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Abstract

Triple-negative breast cancers (TNBC) are usually associated with an aggressive
phenotype, an increased risk of early relapse, and poor outcome. Burgeoning evidence
demonstrates that TNBC encompasses distinct molecular entities that are differentially
characterized by specific hallmarks of cancer, including chromosomal instability (CIN),
epithelial-to-mesenchymal transition (EMT), and cancer-related immune responses. In
particular, the tumour immune microenvironment and the interaction between immune and
cancer cells are emerging as crucial factors in tumour progression, prognosis, and response
to therapy in TNBC. In this study, we aimed to evaluate the relationship between these
three major hallmarks of TNBC. In particular, we assessed the composition and
functionality of immune infiltrates in TNBC samples with different levels of CIN and
investigated their clinical relevance in patients treated with adjuvant chemotherapy.
Additionally, we explored the interactions between tumour-associated macrophages
(TAM) and TNBC cells, particularly those with mesenchymal traits.

For this purpose, we integrated in vivo analysis of human TNBC tissues, in Vvitro
experiments, and bioinformatics data. To assess the tumour immune microenvironment
heterogeneity, we first identified different gene signatures from mRNA expression data,
representing distinct immune components, and then evaluated their expression in different
molecular subtypes of TNBC and in tumour samples characterized by low and high levels
of CIN. To further explore the composition and functionality of immune infiltration in
TNBC in vivo, formalin-fixed, paraffin-embedded tissues were retrospectively collected
from large cohorts of early-stage TNBC patients treated with anthracycline-based
chemotherapy. Stromal tumour-infiltrating lymphocytes (TIL) were evaluated on
haematoxylin and eosin-stained sections. The density of CD4+, CD8+, CD103+, and
FOXP3+ lymphocytes, CD68+ and CDI163+ macrophages, and the expression of the

immune checkpoints PD-1 and LAG-3 were assessed by immunohistochemistry.



Furthermore, to understand the biological and clinical relevance of the interaction between
TNBC cells and innate immune cells, we investigated several kinases functioning in the
EMT process and their association with TAM in patients treated with adjuvant
chemotherapy and in several TNBC cell lines.

We demonstrated that immune expression signatures were differentially expressed
in TNBC characterized by varying levels of CIN and that TNBC molecular subgroups with
a mesenchymal phenotype were enriched for immune signatures related to pro-tumour M2
macrophages. Conjunctly, by analysing human TNBC tissues, we showed that the presence
of elevated TIL positively correlated with the density of all T cell subtypes, especially
cytotoxic CD8+ lymphocytes. Among immune subpopulations, CD8+ lymphocytes were
the main effectors of anti-tumour immune responses. We also found that PD-1 and LAG-3
were concurrently expressed in nearly 15% of TNBC. The expression of both checkpoint
receptors positively correlated with the presence of TIL, but was not significantly
associated with patient outcome. Furthermore, we showed that intraepithelial CD8+ cells
frequently expressed the integrin CD103, which mediates the localization of cytotoxic
lymphocytes within epithelial tissues. Importantly, the massive intraepithelial infiltration
of cytotoxic CD103+ TIL co-expressing PD-1, correlated with prolonged survival in
TNBC. In addition to TIL, we have demonstrated that the activation of the innate immune
cells within the TNBC tumour stroma had a crucial role in tumour progression and
chemoresistance, especially through the modulation of EMT. Accordingly, the EMT-
related kinase AXL was highly associated with the presence of CD163+ TAM. Tumours
from relapsing patients presented a high expression of AXL and CD163, although only
AXL retained independent prognostic significance in multivariate analysis. In vitro
analysis demonstrated that AXL-expressing TNBC cells were able to polarize human
macrophages toward an M2-like phenotype. A selective inhibition of AXL impaired the
activity of M2-like macrophages, reducing cancer cell invasiveness and restoring the

sensitivity of breast cancer cells to chemotherapeutic drugs, especially anthracyclines.



Overall, our data indicate that TNBC subgroups with different biological and
genomic features are characterized by distinct compositions of the immune
microenvironment. Our results confirm that the evaluation of stromal TIL is the most
reliable immune prognostic marker in TNBC patients. Our data also support the
pharmacological and clinical evaluation of anti-PD-1/PD-L1 and anti-LAG-3 in a specific
subset of TNBC patients and the inhibition of AXL as a novel strategy to simultaneously

target TNBC cells and tumour promoting TAM.
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1. Introduction

1.1 Breast cancer

Breast cancer is the most frequently diagnosed cancer and a major cause of cancer death in
women worldwide (Ferlay et al., 2015). Hereditary breast cancer found in women with a
strong inherited germline component accounts only for 5-10% of all breast cancers,
whereas the majority of breast tumours are sporadic (Nielsen et al., 2016). Overall, breast
cancer represents a complex and heterogeneous disease, encompassing several distinct
entities with different molecular features and clinical behaviour. The intrinsic diversity
between and within tumours is widely affected by genetic and molecular heterogeneity,
which impact breast cancer development and progression as well as individual patients’
outcome and response to treatment. Furthermore, the tumour immune microenvironment
and the interactions between cancer cells and immune cells have a crucial role in sustaining
breast carcinogenesis and metastatic spread, and are emerging as important predictors of
outcome and response to therapies in distinct breast cancer subtypes. Overall,
understanding the complex relationships and signalling networks between different cells
within a tumour may allow a better stratification of breast cancer patients into different risk

groups and help to develop new targeted therapies inhibiting key oncogenic pathways.

1.1.1 Molecular and clinical portraits of breast cancer

The heterogeneity of breast cancer is not fully reflected by the main clinical parameters
and histopathological markers, including age, tumour size, histological grade, lymph node
status, estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth
factor receptor 2 (HER2) (Figure 1, Table 1) (Prat and Perou, 2011). Gene-expression
profiling and recent advances in sequencing-based technologies have enabled the
recognition of this complexity in previously unprecedented depth and have begun to

reshape research directions. The “intrinsic” classification identifies four classes of breast



cancer — luminal A, luminal B, HER2-enriched, and basal-like — showing extensive
differences in biological features, incidence, prognosis, and response to treatment (Figure
1, Table 1) (Perou et al., 2000; Sotiriou and Pusztai, 2009). However, although not
completely interchangeable, these subtypes are commonly overlapped with the subgroups
defined on the basis of hormone receptors and HER2 status, and proliferation markers,
which are routinely used in the clinic to stratify patients for prognostic predictions and

treatment selection (Figure 1) (Sotiriou and Pusztai, 2009).

i

HER2+ Basal-like Luminal B Luminal A
T T S .4

Figure 1. Correspondence between breast cancer subtypes defined by standard pathological
characteristics and gene expression profiles. Classical pathological markers, including ER, PR
and HER?2 status, and proliferation markers (Ki-67) are routinely used as a surrogate of breast

cancer intrinsic subtype classification.



Table 1. Clinicopathological characteristics of the four major breast cancer subtypes

Pathological

Subtype Characteristics® Frequency” Clinical Features Treatment®
Endocrine
.. therapy;
ER-pOS.lt.IVG o Chemotherapy
Luminal A PR-positive gz 20%) 30-70% Low gra'de, good in case of > 4
HER2-negative prognosis .\
Low Ki-67 (< 20%) positive LN,
tumour size > 5
cm, or grade 3
ER-positive .
HER2-negative ilr;cri:;;ne
High Ki-67 (>20%) High grade, large Chemo ;herapy
or PR (<20%) tumour size, LN
Luminal B 10-20%  involvement, LVI, Endocrine
ER-positive poorer prognosis than therapy;
HER2-positive luminal A tumours  Chemotherapy;
Any Ki-67 and PR Anti-HER2
therapy
High grade, LN
ER-negative involvement, Chemotherapy;
HER2-positive PR-negative 5-15%  intermediate Anti-HER2
HER2-positive prognosis between  therapy
luminal and TNBC
ER-negative Aggressive, high
TNBC/ PR—negative' grade, high rate of
Basallike HER2-negative 15-20% early relapse, worst ~ Chemotherapy

CK5/6-positive
EGFR-positive

prognosis among all
subtypes

*According to the 2013 St Gallen Consensus Conference and ESMO Clinical Practice Guidelines 2015
(Goldhirsch et al., 2013; Senkus et al., 2015)
®According to the Susan G. Komen organization (Susan G. Komen, 2015)

Abbreviations: CK, cytokeratins; EGFR, epidermal growth factor receptor; ER, estrogen receptor; HER2,
human epidermal growth factor receptor 2; LN, lymph node; LVI, lymphovascular invasion; PR,
progesterone receptor; TNBC, triple-negative breast cancer.

ER-positive/luminal breast cancers are the most numerous and heterogeneous in
terms of genetic characteristics, molecular features, and patient outcomes (Cancer Genome
Atlas Network, 2012; Ignatiadis and Sotiriou, 2013). Luminal A tumours are characterized

by the high expression of estrogen-related genes and low expression of proliferation-

related genes (Table 1) (Goldhirsch et al., 2013; Ignatiadis and Sotiriou, 2013).



Conversely, luminal B tumours usually present low expression of estrogen-related genes,
high expression of proliferation-related genes, low or no PR expression, possible
overexpression and/or amplification of HER2, and high tumour grade (Goldhirsch et al.,
2013; Ignatiadis and Sotiriou, 2013). In luminal A cancers, the most frequent mutated gene
is PIK3CA (45%), followed by GATA3 (14%), MAP3K1 (13%), TP53 (12%), CDH1 (9%),
MLL3 (8%), MAP2K4 (7%), NCOR1 (5%) and RUNX1 (5%), while luminal B tumours
have a lower frequency of PIK3CA mutations (29%) and a higher frequency of GATA3
(15%) and TP53 (29%) mutations (Table 2) (Cancer Genome Atlas Network, 2012;
Santarpia et al., 2016). Another striking feature of ER-positive/luminal subtype is the
association with few common copy number alterations (CNA), even though luminal A and
luminal B are unique entities also regarding the CNA profile (Table 2) (Santarpia et al.,
2016). Clinically, luminal A breast cancer is generally associated with a favourable
outcome, while luminal B tumours are characterized by an aggressive clinical behaviour
and poor prognosis (Goldhirsch et al., 2013). Adjuvant endocrine therapy with ER
antagonists such as tamoxifen or aromatase inhibitors, including anastrozole, exemestane
and letrozole, is the mainstay of treatment for ER-positive/luminal breast cancer. However,
the risk of relapse extends for at least 20 years in women with ER-positive tumours despite
adjuvant endocrine treatment (Ignatiadis and Sotiriou, 2013). Thus, in specific settings,
including high histological grade, high Ki-67, low hormone receptor status, HER2
positivity, and the involvement of more than three lymph nodes, the addition of cytotoxic
chemotherapy to standard endocrine treatment is recommended (Goldhirsch et al., 2013;

Senkus et al., 2015).
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HER2-positive breast cancers are characterized by the overexpression and/or
amplification of HER2, which is an oncogene coding for a tyrosine kinase receptor that
activates critical signalling pathways resulting in an aggressive tumour phenotype and poor
outcome (Prat et al.,, 2014). Even though the HER2 positivity determined by
immunohistochemistry (IHC) and/or fluorescence in situ hybridization (FISH) largely
overlaps with the HER2-enriched intrinsic subtype, HER2 amplification occurs in all four
subtypes with varying frequencies, indicating the presence of biological and molecular
heterogeneity within this breast cancer subgroup (Prat et al., 2014). The complex scenario
of HER2-positive disease was confirmed by its somatic mutation landscape (Table 2). A
source of genomic heterogeneity within HER2-positive tumours is dependent on the size of
the HER2 amplicon. Beyond the core of the amplicon, which includes at least HER2-
C170rf37-GRB7 genes, co-amplifications of GSDML, NEUROD2, PERLD1, PNMT,
PPP1R1B, PSMD3, STARD3, TCAP, THRAP4 and TOP2A genes have been described
(Santarpia et al., 2016). In addition to the common amplification at 17q12 (containing the
HER2 oncogene), other recurrent CNA and gene mutations, particularly TP53 (72%) and
PIK3CA (39%), have been reported in HER2-positive cancers (Table 2) (Cancer Genome
Atlas Network, 2012; Santarpia et al., 2016). Fortunately, the HER2 positivity is associated
with a high benefit from anti-HER2 therapies (e.g., trastuzumab and lapatinib) in

combination with chemotherapy (Goldhirsch et al., 2013; Senkus et al., 2015).

