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Abstract
Residual disease is a major hurdle in the eradication of human cancer. We have reproduced this by showing that mammary
tumors arising in a mouse model for BRCA1-deficient breast cancer are also not easily eradicated by monotherapy with PARP
inhibitors or platinum drugs, despite their high sensitivity to these cytotoxic agents. Tumor regrowth appears to originate from
slowly cycling cells with a 2n DNA content that did not enter the S/G2/M phases of the cell cycle during treatment. To identify
tumor-intrinsic mechanisms of drug resistance we characterized residual 2n tumor cells by RNAseq in our model. For this pur-
pose, GFP-labelled 2n tumor cells were sorted from residual tumors after cisplatin treatment. We found that these cells display
an increased expression of genes encoding immunosuppressive factors including IL-10 and TGF-β , as well as the negative cos-
timulatory signals of the PD-1/PD-L1 and the CTLA-4/B7 axis. By blocking inhibitory T-cell signaling using antibodies directed
against CTLA-4 and PD-1 in combination with cisplatin or PARP inhibitors, we attempted at overcoming the immunosuppressive
microenvironment in BRCA1-deficient tumors and eradicate residual tumor cells. Expectedly, the combination of CTLA-4 and
PD-1-targeting antibodies with the PARP-inhibitor olaparib led to an increase in CD8-positive cytotoxic T-cells in tumor remnants.
Remarkably, this increase did not result in a therapeutic benefit and we were not able to eradicate the drug-tolerant tumor cells
in vivo using this combination immunotherapy approach. This outcome might be due to other redundant immunosuppressive
factors expressed by residual tumor cells as indicated by the increased number of tumor-infiltrating FoxP3-positive T-regulatory
cells. Such adverse activation of T-regulatory cells upon immunotherapy may be relevant for the clinic and could explain some
of the cases in which CTLA-4 and PD-1-blocking immunotherapy failed.
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1. Introduction

Homologous recombination (HR) deficiency constitutes an
Achilles heel in BRCA1-mutated cancer, which can be exploited
using platinum drugs [1] or PARP inhibitors [2–4]. In recent years it
has been well established that breast and ovarian cancer patients car-
rying BRCA1 mutations benefit from these DNA damage-inducing
treatments [5–7]. Moreover, a substantial fraction of mutations caus-
ing HR defects are also seen in other tumor types, with advanced
castration-resistant prostate cancer as a recent example [8]. In some
patients with BRCA1-associated cancer, high-dose chemotherapy
using alkylating agents appears to be curative [9, 10]. High-dose
chemotherapy in breast cancer is only suitable for some patients,
however, and standard chemotherapy usually does not cure patients
with high-risk breast cancer [9, 10]. Even in drug sensitive tumors,
relapse eventually occurs from residual tumor cells. The precise
mechanisms that protect residual tumor cells from being killed are
largely unclear.

Drug resistance can be mediated by intrinsic features of cancer
cells e.g. epigenetic alterations or preexisting mutations in a hetero-
geneous population of cancer cells [11, 12]. Furthermore, cancer
cells may acquire drug resistance due to mutations of the drug tar-
get, alterations in the DNA damage response, activation of parallel
compensatory pathways by passing the inhibitory drug effect, de-
creased drug uptake, increased drug efflux, or altered cellular drug
metabolism. Moreover, alterations in tumor microenvironment, e.g.
hypoxic areas in tumors, may influence drug distribution and atten-
uate the cytotoxic drug effect on cancer cells [13, 14]. Intriguingly,
alterations causing drug resistance might at the same time create
vulnerabilities to other cytotoxic agents [15]. The identification of
cellular modifications which increase sensitivity to a certain drug can
influence the choice of treatment regimen and this Achilles heel may
be exploited by new drug combinations, the development of novel
compounds, or new ways of drug delivery [14, 16–20]. In addition to
intrinsic or acquired drug resistance, transient drug tolerance causes
minimal residual disease and prevents tumor eradication [21], as
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exemplified by Sharma et al. [22] showing that cancer cells with an
altered chromatin state are reversibly drug-tolerant.

