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Abstract

Background: The T cell-inflamed phenotype correlates with efficacy of immune-checkpoint 

blockade while non-T cell-inflamed tumors infrequently benefit. Tumor-intrinsic WNT/β-catenin 

signaling mediates immune exclusion in melanoma, but association with the non-T cell-inflamed 

tumor microenvironment in other tumor types is not well understood.

Methods: Using The Cancer Genome Atlas (TCGA), a T cell-inflamed gene expression signature 

segregated samples within tumor types. Activation of WNT/β-catenin signaling was inferred using 

three approaches: somatic mutations or somatic copy number alterations (SCNAs) in β-catenin 

signaling elements including CTNNB1, APC, APC2, AXIN1, AXIN2; pathway prediction from 

RNAseq gene expression; and inverse correlation of β-catenin protein levels with the T cell-

inflamed gene expression signature.
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Results: Across TCGA, 3137/9244 (33.9%) tumors were non-T cell-inflamed while 3161/9244 

(34.2%) were T cell-inflamed. Non-T cell-inflamed tumors demonstrated significantly lower 

expression of T cell inflammation genes relative to matched normal tissue, arguing for loss of a 

natural immune phenotype. Mutations of β-catenin signaling molecules in non-T cell-inflamed 

tumors were enriched three-fold relative to T cell-inflamed tumors. Across 31 tumors, 28 (90%) 

demonstrated activated β-catenin signaling in the non-T cell-inflamed subset by at least one 

method. This included target molecule expression from somatic mutations and/or SCNAs of β-

catenin signaling elements (19 tumors, 61%), pathway analysis (14 tumors, 45%), and increased 

β-catenin protein levels (20 tumors, 65%).

Conclusions: Activation of tumor-intrinsic WNT/β-catenin signaling is enriched in non-T cell-

inflamed tumors. These data provide a strong rationale for development of pharmacologic 

inhibitors of this pathway with the aim of restoring immune cell infiltration and augmenting 

immunotherapy.

Introduction

Immunotherapies targeting immune checkpoints have contributed to a marked improvement 

in treatment outcomes in patients with advanced cancer. In melanoma, anti-cytotoxic T 

lymphocyte antigen 4 (CTLA-4) and anti-programmed death 1 (PD-1) antibodies have 

demonstrated robust response rates with years of durability in some patients(1,2) and 

improvement in overall survival(3,4). Significant clinical activity of PD-1-targeting agents 

has led to FDA approval in multiple additional cancer entities. Despite this broad activity, 

only a subset of patients benefits from treatment within each cancer subtype, and molecular 

mechanisms to explain primary resistance in these patients remain incompletely understood.

High expression of specific immune cell genes in the tumor microenvironment, described as 

the T cell-inflamed phenotype, has been observed to correlate with response to multiple 

immunotherapies including therapeutic vaccines and checkpoint blocking antibodies(1,5–

10). Conversely, the non-T cell inflamed tumor microenvironment appears to closely 

associate with lack of clinical benefit to immunotherapy, particularly with anti-PD-1 

antibodies(9,10). Categorization of tumors using transcriptional profiles marking the T cell-

inflamed gene expression signature is advantageous as it can define biologically relevant 

patient sub-populations and set a framework in which to investigate hypothetical 

mechanisms for primary immunotherapy resistance.

Although multiple molecular mechanisms could theoretically disfavor a T cell-inflamed 

microenvironment, several lines of investigation have indicated that specific oncogenic 

molecular aberrations can be sufficient to drive this immune exclusion phenotype in some 

cases. Tumor cell-intrinsic WNT/β-catenin signaling in melanoma was the first somatic 

alteration associated with the non-T cell-inflamed tumor microenvironment in patients, and 

was demonstrated to be causal using a genetically-engineered mouse model(11). The 

mechanism of this effect appears to be through transcriptional repression of key chemokine 

genes that leads to lack of Batf3-lineage dendritic cell recruitment and subsequent failure to 

prime and recruit CD8+ T cells(11,12). This effect is dominant in the tumor 

microenvironment and leads to loss of therapeutic efficacy of checkpoint blockade, tumor 
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antigen vaccination, and adoptive T cell transfer immunotherapy approaches 

preclinically(11,12). While the above studies of tumor-intrinsic WNT/β-catenin signaling 

have been evaluated in the context of melanoma, the impact of this pathway in driving the 

non-T cell-inflamed tumor microenvironment in other tumor types are increasingly being 

recognized. In syngeneic murine models of B16F10 melanoma, 4T1 mammary carcinoma, 

Neuro2A neuroblastoma, and Renca renal adenocarcinoma, blocking β-catenin pathway 

signaling via RNA interference resulted in influx of CD8+ T cells and increase in interferon-

γ-associated gene targets(13). Subsequent combination with immunotherapy yielded 

complete regressions in the majority of treated animals. More broadly, roles for WNT/β-

catenin signaling impacting on the immune system via development and function, active 

immune exclusion by tumor cells and cancer immunosurveillance are being recognized and 

accepted across cancer types(14).

