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Abstract

Lymphocytic infiltration is associated with better prognosis in several epithelial malignancies
including breast cancer. The tumor suppressor TP53 is mutated in approximately 30% of breast
adenocarcinomas, with varying frequency across molecular subtypes. In this study of 1,420 breast
tumors, we tested for interaction between TP53 mutation status and tumor subtype determined by
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PAMDS0 and Integrative Cluster analysis. In Integrative Cluster 10 (1C10)/Basal-like breast cancer
we identify an association between lymphocytic infiltration, determined by an expression score,
and retention of wild-type TP53. The expression-derived score agreed with the degree of
lymphocytic infiltration assessed by pathological review, and application of the Nanodissect
algorithm was suggestive of this infiltration being primarily of cytotoxic T lymphocytes (CTL).
Elevated expression of this CTL signature was associated with longer survival in IC10/Basal-like
tumors. These findings identify a new link between the TP53 pathway and the adaptive immune
response in ER-negative breast tumors, suggesting a connection between TP53 inactivation and
failure of tumor immunosurveillance.

IMPLICATIONS—The association of lymphocytic invasion of estrogen receptor-negative breast
tumors with the retention of wild-type TP53 implies a novel protective connection between TP53
function and tumor immunosurveillance.

INTRODUCTION

TP53 mutations occur in nearly 30% of breast cancers and are associated with worse
survival and response to doxorubicin therapy (1-4). Breast cancer has been divided at the
molecular level into five intrinsic subtypes (Luminal A, Luminal B, HER2-enriched,
Normal-like and Basal-like) using mRNA expression (5,6), and a 50 gene classifier has been
developed and is widely used (7). Additional subclassifications using miRNA expression
and DNA methylation levels have also been proposed (8,9). The METABRIC study further
refined our understanding of breast cancer heterogeneity, identifying 10 integrative clusters
(I1C) by combining mRNA expression with DNA copy number alterations (10). None of
these subtype definitions make use of the patient’s TP53 mutation status. TP53 mutation is
more frequent in ER-negative tumors, with highest frequency in the 1C10/Basal-like
subtypes. In patients with Luminal B, HER2-enriched, or Normal-like tumors TP53
mutations confer worse survival (3), but no robust association between loss of wild-type
TP53 and survival in 1C10/Basal-like tumors has been reported (1,3,11). This suggests that
additional factors modulate the effect of TP53 on survival in these particular cancers.

It is now generally accepted that the adaptive immune system can recognize some tumors
and halt their spread or even eliminate them (12) (reviewed in (13-15)). Organ transplant
patients with compromised immune systems have an elevated risk of developing certain
malignancies, particularly non-melanoma skin cancer (16,17). When functioning properly,
the adaptive immune system identifies damaged or infected cells and kills them using
granzyme and perforin delivered by cytotoxic T lymphocytes (CTLs). The
immunosurveillance model suggests that tumors persist by evading immune recognition.
Efforts to harness the immune system to eradicate tumors are the subject of intense research
(18).

A metric measuring the number and location of CD8* and CD45RO* T cells invading
epithelial tumors (the Immunoscore) has recently been proposed as a prognostic marker
(19). The presence of CD8+ cytotoxic T cells in ER-negative and ER-positive/HER2-
positive breast tumors is associated with significant reductions in relative risk of death from
disease (20-26). We recently reported that breast tumors with a higher ratio of Ty1- to T2-

Mol Cancer Res. Author manuscript; available in PMC 2015 September 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Quigley et al.

Page 3

associated pathway activity had better outcome (21,27). It is not known why immune cells
infiltrate some tumors and not others. Here we demonstrate an association between retention
of wild-type TP53 (TP53-WT) alleles and increased infiltration of CTL in ER-negative
tumors but not ER-positive tumors, linking these two phenomena and suggesting a subtype-
specific link between TP53 function and immunosurveillance.