To investigate the clinical hurdle of how BRCA1-mutated cancer
cells escape eradication, we have turned to the K14cre; Brca1F/F ;
p53F/F (KB1P) mouse model for hereditary breast cancer in which
mammary tumors are highly sensitive to platinum-based chemother-
apy or PARP inhibition [1, 4]. As with patients, the Brca1−/−;
p53−/− tumors are also not eradicated by these drugs and residual
cells cause tumor relapse [23, 24]. In the KB1P model we recently
showed that residual tumors consist of slowly cycling cells [24]. In
particular, single nucleated cells with a 2n DNA content are tran-
siently drug-resistant and give rise to tumor relapse [24]. How these
residual tumor cells evade killing by the immune system is unknown.
Exploring optimization of high-dose chemotherapy proved not possi-
ble in our mice, as we found that the organ limiting the dose in mice
was not the bone marrow, as in humans, but the gut. We therefore
turned to immunotherapy, as the residual tumor islets in our mouse
tumors are embedded in a microenvironment containing various
immune cells.

By performing RNAseq of KB1P tumors after cisplatin treat-
ment, we found that residual tumor cells upregulate the expression
of various genes encoding immunosuppressive factors, including
PD-L1. The induction of these immunosuppressive pathways could
be a critical factor that contributes to the lack of tumor eradication
in our model. In recent years, immune checkpoint blockade has
emerged as a new therapeutic approach resulting in tumor eradication
in some patients who were previously considered incurable, e.g. pa-
tients suffering from metastatic melanoma or lung cancer [25, 26]. In
particular, monoclonal antibodies that block the immune checkpoint
receptors cytotoxic T lymphocyte–associated antigen 4 (CTLA-4)
and programmed death-1 (PD-1), or its ligand PD-L1, stimulate
the endogenous anti-tumor immune response [27]. By combining
anti-PD-1 and anti-CTLA-4 antibodies inhibitory T-cell signaling
is repressed at the stage of T-cell proliferation (anti-CTLA-4) and
T-cell effector function (anti-PD-1) [28]. Immunotherapy targeting
CTLA-4 and PD-1/PD-L1 is now state-of-the art therapy for the
treatment of melanoma and lung cancer patients [29, 30]. A typical
feature of these cancers is the high rate of mutation, providing many
potential neo-antigens that can be detected by immune cells. A high
mutation rate is also seen in triple-negative breast cancer, the molec-
ular subtype that comprises BRCA1-mutated breast cancers. This
high genomic instability is also a hallmark of the KB1P model [31].
However, the success of CTLA-4 and PD-1/PD-L1-targeting anti-
bodies is thus far rather modest in triple-negative breast cancer [32–
34]. We show here that the anti-PD-1 and anti-CTLA-4 antibodies
did not result in tumor eradication either in our KB1P model, when
combined with cisplatin or olaparib. Our unexpected finding of an
increase in FoxP3-positive T-regulatory cells (Tregs) in the anti-PD-
1/anti-CTLA-4- and olaparib-treated residual disease indicates the
upregulation of compensatory immunosuppressive pathways, for ex-
ample IL-10, TGF-β and NF-κB, which may impede the successful
use of immunotherapy in the treatment of BRCA1-deficient cancer.

2. Materials and methods
2.1. Animal experiments

All experimental procedures were approved by the Animal Ethics
Committee of the Netherlands Cancer Institute, Amsterdam, The
Netherlands and the study was carried out in strict accordance with

the Dutch and European regulations on care and protection of lab-
oratory animals. Brca1−/−;p53−/− mouse mammary tumors were
generated in KB1P mice, which were backcrossed to an FVB/N
background and transplanted into syngeneic mice as described pre-
viously [1, 31, 34]. All surgery was performed under ketamine, xy-
lazine and acepromazine anesthesia and rimadyl was administered
for pre- and postoperative analgesia to minimize suffering. Tumor
volumes were calculated using caliper measurements (v=length*
width2*0.5). Tumor bearing mice were treated as indicated in the
different experiments. 50 mg/mL stocks of olaparib (Syncom, The
Netherlands) were diluted in DMSO with 10% 2-hydroxyl-propyl-
β -cyclodextrine/PBS (final volume for injection 10 µL/g of body
weight). Olaparib (50 mg/kg intraperitoneally (i.p.)) was injected
daily. Cisplatin solution ready for injection was obtained from Mayne
Pharma. Cisplatin (6 mg/kg intravenously (i.v.)) was injected once.
Monoclonal anti-mouse CTLA-4 antibody (clone 9D9, BE0164,
BioXCell) and monoclonal anti-mouse PD-1 antibody (clone RMP1-
4, BE0146, BioXCell) were diluted in PBS immediately before ad-
ministration and 100 µg were injected i.p. twice a week. The mice
were euthanized by carbon dioxide when tumors reached a volume
of 1500 mm3 or at time points described in the different experiments.
Tumors were subsequently harvested and further processed for RNA
sequencing or immunohistochemistry (IHC).