To investigate the influence of WNT/β-catenin signaling across cancers, we performed an 

integrative analysis of The Cancer Genome Atlas (TCGA) separating individual tumors by T 

cell-inflamed status and identifying β-catenin pathway activation on three levels. We find 

that most tumor types within TCGA are enriched for activation of WNT/β-catenin signaling 

in non-T cell-inflamed tumors. These observations suggest pharmacologic targeting of this 

pathway could have broad implications for improving immunotherapy efficacy.

Materials and Methods

TCGA cancer datasets

Level 3 gene expression data (release date February 4, 2015), level 4 somatic mutation data 

(release date January 28, 2016), and level 3 somatic copy number data (release date January 

28, 2016) were downloaded for 31 solid tumor types from The Cancer Genome Atlas 

(TCGA) preprocessed by Broad’s TCGA team (https://gdac.broadinstitute.org/). To make 

gene expression values comparable among cancer types, raw read counts mapped to gene 

features were processed by upper quartile normalization followed by log2 transformation 

across all samples. For mutation data, silent mutations were excluded from all analysis. For 

copy number (CN) alterations, we focused on high-level changes including putative biallelic 

(or higher) CN gain (+2) or putative biallelic loss (−2) as defined in GISTIC2 data files 

entitled “all_thresholded_by_gene.txt” of each tumor type (15). The high-level SCNAs 

represent events where focal CN gain (or loss) are higher (or lower) than the maximum (or 

minimum) median arm-level CN gain (or loss), hence indicate more conservative thresholds 

and are less likely to be artifacts or false positives compared to low-level SCNAs given the 

purity and ploidy of tumor samples. Acute myeloid leukemia, diffuse large B-cell 

lymphoma, and thymoma were excluded because of high tumor cell-intrinsic immune cell 

transcripts. Skin cutaneous melanoma had both primary and metastatic samples available 

hence counted as two histologies, whereas the other 29 cancers had only primary tumors 

available. A total of 9,555 tumor samples and 742 normal samples were initially 

downloaded. After excluding the three tumor types, 9244 tumors and 683 matched normal 

were included in the analysis.
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Identification of non-T cell-inflamed and T cell-inflamed tumor groups

Using a defined T-cell inflamed gene expression signature consisting of 160 genes 

(“concordant gene list”, described in (16)), the tumor samples were categorized into three 

groups: non–T-cell inflamed, T-cell inflamed, and intermediate following previous protocols 

(16). In brief, a quantitative scoring system was developed to categorize tumors into three 

groups: non-T cell-inflamed, T cell-inflamed, and intermediate, based on the expression 

profile of the T cell-inflamed gene expression signature. First, gene expression values were 

converted to a score Si = μi ± βiσi (i = 1,2, … n), where μ and σ represent the mean and 

standard deviation (sd) of the i th gene’s expression across all samples, respectively. n is the 

total number of genes. β represents the distance between the i th gene’s expression in a 

sample and its mean in the unit of sd (equivalent to a z-score). In this system, the threshold 

for non-T cell-inflamed and T cell-inflamed tumors was β0 = 0.1. For each gene, if its 

coefficient βi > β0, then this gene is concluded as ‘upregulated’ in this sample and assigned 

score as +1; likewise, if its coefficient βi < −β0, then this gene is concluded as 

‘downregulated’ in this sample and assigned score as −1; otherwise, this gene is concluded 

as ‘unchanged’ and assigned score as 0. Next, the summation of the score across all 160 

genes from the signature was computed to determine the group of a patient. As each gene 

score has values of −1, 0, or +1, the summation of all gene scores ranges from −160 (if all 

genes are downregulated) to +160 (if all genes are upregulated), where tumors of < −80 

score summation were categorized as non-T cell-inflamed, > +80 score summation as T-cell 

inflamed, and the rest as intermediate.

Differential gene expression detection and pathway activation prediction

Within each individual cancer, genes significantly differentially expressed between non-T 

cell-inflamed and T cell-inflamed tumor groups were identified by Linear Models for 

Microarray and RNA-Seq Data (limma) voom algorithm with precision weights (17), filtered 

by FDR-adjusted p<0.05, and fold change ≥ 1.5 or ≤ −1.5. Pathways significantly altered by 

the differentially expressed genes (DEGs) were detected by IPA® (QIAGEN Inc., Germany) 

using the curated Ingenuity Knowledge Base (accessed November 2015). Upstream 

transcriptional regulators and their change of direction were predicted by the cumulative 

effect of target molecules up or downregulated under condition (18). Those of overlap 

p<0.05 (measuring the enrichment of target molecules in the dataset) were selected for 

further analysis. For each individual tumor sample, a β-catenin pathway activation score was 

calculated requiring at least 50% of the cancer-specific target molecules (Supplementary 

Table 2) to be upregulated (relative to its median expression across all samples from this 

individual cancer) in non-T cell-inflamed tumor group relative to inflamed. For cancers 

where the total number of target molecules is less than 10, at least 5 molecules are required 

to be upregulated in order to determine a patient from this cancer to be activated; for cancers 

where the total number of target molecules is less than 5, all molecules must be upregulated 

in order to conclude that a patient is activated.