MATERIALS AND METHODS

Data acquisition

Microarray measurements of tumor mRNA expression and DNA copy number from the
METABRIC study were obtained from the European Genome-phenome archive (accession
EGAS00000000083) and from GEO accession GSE3494. Illumina Human WG version 3
probe annotations were downloaded from the ReMOAT Illumina annotation (28) (http://
compbio.syshiol.cam.ac.uk/Resources/Annotation). We determined 26,915 probes to be
expressed above background levels. TP53 sequence was assessed by manual review of
Sanger sequencing results as described in (3), with 1,420 tumors successfully assessed for
mutation status. Tumor infiltration scores were published by Silwal-Pandit and colleagues
(3). Tumors were assessed by review of Hematoxylin and Eosin stained tissue sections by a
pathologist. Tumors with scattered, discrete lymphocytes were scored as mild, and tumors
with confluent sheets of lymphocytes were scored as severe. TP53 loss of heterozygosity
was scored by assessing DNA copy number at the TP53 locus using the ASCAT algorithm
(29). Both gene expression and TP53 mutation status were available for 1,420 tumors. All of
infiltration score, TP53 mutation status and gene expression data resulting in a successful
PAMS50 tumor subtype call were available for 1,086 tumors.

Statistical analysis

Statistical calculations were performed in R (30). Interaction between TP53 status and
PAMS0 assignment was tested by analysis of variance (ANOVA) in the Discovery and
Validation cohorts separately. Interaction in the METABRIC data was considered
significant if Pipteraction < 0.05 after multiple testing correction by Holm’s adjustment for
26,915 tests. ANOVA models were assessed by visual inspection of Q-Q plots and of plots
comparing residual vs. fitted values. We obtained non-parametric P values for ANOVA
results by testing the interaction between TP53 status and PAM50 assignment in 1000
permutations of the sample ordering for each probe while maintaining the original TP53 and
tumor subtype factor ordering (31,32). Non-parametric P values for each probe were derived
from the rank of the observed parametric P value in a sorted list of P values from permuted
data for that probe. Linear models in the Miller dataset were constructed as for METABRIC,
but with ER status rather than PAMS50 subtype as the parameter interacting with TP53
mutation status. Results in the Miller dataset were considered statistically significant if
Pinteraction < 0.05 after multiple testing correction by Holm’s adjustment for 103 tests.

Survival analysis log rank tests were considered significant at P < 0.05. Gene Ontology
enrichment analysis was performed using the BINGO package (33). Pathway enrichment
was tested using QUSAGE, a gene set enrichment test that produces probability distributions
for enrichment scores and corrects for correlation between genes within a gene set (34). The
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False Discovery Rate values for QUSAGE were calculated using the Benjamini-Hochberg as
implemented by the p. adjust function in R. Individual CTL, TH1, and TH2 scores for each
tumor were generated by calculating the standardized expression for genes on each list and
taking the mean of those values.

Gene pathway analysis

RESULTS

Gene lists derived from flow-cytometry separation of lymphocytes were obtained from
results published in (35). Nanodissection was performed as described in (36); briefly,
Nanodissect uses a support vector machine within an iterative framework to handle
standards of varying specificity. To derive gene lists, this method was applied on a diverse
compendium of human microarray data with hand-curated immune markers for CTL, Ty1,
and TH2 cells. Each of the 69,708 samples in the compendium was processed from CEL
files using RMA background correction, quantile normalization, and median polish. A cut-
off was applied to the resulting gene lists restricting them to the top 150 most likely genes.
Genes appearing in multiple lists were randomly assigned to one list and removed from the
others.

