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Recent studies have demonstrated that β-catenin in DCs serves as
a key mediator in promoting both CD4+ and CD8+ T-cell tolerance,
although how β-catenin exerts its functions remains incompletely
understood. Here we report that activation of β-catenin in DCs
inhibits cross-priming of CD8+ T cells by up-regulating mTOR-
dependent IL-10, suggesting blocking β-catenin/mTOR/IL-10
signaling as a viable approach to augment CD8+ T-cell immunity.
However, vaccination of DC–β-catenin−/− (CD11c-specific deletion
of β-catenin) mice surprisingly failed to protect them against tu-
mor challenge. Further studies revealed that DC–β-catenin−/− mice
were deficient in generating CD8+ T-cell immunity despite normal
clonal expansion, likely due to impaired IL-10 production by
β-catenin−/− DCs. Deletion of β-catenin in DCs or blocking IL-10 after
clonal expansion similarly led to reduced CD8+ T cells, suggesting
that β-catenin in DCs plays a positive role in CD8+ T-cell mainte-
nance postclonal expansion through IL-10. Thus, our study has not
only identified mTOR/IL-10 as a previously unidentified mechanism
for β-catenin–dependent inhibition of cross-priming, but also uncov-
ered an unexpected positive role that β-catenin plays in mainte-
nance of CD8+ T cells. Despite β-catenin’s opposite functions in
regulating CD8+ T-cell responses, selectively blocking β-catenin with
a pharmacological inhibitor during priming phase augmented DC
vaccine-induced CD8+ T-cell immunity and improved antitumor ef-
ficacy, suggesting manipulating β-catenin signaling as a feasible
therapeutic strategy to improve DC vaccine efficacy.
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As the initiators of antigen-specific immune responses, den-
dritic cells (DCs) play a central role in regulating both T-cell

immunity and tolerance (1). β-Catenin, a major component in
Wnt signaling pathway, has emerged as a key factor in DC dif-
ferentiation and function (2). Previous studies have shown that
β-catenin regulates DC-mediated CD4+ T-cell responses and
promotes CD4+ T-cell tolerance in murine models of autoim-
mune diseases (3, 4). Consistently, activation of β-catenin in DCs
has recently been shown to suppress CD8+ T-cell immunity in
a DC-targeted vaccine model (5), suggesting that β-catenin in
DCs might similarly serve as a tolerizing signal that shifts the
balance between CD8+ T-cell immunity and tolerance. Although
the underlying mechanisms of how β-catenin mediates CD8+

T-cell tolerance remain largely unclear, we have shown that ac-
tivation of β-catenin in DCs genetically or induced by tumors
suppresses CD8+ T-cell immunity by inhibiting cross-priming (5).
Exploiting their ability to potentiate host effector and memory
CD8+ T-cell responses, DC vaccines have emerged as a leading
strategy for cancer immunotherapy (6). However, one major
obstacle for their success is host DC-mediated immunosuppres-
sion (7–9). Given that cross-priming plays a major role in gen-
erating antitumor CD8+ T-cell immunity (7, 10), activation
of β-catenin in DCs might be a key mechanism for tumors
to achieve immunosuppression. Thus, manipulating β-catenin

function in cross-priming might be a viable approach to overcome
DC-mediated immunosuppression and improve DC vaccine effi-
cacy. However, The underlying mechanisms of how β-catenin in
DCs achieves immunosuppression, in particular how β-catenin
negatively regulates cross-priming to suppress CD8+ T-cell immu-
nity, remain poorly understood.
Although the mechanisms for DC-mediated priming of anti-

tumor CD8+ T cells through cross-presentation remain incompletely
understood, DC subsets, DC maturation status and cytokines have
been shown to possibly affect their capacity in cross-priming (7, 10,
11). Although the role of cytokines in cross-priming has not been
directly tested, cytokines as “signal 3” have been shown in prin-
cipal to play a critical role in priming and effector differentiation
of antitumor CD8+ T cells (12). β-Catenin in DCs has been shown
to play a critical role in regulating cytokine induction (3, 4), thus
suggesting that β-catenin might regulate DC cytokine production
to achieve its effects on cross-priming.
In this report we have identified mTOR/IL-10 signaling

as a mechanism for β-catenin–dependent inhibition of cross-
priming. Activation of β-catenin in DCs inhibited cross-priming
of CD8+ T cells by up-regulating mTOR-dependent IL-10, and
blocking mTOR or IL-10 led to restored cross-priming by
β-cateninactive DCs. Surprisingly, mice with DC-specific deletion
of β-catenin (DC–β-catenin−/− mice) exhibited reduced antitumor
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immunity upon vaccination, despite the fact that deletion of
β-catenin in DCs abrogated tumor-induced inhibition of cross-
priming. Further studies showed that DC–β-catenin−/− mice were
deficient in generating CD8+ T-cell immunity despite normal
clonal expansion, and β-catenin in DCs was required to maintain
primed CD8+ T cells postclonal expansion. Thus, β-catenin in
DCs exerts negative and positive functions in cross-priming and
maintenance of CD8+ T cells, respectively. Importantly, we have
demonstrated blocking β-catenin selectively at priming phase as
a feasible strategy to improve DC vaccine efficacy.

