. T cells 
from the donor recognize Ag from host tissue as foreign which is why they are activated 
by the recipient’s DC. The differences of MHC antigens between donor and recipient 
contribute to an immune response against host tissue with the consequence of severe or 
fatal tissue damage generally referred to as graft-versus-host disease (GvHD) (18). For a 
better understanding of the mechanisms underlying the regulation of skin immunity and 
tolerance, Shibaki et al. have generated transgenic mice that express membrane bound 
ovalbumin (OVA) selectively in keratinocytes (K14mOVA mice) (19). The peripheral T 
cell repertoire of K14mOVA mice has been depleted of OVA-specific T cells by negative 



84

selection during T cell development in the thymus. In addition, induction of peripheral 
tolerance by skin DC presenting phagocytosed OVA during steady state prevents an 
immune response against OVA in K14mOVA mice. However, adoptive transfer of CD8 T 
cells from OT-I mice, which express an OVA-specific T cell receptor (TCR), elicits GvH-
like symptoms such as weight loss and skin lesions consistent with GvHD. 
In both, auto-immune responses and GvHD, it would be a promising strategy to be able 
to block immunopathologic reactions by inducing specific tolerance with the help of 
tolerogenic DC. While we have a detailed understanding of mechanisms that contribute 
to DC maturation into immunogenic APC, which could be attributed to pathogen 
associated patterns and inflammatory signals (4, 20-22), our knowledge about signals 
that promote a tolerogenic DC phenotype so far is very limited.
Early studies on DC migration from skin epidermis to the draining LN spurred the 
hypothesis that E-cadherin/β-catenin moderated cell signaling might be critically 
involved in the regulation of DC function (23). Immature Langerhans cells (LC) attach 
themselves to neighboring keratinocytes via E-cadherin containing adherens junctions 
(AJ), which are stabilized by interaction of β-catenin with the actin cytoskeleton (24, 25). 
Notably, LC migration to the LN is accompanied by a down-regulation of E-cadherin, 
which is assumed to release β-catenin (26). In addition to its role in cell adhesion, 
β-catenin is the central component of the canonical WNT signaling pathway, where it 
functions as a transcriptional co-activator to drive WNT-dependent gene transcription 
(24). Jiang et al. have recently shown that mechanical disruption of E-cadherin 
mediated adhesion in BMDC clusters (cluster disruption) resulted in DC maturation 
and a tolerogenic phenotype as compared to pathogen (LPS) induced maturation. In 
particular, adoptive transfer of cluster disrupted BMDC that were pulsed with myelin 
oligodendrocyte glycoprotein (MOG), a CNS derived antigen, protected mice from EAE 
(27). However, while E-cadherin expression is restricted to a few DC subsets, the vast 
majority of DC does express β-catenin (chapter 2). Therefore it is tempting to assume that 
β-catenin mediated signaling is involved in the control of DC function. Recent data from 
Manicassamy et al. support this hypothesis by demonstrating that DC-specific deletion 
of β-catenin results in gut autoimmunity (28). To determine whether the protective 
effect against EAE described by Jiang et al. could be attributed to DC-specific β-catenin 
signaling, we tested mice in EAE that either express a stabilized version of β-catenin (DC- 
βcatex3) or lack β-catenin (DC-βcatdel) selectively in DC.
Moreover, to analyze whether DC-specific stabilization of β-catenin can prevent or 
modulate GvHD in vivo, we bred K14mOVA mice (19) to DC-βcatex3 mice and determined 
whether the expression of stabilized β-catenin in DC is sufficient to suppress the GvH-
like reaction following adoptive OT-I T cell transfer. 
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RESULTS

β-catenin expression by DC is crucial to protect mice from EAE
Previous studies, using cluster disrupted BMDC loaded with MOG peptide, demonstrated 
a role for E-cadherin/β-catenin on DC in preventing EAE (27). β-catenin, which is bound 
to E-cadherin in AJ, can regulate gene transcription when it is detached from E-cadherin 
and accumulates in the cytosol (29). To determine whether β-catenin signaling in DC in 
vivo causes a similar tolerogenic effect, we analyzed DC-βcatex3 and DC-βcatdel mice in 
EAE. Mice were sensitized to MOG peptide in CFA supplemented with pertussis toxin 
and scored every other day for clinical symptoms of EAE (27). First signs of neurological 
dysfunction were detected between days 12-14 and the course of the disease was 
documented up to day 34 after sensitization with MOG peptide. DC-βcatdel mice were 
more susceptible to develop EAE as compared to WT showing an aggravated course and 
an earlier onset of the disease (Fig. 1A). In contrast, DC-βcatex3 mice merely developed 

