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Chapter 4

Abstract

TP53 is one of the most frequently mutated genes in breast cancer. While p53 mutations
often lead to loss of wild-type p53 activity, they can have a wide variety of gain-of-function
(GOF) consequences. The impact of these GOF mutations in p53 on the anti-tumor immune
response in breast cancer remains elusive. To address this, we have generated mouse
mammary tumor models based on orthotopic injection of isogenic cancer cell lines harboring
the p53 mutations that most frequently occur in human breast cancer. By comparing the
tumor immune landscape of these models and human breast tumors, we have uncovered
that specific p53 point mutants consistently induce an immunologically ‘hot’ tumor phenotype,
characterized by high infiltration of cytotoxic T cells, while other p53 mutations induce a
non-T cell inflamed (‘cold’) microenvironment. In accordance with these high T cell levels, the
hot p53 mutant tumors respond better to anti-PD-1 immune checkpoint blockade than cold
p53 mutant tumors. By comparing the different p53 mutants in terms of proteome profile,
chromatin binding properties and protein complex formation, we have uncovered that T cell-
enriched p53 mutants activate autophagy. Disruption of autophagy in an immunologically hot
p53 mutant tumor abrogated the response to anti-PD-1 therapy. This work demonstrates that
not all p53 mutations shape the immune microenvironment of mammary tumors in a similar
fashion, and that response to immune checkpoint blockade is dependent on the type of
p53 mutation. These insights may help to tailor immune-modulatory therapies to the genetic
makeup of breast cancer.
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Introduction

The immune system plays a major role in the progression and therapy response of breast
cancer’. Immunotherapeutic strategies, aimed at harnessing the immune system against
tumors, have been shown to be effective in a subset of breast cancer patients, but the
majority of patients fails to respond?®. Heterogeneity in the composition and activation
status of the intratumoral immune influx is one of the aspects that determines the efficacy
of immunotherapy in breast cancer?. The tumor-intrinsic characteristics that orchestrate the
response to immunotherapy in breast cancer however, remain largely elusive.

The histological or molecular subtype of breast cancer is one of the key determinants
of immune contexture of tumors. An increased presence of tumor infiltrating lymphocytes
(TIL) at time of diagnosis has been reported in HER2* and triple-negative breast cancer
compared to luminal cancers'®#. In addition, besides breast cancer subtype, there is
emerging evidence that aberrantly expressed or mutated genes that drive tumorigenesis
can have profound non-cell-autonomous effects on the tumor microenvironment®. One such
gene is TP53, encoding p53, which is one of the most frequently mutated genes in breast
cancer®. Deletion of this tumor suppressor gene drives proliferation and dissemination of
cancer cells’, but also exerts strong effects on the tumor immune microenvironment. Cancer
cell-intrinsic loss of p53 has been shown to drive inflammation in mouse models of colon®®,
pancreatic'®™ lung'?, uterine'®, prostate' and breast cancer®.

In human breast cancer, TP53 is more often mutated than homozygously deleted,
and there is a strong enrichment across cancer types of specific mutated residues, termed
hotspot mutations'®'7. The occurrence of these hotspot mutations has led to the hypothesis
that there is an evolutionary advantage for the tumor to accumulate specific mutations in
TP53 that do not necessarily lead to loss of gene function (LOF), but rather lead to gain of
functions (GOF)'®?°, Indeed, in cancer cell lines and mouse models, it has been widely shown
that introduction of certain mutant forms of p53 can give rise to novel phenotypes compared
to the p53-null situation®?'. In line with this, systematic assessment of the cellular effect of
10.000 TP53 mutations showed that a number of these mutations can more potently activate
proliferative and survival signaling pathways than p53 loss and as such endow cancer cells
with growth advantage®.

In breast cancer patients, overall survival and response to standard of care therapies
is strongly determined by whether tumors express wild-type (WT) or mutated TP53 . In
human breast tumors, immune cell numbers or immune-related gene signatures are altered
depending on whether TP53is WT or mutated?+2®. In addition, response to immune checkpoint
inhibitors was more favorable in lung cancer patients harboring any p53 mutations compared
to p53 WT tumors??8, Although these studies suggest a role for mutant p53 in influencing
immune activation in tumors, it remains unknown whether p53 deletion and distinct p53
mutations are functionally equivalent in shaping the immune landscape of breast tumors and
the response to immunotherapy.

To address whether specific mutations in p53 can dictate response to immunotherapy,
we have generated in vivo models of p53 mutant breast cancer, based on orthotopically
transplanted cell lines derived from spontaneous tumors of different genetically engineered
mouse models (GEMMs). By reintroducing the murine equivalents of p53 hotspot mutations
that frequently occur in human breast cancer in p53-null isogenic GEMM-derived cell lines
and by examining their respective tumor immune landscapes, we have identified specific
p53 mutations that consistently induced a T cell-inflamed (immunologically ‘hot’) or non-T
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cell inflamed (immunologically ‘cold’) tumor microenvironment. Importantly, T cell-enriched
p53 mutant mammary tumors responded better to immune checkpoint blockade than T
cell-depleted p53 mutant tumors. We demonstrate that p53 mutants form unique protein
complexes, while losing their ability to bind chromatin directly. By assessing the cancer
cell proteome by mass spectrometry, we have uncovered that autophagy plays a key role
in shaping the tumor immune landscape. We demonstrate that immunologically cold p53
mutants show a reduction in autophagic flux, which leads to reduced cytokine signaling
and impaired recruitment of T cell subsets. Disruption of autophagy signaling by silencing
the Atg2a and Atg2b genes in hot p53 mutant cancer cells reduced T cell influx into tumors
and abrogated response to immune checkpoint blockade in vivo. This study demonstrates
that not all p53 mutants are equal in their effect on the tumor immune microenvironment
and indicates that screening for specific p53 aberrations in breast cancer may help guide
personalized immune intervention strategies.

Results

p53 hotspot mutations induce distinct tumor immune landscapes

Besides having a profound effect on cancer cell-intrinsic signaling, loss of p53 has been
described to have non-cell-autonomous effects in tumors, most notably on the immune
microenvironment®. To examine whether p53 hotspot mutations can have altered immune-
modulatory function compared to p53 deletion in breast cancer, we derived cell lines from
two GEMMs: the wild-type (WT) p53 Wap-cre;Cdh17FAktE"7%+ (WEA) model for invasive
lobular breast carcinoma® and of the p53-null K14-cre,Brca1™;Trp537 (KB1P) model for
basal-like breast cancer®. In WEA cells, we first used CRISPR/Cas9 to delete endogenous
p53, and subsequently re-introduced the murine equivalents of p53 hotspot mutants that are
most frequently observed in human breast cancer into both WEA and KB1P cells: R172H,
Y217C, G242S, R245W, R270H and R277K (corresponding to human R175H, Y220C,
G245S, R248W, R273H and R280K)%!, as well as an empty vector (EV) in the p53-null cells
(referred to as ‘KO’) (Fig. 4.1a, Extended Data Fig. 4.1a — d). In addition, we introduced
the R246S mutant (corresponding to human R249S), which has limited prevalence in breast
cancer (Extended Data Fig. 4.1b), but is considered a hotspot mutation in several other
cancer types, such as hepatocellular carcinoma®. These hotspot mutations are all missense
mutations localized in the DNA binding domain of p53. Importantly, expression of mutant
p53 transgenes in WEA cells was equivalent to the levels of endogenous WT p53 in the
control cell line, excluding potential effects of overexpression of the transgenes (Extended
Data Fig. 4.1d). /n vitro, the Y217C and G242S mutant WEA cell lines displayed enhanced
growth kinetics, while in KB1P the p53-KO grew fastest (Extended Data Fig. 4.1e). We then
orthotopically transplanted the p53 mutant WEA and KB1P cells into WT syngeneic mice
(Fig. 4.1a). In vivo, similar tumor growth kinetics were observed for all mutants in both WEA
and KB1P (Extended Data Fig. 4.1f).

Having established two isogenic GEMM-derived mammary tumor cell line models,
each differing in just one mutated residue in the p53 gene, we next analyzed the immune
cell contexture of the different p53 mutant tumors by flow cytometry. Comparing the WEA
p53-WT and KO tumors showed a marked increase in immune influx in the KO, most notably
in the lymphoid arm, as well as macrophages, eosinophils and dendritic cells (DCs) (Fig.
4.1b, Supplemental Fig. 4.1a). Interestingly, comparing the relative frequencies of immune
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cell subsets in WEA mammary tumors with different p53 mutations revealed distinct groups
of overall T cell inflamed (‘hot’) and non-T cell inflamed (‘cold’) tumors (Fig. 4.1b). While
the Y217C and G242S mutant tumors showed an immune composition comparable to
p53-null (KO) tumors, the R172H, R245W, R246S, R270H and R277K mutants displayed a
reduction of various immune cell populations, most notably in CD8* and CD4* T helper (T,)
cells, regulatory T cells (Tregs) and B cells (Fig. 4.1b). KB1P tumors also showed marked
p53 mutant-specific differences in immune cell frequencies in the tumors. In KB1P tumors,
CD8* T cells, CD4+ T, cells and B cells were highest in the p53-KO and p53-Y217C groups
compared to the other mutants (Fig. 4.1c). G242S, which was T cell-enriched in WEA tumors,
showed a different immune profile in KB1P tumors, possibly reflecting the additional effect
that the molecular subtype may have on mutant-p53-mediated immune influx?®.

We assessed two additional GEMM-derived cell lines, K14-cre;Cdh17;Trp537F
(KEP) and K14-cre;Trp537F (KP), both transduced with the p53-R172H, Y217C or R277K
mutant constructs or empty vector (EV — KO) (Extended Data Fig. 4.2a). KP tumors mainly
represent mammary carcinomas and carcinosarcomas and KEP tumors represent invasive
lobular carcinomas®. Analysis of the tumor microenvironment revealed that KEP tumors were
consistently T cell-inflamed when containing Y217C mutation or p53 deletion, compared
to those with R172H and R277K mutations (Extended Data Fig. 4.2b, c). In KP tumors,
p53-Y217C tumors were enriched for CD8* T cells, but relatively low in other T cell subsets
and p53-KO tumors were generally low in immune cell content, while the R277K mutant
appeared highest in overall immune cell frequencies, suggesting additional mechanisms
at play in KP tumors (Extended Data Fig. 4.2b, c). Taken together, these data suggest
that specific p53 mutations can help establish a hot (KO, Y217C) or cold (R172H, R277K)
immune microenvironment, which showed consistent immune phenotypes in 3 out of 4
models assessed.

