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Melanoma-intrinsic b-catenin signalling prevents
anti-tumour immunity
Stefani Spranger1, Riyue Bao2 & Thomas F. Gajewski1,3

Melanoma treatment is being revolutionized by the development
of effective immunotherapeutic approaches1,2. These strategies
include blockade of immune-inhibitory receptors on activated T
cells; for example, using monoclonal antibodies against CTLA-4,
PD-1, and PD-L1 (refs 3–5). However, only a subset of patients
responds to these treatments, and data suggest that therapeutic
benefit is preferentially achieved in patients with a pre-existing
T-cell response against their tumour, as evidenced by a baseline
CD81 T-cell infiltration within the tumour microenvironment6,7.
Understanding the molecular mechanisms that underlie the pres-
ence or absence of a spontaneous anti-tumour T-cell response in
subsets of cases, therefore, should enable the development of thera-
peutic solutions for patients lacking a T-cell infiltrate. Here we
identify a melanoma-cell-intrinsic oncogenic pathway that contri-
butes to a lack of T-cell infiltration in melanoma. Molecular ana-
lysis of humanmetastaticmelanoma samples revealed a correlation
between activation of the WNT/b-catenin signalling pathway and
absence of a T-cell gene expression signature. Using autochthon-
ous mouse melanoma models8,9 we identified the mechanism by
which tumour-intrinsic active b-catenin signalling results in T-cell
exclusion and resistance to anti-PD-L1/anti-CTLA-4 monoclonal
antibody therapy. Specific oncogenic signals, therefore, can medi-
ate cancer immune evasion and resistance to immunotherapies,
pointing to new candidate targets for immune potentiation.
To identify oncogenic pathways inversely associated with T-cell

infiltration, we categorized 266 metastatic human cutaneous mela-
noma samples into those with low (non-T-cell-inflamed) and high
(T-cell-inflamed) expression of T-cell signature genes6,10 (Fig. 1a).
Comparative gene expression profiling revealed 1,755 genes that were
preferentially expressed in the non-inflamed patient cohort (q, 0.01)
(Supplementary Table 1). Pathway analysis, comparing 91 non-T-cell-
inflamed to 106 T-cell-inflamed patients, indicated active b-catenin
signalling (APC2, SOX2, SOX11 andWNT7B; P5 0.00116) as well as
dermatan-sulfate biosynthesis (HS6ST2 and NDST3; P5 0.00196) in
the non-T-cell-inflamed cohort. Previous reports suggested that active
b-catenin signalling inmelanomawas associated withmore aggressive
disease9. To determine if activation of the b-catenin pathwaymight be
modified by specific mutations, we analysed exome-sequencing data
for all 197patients. Indeed, seven tumour samples (7.7%)with the non-
T-cell-inflamed phenotype showed gain-of-function mutations in
b-catenin (CTNNB1), versus one case in the T-cell-infiltrated cohort.
Additionally, loss-of-function mutations in negative regulators of the
pathway (APC, AXIN1, TCF1) were identified in ten non-T-cell-
inflamed tumours (11%) (SupplementaryTable 3).To identify the total
percentage of tumours with an active b-catenin pathway, we assessed
expression of six well-characterized b-catenin target genes11. Forty-
eight per cent (44 patients) in the non-T-cell-inflamed subset showed
expression of at least five of the six b-catenin target genes versus 3.8%
(4 patients) of the T-cell-inflamed tumours (Fig. 1b). While several
cases were associated with defined mutations (CTNNB1, 14%; APC,
AXIN1 or TCF1, 23%) the majority (61%) of the remaining cases

showed increased expression of either WNT7B (WNT7B, 29.5%;
13 patients), FZD3 (FZD3, 20.5%; 9 patients), or b-catenin itself
(11%; 5 patients; Supplementary Table 3). In sum, an increased
CTNNB1 score was predictive for the lack of T cells, with an odds ratio
of 4.9 (Extended Data Fig. 1a). Additional analysis revealed a negative
correlation between individual b-catenin target genes and CD8A tran-
scripts, which was opposite to the pattern of PD-L1 expression (Fig. 1c
and Supplementary Table 2)12. Immunohistochemical analysis of an
independent sample cohort also revealed an inverse association
between stabilized b-catenin and CD81 T cells (Fig. 1d and Extended
Data Fig. 1b).
We investigated directly whether active b-catenin signalling within

tumour cells could adversely affect anti-tumour T-cell responses using
inducible autochthonous mouse models (genetically engineered mice
(GEM)) driven by conditional active Braf with or without conditional
PTEN deletion and expression of active b-catenin. These GEMs
developed tumours with similar latency, as reported previously
(Fig. 1e and Extended Data Fig. 2a–c)8,9. We focused on BrafV600E/
Pten2/2 and BrafV600E/Pten2/2/CAT-STAmice due to the similar rate
of onset of tumour development in these strains (Extended Data
Fig. 2b, c). Using gene array analysis and histological examination we
confirmed that the developing tumours were indeed melanomas
(Extended Data Fig. 2d, e)8,9, albeit with less pigmentation in
BrafV600E/Pten2/2 tumours (Extended Data Figs 2e, f and 3a, b)9.
Analysis of immune infiltrates revealed that BrafV600E/Pten2/2

tumours indeed containedCD31T cells.However, tumourswith active
b-catenin showed almost a complete absence of T cells (Fig. 1f).
Fluorescent immunohistology confirmed the absence of intra-
tumoural CD31 T cells in BrafV600E/Pten2/2/CAT-STA tumours
(Fig. 1g and Extended Data Fig. 3a–c) with only rare T cells observed
in the epidermis. These results indicate that tumour-intrinsicb-catenin
activation dominantly excludes T-cell infiltration into the melanoma
tumour microenvironment.
The T-cell infiltrate in BrafV600E/Pten2/2 tumours consisted of both