Figure 1. β-catenin stabilization in DC 
alleviates EAE
EAE was induced by injection of 
MOG peptide in CFA on days 0 and 7, 
supplemented by injections of pertussis 
toxin on days 0 and 2. The course of disease 
in DC-βcatex3 mice (A) and DC-βcatdel (B) 
was analyzed in parallel to the EAE response 
in WT mice (n=8-14; one representative 
out of three experiments shown) (C) EAE 
induction in WT mice after immunization 
of cluster disrupted (CD) and MOG loaded 
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mild symptoms of EAE (Figure 1B). These results suggest that β-catenin signaling 
contributes to a tolerogenic DC function protecting mice from the development of EAE. 
Jiang et al have shown that adoptive transfer of MOG-loaded cluster disrupted BMDC 
protected mice from developing EAE (27). Disruption of E-cadherin binding is suggested 
to result in a release of β-catenin (26), which may be responsible for the tolerogenic 
phenotype of cluster disrupted BMDC. To analyze whether the protective effect of these 
BMDC against EAE was directly dependent on β-catenin, cluster disrupted DC-βcatdel 
BMDC were tested side by side with WT BMDC. After cluster disruption, BMDC were 
loaded with MOG peptide and used to immunize WT mice on three consecutive days 
prior to the induction of EAE as described previously (27). While immunization of 
mice with cluster disrupted WT BMDC markedly attenuated the clinical signs of EAE, 
injection of DC-βcatdel BMDC did not protect the mice from the development of EAE 
(Fig 1 C). These findings demonstrate that β-catenin is necessary for the tolerogenic effect 
observed after cluster disruption of BMDC.
In conclusion, our data are in line with earlier findings (27) and the hypothesis that 
β-catenin is not only effective but also indispensable in DC to protect mice from the 
induction of EAE.

Impaired IL-6 production by β-catenin deficient DC 
Cluster disrupted BMDC were less capable to produce inflammatory cytokines (27). This, 
together with the opposing effects of β-catenin deletion and stabilization in the course 
of EAE, prompted us to analyze the cytokine profile of the mutant DC after exposure 
to the bacterial-derived stimulus lipopolysaccharide (LPS). BMDC from WT, DC-
βcatdel and DC-βcatex3 mice were incubated with or without LPS for 6 h and then stained 
intracellularly for TNFa, IL-6, IL-10 and IL-12. Cytokine production in unstimulated 
BMDC was comparable to WT in both of the mutants and LPS stimulation induced an 
equivalent increase in cytokine production in BMDC from DC-βcatex3 and WT mice. 
Furthermore, no significant difference was detected in the production of IL-10, IL-12 
and TNFα as compared to WT. In contrast, significantly more BMDC from DC-βcatdel 
produced IL-6 as compared to WT and DC-βcatex3 (Figure 2). Thus, since a lack but not 
the stabilization of β-catenin altered the frequency of BMDC expressing IL-6 our results 
suggest that β-catenin levels might, directly or indirectly, regulate the expression of 
selected inflammatory cytokines.

DC-specific stabilization of β-catenin does not protect mice from 
OT-I induced GvH-like disease
The attenuated EAE response in DC-βcatex3 mice suggests that stabilization of β-catenin 
in DC has a tolerizing effect on T cells. To investigate the consequences of DC specific 
β-catenin stabilization on T cells, 1x106 OVA-specific T cells from OT-I mice were 
injected into the tail vein of K14mOVA/DC-βcatex3, K14mOVA and C57Bl/6 control 
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mice to induce a GvH reaction. Keratinocytes of K14mOVA/DC-βcatex3 mice express 
membrane bound OVA as a neo-self Ag, which is presented by DC of the recipient (19). 
At day 6, K14mOVA/DC-βcatex3 mice and K14mOVA positive controls but not negative 
controls (WT), which lack the cognate Ag of OT-I cells, developed severe symptoms of a 
GvH response, characterized by weight loss and skin rashes. Mice were sacrificed, OT-I 
cells (CD8+ Va2+ Vβ5+) recovered from skin draining LN and analyzed for expansion 