Estimation of stroma and immune cell enrichment from RNAseq data

The relative enrichment of 64 stroma and immune cell types in tumor microenvironment was 

estimated by xCell (19) (v1.1.0) from the bulk-tissue RNAseq data. For each cell type, xCell 
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assigns enrichment scores across all samples by integrating single-sample gene set 

enrichment analysis (ssGSEA) and deconvolution methods. All TCGA tumors were 

processed by xCell at once to compute per-sample stroma score and immune score, and then 

compared between β-catenin activated (activation score > 0.5, high) and non-activated 

samples (activation score ≤ 0.5, low) by non-parametric Mann-Whitney U test with FDR-

correction for multiple comparisons.

RPPA data analysis

Level 3 reverse phase protein array (RPPA) antibody-level protein abundance data (release 

date January 28, 2016; patch July 14, 2016) produced by MD Anderson Cancer Center were 

downloaded from The Cancer Genome Atlas (TCGA) preprocessed by Broad’s TCGA team 

(https://gdac.broadinstitute.org/) (accessed April 26, 2018). β-catenin protein level was 

estimated using median-centered normalized values corresponding to antibody ‘beta-

Catenin’ from the data files without gene annotation. The gene-annotated RPPA data files 

were not used in this analysis due to potential gene symbol mismatch for beta-catenin. 

Within each tumor type, a one-sided Pearson’s correlation (R function cor.test, alternative = 

“less”) test was performed within each tumor type between β-catenin protein level and T-cell 

inflamed gene expression from normalized RNA-seq data, followed by FDR-correction for 

multiple testing.

Statistical analysis

For analysis of contingency tables including comparison of sample frequency between 

groups activated by β-catenin pathway, Fisher’s exact test was used. Gene expression 

comparison between groups were performed using linear regression models implemented in 

limma voom. For multiple comparisons, p-value was adjusted using Benjamini-Hochberg 

FDR correction for multiple testing (20). Pearson’s correlation r was used for measuring 

statistical dependence between normalized and log2-transformed expression level of 

different genes. p<0.05 was considered statistically significant and denoted as follows: * p < 

0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Statistical analysis was performed using 

R and Bioconductor.

Results

Solid tumor histologies can be segregated based on the degree of the T cell-inflamed 
tumor microenvironment gene expression signature

Strong associations have been observed between the presence of T cell-infiltration and/or a 

T cell-inflamed gene expression signature and response to immune-checkpoint 

blockade(10,21). These data imply that a non-T cell-inflamed tumor microenvironment is 

associated with therapeutic resistance, and understanding the molecular basis of this 

phenotype should point towards candidate targets for expanding efficacy(10). To assess the 

landscape of the non-T cell-inflamed tumor microenvironment across human cancers, we 

analyzed the RNA-seq data from 31 solid tumors contained within The Cancer Genome 

Atlas (TCGA) (Supplementary Table 1). We segregated samples into T cell-inflamed, 

intermediate, or non-T cell-inflamed using a T cell-inflamed filtration score based on 

categorical definition (–1, 0, 1) of each gene from our previously defined 160-gene T cell-
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inflamed expression signature (see Methods for further details)(16). This gene expression 

signature shows a high level of correlation with a previously published immune cytolytic 

activity score used in other studies(22) (Pearson’s r=0.83, p=3.57e-09; Supplementary 

Figure 1).

Combining all cancer types within TCGA, 3137/9244 (33.9%) samples showed a non-T cell-

inflamed gene expression signature, with 2946/9244 (31.9%) scoring as intermediate and 

3161/9244 (34.2%) displaying the T cell-inflamed phenotype (Supplementary Figure 2). 

Cancer types were ranked by the fraction of samples showing the non-T cell-inflamed tumor 

microenvironment per tumor type (Figure 1A). Paraganglioma, uveal melanoma, and 

adrenocortical tumors showed the highest frequency of non-T cell-inflamed tumors, whereas 

lung adenocarcinoma, mesothelioma, and clear cell kidney cancer showed the lowest 

frequency of non-T cell-inflamed samples. Relevant to clinical practice, this pattern 

approximates the activity of anti-PD-1/PD-L1 monotherapy in which little if any activity has 

been observed in uveal melanoma(23), whereas substantial clinical activity has been 

demonstrated in lung cancer, kidney cancer, and mesothelioma(24–26).

It was of interest to assess whether the T cell-inflamed gene expression signature was a 

phenotype that was gained when comparing cancer tissue to normal tissue, or whether the 

non-T cell-inflamed phenotype represented a loss of immune cell infiltration that is a 

component of normal tissue homeostasis. In most cases, loss of immune phenotype was 

observed in the malignant tissue. In tumor types of TCGA where adjacent normal tissue was 

available, non-T cell-inflamed tumors generally showed a significantly lower T cell-

inflamed gene expression relative to normal tissue controls (p=1.10e-111, two-sided Welch 

Two Sample t-test) and the T cell-inflamed tumors showed a significantly higher T cell-

inflamed gene expression relative to normal tissue (p=2.23e-106). Within each individual 

tumor type, a similar pattern was observed for most cancers (Figure 1B) with the exception 

of the three types of kidney cancer (chromophobe, clear cell and renal papillary cell 

carcinoma), where those normal tissues showed a low T cell-inflamed gene expression that 

was indistinguishable from that of non-T cell-inflamed tumors (p >0.05, ranges from 0.07 to 

0.62). Though generally responsive to anti-PD-1 immunotherapy, the immunobiology of 

clear cell kidney cancer may vary from other tumor types based on significant clinical 

activity despite low mutational density or neoantigen load(27), and the unexpected negative 

prognostic value of a higher CD8+ T cell density at baseline(28).