2.2. RNA sequencing

Untreated and cisplatin-treated (7 days after treatment) GFP-
expressing Brca1−/−;p53−/− tumor cells were sorted [24] for GFP
positivity and for 2n or 4n DNA content and total RNA was isolated
from tumor cells using TRIZOL according to manufacturer’s instruc-
tions (Invitrogen). Illumina RNA TruSeq Sample RNA sample prepa-
ration protocol [35] was used to prepare the samples and perform
the high-throughput sequencing (Illumina HiSeq 2000). Standard
Illumina indexing (index 7 bp) was included for multiplexing and
single 50 bp reads were applied for deep sequencing. The R Stats
package [36] was used for unsupervised hierarchical clustering and
drawing of the heat map. The DESeq2 [37] package was used for
differential expression analysis and DAVID functional annotation
bioinformatics microarray analysis was used for GO-term analysis.

2.3. Immunohistochemistry

Antigen retrieval was performed by boiling the 10% formalin-
fixed and paraffin embedded tumor samples for 20-30 min in
TRIS/EDTA buffer (pH 9.0) (CD3, CD4, CD8) or citrate buffer (pH
6.0) (FoxP3). Slides were incubated at 4 ◦C overnight with the
primary antibodies: monoclonal CD3 antibody (Neomarkers RM-
9107-S, dilution: 1:600), monoclonal CD8 antibody (eBioscience 14-
0808-82, dilution: 1:2000), monoclonal CD4 antibody (eBioscience
14-9766-82, dilution: 1:2000), monoclonal FoxP3 antibody (eBio-
science 14-5773, dilution: 1:400), For secondary antibody labeling
the slides were incubated with labeled polymer HRP anti-rabbit En-
vision (DakoCytomation K4011) (CD3), or a goat anti-rat-biotin
antibody (Santa Cruz SC-2041, dilution: 1:100) followed by strepta-
vidin/HRP (DakoCytomation P0397, dilution: 1:200) (CD4, CD8,
FoxP3) for 30 min at room temperature. For detection, we used a
standard procedure with DAB (Sigma, D-5905) and hematoxylin
counterstaining. Positive and negative (only secondary antibody)
controls were included for each staining procedure. Tumor infiltrat-
ing lymphocytes (TILs) were counted on 10 fields of 400 µm x 400
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µm and the average numbers of cells per field were calculated. TILs
were divided in three distribution patterns in the tumor: intratumoral
(direct contact to tumor cells), adjacent stromal (intranodular stromal
compartment, no direct contact to tumor cells) and distant stromal
(extranodular stromal compartment) [38].

3. Results

3.1. Residual tumor cells increase the expression of genes
encoding immunosuppressive factors upon chemother-
apy.

To characterize residual tumor cells we have introduced the GFP
marker into the BRCA1-deficient mouse model [24]. When tumor
fragments of GFP-expressing BRCA1-deficient mice are transplanted
into syngeneic mice, the GFP labeling allows us to distinguish the
tumor cells from stromal cells for further analysis [24]. As usually
seen in the KB1P model, the GFP-expressing BRCA1-deficient
tumors are also sensitive to cisplatin therapy. They are not eradicated
by the treatment and eventually relapse (Fig. 1A).

We then compared the gene expression profile of residual tu-
mors 7 days after cisplatin therapy with that of saline-treated control
tumors using RNAseq analysis. To achieve a tumor-specific pro-
file, the GFP-positive cells were sorted out from the tumor for the
RNAseq analysis. Since we recently showed that the drug-tolerant
residual cells are enriched in the population that has a 2n DNA con-
tent [24], we further isolated 2n and 4n cells from 6 control (saline)
or 9 residual (cisplatin) GFP-positive tumors before RNA extraction
(Fig. 1B). Analysis of the gene expression profile of the control
tumors using the gene ontology (G0) term “mitosis” confirmed the
successful sorting of G0/G1 (2n) cells versus S/G2/M (4n) cells (Fig.
1C): the samples of cells with a 4n DNA content cluster together
and highly express mitosis-related genes (shown in green), whereas
cells with 2n DNA do not express these genes (shown in red). We
then carried out an unsupervised hierarchical clustering analysis of
all 30 samples. Fig. 1D shows that the residual 2n samples, which
are enriched for the drug-tolerant tumor cells, clearly stand out from
the other samples. This strongly suggests that they have a specific
gene expression profile which distinguishes them from the other cell
populations.