Basal-like TP53-WT tumors preferentially expressed cytotoxic T cell markers

We analyzed gene expression and TP53 mutation status in the METABRIC cohort of breast
cancer patients, data previously reported in (3,10). The METABRIC cohort consists of
separate Discovery and Validation subsets. We obtained both TP53 mutation status and gene
expression microarray results for 803 and 617 patients in the Discovery and Validation sets,
identifying 218 and 176 TP53-mutant tumors respectively. ER-negative tumors were
significantly more likely to harbor a TP53 mutation than ER-positive tumors (P < 0.001,
Fisher’s exact test, Table 1). Because TP53 mutation is associated with worse survival in
Luminal B, Normal-like, and HER2-enriched tumors but not Basal-like tumors (3), we
hypothesized that alterations in TP53 function due to TP53 mutation would have distinct
effects on gene expression in the different intrinsic subtypes. Such differences might help
explain the apparent absence of association between TP53 mutation and survival in Basal-
like tumors.

We therefore constructed a linear model for expression of each gene that included three
terms: TP53 mutation status, PAM50 subtype, and the interaction between these terms (see
Materials and Methods). We identified 219 probes with significant interactions in the
Discovery cohort and 548 probes in the Validation cohort. These lists had 124 probes in
common, comprising 103 genes (listed in supplementary Table 1). A larger percentage of
the tumors in the Validation cohort with known TP53 mutation status were Basal-like (22%
in the Validation cohort vs. 12% in the Discovery cohort), which may explain why more
significant interactions were identified in this cohort.

For some probes, residual values were not normally distributed or had heteroscedastic
variance between strata, conditions which would violate the assumptions of the ANOVA
(Materials and Methods). To test whether our findings were robust to these issues we
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performed a non-parametric permutation analysis of interaction significance for the
Discovery and Validation sets (see Materials and Methods). Probesets with the strongest P
value for interaction in the parametric ANOVA also had the most significant P value for
interaction as assessed by permutation analysis (supplementary Fig. 1). We found 358
probes (314 genes) to be significant at P < 0.001 in both cohorts using the permutation
approach, including all but one of the 103 genes identified by the parametric approach
(TESPAL), supporting our finding that interaction between TP53 mutation status and tumor
subtype was statistically significant for these genes.

The main effect identified in both cohorts by this analysis was upregulation of immune-
related genes in the Basal-like TP53-WT subgroup, as compared to TP53-mutant tumors
(Fig. 1a). Genes with significant interactions between subtype and TP53 mutation status
usually had strongly correlated expression (median Spearman rho=0.64), and pathway
analysis by Gene Ontology enrichment testing showed that this gene list was significantly
enriched for genes with roles in regulation of T cell activation, T cell receptor signaling and
T cell costimulation (corrected P < 2 x 10712). These included T cell surface antigens (e.g.
CD2, CD3D, CD4, CD6, LY9), effector molecules for cytotoxic T cells (e.g. perforin), genes
important to the T cell antigen receptor pathway (e.g. CD247, ZAP70), and CXCR3, a
chemokine receptor participating in tissue infiltration by T cells (37) (Fig. 1b).

We next confirmed the association between elevated expression of T cell markers and TP53
mutation status in ER-negative tumors in an independent, previously published cohort of
247 breast tumors (38). This cohort was smaller than METABRIC, reducing the statistical
power to identify interactions. Although the mean difference in T cell gene expression levels
between ER-negative TP53-WT and TP53-mutant tumors was also smaller than what we
observed in the METABRIC data, we confirmed significant interaction for fourteen of the
103 genes identified in the METABRIC analysis, including CXCR3, CD2, CD3E, LY9, and
IL2RG (Pinteraction < 4.9 x 1074, Fig. 1c).

Cytotoxic T cell mRNA expression correlated with lymphocytic infiltration assessed by
histopathology

We assessed the degree to which elevated expression of T cell genes was associated with the
presence of immune cells by comparing expression of lymphocytic markers to lymphocytic
infiltration scores (graded as absent, mild, or severe, see Materials and Methods). ER-
negative tumors had significantly higher degrees of infiltration than ER-positive tumors (P <
0.001, Chi-squared test for trend) with the highest percentage of severe infiltration occurring
in Basal-like tumors (Table 1). Across all tumor subtypes, lymphocytic infiltration
determined by histopathology was strongly correlated with expression of CD2, CD3E,
CCRY, and other genes associated with lymphocytes (Fig. 2a).