Results
IL-10 Mediates β-Catenin–Dependent Inhibition of Cross-Priming. As
β-catenin regulates DC maturation and differentiation (3, 13),
we asked whether they could contribute to impaired cross-priming
observed in DC–β-cateninactive mice that express constitutively ac-
tive β-catenin in their DCs (5). Surprisingly, although the percen-
tages of total CD11c+ cells, CD8+, and CD4+ conventional DCs
(CD11c+B220−) were similar in skin-draining lymph nodes,
DC–β-cateninactive mice exhibited significantly higher percentage of
splenic CD8+ DCs, which have been shown to be especially effi-
cient at cross-presentation (14) (Fig. S1A). No significant differ-
ences in the expression of CD80, CD86, MHCII and MHCI were
observed between steady state WT and β-cateninactive DCs, and no
difference in apoptosis was observed (Fig. S1B). β-Cateninactive
DCs also exhibited no deficiency in phagocytosis (Fig. S1C). Taken
together, these findings suggest that DC frequency, composition,
maturation, apoptosis and phagocytosis unlikely account for im-
paired cross-priming observed in DC–β-cateninactive mice.
We next asked whether β-catenin inhibited cross-priming through

the regulation of cytokines, as previous studies have shown that
β-catenin regulates DC cytokine production (3, 4). Both splenic and
LN DCs from DC–β-cateninactive mice produced significantly higher
IL-10 than WT DCs upon CpG treatment, whereas the production
of Th1 cytokine IL-12 was similarly induced (Fig. 1A). The lack of
difference in IL-12 was not entirely surprising, as we have shown
that DC-produced IL-12 is not required for BMDC vaccine-induced
CD8+ T-cell priming (15). Treatment with a neutralizing antibody
against IL-10 restored cross-priming in DC–β-cateninactive mice,
resulting in significantly increased percentages of IFN-γ–producing
effectors compared with untreated DC–β-cateninactive mice (Fig.
1B), suggesting that increased IL-10 contributes to impaired cross-
priming in DC–β-cateninactive mice. Further analysis showed that
IFN-γ+ OTI cells from WT mice or anti–IL-10-treated DC–β-
cateninactive mice exhibited significantly higher mean fluores-
cence intensity (MFI) of IFN-γ (Fig. S2A), suggesting that
β-catenin in DCs negatively regulates IFN-γ+ OTI cells quanti-
tatively and qualitatively. Consistent with our previous report
(5), proliferation of Thy1.1+ OTI cells was not significantly dif-
ferent among all three groups (Fig. S2 B and C). Both anti–IL-
10-treated and nontreated DC–β-cateninactive mice exhibited
significantly higher Foxp3+ regulatory T cells than WT mice (Fig.
S2 D and E), suggesting that β-catenin in DCs unlikely regulates
cross-priming through Foxp3+ regulatory T cells. The deficiency
in producing IFN-γ is not due to their differentiation into type
2 (Tc2) CD8+ T cells (16), as primed Thy1.1+ OTI cells from
all three groups did not produce IL-4 or IL-10 (Fig. S2 F–I).
We also examined the expression of activation/differentiation
markers CD44, CD62L, CD127, and KLRG1, and observed no
significant differences (Fig. S3 A and B). However, IFN-γ+
OTI effector cells were significantly reduced in DC–β-cateninactive
mice compared with WT mice or anti–IL-10 treated DC–
β-cateninactive mice when examined 15 d after immunization (Fig.
S3C), suggested that impaired cross-priming of Thy1.1+ OTI cells in
DC–β-cateninactive mice results in reduced production of IFN-γ+
OTI effectors, consistent with our previous study (5).
To determine whether increased IL-10 in β-cateninactive DCs is

directly responsible for the impaired cross-priming, we assessed

DCs’ capacity in cross-priming with an in vitro DC-OTI cell co-
culture system. As expected, cocultures with β-cateninactive DCs
produced significantly more IL-10 than cocultures with WT DCs
(Fig. S4). Anti–IL-10 treatment largely restored cross-priming by
β-cateninactive DCs (Fig. 1C), suggesting that β-catenin in DCs
negatively regulates cross-priming by enhancing IL-10 production.
As we have shown that tumors activate β-catenin in DCs to