To determine the relevance of these findings to human breast cancer, we used
CIBERSORT®** to probe the association between the different p53 mutants and immune
composition in the Cancer Genome Atlas (TCGA) dataset (Fig. 4.1a). Interestingly, T cell
subsets such as CD8* T cells and memory CD4* T cells were enriched in tumors with
homozygous deletion (KO) of p53, as well as the Y220 and R273 mutations, compared to
the R175, G245, R248 and R280 mutants (Fig. 4.1d). These findings indicate that in human
breast cancer and in murine models representing different breast cancer subtypes, there
is a consistent immune-enriched phenotype in the murine Y217 (human Y220) mutant and
p53-KO, and a consistent immune-depleted phenotype in the R172 (R175), R245 (R248) and
R277 (R280) mutants, while the other mutants differ between the datasets. Accordingly, gene
set enrichment analysis (GSEA) comparing hot p53-KO and Y220 with cold p53-R175 and
R280 human breast tumors further revealed that hot mutants show significant enrichment
for genes related to antigen presentation and the adaptive immune response (Fig. 4.1e). In
addition, focusing on CD8* T cells in WEA and KB1P murine mammary tumors and human
breast cancer in TCGA revealed a significant correlation between intratumoral cytotoxic T
cell levels and specific p53 aberrations (Fig. 4.1f). These data suggest that T cell-depleted
mutants have gained immune-modulatory functions compared to p53-null/Y217C tumors that
allow them to repel cytotoxic cells from their environment.
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Since we observed striking differences in the composition of the primary tumor
microenvironment, we wondered whether the systemic immune milieu might also be altered
by the distinct p53 hotspot mutations. We have previously shown that cancer cell-intrinsic
loss of p53 activates macrophages to produce IL-1p in primary breast tumors in a WNT-
dependent manner, thereby eliciting a systemic inflammatory response driving expansion
and activation of metastasis-promoting neutrophils’®. We therefore assessed systemic
neutrophilia in mice bearing WEA p53 mutant tumors and observed that neutrophil levels
increase upon KO of p53 compared to p53-WT, and is equally high across the different p53
mutants (Extended Data Fig. 4.3a, Supplemental Fig. 4.1b). Accordingly, circulating T cell
levels were equally decreased across the p53 mutants and p53-null, compared to p53-WT
tumor bearing mice (Extended Data Fig. 4.3b). In line with our previous observations™,
bone marrow-derived macrophages (BMDM) cultured with conditioned medium from the
different p53 mutant and p53-null WEA cell lines showed equal induction of //1b expression,
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<

Figure 4.1. Hotspot p53 mutations in breast cancer differentially shape the tumor immune
landscape. a. Schematic overview of study setup. The immune landscape of isogenic GEMM-cell line
tumors expressing p53 mutations are compared to that of human breast tumors to identify p53 mutations
that induce similar immune phenotypes. b. Heatmap depicting the average frequency of indicated
intratumoral immune cells (% of live cells) of the different p53 mutant Wap-cre,Cdh 17, Akt"7% (WEA)
tumors at disease end-stage (tumor size +225 mm?) as determined by flow cytometry. Based on relative
frequency of T cell subsets, mutants are divided into T cell inflamed/'hot’ (KO, Y217C, G242S) or non-T
cell inflamed/'cold’ (R172H, R245W, R246S, R270H, R277K and WT) mutants (n=4-5 mice/group). ¢.
Heatmap depicting the average frequency of indicated intratumoral immune cells (% of live cells) of the
different p53 mutant K14-cre,Brca 1™, Trp537 (KB1P) tumors at disease end-stage (tumor size +225
mm?) as determined by flow cytometry. Based on relative frequency of T cell subsets, mutants are
divided into hot (KO, Y217C) or cold (R172H, G242S, R245W, R246S, R270H, R277K) mutants (n=3-5
mice/group). d. Heatmap depicted average estimated immune cell composition using CIBERSORT on
human breast tumors of TCGA with indicated TP53 mutations. Based on relative frequency of T cell
subsets, mutants are divided into hot (KO (homozygous deletion), Y220, R273) or cold (R175, G245,
R248, R280) mutants (n=5-22 tumors/group). e. Gene set enrichment analysis (GSEA) comparing KO/
Y220 with R175/R280 TP53 mutant human breast tumors from TCGA on pathways related to antigen
presentation (left), adaptive immune response (right), with normalized enrichment score (NES) and
false discovery rate (FDR) g-value indicated. f. Presence of CD8* T cells in the commonly T cell-
enriched p53 mutants (KO, Y217 (Y220)) and T cell-depleted p53 mutants (R172 (R175), R277 (280))
in WEA and KB1P tumors and human breast tumors (TCGA). CD8+* T cell levels were determined by
immunohistochemistry (WEA, KB1P) or CIBERSORT (TCGA). Blue (cold) and red (hot) lines above
heatmaps indicate immune status in mouse tumors. Data in f shows mean + s.e.m. Asterisks indicate
statistically significant changes. * P < 0.05, ** P< 0.01, *** P < 0.001, **** P < 0.0001, as determined by
Student'’s t-test (b — d) or Mann-Whitney U test (f). Statistical analysis comparing immune populations
in heatmaps of b — d was made between individual hot (annotated in red) and cold (annotated in blue)
mutant tumors as follows: for WEA: KO/Y217C/G242S (hot) vs. R172H/R245W/R246S/R270H/R277K/WT
(cold); for KB1P: KO/Y217C (hot) vs. R172H/G242S/R245W/R246S/R270H/R277K (cold), for TCGA: KO/
Y220/R273 (hot) vs R175/G245/R248/R280 (cold).

which activates p53-loss-induced systemic inflammation (Extended Data Fig. 4.3c). These
observations suggest that the pathway that activates neutrophils systemically is equal among
the different p53 hotspot mutations. Other systemic immune cell populations also remained
largely unaltered among the different p53 mutants (Extended Data Fig. 4.3d — I). Together,
these findings demonstrate that p53 hotspot mutations mainly affect the immune influx in the
tumor microenvironment, while the systemic immune composition is equivalent between p53-
null and p53-mutant tumor-bearing mice.

Mutant p53-induced immune states shape response to anti-PD-1 therapy

High T cell influx into tumors correlates with better response to immune checkpoint inhibition
in breast cancer'®. Because T cell influx into mammary tumors was associated with specific
p53 mutations, we hypothesized that tumors with cold p53 mutations would respond
differently to anti-PD-1 immunotherapy than tumors with hot p53 mutations. To test this,
we selected the four mutants that showed consistent immune phenotypes between mouse
and human tumors; two immune-enriched (KO, Y217C) and two immune-depleted (R172H,
R277K). T cells that were present in tumors with these mutations showed high expression
levels of inhibitory receptors PD-1 and CTLA4 (Extended Data Fig. 4.4a, Supplemental
Fig. 4.1c). In tumor-draining axillary lymph nodes, mainly Tregs expressed these immune
checkpoint molecules regardless of the p53 mutation (Extended Data Fig. 4.4b). T cells
obtained from all four p53 mutant tumors had similar capacity to become activated upon
exogenous stimulation ex vivo, as evidenced by the proliferation marker Ki67 and expression
of IFNy, TNFa and Granzyme B (Extended Data Fig. 4.4a, b). We next treated mice bearing
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the different p53 mutant tumors twice weekly with anti-PD-1, starting when tumors were £25
mm? and continuing until disease end-stage at 225 mm? tumor size (Fig. 4.2a). In accordance
with their T cell-enriched phenotype, KO and Y217C mammary tumors showed significant
response to anti-PD-1 treatment in terms of tumor growth and survival, while the R172H and
R277K mutant tumors failed to respond (Fig. 4.2b, c¢). These findings demonstrate that the
specific p53 mutation that is present in mammary tumors influences the response to anti-
PD-1 immune checkpoint inhibitors.
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Figure 4.2. Mutant p53-mediated immune landscapes in mammary tumors correlate with response
to anti-PD-1 treatment. a. Schematic of anti-PD-1 treatment of mice transplanted with p53-KO, R172H,
Y217C and R277K mutant Wap-cre;Cdh 17, Akt'7% (WEA) tumors. Cells are orthotopically transplanted
and treatment with anti-PD-1 or IgG2a control antibodies (twice weekly injections of 100 pg) is initiated
when tumors are £25 mm? and continued until disease end-stage (tumor size +225 mm?). Red (T cell-
enriched) and blue (T cell-depleted) indicate immune status of untreated mutant tumors, as determined
in Fig. 1. b. Tumor growth kinetics in mice with indicated p53 mutations in response to anti-PD-1 or
IgG2a treatment (n=8 mice/group). Transparent lines indicate growth curves of individual mice and
bold line indicates average growth curve per group. c. Kaplan-Meier plot of tumor-specific survival of
mice with indicated p53 mutations treated with anti-PD-1 or IgG2a (n=8 mice/group). Exact P-values of
non-significant changes are indicated. Asterisks indicate statistically significant changes. ** P < 0.01,
*** P < 0.001 as determined by area under the curve (AUC) calculation, followed by Student’s t-test (b),
or log-rank test (¢).