CTL and TH1 expression scores were higher in ER-negative and IC10/Basal-like TP53-WT
tumors than TP53-mutant tumors

For subsequent analysis we calculated expression scores for CTL, Ty1, and T2 genes using
two complementary approaches. We first generated CTL, TH1, and T2 gene lists using
Nanodissect, an in silico method to identify genes with cell-lineage specific expression (36)
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(gene lists in supplementary Tables 2 and 3). The correlation between increases in
lymphocyte infiltration assessed by histopathology and increased CTL score was strong
(Fig. 2b). CTL score was correlated positively with Ty1 score (r2 = 0.49, P < 0.001) and
inversely with T2 expression score (r2 = 0.17, P < 0.001). We identified a significant
interaction between TP53 mutation status and tumor subtype associated with CTL score
using the parametric ANOVA model (P = 3 x 10717). The lowest P value in 100,000 random
sample permutations using this model was 4.8 x 1075, supporting our finding that the
interaction between TP53 mutation status and tumor subtype was statistically significant for
the CTL score. We obtained similar results using gene lists derived from gene expression
microarray analysis of cell fractions obtained by flow-cytometry separation of lymphocytes
(35) (supplementary Fig. 2).

We then compared these scores in TP53-WT and TP53-mutant tumors by pathway
differential expression analysis (34). ER-positive TP53 mutant tumors had slightly lower
Tyl scores, while ER-negative TP53 wild-type tumors had significantly higher CTL scores
and lower T2 scores (Fig. 3a). Within the intrinsic subtypes, no score was significantly
different in Luminal A or Normal-like tumors, while TP53-mutant Luminal B tumors had
lower CTL and Tyl scores (Fig. 3b). TP53-mutant HER2-enriched tumors had slightly
lower T2 scores, while TP53-mutant Basal-like tumors had higher CTL scores and lower
TH2 scores (Fig. 3b). Within the Integrative Clusters, IC4 and IC10 had clearly higher CTL
scores compared to other subtypes. 1C4, which is enriched for tumors with heavy
lymphocytic infiltration, on the basis of copy number analysis (showing the deletions
corresponding to T-cell receptor rearrangement), gene expression and histological
assessment, had the highest CTL score (Table 2, Supplementary Fig. 3). But, whereas 1C10
tumors (which are Basal-like tumors with genomic instability) that were TP53-WT had
higher CTL and Ty1 scores and lower T2 scores, IC4 tumors (which have mostly flat
genomic profiles) had no significant difference in CTL/Ty1/TH2 scores related to TP53
mutation status (Fig. 3c).

Both TP53 mutation and loss of heterozygosity correlated with CTL scores in IC10/Basal-

like tumors

There is evidence from biochemical analysis in vitro and in vivo that while many TP53
missense mutations result in loss of function or exert dominant negative effects, some result
in gain of function (reviewed in (39)). Truncating mutations in TP53 (e.g. premature stop
codons), which inactivate the protein, were more frequent in Basal-like and HER2-enriched
tumors (3). Nevertheless, after adjusting for subtype, we did not identify a significant
correlation between immune scores and TP53 mutation type (data not shown).