Having previously identified activated WNT/β-catenin signaling in 48% of non-T cell-

inflamed metastatic melanoma samples(11), we investigated whether activation of this 

pathway was associated with the non-T cell-inflamed phenotype in other cancer histologies. 

β-catenin pathway activation was addressed on three levels: somatic mutations or copy 

number alterations in CTNNB1 and other regulators predicted to yield pathway activation, 

expression of downstream target genes indicative of β-catenin signaling, and β-catenin 

protein levels as assessed by reverse phase protein array (RPPA).
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Somatic mutations of CTNNB1 and upstream repressors are enriched in non-T cell-
inflamed tumors

To interrogate tumors for β-catenin pathway activation, non-synonymous mutations 

(NSSMs) across TCGA samples in the CTNNB1, APC, APC2, AXIN1, and AXIN2 genes 

were identified and investigated for abundance within the non-T cell-inflamed versus the T 

cell-inflamed cohorts. This analysis was restricted to defined mutations predicted to mediate 

pathway activation. For CTNNB1, we defined relevant mutations as those affecting exon 3 

(amino acid position 29 to 49) corresponding to the phosphorylation site by GSK3β which 

normally leads to proteolytic degradation of β-catenin (Figure 2A). Across the aggregate 

TCGA cohort, we observed a statistically significant three-fold enrichment (p<0.0001, two-

sided Fisher’s exact test) of these mutations in non-T cell-inflamed versus T cell-inflamed 

tumors (Figure 2B, black bars). Mutations were most commonly missense mutations 

effecting serine or threonine residues as previously published(29). For other β-catenin 

pathway genes we included potential damaging mutations such as nonsynonymous or 

stopgain single nucleotide variants (SNVs), variants that affect splicing site, as well as 

frameshift/non-frameshift small insertions and deletions (indels). We additionally analyzed 

high-level somatic copy number (CN) gain for CTNNB1 and CN loss for APC, APC2, 
AXIN1, and AXIN2 (defined as +/−2 in GISTIC2 data files; see Methods). Similarly to as 

activation mutations, CTNNB1 CN gain occurred at a higher frequency in non-T cell-

inflamed tumors than T cell-inflamed tumors (Figure 2B, grey bars).

Across non-T cell-inflamed tumors we observed 15.21% of samples as harboring mutations 

predicted to activate β-catenin signaling, somatic CN alterations (SCNAs) in pathway genes 

or both (Figure 2C; Supplementary Figure 3A–B) as opposed to 10.06% in T cell-inflamed 

tumors (Supplementary Figure 3C–E). These mutations and high-level SCNAs were 

predominately non-overlapping and were dominated by activating mutations in CTNNB1 
and damaging mutations in APC. Beyond exon 3, we identified 18 activation mutations 

located in exon 6, 7 or 8 based on known experimental evidence reported from the literature 

that occur on amino acid position 292 (30), 335 (31), 383 (30), and 387 (31) (Supplementary 

Figure 4). Consistent with those disrupting GSK3β-phosphorylation sites in exon 3, those 

additional mutations showed a strong anti-correlation with the T cell-inflamed expression 

signature (10 in non-T cell-inflamed, 7 in intermediate, and 1 in T cell-inflamed group), 

potentially by reducing APC/AXIN1/AXIN2 binding or affecting ubiquitin-mediated protein 

degradation pathways. We acknowledge our analysis is likely an underestimated assessment 

of somatic mutations that drive β-catenin signaling activation, considering that mutations in 

genes other than CTNNB1, APC, APC2, AXIN1, and AXIN2 may also be contributors 

(32,33). Also, it is possible that SCNAs could be influenced by the presence of non-tumor 

cells in the tissue. Across individual tumors, 19 cancer types showed a higher fraction of β-

catenin pathway mutations, high-level SCNAs or both associated with non-T cell-inflamed 

as compared with T cell-inflamed tumors (Figure 2D; Supplementary Figure 5). 

Additionally, we compared the expression of the T cell-inflamed gene expression signature 

with the fraction of β-catenin pathway altered samples (mutations or high-level SCNA 

changes in CTNNB1, APC, APC2, AXIN1, and AXIN2) per tumor type (Supplementary 

Figure 6). We found a weak and statistically in-significant correlation across TCGA and 

within specific tumor types, suggesting that direct genomic activation of β-catenin by 
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mutation or high-level SCNAs may not be the main driver of non-T cell-inflamed 

phenotype. However, the results should be interpreted with caution considering the limited 

sample size for β-catenin pathway mutations or high-level SCNAs within each tumor type.