CD41 and CD81 T cells, with themajority of them expressing the ab-
T-cell antigen receptor (TCR) (ExtendedData Fig. 4a, b). Themajority
were CD44hi/CD62Llo/CD45RAlo, suggesting an activated phenotype
(Extended Data Fig. 4c), and 6% FoxP31 regulatory T cells were
detected (Extended Data Fig. 4d). Additionally, CD81 T cells from
BrafV600E/Pten2/2 tumours showed expression of PD-1 and Lag3
(ExtendedData Fig. 4e, f), markers of T-cell dysfunction in the tumour
context13. Consistent with this phenotype, sorted CD31 T cells from
BrafV600E/Pten2/2 tumours showed defective interleukin (IL)-2 pro-
duction but were capable of producing interferon (IFN)-c (Extended
Data Fig. 4g, h). Comparable studies on the few T cells from BrafV600E/
Pten2/2/CAT-STA tumours showed predominantly a naive pheno-
type (Extended Data Fig. 4a–e). Correspondingly, increased PD-L1
expression in BrafV600E/Pten2/2 tumours was observed, consistent
with previous work linking PD-L1 expression with the presence of
CD81 T cells (Extended Data Fig. 4i, j)12. We did not detect significant
differences in CD11b1Gr11 myeloid-derived suppressor cells
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(BrafV600E/Pten2/2, 1,0476 418, to BrafV600E/Pten2/2/CAT-STA,
7396 185 cells per gram tumour; P5 0.7429) (Extended Data
Fig. 4k)14.
Although the models used in this study recapitulate defined car-

cinogenic processes, one drawback is the potentially low number of
generatedneo-antigens, whichmay lead to reduced immunogenicity15.
To circumvent this we crossed both GEMs to a mouse strain allowing
Cre-dependent expressing of the model antigen SIYRYYGL (SIY)16.
We investigated whether lack of T-cell infiltration into the BrafV600E/
Pten2/2/CAT-STA tumours was secondary to a lack of initial T-cell
priming by adoptive transfer of carboxyfluorescein succinimidyl
ester (CFSE)-labelled SIY-specific TCR-transgenic 2C T cells. While
SIY-negative mice failed to accumulate 2C T cells within the tumour-
draining lymph nodes (TdLNs) or the tumour site, SIY-positive mice
had detectable 2C T cells in the TdLNs in both GEMs. However, no
proliferation of 2C T cells was identified within the TdLNs in the
BrafV600E/Pten2/2/CAT-STA/SIY1model, whereas activation ofT cells
within the TdLNs of BrafV600E/Pten2/2 mice was brisk (Fig. 2a, b).
Accordingly, the presence of proliferated 2C T cells was observed at
the tumour site exclusively inBrafV600E/Pten2/2mice (Fig. 2a, b). These
data indicate that tumour-intrinsic b-catenin signalling prevents the
early steps of T-cell priming against tumour-associated antigens.
The absence of early T-cell priming in BrafV600E/Pten2/2/CAT-STA

tumour-bearing mice suggested a defect in the antigen-presenting-cell
compartment.Work using transplantable tumourmodels has indicated
that Batf3-lineage dendritic cells are crucial for cross-presentation of
tumour antigens to CD81 T cells17–19. Dendritic cell subsets

(CD451MHCII1CD11c1) were analysed phenotypically within the
tumour microenvironment with minimal differences observed in the
number of conventional dendritic cells (B2202), plasmacytoid dend-
ritic cells (B2201),monocytes (B2202Ly6C1), or Langerhans dendritic
cells (B2202CD2071). Strikingly, the CD8a1 and CD1031 dendritic
cell populations were nearly completely absent from BrafV600E/
Pten2/2/CAT-STA tumours (Fig. 2c–e). CD1031 dendritic cells
were also reduced in the TdLNs, while being preserved in the spleen
(Fig. 2d, e; data not shown). Sorted tumour-infiltratingCD451CD11c1

dendritic cells fromBrafV600E/Pten2/2/CAT-STA tumours also showed
reduced expression of the CD1031 dendritic cell transcripts Batf3, Irf8
and Itgae (Extended Data Fig. 5a, b), and dendritic cells showed
reduced expression of the key innate cytokine IFN-b (Extended Data
Fig. 5a). Together, these results suggest that the failed T-cell priming
against tumour-associated antigen in BrafV600E/Pten2/2/CAT-STA
tumours is secondary to defective recruitment and activation of
Batf3-lineage dendritic cells.
To determine whether T-cell infiltration into BrafV600E/Pten2/2

tumours was dependent on CD1031 dendritic cells, Batf32/2 bone
marrow chimaeras were generated. Indeed, tumours from BrafV600E/
Pten2/2/Batf32/2 bone marrow chimaeras failed to develop T-cell
infiltration (Fig. 2f). To assess whether poor dendritic cell recruitment
was indeed the major functional barrier, we generated Flt3 ligand-
derived bone-marrow dendritic cells activated with polyinosinic:poly-
cytidylic acid (poly(I:C))20 for intra-tumoural injection, which were
found to restore T-cell infiltration in BrafV600E/Pten2/2/CAT-STA
tumours (Fig. 2h) and led to a modest reduction in tumour weight
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Figure 1 | Melanoma-intrinsic b-catenin pathway activation correlates with
T-cell exclusion. a, b, Heatmaps of 266metastaticmelanomas clustered in low
versus high T-cell signature gene groups (a), and b-catenin target genes within
the T-cell-signature high and low cohorts (b). c, Pearson correlation of CD8A
expression with c-MYC, TCF1 and WNT7B (red indicates T-cell-signature
high, blue indicates T-cell-signature low).d, Correlation betweenb-catenin and
CD8 in melanoma biopsies. Fisher’s exact test with n5 49. e, Tumour
incidence rates of GEMs (median time to tumour event): BrafV600E/Pten2/2:

100%, 21 days (n5 14); BrafV600E/CAT-STA: 85%, 55.5 days (n5 8);BrafV600E/
Pten2/2/CAT-STA: 100%, 26 days (n5 14). f, CD31 T cells depicted as
percentage living cells and absolute numbers per gram tumour. n5 20,
mean6 standard error of the mean (s.e.m.), Mann–Whitney U test.
g, Representative example out of five for fluorescent immunohistochemistry
staining against CD31 T cells. Scale bars, 100mm. See Extended Data Fig. 3 for
overview. ***P# 0.001, ****P# 0.0001, *****P# 0.00001.
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(Extended Data Fig. 5c). Using dendritic cells generated from actin–
green fluorescent protein (GFP) transgenic mice, injected dendritic
cells were retained within the tumour microenvironment during this
experimental timeframe (Extended Data Fig. 5d). Together, these
results suggest that the major immunological defect in the context of
melanomas expressing tumour-intrinsic b-catenin signalling is defect-
ive recruitment of CD1031 dendritic cells.
To pursue mechanisms explaining failed CD1031 dermal dendritic

cell recruitment, gene expression profilingwas performed from tumours
of the two genotypes, focusing on chemokines (Supplementary Table 4).
Five chemokines were differentially expressed, with four of these (CCL3,
CXCL1, CXCL2 and CCL4) being expressed at lower levels in BrafV600E/
Pten2/2/CAT-STA tumours (Fig. 3a, b and Supplementary Table 4). For
evaluation of tumour-cell-intrinsic chemokine production in vivo, we
crossed BrafV600E/Pten2/2 mice to yellow fluorescent protein (YFP)-
reporter mice, which allowed identification of transformed YFP1 cells.
Ccl4 transcripts were detected exclusively in the YPF1 cell population
from BrafV600E/Pten2/2 mice, while control sorted YFP1 cells from
BrafWT/Pten2/2 mice or YFP2 cells showed no detectable Ccl4
(Fig. 3c). A similar expression patternwas observed forCXCL1, whereas
CCL3 and CXCL2 were expressed by normal melanocytes and stromal
cells, respectively (Fig. 3c). CD451CD31 and CD451CD32 cells sorted
as controls, showing the expected patterns of Ifng and Ifnb expression
(Extended Data Fig. 6c, d). Expression analysis of the corresponding
chemokine receptor, Ccr5, revealed a lack of CCR5 expression by the
dendritic cells isolated from BrafV600E/Pten2/2/CAT-STA tumours
(Fig. 3d). CCR5 has previously been linked with the migratory capacity
of CD8a1 dendritic cells21. To confirm this observation, we generated
tumour cell lines from both GEMs and found increased production of
CCL4 by BP (BrafV600E/Pten2/2-derived) tumour cells compared to

BPC (BrafV600E/Pten2/2/CAT-STA-derived) tumour cells (Extended
Data Fig. 6a, b). To strengthen a functional role for CCL4, we used an
in vitro migration assay in response to recombinant murine CCL4 as
well as tumour cell line supernatants (Fig. 3e). Indeed, skin-derived
CD11c1CD1031dendritic cells and lymph-node-deriveddendritic cells
(CD11c1CD8a1) migrated in response to CCL4 and BP supernatants
but not to BPC supernatants. Together, these results indicate that failed
recruitment of CD1031 dendritic cells into the tumour microenviron-
ment of BrafV600E/Pten2/2/CAT-STA tumours was, at least in part, due
to defective production of the chemokine CCL4.
We then pursued amechanism by which b-catenin activationmight

preventCcl4 gene expression, since CCL4 has also been associated with
a T-cell infiltrate in human melanoma tumours6,22. Previous reports
had suggested that Wnt/b-catenin signalling induces expression of the
transcriptional repressorATF3 (ref. 23), and that ATF3 suppressesCcl4
(ref. 24). Indeed,Atf3was expressed at higher levels in primary tumours
as well as in BPC tumour cell lines from BrafV600E/Pten2/2/CAT-STA
mice (Fig. 3f). A chromatin immunoprecipitation (ChIP) assay
revealed binding of ATF3 to the Ccl4 promoter region in BrafV600E/
Pten2/2/CAT-STA cells while no binding was observed for Ccl2, a
chemokine lacking an ATF3-binding site (Fig. 3g). Short interfering
RNA (siRNA)-mediated knockdown ofAtf3 orCtnnb1 in BPC tumour
cells restored CCL4 production (Fig. 3h). To examine this relationship
in humanmelanoma,we analysed twomelanoma cell lines,mel537 and
mel888, which show low or high b-catenin expression, respectively
(Extended Data Fig. 7a, c). Consistent with the murine cell lines,
increased ATF3 and decreased CCL4 production were observed in
the b-catenin-positive mel888 cells (Extended Data Fig. 7b, e), and
increased binding of ATF3 to the CCL4 promoter was also detected
(Extended Data Fig. 7d). siRNA-mediated knockdown of ATF3 or
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b-catenin in mel888 cells restored CCL4 production (Extended
Data Fig. 7e).
We additionally investigated whether decreased presence of

BATF3-lineage dendritic cells was associated with active b-catenin
signalling in human melanoma metastases. A Pearson correlation
analysis for expression of THBD (CD141, marker for human
BATF3-lineage dendritic cells25; P, 0.0001), BATF3 (P5 0.0336)
and IRF8 (P, 0.0001) revealed a negative association with the
CTNNB1 score (Extended Data Fig. 8 and data not shown).
Furthermore, CCL4 had already been observed to correlate positively
with T-cell transcripts (Fig. 1a).We conclude thatb-catenin activation
within melanoma cells results in decreased CCL4 gene expression,
which is at least partly mediated through ATF3-dependent transcrip-
tional repression (Extended Data Fig. 9).
To explore the therapeutic relevance of the lack of T-cell infiltration,

both GEMs were treated with a combination of anti-CTLA-4 and anti-
PD-L1monoclonal antibodies3,26.While treatment of BrafV600E/Pten2/2