If TP53 loss of heterozygosity (TP53-LOH) could phenocopy TP53 mutation, we would
expect TP53-LOH would also be associated with lower CTL scores. To test this we fitted a
linear model for CTL score using TP53-LOH status, TP53-mutation status, and the
interaction between TP53-LOH and TP53-mutation status as terms. TP53-WT tumors with
copy-number neutral LOH were counted as TP53-LOH", as these tumors had lower
expression of TP53 mRNA than TP53-WT tumors without LOH (Supplementary Fig. 4).
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In ER-negative, Basal-like, and 1C10 tumors, both TP53 mutation and TP53-LOH were
associated with lower CTL scores when evaluated as a single factor (P < 0.001) and after
adjusting for the effect of the other factor (P < 0.05, Fig. 4a—c). Neither factor was
significant in ER-positive tumors or Normal-like tumors. After stratifying HER2-enriched
tumors by ER status, both TP53 mutation and TP53-LOH were significantly and
independently associated with CTL score in ER-negative but not ER-positive tumors (P <
0.05, Supplementary Fig. 5). In IC4 tumors TP53-LOH but not TP53-mutation status was
associated with lower CTL score (P < 0.05, Fig. 4d). We did not find evidence for a
statistical interaction between these two factors in any subgroup. In cases where both
associations were significant, the decrease in CTL score associated with TP53-LOH was
larger than that associated with TP53 mutation (Fig 4a—c).

Elevated CTL expression score was associated with better survival in IC10/Basal-like

tumors

Several previous reports have found an association between elevated expression of immune
cell genes and/or lymphocytic infiltration and better survival in Basal-like or ER-negative
tumors (20,22-26). We divided samples into four quartiles by their CTL scores and
compared survival of patients in the highest quartile (the highest CTL scores) to those in the
other three quartiles (Materials and Methods). In a univariate survival analysis, we found a
significant association between higher CTL score and longer disease-specific survival in
ER-negative (P = 0.001, odds ratio=0.61, C.I. 0.45 to 0.82, log rank test, Fig. 5a), but not
ER-positive tumors (Fig. 5b). We found a similar result for Basal-like tumors (P = 0.005,
odds ratio = 0.59, C.I. 0.41 to 0.86, log rank test, Fig. 5¢) but not HER2-enriched tumors
(Fig. 5d). The effect was statistically strongest in 1C10 tumors (P = 4 x 107>, odds ratio =
0.35, C.1. 0.20 to 0.60, log rank test, Fig. 5e) and not significant in 1IC4 (Fig. 5f). This effect
was significant in ER-negative, Basal-like, and IC10 tumors after correction for the presence
of lymph node metastasis, which was the strongest prognostic feature in METABRIC (P <
0.05, log rank test). In contrast, TP53 status did not provide independent prognostic
information in any of these groups in univariate analysis or after adjusting for elevated CTL
expression.

DISCUSSION

This study presents association analysis of two independent cohorts supporting a link
between TP53 status in breast tumors and CTL expression. The expression-based CTL
score, used here as a surrogate of lymphocytic infiltration, was higher in TP53-WT vs.
mutant ER-negative, Basal-like, and 1C10 breast tumors. Women with Basal-like breast
tumors and a high CTL score had significantly longer survival. This effect was strongest in
the ‘core’ Basal-like tumors from IC10. The best-understood model for TP53-mediated
tumor suppression involves its induction by DNA-damage to induce apoptosis or cell cycle
arrest through transcriptional activation of genes controlling these processes (40). TP53
function can be impaired by truncating mutations, missense mutations affecting its DNA-
binding motif, somatic loss of one or both copies of a TP53-WT allele, or indirect effects
such as binding of the TP53 protein to viral proteins or proteins such as MDM2. Our results
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suggest that the interaction with TP53 that we observed was attributable to loss of a TP53-
WT allele rather than a new TP53-mutant-specific function.

Direct evidence for a mechanistic link between TP53 and immunosurveillance will require
additional functional studies. It may be that CTL function is influenced by the TP53
pathway status of tumor cells that are targeted for apoptosis. The primary mechanism for
CTL-mediated cell death is induction of apoptosis via the caspase cascade, suggesting that
abrogating the TP53 pathway may provide an added benefit to tumor cells in escaping CTL-
mediated apoptosis. Studies from the Chouaib lab (41) using a TP53-WT melanoma cell line
paired with an autologous CTL line have shown evidence for a direct link between TP53 and
CTL function in Killing tumor cells. That study showed that granzyme B-mediated tumor
cell death was inhibited by knocking down TP53 expression with SiRNA or by treatment
with the TP53 inhibitor pifithrin-alpha, and conjugation between CTLs and their targets
leads to TP53 protein accumulation (41). These results are compatible with a direct
functional link between TP53-mediated apoptosis and CTL function, but independent
replication in breast cancer cells is needed to establish whether this model is relevant to
Basal-like tumors.