Activation of a β-catenin transcriptional program correlates with the non-T cell-inflamed 
tumor microenvironment across tumor types

To describe the frequency of β-catenin pathway activation at the level of target gene 

expression, we identified genes significantly differentially expressed in non-T cell-inflamed 

tumors relative to T cell-inflamed, and that overlapped with known downstream target 

molecules of CTNNB1 as upstream regulator from the curated Ingenuity Knowledge Base™ 

(QIAGEN Inc., Germany), yielding a β-catenin activation score for each patient. 

Downstream target molecules in this analysis are collated from the literature as being 

regulated by CTNNB1 (18). We chose to accept a β-catenin activation score of > 0.5 and 

scored individual samples as β-catenin activated or not activated. The percentage of 

activated samples in non-T cell-inflamed versus T cell-inflamed was calculated for each 

tumor type. Of the 31 solid tumors from TCGA, 14 tumor types met the definition of WNT/

β-catenin activation by pathway analysis and demonstrated a greater proportion of samples 

with β-catenin activation in the non-T cell-inflamed versus T cell-inflamed (FDR-adjusted 

p<0.05, two-sided Fisher’s exact test; Figure 3A and B).

The individual target molecules identified by pathway analysis varied by tumor type though 

some were shared between tumors (Supplementary Table 2). A total of 201 β-catenin target 

molecules were identified in at least one tumor type with the top shared molecules in 

Supplemental Figure 7 showing those shared by at least 3 tumor types for CTNNB1 as 

upstream regulator. Representative shared molecules across clear cell kidney, ovarian and 

stomach cancer include BMP7, WNT11, and TDGF1 which each demonstrates statistically 

significant inverse correlations with the T cell-inflamed gene expression signature and 

upregulation of expression in non-T cell-inflamed tumors (Supplemental Figure 8). In 

particular, shared WNT molecules, such as WNT11, were found to be significantly 

upregulated in kidney renal papillary cell carcinoma, ovarian serous cystadenocarcinoma, 

stomach adenocarcinoma, and testicular germ cell tumors, suggesting that WNT11 may be a 

candidate therapeutic target in those cancer types (Supplemental Figure 9).

To evaluate the potential contribution of stroma cells on the β-catenin pathway activation 

score, we analyzed all TCGA tumors at once to compute per-sample stroma score and 

immune score (19) from the RNAseq data, and then compared the enrichment scores 

between β-catenin activated (activation score > 0.5, high) and non-activated samples 

(activation score ≤ 0.5, low) (Supplemental Figure 10). From the 14 tumor types where 

WNT/β-catenin activation by pathway analysis was observed, significant stroma score 

differences were detected in 3 tumor types (esophageal carcinoma, ovarian serous 

cystadenocarcinoma, testicular germ cell tumors) at FDR-adjusted p<0.05 (Supplemental 

Figure 10, upper panel). Esophageal carcinoma showed reduced stroma score in the β-

catenin activated samples, however, the other two tumor types showed the opposite trend. In 

contrast, all 14 tumor types consistently showed a reduction in the immune score comparing 

the β-catenin activated to non-activated samples, 13 of which reached the significance level 
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of 0.05, with esophageal carcinoma at p=0.080 (Supplemental Figure 10, bottom panel). 

Taken together, those results do not appear to support a dominant role for the contribution of 

stromal cells to β-catenin pathway activation across tumor types.

To assess whether somatic mutations of β-catenin pathway genes were associated with 

upregulated expression of downstream target genes, we overlapped samples carrying β-

catenin pathway gene mutations or high-level SCNAs with samples with a high β-catenin 

activation score. From the 14 tumor types where WNT/β-catenin activation by pathway 

analysis was observed, we identified 291/348 (83.6%) as mutated or copy number altered 

and activated in non-T cell-inflamed as compared with 127/225 (56.4%) in T cell-inflamed 

tumors (Supplemental Figure 11). This demonstrates a significantly higher concordance 

between mutated samples and activated samples with a low level of T cell inflammation 

(p<0.0001, odds ratio=3.93, two-sided Fisher’s exact test).

β-catenin protein level inversely correlates with the T cell-inflamed tumor phenotype 
across tumor types

β-catenin staining by immunohistochemistry has previously been shown to inversely 

correlate with staining for CD8+ T cells in melanoma and bladder cancer(11,34). It was 

therefore of interest to analyze available RPPA data for β-catenin protein levels from TCGA 

and examine a potential inverse correlation with the T cell-inflamed gene expression 

signature. Indeed, taking the aggregate data from all 31 TCGA tumors, a statistically 

significant inverse correlation was observed between β-catenin protein abundance and the T 

cell-inflamed gene expression (p<0.0001). Among individual cancer types, this inverse 

correlation was observed for 20 cancers subtypes at a significance level of FDR-adjusted 

p<0.05 (Figure 4A). Representative tumor types including bladder (Pearson’s r= −0.44, 

p<0.0001), kidney renal papillary cell carcinoma (Pearson’s r= −0.42, p<0.0001), ovarian 

serous cystadenocarcinoma (Pearson’s r= −0.37, p<0.0001) and hepatocellular carcinoma 

(Pearson’s r= −0.32, p<0.0001) are shown in Figure 4B. All individual tumor types are 

included in Supplementary Figure 12. Note that adrenocortical carcinoma showed the 

strongest anti-correlation (Pearson’s r= −0.55) but was not included in Figure 4B due to 

relatively smaller sample size (46 samples with both RNA-seq and RPPA data available). 