To identify specific gene expression signatures in residual tu-
mors we compared the gene expression of the 2n cisplatin samples
with that of the 2n control samples. This analysis identified vari-
ous gene clusters that clearly separate the two groups (Fig. 2A).
Consistent with our previous finding that the drug-tolerant cells are
quiescent [24], the GO-term enrichment analysis of the differentially
expressed genes showed a downregulation of biological processes
related to cell cycle, cell division, mitosis, DNA replication and
DNA damage response in the 2n cisplatin-treated cells (Fig. 2B, fold
enrichment in blue, ranked by increasing p-value). Intriguingly, the
GO-terms related to biological processes such as immune response,
inflammation and angiogenesis were clearly increased in residual 2n
cells (Fig. 2B, fold enrichment in red, ranked by increasing p-value).
A more detailed analysis of upregulated pathways upon cisplatin ther-
apy showed various immune-modulating factors to be activated in
residual tumor cells, which apparently form an immunosuppressive
tumor phenotype (Fig. 2C). The residual tumor cells are activating
negative costimulatory signals of T-cells by upregulation of PD-L1,

PD-L2, B7-1 and B7-2 expression. The immunosuppressive factors
IL-10 and TGF-β as well as galectin 3 and 9, but not galectin 1 are
upregulated. These factors negatively influence T-cell function [39–
41]. IL-10 additionally impairs dendritic cell maturation [42]. Only
prostaglandin E2 (PGE2), which has been shown to inhibit cytotoxic
T-cell function [43], is downregulated in cisplatin-treated residual tu-
mors. The death ligand TRAIL and the chemokine RANTES, which
are involved in tumor-induced apoptosis of T-cells [44, 45] are also
upregulated in residual tumors, as well as NF-κB, which protects
tumor cells from apoptotic signaling via TRAIL [46]. SOCS1, which
was shown to restrict antitumor activities of dendritic cells (DC) [47],
is also upregulated upon cisplatin therapy.

Taken collectively, these data strongly suggest that the drug-
tolerant KB1P remnants are not only quiescent, they also induce an
immunosuppressive state by negatively influencing T-cells, DCs and
by protecting tumor cells against apoptosis.