mice resulted in a significant delay in tumour outgrowth, no therapeutic
effect was detected in BrafV600E/Pten2/2/CAT-STA mice (Fig. 4a, b).
To evaluate whether restoration of intra-tumoural dendritic cells
could restore immunotherapy responsiveness, Flt3 ligand-induced

bone-marrow dendritic cells were injected intra-tumourally into
BrafV600E/Pten2/2/CAT-STA tumours. Indeed, introduction of dendritic
cells had a partial therapeutic effect, which was improved significantly
with anti-CTLA-4 and anti-PD-L1 monoclonal antibodies (Fig. 4c).
We conclude that melanoma-cell-intrinsic activation of an onco-

genic pathway can result in exclusion of the host immune response,
including the absence of a T-cell infiltrate within the tumour micro-
environment. Although 48% of non-T-cell-infiltrated melanomas
show active b-catenin signalling, it is conceivable that additional onco-
genic signalling pathways might mediate immune exclusion in other
cases. The WNT/b-catenin pathway may contribute to immune eva-
sion in other tumour entities beyond melanoma, which would be
consistent with previous in vitro work27. Within T cells, b-catenin
appears to inhibit T-cell activation, suggesting that a general
immune-potentiating effect may result from therapeutic targeting28.
The T-cell-inflamed tumourmicroenvironment phenotype appears to
be predictive of clinical response to immune-based therapies7,10,29.
Immune escape among this subset appears to be a consequence of
dominant effects of negative regulatory pathways such as PD-1, argu-
ing that the clinical activity of anti-PD-1 is tipping the balance in favour
of an ongoing immune response12. By inference, tumour-intrinsic
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b-catenin activation may represent one mechanism of primary resist-
ance to these therapies.

Online Content Methods, along with any additional Extended Data display items
andSourceData, are available in theonline versionof thepaper; referencesunique
to these sections appear only in the online paper.
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METHODS
Analysis of TCGA data set. Level 4 gene expression data and level 2 somatic
mutation data were downloaded for skin cutaneous melanoma (SKCM) from
TCGA, which were processed by Broad Institute’s TCGAworkgroup (release date
10 October 2013). The RNA-seq level 4 gene expression data contain upper-
quartile-normalized and log2-transformedRNA-seq by expectationmaximization
(RSEM) values summarized at gene level30. The whole-exome sequencing (WXS)
level 2 mutation data contains somatic mutation calls for each subject. A total of
266 metastatic SKCM samples were analysed. For clustering of cold and hot
tumours, genes expressed in less than 80% of the samples were removed. A total
of 15,974 genes were kept for further analysis. Unsupervised hierarchical cluster-
ing of the genes was performed in primary tumours and metastasis samples
separately using K-mean equal to 12 and Euclidean distance metrics. Clusters
containing the 13 known T-cell-signature transcripts (CD8A, CCL2, CCL3,
CCL4, CXCL9, CXCL10, ICOS, GZMK, IRF1, HLA-DMA, HLA-DMB, HLA-
DOA, HLA-DOB) were selected for resampling-based hierarchical clustering of
the samples using ConsensusClusterPlus v.1.16.0 (ref. 31). This procedure was
performed with 2,000 random selections of 80% of the samples and Euclidean
distance metrics. Genes differentially expressed between cold and hot tumour
groups were detected using ANOVA and filtered by false discovery rate (FDR)
q value, 0.01 and fold change. 2.0. Canonical pathways significantly enriched
in the genes of interest were identified by Ingenuity Pathways Analysis (IPA)
(Ingenuity Systems; http://www.ingenuity.com) based on experimental evidence
from the Ingenuity Knowledge Base (release date 23 March 2014). The somatic
variants were converted to VCF format and annotated using ANNOVAR (release
date 23 August 2013)32. Each variant was annotated with known genes, exonic
functions, predicted amino acid changes and minor allele frequencies derived
from the 1000 Genomes Project (phase 1, release v.3, 23 November 2010) and
the NHLBI Exome Sequencing Project (ESP6500SI-V2-SSA137) (EVS)33.
Synonymous single-nucleotide variants (SNVs) were excluded from further ana-
lysis. The variants were then summarized at gene level and patient level for com-
parison ofmutation profiles between the cold and hot tumour groups. Interactions
between proteins encoded by genes of interest were retrieved from the STRING
database based on high-confidence evidence collected from co-expression data,
experiments and databases34. SNVs located in selected genes were analysed using
the Variant Effect Prediction (http://www.ensembl.org/info/docs/tools/vep/
index.html) software in combination with the UniProt database (http://www.uni-
prot.org). Calls of loss-of-function and gain-of-function were based on existing
experimental data obtained from theUniProt data base, while harmful or tolerated
effects on the protein structure were predicted using the SIFT prediction algorithm
imbedded in theVariant Effect Predictions analysis. A continuous numerical score
was generated using the six b-catenin target genes (EFNB3, APC2, TCF1, c-MYC,
TCF12, VEGFA) reads. The resulting score was used to align patients based on
activity of the b-catenin pathway.
Mice, tumour induction and generation of tumour cell lines. The following
mouse strains were gifts from collaborators and were used to generate the mouse
models used in this study:Tyr:Cre-ER (gifted by L. Chin), LSL-BrafV600E (provided
by M. MacMahon), Ptenfl/fl (provided by T. Mak), LSL-CAT-STA (provided by F.
Gounari), Rosa26-LSL-SIY and Rosa26-LSL-YFP (Jackson Laboratories, strain
006148) reporter16,35–38. As an initial cross, the Tyr:Cre-ERmice were crossed onto
LSL-BrafV600E and subsequently crossed with the loxP-Pten mouse strain. Those
mice were maintained as Tyr:Cre-ER1, LSL-BrafV600E1/2, Ptenfl/fl and will be
referred to as BrafV600E/Pten2/2. Additionally Tyr:Cre-ER, LSL-BrafV600E mice
were crossed to the LSL-CAT-STA mouse strain with subsequent crossing to the
Ptenfl/fl strain. Those mouse strains were maintained as Tyr:Cre-ER1, LSL-
BrafV600E1/2, LSL-CAT-STA1/1 and Tyr:Cre-ER1, LSL-BrafV600E1/2, Ptenfl/fl,
LSL-CAT-STA1/1 and will be referred to as BrafV600E/CAT-STA or BrafV600E/
Pten2/2/CAT-STA, respectively. Additionally, the BrafV600E/Pten2/2 and
BrafV600E/Pten2/2/CAT-STA mice were crossed to the Rosa26-LSL-SIY mouse
and mice were maintained heterozygote for the Rosa26 locus. Similarly,
BrafV600E/Pten2/2 mice were bred onto the Rosa26-LSL-YFP reporter strain,
which were also maintained with heterozygous breeders for this locus.
Genotyping was performed as described previously16,35–39 (for primer sequences,
see Supplementary Table 5). For tumour induction, 6–10-week-old mice were
shaved on the back and 5ml of 4-OH-tamoxifen (Sigma) at a concentration
of 10mgml21 (dissolved in acetone) were applied. Subsequently, mice were
screened weekly for tumour induction and growth with endpoint criteria of
4,000mm3. For tumour cell line generation, a single-cell suspension of the
tumour tissue was generated as described later and as its entirety used for
subcutaneous injections into Rag-knockout mice (RAGN12-F; Taconic). After
tumour outgrowth, the tumour tissue was harvested and re-injected into Rag-
knockout mice, C57BL/6 mice (Taconic), and adapted to cell culture using