inhibit cross-priming (5), we asked whether IL-10 was similarly
involved in tumor-induced inhibition of cross-priming. We first
investigated whether DCs in B16-bearing mice produced higher
IL-10 upon immunization and if so whether tumor-induced IL-10
production in DCs was regulated by β-catenin. DCs isolated from
tumor-free WT, B16OVA-bearing WT and DC–β-catenin−/−
mice immunized with anti–DEC-205-OVA plus CpG were fur-
ther stimulated with CpG to mimic the presence of CpG under in
vivo condition. As shown in Fig. 1D, DCs from B16OVA-bearing
WT mice produced significantly higher IL-10 compared with
DCs from tumor-free WT mice, consistent with increased IL-10
by DCs from tumor-bearing mice in the Ret transgenic mela-
noma model (17). DCs from tumor-bearing DC–β-catenin−/−
mice, however, produced significantly less IL-10 compared with
DCs from tumor-bearing WT mice (Fig. 1D), suggesting that
tumors up-regulate IL-10 in DCs through β-catenin. Not
surprisingly, anti–IL-10 treatment restored cross-priming in tu-
mor-bearing mice, significantly increasing the percentages of
IFN-γ-producing effectors (Fig. 1E), indicating that increased
IL-10 plays a critical role in tumor-induced inhibition of cross-
priming. Thus, IL-10 mediates β-catenin–dependent inhibition of
cross-priming in both DC–β-cateninactive and tumor-bearing mice.

Fig. 1. β-Catenin in DCs inhibits cross-priming through IL-10. (A) β-Cateninactive

DCs produced significantly higher IL-10. DCs were treated with CpG and
cytokines were measured by ELISA after 36 h. (B) Blocking IL-10 in vivo
during priming phase restored cross-priming in DC–β-cateninactive mice. WT
and DC–β-cateninactive mice (n = 4) were treated with anti–IL-10 or PBS and
cross-priming was examined. Mean and SD of the percentages of IFN-γ+ cells
out of total Thy1.1+CD8+ cells are shown. (C) Anti–IL-10 treatment restored
cross-priming by β-cateninactive DCs in vitro. DCs were pulsed with anti–DEC-
205-OVA plus CpG, and cross-priming was examined as in B. The percentages
of IFN-γ+ cells out of total Thy1.1+CD8+ cells are shown. (D) Deletion of
β-catenin in DCs significantly reduced tumor-induced IL-10. DCs isolated from
immunized mice at day 3 were cultured with CpG, and IL-10 was measured
after 36 h. (E ) Blocking IL-10 during priming phase restored cross-priming
in tumor-bearing mice. Cross-priming was examined in tumor-free and
B16OVA-bearing WT mice (n = 4–5) and data were presented as in B. Data
shown are representative of at least two experiments. NS = P > 0.05, *P <
0.05 and **P < 0.01.
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β-Catenin Positively Regulates mTOR Activation to Enhance IL-10
Production in DCs. As recent studies have shown that Mammalian
Target of Rapamycin complex 1 (mTORC1) positively regulates
IL-10 in DCs (18, 19), we asked whether β-catenin enhanced IL-10
induction through mTOR pathway. β-Cateninactive DCs expressed
substantially elevated mTOR than WT DCs (Fig. 2A and Fig.
S5A). We next asked whether β-cateninactive DCs would also ex-
hibit enhanced mTOR activation under immunization condition.
Both splenic and LN DCs from immunized DC–β-cateninactive
mice exhibited elevated mTOR activation compared with WT
DCs, as measured by phosphorylation of S6, a downstream target
of mTORC1 (Fig. 2 B and C). Consistently, DCs from immunized
DC–β-catenin−/− mice exhibited reduced phosphorylated S6
compared with DCs of WT mice (Fig. S5 B and C). Thus, β-catenin
positively regulates mTOR activation in DCs under immuniza-
tion condition. To determine whether activation of β-catenin in
DCs is directly responsible for enhanced mTOR activation, we
examined mTOR activation in purified primary DCs treated with
CpG in vitro. Indeed, increased phosphorylation of S6 was ob-
served in β-cateninactive DCs (Fig. 2D and Fig. S5D), suggesting
that β-catenin directly enhances mTOR activation in DCs. In-
creased mTOR activation by β-cateninactive DCs was also con-
firmed when we examined the phosphorylation and activation of
p70S6K and 4E-BP1, two immediate downstream targets of
mTORC1 (Fig. S5E). As expected, treatment with mTOR inhibitor
rapamycin greatly reduced mTOR activation in β-cateninactive DCs
(Fig. 2D and Fig. S5D).
We next asked whether inhibition of mTOR by rapamycin