1.1.2 Triple-negative breast cancer

Triple-negative breast cancer (TNBC) is generally more aggressive, with a higher rate of
early relapse and poorer overall survival compared with the other breast cancer subtypes
(Dawson et al., 2009). Molecularly, this cohort of cancers exhibits high levels of genomic
instability and shows the highest frequency of TP53 mutations (80%). Among all other
alterations, PIK3CA (9%), MLL3 (5%), and GATA3 (2%) mutations, RB1 mutations and/or

deletions (20%), and CCNE1 amplifications (9%) occur at a relatively low frequency



(Table 2) (Cancer Genome Atlas Network, 2012; Santarpia et al., 2016). Despite the low
proportion of PIK3CA mutations, the associated pathway shows a quite high activity, likely
due to the loss of PTEN (35%) and INPP4B (30%) (Cancer Genome Atlas Network, 2012;
Santarpia et al., 2016). The pattern of CNA in TNBC includes a relatively large number of
losses and gains (Table 2). In particular, 5q deletions have been associated with the high
expression of several genes involved in cell cycle checkpoints, DNA damage repair and
apoptosis signalling (Santarpia et al., 2016).

Clinically, the vast majority of TNBC are high-grade invasive ductal carcinomas
that are characterized by atypical and pleomorphic neoplastic cells, high mitotic rates,
areas of central necrosis, stromal lymphocytic infiltrate, and pushing borders (Metzger-
Filho et al., 2012). In contrast to hormone receptor-positive breast cancer, TNBC patients
have an early peak of relapse within the first three years after diagnosis, and an increased
likelihood of visceral metastases and death within five years of follow-up (Metzger-Filho
et al., 2012). These characteristics and the lack of therapeutic targets represent an
important clinical challenge. In fact, conventional chemotherapy containing anthracyclines
and taxanes remains the only treatment option with effect, even though the long-term
results are not satisfactory (Metzger-Filho et al., 2012). Although numerous efforts have
been made to identify novel targets in TNBC, the molecular and clinical heterogeneity of
this disease has led to limited success.

Following the identification of intrinsic subtypes, triple-negative tumours have been
often classified as basal-like cancers due to their extensive overlap (approximately 70-
80%) (Lehmann and Pietenpol, 2014). However, a number of studies have subsequently
attempted to further decipher the heterogeneity within TNBC. An additional intrinsic
subtype, known as claudin-low, representing approximately 30% of TNBC, has been
defined as a poor prognosis group of tumours, which is enriched for features linked to
cancer stem cells (CSC) and epithelial to mesenchymal transition (EMT) (Prat and Perou,

2011). Then, six molecular subtypes of TNBC have been described, including basal-like 1



(BLT), basal-like 2 (BL2), immunomodulatory (IM), luminal androgen receptor (AR)-like
(LAR), mesenchymal (M), and mesenchymal stem cell-like (MSL) (Figure 2A) (Lehmann
et al,, 2011). BL1, BL2, IM, and M subgroups are mainly composed of the basal-like
intrinsic subtype, while MSL and LAR comprises a consistent proportion of luminal B, and
luminal B and HER2-positive tumours , respectively (Figure 2A) (Lehmann et al., 2011).
The BL1 cancers are enriched for cell division-related genes and for the expression of
genes involved in the DNA damage response (ATR/BRCA) pathways (Figure 2B).
Conversely, the BL2 subtype is characterized by the expression of myoepithelial markers
and of genes associated with growth factor signalling (e.g., epidermal growth factor [EGF]
pathway, nerve growth factor [NGF] pathway, WNT/B-catenin, and insulin-like growth
factor 1 receptor [IGF1R] pathway), glycolysis and gluconeogenesis (Figure 2B). The IM
subtype is enriched for genes regulating immune cell processes, including immune cell
signalling (e.g., B lymphocytes, T lymphocytes, and natural killer [NK] cells), cytokine
signalling, and antigen processing and presentation (Figure 2B) (Le Du et al., 2015;
Lehmann and Pietenpol, 2014). It is still unclear whether this signature truly reflects the
features of tumour cells or is a consequence of lymphocytic infiltration. Thus, it is
plausible that the IM subtype includes cancers that biologically are basal-like and
mesenchymal-like tumours heavily infiltrated by lymphocytes (Turner and Reis-Filho,
2013). The LAR subtype displays luminal patterns and is consistently enriched for genes
involved in steroid synthesis and androgen/estrogen metabolism (Figure 2B). Both the M
and MSL subtypes, which represent the vast majority of claudin-low tumours, are
characterized by gene expression patterns associated with extracellular matrix, cell
differentiation and motility pathways, and EMT (Figure 2B). Interestingly, the MSL
subtype diverges from M tumours as it expresses low levels of proliferation genes and is
enriched for the expression of genes associated with a CSC phenotype (Figure 2B)

(Lehmann and Pietenpol, 2014).



Figure 2. Classification of triple-negative breast cancer. A) Intrinsic subtypes (light blue) (Prat
and Perou, 2011) and Lehmann’s classification (pink) (Lehmann et al., 2011), and their potential
overlaps. B) Lehmann’s TNBC subtypes are molecularly different and are characterized by distinct

sets of genes and pathways.

1.1.3 Therapies for triple-negative breast cancer

Due to the lack of specific molecular targets, cytotoxic chemotherapy remains the mainstay
of systemic therapy for TNBC, and therefore adjuvant anthracycline-taxane-based
chemotherapy is recommended for patients with stage I-III disease (Le Du et al., 2015).
Even though patients with TNBC are initially more responsive to chemotherapy than
patients with other breast cancer subtypes, a substantial proportion of patients with early-
stage TNBC (30-40%) develop distant metastasis and die of cancer (Le Du et al., 2015;
Metzger-Filho et al., 2012).

The recognition of the heterogeneity of TNBC by molecular classification has
begun to reshape research directions. Firstly, different TNBC subtypes have been
demonstrated to have distinct response to neoadjuvant anthracycline-taxane-based
chemotherapy (Carey et al., 2007; Masuda et al., 2013; Rouzier et al., 2005). These
findings, following extensive retrospective and prospective validations in large cohorts of

patients, may have the potential to guide differential use of chemotherapy-containing



regimens based on molecular classification. Furthermore, the increased understanding of
TNBC biology will reveal new therapeutic targets and may help to refine the selection of
patients in novel biology-oriented clinical trials. For instance, targeting DNA-repair
deficiency appears to be a promising strategy for triple-negative/basal-like cancers, which
have the highest pathologic complete response (pCR) rates following neoadjuvant
chemotherapy (Carey et al., 2007; Rouzier et al., 2005). In particular, patients with BL1
tumours displaying BRCAnNess characteristics — traits that cancers share with BRCAL-
mutated tumours — could be entered into clinical trials investigating platinum agents or
poly(ADP-ribose) polymerase (PARP) inhibitors (Le Du et al., 2015; Masuda et al., 2013).
Conversely, patients with BL2 cancers, which have the lowest pCR rate among TNBC
subtypes, may benefit from the inhibition of growth factor/receptor tyrosine kinase (RTK)
pathways like mesenchymal-like cancers (Le Du et al., 2015; Masuda et al., 2013).
Mesenchymal-like cancers (M and MSL), which harbour features associated with
metastatic potential and are associated with the worst prognosis among the other TNBC
subtypes, likely due to the development of resistance to chemotherapy, could be eligible
for treatment with EMT- and CSC-targeted therapies (e.g., hedgehog and notch inhibitors)
that are under investigation in early stage clinical trials (Le Du et al., 2015). Furthermore,
these tumours have demonstrated an exquisite sensitivity to ABL/SRC and
phosphatidylinositol 3-kinase (PI3K)/ mammalian target of rapamycin (mTOR) inhibitors
(Lehmann and Pietenpol, 2014).

Immune-based therapies can be effective for patients with TNBC of the IM
subgroup. Noteworthy, the claudin-low subset of TNBC tumours is characterized not only
by the presence of EMT and CSC-like features, but also by the high expression of immune
genes and by an intense immune cell infiltrate, making this subgroup a potential candidate
for selective immunotherapy (Le Du et al., 2015; Lehmann and Pietenpol, 2014). Finally,
as the AR can replace the ER as a major component of steroid-related signalling in the

LAR subtype, AR inhibitors or histone deacetylase inhibitors that regulate AR target genes
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may provide an attractive therapeutic opportunity for this TNBC subset of tumours (Le Du
etal., 2015).

Even though the future success of clinical trials in patients with TNBC will likely
benefit from the stratification of their tumours by molecular subgroups or genomic
alterations, the multiplication of subtypes could yield to an excessive splitting that can be
deleterious for the design of powerful studies with sufficient number of patients. So far,
triple-negative/basal-like breast cancers are still considered as a unique entity in clinical

trials.

1.2 Hallmarks of breast cancer

The development of clinical breast cancer is a multistep process, which involves the
acquisition of multiple molecular alterations and the evolution of cellular populations with
malignant phenotypes. Cancer progression may occur over long periods of time and can
vary depending on the tumour genetic background and other intrinsic features. The classic
model of breast cancer development is a linear, non-obligatory and multistage progression
from atypical hyperplasia to ductal carcinoma in situ (DCIS), eventually followed by the
evolution to invasive breast cancer (IBC) and metastatic disease (Rivenbark et al., 2013).
DCIS is the first step in the neoplastic progression of breast cancer and harbours many of
the same molecular abnormalities that invasive cancers have. Despite being by definition
non-invasive, DCIS has the potential for further progress to invasive cancer (Rivenbark et
al., 2013).

For the progression through each step, cells are expected to acquire new oncogenic
abilities that provide a selective growth advantage, including sustaining proliferative
signals, evading growth suppressors, resisting cell death, inducing angiogenesis, enabling
replicative immortality, triggering metastatic dissemination, deregulating cellular
energetics, and avoiding immune responses (Figure 3) (Hanahan and Weinberg, 2011). The

acquisition of these eight hallmarks of cancer is enabled by genomic instability and cancer-
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related immune responses, and broadly depends on the interactions between cancer cells
and the tumour immune microenvironment (Figure 3) (Hanahan and Weinberg, 2011).
Distinct breast cancer subtypes clearly differ in the hallmarks and pathways affecting their
specific molecular and clinical features. In particular, three major tumour-associated
properties — genomic instability, EMT and cancer-related immune responses —

comprehensively characterize TNBC and are distinctive of different TNBC subtypes

u Sustaining proliferative signalling
m Evading growth suppressors

o)

(Figure 4).
m Deregulating cellular energetics

@ ® Inducing angiogenesis

B Tumour-promoting inflammation
H Resisting cell death

é 5

Figure 3. The hallmarks of cancer. The eight major hallmarks of cancer and the two enabling

@ Avoiding immune destructions

u Genomic instability and mutations
u Enabling replicative immortality

w Activating invasion and metastasis

characteristics — genomic instability and tumour-promoting inflammation — reported by Hanahan
and Weinberg describe the crucial oncogenic properties acquired during the multistep development

of human cancers (Hanahan and Weinberg, 2011).