Results for all analyses across all tumor types investigated above are shown as 

Supplementary Figure 13.

Conclusions/Discussion

In our current analysis of the T cell-inflamed versus non-T cell-inflamed tumor 

microenvironment across the solid tumors as represented in TCGA, we observed that 33.9% 

of tumors were non-T cell-inflamed, with most of these tumors showing lower immune gene 

expression compared to matched normal tissue. This observation suggests that the lack of T 

cell-based tissue inflammation is a frequent occurrence in primary cancers and that loss of 

this biologic process could be a component of carcinogenesis. The development of the non-T 

cell-inflamed tumor microenvironment therefore might be regulated by oncogenic events. 

Analysis of molecular evidence for WNT/β-catenin pathway activation as one potentially 

causal pathway revealed that as many as 28/31 (90%) of tumor types across TCGA showed 
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an inverse correlation with a T cell-inflamed gene expression signature. We inferred β-

catenin pathway activation using three approaches: 1) somatic pathway mutations or high-

level SCNAs, where 19 cancers showed a higher proportion of mutated samples in non-T 

cell-inflamed group relative to inflamed; 2) pathway target gene expression, where 14 

cancers showed predicted β-catenin activation based on upregulation of known target 

molecules in non-T cell-inflamed group relative to inflamed 3) β-catenin protein level by 

RPPA, where 20 cancers showed significant anti-correlation between β-catenin protein level 

and T-cell inflamed gene expression. As a result, we categorized cancer subtypes into tier 1 

to 3, with increasing support combining the three approaches (Table 1). In summary, we 

conclude that WNT/β-catenin pathway activation is frequently associated with poor 

spontaneous T cell infiltration across most human cancers.

Of note, the three methods for analyzing WNT/β-catenin pathway activation did not give 

exactly concordant results. It is formally possible that some of the signal of both gene 

expression and β-catenin protein level may be derived from stromal cells in addition to 

cancer cells. Activating mutations in the β-catenin gene itself, as well as inactivating 

mutations in negative regulators of the β-catenin pathway, are likely restricted to the tumor 

cells. But all cell types theoretically have the potential to activate β-catenin signaling, 

including T cells and other immune cells. The non-T cell-inflamed tumors that lack CD8+ T 

cells also have few dendritic cells, so it is unlikely that increased β-catenin activation in 

those tumors is related to adaptive immunity. However, we observed limited contribution of 

stromal cells when comparing a stroma score between β-catenin pathway activated and non-

activated samples. Given that the most abundant cell type in these tumors is very likely the 

tumor cells themselves, these data support tumor-intrinsic β-catenin as a major correlate of 

the non-T cell-inflamed tumor microenvironment. Future biomarker development to 

document the degree of β-catenin pathway activation should incorporate somatic mutations 

and SCNAs of the pathway coupled with immunohistochemical analysis of CD8+ T cells 

along with stabilized β-catenin protein levels within tumor cells.

Identification of molecular factors associated with the non-T cell-inflamed tumor 

microenvironment has important relevance for future development of combination 

immunotherapy regimens. Mechanistic studies using genetically-engineered mice have 

demonstrated that tumor cell-intrinsic β-catenin activation was sufficient to prevent 

spontaneous T cell priming and infiltration into the tumor microenvironment, rendering 

those tumor-bearing mice resistant to combination checkpoint blockade therapy(11,12). The 

molecular mechanism of this effect was mapped to defective recruitment and activation of 

Batf3-lineage dendritic cells, although additional mechanisms also may contribute. The lack 

of intra-tumoral Batf3 dendritic cells in β-catenin-expressing melanomas also rendered those 

tumors resistant to vaccination and adoptive T cell transfer, arguing that this type of 

molecular aberration also could be relevant to other therapeutic modalities being explored 

clinically(11,12).

The WNT/β-catenin pathway, therefore, should be a high priority molecular target for new 

drug development, in an effort to restore T cell infiltration and potentially expand 

immunotherapy efficacy in the clinic. Several specific inhibitors have been developed and 

brought forward into early phase clinical trials; however, none have yet had sufficient 
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monotherapy activity to advance further into registration trials(35). β-catenin signaling is 

broadly utilized by many cell types, and on-target, off-tumor effects likely limit the potential 

therapeutic window. However, for cancer applications, most agents developed to date have 

likely been screened for the ability to slow cancer cell proliferation and/or induce cancer cell 

apoptosis. The immune evasive mechanisms of β-catenin activation, including suppression 

of chemokines and cytokine gene expression by tumor cells(11), may offer an opportunity to 

develop agents with more restricted activity that predominantly augment immunity while 

sparing other essential cellular functions.

In addition to WNT/β-catenin signaling as a major driver of immune exclusion, data are 

accumulating that other oncogenic events also can contribute to immune exclusion (36,37). 