Mutant p53 forms unique protein complexes

To understand how mutant p53 influences the immune cell influx and response to immune
checkpoint inhibition, we next assessed the chromatin binding capabilities and protein
complex formation of the different mutant forms of p53. The p53 hotspot mutations assessed
here all occur in the DNA binding domain (Extended Data Fig. 4.1a). Therefore, we assessed
p53 binding to DNA using chromatin immunoprecipitation (ChlP)-sequencing in WEA cells.
We observed that WT p53 binds to a variety of chromosomal loci, most dominantly promoters
and introns (Extended Data Fig. 4.5a). DNA motif analysis revealed mainly binding motifs
specific for p53 (Extended Data Fig. 4.5b). We next examined chromatin binding by all
p53 mutants in WEA cells. While some studies have reported gain of direct DNA binding
properties of some p53 mutants®, others have reported general loss of chromatin binding
of most p53 mutants®. Consistent with the latter, we found that chromatin binding was lost
in all tested p53 mutants, equal to the p53-KO negative control (Extended Data Fig. 4.5c).
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This shows that in these mammary cancer cell lines, none of the tested p53 mutants directly
bind chromatin.
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Figure 4.3. p53 mutants form unique protein complexes. a. RIME analysis of proteins interacting
with WT or mutant p53, depicted as enrichment of p53-IP over IgG control IP (n=3-4 replicates/group).
Proteins above black dotted line (positive label free quantitation (LFQ) difference values) indicate
specific p53 binders (indicated by arrow), proteins below black dotted line (negative LFQ difference
values) indicate non-p53-specific (background) binders. p53-KO was used as negative control to which
all data was normalized. b. Venn diagram of p53 interactome showing common and unique binders of
WT and mutant p53, normalized to p53-KO. ¢. LFQ differences of selected proteins commonly binding
WT and mutant p53 (p53), proteins binding only mutant p53 (ATR) or only WT p53 (CKAP4/p63), and
those enriched specifically in cold mutants R172/R277K (n=3-4 replicates/group). Data in ¢ show mean
+ s.e.m. Asterisks indicate statistically significant changes of enrichment of p53-IP over IgG control IP.
* P < 0.05, as determined by Student’s t-test.

We reasoned that mutant p53 may be binding other co-regulatory factors, which may
alter p53 functionality or indirect chromatin binding properties and thus alters gene and
protein expression. To test this, we performed rapid immunoprecipitation mass spectrometry
of endogenous proteins (RIME)® on p53-WT and R172H, Y217C, R277K mutant WEA cell
lines, with p53-KO serving as a negative control. We detected numerous p53 interacting
proteins in both the p53-WT as well as p53-mutant cells, ranging from 100 to 199 significantly
enriched binding partners per group (Fig. 4.3a). Using Ingenuity Pathway Analysis to gain
insight into the function of these p53 interactors, we observed that WT p53 binds proteins
that are involved in transcription and translation, as well as DNA damage signaling and
splicing (Extended Data Fig. 4.5d, Supplemental Table 4.1 — 4). Proteins involved in these
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processes are also bound by mutant forms of p53, but some proteins that WT p53 binds
are lost in the p53 mutants (Fig. 4.3a, b, Extended Data Fig. 4.5e — g). Comparison of the
significantly enriched proteins identified to bind WT or mutant p53 showed proteins unique
for each mutant (Fig. 3b). For example, we observed that some proteins were interacting with
both WT and mutant p53, such as p53 itself, while other proteins were unique to p53 mutants
(e.g. ATR) or WT (e.g. CKAP4/p63) (Fig. 4.3c, Supplemental Table 4.1 — 4). Examples
of highly enriched proteins unique to the cold p53 mutants (R172H and R277K) included
nuclear pore complex protein NDC1, chromatin regulating SMRC1 (SMARCC1) and p53
regulator DIEXF (Fig. 4.3c, Supplemental Table 4.1 — 4). These data show that rather than
directly binding DNA, mutant p53 gains interaction partners, of which a proportion overlaps
between p53 mutants and p53-WT, but which also include a set of unique interaction partners
per mutation. These unique protein interaction profiles per p53 mutant may potentially form
the molecular basis for the observed differences in immune contexture and immunotherapy
response between mutants.

Autophagy is activated in immune-enriched p53 mutant tumors

The unique protein complexes formed by mutant forms of p53 may alter protein expression
and thereby immune activation. To understand the mechanisms underlying the observed
differential immune phenotypes between p53 mutant tumors, we analyzed the proteome of
the WEA cell lines using liquid chromatography tandem mass spectrometry (LC-MS/MS).
We observed striking differential protein expression patterns comparing p53-WT and p53-
KO cells, underscoring the key role of p53 in shaping the overall proteome (Extended Data
Fig. 4.6a, Supplemental Table 4.5). All p53 mutants showed marked differences compared
both to p53-WT and to p53-KO, suggesting potential gain-of-function in protein expression
regulation (Extended Data Fig. 4.6a, Supplemental Table 4.5). To determine whether these
differences in cancer cell proteomes could underlie the immune phenotype we observed, we
compared the two consistently hot (KO/Y217C) and two consistently cold (R172H/R277K) p53
mutants (Fig. 4.4a). We detected 149 differentially expressed proteins between the cold and
hot groups (Fig. 4.4a, b). The most significantly overexpressed protein in immune-enriched
mutants was ATG2B (Fig. 4.4b, ¢). ATG2B has a crucial role in autophagy, a process that
regulates homeostasis under cellular- or nutrient-related stress by breaking down damaged,
dysfunctional or redundant cellular components, such as protein aggregates®. ATG2
proteins (ATG2A and ATG2B) are essential for autophagy, as silencing of either Atg2a or
Atg2b alone or a combination of both is sufficient to disrupt autophagic flux in mammalian
cells®. Importantly, reduction of SQSTM1/p62 is a key readout of active autophagy, and we
observed significant reduction of this protein in T cell-enriched mutants compared to T cell-
depleted mutants, indicating active autophagic flux in immune-enriched mutants (Extended
Data Fig. 4.6b). Moreover, we observed several proteins that positively regulate autophagy
increased (LRP1, FKBP5, SNX7, TOM1, HSP90B) and those that negatively influence
autophagy decreased (CUL3) in the immune-enriched mutants compared to the immune-
depleted mutants (Extended Data Fig. 4.6b).

Because of this differential expression of autophagy-related proteins, we subsequently
tested autophagic flux using the GFP-LC3-RFP system*' in the p53 mutant cell lines. This
system allows measurement of the levels of autophagy by determining the rate of GFP-
LC3 reduction relative to RFP. Consistent with ATG2B increase and SQSTM1 decrease,
we observed a higher autophagic flux in the WEA p53-KO/Y217C mutants compared to
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the R172H/R277K mutants (Fig. 4.4d). In addition, when assessing autophagic flux in the
additional p53 mutant WEA cell lines we see a significant increase in the hot mutants (KO,
Y217C and G242S) compared to the cold mutants (R172H, R245W, R246S, R270H and
R277K) (Extended Data Fig. 4.6c, d). These observations hold true for the p53 mutant
KB1P cell lines, in which increased autophagic flux was observed with loss of p53 or Y217C
mutation compared to R172H and R277K mutations (Extended Data Fig. 4.6e). In human
breast cancer, there is an enrichment of genes that positively regulate autophagy in hot (KO
and Y220) TP53 mutant compared to cold (R175 and R280) TP53 mutant tumors (Fig. 4.4e).
Together, these data show that activation of autophagy in specific p53 mutant cell lines
correlates with an immune-enriched phenotype in vivo.
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Figure 4.4. T cell-inflamed p53 mutant tumors show activated autophagy. a. Venn diagram of mass
spectrometry analysis showing unique and common proteins identified in hot (53 proteins) and cold (96
proteins) mutants, based on all 1260 differentially expressed proteins between any of the mutant p53
and WT p53 Wap-cre;Cdh17F;AktE'7< (WEA) cell lines (see Extended Data Fig. 4.6a) (n=3 replicates/
group). b. Volcano plot showing commonly differentially expressed proteins between KO/Y217C
and R172H/R277K groups. Red circles indicate proteins significantly (P < 0.05) up-regulated in hot
groups (KO, Y217C), blue circles indicate proteins significantly (P < 0.05) up-regulated in cold groups
(R172H, R277K) and grey circles indicate non-significantly changed proteins. The highest expressed
protein (ATG2B) in hot mutants is indicated. €. Abundance (label free quantification, LFQ) of ATG2B
protein in WEA cells. d. Autophagic flux of indicated mutant p53 WEA cells transduced with autophagy
reporter RFP-LC3-GFP and nutrient-starved for 24 hours, as measured by flow cytometry (geometric
mean fluorescence intensity (gMFI) of GFP-LC3/RFP-LC3). e. Gene set enrichment analysis (GSEA)
comparing KO/Y220 with R175/R280 TP53 mutant human breast tumors from TCGA on pathways related
to regulation of autophagy (top) and positive regulation of macroautophagy (bottom), with normalized
enrichment score (NES) and false discovery rate (FDR) g-value indicated. Data in ¢ and d show mean
+ s.e.m. Asterisks indicate statistically significant changes. * P < 0.05, ** P < 0.01, as determined by
Mann-Whitney U test.

Cytokine secretion by p53 mutant cancer cells is mediated by autophagy and negatively
regulated by mTOR signaling

Aberrations in the p53 pathway can influence immune signaling by alterations in cytokine
expression and secretion®. We therefore set out to examine whether mutant p53-activated
autophagy is involved in cytokine secretion by cancer cells using cytokine arrays on
conditioned medium. To test this, we used short hairpin RNAs (shRNAs) to silence expression
of Atg2b or a combination of Atg2a and Atg2b in immune-enriched Y217C mutant WEA
cells. While Atg2b single knockdown was sufficient to significantly decrease autophagic flux,
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the double Atg2a/2b knockdown proved superior (Fig. 4.5a). Compared to non-targeting
controls, Atg2a/2b silencing reduced secretion levels of several cytokines in the conditioned
medium of Y217C mutant WEA cells (Extended Data Fig. 4.7a, b). This shows that autophagy
contributes to cytokine secretion by p53"?'7C cancer cells.

There is an extensive body of literature showing that mTOR signaling negatively
regulates autophagy# and autophagy-controlled cytokine signaling®. Moreover, some
mutant forms of p53 have been shown to activate mTOR in vitro*. Therefore, we next tested
the link between hot and cold p53 mutations, autophagy, mTOR and cytokine production
in our system. We observed that p53 mutant WEA cells with T cell-depleted phenotypes
have an overall higher level of phosphorylated S6 than immune-enriched mutants, indicating
active mTOR signaling in vitro (Extended Data Fig. 4.7c, d). In addition, in vivo phospho-S6
levels were increased in cold WEA and KB1P p53 mutant tumors compared to hot p53
mutant tumors (Extended Data Fig. 4.7e). Treatment of the cold R172H mutant WEA and
KB1P cells with mTOR inhibitor AZD8055 strongly induces autophagy in vitro (Extended
Data Fig. 4.7f, g), suggesting that activated mTOR signaling in immune-depleted mutants
negatively influences autophagy. Interestingly, AZD8055-mediated inhibition of the mTOR
signaling pathway in p53-R172H WEA cells increases the secretion of cytokines (Extended
Data Fig. 4.7h, i). Together, these data show that disrupting autophagy in the T cell-enriched
Y217C mutant reduces cytokine secretion to levels of T cell-depleted R172H mutant cells
(Extended Data Fig. 4.7j), which can be reversed by mTOR inhibition. This implies that
activated autophagy, which is negatively regulated by mTOR in cold p53 mutants, regulates
cytokine secretion by cancer cells and thus potentially regulates immune cell recruitment.