affected IL-10 induction and cross-priming of β-cateninactive
DCs. Although CpG-stimulated β-cateninactive DCs produced
significantly higher IL-10 than WT DCs, rapamycin treatment
led to substantially reduced IL-10 (Fig. 2E), suggesting that
mTOR activation is required for β-catenin–mediated regulation
of IL-10. The induction of IL-12, however, was not significantly
changed by rapamycin treatment (Fig. S5F). Treatment with
rapamycin also led to increased cross-priming by β-cateninactive
DCs (Fig. 2F). The partial rescue might be due to the fact that
we were only able to treat DCs with rapamycin before coculture
with OTI CD8+ T cells, as rapamycin has profound effects on
CD8+ T cells (20). Taken together, these data support a model
that activation of β-catenin in DCs inhibits cross-priming through
regulation of mTOR-dependent IL-10.

DC–β-Catenin−/− Mice Failed to Maintain Primed Antigen-Specific
CD8+ T Cells Despite Normal Clonal Expansion. As deletion of
β-catenin in DCs significantly reduced tumor-induced IL-10
production (Fig. 1D) and abrogated tumor-induced inhibition
of cross-priming (5), we asked whether inhibition of β-catenin
in DCs would augment antitumor immunity. To our surprise,
B16OVA-bearing DC–β-catenin−/− and WT mice exhibited no
significant difference in tumor growth (Fig. S6A). We thus asked
whether deletion of β-catenin in DCs augmented vaccination-
induced antitumor immunity. Although vaccinated WT mice
were protected against B16OVA challenge, vaccinated DC–β-
catenin−/− mice still exhibited significant tumor growth (Fig. 3A),
suggesting that DC–β-catenin−/− mice generated reduced anti-
tumor immunity upon vaccination. Thus, β-catenin in DCs likely
plays an additional role in regulating antitumor immunity.
Because CD8+ T cells play a major role in antitumor immunity

in the B16 model (21), we asked how deletion of β-catenin in
DCs affected vaccination-induced CD8+ T-cell responses. We first
examined primary CD8+ T-cell responses in DC–β-catenin−/−
mice. When examined at day 4 after immunization, Thy1.1+ OTI
cells in LN were slightly but not significantly higher in DC–β-
catenin−/−mice compared withWTmice (Fig. 3B). The percentages
of IFN-γ+, IL-2+, Granzyme B+ and TNF-α+ OTI cells were not
significantly different with the exception of higher TNF-α+ cells
in DC–β-catenin−/− mice (Fig. S6B). Thus, DC–β-catenin−/−

mice are not deficient in the initial clonal expansion of antigen-
specific CD8+ T cells. We thus asked whether primed CD8+

T cells were similarly maintained after clonal expansion. To our
surprise, total Thy1.1+ OTI cells were significantly reduced in
DC–β-catenin−/− mice compared with WT mice 15 d after im-
munization (Fig. 3C). Thus, although DC–β-catenin−/− mice
exhibited no defect in vaccination-induced clonal expansion of
CD8+ T cells, β-catenin in DCs is required for maintenance of
primed CD8+ T cells. To determine at which stage β-catenin in
DCs is required for CD8+ T-cell maintenance, we carried out
adoptive transfer experiments. When Thy1.1+ OTI cells primed
in WT and DC–β-catenin−/− mice were adoptively transferred
into WT recipients, similar numbers of Thy1.1+ OTI cells were
recovered, suggesting that deletion of β-catenin during priming
phase does not cause the deficiency in CD8+ T-cell maintenance
(Fig. 3D). In contrast, when Thy1.1+ OTI cells primed in WT
mice were transferred into DC–β-catenin−/− hosts, recovered
Thy1.1+ OTI cells were significantly reduced (Fig. 3D), sug-
gesting that β-catenin in DCs is required to maintain primed
CD8+ T cells after clonal expansion. Reduced Thy1.1+ OTI cells
were similarly observed in WT mice treated with β-catenin in-
hibitor XAV939 after clonal expansion (Fig. S6C).
As β-catenin positively regulates IL-10 in DCs upon immuni-

zation, we asked whether β-catenin–regulated IL-10 was required
for maintenance of CD8+ T cells. We first examined whether
DCs from immunized WT and DC–β-catenin−/− mice differed in
their ability to produce IL-10 postclonal expansion. DCs were