B Genomic Instability
M Epithelial-to-mesenchymal Transition
BImmune response

Figure 4. Hallmarks of triple-negative breast cancers. The three major hallmarks that best

characterize TNBC.
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1.2.1 Genomic instability

Genomic instability is a characteristic common to the majority of human cancers. The
disruption of the mechanisms that maintain genome integrity increases the rate of genomic
scars, causing genetic heterogeneity during cancer evolution and tumour aggressiveness,
thus providing a biological fitness advantage to tumour cells (Burrell et al., 2013; Negrini
et al., 2010). Among the different types of genomic instability, most cancers show
chromosomal instability (CIN), which refers to an increased rate of change in chromosome
number or structure, resulting in whole-chromosome and segmental aneuploidies as well as
translocations, inversions, and deletions (Burrell et al., 2013). CIN can arise through a
range of mechanisms, including mitotic defects, proliferation of mesenchymal-like cells,
and defective DNA repair pathways (Burrell et al., 2013; Comaills et al., 2016). For
instance, mutations in BRCA1, BRCA2, and TP53 genes result in aberrant DNA damage
response (Burrell et al., 2013; Turner et al., 2004). Importantly, a higher frequency of CNA
and TP53 mutations have been observed in triple-negative/basal-like tumours compared
with other breast cancer subtypes, suggesting extensive genomic instability in this group
(Cancer Genome Atlas Network, 2012; Turner and Reis-Filho, 2013). Furthermore,
inherited BRCA1-mutated breast cancers share several characteristics with sporadic TNBC
such as BRCAness traits (Santarpia et al., 2013; Turner et al., 2004). Accordingly, familial
BRCA1-mutated tumours segregate strongly with sporadic basal-type cancers, are of a high
mitotic count, commonly show lymphocytic infiltration, and are more likely to have
pushing margins (Rakha et al., 2008; Turner et al., 2004). Moreover, triple-negative/basal-
like cancers, especially tumours of the BL1 subtype, are heavily enriched for genes
involved in the DNA damage response (Lehmann and Pietenpol, 2014; Santarpia et al.,
2013). Even though TNBC globally displays the most instable genome, it is worth noting
that CIN is not a feature common to all TNBC. Indeed, a combined analysis of CNA and
gene expression revealed that the vast majority of TNBC (~ 59%), identified as integrative

cluster (IC) 10 and representing the core basal subgroup, show an intermediate level of
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CIN, a high rate of TP53 mutations, and a gene expression profile associated with cell-
cycle, DNA damage repair, and apoptosis (Curtis et al., 2012; Dawson et al., 2013).
Conversely, the IC4, which includes 25% of TNBC, displays a reduced level of genomic
instability and massive lymphocytic infiltration (Curtis et al., 2012; Dawson et al., 2013).
Beside its role in affecting tumour biology and driving tumour evolution, genomic
instability has important implications for the clinical management of breast cancer patients.
Several gene expression surrogates and DNA-based measures of genomic instability have
been evaluated as predictors of clinical outcome and response to chemotherapy in TNBC
(Carter et al., 2006; Habermann et al., 2009; Mulligan et al., 2014; Pitroda et al., 2017;
Telli et al., 2016; Vollan et al., 2015). Overall, genomically unstable tumours have a poorer
outcome compared with stable tumours. Accordingly, the CIN70 gene expression
signature, which is highly associated with aneuploidy and genomic instability quantified by
DNA image cytometry, is predictive of poor prognosis in breast cancer (Carter et al., 2006;
Swanton et al., 2009). Interestingly, two distinct measurements of CIN — the CIN70
signature and the dual centromeric FISH assay — demonstrated a non-monotonic
relationship between genomic instability and survival outcome in TNBC (Birkbak et al.,
2011; Jamal-Hanjani et al., 2015; Roylance et al., 2011). TNBC with an extreme CIN were
associated with improved long-term prognosis relative to tumours with intermediate CIN.
This paradoxical relationship could be explained by the negative impact of intolerable CIN
on cellular fitness. Conceivably, the favourable outcome of TNBC with extreme CIN could
also be due to the increased sensitivity to chemotherapy regimens containing DNA
damaging agents. Consistently, high levels of genomic instability have been shown to
predict sensitivity to anthracycline- and platinum-based chemotherapy (Ignatiadis et al.,
2012; Mulligan et al., 2014; Pitroda et al., 2017; Telli et al., 2016). Thus, the intrinsic
genomic instability of a subset of TNBC, which positively affects tumour evolution and
correlates with tumour aggressiveness at baseline and poor outcome, may also determine

the success of specific chemotherapy regimens.
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1.2.2 Epithelial-to-mesenchymal transition

EMT is a fundamental step in several physiologic processes such as morphogenesis and
wound healing and has been demonstrated to be closely associated with cancer progression
(De Craene and Berx, 2013). During EMT, cells lose their epithelial characteristics to gain
mesenchymal features and acquire multiple traits that, in combination with genetic
aberrations and appropriate signals at the tumour site, enable invasion and metastatic
dissemination (De Craene and Berx, 2013). This complex, multistep, and reversible
process 1s accompanied by the loss of cell cohesiveness, the reorganization of the
cytoskeleton that induces a switch in cell polarity, and the increased expression of matrix-
degrading enzymes, cell motility and resistance to senescence and apoptosis (Hanahan and
Weinberg, 2011). In particular, cell surface proteins such as E-cadherin, integrins, or
claudin are loss, while the expression of mesenchymal markers, including N-cadherin,
fibronectin, or vimentin is enhanced (Mallini et al., 2014).

The entire EMT programme is tightly regulated by a network of signalling
pathways and is also influenced by microenvironmental factors such as hypoxia and
heterotypic interactions between cancer cells and adjacent stromal cells (Figure 5)
(Hanahan and Weinberg, 2011). In particular, transforming growth factor-f (TGF-f), a
cytokine produced by both tumour cells and a variety of cells in the tumour
microenvironment, downregulates epithelial markers and increases the expression of
mesenchymal markers through the SMAD-dependent activation of several EMT master
regulators such as the components of SNAIL, TWIST, and ZEB families (Figure 5A)
(Lamouille et al., 2014). Furthermore, TGF-B can activate and interact with multiple other
oncogenic pathways, including Rho-like GTPases, PI3K/AKT/mTOR, mitogen-activated
protein kinases (MAPK), and integrin signalling ultimately inducing cytoskeletal changes,
the dissolution of cell junctions, and the acquisition of mesenchymal and invasive

properties (Figure SA) (Lamouille et al., 2014; Polyak and Weinberg, 2009).
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Figure 5. Epithelial-to-mesenchymal transition. A) A simplified overview of signalling networks
that regulate EMT. B) In the primary tumour, the EMT process is broadly sustained by the
interactions of cancer cells with cells of the tumour microenvironment, including cancer-associated
fibroblasts, tumour-associated macrophages, and tumour infiltrating lymphocytes. Cancer cells
with mesenchymal-like properties acquire the ability to disseminate to distant sites. Different local
environments (represented by different colours of cells at the metastatic site compared with the
primary tumour) may result in the reversal of EMT (MET process). EMT may also promote

resistance to chemotherapy, leading to the expansion of resistant clones and tumour recurrence.
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In addition, other signalling pathways, including interleukin [IL]-6, nuclear factor-xB (NF-
kB), NOTCH, WNT/B-catenin, and several RTKs (e.g., EGFR) are involved in the
acquisition of a mesenchymal-like phenotype and cooperate to sustain the whole EMT
process (Figure 5A) (Lamouille et al., 2014). Noteworthy, oncogenic mutations and
genomic instability may also contribute to EMT. For instance, activating mutations in
RTKs or oncogenes downstream of receptors can lead to an enhanced signalling along the
RAS/MAPK or PI3K/AKT/mTOR axes, resulting in the upregulation of EMT master
regulators (Zhang et al., 2013). Beside these cell-autonomous processes, the establishment
of a permissive tumour microenvironment is crucial for supporting EMT. Indeed, a
consistent enrichment of several immune targets such as immune checkpoints and
cytokines has been recently found in multiple cancers that have undergone EMT, including
breast cancer (Mak et al., 2016). Furthermore, inflammatory cells (e.g., tumour-associated
macrophages [TAM]) and several soluble mediators (e.g., chemokine (C-C motif) ligand
[CCL] 18, EGF, IL-1, IL-6, IL-8, TGF-B, and tumour necrosis factor [TNF]-a) have been
identified as key inducers of EMT (Elinav et al., 2013).

As a result of EMT, epithelial cells can detach from the basal membrane, becoming
more invasive and potentially entering the blood and lymphatic systems (Figure 5B). In
addition to the mesenchymal switch, the EMT programme can endow cancer cells with
stem-like properties, generating a tumour niche enriched for CSC, which are generally
defined as CD44+CD24- cells with a high propensity to invade surrounding tissue and
metastasize (Polyak and Weinberg, 2009). Interestingly, it is conceivable that local
selective pressure for the outgrowth of more differentiated cancer cells or the absence of
EMT-inducing signals at sites of metastasis may result in the reversal of EMT
(mesenchymal-to-epithelial [MET] process) (Figure 5B) (Polyak and Weinberg, 2009).

EMT plays a central role in the control of invasion and progression of specific
subtypes of breast cancer. The claudin-low subgroup, which includes a large proportion of

M and MSL tumours, is characterized by the high expression of gene modules related to
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EMT and CSC and a significant amount of different infiltrating leukocytes (Prat et al.,
2010). Furthermore, CD44+CD24- stem-like cells are enriched in basal-like intrinsic
subtype and the JAK2/STAT3 pathway, which is activated by EMT signals such as IL-6
and EGF, was found to be preferentially active in CD44+CD24- basal-like breast cancer
cells (Marotta et al., 2011; Park et al., 2010). Even though these latter findings were
generated without taking into account the distinction between basal-like and claudin-low
subgroups, the possibility that EMT may be involved in the progression of a proportion of
basal-like cancers cannot be ruled out.

Clinically, even though several single markers and gene signatures related to EMT
and CSC have been associated with poor outcome of breast cancer patients, the prognostic
value of EMT in breast cancer is still debated and need further validation (Bill and
Christofori, 2015; Creighton et al., 2010; Foroutan et al., 2017; Liu et al., 2007; Mak et al.,
2016; Polyak and Weinberg, 2009; Shipitsin et al., 2007; Tan et al., 2014; Taube et al.,
2010). Conversely, EMT has been consistently associated with resistance to chemotherapy,
resulting in the expansion of resistant clones and tumour recurrence (Figure 5B) (De
Craene and Berx, 2013). Indeed, CD44+CD24- cells expressing EMT-associated genes
have been found to be enriched in the residual tumours following anthracycline-taxane
chemotherapy (Polyak and Weinberg, 2009). Furthermore, culture of epithelial tumour
cells with stromal cells or in hypoxic conditions can lead to increased therapeutic
resistance, potentially due to the ability of the tumour microenvironment to induce EMT
(Jinushi et al., 2011; Polyak and Weinberg, 2009). Accordingly, several EMT-related gene
expression signatures have been associated with a poor response to standard chemotherapy

in breast cancer (Farmer et al., 2009; Tan et al., 2014; Taube et al., 2010).
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1.2.3 Tumour-associated immune responses

The development and progression of a lesion toward a malignant phenotype partly rely on
the interactions between cancer cells and the immune microenvironment. The tumour mass
can be infiltrated by both innate and adaptive immune cells (Figure 6A) (Ruffell et al.,
2012b). Historically, the presence of immune infiltrates at the tumour site has been related
to the ability of the host defence to recognize and eliminate cancer cells (Hanahan and
Weinberg, 2011). However, tumour-associated inflammation can also enhance
tumourigenesis and cancer progression (Hanahan and Weinberg, 2011). Indeed,
inflammation predisposes to various cancer types and tumours can develop at sites of
chronic inflammation (Colotta et al., 2009). This tumour-promoting effect has been mainly
ascribed to the innate immune system (Colotta et al., 2009; DeNardo et al., 2010; Qian and
Pollard, 2010; Ruffell et al., 2012a). Under physiological conditions, innate immune cells,
including macrophages, granulocytes, dendritic cells (DC), and NK cells protect the
organism against foreign agents by secreting soluble mediators (e.g., interferon [IFN]-y
and IL-1) that stimulate the recruitment of circulating leukocytes into damaged tissue
(acute inflammation), and presenting foreign antigens to lymphocytes, which in turn mount
specific “‘adaptive responses”. Following the elimination of the foreign agents,
inflammation resolves and tissue homeostasis is re-established (Figure 6B) (DeNardo and
Coussens, 2007). In tumours, these balanced events fail to resolve, resulting in chronic
inflammation of the neoplastic tissue. Chronically activated leukocytes can contribute to
the acquisition of multiple hallmark abilities by supplying a variety of molecules to the
tumour microenvironment such as growth and survival factors, proangiogenic molecules,
extracellular matrix-modifying enzymes, and other signals that lead to the activation of
EMT or to the induction of genetic instability (Figure 6B) (Colotta et al., 2009; Hanahan
and Weinberg, 2011). Notable examples include CCL2, EGF, IL-4, IL-6, IL-10, IL-13,
reactive oxygen species (ROS), TGF-B, and vascular endothelial growth factors (VEGF)