Autophagy is required for response of immune-enriched tumors to anti-PD-1

Next, we tested the impact of autophagy disruption on the intratumoral immune cell influx
in vivo and its consequences for immunotherapy response. To this end, we orthotopically
transplanted Y217C-shControl and Y217C-shAtg2a/2b WEA cells into mammary glands of
syngeneic mice. Disruption of autophagy affected primary tumor growth kinetics slightly, but
not significantly (Fig. 4.5b). At disease end-stage, we observed a modest but significant
reduction in total T cell levels, mainly attributed to the CD4* T helper cells (Fig. 4.5¢). In
addition, CD11b- cDCs, CD4-CD8" T cells and neutrophils were decreased in frequency in
Atg2a/2b knockdown tumors compared to controls (Extended Data Fig. 4.8a). In addition,
there was a significantly higher level of cytotoxic Granzyme B-expressing cells in shControl
tumors than shAtg2a/2b tumors (Fig. 4.5d, Extended Data Fig. 4.8b).

We subsequently tested whether these autophagy-dependent changes had any
consequences for the response to anti-PD-1 treatment. We orthotopically transplanted
shControl and shAtg2a/b lines and initiated treatment when tumors were 25 mm?. Similar to
the parental Y217C tumors (Fig. 4.2b, c), Y217C-shControl responded to anti-PD-1 in terms
of tumor growth (Fig. 4.5e). Silencing of Atg2a/2b led to a significantly impaired response to
anti-PD-1 treatment (Fig. 4.5e). No significant differences in Granzyme B*, CD8* and CD4+*
cell levels were observed between the shAtg2a/b and shControl tumors treated with anti-PD-1
(Extended Data Fig. 4.8b). Nonetheless, mice treated with anti-PD-1 showed an increase in
necrotic tumor tissue in shControl tumors, but not in shAtg2a/2b tumors (Fig. 4.5f, Extended
Data Fig. 4.8b). In accordance with the differential response of tumor growth kinetics (Fig.
4.5e), tumor-specific survival of mice bearing shControl tumors was significantly improved
by anti-PD-1 treatment, while silencing of Atg2a/2b abrogated this response (Fig. 4.59).
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Figure 4.5. Disruption of autophagy partly reverses immune cell influx into p53*2'"° tumors and
impairs response to immunotherapy. a. Autophagic flux of Wap-cre,Cdh17F;Akt"7% (WEA) cell lines
expressing RFP-LC3-GFP that are transduced with shRNAs against Afg2b, a combination of Atg2a
and Atg2b (Atg2a/2b), or non-targeting controls (n=3 replicates/group). b. In vivo growth kinetics
of WEAPY?7¢ shControl and shAtg2a/2b tumors (n=8 mice/group). c. Frequency (% of live CD45*
cells) of total T cells (all CD3* cells), CD8* T cells and CD4* FOXP3- T helper (T,) cells in shControl
and shAtg2a/2b tumors at disease end-stage (tumor size +225 mm?) (n=8 mice/group). d. Number
of Granzyme B* cells per field of view (FOV) in shControl and shAtg2a/2b tumors, as determined by
immunohistochemistry (n=8 mice/group). e. Growth kinetics of shControl and shAtg2a/2b tumors
treated with anti-PD-1 or IgG2a antibodies (twice weekly 100 pg per injection, starting at tumor size 25
mm? until £225 mm?) (n=8mice /group). Transparent lines indicate growth curves of individual mice and
bold line indicates average growth curve per group. f. Necrotic area (% of total tumor area) in end-stage
shControl and shAtg2a/2b tumors, treated with anti-PD-1 or IgG2a antibody. g. Kaplan-Meier plot of
tumor-specific survival of mice bearing shControl or shAtg2a/2b tumors treated with anti-PD-1 or IgG2a
control antibodies (n=8 mice/group). Exact P-values of non-significant changes are indicated. Asterisks
indicate statistically significant changes. Data in a, b, ¢, d and g show mean + s.e.m. Asterisks indicate
statistically significant changes. * P < 0.05, ** P< 0.01, *** P < 0.001, **** P < 0.0001, as determined by
one-way ANOVA (a), area under the curve (AUC) calculation, followed by Student’s t-test (b, e), Mann-
Whitney U test (¢, d, g) and log-rank test (f).
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Together, these data show that autophagy, as induced by specific p53 mutations, is required
for the anti-tumor efficacy of immunotherapies in murine breast cancer models.

Discussion

The composition and functional orientation of breast cancer-associated immune cells influence
disease outcome and response to treatment, while also providing opportunities for immune-
based therapies®. Because the quality and quantity of immune influx can vary considerably
between patients, we here set out to determine how different genetic aberrations in p53
influence the heterogeneity in immune composition of breast tumors and how this affects
immunotherapy efficacy. Comparing the immune microenvironment of tumors harboring the
most commonly observed p53 mutations, assessing their proteomic profiles and interaction
partners, and linking these observations to human breast cancer, we have uncovered that
mammary tumors with loss of p53 or Y217C mutation have an immunologically hot phenotype
compared to tumors harboring other p53 mutations, such as R172H and R277K. Moreover,
we showed that immune status is linked to autophagy signaling, and that p53 mutant tumors
with an immunologically hot phenotype respond better to anti-PD-1 treatment than cold p53
mutants in an autophagy-dependent manner.

The function of p53 in cancer is highly diverse’, and the function of mutant p53
perhaps even more so'®. It was proposed several decades ago that mutant p53 can endow
cells with novel functions, rather than just leading to loss of gene function®°4. Regarding
immune activation by p53 mutant tumors, it has been reported in a variety of murine cancer
models that some p53 mutations, such as R172H and R248W, can activate immune regulatory
pathways such as NF-kB signaling*¢“¢ and JAK-STAT signaling'®“®, as well as suppress STING
signaling®®, thus influencing cytokine production, immune cell recruitment and activation of
immunity in the tumor microenvironment. Human breast tumors harboring mutations in p53
generally show a more immune-enriched phenotype than those that are p53-proficient®,
which is dependent on molecular subtype®®. We here show that not all hotspot mutations in
p53 elicit the same effect in terms of immune cell recruitment, but that the composition of
the tumor immune microenvironment and response to anti-PD-1 treatment are distinct based
on the specific amino acid that is mutated (Fig. 4.1b — f, Fig. 4.2b, c¢). We observed that
the p53-KO and Y217C mutant showed consistent T cell-enrichment in 3 out of 4 mouse
models and human breast tumors, while the R172H and R277K mutants showed consistent
T cell-depletion across datasets (Fig. 4.1b — f). The R245W and R246S mutations generally
induced an immune-depleted tumor phenotype across datasets as well, suggesting these
mutants also have gain of immune-repelling function compared to p53-null tumors. Some
mutations differed in immune phenotype between models or between organisms: the G242S
mutant deviated between mouse tumors models, clustering in the immune-enriched group in
the WEA model, but not in the KB1P model (Fig. 4.1b, ¢). The R270H mutant in mice showed
a relative cold phenotype, while human R273 mutant tumors were immunologically hot (Fig.
4.1b - e). In addition, of the four murine models tested, one notable exception in mutant p53-
mediated immune phenotype is the KP (Extended Data Fig. 4.2b, c). It is as of yet unknown
what underlies this deviation of KP tumors from the other models. As our data argue, it may
be worthwhile to tailor (immuno)therapeutic strategies for breast cancer to the presence of
specific p53 mutations. The clinical utility of this is exemplified by the observation that some
studies in lung cancer patients show that tumors with any mutation in TP53 have higher
cytotoxic immune influx and improved response to anti-PD-1 treatment compared to WT
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tumors?6285! while others report that p53 mutant lung cancer patients respond worse to anti-
PD-1 than those with p53 WT tumors®. Although there may be a variety of explanations for
this, it would be of interest to separate these patients based on specific TP53 mutations and
examine response to see if specific p53 mutational status could be an interesting biomarker
for patient stratification in immune-based therapies for breast cancer.

Grouping p53 mutants based on immune phenotypes shows correlation with
autophagy activation in mouse and human breast cancer (Fig. 4.4b — e, Extended Data
Fig. 4.6b —e). There is a well-established link between autophagy and p53 status in cancer
cells®54, WT pb3 suppresses autophagy®® and conversely, autophagy is required for
degradation of the p53 protein aggregates that form in cells as a result of p53 mutations®.
p53 status also dictates the influence of autophagy on tumor development. In a mouse model
for pancreatic cancer, comparing tumor formation in autophagy-deficient and -proficient
mice, it was shown that while autophagy-deficiency accelerates cancer development in a
p53-null tumor, but not in a p53-WT tumor®. In addition, autophagy activation has strong
effects on anti-tumor immunity®”. In breast cancer patients, high levels of autophagy positively
correlate with elevated intratumoral CD8* T cell-to-Treg and CD8* T cell-to-macrophage
ratios®®, as well as increased overall survival®. We here show that the influence of mutant p53
on autophagy is dependent on the specific mutation; mammary tumors with p53 mutations
that induce reduced autophagy show lack of response to anti-PD-1 treatment, while tumors
expressing other p53 mutations with activated autophagy show the opposite (Fig. 4.5e,
g). Although it is not yet clear how activated autophagy in these p53 mutants leads to the
increased response to anti-PD-1 treatment in these models, it has been proposed that
autophagy regulates cytokine production and danger signaling®”. Indeed, we also observe
decreased levels of secreted cytokines in Atg2a/2b-knockdown cancer cells (Extended
Data Fig. 4.7a, b). How this functionally links to the increased anti-tumor immunity upon
immune checkpoint inhibition remains a subject of future investigations. It may be of interest
to examine the role of MTOR as negative regulator of autophagy in cold p53 mutant tumors,
as this pathway negatively regulates autophagy and cytokine secretion (Extended Data Fig.
4.7h - j). However, since pharmacological targeting of this pathway also directly impacts
adaptive and innate immune cell functionality, as for instance illustrated by the use of mTOR
inhibitors as immunosuppressants for organ transplant patients®, this may not be a desirable
strategy to enhance anti-tumor immunity in cold p53 mutant tumors. It is of note that Atg2a/2b
knockdown does not fully turn hot tumors into cold ones in terms of CD8* T cell influx (Fig.
4.5c), suggesting that additional mechanisms besides autophagy may be at play in shaping
the tumor immune microenvironment in these models.