A failure of immunosurveillance to arrest tumor development (“immune escape™) can occur
by several routes. Some tumors stop producing antigens recognized as foreign by the
adaptive immune system. Others deactivate the apoptotic pathways triggered by T cell
response. Our data suggest that CTL-mediated immunosurveillance is more effective in ER-
negative breast tumors if the tumor still expresses wild-type TP53, and that tumors losing
TP53-WT alleles gain a selective advantage in part by more successfully evading the
adaptive immune system.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. TP53 mutation statusis associated with gene expression in Basal-like tumors
(a) Heat maps showing standardized expression levels (left) and relative fold-change (right)

of 124 probes with significant interaction between TP53 status and PAM50 subtype in both
METABRIC discovery and validation cohorts. TP53-WT tumors labeled “WT”, TP53-
mutant tumors labeled “mut”. Darker red indicates higher expression and darker blue
indicates lower expression. Probes were plotted in the same order, sorted by the magnitude
of fold-change in Basal-like tumors (see Supplementary Table 1). (b) Effect plots of
expression of CCR7, CD2, CD3E, LY9, and perforin (PRF1) grouped by PAM50 subtype
and TP53 mutation status. TP53-WT plotted in black, TP53-mutant plotted in blue. Points
indicate mean, error bars indicate 95% confidence intervals calculated from twice the
standard error. (c) Using data from Miller et al., effect plots of expression of CCR7, CD2,
CD3E, LY9, and perforin (PRF1) grouped by ER status and TP53 mutation status show
significant interaction as in the METABRIC data set. Drawn as in Fig. 1B.
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FIGURE 2. Severeimmune infiltration was correlated with elevated expression of CTL surface

markers

(a) Box plots showing expression of CCR7, CD2, CD3E, LY9, and PRF1 increases with

increasing severity of pathologically determined lymphocytic infiltration, with a
qualitatively higher jump between “mild” and “severe” than between “absent” and “mild”.

(b) Box plots showing expression of the CTL pathway generated from Nanodissect analysis
also increases with increasing severity of pathologically determined lymphocytic infiltration.
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Plots of estimated fold-change distributions of standardized CTL scores derived from log,-
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separated by (a) ER status, (b) intrinsic subtype, and (c) integrated cluster. Significant
differential expression (FDR < 0.05) plotted in thick solid lines, non-significant plotted with
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expression in TP53-WT tumors. Plots represent a convolution of signal from individual

probes in the pathway; for probe lists see supplementary Tables 2 and 3.
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FIGURE 4. Either TP53-mutation or TP53-L OH isassociated with lower expression of the CTL
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status in (a) ER-negative, (b) Basal-like, (c) IC10, and (d) IC4 tumors, where + indicates
mutation or LOH is present. TP53-WT tumors plotted in black, TP53-mutant tumors plotted
in blue. Tumors without TP53-LOH plotted as open circles, tumors with TP53-LOH plotted
using triangles. Horizontal lines indicate mean expression.
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FIGURE 5. elevated CTL expression isassociated with better survival in ER-negative tumors
Kaplan-Meier plots comparing breast-cancer-specific survival dividing tumors by those with

the highest quartile of CTL expression (blue) or lower CTL expression (black) in (a) ER-
negative, (b) ER-positive, (c) Basal-like, (d) HER2-enriched, (e) IC10, and (f) IC4 tumors.
Elevated expression of the CTL gene signature was associated with significantly better
survival in ER-negative, Basal-like, and 1C10 tumors.
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