(Colotta et al., 2009; Coussens et al., 2013).
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Overall, the immune system specifically detects and targets foreign agents with
adaptive immune cells. Lymphocytes are sustained by cells of the innate immunity, which
are primarily involved in inflammation, wound healing and clearing dead cells and cellular
debris. However, the general concept that innate immune cells have a tumour-promoting
activity, while adaptive cells exert anti-tumour functions is oversimplified. Indeed, it is
now well established that the tumour microenvironment is composed by different

specialized classes of leukocytes with distinct functions.
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Figure 6. Immune infiltrates in breast tumours. A) Immune cell composition of adjacent normal
and breast tumour tissues (Ruffell et al., 2012b). B) Contrasting roles of leukocytes during acute
inflammation and cancer development. The presence of specialized classes of leukocytes with anti-
and pro-tumour functions is represented by different colours of cells in the two scenarios.
Abbreviations: CTL: cytotoxic lymphocytes; Thl: T helper 1 lymphocytes; Th2: T helper 2
lymphocytes; Treg: T regulatory lymphocytes.
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1.3 The immune contexture of human breast cancer

1.3.1 Tumour-infiltrating lymphocytes

It is becoming increasingly evident that tumour-infiltrating lymphocytes (TIL) are able to
control the clinical progression of epithelial cancers. T cells display broad diversity in
terms of phenotype, function and tissue distribution. Breast tumours can be infiltrated by
helper (Th; CD4+), cytotoxic (CD8+), and regulatory (Treg; FOXP3+) T lymphocytes.
Cytotoxic CD8+ T lymphocytes (CTL) are recognized as the crucial component of the
anti-tumour immune response. Effector CTL can interact with tumour antigen and promote
the apoptotic death of the target cell by releasing cytokines such as interferon (IFN)-y,
TNF-a, granzyme, and perforin (Figure 7) (Andersen et al., 2006; DeNardo and Coussens,
2007; Martinez-Lostao et al., 2015). Also CD4+ cells can be activated by the encounter
with the antigen. Depending on the intensity of stimulation and the presence of specific
environmental signals, CD4+ cells can differentiate into two major subpopulations of T
cells — Thl and Th2 — with specific characteristics and functions (Figure 7) (Kim and
Cantor, 2014). Thl cells are induced in response to IL-12, and are characterized by the
production of IL-2, IFN-y, and TNF-a, which create a positive feedback loop reinforcing
the Th1 polarization, collaborate with the functions of antigen-presenting cells (APC) and
CTL, and influence the functions of the innate immune systems (Burkholder et al., 2014;
Kim and Cantor, 2014). Conversely, Th2 cells are induced by IL-4 that antagonizes the
Thl polarization, and express IL-4, IL-5, IL-6, IL-10, and IL-13, which regulate innate
immune responses, induce T-cell anergy and the loss of T-cell-mediated cytotoxicity, and
modulate the B cell-dependent antibody production (Burkholder et al., 2014; Kim and
Cantor, 2014). Overall, Thl responses are supposed to be beneficial toward anti-tumour
immunity, whereas Th2 responses are suggested to enhance pro-tumour responses
(DeNardo and Coussens, 2007). In addition to Th1l and Th2 cells, several other subsets of
CD4+ T cells have been involved in immune responses against tumour. In particular, Treg,

which are controlled by the transcription factor FOXP3, differentiate in response to TGF-3
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and generally suppress the function of other effector T cells and APC by cell-cell
interactions and the release of TGF-$ and IL-10 (Figure 7) (Burkholder et al., 2014; Kim

and Cantor, 2014).
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Figure 7. Different types of T lymphocytes in the breast tumour microenvironment. T helper
subsets, Treg, and CTL differentiate from naive lymphocytes (CD4+ and CD8+, respectively)

following the encounter with the antigen and in the presence of specific environmental signals.

The presence of TIL in breast tumours has been associated with a favourable
clinical outcome (Bottai et al., 2016a; Savas et al., 2016). Overall, TIL are more commonly
found in triple-negative and HER2-positive breast cancers (Savas et al., 2016). Over the
past few years, large prospective and retrospective studies have evaluated the prognostic
and predictive value of TIL in breast cancer subtypes. Data from the Breast International
Group (BIG) 02-98, Finland Herceptin (FinHER), National Epirubicin Adjuvant Trial
(NEAT)/BR9601, Eastern Cooperative Oncology Group (ECOG) 2197, and ECOG 1199

trials demonstrated that patients with TNBC display a consistent linear relationship
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between an increased number of TIL and improved outcome (Savas et al., 2016). A
parallel association between TIL and outcome was reported for HER2-positive patients in
the NeoALLTO study and in two French multicentric phase III trials (Dieci et al., 2015;
Savas et al., 2016). These clinical findings have been explained by the high rates of cell
proliferation and genomic instability of triple-negative and HER2-positive breast cancers.
Indeed, the high CIN and mutational burden of these breast cancer subtypes have been
suggested to potentially result in the generation of neoantigens, which can be recognized
by TIL (Loi, 2013). However, breast cancer has not traditionally been considered as an
immunogenic disease and the role of genomic instability in shaping the tumour immune
response needs further investigations. The presence of TIL is also associated with better
response to therapies (Savas et al., 2016). The analysis of TIL within the BIG 02-98,
European Organisation for Research and Treatment of Cancer (EORTC) 10994/BIG 00-01,
and in the Gepar series of trials revealed that the presence of lymphocytic infiltration is
predictive of pCR following anthracycline-based chemotherapy, trastuzumab treatment,
and the combined carboplatin-chemo-therapy in triple-negative and HER2-positive breast
cancers (Savas et al., 2016).

Beside TIL overall, distinct immune cell subpopulations may have a specific
biological significance. Indeed, cytotoxic CD8+ T cells have been shown to be an
independent favourable prognostic factor and an immune gene signature enriched for
CD8+ T cell-related genes has been associated with good prognosis in breast cancer,
especially TNBC (Ali et al., 2014; Bottai et al., 2016a; Finak et al., 2008; Liu et al., 2012;
Mahmoud et al., 2011). Although a tentative association between CD4+ or FOXP3+ T
lymphocytes and poor prognosis has been suggested, the analysis of these TIL subsets has
generated inconsistent results (Dushyanthen et al., 2015a).

In addition to the composition of the tumour immune microenvironment, other
factors such as the localization and functionality of immune subpopulations may influence

their biological actions. Noteworthy, the intraepithelial localization of CD8+ cells
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mediated by integrins (€.9g., CD103) can influence their cytotoxic activity and impact
tumour progression and clinical outcome (Djenidi et al., 2015; Le Floc'h et al., 2011; Webb
et al., 2014). Furthermore, although TIL are able to identify and eliminate malignant cells,
tumours have developed multiple mechanisms to maintain an immunosuppressive
microenvironment (Topalian et al., 2015). During chronic inflammation or cancer, the
prolonged exposure to antigen and other stimuli from the tumour microenvironment induce
a state of T cell exhaustion, which is characterized by the inability of T cells to proliferate
in the presence of the antigen, produce cytokines, and lyse target cells (Nguyen and
Ohashi, 2015). T cell exhaustion is accompanied by the expression of various receptors
that negatively regulate T cell function and reflect their functional status, including
cytotoxic T lymphocyte-associated antigen 4 (CTLA-4), lymphocyte activation gene 3
protein (LAG-3), programmed cell death protein 1 (PD-1), and T cell immunoglobulin
domain and mucin domain 3 (TIM-3) (Topalian et al., 2015). Many studies focused on the
biological and clinical relevance of the PD-1/programmed cell death 1 ligand 1 (PD-L1)
pathway. PD-1 is expressed only following activation on T cells, NK cells, B cells, and
some myeloid cells to mediate the physiologic immune tolerance and balance immune
response, attenuating T cell function, survival, and expansion (Nguyen and Ohashi, 2015).
PD-1+ TIL were common in several types of cancer, including TNBC (Gatalica et al.,
2014). PD-LI1 1s expressed on activated T cells, B cells, DC, macrophages, and on a wide
range of cancer cells. In particular, PD-L1 protein has been reported to be expressed in
nearly half of breast cancers, particularly TNBC and high-grade, proliferative tumours
(Ghebeh et al., 2006; Schalper et al., 2014). The identification of these receptors has not
only increased our understanding of the dynamics occurring within the tumour
microenvironment, but has also revealed new treatment options for patients with breast
cancer. Indeed, several clinical trials are currently evaluating the potential of immune

checkpoints inhibitors for the treatment of breast cancer patients (Savas et al., 2016).
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1.3.2 Tumour-associated macrophages

TAM are major players in the connection between inflammation and cancer, promoting
cell proliferation, invasion, and metastatic spread, stimulating angiogenesis, regulating
EMT, and inhibiting anti-tumour immune response mediated by T cell (Allavena et al.,
2008; Mantovani et al., 2002; Williams et al., 2016). Mirroring the T helper differentiation,
two distinct phenotypes of polarized macrophages have been reported (Figure &).
Microbial stimuli (e.g., lipopolysaccharides [LPS]) and Thl cytokines (e.g., IFN-y)
polarize macrophages toward the M1 classically activated state, which is characterized by
the release of inflammatory cytokines (e.g., IL-12 and IL-23) and Thl cell-attracting
chemokines (e.g., chemokine (C-X-C motif) ligand [CXCL] 9 and CXCL10), consequent
activation of Thl cells, and cytotoxic activity against neoplastic cells (Figure 8A) (Biswas
and Mantovani, 2010). Conversely, the polarization toward an alternatively activated (M2)
macrophage phenotype can be induced by CCL2, CXCL4, IL-4, IL-10, IL-13 and
glucocorticoids (Figure 8) (Biswas and Mantovani, 2010). M2 macrophages show a high
phagocytic activity, high expression of scavenging, mannose, and galactose receptors, low
expression of IL-12, and high expression of CCL17, CCL18, CCL22, CCL24, IL-10, IL-1
decoy receptor, and IL-1 receptor antagonist (IL-1RA) (Biswas and Mantovani, 2010;
Mantovani et al., 2002). Overall, these cells are involved in the Th2-mediated responses,
diminish inflammation, have immunoregulatory functions, and promote tissue remodelling
and tumour progression (Figure 8A).

Macrophage infiltrates have been associated with high grade, hormone receptor-
negative tumours, basal-like subtype, and a poor clinical outcome in breast cancer (Bottai
et al., 2016b; Campbell et al., 2011). Even though the contribution of different subsets of
macrophages to the clinical progression of breast tumours has not been fully elucidated, the
biological relevance of TAM can be explained by their ability to influence the balance
between pro- and anti-tumour immunity and to closely interact with other components at

the tumour site. Indeed, TAM, which generally resemble the M2 phenotype, help to
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establish a permissive microenvironment capable of facilitating tumour invasion and
migration through the promotion of angiogenesis, EMT, and the circumvention of anti-

tumour immunity (Figure 8B) (Bottai et al., 2016b; Williams et al., 2016).
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In this regard, M2 macrophages are recognized as one of the major sources of the
angiogenic, epithelial, and stromal growth factors, and also of matrix-remodelling enzymes
that support neoplastic progression. Indeed, TAM secrete many pro-angiogenic signals,
including CCL2, CXCLS8, EGF, IL-1B, IL-8, matrix metalloproteinase (MMP)-9, platelet-
derived growth factor (PDGF), TGF-B, TNF-a, and vascular endothelial growth factors
VEGTF, providing the vascular network required for cancer dissemination (Williams et al.,
2016). Suppression of the anti-tumour immune response by TAM is also critical for disease
progression. TAM-derived mediators such as CCL17, CCL22, IL-10, prostaglandin E,
(PGE,), and TGF-B contribute to the impairment of the cytotoxic function of effector T
cells and NK cells and to the stimulation of Treg and Th2 responses (Biswas and
Mantovani, 2010; Williams et al., 2016). Furthermore, the activation of PD-1 or CTLA-4,
which are upregulated on activated T cells following the binding with their ligands (PD-
L1/PD-L2 and CD80/CD86, respectively) expressed by TAM, results in T cell anergy,
apoptosis, reduced cytotoxicity, and functional exhaustion (Williams et al., 2016).