By what molecular mechanism mutant p53 regulates the autophagy machinery in
our system remains to be established. We observed that all mutant forms of p53 fail to
bind chromatin directly, excluding transcriptional regulation through direct interactions
with DNA (Extended Data Fig. 4.5c). This lack of direct binding of chromatin by mutant
p53 is in line with some reports®, but may differ per cell line and experimental setup, as
others have shown that mutant p53 gains chromatin binding sites relative to WT p53 upon
stimulation®. All p53 hotspot mutations assessed here occur in the DNA binding domain.
These p53 mutations have been divided into contact and structural mutations based on
how the mutation influences the structure of p53, with both groups showing functional
differences?'6¢2 This distinction however, does not correlate with the observed immune
phenotypes, as the human R248 (murine R245), R273 (R270), R280 (R277) mutants are
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considered contact mutations, whereas the R175 (R172), Y220 (Y217), G245 (G242) and
R249 (R246) mutants are structural mutants®®. Although mutant p53 may bind DNA and
alter transcription in a direct fashion in some models, increasing evidence also suggest that
p53 mutants indirectly affect transcription by forming novel protein complexes with other
transcription factors and co-regulators'. Indeed, in our model, rather than direct chromatin
binding, mutant p53 interacts with a different set of proteins (Fig. 4.3a — ¢). In line with these
findings, gain of protein interactions have been widely reported for several mutant forms of
p53 in breast cancer®. Nevertheless, it remains as of yet unclear by what specific protein
interaction p53 mutations either induce or inhibit autophagy activation. WT p53 suppresses
autophagy®®, so the increased protein levels of ATG2B and high levels of autophagy in the
p53-KO and Y217C mutant are in line with these observations (Fig. 4.4b — d). It is possible
that the cold R172H and R277K mutants gain binding partners that induce repressive signals
on the autophagy machinery. The immune-depleted mutants may also employ additional
mechanisms, for example by loss of interactions with negative regulators of for example
mTOR signaling (Extended Data Fig. 4.7c — e).

There is a growing realization that immunotherapy of cancer is not a one-size-fits-
all treatment, but should be tailored to tumor- and patient-specific characteristics to attain
maximum result. Specific p53 mutations may represent an interesting biomarker to guide
treatment. Moreover, this work suggests that the mutant p53-dependent differential immune
influx and response to immune checkpoint inhibition can be functionally linked with activation
of autophagy. Immunotherapy for breast cancer patients may benefit from using combination
treatments®’, and induction of autophagy could be a promising candidate. Although systemic
autophagy activation may not be a desired option as it plays critical roles in homeostasis of
all cell types, there is a plethora of candidate drugs with potential autophagy modulatory
effects that warrant further study in the context of immunotherapy®. Taken together, these
observations demonstrate that there are distinct immune phenotypes for different p53 hotspot
mutations that should be considered when using immune-based therapies in breast cancer.
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Methods

Mouse studies

All animal experiments were approved by the Animal Ethics Committee of the Netherlands
Cancer Institute and performed in accordance with institutional, national and European
guidelines for Animal Care and Use. For orthotopic transplantation experiments, cell
suspensions (5x10° cells) were injected into the right 4" mammary fat pad of 8 — 10 weeks
old female wild-type (WT) FVB/N mice (Janvier Labs). Cancer cells used in this study were
derived from spontaneous tumors of Wap-cre,Cdh17F;AktE"7% (WEA), K14-cre,Brcal™;
Trp537 (KB1P), K14-cre;Cadh17F,; Trp537 (KEP) or K14-cre; Trp537F (KP) mice, for which the
generation and characterization has been described?°2°2%, Mice were monitored twice weekly
and perpendicular diameters of mammary tumors were measured twice per week using a
caliper. For intervention studies using anti-PD-1 checkpoint inhibition, mice were randomly
distributed over the two treatment arms when tumors reached the size of 25 mm?2and treated
twice weekly with 100 pg of anti-PD-1 (1 mg/mL in PBS, clone RMP1-14, BioXCell) or 100 ug
IgG2a control antibodies (1 mg/mL in PBS, clone 2A3, BioXCell) until tumors reached end-
stage size of 225 mm2. Tumor measurements and post mortem analyses were performed in
a blinded fashion. Mice were kept in individually ventilated cages and food and water were
provided ad libitum. The maximal permitted disease endpoints were not exceeded in any of
the experiments.

Cell culture

GEMM-derived cell lines were generated as previously described'®. Briefly, tumor material
was collected in ice-cold PBS and mechanically chopped using a Mcllwain tissue chopper
(Mickle Laboratory Engineering). Tumors were incubated for 30 minutes (min) at 37°C in 3
mg/mL collagenase A, 0.1% trypsin and fungizone in DMEM/F12 with 2% fetal calf serum
(FCS). Enzyme reactions were stopped by addition of DMEM/2% FCS and suspensions
were dispersed through a 40 pm cell strainer. KB1P an KP cells were cultured in DMEM/
F12 containing 10% FCS, 100 IU/mL penicillin, 100 mg/mL streptomycin, 5ng/mL epidermal
growth factor (EGF) (Sigma), 5ug/mL insulin (Life Technologies) and 5ng/mL cholera toxin
(Gentaur) and WEA and KEP cells were cultured in DMEM supplemented with 10% FCS, 100
IU/mL penicillin, 100 mg/mL streptomycin and 2 mM L-glutamine at 37°C/5% CO,. To ensure
relatedness to parental GEMM tumors, polyclonal cells were used at low passage number for
all experiments. HEK293T cells that were used to generate retro- and lentivirus were cultured
in DMEM supplemented with 10% FCS, 100 IU/mL penicillin, 100 mg/mL streptomycin and
2 mM L-glutamine. In vitro cell growth kinetics were analyzed using the IncuCyte System
(Essen Bioscience). Cells were seeded in a 96-well plate at 500 cells per well and imaged
every 4 hours (h) until 64 h. Differentiation of bone marrow-derived macrophages (BMDMs)
and culture in conditioned medium of p53 mutant cell lines was performed as described®.
All cell lines were routinely tested for mycoplasma contamination and only mycoplasma-
negative cells were used.

Gene modification of cell lines

Endogenous p53 was deleted from p53-proficient WEA GEMM-derived cell lines as
previously described™. Briefly, WEA cells were transfected with lentiCRISPR v2 (provided
by F. Zhang, Addgene plasmid #52961)° containing a single sgRNA targeting Trp53 with
of the following sequence: 5'-AGTGAAGCCCTCCGAGTGTC-3'. After puromycin-mediated
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selection of transfected cells, polyclonal cell lines were used for all subsequent experiments.
Genome editing efficiency was confirmed using the Tracking of Indels by Decomposition
(TIDE) algorithm as described” (http://tide.nki.nl) and western blotting. KB1P, KEP and KP
cells were already p53-deficient.

Mutated p53 was re-introduced in cells by using the pCDH-CMV-MCS-PGK-Blast
lentiviral vector (provided by R. Mezzadra) with gBlocks of double strand p53 mutant
cDNA (Integrated DNA Technologies) cloned into the expression vector as a BamHI-
Notl fragment. All vectors were validated by Sanger sequencing. Virus was produced by
transfecting HEK293T cells with the expression vector, pPAX packaging vector and VSV-G
envelope vector. Virus was harvested at day 4 and 5. Virus was added to cells in titers that
allowed WT-level expression of the mutated transgene (for the WEA cell line) and the same
amount of virus was used in the KB1P, KEP and KP cell lines to allow equivalent levels
of expression. As control, p53-KO cells were transduced with an empty pCDH-CMV-MCS-
PGK-Blast vector (EV). After blasticidin-mediated selection of transduced cells, integration of
mutated p53 was assessed by isolating genomic DNA using Viagen DirectPCR Lysis reagent
(Cell) supplemented with 200 pg/mL proteinase K according to manufacturer instructions,
followed by PCR ampilification of the p53 locus and Sanger sequencing, which was analyzed
using SnapGene software (version 5.1). To determine expression levels of mutant Trp53
transgenes, RNA was isolated from cells after selection, followed by RT-gPCR (see below).

To silence Atg2a and Atg2b, short hairpin RNAs (shRNAs) were used in the pLKO.1
vector. Vectors for shRNAs were collected from the mouse TRC library. To allow stable
expression of pLKO.1 lentiviral vectors containing shRNAs, virus was produced in HEK293T
cells as described above. WEA-p53"%'7C cells were transduced with single shRNAs or co-
transduced with both shRNAs and subjected to puromycin selection. Knock-down efficiency
was determined by RT-gPCR (see below). The sense strand of the hairpin sequence
for Atg2a and Atg2b silencing used in the in vivo experiments was as follows: Atgla:
5'-CGAAAGTATCTACAACAGGAT-3', Atg2b: 5-GCTGCACTTGAAATCCGAGTA-3.