DMEM (Gibco) with 10% FCS (Atlanta Biologics), 13 NEAA (Gibco) and
13 MOPS (Sigma). In this work we used one cell line derived from each
genotype, BrafV600E/Pten2/2 and BrafV600E/Pten2/2/CAT-STA. Additionally,
TCR-transgenic 2C T cells were maintained as T-cell donors40, actin–GFP mice
were obtain from Jackson (strain identifier 003291), Batf32/2 mice were main-
tained as bone marrow donors and were originally obtained from K. Murphy18.
All animal procedures were approved by the Institutional Animal Care and Use
Committee of the University of Chicago. Human tumour cell lines were
obtained from National Cancer Institute and maintained in RPMI medium
supplemented with 10% FCS and 13 NEAA.
Tumour growth, tissue harvest and single-cell suspensions. For tumour out-
growth experiments, mice were treated at the lower back with 4-OH-tamoxifen at
day 0. After day 21, tumour masses were measured by assessing length, width and
height of major tumour mass using a digital calliper. Measuring the height was a
critical parameter to assess tumour growth, since width and length were mainly
influenced given by the spread of the TAM solution. Tumour volume TV was
calculated: TV5TL3TW3TH, where TL is tumour length, TH is tumour height
and TW is tumour width, since the tumour shape was rectangular and flat rather
than spherical. The maximum tumour size was reached when the tumour mass
reached approximately 10% of the body weight. At the indicated experimental
endpoint, tumour tissue was harvested, cleared from remaining skin and minced
using razor blades. Subsequently, tumour pieces were digested using the human
tumour digestion kit (Miltenyi) in combination with the tissue dissociater
(Miltenyi). For flow cytometric analysis and cell sorting, living cells were separated
using a ficoll (GE) centrifugation step with subsequent washing of the obtained
cells. For generation of tumour cell lines, the cell suspensionwas used directly after
digestion and two washing steps.
Immunohistochemistry and fluorescent immunohistology. The immunohis-
tology staining on human samples was performed by the Human Tissue Resource
Center of the University of Chicago using biopsies from malignant melanoma
patients. Stainingwas performed using aCD8-specificmonoclonal antibody (CD8
clone C8/144B, NeoMarkers), b-catenin (clone CAT-5H1, Life Technologies) in
combination with a secondary goat anti-mouse immunoglobulin G (IgG) conju-
gated to an alkaline phosphatase (Biocare Medical) was applied. Slides were
scanned using aCRi Panoramic ScanWhole Slide Scanner. Positivity forb-catenin
staining was obtained first and grading was based on the staining intensity.
Subsequently, the number of CD8-positive T cells within one needle biopsy
(2.5mm diameter) was counted using ImageJ cell counter and calculated as num-
ber of CD81 T cells per mm2. Samples with fewer than 50 CD81 T cells per mm2