Another important aspect that determines the ability of TAM to influence tumour
progression is the direct interaction with malignant cells (Figure 9). Tumour cells provide
multiple signals that modulate macrophages polarization and functions. Tumour-derived
factors such as CCL2, CCLS, macrophage colony-stimulating factor 1 (CSF-1),
granulocyte-macrophage colony-stimulating factor (GM-CSF), IL-6, IL-10, TGF-B, and
TNF-a enhance the recruitment of monocytic precursors, promote an M2-like polarization,
and drive the accumulation of TAM within the tumour mass (Mantovani et al., 2002). On
the other hand, TAM promote tumour development and progression by providing factors
that enhance the invasion of malignant cells. For instance, CSF-1 released by tumour cells
stimulates macrophages to move and produce EGF, which in turn promotes the migration
of tumour cells (Qian and Pollard, 2010). In human breast cancer, EGF is specifically
expressed by macrophages, whereas the expression of CSF-1 is restricted to tumour cells

and is associated with poor prognosis (Qian and Pollard, 2010). TAM also produce
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CCL18, whose expression is associated with metastasis and reduced survival in breast
cancer. CCL18 released by TAM induce EMT in breast cancer cells, promoting the
invasiveness of cancer cells and breast cancer metastasis (Chen et al., 2011; Su et al.,
2014a). In turn, mesenchymal-like breast cancer cells activate macrophages to a TAM-like
phenotype by the release of GM-CSF, indicating the relevance of positive feedback loops
between breast cancer cells and TAM (Su et al., 2014a). Moreover, TAM are a major
source of other cytokines that are known mediators of cell migration and EMT, including
osteonectin and TGF- (Ostuni et al., 2015; Sangaletti et al., 2008; Williams et al., 2016).
Due to their relevance in tumour progression, targeting tumourigenic factors and
mechanisms promoted by TAM is emerging as a novel potential therapeutic strategy for

aggressive cancer, including TNBC.
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2. Aims

TNBC are usually characterized by an aggressive phenotype and associated with an
increased risk of early distant recurrences and poor outcome. These characteristics and the
lack of therapeutic targets represent an important clinical challenge. Indeed, conventional
chemotherapy containing anthracyclines and taxanes remains the only treatment option
with effect, even though the long-term results are not satisfactory. Numerous efforts have
been made to identify novel targets in TNBC, but the molecular and clinical heterogeneity
of this disease has led to limited success. In fact, TNBC encompass several subgroups
characterized by distinct levels of chromosomal and genomic aberrations as well as
different biological processes. In particular, the acquisition of hallmarks of cancer that
allow tumour development and progression is enabled and sustained by genomic
instability, EMT, and cancer-related immune responses, and broadly depend on the
interactions between cancer cells and the tumour immune microenvironment.

Growing evidence suggests that infiltrating leukocytes are major determinants of
the pathological and clinical behaviour of TNBC. In particular, the presence of TIL is now
recognized as a consistent predictor of outcome and response to chemotherapy in TNBC.
Noteworthy, the lymphocytic infiltrate is very heterogeneous, and a more detailed
understanding of the tumour immune microenvironment is needed for the accurate
selection of a proper immunomodulatory therapy. Furthermore, several lines of evidence
indicate that the mutual interaction between cancer cells and TAM is a crucial bidirectional
step supporting tumour aggressiveness, ultimately leading to cancer progression and
metastatic spread. However, the biological and clinical role of specific macrophage
subpopulations in TNBC as well as the relevance of this cross-talk are still poorly
understood.

The aim of this study was to evaluate the relationship between these three major

hallmarks of TNBC. In particular, we investigate the association of immune components
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with TNBC molecular subtypes and different levels of CIN, to identify immunological
characteristics of specific TNBC subsets that may be useful to direct treatment decision.
We also assess the composition, localization, and functionality of specific immune cell
subpopulations that may impact tumour progression and clinical outcome, and whose
evaluation may help to identify TNBC patients eligible for immunomodulatory therapies.
Furthermore, we aim to investigate the cross-talk between TNBC cells, particularly those
with mesenchymal features, and TAM in order to clarify the potential mechanisms leading
to tumour progression and resistance to chemotherapy, and to identify novel reliable
prognostic markers and targetable signalling pathways, which may allow a better
stratification of TNBC patients into different risk groups and the development of novel

treatment strategies.
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3. Materials and methods

3.1 Microarray data and gene expression normalization

Gene expression data from different publicly available cohorts of TNBC patients were
retrieved from the National Center for Biotechnology Information's (NCBI) Gene
Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo) and the European
Bioinformatics Institute's (EBI) ArrayExpress public repositories
(https://www.ebi.ac.uk/arrayexpress). Only primary invasive TNBC and no metastases or
local recurrences were included in this study. In addition, to avoid any effects of treatment
on gene expression, patients untreated at the time of sample acquisition or treated with
adjuvant chemotherapy were analysed separately. All gene expression data were generated
with  Affymetrix  UI33A and Ul33 Plus2 gene chips (Affymetrix;
http://www.affymetrix.com). Raw intensity (CEL) files were processed in the R statistical
environment using the affy Bioconductor package (http://www.bioconductor.org). Gene
expression data were normalized using the Microarray Suite 5.0 (MASS5.0) algorithm
(http://www.bioconductor.org), with the mean expression centred to 600 and log2
transformed, or the Robust Multi-array Average (RMA) algorithm. For genes targeted by
multiple microarray probes, only the probe set with the highest Jetset score was selected

(Lietal., 2011).

3.2 Subtype definition and molecular subtyping

To generate a homogeneous dataset the ER and HER2 status were determined for each
patient using the probe sets 205225 at and 216836 s at, respectively. Samples with
normalized ESR1 mRNA expression of greater than 10.18 were considered ER-positive
cases, while those with HER2 mRNA expression of greater than 12.54 were considered
HER2 amplified (Bianchini et al., 2010). To take into account the scaling factor existing

between the U133A and U133 Plus2 platforms, normalized values of greater than 10.6 for
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the probe set 205225 at were considered as ER-positive and values of greater than 13.04
for the probe set 216836 s at were considered as HER2 positive for U133 Plus2 chips
(Santarpia et al., 2013). The web-based algorithm TNBCtype
(http://cbc.mc.vanderbilt.edu/tnbc) was used to classify TNBC molecular subtypes (Chen

etal., 2012).

3.3 Construction of immune-related signatures

Based on a systematic literature review, we constructed ten comprehensive immune-related
metagenes representing various cellular and signalling components of the tumour immune
microenvironment: natural killer [NK], dendritic cells [DC], T cells [TC], B cells [BC],
cytotoxic T cells [CT], interferon [IFN], nuclear factor-«B [NF-kB], macrophages [M], M1
macrophages [M1], and M2 macrophages [M2]. PubMed, Embase, and Web of Science
databases were screened to identify published immune gene expression signatures related
or unrelated to breast cancer. These immune metagenes were compared and filtered to
exclude overlapping genes. Genes enclosed in published signatures capturing immune
aspects that differed from those selected for this study were functionally annotated using
the National Institutes of Health (NIH) DAVID database (https://david.ncifcrf.gov) and

then specifically included in our metagenes (Huang da et al., 2009).

3.4 Analysis of the CIN70 signature

Affymetrix array data were pre-processed and normalized using the RMA algorithm in the
R statistical environment with the Bioconductor affy package. CIN70 score for each
sample was defined as the sum of the normalized expression of each gene enclosed in the
signature in a given sample. CIN70 signature values were used as a surrogate marker of
genomic instability and were dichotomized around the median to stratify patients

according to their levels of CIN (Carter et al., 2006).
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3.5 Patients’ cohorts and tumour samples

Formalin-fixed, paraffin-embedded (FFPE) tissues were retrospectively collected from
patients who underwent surgery at Humanitas Clinical and Research Institute (Rozzano —
Milan, Italy) from 2006 to 2012. Additional TNBC specimens were collected from
Humanitas Institutes (Rozzano, Catania, and Castellanza, Italy) and Semmelweis
University Hospital (Budapest, Hungary). All patients had histologically confirmed
invasive ductal TNBC and were treated with adjuvant anthracycline-based chemotherapy.
ER, PR, and HER?2 status were centrally assessed by IHC and/or FISH in nearly 90% of
patients at Humanitas Clinical and Research Institute. The study was approved by the
ethical committees of the Italian and Hungarian Institutions. The REporting of tumour
MARKer Studies (REMARK) guidelines were followed in reporting results of this study

(Altman et al., 2012).

3.6 Pathologic evaluation of tumour-infiltrating lymphocytes

Histopathologic analysis of stromal lymphocytic infiltration was performed on full face
haematoxylin and eosin (HE)-stained sections according to Salgado et al (Salgado et al.,
2015). Stromal TIL were defined as the percentage of tumour stroma containing infiltrating
lymphocytes. Areas of adjacent normal breast, in Situ carcinoma, necrosis, or fibrosis were

not included in the evaluation.

3.7 Immunohistochemistry

FFPE sections (3 um) from TNBC samples were deparaffinized with xylene, rehydrated
with a graded ethanol series (100%, 95%, and 70%) to distilled water, according to
standard immunohistochemical protocols. Specificity of staining was determined by THC
on a set of cultured cell pellet blocks, normal specimens, and diverse tumour tissues in the
form of whole sections, processed using the same fixative and processing methods as

TNBC samples tested in the study (Bordeaux et al., 2010; Vassilakopoulou et al., 2015).
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Specificity was further determined by western blotting. The optimal concentration of each
antibody was established performing serial titrations on serial FFPE sections. Antigen-
retrieval conditions and detection methods were also optimized for each antibody to
improve sensitivity and signal-to-noise ratio. Reproducibility of antibodies was assessed
with IHC analysis of serial FFPE sections stained under the same conditions on different
days (Vassilakopoulou et al., 2015).

Briefly, heat-induced antigen retrieval was performed by placing slides in Tris-
EDTA (pH9), sodium citrate (pH6), or Diva (Biocare Medical) buffers using a water bath
or a pressure cooker. Tissue sections were cooled in buffer for 20 min before the treatment
with Peroxidase Blocking Reagent (Dako) for 10 min. Slides were then incubated with
Background Sniper (Biocare Medical) for 20 min, and then with anti-AXL (1:100, R&D
Systems), anti-CD4 (1:100, clone 4B12, Dako), anti-CD8 (1:100, clone C8/144B, Dako),
anti-CD68 (1:200, clone KP1, Dako), anti-CD103 (1:500, clone EPR4166(2), Abcam),
anti-CD163 (1:1000, clone 10D6, Novocastra), anti-E-cadherin (1:200, clone NCH-38,
Dako), anti-FOXP3 (1:100, clone 236A/E7, Abcam), anti-LAG-3 (1:200, clone 17B4, LS
Bio), and anti-PD-1 (1:100, clone NAT105, Abcam) primary antibodies. After washing
with PBS, Envision systems (Dako), MACH 1 Universal HRP Polymer (Biocare Medical),
or MACH4 Universal HRP Polymer (Biocare Medical), and diaminobenzidine (DAB;
Biocare Medical) were wused for chromogenic immunodetection, followed by
counterstaining with haematoxylin. Negative control slides without primary antibody and
positive controls for each marker were used for each immunostaining run. Full details on

IHC protocols are provided in Table 3.
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3.8 Evaluation of staining and scoring
Percentages of TIL were reported in increments of 10% (Adams et al., 2014; Loi et al.,
2013). We defined the lymphocyte-predominant breast cancer (LPBC) as TNBC with >
50% of infiltration of either tumour stroma or tumour nest (Adams et al., 2014; Loi et al.,
2013). A binary cut-off > 20% was also used to assess its potential to identify low-risk
TNBC patients stratified by nodal status, as previously described (Loi et al., 2016).