Flow cytometry

Tumor and lymph nodes were collected in ice-cold PBS and blood was collected in tubes
containing heparin. Tumors were mechanically chopped using a Mcllwain tissue chopper
(Mickle Laboratory Engineering). Tumors were digested for 1 h at 37°C in 3 mg/mL
collagenase type A (Roche) and 25 pug/mL DNase (Sigma) in serum-free DMEM medium.
Enzyme reactions were stopped by addition of cold DMEM/10% FCS and suspensions were
dispersed through a 70 pm cell strainer. Tumor-draining lymph nodes (right axillary lymph
nodes) were dispersed through a 70 um cell strainer to generate single cell suspensions.
Blood was treated twice with NH,Cl erythrocyte lysis buffer. Before staining, cell suspensions
were subjected to Fc receptor blocking (rat anti-mouse CD16/32, BD Biosciences) for 10
min at 4°C. Cells were stained with conjugated antibodies for 30 min at 4°C in the dark
in PBS/0.5% BSA/2 mM EDTA. Zombie Red fixable viability kit (1:800 in PBS, BioLegend)
was added to exclude dead cells. For intracellular cytokine staining, single-cell suspensions
were stimulated in IMDM containing 8% FCS, 100 IU/mL penicillin, 100 mg/mL streptomycin,
0.5% B-mercaptoethanol, 50 ng/ml PMA, 1 mM ionomycin and Golgi-Plug (1:1000, BD
Biosciences) for 3h at 37°C. Surface antigens were stained first, followed by fixation and
permeabilization using the Foxp3 Fixation/Permeabilization kit (eBioscience/ThermoFisher)
and staining of intracellular proteins. All experiments were performed using a BD LSR I
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flow cytometer using Diva software. Data analyses were performed using FlowJo Software
(version 9.9.6 and version 10.6.2).

The following antibodies were used in the experiments: anti-FoxP3-AF647 (150D/
E4, eBioscience/ThermoFisher, 1:200), anti-Ly6G-AF700 (1A8, BioLegend, 1:200), anti-
F4/80-APC-eF780 (BM8, eBioscience/ThermoFisher, 1:200), anti-SiglecF-PE (E50-2440, BD
Biosciences, 1:200), anti-NK1.1-PE-Cy7 (PK136, BioLegend, 1:200), anti-CD3-FITC (145-
2C11, eBioscience/ThermoFisher, 1:400), anti-CD8a-PerCP-eF710 (46-0081-82, eBioscience/
ThermoFisher, 1:400), anti-CD11c-BV421 (HL3, BD Biosciences, 1:200), anti-Ly6C-BV605
(HK1.4, BioLegend, 1:200), anti-CD11b-BV786 (M1/70, BD Biosciences, 1:400), anti-CD45-
BUV395 (30-F11, BD Biosciences, 1:200), anti-B220-BUV737 (RA3-6B2, BD Biosciences,
1:400), anti-CD4-BUV805 (GK1.5, BD Biosciences, 1:200), anti-TNFa-AF700 (MP6-XT22,
BiolLegend, 1:200), anti-CD4-APC-eF780 (RM4-5, eBioscience/ThermoFisher, 1:200), anti-
Granzyme B-PE (GB-11, Sanquin, 1:200), anti-CTLA4-PE-Cy7 (UC10-4B9, eBioscience/
ThermoFisher, 1:200), anti-Ki67-PerCP-eF710 (SolA15, eBioscience/ThermoFisher, 1:800),
anti-IFNy-eF450 (XMG1.2, eBioscience/ThermoFisher, 1:200), anti-PD-1-BV711 (29F.1A12,
BiolLegend,1:200), anti-CD8-BUV395 (53-6.7, BD Biosciences, 1:200), anti-CD45-BUV563
(30-F11, BD Biosciences, 1:200), anti-H-2Ks-FITC (FVB haplotype MHC-I) (HK114,
BioLegend, 1:200).

Human breast cancer analysis

Human breast tumor data were obtained from the Cancer Genome Atlas (TCGA, Breast
Invasive Carcinoma, PanCancer Atlas) via cBioPortal”>”® (http://cbioportal.org). Samples
were selected based on availability of DNA-sequencing, copy-number alterations and RNA-
sequencing (994/1084 samples) to allow assessment of gene expression in samples for
which TP53 mutation and homozygous deletions (‘homdel’, indicated as KO) were known.
Lollipop plot of mutation prevalence and location in the TP53 gene was generated using
cBioPortal. Immune influx estimates in indicated TP53 mutant tumors or in tumors with a
homozygous deletion (KO) were determined using CIBERSORT® (http://cibersort.stanford.
edu), running in absolute mode. Gene Set Enrichment Analysis (GSEA) was performed
on KO, R175, Y220 and R280 TP53 mutant tumors using GSEA software’*’® on gene sets
indicated in figures, which were obtained from MSigDB™ (https://www.gsea-msigdb.org/
gsea/index.jsp). Permutations for both GSEA and CIBERSORT was conducted 1000 times to
obtain an empirical null distribution.

Liquid Chromatography-Tandem Mass spectrometry (LC-MS/MS)

Frozen pellets of WEA p53-WT, p53-KO and p53-mutant cells (3 replicates per cell line,
+15x108 cells per replicate) were lysed, reduced and alkylated in heated guanidine (GuHCI)
lysis buffer as described before™. Lysates were diluted to 2 M GuHCI and digested with
trypsin (Sigma) (1:100) for 4 h at 37°C, followed by another overnight tryptic digestion (1:50).
Digestion was quenched by the addition of TFA (final concentration 1%), after which samples
were desalted on a Sep-Pak C18 cartridge (Waters, Massachusetts, USA). Peptides were
vacuum dried and stored at -80°C until LC-MS/MS analysis.

Peptides were reconstituted in 2% formic acid and analyzed by nanoLL.C-MS/MS on an
Orbitrap Fusion Tribrid mass spectrometer equipped with an Easy-nLC1000 system (Thermo
Scientific). Samples were directly loaded onto the analytical column (ReproSil-Pur 120 C18-
AQ, 2.4 ym, 75 um x 500 mm, packed in-house). Solvent A was 0.1% formic acid/water and
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solvent B was 0.1% formic acid/80% acetonitrile. Peptides were eluted from the analytical
column at a constant flow of 250 nl/min. For single-run proteome analysis, a 4 h gradient
was employed containing a linear increase from 5% to 35% solvent B, followed by a 15 min
wash. The mass spectrometer was run in top speed mode with 3 s cycles. Survey scans of
peptide precursors from m/z 375-1500 were performed at 120K resolution with a 4 x 105
ion count target. Tandem MS was performed by quadrupole isolation at 1.6 Th, followed by
HCD fragmentation with normalized collision energy 31 and ion trap MS2 fragment detection.
The MS2 ion count target was set to 104 and the max injection time was set to 100 ms. Only
precursors with charge state 2-7 were sampled for MS2. Monoisotopic precursor selection
was turned on; the dynamic exclusion duration was set to 60s with a 10 ppm tolerance
around the selected precursor and its isotopes.

RAW files were analyzed by Proteome Discoverer (version 2.3.0.523, Thermo
Scientific) using standard settings. MS/MS data were searched in Sequest HT against
the mouse Swissprot database (release 2019_02). The maximum allowed precursor mass
tolerance was 50 ppm and 0.06 Da for fragment ion masses. False discovery rates for
peptide and protein identification were set to 1%. Trypsin was chosen as cleavage specificity
allowing two missed cleavages. Carbamidomethylation (C) was set as fixed modification,
whereas oxidation (M) and protein N-terminal acetylation were set as variable modifications.
Peptide spectrum matches (PSM) were filtered for Sequest HT Xcorr score > 1. The Proteome
Discoverer output file containing the LFQ abundances was loaded into Perseus (version
1.6.5.0)®. Abundances were Log,-transformed and the proteins were filtered for at least three
out of three valid values in one condition. Missing values were replaced by imputation based
on the standard settings of Perseus, i.e. a normal distribution using a width of 0.3 and a
downshift of 1.8. Differential proteins were determined using a multiple-sample ANOVA with
permutation-based False Discovery Rate (FDR) (threshold 1%). Abundances of differential
proteins were Z-scored and hierarchical clustering was performed using default settings.

Chromatin Inmunoprecipitation (ChlIP)-sequencing

Chromatin immunoprecipitation (ChIP)-sequencing was performed as previously described™.
Duplicate cell lines from the p53 mutants were fixed in 1% formaldehyde, crosslinked and
processed for sonication. 5 ug of p53 antibody (1C12, Cell Signaling Technologies) and
50 pL of Protein G magnetic beads (Invitrogen) were used for each ChIP. Eluted DNA was
sequenced using the lllumina Hiseq 2500 analyser (using 65 bp reads) and aligned to the
Mus musculus mm10 reference genome. Reads were filtered based on MAPQ quality (quality
> 20) and duplicate reads were removed. Peak calling over input control was performed
using MACS 2.0 peak caller using default parameters. Data was visualized using Easeq®.

Rapid Immunoprecipitation of endogenous proteins (RIME)
RIME experiments were performed as described®. The following antibodies were used:
anti-p53 (1C12, Cell Signaling Technology) and anti-mouse IgG (sc-2025, Santa Cruz
Biotechnology). Tryptic digestion of bead-bound proteins was performed as described
previously®'. LC-MS/MS analysis of the tryptic digests was performed on an Orbitrap Fusion
Tribrid mass spectrometer equipped with a Proxeon nLC1000 system (Thermo Scientific).
Raw data were analyzed by Proteome Discoverer (PD) (version 2.3.0.523, Thermo Scientific)
using standard settings.

MS/MS data were searched against the Swissprot database (released 2018_06)
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using Mascot (version 2.6.1, Matrix Science, UK) with Mus musculus as taxonomy filter.
The maximum allowed precursor mass tolerance was 50 ppm and 0.6 Da for fragment
ion masses. Trypsin was chosen as cleavage specificity allowing two missed cleavages.
Carbamidomethylation (C) was set as a fixed modification, while oxidation (M) and
deamidation (NQ) were used as variable modifications. False discovery rates for peptide and
protein identification were set to 1% and as additional filter Mascot peptide ion score > 20
or Sequest HT XCorr>1 was set. The PD output file containing the abundances was loaded
into Perseus (version 1.6.1.3)"® LFQ intensities were log,-transformed and the proteins were
filtered for at least 66% valid values. Missing values were replaced by imputation based
on the standard settings of Perseus, i.e. a normal distribution using a width of 0.3 and a
downshift of 1.8. Differentially expressed proteins were determined using a t-test (threshold—
Log(p-value) > 1.3 and [x/y] = 1| [x/y] < -1)). p53-KO cells were used as a negative control.
Pathway analysis of p53 binding proteins was performed using Ingenuity Pathway Analysis
(IPA) software (Qiagen) (version 01.06), for which all statistically significant enriched (P <
0.05) pathways in which directionality could be determined (i.e. with a positive Z-score) are
shown, with a maximum of 10 pathways.