3.2. Infiltration of residual tumors by T-lymphocytes is en-
hanced by immune checkpoint inhibition

Given the increased gene expression of immunosuppressive fac-
tors, we hypothesized that residual tumor cells may evade eradication
by immune cells. Therefore, we aimed to enhance the anti-tumor
immune response by combining cisplatin or olaparib with the im-
mune checkpoint inhibitory anti-PD-1 and anti-CTLA-4 antibodies.
The Brca1−/−; p53−/− tumors were transplanted into syngeneic
mice and tumor-bearing mice were treated as shown in Fig. 3A. To
test whether the applied immune checkpoint inhibition is effective
in the KB1P model, we analyzed CD3-positive TILs using IHC in
untreated tumors or in immunotherapy-treated residual tumors (7
days after cisplatin or 21 days after start of olaparib treatment). T-
lymphocytes in different areas of the tumor have been associated with
differential outcome of disease in breast cancer [48, 49]. Therefore,
intratumoral lymphocytes were distinguished from lymphocytes in
the adjacent or distant tumor stroma (Supplementary Fig. 1). Intratu-
moral lymphocytes were defined as cells with direct contact to tumor
cells, adjacent stromal lymphocytes are in the intranodular stromal
compartment with no direct contact to tumor cells, and distant stro-
mal lymphocytes are in the extranodular stromal compartment. We
identified T-lymphocytes (CD3-positive) infiltrating the untreated
tumors. Our analysis of tumors after anti-cancer therapy showed
that the number of TILs was significantly increased in residual tu-
mors after treatment with the PARP inhibitor olaparib for 21 days,
but not 7 days after cisplatin treatment. Adding immunotherapy to
PARP inhibition increased the number of TILs in the residual tumors
even further (Fig. 3B). CD3-positive T-cells were also increased in
adjacent stroma of olaparib-treated tumors compared to untreated
control tumors, but did not significantly change when immunother-
apy was added (Supplementary Fig. 2A). Nevertheless, we were
not able to increase TILs in the cisplatin-treated residual tumors
by adding immune checkpoint inhibitors (Fig. 3B). This could be
explained by the bone marrow toxicity of cisplatin, neutralizing the
immune cell-activating effect of the immunotherapy 7 days after
cisplatin therapy. Yet, the increase of CD3-positive TILs in tumor
remnants treated with PARP inhibitors in combination with immune
checkpoint inhibition suggests that this drug combination is useful
to counteract the immunosuppressive tumor microenvironment.
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Fig. 1. RNAseq analysis of residual GFP expressing Brca1−/−; p53−/− tumor cells. (A) Tumor growth and treatment response of BRCA1-deficient
GFP-expressing tumors. Tumors were transplanted into 8 syngeneic mice and tumor-bearing mice were treated with 6 mg cisplatin per kg i.v. when tumors
reached a volume of 200 mm3 (n = 5) or left untreated (n = 3). (B) For RNAseq analysis, GFP-expressing Brca1−/−; p53−/− tumors were transplanted into
15 mice. The mice were left untreated (n = 6) or treated with cisplatin (6 mg/kg i.v.) when tumors reached a volume of 200 mm3 (n = 9). The untreated
tumors were analyzed at a volume of about 1500 mm3 and the cisplatin-treated residual tumors were analyzed 7 days after treatment. The GFP-positive
BRCA1-deficient tumor cells were sorted for G0/G1 (2n DNA content) or S/G2/M (4n DNA content) and gene expression was quantified using RNAseq. (C)
The global test algorithm [62] for the gene ontology term “mitosis” was performed on the sorted samples and separates the 2n from 4n samples. Green bars
indicate a positive and red bars a negative Z score (D) Unsupervised hierarchical clustering of all samples of the RNAseq analysis. Gene expression in the
residual cisplatin-treated tumor cells with 2n DNA content is distinct from gene expression in the other samples.

3.3. Immune checkpoint inhibition in combination with cis-
platin or PARP inhibitors does not eradicate residual
BRCA1-deficient mammary tumors

The increased TILs upon olaparib in combination with im-
munotherapy indicate that blocking PD-1 and CTLA-4 in combi-
nation with PARP inhibition is a promising approach to eradicate

residual KB1P tumors. Although no increase in CD3-positive TILs
was observed in Fig. 3, there may still be an immune-activating ef-
fect of immunotherapy in combination with cisplatin when the bone
marrow has recovered beyond day 7. We therefore combined 100 µg
PD-1 and CTLA-4 antibodies i.p. (twice a week, continuously) with
6 mg cisplatin per kg i.v. (day 0, Fig. 4A) or with 50 mg olaparib



Journal of Molecular and Clinical Medicine 11

Fig. 2. Gene expression of immunosuppressive factors is upregulated in residual Brca1−/−; p53−/− tumors. (A) Heat map showing differences in gene
expression in tumor cells with 2n DNA content of untreated or cisplatin-treated KB1P GFP-expressing tumors. Genes with a 3-fold log2 change in gene
expression and corrected P < 0.001 are shown. (B) GO-term enrichment analysis of upregulated and downregulated genes in residual Brca1−/−; p53−/−

tumor cells with 2n DNA content after cisplatin therapy compared to untreated tumor cells with 2n DNA content. The top 5 GO-terms enriched in upregulated
and downregulated genes sorted by p-value are shown. The fold enrichment of upregulated biological processes is shown in red and the fold enrichment of
downregulated biological processes is shown in blue. (C) Fold change (FC) in gene expression of selected immunoregulatory genes is shown comparing
residual tumor cells with a 2n DNA content to untreated 2n tumor cells. Factors inducing an immunosuppressive microenvironment are upregulated in residual
tumors (log2 FC > 0: higher expressed in residual tumors). Residual disease: n = 9; untreated control: n = 6. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, ns:
non-significant.

per kg i.p. (daily for 28 days, Fig. 4C). As shown in Fig. 4B and
4D, we could not eradicate the BRCA1-deficient tumors or prolong
relapse-free survival significantly by combining cisplatin or olaparib
with PD-1 and CTLA-4 blocking antibodies. Furthermore, tumor
growth was not inhibited by the addition of immunotherapy (Sup-
plementary Fig. 3). Hence, the increase of TILs in tumor remnants
upon immunotherapy in combination with olaparib or cisplatin was
not sufficient to eradicate residual tumor cells in the KB1P model.