IHC scoring was carried out as previously described (Balermpas et al., 2014; Bonde
et al., 2012; Gjerdrum et al., 2010; Lee et al., 2008; Llosa et al., 2015; Medrek et al., 2012;
Piras et al., 2005; Steidl et al., 2010; Taube et al., 2015). Briefly, each section was
reviewed at low magnification. Positive lymphocytes in tumour stroma were counted in at
least three high power fields (HPF; x40; Olympus BX53, Olympus), which represent the
spectrum of staining seen on the initial overview of the whole section, and displayed as
average number of stained cells per HPF (Llosa et al., 2015). Patients were divided into
two groups by the median value of CD4, CDS8, and FOXP3 expression on TIL for
statistical analyses. Cases where > 5% of TIL expressed PD-1 or LAG-3 were considered
positive (Taube et al., 2015). CD8 and CD103 markers were also evaluated as continuous
variables and using different protein cut-offs. Briefly, patients with low and high density of
immune infiltrates were defined using the 50™- or 75th-percentiles, and determining the
optimal cut-off values by the X-tile software
(http://medicine.yale.edu/lab/rimm/research/software.aspx)  or  receiver  operating
characteristic (ROC) analysis (Youden index). For each grouping scenario, we fitted Cox
univariate and multivariate proportional hazards models to identify the cut-off that best
stratified TNBC patients. Overall, the percentage of CD68+ and CD163+ cells in the whole
tumour stroma was evaluated using a four-tiered system: 0 (no staining); 1 (few CD68+ or
CD163+ macrophages for < 5%); 2 (moderate number of CD68+ or CD163+ macrophages
for 5 — 25%); 3 (multiple CD68+ or CD163+ macrophages for > 25%) (Balermpas et al.,

2014; Bonde et al., 2012; Lee et al., 2008; Medrek et al., 2012; Piras et al., 2005; Steidl et
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al., 2010). For statistical analyses, these categories were dichotomized into
absent/moderate (0 — 2) or dense (3) macrophage infiltration. AXL staining was evaluated
on whole sections and scored semi-quantitatively. Intensity was recorded as 0 (no
staining), 1 (weak staining), 2 (moderate staining), or 3 (strong staining) and the proportion
of positive tumour cells was defined as 0 < 1%; 1 =1 — 9%; 2 = 10 — 49%; or 3 > 50%
(Gjerdrum et al., 2010). A composite staining index was calculated by multiplying the
intensity by the percentage of positive cells and patients were stratified by low (0 — 4) or
high (6 — 9) AXL expression for statistical analyses. The optimal cut-off point was
determined by maximizing the sum of sensitivity and specificity. AXL expression was also
evaluated as a continuous variable.

TIL and THC were independently evaluated by two pathologists, who were blinded
for patient characteristics and outcome. The mean value of the two assessments was used
for the analyses. Agreement between the two pathologists was measured by calculating
Cohen's kappa (k) and the intraclass correlation coefficients (ICC). The inter-observer k
value for the categorical parameter LPBC was 0.63. The ICC for numerical variables were
0.74 for AXL, 0.82 for CD4, 0.84 for CD8, 0.63 for CD68, 0.80 for CD103, 0.69 for

CD163, 0.76 for FOXP3, 0.78 for LAG-3, 0.79 for PD-1, and 0.79 for TIL

3.9 Multicolour immunofluorescence analysis and confocal microscopy

FFPE sections (3 um) were deparaffinized in xylene and hydrated in graded alcohol. For
CD103-PD-1 double immunofluorescence, after heat-induced antigen retrieval in Diva
buffer (Biocare Medical), the samples were blocked with PBS containing 2% bovine serum
albumin (BSA) and 2% goat serum. For AXL-CD163 double staining, samples were
subjected to epitope retrieval using sodium citrate buffer and then blocked with PBS
containing 2% BSA and 2% donkey serum. Sections were then incubated with anti-AXL
(1:100, R&D Systems), anti-CD163 (1:500, clone 10D6, Novocastra), anti-CD103

(1:1500, clone EPR4166(2), Abcam), and anti-PD-1 (1:100, clone NAT105, Abcam)
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primary antibodies for 1 hr at room temperature. Slides were then incubated with goat anti-
mouse Alexa 594-conjugated, goat anti-rabbit Alexa-488-conjugated, donkey anti-goat
Alexa 488-conjugated, and donkey anti-mouse Alexa-647-conjugated antibodies (Thermo
Fisher Scientific). Slides were counterstained with DAPI, mounted with ProLong Gold
(Thermo Fisher Scientific), and stored in the dark at 4 °C. Images were captured using an

Olympus Fluoview FV1000 laser scanning confocal microscope (Olympus).

3.10 Expression analysis by quantitative reverse transcription PCR

We conducted a review of the literature using PubMed, Web of Science, and Embase
databases from 2000 to 2016 using the search terms “breast cancer”, “epithelial-to-
mesenchymal transition”, and “kinases”. Additional studies were identified through the
references listed in review publications. Based on this comprehensive literature review, we
selected the 30 most functionally relevant and well characterized kinases associated with
EMT in breast cancer and evaluated their expression by quantitative real-time PCR (qRT-
PCR). We also assessed the expression of EMT (CDH1 and VIM) and basal (EGFR, KRT5,
and KRT6A) markers as well as a panel of cytokines and chemokines in breast cancer cell
lines. Briefly, total RNA was extracted from two 6 pum-thick sections of FFPE breast
tumour samples using the High Pure FFPE RNA Micro Kit (Roche), according to
manufacturer’s instructions. Total RNA from cells was extracted using Trizol (Qiagen).
The concentration and quality of RNA were assessed with NanoDrop ND-1000
spectrophotometer (NanoDrop Technologies). The expression of selected genes was
evaluated using TagMan probes from Applied Biosystems, following the manufacturer's
guidelines. Three replicates per sample were assayed for each gene. PCR amplification was
carried out using a ViiA 7 Real-Time PCR system (Applied Biosystems), and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as the normalizing control

for relative quantification using the comparative CT method.
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3.11 Cell cultures, treatments and preparation of tumour-conditioned media

Breast cancer cell lines (BT-474, BT-483, BT-549, HCC38, HCC70, HCC1143, Hs578T,
MCF-7, MDA-MB-157, MDA-MB-453, MDA-MB-231, MDA-MB-361, MDA-MB-436,
MDA-MB-468, and T47D) were obtained from the American Type Culture Collection
(ATCC) and grown according to standard protocols at 37 °C with 5% CO,. Paclitaxel,
doxorubicin, and R428 (Selleck Chemicals) were dissolved in dimethyl sulfoxide (DMSO).
Cells were treated with paclitaxel (25 nM), doxorubicin (1 uM), R428 (1 uM), or control
vehicle. Once grown to sub-confluence, cells were serum starved and incubated with fresh

medium for 24 hr. Conditioned media (CM) were collected and filtered at 0.2 um.

3.12 Macrophages differentiation

Human monocytes were obtained from normal donor buffy coat by two-step gradient
centrifugation with Ficoll and Percoll (GE-Healthcare), as previously described (Solinas et
al., 2010). Briefly, blood was washed with saline and then centrifuged on Ficoll. Peripheral
blood mononuclear cells (PBMC) were suspended in iso-osmotic complete RPMI 1640
(Lonza) and layered on a 46% Percoll solution. Monocytes were recovered and
resuspended in complete RPMI 1640. Residual lymphocytes were removed by plastic
adherence. Purified monocytes were cultivated for 6 days in RPMI 1640 with 5% fetal
bovine serum (FBS) and 50 ng/ml of recombinant human macrophage colony-stimulating
factor (M-CSF; Peprotech). M1 macrophages were polarized by culturing overnight the M-
CSF-treated cells with LPS (100 ng/ml; Peprotech) and IFN-y (100 ng/ml; Peprotech). M2
macrophages were obtained using IL-4 (20 ng/ml; Peprotech). CM were collected and
filtered at 0.2 um. Freshly isolated human monocytes were also cultured in the absence or
presence of 30% CM from HCC38, MCF-7, MDA-MB-231, MDA-MB-436, or MDA-

MB-468 for 6 days (Solinas et al., 2010; Su et al., 2014a).
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3.13 Flow cytometry

Macrophages were treated as indicated in the text and analysed by flow cytometry on a
FACSCanto II flow cytometer (BD Biosciences). Human FcRs were blocked using 1%
human serum in PBS. Cells were washed and resuspended in FACS buffer (0.5% BSA,
0.05% NaN3 in PBS) and incubated for 20 min at 4 °C with phycoerythrin (PE)-mouse
anti-human CD163 (clone GHI/61; BD Bioscience), Allophycocyanin (APC)-mouse anti-
human CD206 (clone 19.2; BD Bioscience), or appropriate IgG1 « isotype controls (BD

Bioscience). Data were analysed with the FACSDiva software (BD Bioscience).

3.14 Enzyme-linked immunosorbent assay

The levels of CCL18, IL-10, IL-12, and growth arrest-specific 6 (Gas6) in macrophage
supernatants were measured by commercially available enzyme-linked immunosorbent
assay (ELISA) kits according to manufacturer’s instructions (R&D Systems). All

experiments were performed with three wells for each condition and repeated four times.

3.15 Cell viability assay

Viable cells were identified using the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide assay (MTT; Sigma Aldrich). Briefly, 3 x 10° MDA-MB-231 cells were plated in
96-well plates in DMEM supplemented with 10% FBS. Cells were allowed to attach
overnight and then treated as indicated in the text. After 72 hr, the MTT reagent (5 mg/ml)
was added to each well, followed by incubation for 4 hr at 37 °C. The MTT crystals were
solubilized in DMSO. The absorbance was read at 560 nm with an iMark plate reader (Bio-
Rad). All treatments were performed in triplicate and cell viability was expressed as a

percentage of the control (mean + standard deviation [SD]).
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3.16 Wound healing assay

For the wound healing assay, breast cancer cells were seeded in 6-well plates and grown at
37 °C in DMEM with 10% FBS. At 90% confluence, a scratch was produced using a
pipette tip. Cells were then incubated with control medium or M2 macrophages-CM for 24
hr in the absence or presence of R428. Cell migration was captured immediately after
stimulation (0 hr time point) and following 24 hr to monitor the closure of the wounded

area. Image analysis was conducted with ImageJ software.

3.17 Western blotting

Cells were washed with ice-cold PBS and scraped into ice-cold RIPA lysis buffer (Thermo
Fisher Scientific) supplemented with protease and phosphatase inhibitor cocktails (Thermo
Fisher Scientific). Lysates were cleared by centrifugation at 13,000 rpm for 10 min at 4 °C,
then supernatants were removed and assayed for protein concentration using the Pierce
BCA Protein Assay Kit (Thermo Fisher Scientific). Sixty micrograms of total lysate was
resolved on SDS-PAGE gels and transferred to PVDF membranes (Bio-Rad). Membranes
were blocked for 1 hr in 5% non-fat dry milk in Tris-buffered saline (TBS)-Tween and
then hybridized using primary antibodies in 5% non-fat dry milk in TBS-Tween. Anti-
phospho-AXL (Tyr779) and anti-AXL antibodies were purchased from R&D Systems.
Anti-phospho-AKT (Ser473), anti-AKT, anti-phospho-ERK1/2 (Thr202/Tyr204), anti-
ERK1/2, anti-phospho-SRC (Tyr416), anti-SRC, and anti-f-actin antibodies were from
Cell Signaling Technology. Anti-rabbit horseradish peroxidase (HRP)-conjugated
secondary antibodies (Cell Signaling Technology) were diluted in 5% non-fat dry milk in
TBS-Tween. Protein-antibody complexes were detected by chemiluminescence with
Clarity Western ECL Substrate (Bio-Rad). Chemiluminescence imaging was performed on

a Bio-Rad ChemiDoc MP Imager (Bio-Rad).
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3.18 Statistical analysis

Clinicopathological associations were tested using Fisher’s exact test and Mann-Whitney
U test for categorical and continuous data, respectively. Differences between two groups
were determined using the Student’s t test, the Mann-Whitney U test, or the Kruskal-
Wallis test. Spearman’s rank and Pearson's linear correlation tests were used to evaluate
the correlation between variables. Co-expression and enrichment analyses were performed
using the Search-based Exploration of Expression Compendium (SEEK;
http://seek.princeton.edu) (Aure et al., 2013). Pathway analysis was performed using
Ingenuity Pathway Analysis software (IPA; Qiagen). Patients who developed distant
tumour recurrence within 36 months after primary surgery were considered positive for
tumour relapse, whereas patients who remained free of recurrence for the same time frame
were defined as non-relapsing tumours. Relapse-free survival (RFS) was defined as the
time from surgery until the detection of distant recurrence. Overall survival (OS) was
defined as the time from surgery to date of death. Patients who were alive (for OS) or
recurrence-free (for RFS) were censored at date of last follow-up. Survival analyses were
performed by the Kaplan-Meier method, log-rank test (Mantel-Cox), and Cox univariate
proportional hazard model using categorical or continuous variables. Forest plots were
used to visualize the results of Cox univariate analysis for RFS and OS. Multivariate Cox
proportional hazard regression analysis was adjusted for relevant clinical covariates,
including age at diagnosis, histological grade, lymph node status, tumour size, and tumour
stage. The likelihood ratio (LR) test was performed to compare the different prognostic
models. Changes in the LR values (ALRy®) were used to quantitatively measure the
relative amount of prognostic information of one model compared with another. All tests
were two-sided and the level of statistical significance was set at P < 0.05. P-values were
corrected using the Bonferroni or the Benjamini-Hochberg methods as indicated in the
text. Statistical analyses were performed using GraphPad Prism version 5, StatsDirect

version 3, Epi Info version 7, and R software version 3.2.3 (https://www.r-project.org).
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4. Results