Autophagy measurements

To assess autophagic flux in cells, the pMRX-IP-GFP-LC3-RFP reporter vector was used
(provided by N. Mizushima, Addgene plasmid #84573)*'. Retrovirus was made by transfection
HEK293T cells with the pMRX-IP-GFP-LC3-RFP and the pCL-ECO vectors. WEA and KB1P
p53 mutant cell lines were transduced and cells expressing the construct were selected
using puromycin. For Atg2-knockdown cell lines puromycin selection was not possible due
to the presence of a puromycin resistance cassette in the pLKO.1 vector. Therefore, the
assay was performed on unselected cells. Where indicated, cells were treated with 1 uM
mTOR inhibitor AZD8055 (Selleck Chemicals) for 24 hours (h) or starved by exposure to
EBSS medium for 24 h to induce autophagy. All GFP/RFP ratios were determined in the RFP+
transduced population.

RNA isolation and quantitative (q)RT-PCR

Total RNA was isolated using the Isolate Il RNA Mini Kit (Bioline). RNA quality and
concentration were determined using a 2100 Bioanalyzer (Agilent). RNA was converted
to cDNA using Maxima First Strand cDNA Synthesis kit (Thermo Scientific). 20 ng cDNA
was analyzed using SensiFAST SYBR No-ROX (Bioline) with 500 nM primers using a
LightCycler 480 thermocycler (Roche). Gapdh was used as housekeeping gene. Fold
change in expression was calculated using 2-4Ctx - averagelaCteoniol) - Primer sequences were
as follows: Trp53 forward (FW): 5-CTCTCCCCCGCAAAAGAAAAA-3’, Trp53 reverse (RV):
5-CGGAACATCTCGAAGCGTTTA-3', Atg2a FW: 5'-CCACCTCTGCAAATCGGCA-3', Atg2a
RV: 5-CCAGTTGTCCTGATACCTCCA-3', Atg2b FW: 5-GTCCCCTTGGACAAATGGTGT-3',
Atg2b RV: 5-GGACGGACAGGGAAATGGA-3', Gapdh FW: 5'-AGGTCGGTGTGAACGGATT
TG-3', Gapdh RV: 5-TGTAGACCATGTAGTTGAGGTCA-3'.

Cytokine analysis

Conditioned medium (CM) was prepared by seeding indicated cancer cells at equal density
in full medium in a 6-well plate. At £80% confluency, cells were washed once in PBS and
serum-free medium was added to the cells in 50% of normal volume. Where indicated, cells
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were treated with 1 pM AZD8055 (Selleck Chemicals) or DMSO to block mTOR signaling.
After 24 h, CM was harvested, dead cells and debris were removed by centrifugation and
cytokines were measured using Proteome Profiler Mouse Cytokine Array Kit, Panel A (R&D
Systems) according to manufacturer’s instruction. Signal intensity was determined using
ImageJ/FIJI (version 2.0.0).

Protein isolation and Western blot

Cells were lysed using RIPA buffer (50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 1% NP40,
0.5% DOC, 0.1% SDS, 2 mM EDTA) supplemented with cOmplete Protease Inhibitors and
phosphatase inhibitors (Roche). Protein concentration was quantified using the Rio-Rad
Protein Assay (Bio-Rad). Protein lysates were diluted in 4x LDS Sample buffer (Invitrogen)
and supplemented with 100mM dithiothreitol (DTT) were incubated at 95°C for 5 min.
Equal amounts of protein (30 ug) were separated by SDS-PAGE electrophoresis using Nu-
PAGE 4-12% Bis-Tris midi gels (Invitrogen) and transferred onto Trans-Blot® Turbo™ Midi
Nitrocellulose membranes (Bio-Rad) using Trans-Blot Turbo Transfer System (Bio-Rad).
Membranes were blocked in 10% Western Blot Blocking Reagent (Roche) in TBS for 1 h at
room temperature (RT), after which primary antibody in 5% Western Blot Blocking Reagent
(Roche) in TBS-T was added and incubated overnight at 4°C. Membranes were washed
using TBS-T and subjected to secondary fluorochrome-conjugated antibodies for 1 h at RT
and protein was detected using the Odyssey CLx imaging system (LICOR) and processed
using Image Studio Lite (version 5.2.5 LI-COR). The following antibodies were used: anti-
phospho-S6 ribosomal protein (Ser235/236) (D57.2.2E, Cell Signaling Technology, 1:1000),
anti-total S6 ribosomal protein (5G10, Cell Signaling Technology, 1:1000), anti-p-actin (AC-
15, Sigma, 1:5000), IRDye 680RD anti-mouse IgG secondary antibody (Li-COR, 1:10000)
and IRDye 800CW anti-rabbit IgG secondary antibody (LI-COR, 1:10000).

Immunohistochemistry

Immunohistochemical analyses were performed by the Animal Pathology facility of the
Netherlands Cancer Institute. Tissues were fixed for 24 h in 10% neutral buffered formalin,
embedded in paraffin, sectioned at 4 ym and stained with hematoxylin and eosin (H&E).
For immunohistochemical analysis, 5 pm paraffin sections were cut, deparaffinized, antigen
retrieval was performed, followed by inactivation of endogenous peroxidases by H,O,
addition, blocking and primary antibody staining. The following antibodies were used: anti-
CD8 (4SM15, eBioscience/ThermoFisher, antigen retrieval: Tris/EDTA, pH 9.0, 1:2000), anti-
CD4 14-9766-82, eBioscience/ThermoFisher, antigen retrieval: Tris/EDTA, pH 9.0, 1:1000),
anti-Granzyme B (NB100-684, Novus Biologicals, antigen retrieval: Tris/EDTA, pH 9.0,
1:100), anti-phospho-S6 (Ser235/236) (2211, Cell Signaling Technology, antigen retrieval:
Tris/EDTA, pH 9.0, 1:400) and Goat-anti-Rabbit-Bio secondary antibody (3052-08, Southern
Biotech, 1:100).

Samples were visualized with a BX43 upright microscope (Olympus) and images were
acquired using cellSens Entry software (Olympus). Brightness/Contrast for representative
images were adjusted equally among groups. Quantitative analysis of cell abundance was
performed by counting cells in five 40X fields of view (FOV) of viable tissue per tumor and
using the average. For quantification of T cell numbers, peritumoral and intratumoral were
assessed separately per tumor. For quantification of necrotic area, H&E images were digitally
processed using the Aperio ScanScope (Leica Biosystems) with Aperio Scanscope control
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software (version 102.0.0.74) and total tumor area and necrotic area were quantified using
ImageJ/FIJI (version 2.0.0).

Statistical analysis

Data analyses were performed using GraphPad Prism (version 8) and Qlucore Omics
Explorer (version 3.5). The statistical tests used are described in figure legends. All tests
were performed two-tailed. P-values < 0.05 were considered statistically significant. Sample
sizes for mouse experiments were pre-determined using G*Power software (version 3.1).
Heatmaps showing average frequency of immune cell populations in p53 mutant tumors or
secreted cytokines were generated using Qlucore Omics Explorer (version 3.5).

Data availability

The ChIP-sequencing data have been deposited in the Gene Expression Omnibus (GEO,
NCBI) repository under accession number GSE155639. The enriched proteins of the RIME
analysis and mass spectrometry are found in Supplemental Table 4.1 — 4.5 (available upon
request). All further data are available from the authors upon reasonable request.
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Extended Data Figure 4.1. Prevalence of p53 mutations in human breast cancer and generation of
p53 mutant lines. a. Lollipop plot of TP53 mutations and their prevalence in human breast tumors of the
Cancer Genome Atlas (TCGA) Breast Invasive Carcinoma PanCancer Atlas dataset. Mutations used in
this study are indicated. Green bar indicates the p53 trans-activation domain. Red bar indicates DNA
binding domain. Blue bar indicates tetramerization domain. b. Number of samples present in TCGA
breast tumors per indicated TP53 mutant. Homozygous deletion (‘Homdel’) is considered equivalent
to mouse p53-KO. ¢. Sanger sequencing of mutated target regions in the genomic DNA of the mouse
Trp53 gene in Wap-cre,Cdh17F,AktE"7% (WEA) cell lines after deletion of endogenous p53 and ectopic
expression of mutant p53. WT p53 is shown as reference for each mutation. d. RT-gPCR analysis of
p53-WT WEA cells and p53-KO and p53-mutant WEA and K14-cre,Brca 1™, Trp537 (KB1P) cell lines (2
replicates/group). KO cells have been transduced with empty vectors (EV). e. In vitro growth kinetics of
WEA and KB1P cells with indicated p53 alterations as measured by IncuCyte (n=5 replicates/group).
f. In vivo growth kinetics of orthotopically transplanted WEA and KB1P tumors with indicated p53
alterations (n=5 mice/group). Data in d, e and f show mean + s.e.m.
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Extended Data Figure 4.2. Inmune phenotype in K14-cre;Cdh17;Trp53"F and K14-cre;Trp53"
tumors harboring p53 mutations. a. RT-gPCR analysis of Trp53 expression after ectopic expression
of indicated p53 mutants in KEP and KP cells (average of 2 replicates/group) and tumor growth kinetics
after orthotopic transplantation of indicated cells (n=3-5 mice/group for KEP, n=4-5 mice/group for KP).
b. Representative immunohistochemistry (IHC) images of total immune cell (CD45*) and total T cell
(CD3*) levels in KEP and KP tumors with indicated p53 mutations. Bar: 50 pm. ¢. Heatmap of relative
immune cell frequencies (% of live cells) in KEP and KP tumors at disease end-stage (tumor size +225
mm?). Red and blue bar indicate T cell-inflamed and non-T cell inflamed mutants, respectively (n=3-5
mice/group for KEP, n=4-5 mice/group for KP). Data in a show mean + s.e.m.
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Extended Data Figure 4.3. Systemic inflammation is equally induced by p53 mutant mammary
tumors. a. Frequency of circulating neutrophils in mice bearing orthotopically transplanted Wap-
cre,Cdh17F;Akt77% (WEA) tumors with indicated p53 status (n=4-5 mice/group). b. Frequency of
circulating total T cells (n=4-5 mice/group). €. RT-gPCR analysis of //-1b expression in bone marrow-
derived macrophages (BMDM) cultured 24 hours with conditioned medium from WEA cells with
indicated p53 alterations or control medium (n=4 biological replicates/group in technical duplicate).
d - I. Frequency of circulating CD8* T cells (d), CD4*FOXP3- T helper cells (e), CD4*FOXP3+* regulatory
T cells (Tregs) (f), B cells (g), Natural Killer (NK) cells (h), CD11b* conventional dendritic cells (cDCs)
(i), eosinophils (j), Ly6C"" monocytes (k) and CD11b*Ly6Cinemediate cells (1) (n=4-5 mice/group). Data
show mean + s.e.m. Asterisks indicate statistically significant changes compared to p53-KO group. *
P < 0.05, * P<0.01, ** P<0.001, **** P < 0.0001, as determined by one-way ANOVA, followed by
Tukey’s multiple testing correction.