Fig. 2. β-Catenin positively regulates IL-10 via mTOR signaling pathway.
(A) β-Catenin up-regulates mTOR in DCs. Splenocytes were subjected to flow
cytometry and gated on CD11c+ cells. (B and C) DCs from immunized DC–β-
cateninactive mice exhibited enhanced mTOR activity. Spleen and LN cells
from immunized mice (n = 4) were isolated and subjected to flow cytometry
as in A. Expression of phosphorylated S6 (pS6) of CD11c+ cells is shown
as histogram overlays in B and Mean Fluorescent Intensity (MFI) in C.
(D) β-Cateninactive DCs exhibited augmented CpG-induced mTOR activation in
vitro. Splenic DCs from naive mice were stimulated by CpG with or without
rapamycin. (E) Inhibition of mTOR led to reduced IL-10 by β-cateninactive DCs.
DCs were treated as indicated and IL-10 was measured by ELISA. (F) Inhibition
of mTOR led to increased cross-priming by β-cateninactive DCs in vitro. Splenic
DCs were treated as indicated, and were subjected to cross-priming assays.
Data shown are representative of three or more experiments. *P < 0.05 and
**P < 0.01.
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isolated from WT and DC–β-catenin−/− mice 7 d after immuni-
zation, and treated with lower concentrations of CpG to mimic
the presence of CpG under in vivo condition, as a previous study
on tissue distribution of phosphorothioate oligonucleotides (e.g.,
CpG) has shown that their levels in spleen decreased slightly
from 3 to 10 d (22). DCs from DC–β-catenin−/− mice produced
substantially lower IL-10 than WT DCs (Fig. 3E and Fig. S6D),
suggesting that impaired IL-10 production by β-catenin−/− DCs
might contribute to the deficiency in CD8+ T-cell maintenance.
We thus tested whether blocking IL-10 after clonal expansion
could lead to reduced CD8+ T cells. Indeed, total Thy1.1+ OTI
cells in LN were significantly diminished in mice treated with
anti–IL-10 after 5 d postimmunization (Fig. 3F). Taken together,

our data suggest that β-catenin–regulated IL-10 is required for
maintenance of CD8+ T cells after clonal expansion.
The role of IL-10 in CD8+ T-cell immunity has remained

controversial, as both positive and negative roles of IL-10 have
been reported (23–32). We thus asked whether IL-10R-mediated
signaling in CD8+ T cells was required for their maintenance.
Indeed, cocultures of OVA antigen-pulsed DCs with IL-10R2−/−

CD8+ T cells exhibited significantly lower percentages of OVA-
specific CD8+ T cells compared with cocultures with WT CD8+

T cells at day 12, whereas similar percentages of OVA-specific
CD8+ T cells were observed at day 5 (Fig. 3G), suggesting that
IL-10R-mediated signaling in CD8+ T cells plays a positive role
in the maintenance of primed CD8+ T cells. Supporting this
notion, mixed bone marrow chimeras expressing IL-10R2−/−

CD8+ T cells exhibited significantly lower OVA-specific CD8+

T cells upon vaccination compared with WT chimeras (Fig. 3H).
However, antigen-specific CD8+ T cells primed in DC–β-catenin−/−
mice were not deficient in IL-10R-mediated signaling, as Thy1.1+

OTI cells from immunized WT and DC–β-catenin−/− mice
exhibited no significant difference in IL-10R signaling as measured
by STAT3 phosphorylation (Fig. S6 E and F). Taken together, our
data support a model that deletion of β-catenin negatively regu-
lates DCs’ IL-10 production to reduce IL-10/IL-10R signaling in
primed CD8+ T cells, leading to impaired maintenance of CD8+

T cells.

Blocking β-Catenin Pharmacologically During Priming Phase Augmented
CD8+ T-Cell Immunity and Improved DC Vaccine Efficacy.Our data have
established that β-catenin in DCs plays a negative role in cross-
priming but is required for maintenance of CD8+ T cells, there-
fore the question becomes whether β-catenin functions could be
selectively manipulated to augment CD8+ T-cell immunity. As
deletion of β-catenin abrogates tumor-induced inhibition of cross-
priming (5), and OTI cells primed in DC–β-catenin−/− mice do not
exhibit impaired maintenance (Fig. 3D), we reasoned that blocking
β-catenin’s function in cross-priming might be a feasible approach
to enhance CD8+ T-cell immunity. We thus examined whether
OTI cells primed in tumor-bearing DC–β-catenin−/− mice were
functional in generating memory CD8+ T-cell responses. Although
Thy1.1+ OTI cells primed in B16OVA-bearing WT mice were
deficient in generating memory responses (Fig. 4 A and B, left two
bars), Thy1.1+ OTI cells primed in tumor-bearing DC–β-catenin−/−
mice functioned similarly in generating antitumor memory CD8+