3.4. Immunotherapy enhances infiltration of CD8-positive
cytotoxic T-cells but also FoxP3-positive regulatory T-
cells in residual tumors after PARP inhibition.

To investigate the molecular mechanism underlying immun
otherapy failure in this mouse model, we analyzed tumor-infiltrating
CD8-posi- tive cytotoxic T-cells, CD4-positive T-helper cells and
FoxP3-positive Tregs in residual tumors 7 days after cisplatin or
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Fig. 3. Quantification of tumor-infiltrating T-cells in untreated and residual Brca1−/−; p53−/− tumors. (A) Treatment scheme: Brca1−/−;p53−/− tumors
were transplanted into syngeneic mice and left untreated, treated with anti-PD-1 and anti-CTLA-4 antibodies (immunotherapy) starting at a tumor volume of
about 60 mm3, treated with cisplatin (6 mg/kg i.v.) at a tumor volume of 200 mm3 (day 0), treated with olaparib (50 mg/kg per day i.p.) starting at a tumor
volume of 200 mm3, or combined treatment with cisplatin and immunotherapy or olaparib and immunotherapy. CD3-positive TILs were quantified in tumors
when they reached a volume of about 1500 mm3 (untreated control and immunotherapy alone) or residual tumors 7 days after cisplatin treatment or 21 days
after treatment start with olaparib. (B) Quantification of CD3-positive intratumoral TILs using IHC. A representative IHC picture of an untreated control tumor
and a tumor treated with olaparib in combination with anti-PD-1 and anti-CTLA-4 antibodies is shown. The average of TILs in 10 fields of 160000 µm2 was
quantified. N = 5 per treatment group. Error bars show SD. P-values were calculated using the two-tailed t test

21 days of olaparib treatment in combination with or without im-
munotherapy (Fig. 5A-C and Supplementary Fig. 2B-D). Again,
we differentiated intratumoral, adjacent, and distant stromal TILs as
described above.

In the distant stroma of residual tumors, we did not find any
changes in TILs upon therapy (Supplementary Fig. 2). After cis-
platin therapy, there was a slight increase of CD8 positive T-cells
in adjacent stroma (Supplementary Fig. 2B). The TILs in the other
tumor compartments did not change upon cisplatin therapy alone
or in combination with immunotherapy (Fig. 5 and Supplementary
Fig. 2). In contrast, various TILs increased upon olaparib treatment
alone and even more upon combination treatment with the inhibitory

anti-PD-1 and anti-CTLA-4 antibodies. The number of CD8-positive
intratumoral as well as adjacent stromal TILs increased in olaparib-
treated residual tumors and even a stronger increase was seen in
tumor remnants when immunotherapy was added to PARP inhibition
(Fig. 5A and Supplementary Fig. 2B). In contrast, CD4-positive
T-cells did not increase upon olaparib monotherapy or its combi-
nation with immunotherapy (Fig. 5B and Supplementary Fig 2C).
Interestingly, the number of intratumoral but not stromal FoxP3-
positive Tregs increased markedly in residual tumors treated with
olaparib in combination with immunotherapy compared to olaparib
monotherapy (Fig. 5C and Supplementary Fig. 2D).

Taken altogether, this suggests that an increased number of
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Fig. 4. Treatment response of Brca1−/−; p53−/−tumors to cisplatin or PARP inhibition in combination with immune checkpoint inhibition. Tumor pieces
of 3 different donor tumors were transplanted into 5-6 mice per donor tumor and treatment group (n = 15 per treatment group). (A) Treatment scheme for
immune checkpoint inhibition in combination with cisplatin: immunotherapy was started at tumor volumes of 60 mm3. 100 µg of anti-PD-1 and anti-CTLA-4
antibodies were injected twice a week i.p. until the mice were sacrificed. Cisplatin treatment (6 mg/kg i.v. once) was started at a tumor volume of 200 mm3.
The mice were sacrificed when the relapsed tumor reached 4 times the volume at treatment start with cisplatin (time between day 0 until tumors reached 4
times the volume at treatment start: relapse free survival). (B) Relapse free survival of untreated, anti-PD-1 and anti-CTLA-4, cisplatin, and cisplatin and
anti-PD-1 and anti-CTLA-4-treated mice is shown. There is no significant difference between treatment groups. (C) Treatment scheme for immune checkpoint
inhibition in combination with PARP-inhibition: olaparib treatment was started at a tumor volume of 200 mm3. 50 mg/kg olaparib was injected i.p. daily for 28
days. Immunotherapy was conducted as described in (A). Animals were sacrificed when tumors reached 4 times the volume at treatment start with olaparib
(relapse free survival). (D) Relapse free survival of untreated, anti-PD-1 and anti-CTLA-4, olaparib or olaparib and anti-PD-1 and anti-CTLA-4-treated mice is
shown. There is no significant difference between treatment groups.