109



Chapter 4

@

2
Ly
L g
]
R4
Bl
2
=
£
=]
|
5
4
2
£E o
+. 8
R
£32
= N
nl &
BELEL il |11
QIOX OTOX OTIOX
YRER XRER XRER
xS xS xS
CD4* CD4'FoxP3* CD8*
Ty cells Tregs Tcells
PD-1
©
B
€
[
(0] g
° Y o
o £&s
c R
<
£
=
(o]
= T AhTrmat oA
—_ CD4" CD4'FoxP3* CD8
E Ty cells Tregs T cells
o
hol IFNy
ul
g
=)
~

% IFNy* T cells
(of parent)

Extended Data Figure 4.4. Ectopic activation of adaptive immune cells elicits equal responses
in different p53 mutant tumors. a. Expression of PD-1, CTLA4, Ki-67, IFNy, TNFa and Granzyme B
on intratumoral T, cells, Tregs and CD8* T cells of orthotopically transplanted Wap-cre;Cah 17 Akt
(WEA) tumors with indicated p53 mutations, following ex vivo stimulation. b. Expression of PD-1, CTLA4,
Ki-67, IFNy, TNFa and Granzyme B on T, cells, Tregs and CD8* T cells in the tumor-draining (right
axillary) lymph node of orthotopically transplanted WEA tumors with indicated p53 mutations, following
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Extended Data Figure 4.5. Chromatin binding properties of WT p53 are lost in all mutant p53 Wap-
cre;Cdh17F;AktE'7% cell lines. a. Genomic distributions for the consensus binding sites of p53 in two
replicates, as determined by ChlP-seq in Wap-cre,Cdh1F;Akt77% (WEA) cells. b. Predicted binding
sites based on sequence motifs in p53 ChlP for two replicates, with negative Z-score of the motifs for
binding sites of each factor indicated, showing p53 motifs most significantly enriched. ¢. Heatmap of
ChlP-seq signal intensity of called peaks around peak midpoint (arrow) of all WT and mutant p53 WEA
cells (n=2 replicates/group), with p53-KO as negative control. d — g. Ingenuity Pathway Analysis (IPA) of
p53-interacting proteins as determined by RIME showing only significant (P < 0.05) signaling pathways
with a positive Z-score that are enriched in p53 WT (d), p53-R172H (e), p53-R277K (f) and p53-Y217C
(g) cells. Black arrows indicate common pathways enriched among all four groups.
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Extended Data Figure 4.6. Autophagy-activating proteins are enriched in T cell inflamed p53
mutants. a. Heatmap depicting unsupervised clustering of differentially expressed proteins (1260 in
total) between any of the indicated p53 mutant, KO or WT groups in Wap-cre,Cdh17F;Akte"7< (WEA)
cells. Red and blue names of p53 mutants indicate hot and cold phenotypes, respectively (n=3
replicates/group). b. Label free quantitation (LFQ) values of autophagy-related proteins in hot (red;
KO, Y217C, G242S) or cold (blue; R172H, R245W, R246S, R270H, R277K) p53 mutant WEA cells (n=3
replicates/group). ¢. Representative histograms of GFP-LC3 levels with geometric mean fluorescence
intensity (gMFI) annotated for all hot (red; KO, Y217C, G242S) or cold (blue; R172H, R245W, R246S,
R270H, R277K) p53 mutant WEA cells transduced with RFP-LC3-GFP (n=3 replicates/mutant). Low
GFP indicates high autophagic flux. d. Autophagic flux of all p53 mutant WEA cells transduced with
RFP-LC3-GFP (n=3 replicates/mutant). e. Autophagic flux of all p53 mutant K714-cre;Brca 1, Trp537"
(KB1P) cells transduced with RFP-LC3-GFP (n=3 replicates/mutant).. Data in b — e show mean + s.e.m.
Asterisks indicate statistically significant changes. * P < 0.05, ** P< 0.01, *** P< 0.001, **** P < 0.0001,
as determined by one-way ANOVA, followed by Tukey’s multiple testing correction (b) or Mann-Whitney
U test (c—e).
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Extended Data Figure 4.7. Disruption of autophagy impairs cytokine secretion by p53Y2'7° cancer
cells, which can be reversed by mTOR inhibition (legend on next page).
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Extended Data Figure 4.7. Disruption of autophagy impairs cytokine secretion by p53¥2'7° cancer
cells, which can be reversed by mTOR inhibition. a. Blots of cytokine analysis in conditioned medium
(CM) of p53-Y217C WEA cells with Atg2a/2b knockdown or control cells. b. Average signal intensities
of selected secreted cytokines shown in a (n=2 replicates/group). ¢. Western blot analysis of mTOR
activation (phosphorylated S6) in Wap-cre;Cdh 17, Akt="7% (WEA) cell lines with indicated p53 mutations
(red; hot, blue; cold phenotypes). d. Quantification of phospho-S6 signal in ¢. Total S6 signal was
normalized to loading control -actin, and phospho-S6 was normalized to normalized total S6 signal.
e. Representative immunohistochemistry analysis of WEA and K14-cre;Brca 1™, Trp537F (KB1P) tumors
with indicated p53 mutations. Bar: 50 um. f, g. Autophagic flux (LC3-GFP/LC3-RFP ratio) of RFP-LC3-
GFP transduced p53-R172H mutant WEA (f) and KB1P (g) cells after overnight exposure to 1 pM
mTOR inhibitor AZD8055 or DMSO (n=3 replicates/group). h. Blots of cytokine analysis in conditioned
medium (CM) of p53-R172H WEA cells after overnight exposure to 1 yM mTOR inhibitor AZD8055 or
DMSO. i. Average signal intensities of selected secreted cytokines shown in h (n=2 replicates/group). j.
Heatmap depicting quantification of average signal intensities of cytokines detected in CM of WEA cells.
Experiments shown in a, b, h and i were performed simultaneously and blots were exposed at equal
length. Data in b, d, f, g and i show mean + s.e.m. Asterisks indicate statistically significant changes. *
P<0.05,** P<0.01,*** P< 0.0001, as determined by Mann-Whitney U test (d) or Student’s t-test (f, g).
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Extended Data Figure 4.8. Silencing of Atg2a/2b alters the immune landscape of p53Y2'7¢ mutant
tumors. a. Flow cytometry analysis of immune landscape of orthotopically transplanted shControl or
shAtg2a/2b Wap-cre;Cah 177, AktE'7< (WEA) p5372'7C tumors at disease end-stage (tumor size 225 mm?)
(n=8 mice/group). b. Representative immunohistochemistry (IHC) images of intratumoral CD4+, CD8*
and Granzyme B+ cells and hematoxylin & eosin (H&E) staining in shControl and shAtg2a/2b p53Y217©
WEA tumors at end-stage treated with anti-PD-1 or IgG2a control antibodies. Indicated are intratumoral
counts = s.e.m. for IHC and percentage (%) necrotic area + s.e.m. for H&E. Yellow line indicates border
of necrotic and non-necrotic tumor area. Bar IHC: 50 ym. Bar H&E: 500 um. Data in a and b show mean
+ s.e.m. Asterisks indicate statistically significant changes. * P < 0.05, ** P < 0.01, *™* P < 0.001, as
determined by one-way ANOVA (a).
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Supplemental Figure 4.1. Gating strategies for immune phenotyping. a. Gating strategy for immune
phenotyping in mouse mammary tumors. b. Gating strategy for immune phenotyping in blood. ¢. Gating
of activation marker and cytokine expression on intratumoral or tumor-draining lymph node T cells.
Shown here are representative images for CD4* FOXP3- T,, cells. Sample indicated in red is stimulated
for 3 hours with PMA, iononomycin and Golgi-Plug, and sample indicated in black is unstimulated

(Golgi-Plug only).
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Supplemental tables (available from the author upon request)

Supplemental Table 4.1. List of p53-WT-interacting proteins in Wap-cre;Cdh17F;Aktc'7K
cells. Label free quantitation difference values of all proteins interacting with p53-WT
detected by p53-RIME (n=3 replicates/group). All data was normalized to p53-KO samples.

Supplemental Table 4.2. List of p53-R172H-interacting proteins in Wap-cre;Cdh1™;
AktE'7K cells. Label free quantitation difference values of all proteins interacting with p53-
R172H detected by p53-RIME (n=4 replicates/group). All data was normalized to p53-KO
samples.

Supplemental Table 4.3. List of p53-R277K-interacting proteins in Wap-cre;Cdh1%;
Aktf'7% cells. Label free quantitation difference values of all proteins interacting with p53-
R277K detected by p53-RIME (n=3 replicates/group). All data was normalized to p53-KO
samples.

Supplemental Table 4.4. List of p53-Y217C-interacting proteins in Wap-cre;Cdh1™;
AktF'7K cells. Label free quantitation difference values of all proteins interacting with p53-
R217C detected by p53-RIME (n=4 replicates/group). All data was normalized to p53-KO
samples.

Supplemental Table 4.5. Differentially expressed proteins in Wap-cre;Cdh17F;Akt&'7%
cells with different p53 mutations. Label free quantitation values of all proteins differentially
expressed between any of the groups, as assessed by mass spectrometry (n=3 replicates/

group).
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