T cells compared with OTI cells primed in tumor-free WT and
DC–β-catenin−/− mice, producing similar number of IFN-
γ–producing OTI cells (Fig. 4B, right bars). Thus, inhibition of
β-catenin during priming phase in tumor-bearing mice restores
the function of primed antigen-specific CD8+ T cells in gener-
ating memory responses.
We next asked whether blocking β-catenin pharmacologically

during priming phase could similarly augment antitumor CD8+

T-cell immunity to improve DC vaccine efficacy. We have chosen
XAV939, which belongs to a class of β-catenin inhibitors that
stimulate the degradation of β-catenin (33). DCs from immu-
nized WT mice treated with XAV939 exhibited significantly re-
duced phosphorylation of S6, and reduced production of IL-10
compared with mice without XAV939 treatment (Fig. S7 A–C),
similarly to the phenotypes observed with β-catenin−/− DCs (Fig.
S5 B and C). Treatment with XAV939 greatly enhanced cross-
priming in B16OVA-bearing WT mice compared with untreated
ones, leading to percentages of IFN-γ+ OTI cells comparable
to tumor-free WT mice (Fig. 4C). Thus, blocking β-catenin with
XAV939 during priming phase could restore vaccine-induced
cross-priming in tumor-bearing mice. To determine whether
tumor-suppressed CD8+ T-cell immunity is similarly restored
by XAV939 treatment during priming phase, recall responses
were examined. Indeed, total Thy1.1+ OTI and IFN-γ+ Thy1.1+

OTI cells were largely restored in B16OVA-bearing mice treated

Fig. 3. β-Catenin in DCs is required for CD8+ T-cell maintenance after clonal
expansion. (A) DC–β-catenin−/− mice exhibited reduced antitumor immunity.
WT and DC–β-catenin−/− mice (n = 8) were challenged with 2 × 106 B16OVA
cells 20 d after immunization. (B) DC–β-catenin−/− mice exhibited normal
primary CD8+ T-cell responses. LN cells from immunized mice (n = 5) were
analyzed at day 4 after immunization. (C) DC–β-catenin−/− mice failed to
maintain Thy1.1+ OTI cells. LN cells from immunized mice (n = 4–5) were
analyzed at day 15. (D) β-Catenin in DCs is required postclonal expansion to
maintain primed CD8+ T cells. Thy1.1+ OTI cells purified at day 4 after im-
munization were transferred into immunized WT and DC–β-catenin−/− mice
(n = 4–5), and LN cells were analyzed 8 d after transfer. (E) DCs from im-
munized DC–β-catenin−/− mice produced significantly less IL-10. DCs isolated
from immunized mice at day 7 were cultured with CpG (75 ng/mL) and IL-10
was measured by ELISA. (F) Blocking IL-10 after priming phase led to reduced
OTI CD8+ T cells. Immunized WT mice were treated with anti–IL-10 antibody
or PBS (n = 5), and LN cells were analyzed at day 15 as in B. (G) IL-10R-
mediated signaling in CD8+ T cells was required for their maintenance.
WT or IL-10R2−/− CD8+ T cells were cultured with antigen-pulsedWT DCs, and
OVA-specific CD8+ T cells were detected by tetramer staining at day 5 and 12.
Percentages of tetramer+ cells of gated CD8+ T cells are shown. (H) IL-10R2−/−

bone marrow chimeras exhibited significantly lower OVA-specific CD8+ T cells
upon vaccination. Chimeras (n = 5) were analyzed at day 12 after vaccination
with anti–DEC-205-OVA plus CpG, and percentages of tetramer-positive cells
of CD45.2+CD8+ T cells are shown. Data are representative of two or three
experiments. NS = P > 0.05, *P < 0.05 and **P < 0.01.
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with XAV939 compared with nontreated mice (Fig. S7D and
Fig. 4D).
We then asked whether blocking β-catenin during priming

phase could improve DC vaccine efficacy. Vaccinated B16OVA-
bearing mice treated with XAV939 exhibited significantly slower
tumor growth compared with mice without XAV939 treatment
(Fig. 4E). However, XAV939 treatment alone without vaccina-
tion had no effects on tumor growth (Fig. S7E), suggesting that
XAV939 treatment did not directly affect tumor growth to im-
prove vaccine efficacy. Similarly, XAV939 did not inhibit pro-
liferation of B16OVA cells in vitro (Fig. S7F). As DC–β-cateninactive

mice express mutated nondegradable β-catenin specifically in
their DCs, β-catenin is blocked by XAV939 in all other cells
except DCs. No difference in tumor growth was observed be-
tween vaccinated B16OVA-bearing DC–β-cateninactive mice with
or without XAV939 treatment (Fig. 4F), suggesting that in-
hibition of β-catenin in DCs likely play a major role in improving
vaccine efficacy.