FoxP3-positive Tregs may counteract the effect of immune check-
point inhibition in residual disease and that this may contribute to
the immunotherapy failure when combined with PARP inhibition.

4. Discussion

In this study, we found that residual tumor cells that are enriched
for drug tolerance in the KB1P mouse model induce an immuno-
suppressive gene expression signature after DNA damage-inducing
chemotherapy. Sorting of the GFP-expressing KB1P tumor cells
followed by isolation of the 2n subpopulation of cells allowed us
to characterize gene expression specifically in the residual tumor
cell population enriched for cells that survive therapy and eventually
repopulate the relapsing tumor. In particular, these cells displayed
an upregulation of the expression of genes inhibiting T-cell func-
tion, inducing apoptosis of immune cells, inhibiting dendritic cell
differentiation and genes activating negative costimulatory signals.
An example of the latter is the negative costimulatory signaling of
T-cells via the PD-L1/PD-1 and B7/CTLA-4 axis. It has been shown

that PD-L1 expression is also upregulated upon PARP inhibition in
breast cancer cell lines and xenograft tumors [50]. Therefore, PD-1
and CTLA-4 signaling may be an important target to overcome the
immunosuppressive tumor microenvironment in breast cancer and
prevent tumor relapse. Unexpectedly, the combination of olaparib or
cisplatin with anti-CTLA-4 and anti-PD-1 antibodies did not eradi-
cate residual Brca1−/−; p53−/− mouse mammary tumors. This is
consistent with the recent study by Nolan et al., in which no tumor
eradication could be achieved in the MMTVcre/Brca1 f l/ f lp53+/−

model [51]. In contrast to the study of Nolan et al [51]. we did not
observe an increase in the time until tumor relapse by combining
PD-1 and CTLA-4 antibodies with cisplatin, which may be explained
by the fact that we only used a single cisplatin dose.

Similar to these findings, the benefit of PD-1 and CTLA-4-target-
ing immunotherapy is also unexpectedly modest in human triple-
nega- tive breast cancer [33], and the precise mechanisms underly-
ing this poor outcome remain unclear. Using our KB1P model, we
investigated whether the immune cell composition of the residual
disease shortly after chemotherapy exposure may provide new hy-
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Fig. 5. Quantification of cytotoxic and regulatory TILs in residual Brca1−/−; p53−/−tumors. Intratumoral CD8-, CD4- and FoxP3-positive TILs were
quantified as described in Fig. 3 in untreated control tumors (tumor volume: 1500 mm3), anti-PD-1 and anti-CTLA-4-treated tumors (tumor volume: 1500
mm3), olaparib-treated tumors (residual tumors 21 days after start of olaparib treatment), olaparib and anti-PD-1 and anti-CTLA-4-treated tumors (residual
tumors 21 days after start of olaparib treatment), cisplatin-treated tumors (residual tumors 7 days after cisplatin treatment) and cisplatin and anti-PD-1 and
anti-CTLA-4-treated tumors (residual tumors 7 days after cisplatin treatment). N = 5-6 per treatment group; error bars show SD. P-values were calculated
using the two-tailed t test. For each staining a representative IHC picture of an untreated control tumor and a tumor treated with olaparib in combination with
anti-PD-1 and anti-CTLA-4 antibodies is shown. (A) CD8-positive TILs (B) CD4-positive TILs (C) FoxP3-positive TILs

potheses to explain this conundrum. We found that the tumor infil-
trating CD8-positive T-cell population was expanded upon olaparib
treatment in combination with immunotherapy, but simultaneously
FoxP3-positive Tregs accumulated in residual tumors despite CTLA-
4-blockade. Combination of PD-1- and CTLA-4 blockade was shown
to expand T-cells and to activate their effector function [28]. More-
over, Curran et al. [52] showed that tumor-infiltrating T-effector
cells (Teffs) were expanded in melanomas in mice after combination
treatment with anti-PD-1 and anti-CTLA-4 antibodies leading to an
increased Teffs/Treg ratio and tumor rejection. Nevertheless, com-