were considered T-cell-infiltrate low whereas counts .50 per mm2 were con-
sidered as T-cell high, similar to as described previously41. For mouse fluor-
escent immunohistology staining, formalin/paraffin-fixed tissues were used to
obtain 5 mm sections for subsequent staining. Staining was performed using
the following primary antibodies: anti-CD3 (clone SP7, 1:500, Abcam) and
anti-Trp1 (clone EPR13063, 1:500, Abcam) in combination with goat anti-
rabbit 594 (JacksonImmuno) and Hoechst counterstain. Slides were imaged
using a Zeiss Axiovert 200 with a Hammatsu Orca ER firewire digital mono-
chrome camera.
Flow cytometry and cell sorting. For flow cytometric analysis, washed cells were
resuspended in staining buffer (PBS with 10% FCS and 0.5 M EDTA (Ambion)).
Cells were incubated with live/dead staining dye (Invitrogen, wavelength 450nm)
and Fc Block (clone 93; Biolegend) for 20min on ice. Subsequently, specific
antibodies were added (Supplementary Table 5) and staining was continued
for 40min on ice. After a washing step, cells were either analysed directly or
fixed with 4% PFA (BD) solution for 30min and stored in a 1% PFA solution
until analysis. For staining of TCR-transgenic 2C T cells a TCR specific-biotiny-
lated monoclonal antibody (1B2 clone) was obtained from the University of
Chicago Monoclonal Core Facility. Subsequent to live/dead staining, TCR-spe-
cific monoclonal antibody was added for 15min on ice at a 1:100 dilution alone
with surface antibodies targeting other antigens added in for an additional 25min
thereafter. After a washing step, a 1:500 dilution of Streptavidin APC was added
and incubated on ice for 20min before cells were fixed in 4% PFA and stored in
1% PFA solution. Flow cytometry sample acquisition was performed on a LSR2B
(BD), and analysis was performed using FlowJo software (TreeStar). For cell
sorting, staining protocols were carried out similarly under sterile conditions.
Cell sorting was performed using an ARIAIIIu (BD) and cells were collected in
100% FCS if further used for in vitro analysis or in TriZol Reagent (Invitrogen) if
used for RNA isolation. Percentage of T cells was calculated as follows ((100/
number of total living cells acquired)3number of CD31 T cells); number per
gram tumour was calculated as follows (number of acquired CD31 T cells/
tumour weight).
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T-cell stimulation. 2.53 104 sortedT cells from spleen and/or tumourwere either
stimulated on plates coated with 1mgml21 anti-CD3 antibody (145-2C11 clone;
Biolegend) and 2mgml21 anti-CD28 antibody (37.51 clone BD) inT-cellmedium
(DMEM, 10% FCS, 13NEAA, 13MOPS, 500mM b-mercapthoethanol (Sigma))
or plated on tissue-culture-treated uncoated plates for 8 h. Following incubation,
cells were harvested and resuspended in TriZol Reagent (Invitrogen) for sub-
sequent RNA isolation.
RNA isolation and qRT–PCR. RNA isolation using TriZol was performed
according to the manufacturer’s instruction. In the case of RNA isolation from
whole tumour tissue, a piece of tumour was snap frozen in TriZol at the time of
tumour harvest. Before RNA isolation the tissue was thawed at room temperature
and homogenization was achieved using a tissue homogenizer (GE) with homo-
genizer tips (USA Scientific). Subsequent RNA isolationwas performed according
to the manufacturer’s instructions. Reverse transcriptase reaction was performed
using High Capacity cDNA RTPCR Kit (Life Technologies) according to instruc-
tions and 1ml of the resulting copy DNAwas used for qPCR. qPCR reactions were
carried out using Sybr Green or TaqMan master mix (Life Technologies) and
defined primer sets or primer/probe sets (probes were obtained from Roche),
respectively (Supplementary Table 5). Reactions were run on a 7300 RT PCR
system machine (Applied Biosystems) and expression level and fold change were
calculated as follows: DCT5CTgene of interest 2 CT18S; expression level5 22DCT;
fold change ¼ 2ðDCTreference sample�DCTtested sampleÞ (ref. 42).
Adoptive T-cell transfer. For adoptive transfer experiments, tumour develop-
ment was induced and transfer of 13 106 T cells was performed when tumour
reached near endpoint sizes (approximately 3–4 weeks after induction).
Transferred T cells were isolated from gender-matched 2C donor mice using
the Miltenyi CD81 enrichment Kit II for untouched CD81 T-cell isolation.
After isolation, cells were stained with 1mM CFSE solution (eBioscience) for
8min at 37 uC before intravenous injection. Tumour tissue, tumour-draining
lymph nodes and spleen were harvested 5 days after adoptive transfer of T cells
and used for flow cytometric analysis. This short timeframe was chosen to avoid
the reported leakiness of the SIY transgene that has been associated with partial
T-cell activation within the spleen16. For tumour tissues, the entirety of each
sample was acquired and the total number of CD31CD81 T cells and transferred
2C cells was assessed. The percentage 2C cells was calculated as ((100/CD31/
CD81 T cells)3 2C) and also the number of 2C cells per gram tumour.
Generation of bonemarrow chimaeras.To conditionhostmice to generate bone
marrow chimaeras, indicated mouse strains were irradiated twice with a 3 h inter-
val and a first irradiation dose of 500 rad followed by 550 rad. Twenty-four hours
after the second irradiation dose, bone marrow from gender-matched donor mice
was isolated from femur and tibia of both legs, washed, and erythrocytes were
lysed. 33 106 bone marrow cells were injected intravenously to reconstitute the
mice. Two-to-threemonths after bonemarrow transfer, tumour development was
induced as described previously.
Generation and administration of bone-marrow-derived dendritic cells. For
administration of bone-marrow-derived dendritic cells, bone marrow from
C57BL/6 mice or GFP–actin mice was collected from the femurs and tibias
of both legs. After washing and lysis of erythrocytes, bone marrow cells were
cultured in RPMI (Gibco) complete medium (10% FCS, 13 NEAA, 500mM
b-ME) supplemented with 300ngml21 Flt3 ligand (eBioscience) for 7 days at a
concentration of 2.53 106 cellsml21. Dendritic cells were then activated for 24 h
with poly(I:C) (InvivoGen) at a final concentration of 5mgml21 (pre-heated for
5min at 95 uC). Activated Flt3 ligand dendritic cells were frozen in aliquots of
53 106 cells in 90% FCS with 10% dimethylsulfoxide (DMSO; Sigma) until use
for in vivo administration. For each dendritic cell preparation, activation marker
expression was analysed using flow cytometry with the majority of cells being
CD11c1, CD11b1, predominantly CD8a1 and after activation high expression
of CD80, CD86, MHCII and CD40 was observed. Injection of dendritic cells
was initiated when the first signs of tumour lesions were identified on mice (2–3
weeks after induction) and were given intra-dermally/intra-tumourally using
a 27G (Braintree) needle twice per week at a dose of 13 106 dendritic cells
per injection.
Gene array analysis of mouse tumour tissue. For gene array analysis, RNA from
whole tumour tissue was isolated. Subsequent experimental procedures were per-
formed by the University of Chicago Genomics Core facility using the Illumina
MouseWG-6 gene array chip (Illumina) according to the manufacturer’s instruc-
tions. Subsequent gene lists were analysed from differentially expressed genes with
a cut off for at least twofold change between the two analysed cohorts. Significance
was determined using a two-way ANOVA test.
Trans-well migration assay.Dendritic cell populations were isolated from lymph
nodes and skin of naive 6-week-old C57BL/6 mice. For this purpose, skin tissue
was digested in a similar way as tumour tissue and cells from skin and lymph node