Discussion
Here we have identified mTOR/IL-10 signaling pathway as a
previously unidentified mechanism for β-catenin in DCs to in-
hibit cross-priming. DC-produced IL-10, a multifunctional anti-
inflammatory cytokine (34), has been implicated in CD8+ T-cell
priming (35), although its role in cross-priming has not been
directly examined. In this report, we were able to demonstrate
that blocking IL-10 restored cross-priming by β-cateninactive DCs
in vivo and in vitro. We further demonstrated that tumors en-
hanced IL-10 production in DCs through β-catenin, and IL-10
mediated tumor-induced inhibition of cross-priming. Taken to-
gether, our data indicate that activation of β-catenin in DCs ei-
ther genetically or induced by tumors inhibits cross-priming
by up-regulating IL-10. mTOR, a serine/threonine kinase that ex-
erts its effects through two complexes, mTOR complex 1 (mTORC1)
and mTORC2, plays a critical role in DC development and func-
tion (36–38). Rapamycin-sensitive mTORC1 has emerged as
a key regulator of IL-10 in DCs (18, 19, 36). Our data indicate
that mTORC1 mediates β-catenin–dependent up-regulation of
IL-10 to inhibit cross-priming, as inhibition of mTORC1 by rapa-
mycin reduced IL-10 production and restored cross-priming by
β-cateninactive DCs. These findings are consistent with a recent
study showing that vaccination with rapamycin-treated BMDCs
led to increased antitumor immunity (39).
Currently, studies on β-catenin have supported its role in

promoting tolerance function of DCs (2–5, 40–43). Given that
deletion of β-catenin in DCs abrogated tumor-induced inhibition
of cross-priming (5), we were surprised that DC–β-catenin−/−
mice generated reduced antitumor immunity upon vaccination.
By blocking β-catenin genetically or with pharmacological in-
hibitor XAV939, we were able to demonstrate that β-catenin in
DCs was required for CD8+ T-cell maintenance after clonal
expansion. Thus, our study has uncovered, to our knowledge for
the first time, a positive role of β-catenin in regulating DC-
mediated CD8+ T-cell responses. Interestingly, blocking β-catenin
in DCs significantly reduced their IL-10 production under vac-
cination condition, and anti–IL-10 treatment after clonal ex-
pansion similarly led to reduced CD8+ T cells, suggesting that
β-catenin in DCs exerts its positive function in CD8+ T-cell
maintenance also through IL-10. Supporting the positive role of
β-catenin–regulated IL-10 in DCs, we have shown that IL-10R-
mediated signaling in CD8+ T cells plays a positive role in the
maintenance of primed CD8+ T cells. Intriguingly, a recent study
has shown that although IL-10−/− mice exhibited threefold in-
crease in IFN-γ+ CD8+ T cells compared with WT mice at day 9
after an acute virus infection, similar memory CD8+ T-cell re-
sponses were observed at day 45 (30), suggesting that IL-10
might play a similarly positive role in the maintenance of virus-
specific CD8+ T cells (from day 9–45). Taken together, our data
suggest that β-catenin in DCs exerts both positive and negative
functions through IL-10 in regulating CD8+ T-cell responses.
Whether IL-10 plays a positive or negative role in CD8+ T-cell
immunity has remained controversial (23–32). Especially for
antitumor immunity, IL-10 has been shown to both inhibit and
promote antitumor CD8+ T-cell immunity (24, 25, 31). Thus, our
findings might provide a potential explanation for the opposite
roles of IL-10 in regulating CD8+ T-cell responses.
Whether β-catenin in DCs adversely affects antitumor efficacy

of human DC vaccines has not been investigated. Interestingly,
in a clinical trial of a DC cancer vaccine against melanoma in
combination with regulatory T-cell depletion with unexpected
reduced efficacy, DCs were shown to exhibit increased expres-
sion of β-catenin and a tolerogenic phenotype (44), suggesting
that activation of β-catenin in human DCs might similarly sup-
press their function and therefore blocking β-catenin could po-
tentially provide therapeutic benefit. Our findings that β-catenin
in DCs exerts opposite functions during different phases of

Fig. 4. Blocking β-catenin with XAV939 augmented antitumor CD8+ T-cell
immunity. (A and B) β-Catenin deletion in DCs during priming phase abro-
gated tumor-induced suppression of memory CD8+ T-cell responses. Primed
Thy1.1+ OTI cells were transferred into naïve WT mice (n = 4–5), and recalled
at day 40 with OVA in CFA. Total numbers of Thy1.1+ (A) and IFN-γ+Thy1.1+