bining anti-CTLA-4 and anti-PD-1 antibodies is apparently not suffi-
ciently increasing T-cell activity against residual BRCA1-deficient
tumors in our model. Varying outcomes on T-cell activity have also
been found by other groups. For example, anti-CTLA-4 antibodies
were reported to directly deplete Tregs [53], whereas Khan et al. ob-
served that CTLA-4-blockade activates Teffs rather than influencing
Tregs [54]. Furthermore, Kavanagh et al. found that FoxP3-positive
Tregs are even expanded when prostate cancer patients were treated
with anti-CTLA-4 antibodies [55]. The accumulation of intratumoral
Tregs that we also found in our model might have counteracted the
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anti-tumor response of activated Teffs and the antagonistic effect of
Tregs might similarly explain failure of immunotherapy in cancer
patients.

In contrast to the combined treatment with chemotherapy and
immunotherapy, the alkylating agent nimustine eradicates KB1P tu-
mors [24]. Therefore, high-dose chemotherapy is another therapeutic
option in addition to the combination of standard chemotherapy or
PARP inhibition with immunotherapy for the treatment of patients
with BRCA-deficient breast cancer [9, 10]. Nevertheless, to treat
patients who are not eligible for high-dose chemotherapy, novel ther-
apeutic strategies need to be explored to achieve tumor eradication.
The efficacy of anti-cancer drugs in tumors may be enhanced by the
use of novel technologies for delivery of drugs to the site of action,
e.g. the use of nanovehicles [18]. Specifically designed nanovehicles
may increase the uptake of drugs particularly in tumor cells and
thereby allow the administration of higher doses of cytotoxic drugs
without increasing the cytotoxic effect to normal cells. To deliver
the drugs more specifically to cancer cells, there is an urgent need
to identify proteins expressed on the cell membrane of drug-tolerant
cells, which could serve as receptors for the uptake of nanoparticles.

To overcome the poor outcome of chemotherapy in combination
with immunotherapy, targeting additional immunosuppressive path-
ways induced by cisplatin or by PARP inhibition may be a useful
approach. Inhibiting NF-κB might increase cytotoxic T-cell activity
in the residual BRCA1-deficient tumors and therefore mediate tumor
regression [46]. Furthermore, inhibition of SOCS1 or modulation
of antigen presenting cells (APCs), e.g. using tyrosine kinase inhi-
bition [56] might break self-tolerance [47] and prevent failure of
immunotherapy. Another promising but challenging approach is
specifically target Tregs without compromising T-effector cell ac-
tivity. CD25, the α-subunit of the IL-2 receptor, was considered a
promising target for Treg cells, but it has not led to a successful treat-
ment of established tumors, because activated Teffs that also express
CD25 are simultaneously depleted [57]. IL-10 expands Tregs [58]
and is upregulated in residual BRCA1-deficient tumors. Targeting
IL-10 might therefore inhibit Treg cell expansion and might increase
effectiveness of immune checkpoint inhibition. In our present mouse
model, BRCA1-deficient residual tumor cells also upregulated TGF-
β gene expression. The secretion of TGF-β was shown to induce
Treg proliferation during tumor growth [59], and TGF-β inhibition
resulted in the eradication of transplantable mouse tumors [60]. Fur-
thermore, TGF-β inhibitors have been shown to restore an immune
response in tumors and to increase the efficacy of combined im-
munotherapy [61]. Therefore, targeting TGF-β might be a promising
approach to eradicate residual BRCA1-deficient tumor cells.

Further investigation into the immunosuppressive microenvi-
ronment induced by the residual mammary tumors in our BRCA1-
deficient mouse model might reveal novel combination regimen with
PARP inhibitors and immunomodulatory agents. The identification
of such treatment regimens may then be useful to enhance checkpoint
blockade therapy for patients with BRCA1-deficient breast cancer.

5. Supplementary material
Supplementary Dataset 1. Data of RNAseq experiment. Text

file containing the raw sequencing counts of the RNAseq analysis
of residual cisplatin-treated and untreated tumor cells with 2n or 4n
DNA content. Treatment (cisplatin or untreated) and DNA content
(2n or 4n) followed by sample number and donor tumor (tumor

number 121 or 107) are indicated in the sample name.
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