4.1 Landscape of the immune microenvironment in triple-negative breast cancer

4.1.1 Immune metagenes are differentially expressed in triple-negative breast cancers
characterized by varying levels of chromosomal instability

Gene expression data from forty-two data sets (E-MTAB-365, E-TABM-43, GSE11121,
GSE12276, GSE1456, GSE16391, GSE16446, GSE16716, GSE17705, GSE18728,
GSE19615, GSE20194, GSE20271, GSE2034, GSE20685, GSE20711, GSE21653,
GSE22093, GSE23988, GSE25066, GSE2603, GSE26971, GSE29044, GSE2990,
GSE31448, GSE31519, GSE32646, GSE3494, GSE36771, GSE37946, GSE41998,
GSE42568, GSE43358, GSE43365, GSE45255, GSE4611, GSE46184, GSE48390,
GSE50948, GSE5327, GSE65194, and GSE7390), including a total of 862 non-redundant
TNBC samples, were collected. To explore the potential link between the tumour immune
microenvironment and the levels of CIN in TNBC we evaluated the expression of ten gene
signatures that represent distinct immune components. As a surrogate marker of CIN, we
used the CIN70 signature, which is defined as the sum of the normalized expression value
of each gene enclosed in the signature in a given sample (Carter et al., 2006). TNBC
patients were stratified into two groups based on the median expression of the CIN70
signature. In agreement with the published literature, the vast majority of TNBC showed a
high level of CIN (83%) (Figure 10). Interestingly, several immune modules were
differentially expressed between CIN-high and CIN-low tumours (Figure 11). Specifically,
CT, NK, DC, M, and NF-kB signatures were overexpressed in TNBC with low levels of
CIN (Figure 11). Considering the heterogeneity of CIN within TNBC, we evaluated the
distribution of genomic instability among the three main TNBC molecular subgroups —
basal-like [BL1/2], immunomodulatory [IM], and mesenchymal/mesenchymal stem-like
[MS]. Overall, our cohort included 34.0% of BL1/2, 26.7% of IM, and 39.3% of MS

TNBC. Noteworthy, the CIN-high group was similarly composed by BL1/2 (39%) and MS
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(35%) tumours, while TNBC with low CIN levels were consistently enriched for MS

cancers (61%) (Figure 10).

Figure 10. Distribution of chromosomal instability levels and intrinsic subtypes of triple-
negative breast cancer. CIN70 scores were dichotomized around the median to stratify patients
according to their levels of CIN. The majority of TNBC shows a high level of CIN. Molecular
subtypes of TNBC, which are defined accordingly to the Lehmann’s classification, are

differentially distributed between CIN-high and CIN-low groups (Lehmann et al., 2011).
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Figure 11. Expression of immune signatures in triple-negative breast cancers with different
levels of chromosomal instability. TNBC patients were stratified into CIN-high and CIN-low
groups based on the median expression of the CIN70 signature. Immune signatures related to CT
cells, NK cells, DC, macrophages, and NF-xB are overexpressed in TNBC with low levels of CIN.

P-values were obtained using the Mann-Whitney U test. The 95% confidence intervals are shown.
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4.1.2 Immune metagenes are specifically enriched in different molecular subtypes of triple-
negative breast cancer

To further explore the composition of the tumour immune microenvironment we evaluated
the expression of the ten immune gene signatures in TNBC molecular subtypes. We found
that TNBC molecular subgroups and specific microenvironmental immune signatures were
consistently correlated. As expected, the IM subtype was enriched for almost all the
immune modules (Figure 12). In particular, TC, BC, CT, IFN, NF-xB, and M signatures
were overexpressed in the IM subtype (Figure 12A). Conversely, the gene expression
signatures related to NK cells was enriched in the MS TNBC subtype (Figure 12B). The

expression of genes related to DC did not differ between molecular subtypes (Figure 12C).
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Figure 12. Expression of immune signatures in triple-negative breast cancer molecular
subtypes. A) Immune signatures related to B cells, T cells, cytotoxic cells, macrophages,
interferon, and NF-kB are overexpressed in the IM subtype. B) The MS TNBC subtype is enriched
for the immune signature related to NK cells. C) The gene module reflecting the presence of DC is
not significantly differentially expressed between TNBC molecular subtypes. Differences in
signatures expression between groups were calculated using the Kruskal-Wallis test. The 95%

confidence intervals are shown.
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Given the plasticity and heterogeneity of macrophages, we developed two different
signatures reflecting the polarization of anti-tumour M1 or pro-tumour M2 macrophages
(Bottai et al., 2016b). Interestingly, while the M1 signature was overexpressed in the IM
molecular subtype, the M2 macrophages-related metagene was enriched in the MS
subgroup of TNBC, suggesting a potential relationship between macrophages and TNBC

with mesenchymal-like properties (Figure 13).
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Figure 13. Macrophage subsets are specifically associated with triple-negative breast cancer
molecular subtypes. The immune signature related to anti-tumour M1 macrophages is
overexpressed in the IM molecular subtype, while the M2 macrophages-related metagene is
enriched in the MS subgroup of TNBC. Differences in signatures expression between groups were

calculated using the Kruskal-Wallis test. The 95% confidence intervals are shown.
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4.2 Composition and functionality of lymphocytic infiltration and checkpoint
receptors in triple-negative breast cancer

4.2.1 Phenotypic profiling of tumour-infiltrating lymphocytes in triple-negative breast
cancer

We analysed samples from 259 patients with invasive ductal TNBC treated with
adjuvant anthracycline-based chemotherapy. Clinical characteristics of patients are
presented in Table 4. The majority of TNBC samples had lymphocytic infiltration in
tumour stroma. Approximately 75% of TNBC had at least 10% of stromal TIL (range 10%
to 80%), while only 25% showed a virtual absence of lymphocytes (range 0% to 1%).
LPBC (TIL > 50%) phenotype was found in 10.8% of TNBC.

We further explored the nature of immune infiltrates by performing IHC for the
main lymphocyte subsets. Phenotypic characterization of lymphocyte components showed
that the presence of elevated TIL was positively associated with the density of CD4+ (r =
0.347) and FOXP3+ (r = 0.327) lymphocytes, and the highest correlation was found with
CD8+ T cells (r = 0.511; Figure 14A). These results were confirmed by analysing an
additional cohort of TNBC patients (n = 104; Figure 14B and Table 4). Representative
images of TNBC cases with different degrees of TIL and lymphocyte subpopulations are

depicted in Figure 14C and D.

47



Table 4. Patient characteristics

Clinical and pathological information

Discovery cohort

Validation cohort

Patients (n)
Median age: years (IQR)
Median tumour size: mm (IQR)
T stage

T1

T2

T3

T4

TNM Stage

I

II

I

Node status
Negative

Positive
Histological grade
grade 1

grade 2

grade 3
Lymphovascular invasion
Absent

Present

Unknown
Recurrence within 36 months
Yes

No

TIL

Median (range)
IQR

TIL scores

0

10

20

30

40

50

60

70

80

90

100

259
50 (46 — 68)

20 (14.5 - 35)

135 (52.1%)
94 (36.3%)
21 (8.1%)
9 (3.5%)

78 (30.1%)
99 (38.2%)
82 (31.7%)

125 (48.3%)
134 (51.7%)

3 (1.2%)
52 (20.1%)
204 (78.7%)

113 (43.6%)
78 (30.1%)
68 (26.3%)

65 (25.1%)
194 (74.9%)

10 (0 — 75)
2-25

64 (24.7%)
102 (39.4%)
21 (8.1%)
29 (11.1%)
15 (5.8%)
10 (3.9%)
10 (3.9%)
2 (0.8%)
6 (2.3%)
0 (0.0%)
0 (0.0%)

104
53 (47 - 68)
20 (15 — 45)

52 (50.0%)

30 (28.8%)

17 (16.4%)
5 (4.8%)

28 (26.9%)
40 (38.5%)
36 (34.6%)

53 (51.0%)
51 (49.0%)

1 (1.0%)
39 (37.5%)
64 (61.5%)

104 (100%)

14 (13.5%)
90 (86.5%)

10 (0 - 75)
1-25

27 (26.0%)
28 (26.9%)
14 (13.5%)
19 (18.3%)
6 (5.8%)
2 (1.9%)
5 (4.8%)
1 (1.0%)
2 (1.9%)
0 (0.0%)
0 (0.0%)

Abbreviations: N, number; IQR, Interquartile range; TIL, tumour-infiltrating lymphocytes.
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Figure 14. Distribution of tumour-infiltrating lymphocytes and immune cell subpopulations
in triple-negative breast cancer. Immunophenotypic characterization of lymphocyte components
shows that the presence of elevated TIL positively correlate with the density of CD4+, CD8+, and
FOXP3+ lymphocytes in TNBC of the discovery (A) and the validation (B) cohorts. Pearson’s
correlation coefficients (r) for each cells subpopulation are shown. Cell density was scored by
determining the average number of stained cells in three distinct HPF. Representative images of
HE sections from TNBC samples with high (C) and low (D) TIL scores. Representative
immunohistochemical staining of CD4, CD8, and FOXP3 in serial sections of TNBC specimens

with high (C) and low (D) lymphocytic infiltration. Scale bars represent 50 pm.

4.2.2 Association of tumour-infiltrating lymphocytes with clinicopathological parameters
and survival in triple-negative breast cancer

A lower stromal TIL content was associated with larger tumour size (P = 1.80E-02; Table
5). There were no other significant associations between the variables examined and the
presence of TIL or different immune cell subsets in the discovery cohort (n = 259; Table

5). The data were confirmed in the validation cohort of TNBC (n = 104; Table 6).
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The association between LPBC, continuous TIL scores, and single immune
components with RFS and OS in TNBC patients was evaluated by Cox proportional hazard
regression analyses (Figure 15, Figure 16, and Table 7). TIL assessed as a binary variable
(LPBC v non-LPBC) were associated with both RFS (Hazard ratio (HR) = 0.22; 95%
Confidence interval (CI), 0.05 — 0.88; P = 3.28E-02) and OS (HR = 0.29; 95% CI, 0.09 —
0.93; P = 3.73E-02) in TNBC in univariate analysis (Figure 15 and Figure 16A), but lost
their prognostic value in multivariate analysis (Table 7). However, continuous TIL scores
had a significant prognostic value for RFS (HR = 0.92; 95% CI, 0.82 — 0.98; P < 1.00E-04)

and OS (HR = 0.92; 95% CI, 0.89 — 0.95; P < 1.00E-04) in TNBC (Figure 15 and Figure

16B).
A B
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HR (95% C1) P HR (5% €1 P
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04 —F———— 000049-13 4351 04 ——— onpsam 280
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Figure 15. Univariate Cox regression analysis of tumour-infiltrating lymphocytes, immune
markers and checkpoint receptors for relapse-free survival and overall survival in triple-
negative breast cancer (n = 259). Forest plot of hazard ratios (HR) with 95% confidence interval
(CD) for RFS (A) and OS (B) of LPBC (cut-off value > 50%), TIL scores (used as a continuous
variable for each 10% increment), immune markers (CD4, CD8, and FOXP3; median values were
used as cut-offs), and immune checkpoints (PD-1, and LAG-3; a cut-off value > 5% was used). P-

values and HR (95% CI in parentheses) are shown.
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Figure 16. Prognostic value of stromal tumour-infiltrating lymphocytes and immune cell
subpopulations in triple-negative breast cancer (n = 259). Kaplan-Meier curves of RFS and OS
for (A) binary LPBC (cut-off value > 50%), (B) continuous stromal TIL (grouped as 0 [range 0% to
1%] v 10 [range 2% to 10%] v 20 to 40 [range 11% to 40%] v 50 to 80 [range 41% to 80%]), (C)

CDS8 (median value); D) FOXP3 (median value). Curves were compared using log-rank test.
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Table 7. Multivariate Cox regression analysis of tumour-infiltrating lymphocytes and
immune markers for relapse-free survival and overall survival in triple-negative breast

cancer (n =259)