Figure 2. More BMDC from DC-βcatdel mice produce IL-6 after LPS stimulation 
BMDC from DC-βcatdel mice and DC-βcatex3 mice were stimulated with LPS for 6 h and then 
stained for intracellular IL-10, IL-12, TNFa and IL-6. *p< 0.05 by one-way ANOVA two 
experiments.
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Figure 3. OT-I T cells are activated and proliferate in K14mOVA/DC-βcatex3 mice
OT-I T cells were injected i.v., (A) 1x106 and (B) 5x105 into K14mOVA, K14mOVA/DC-βcatex3 
and C57/Bl6 WT mice. At (A) day 6 or (B) day 13, mice were sacrificed and the sLN were 
taken to isolate and analyze OT-I T cell proliferation (upper panels) or activation markers CD44, 
CD62L and CD69 (lower panels).
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and activation by flow cytometry. LN of K14mOVA/DC-βcatex3 and K14mOVA mice 
showed distinct accumulation of OT-I cells as opposed to WT mice (Fig. 3A, upper 
panel). In both, K14mOVA/DC-βcatex3 and K14mOVA mice, OT-I cells were CD44high and 
CD69+ but CD62Llow thus featuring an activated phenotype (Fig. 3B, lower pane). Next, 
to exclude that the unphysiologically high number of OT-I cells is overwhelming the 
small number of mutant DC, thus masking any attenuating effect of stabilized β-catenin 
expressing DC, we decided to transfer only 5x105 OT-I cells, the lowest number inducing 
a GvH-like response in our hands (M. Noordegraaf, unpublished data). Moreover, mice 
were followed for 13 days to determine whether DC-specific β-catenin stabilization 
would allow K14mOVA/DC- βcatex3 mice to recover more quickly than K14mOVA mice. 
However, analysis of OT-I cells from LN of K14mOVA/DC-βcatex3 and K14mOVA mice 
again showed strong proliferation and predominantly activated CD8+ T cells considering 
the stainings for CD44 and CD62L (Fig 3B). Further, weight loss was comparable in 
K14mOVA/DC-βcatex3 and K14mOVA mice, both of which started to regain weight at a 
similar rate after day 7 (Fig. 4A). 
As our previous results have shown (chapter 2, this theis), DC-βcatex3 mice display an 
increased frequency of Foxp3 expressing T cells which are considered to be regulatory T 
cells (Tregs). Analysis of CD4 T cells from K14mOVA/DC-βcatex3 and K14mOVA mice on 
day 13 revealed that in addition to the activation of T effector cells the overall frequency 
of Foxp3+ T cells was increased in both OVA tg strains as compared to WT. However, the 
percentage of Tregs during an ongoing GvH-like response in LN of K14mOVA/DC-βcatex3 

mice was not elevated with respect to K14mOVA mice (Fig. 4B).