(B) OTI cells in LN are depicted. (C) Blocking β-catenin with XAV939 restored
cross-priming in tumor-bearing mice. Tumor-free and B16OVA-bearing WT
mice (n = 5) were treated as indicated and cross-priming was examined as in
Fig. 1B. (D) Blocking β-catenin during priming phase rescued tumor-sup-
pressed CD8+ T-cell immunity. Tumor-free and B16OVA-bearing WT mice
(n = 4–5) were treated as indicated and were recalled at day 15 and analyzed
as in B. (E) Blocking β-catenin with XAV939 during priming phase enhanced
vaccine efficacy for WT mice. B16OVA-bearing WT mice (n = 7) were im-
munized with DEG, and treated with XAV939 as in C, but no Thy1.1+OTI cells
were transferred. (F) Blocking β-catenin with XAV939 did not improve vac-
cine efficacy in DC–β-cateninactive mice. B16OVA-bearing DC–β-cateninactive

mice were treated as in E, but a lower dose of B16OVA cells were inoculated.
No significant difference was observed on all time points. Data are repre-
sentative of at least two experiments. *P < 0.05, **P < 0.01.
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CD8+ T-cell responses, however, suggest that β-catenin must be
specifically manipulated to augment CD8+ T-cell immunity. In-
deed, we have demonstrated that selectively blocking β-catenin
pharmacologically during priming phase augments vaccine-
induced CD8+ T-cell immunity and improves antitumor efficacy.
Given that β-catenin signaling functions similarly in human
CD34+-derived DCs (3) that are currently used in clinical trials
(6), our findings support the application of β-catenin inhibitors in
combination with DC vaccines to improve their efficacy.

Materials and Methods
Mice and Treatment. DC–β-cateninactive (CD11c-Cre+β-cateninExon3/Exon3) and
DC–β-catenin−/− (CD11c-Cre+β-catenindel/del) mice were generated and main-
tained as described (5). C57BL/6 and IL-10R2−/− mice were from Jackson Lab-
oratory, and CD45.1 mice were from Taconic Biosciences. CD8α−/− mice were
maintained at the Blood Center of Wisconsin. For the generation of mixed
bone marrow chimeras, lethally irradiated CD45.1 B6 mice were reconstituted
with 4–5 × 106 bone marrow cells containing CD8α−/− bone marrow cells
(CD45.1 or CD45.1/CD45.2) mixed with either WT or IL-10R2−/− bone marrow
(CD45.2) at a 80:20 ratio. Immunization (vaccination) with anti–DEC-205-OVA
plus CpG, and adoptive transfer of naïve OTI Thy1.1+ CD8+ T cells were carried
out as described previously (5). Primary and recall responses were examined as
described (5). Anti–IL-10 (200 μg per mouse), XAV939 (30 μg per mouse) and
DMSO were injected intraperitoneally in PBS, at day −1, 0, 1, 3, and 5 after
immunization. For maintenance experiments, immunized mice were treated
with anti–IL-10 every other day after 5 d postimmunization. All procedures on
animals followed protocols approved by the Institutional Animal Care and Use
Committee at Roswell Park Cancer Institute and Blood Center of Wisconsin.

Cross-Priming Assays and DC–T-Cell Cocultures. In vivo cross-priming assays
were described previously (5). Purified CD11c+ DCs were pulsed with anti–
DEC-205-OVA plus CpG, and were cultured with naïve Thy1.1+ OTI cells
or total CD8+ T cells. Thy1.1+ OTI cells were stimulated and assayed for
cross-priming as described (5). In some experiments, anti–IL-10 (10 μg/mL)
was added to the cocultures and during in vitro restimulation; rapamycin
(10 ng/mL) was added to DCs 20 min before CpG treatment. Recombinant
IL-10 (1 ng/mL) was added to cocultures with total CD8+ T cells at day 6, and
the cocultures were stained with H-2Kb SIINFEKL tetramer according to the
manufacturer’s protocols (MBL International).

ELISA. Purified CD11c+ DCs were stimulated with CpG (50–100 ng/mL) for 36 h,
and cytokine were measured by ELISA according to the manufacturer’s protocols.

Tumor Cell Lines and Treatment of Tumor-Bearing Mice. B16OVA melanoma
cells were inoculated by s.c. injection and tumor sizes were calculated as (0.5 ×
short length × long length2) (5). For inhibitor treatment, increased tumor
volume was calculated as tumor volume on the day of measurement minus
the tumor volume at the time of immunization.

Statistical Analysis. The statistical significance of experimental results was
evaluated with Excel or GraphPad Prism 6 using two-tailed unpaired two-
sample Student’s t test.
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