Loss of PTEN in melanoma has been associated with the non-T cell-inflamed tumor 

microenvironment, and in that context inhibition of phosphoinositide 3-kinase (PI3K) 

signaling synergized with immune-checkpoint blockade(38). PTEN/PI3K signaling has also 

been correlated with resistance to immunotherapy from a patient with uterine 

leiomyosarcoma who had previously had a complete response for two years prior to losing 

benefit from anti-PD-1 therapy(39). In bladder cancer, activating mutations in FGFR3, as 

well as molecular evidence for PPAR-γ activation, have been associated with the non-T cell-

inflamed tumor microenvironment(34). Inasmuch as FGFR inhibitors are currently in 

clinical development this may be the first pathway targeted to entertain the hypothesis that 

blockade of an immune-evasive oncogene pathway may improve immunotherapy efficacy in 

human cancer patients, as these agents will be combined with PD-1/PD-L1 blocking Abs as 

well (ClinicalTrials.gov Identifier: NCT02393248). Additionally, some tumors may possess 

a complicated interplay of multiple oncogenic events that synergize to mediate more potent 

immune exclusion, as has been reported for colorectal cancers showing activation of WNT/

β-catenin, MYC and RAS(33,40,41).

We acknowledge that our analysis may have some limitations. This current work was based 

on in silico analysis of TCGA. While the T cell-inflamed tumor microenvironment has been 

shown to predict response to multiple immunotherapies (as well as lack of response in non-T 

cell inflamed tumors)(5,10), the clinical outcomes of individual patients from TCGA were 

deliberately not encompassed in our analysis. Such a study is best performed prospectively 

in cohorts of patients receiving systemic therapy with the same immunotherapeutic agent, 

e.g. anti-PD-1. Our study is also limited in that the range of potential somatic genomic 

changes in the β-catenin pathway was restricted to point mutations and small insertions and 

deletions, as well as copy number variants, while other types of genomic aberrations such as 

large-scale structural variants or gene fusions remain to be explored. Nonetheless, this set of 

data provides sufficient motivation to study baseline WNT/β-catenin pathway activation as a 

potential primary resistance pathway to checkpoint blockade in prospective clinical trials in 

defined patient cohorts.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of Translational Relevance:

Tumors can be categorized by gene expression based on the presence or absence of a T 

cell-inflamed tumor microenvironment and this phenotype correlates with response to 

immune-checkpoint blockade. WNT/β-catenin signaling in melanoma was the first tumor 

cell-intrinsic oncogenic signaling pathway linked to an immune exclusion phenotype. 

Here we have profiled the correlation of WNT/β-catenin signaling and the T cell-

inflamed tumor microenvironment across The Cancer Genome Atlas. We have analyzed 

activated WNT/β-catenin signaling by somatic mutations, copy number alterations, gene 

expression, and reverse phase protein array showing a pan-cancer association of this 

signaling pathway with immune-exclusion. These data highlight a high priority unmet 

need for the development of selective Wnt/β-catenin pathway inhibitors as rational 

combination partners for immune-checkpoint blockade and identify tumor types for 

priority investigation.
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Figure 1. Landscape of T cell inflammation across 31 human solid tumors.
(A) The fraction of non-T cell-inflamed (blue), intermediate (grey) and T cell-inflamed (red) 

tumors in each cancer, sorted by the fraction of non-T cell-inflamed tumor high to low, with 

the most non-inflamed cancer on the left (Paraganglioma) and the most inflamed cancer on 

the right (Kidney, clear cell). The number of samples in each cancer is shown on the x-axis. 

(B) Distribution of T cell-inflamed gene expression in non-T cell-inflamed (blue), 

intermediate (grey) and T cell-inflamed (red) tumors, as well as in normal samples (green). 

Cancers are shown on the x-axis in the same order as in (A), and only 14 cancers with ≥ 10 

normal samples are shown. The expression level of the T cell-inflamed gene expression 

signature (defined as, the average expression of genes from the signature in a sample) is 

shown on the y-axis. Each data point represents one tumor or normal sample.
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Figure 2. Somatic mutation and high-level SCNA profile in β-catenin signaling in non-T cell-
inflamed and T cell-inflamed tumor groups.
(A) Overview of potential coding somatic mutations in CTNNB1 predicted to cause protein 

sequence changes. Each circle represents each amino acid change, with the height of the 

connection line represents the total number of samples carrying this mutation. Color of the 

circle represents mutation type, with missense mutations in green (nonsynonymous SNVs), 

truncating mutations in red (nonsense SNVs, frameshift deletions/insertions, splicing site 

variants), and in-frame mutations in blue (in-frame insertions/deletions/substitutions). Sites 

affected by multiple mutation types are colored in purple. Silent mutations (synonymous 

SNVs) are not shown. Protein domains are shown as dark grey boxes on the protein schema, 