were stained using the previously described protocol for cell sorting. Subsequently,
living, CD451, CD11c1, CD8a2 or CD8a1 cells were isolated from the lymph
node sample as well as living, CD451, CD11c1 or CD1031 cells from skin sam-
ples. Migration assays were performed as described previously withminor adapta-
tions using 53 105 cells perwell and pre-treatment of dendritic cells with pertussis
toxin (Sigma) at a final concentration of 20 ngml21 for 1.5 h as indicated43. As a
migration stimulus, CCL4 (R&D)was added to RPMI completemedium at 500ng
ml21 or 48 h conditioned media from BrafV600E/Pten2/2 or BrafV600E/Pten2/2/
CAT-STA cell lines were used. At the endpoint, cells from the lower compartment
as well as the trans-well were harvested and counted using a standard Neubauer
counting chamber. Percentage of migrated cells was calculated as follows: count
lower well/(count upper well1 count lower well)3 100; with the sum of trans-
well and lower well being.90% of the input cell count.
ELISA. ELISA assays against murine and human CCL4 were performed using
CCL4-specific ELISA kits (R&D) according to the manufacturer’s instructions.
siRNA knockdown.Target gene-specific and control siRNAswere obtained from
Ambion and can be found in Supplementary Table 5. For knockdown, 33 104

tumour cells are plated in 96-well plates at a concentration of 33 105 perml. Opti-
MEM (Gibco) was mixed with 1.2 pmol siRNA and 1.5% RNAiMAX reagent
(Invitrogen) and added to the culture at a ratio of 1:5. Cells were incubated for
48 h before supernatant was harvested for ELISA assays and cells were collected for
RNA or protein extraction.
Western blotting. Cell lysates were generated using RIPA buffer in combination
with protein inhibitor (Invitrogen) and protein concentration was determined
using Bradford protein assay (Biorad). Denaturated lysates were applied to a
10% SDS–PAGE and blotted using standard procedures. For protein detection,
blots were incubated with primary antibodies (b-catenin clone D10A8; b-actin
clone 13E5; Cell Signaling) overnight andwith secondary antibodies (donkey anti-
rabbit-HRP; GEHealthcare) for 2 h. Chemiluminescence was used to visualize the
protein bands (GE Healthcare).
ChIP assay. For ChIP assays, the two cell lines, BP and BPC, were grown to 80%
confluence in a 10 cm Petri dish. Cells were fixed with 1% formaldehyde solution
for 30min at 37 uC. Subsequent steps were performed using the EpiTect ChIP kit
(Qiagen) according to the manufacturer’s instructions with some minor adapta-
tions. In brief, the formaldehyde was removed and cells were washed before
harvesting using RIPA buffer. Sonication was performed using a water bath soni-
cator (GE) with the following cycle of 30 s on/15 s off at maximum voltage for
15min, and this cycle was repeated three times at 4 uC. Chromatin-containing
supernatants were incubated with an ATF3-specific antibody (mouse: polyclonal
rabbit IgG; human: clone 44C3a,mouse IgG;Abcam) or rabbit/mouse IgG1 isotype
(Cell Signaling) for 3 h or overnight at a 1:50 dilution. Pulled-downDNAwas used
as template for qPCR using Sybr Green master mix and primers (Supplementary
Table 5). Results were calculated as followed: DCT5DCTIP2 (DCTIP2 log2

100),
fold enrichment ¼ 2ðDCTiso�DCTIPÞ.
Monoclonal antibody therapy. Therapy using monoclonal antibodies was
initiated either when the tumour was first palpable or 7 days after dendritic cell
injection was initiated. Mice were assigned to groups in a randomized fashion
based on their ear tag number. Antibodies (CTLA-4 clone 9H10, PD-L1 clone
10F.9G2; BioXcell) were administered every other day throughout the experiment
at a dose of 100mg per mouse per treatment and treatment was initiated 3 weeks
after tamoxifen application26.
Statistical analysis.All statistical analyses were performed usingGraphPad Prism
(GraphPad) with the exception of analyses of the TCGA data set. Unless otherwise
noted, all data are shown as mean 6 s.e.m. combined with a two-tailed Mann–
WhitneyU test. Significance was assumed with P# 0.05. For correlation studies, a
Gaussian fit was performed to assure normal distribution. All experiments shown
were repeated at least in two independent experiments.
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Extended Data Figure 1 | Correlation between active b-catenin and CD8
T-cell infiltrate in human patients. a, A continuous numerical score was
generated using six b-catenin target genes (CTNNB1 score). Using this score,
patients from the TCGA data set were grouped in high or low CTNNB1 score

(centred on the average score) (low, 91 patients; high, 108 patients). Subsequent
correlation analysis was performed using a Fisher’s exact test. b, Representative
examples for CD8 and b-catenin staining in human needle biopsies used for
analysis shown in Fig. 1d.
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Extended Data Figure 2 | Tumour growth of genetically engineered mice.
a, Overall survival of all three models: BrafV600E/Pten2/2 with 100% lethality
and mean time to death of 31 days (n5 14), BrafV600E/CAT-STA with 85%
lethality and mean time to tumour event of 93 days (n5 8), and BrafV600E/
Pten2/2/CAT-STA with 100% lethality and mean time to tumour event of 36
days (n5 14). b, Tumour outgrowth of BrafV600E/Pten2/2 (red) and BrafV600E/
Pten2/2/CAT-STA (blue) tumours shown as mm3 at days after tamoxifen