Figure 4. DC-specific β-catenin stabilization does not protect from GvHD 
(A) Adoptive transfer of 5x105 OT-I T cells into K14mOVA and K14mOVA/DC-βcatex3 mice but 
not WT controls leads to progressive weight loss up to day 7. (B) Increase of CD4+Foxp3+ T cells 
on day 13 in sLN of K14mOVA and K14mOVA/DC-βcatex3 mice but not WT. In contrast to steady 
state as described in chapter 3, the percentage of CD4+Foxp3+ T cells in LN of K14mOVA/DC-
βcatex3 mice (38.97 ± 2.0 n=6) is not increased compared to K14mOVA mice (42.56 ± 1.855 n=5).
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DISCUSSION
Investigating the role of β-catenin in the regulation of DC function in vivo produced 
conflicting results with regard to the contribution of β-catenin to DC function. In 
particular, we have found that DC-specific stabilization of β-catenin in vivo is sufficient 
to attenuate an EAE response but not the development of GvH-like disease. 
Results from DC cultures and recent experiments in vivo bear evidence that signaling 
through E-cadherin/β-catenin plays a critical role in regulating DC function (27, 28, 
30). Clustering of BMDC in culture is dependent on E-cadherin and β-catenin mediated 
adherens junctions (27). Moreover, blocking of E-cadherin interactions in epithelial cells 
has been described to result in a release of β-catenin and its translocation to the nucleus 
where β-catenin induced gene transcription (31). Ko et al. have demonstrated recently 
that the injection of MOG-expressing BMDC delayed the onset of EAE (32). Nevertheless, 
in contrast to DC-βcatex3 mice or treatment of WT mice with multiple injections of 
cluster disrupted MOG loaded BMDC, the MOG expressing BMDC ultimately did not 
sufficiently suppress an induction of EAE. An explanation for this discrepancy may be the 
limited availability or persistence of tolerogenic MOG-presenting DC, suggesting that 
targeting of MOG to tolerogenic APC might enhance the protective effect. In addition 
to the periphery, CD11c+ DC have been identified in immuno-privileged sites in steady 
state such as the murine brain (33). It was shown that brain-residential DC are capable of 
instructing T cells (34), which could contribute to the development and maintenance of 
EAE pathology in addition to the role of peripheral DC. However, the exact role of brain-
residential DC in EAE pathology has not been defined so far and needs to be investigated 
in more detail. 
In line with the data from Jiang et al, using cluster disrupted BMDC loaded with MOG 
(27) our in vivo data from DC-βcatex3 mice showed marked suppression of EAE. Thus, 
the diminished EAE response in DC-βcatex3 mice and aggravated EAE in DC-βcatdel mice 
not only support our earlier finding that E-cadherin/β-catenin signaling contributes to 
a tolerogenic DC phenotype. Moreover, our data indicate that stabilization of β-catenin 
is sufficient and necessary to induce DC-mediated tolerance in the pathology of EAE 
in vivo. With the transfer of cluster disrupted BMDC form DC-βcatdel mice prior to 
EAE induction, we could further demonstrate that a lack of β-catenin abrogates the 
tolerogenic effect of cluster disruption on DC. This suggests that β-catenin is responsible 
for mediating  the observed tolerogenic DC function following cluster disruption. Even 
though WNT-signaling is commonly associated with the initiation of β-catenin signaling, 
we do not know whether a WNT signal or another yet unidentified signal causes β-catenin 
stabilization in DC in vivo. Further, except for an increased frequency of Foxp3+CD4+ T 
cells in DC-βcatex3 mice (chapter 3), we do not have a clear indication of how exactly DC 
from DC-βcatex3 mice suppress an immune response. 
Unexpectedly and in contrast to the results from EAE, DC-βcatex3 mice failed to suppress 
the inflammatory response in GvH-like disease. The discrepancy between the response 
in EAE and GvHD might be explained by the fact that the GvH-like reaction is caused 
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by an artificially high number of autoreactive T cells that share the same TCR. The 
average frequency of T cells with the same Ag specificity in the natural T cell repertoire 
is rather low (about 10 cells per clone) (35) as opposed to the 5x105 or more injected 
OT-1 cells injected to induce GvH-like disease. Therefore, tolerogenic DC might be 
simply not able to efficiently suppress OT-1 cell activation as they are outnumbered by 
their target cells. The frequency of Treg in K14mOVA/DC- βcatex3 and K14mOVA mice 
on day 13 after induction of GvHD-like disease was comparable as opposed to steady 
state conditions. This possibly indicates that the immune system in the recipient mice 
is operating at full capacity to down-regulate the autoreactive response. More recently, 
besides DC, keratinocytes have been discussed to present Ag and activate T cells in the 
skin by a yet unclear mechanism (36, 37). Considering the high number of keratinocytes 
expressing mOVA in the skin of K14mOVA/DC- βcatex3 mice versus a minority of mutant 
DC that present OVA to an overwhelming number of OVA specific T cells, it may be 
not surprising that K14mOVA/DC- βcatex3 mice develop GvH-like disease. Furthermore, 
while the majority of APC in the EAE model is positive for CD11c or upregulates CD11c 
upon activation (33, 38), Ag-presenting keratinocytes in GvH-like disease are CD11cneg. 
Although DC from K14mOVA/DC- βcatex3 mice express mutant β-catenin, keratinocytes, 
which may provide the vast majority of OVA presenting APC in the skin, express the WT 
form of β-catenin and thus should be capable to activate OT-1 cells.
Moreover, work by Miyagawa et al. has indicated that the amount of antigen might be 
decisive as to whether a GvH-like reaction develops or not. Transfer of OT-1 T cells 
to a K14mOVA mouse strain which expresses lower levels of mOVA did not result in 
GvH-like disease (39). Therefore we propose that, in combination with a strain-specific 
abundant expression of OVA and high numbers of OT-1 T cells, the failure to suppress the 
inflammatory response in GvH-like disease in K14mOVA/DC- βcatex3 mice is likely based 
on the fact that T cell activation in the skin is not restricted to DC. Instead, keratinocytes, 
which form the majority of cells in the epidermis and have been shown to efficiently 
activate Ag-specific T cells (36, 37), may take precedence over the tolerogenic DC. 
Thus, our data provide new insights into the possibilities and limitations of DC-specific 
β-catenin signaling in the regulation of immune responses. In summary, we conclude that 
β-catenin signaling in DC in general contributes to DC mediated tolerance. Nevertheless, 
the tolerogenic effect of DC-specific β-catenin signaling might be overruled by a 
potentially dangerous situation, characterized by high loads of Ag presented by other 
APC, to allow the induction of a protective immune response as suggested earlier by Jiang 
et al. (27). 
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MATERIAL AND METHODS