HEAT_2 = HEAT repeats, Arm = Armadillo/beta-catenin-like repeat as defined in Pfam 

database. (B) Fraction of non-T cell-inflamed and T cell-inflamed tumors carrying β-catenin 

pathway activation mutations in exon 3 or high-level copy number gain. The number above 

each bar represents the number of altered samples in each group. (C) Landscape of 

activation mutations (exon 3) or high-level copy number gain in CTNNB1, and damaging 

mutations or high-level copy number loss in APC, APC2, AXIN1 and AXIN2 across non-T 

cell-inflamed tumors. The percentage of samples carrying mutations or SCNAs in each gene 

is presented to the left side, and the sample number is shown to the right side. Color 

represents predicted functional consequence of somatic mutations (red: activation, green: 

damaging) or SCNAs (gold: high-level CN gain, blue: high-level CN loss). CN = copy 

number. (D) Difference in the percentage of β-catenin mutated or copy number altered 

patients between non-T cell-inflamed and T cell-inflamed tumor groups per cancer. Cancers 

are shown to the left side and sorted by percentage difference in patients carrying mutations 

between tumor groups (top to bottom: larger to smaller percentage differences). 19 cancers 

with higher percentage of β-catenin mutated patients in non-T cell-inflamed tumor group 

relative to T cell-inflamed group are shown.
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Figure 3. β-catenin activation in non-T cell-inflamed and T cell-inflamed tumor groups.
14 cancers with significantly higher percentage of β-catenin activated patients in non-T cell-

inflamed tumor group relative to T cell-inflamed group and at least 5 target molecules are 

shown (also listed in Supplementary Table 2). (A) The percentage of β-catenin activated 

patients in each tumor group per cancer (β-catenin activation score > 0.5), with the subset of 

tumors with β-catenin signaling activated and total number of tumor samples shown to the 

right side of each bar inside parentheses. (B) Difference in the percentage of β-catenin 

activated patients between non-T cell-inflamed and T cell-inflamed tumor groups per cancer. 

In both panels, cancers are shown to the left side and sorted by percentage difference in the 

activated patients between tumor groups (top to bottom: larger to smaller percentage 

differences). The significance of such difference was computed using Fisher’s exact test, 

two-sided. p < 0.05 was considered statistically significant, and significance is indicated by: 

* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, after FDR-correction for multiple 

comparisons.
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Figure 4. Inverse correlation between β-catenin protein level and T cell-inflamed gene 
expression.
(A) Pearson’s correlation per tumor type. 20 cancers with significant inverse correlation are 

shown. (B) Dot plots of β-catenin protein on Y axis and T cell-inflamed gene expression on 

X axis in bladder urothelial carcinoma, kidney papillary, ovarian serous 

cystadenocarcinoma, liver hepatocellular carcinoma (HCC) shown with linear regression 

correlations using Pearson’s test. The significance of such difference was computed using 

Pearson’s correlation, one-sided test. p < 0.05 was considered statistically significant, and 

significance is indicated by: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, after 

FDR-correction for multiple comparisons.
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Table 1.

Summary of evidence for β-catenin signaling activation non-T cell-inflamed tumors from the 31 cancer 

subtypes using three approaches.

Cancer Name
Joint evidence of 

activation in non-T 
cell-inflamed tumors

Somatic mutation or 
high-level SCNA 

enrichment

Pathway gene 
expression 
activation

Higher CTNNB1 
protein level

ACC Adrenocortical Tier 3 Y Y Y

BLCA Bladder Tier 3 Y Y Y

ESCA Esophageal Tier 3 Y Y Y

KIRC Kidney (clear cell) Tier 3 Y Y Y

SARC Sarcoma Tier 3 Y Y Y

SKCMmets Melanoma (metastatic) Tier 3 Y Y Y

READ Rectum Tier 3 Y Y Y

STAD Stomach Tier 3 Y Y Y

TGCT Testicular Tier 3 Y Y Y

BRCA Breast Tier 2 Y N Y

COAD Colon Tier 2 N Y Y

KIRP Kidney (papillary) Tier 2 Y N Y

LIHC HCC Tier 2 Y N Y

OV Ovarian Tier 2 N Y Y

PRAD Prostate Tier 2 Y N Y

UCEC Uterine Carcinoma Tier 2 N Y Y

CESC Cervical Tier 1 N Y N

CHOL Cholangiocarcinoma Tier 1 Y N N

GBM Glioblastoma Tier 1 N N Y

HNSC Head and Neck Tier 1 N Y N

KICH Kidney (Chromophobe) Tier 1 Y N N

LGG Glioma (LG) Tier 1 Y N N

LUAD Lung (adeno) Tier 1 Y N N

LUSC Lung (squamous) Tier 1 N N Y

PAAD Pancreatic Tier 1 N N Y

PCPG Paraganglioma Tier 1 Y N N

THCA Thyroid Tier 1 N N Y

UVM Uveal Melanoma Tier 1 Y N NE
[3]

MESO Mesothelioma No tier N
[1] N N

SKCMprimary Melanoma (primary) No tier NE
[2] N N

UCS Uterine Carcinosarcoma No tier N N N

[1]
Mesothelioma have GDAC-Firehose preprocessed level 3 copy number data available; somatic mutation data were not available.

[2]
Melanoma primary tumors do not have GDAC-Firehose preprocessed level 3 somatic mutation or copy number data available, hence shown as 

non-evaluable (NE).

[3]
Uveal melanoma has limited number of RPPA samples (n=12), hence the correlation between T cell-inflamed gene expression signature and its 

β-catenin protein level was non-evaluable (NE).
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Y: presence of evidence. N: lack of evidence.
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