application (n5 10). c, Representative macroscopic pictures for tumour
growth over time when tamoxifen was applied on the lower back of the mouse
(see illustration). d, Gene array analysis of tumours isolated fromGEMs (n5 4,
Mann–Whitney U test). e, Histology slides showing representative examples
for haematoxylin and eosin stain in all threemousemodels (left,320, scale bars
indicate 100mm; right,3100, scale bars indicate 20mm). *P# 0.05; NS, not
significant.
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Extended Data Figure 3 | T-cell infiltration of genetically engineered mice.
a, Representative images of immmunofluorescent staining against CD3 (red,
left panel) and TRP1 (green, right panel) in all three tumour tissues (scale bar,
100mm;34,310,320with34 differential interference contrast (DIC) on top;
nuclei Hoechst320 CD3 stain as shown in Fig. 1). b, Representative
immmunofluorescent staining against CD3 (red, left panel) and TRP1 (green,
right panel) in a highly pigmented area of BrafV600E/Pten2/2 tumour tissues
(scale bar, 100mm;310,320 with310 DIC left) excluding that the lack of T

cells is associated with increased pigmentation (nuclei Hoechst). c, Numbers of
CD31 T cells were counted within 13 different fields (0.5mm3 1mm) from
two tumour samples.Mean of 12 T cells or 3.2 T cells per 0.5mm2 in BrafV600E/
CAT-STA or BrafV600E/Pten2/2/CAT-STA tumours, respectively, versus 100 T
cells per 0.5 mm2 in BrafV600E/Pten2/2 tumours. Data are given as mean with
minimum and maximum, as well as individual values. Statistical analysis was
performed using Mann–Whitney U test. ****P# 0.0001.
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Extended Data Figure 4 | Characterization of the T-cell infiltrate in
BrafV600E/Pten2/2/CAT-STA mice. a, Distribution of T-cell subsets in
BrafV600E/Pten2/2 and BrafV600E/Pten2/2/CAT-STA tumours (n5 6).
b, c, Representative flow cytometry plots to discriminate ab-TCR T cells and
cd-TCR T cells (b), naive (CD62L1CD442) and effector (CD62L2CD441) T
cells (pre-gated on CD31CD81 T cells), and one representative example of
CD44/CD45RA staining (c). Quantification of naive
(CD62L1CD442CD45RA1), effector (CD62L2CD441CD45RA2) and
memory (CD62L1CD441CD45RA2) T cells is indicated on the right (n5 6).
d, Representative flow cytometry plots of FoxP31 T regulatory cells (n5 6).
e, Quantification and comparison of PD-1/Lag3 double-positive T cells in
BrafV600E/Pten2/2 and BrafV600E/Pten2/2/CAT-STA tumours (n5 12).
f, Representative flow cytometry of PD-1- and Lag3-positive T cells (pre-gated
onCD31CD81T cells) inBrafV600E/Pten2/2 tumours. g, Il2 transcripts present

in sorted CD31 T cells from BrafV600E/Pten2/2 tumours and spleen (n5 10).
h, Ifng transcripts present in sorted CD31 T cells from BrafV600E/Pten2/2 and
BrafV600E/Pten2/2/CAT-STA mice (n5 10). i, Expression level of PD-L1 in
whole tumour tissue from both mouse models assessed by qRT–PCR (n5 8).
j, Flow cytometric analysis of PD-L1 expression of non-haematopoietic tumour
cells (CD452), CD451CD11c1 dendritic cells (DC) and CD451CD31 T cells.
Shown is a representative example as histogram (grey isotype, red BrafV600E/
Pten2/2; blue, BrafV600E/Pten2/2/CAT-STA) with mean fluorescent intensity
of n5 3 given each histogram (red, BrafV600E/Pten2/2; blue, BrafV600E/
Pten2/2/CAT-STA). k, Percentage of Gr11 cells within the CD11b1 fraction of
the tumour immune cell infiltrate (n5 8; absolute numbers BrafV600E/Pten2/2:
1,0476 418 cells per gram tumour to BrafV600E/Pten2/2/CAT-STA: 7396 185
cells per gram tumour; P5 0.7429). All data are mean6 s.e.m., Mann–
Whitney U test.*P# 0.05, **P# 0.01, ****P# 0.0001; NS, not significant.
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Extended Data Figure 5 | Injection of Flt3 ligand-derived dendritic cells
into tumours of BrafV600E/Pten2/2/CAT-STA mice is sufficient to
overcome the lack of CD1031 dermal dendritic cells. a, Expression level of
Ifnb in CD451CD11c1 sorted dendritic cells from tumours from BrafV600E/
Pten2/2 (open bars) and BrafV600E/Pten2/2/CAT-STA (filled bars) mice. FC,
fold change. b, Expression level of Batf3, Irf8 and Itgae in sorted dendritic cells.
Fold change is indicated in each graph (n5 8). c, Mean (6 s.e.m.) tumour
weight of BrafV600E/Pten2/2/CAT-STA assessed at the endpoint of the
experiment depicted in Fig. 3e, after intra-tumoural injection of dendritic cells.
d, Per cent of GFP1CD11c1 dendritic cells (DC) present at the tumour site
after injections of Flt3 ligand-derived dendritic cells from actin–GFP mice.
Depicted are the percentages detected in the tumour of both genotypes injected
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the actin–GFP injected mice (n5 4). All data are mean6 s.e.m., Mann–
Whitney U test. *P# 0.05.
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Extended Data Figure 7 | Active b-catenin signalling blocks CCL4
production in human melanoma cell lines. a, Western blot on mel537 and
mel888 showing stabilized b-catenin expression. b, Expression level of human
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experiments, duplicates per experiment). c, Expression level of b-catenin target
genes in mel537 and mel888. d, ATF3-specific ChIP assay in mel537 and
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levels (right) after siRNA-mediated knockdown of CTNNB1 and ATF3 in
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mean6 s.e.m., Mann–Whitney U test. *P# 0.05.
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