Mice
Mice were housed at the animal facilities of the AMC (Amsterdam, the Netherlands), the 
Erasmus MC (Rotterdam, The Netherlands) or the animal facility of the Roswell Park 
Cancer Institute (Buffalo, NY, USA). All experiments were performed in compliance with 
national laws and approved by the local ethical committees. Generation and genotyping 
of DC- βcatex3 and DC- βcatdel mice has been described by Zahner et al. while generation 
of K14mOVA mice has been described by Shibaki et al. (19, 35). OT-1 T cell donors were 
from our own breeding and on a C57/Bl6 background. C57/Bl6 controls were purchased 
from Harlan.

Bone marrow DC (BMDC) culture and cluster disruption 
Mouse BM-derived CD11c+ DC were cultured and purified as described by Jiang et al. 
(27) with anti-CD11c-conjugated beads and columns (Miltenyi Biotech) according to the 
manufacturer’s instructions. The yield of BMDC was thoroughly resuspended in culture 
medium at 5–10 x 105 cells/ml and is referred to as cluster-disrupted cells in the following. 

Stimulation of BMDC
MOG peptide (New England Peptide) was used at a concentration of 20-50 μg/ml to load 
BMDC. LPS was used at a concentration of 100 ng/ml.

EAE
EAE was induced by subcutaneous injection of 300 µg of MOG peptide in CFA (Difco, 
Detroit, MI) with 500 µg of Mycobacterium tuberculosis on days 0 and 7, supplemented 
by intraperitoneal (i.p.) injections of 250 ng of pertussis toxin (List Biological, Campbell, 
CA) on days 0 and 2. For DC transfer BMDC were purified as described cultured for 
12-16 h before being pulsed with MOG peptide for 2 h and washed extensively. 2-3 x 106 
BMDC were injected three times (at days 0, 2, 4) intravenously into 4-5 mice per group. 
EAE was induced 7 days after the last injection and the mice were observed for paralysis. 
Scoring system to evaluate symptoms of EAE: 0 healthy mouse; no overt signs of disease, 
1 limp tail or hind limb weakness but not both, 2 limp tail and hind limb weakness, 3 
partial hind limb paralysis, 4 complete hind limb paralysis, 5 moribund state; sacrifice 
for humane reasons

Induction of GvHD
Spleens from OT-I mice were isolated and put through a 70µm strainer to obtain single 
cell suspensions. CD8 T cells were purified by MACS sort (Miltenyi Biotech) according to 
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manufacturer’s instructions. Cells were resuspended in PBS and 5x105 or 1x106 OT-I cells 
were injected into the tail vein of K14mOVA, K14mOVA/DC-βcatex3 and C57/Bl6 mice.

FACS analysis
On day 7 or 14 after intravenous injection, OT-I cells were recovered from the 
draining LN and stained for Va (FITC), Vβ (PE), CD8a (APC-Cy7 or Pacific blue), 
CD25 (APC), CD44 (PE), CD62L (APC), CD69 (biotin). Intracellular staining of 
LPS stimulated BMDC was performed gating on IA-b/CD11c positive cells using 
IA-b (FITC), CD11c (PE-CY7), IL-6 (PE), IL-10 (APC), TNFa (APC) and IL-12p40 
(PE) antibodies. To detect biotinylated antibodies, streptavidin-PE-Cy7 was used. 
All antibodies were purchased from BD Pharmingen. The cells were analyzed on a 
FACSCanto II and data was evaluated using FlowJo software (Treestar). 
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