Relapse-Free Survival Overall Survival

Variable HR 95% Cl1 P-value HR 95% CI1 P-value
LPBC 024 006_100  5.10E-02 032 0.10_103  5.60E-02
Age 1.09 0.66—1.80  7.28E-01 1.13 068187  627E-01
Histological (0" (78 353 1.91E-01 185 0.87-3.94  1.09E-01
grade
Nodal status  3.44 1.72-6.88  5.00E-04 319 159-6.39  1.00E-03
Tumour size 121 0.74—1.99  4.48E-01 127 0.77-2.09  3.48E-01
Tumour 134 0.76-235  3.12E-01 138 0.78-2.43  2.69E-01
stage
TIL? 093 0.89-096 1.00E-04 0.93 0.90-096  1.00E-04
Age 097 058-161  8.97E-01 102 0.61-171  9.32E-01
Histological 3\ 63 287  4.48E-01 176 0.83-375  1.40E-01
grade
Nodal status  2.91 1.43-590  3.10E-03 259 127-528  8.70E-03
Tumour size 1.11  0.68—1.83  6.70E-01 .15 0.70-1.90  5.73E-01
Tumour 146 0.82-2.62  2.00E-01 145 080-2.63  2.19E-01
stage
CD8" 058 0.34-097  3.72E-02 0.58 0.34-097  3.88E-02
Age .12 068185  6.66E-01 1.16 0.70-193  5.58E-01
Histological o1 g0 365  1.67B-01 191 0.90-4.08  9.34E-02
grade
Nodal status  3.46 1.73-6.90  4.00E-04 323 1.62-645  9.00E-04
Tumour size 120 0.73-1.97  4.80E-01 126 0.76-2.07  3.70E-01
Tumour 135 0.76-237  3.01E-01 135 0.76-2.40  2.99E-01
stage
FOXP3® 052 031-089 1.71E-02 0.55 0.32-094  2.90E-02
Age 110 0.67-1.83  6.98E-01 1.16 0.70-192  5.70E-01
Histological ) ¢\ (¢4 387  128B-01 201 094-430  7.27B-02
grade
Nodal status 3.5 1.79-7.00  3.00E-04 330 1.67-6.53  6.00E-04
Tumour size 123 0.75-2.03  4.05E-01 130 0.79-2.13  3.06E-01
sTt‘;zleour 137 0.79-241  2.65E-01 138 0.78-2.42  2.66E-01

Multivariate analysis adjusted for age (> 50 v < 50), histological grade (III v I-II), nodal status (1 v 0), tumour
size (> 20 mm v < 20 mm), and tumour stage (III v I-II). Significant P-values are given in bold.

*Analysed as a continuous variable for each 10% increment.

Median values were used as cut-offs.

Abbreviations: CI, confidence interval; HR, hazard ratio; LPBC, lymphocyte-predominant breast cancer;
TIL, tumour-infiltrating lymphocytes.
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Cox multivariate analysis confirmed that TIL scores were independently associated with
RFS (HR = 0.93; 95% CI, 0.89 — 0.96; P = 1.00E-04) and OS (HR = 0.93; 95% CI, 0.90 —
0.95; P = 1.00E-04) in TNBC (Table 7). Furthermore, continuous TIL scores added
significant prognostic information for RFS (ALRy2 = 31.35; P < 1.00E-04) and OS
(ALRy2 = 28.23; P < 1.00E-04) beyond that provided by standard clinicopathological

parameters (Table 8).

Table 8. Comparisons of added prognostic information

Relapse-free survival Overall survival
Variable ALRy* P-value ALRy* P-value

CP + TIL score v CP 3135 <1.00E-04 2823  <1.00E-04
CP + LPBC v CP 5.20 2.26E-02 4.97 2.58E-02

+ + +
CP+TIL score + CD8VCP+TIL ) 1 5.12E-01 0.50 4.79E-01
SCore

+ + +
CP+TIL score + FOXP3 v CP 1.02 3.12E-01 0.99 3.20E-01
TIL score

+ + +
CP+TIL score + CD8 + FOXP3 V., o) 4.02E-01 1.70 4.27E-01
CP + TIL score

*Changes in the LR values (ALRy2) were used to quantitatively measure the relative amount of prognostic
information of one model compared with another. Significant P-values from the LR test are given in bold.
Abbreviations: CP, clinicopathological variables (age, histological grade, nodal status, tumour size, and
tumour stage); LPBC, lymphocyte-predominant breast cancer; LR, likelihood ratio; TIL, tumour-infiltrating
lymphocytes.

Given that recent data suggested that stromal TIL value > 20% in early-stage
TNBC could identify patients with good outcome across nodal categories, we performed a
Kaplan-Meier analysis to evaluate the prognostic value of this cut-off in TNBC stratified
by nodal status (lymph node-negative and lymph node-positive) (Loi et al., 2016). Overall,

we found that patients with high levels of TIL (> 20%) had a better outcome compared

with those with low TIL (< 20%) in both nodal categories (Figure 17).
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Figure 17. Prognostic value of the binary tumour-infiltrating lymphocytes cut-off > 20% in
triple-negative breast cancer patients stratified by nodal status. (A) Kaplan-Meier curves of
RFS for binary 20% cut-off (> 20% v < 20%) in TNBC patients of the discovery cohort stratified
according to lymph node (LN) status (positive v negative) (P = 6.64E-02 in LN-negative TNBC
patients; P < 1.00E-04 in LN-positive TNBC patients). (B) Kaplan-Meier curves of OS for binary
20% cut-off (> 20% v < 20%) in TNBC patients of the discovery cohort stratified according to LN
status (positive V negative) (P = 2.00E-03 in LN-negative TNBC patients; P < 1.00E-04 in LN-
positive TNBC patients). Curves were compared using log-rank test. The dashed lines represent the

95% confidence intervals.

Among lymphocyte subsets, the density of CD4+ cells was not significantly
prognostic in TNBC (Figure 15), while CD8+ lymphocytes were consistently associated
with prolonged RFS and OS in both univariate (HR = 0.54; 95% CI, 0.33 — 0.91; P =
2.05E-02 for RFS; HR = 0.54; 95% (I, 0.32 — 0.91; P = 2.07E-02 for OS) and multivariate
analysis (HR = 0.58; 95% CI, 0.34 — 0.97; P = 3.72E-02 for RFS; HR = 0.58; 95% CI, 0.34
—0.97; P =3.88E-02 for OS), indicating that cytotoxic CD8+ T lymphocytes are the main
effectors of anti-tumour immune responses (Figure 15, Figure 16C, and Table 7).
Furthermore, high FOXP3+ cells were also significantly associated with better survival in
univariate (HR = 0.56; 95% CI, 0.33 — 0.95; P = 3.31E-02 for RFS; HR = 0.58; 95% CI,
0.34 — 0.99; P = 4.73E-02 for OS) and multivariate analysis (HR = 0.52; 95% CI, 0.31 —
0.89; P = 1.71E-02 for RFS; HR = 0.55; 95% CI, 0.32 — 0.94; P = 2.90E-02 for OS; Figure
15, Figure 16D, and Table 7). However, FOXP3+ cells were consistently associated with
the density of CD8+ lymphocytes (r = 0.716), and the presence of FOXP3+ TIL was
prognostically insignificant in TNBC cases stratified by the presence or absence of CD8+

cells (Table 9). Interestingly, we found that the infiltration of FOXP3+ cells tended to be
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associated with reduced survival in TNBC cases with low content of CD8+ lymphocytes
(Table 9), suggesting that the prognostic value of FOXP3+ cells is highly dependent on the
concurrent presence of CTL. Noteworthy, neither CD8+ nor FOXP3+ cells added
consistent prognostic value for RFS (ALRy2 = 0.43; P =5.12E-01 for CDS8; ALRy2 = 1.02;
P =3.12E-01 for FOXP3) and OS (ALRy2 = 0.50; P = 4.79E-01 for CDS8; ALRy2 = 0.99;
P =3.20E-01 for FOXP3) beyond that provided by TIL score in multivariate model (Table
8), suggesting that the evaluation of single immune components may not be as informative

as the global evaluation of stromal TIL.

Table 9. Univariate Cox regression analysis of FOXP3 for relapse-free survival and
overall survival in triple-negative breast cancer (n = 259) stratified by CD8+ tumour-

infiltrating lymphocytes status

TNBC with high CD8+ TIL TNBC with low CD8+ TIL
Variable = HR 95% CI P-value HR 95% CI P-value
Relapse-Free Survival
FOXP3 0.49 0.21-1.16 1.04E-01 1.04 0.47-2.35 9.14E-01
Overall Survival
FOXP3 0.49 021 -1.15 1.03E-01 1.20 0.53-2.72 6.58E-01

Median values were used as cut-offs for CD8 and FOXP3.

Abbreviations: CI, confidence interval; HR, hazard ratio; TNBC, triple-negative breast cancer; TIL, tumour-
infiltrating lymphocytes

4.2.3 Evaluation of the clinical relevance of immune checkpoints in triple-negative breast
cancer

To assess the functional status of TIL in TNBC we analysed the expression of the
checkpoint receptors PD-1 and LAG-3 by IHC. We first evaluated the specificity and the
reproducibility of the two antibodies through western blot on human cells and IHC on cells
pellet blocks. (Figure 18). Furthermore, we also performed IHC on set of normal and
tumour FFPE tissues processed using the same fixative and processing methods as TNBC

specimens tested in the study (Figure 19).
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Figure 18. Analytical validation of antibodies using cells. A) Representative western blot
analysis of Hodgkin Lymphoma HDLM?2 cells (lane 1), HUVEC endothelial cells (lane 2), MCF7
breast cancer cells (lane 3), activated CD8+ lymphocytes sorted from human PBMC by FACS
analysis (lane 4), and PBMC (lane 5) using the anti-LAG-3 antibody. Anti-f-actin antibody was
used as a loading control. A single band is detected in lines 1 and 4, demonstrating the specificity

of the antibody. B) Antibodies were tested on FFPE HDLM2 and HUVEC cells pellet blocks.

After antibodies validation, we found that PD-1+ and LAG-3+ TIL were present in
approximately 30% and 18% of TNBC, respectively (Figure 20). Concurrent expression of
both immune checkpoints was observed in 15.4% of TNBC cases. We found that the
expression of both PD-1 and LAG-3 positively correlated with the presence of TIL (r =
0.511; r = 0.576, respectively), particularly with CD8+ cells (r = 0.568; r = 0.490,
respectively; Figure 21A). We confirmed that PD-1 and LAG-3 were concurrently
expressed in 13.5% of patients and that their expression was positively associated with TIL
(r = 0.438; r = 0.537, respectively), and with CD8+ cells (r = 0.495; r = 0.467,
respectively) in the validation cohort (Figure 21B). Even though a trend for longer RFS
was observed in univariate analysis, the presence of both PD-1+ and LAG-3+ TIL showed

no significant prognostic value in the discovery dataset (Figure 15).
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Figure 19. Immunohistochemical validation of antibodies on normal and tumour tissues.
Representative images of IHC on serial FFPE lymph node sections stained with anti-PD-1 (A) and
anti-LAG-3 (B) antibodies at different dilutions on different days (T1 and T2). Negative controls
without primary antibody are also shown. Analytic validation of PD-1 (C) and LAG-3 (D)
antibodies was also performed on a set of normal and tumour tissues, in the form of whole tissue
sections processed using the same fixative and processing methods as TNBC specimens tested in

the study. Scale bars represent 50 pm.
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Figure 20. PD-1 and LAG-3 expression in triple-negative breast cancer. Representative
immunohistochemical staining of PD-1 and LAG-3 at different magnification in serial sections of

TNBC specimens with high (A) and low (B) lymphocytic infiltration. Scale bars represent 50 pm.
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Figure 21. Correlation between the expression of PD-1 and LAG-3 and the presence of CD8+
cells in triple-negative breast cancer. The density of CD8+ T lymphocytes positively correlates
with the expression of the checkpoint receptors PD-1 and LAG-3 in TNBC of the discovery (A)
and the validation (B) cohorts. Pearson’s correlation coefficients (r) for each cells subpopulation

are shown. Cell density was scored by determining the average number of stained cells in three
distinct HPF.
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4.3 Functional status, tumour localization, and clinical relevance of cytotoxic tumour-
infiltrating lymphocytes in triple-negative breast cancer

4.3.1 Expression of CD8 and CD103 in human triple-negative breast cancer

To evaluate the clinical relevance of CD8+ TIL based on their tumour localization, we

analysed samples from 230 patients with invasive ductal TNBC treated with adjuvant

anthracycline-based chemotherapy (Table 10).

Table 10. Patient characteristics

Clinical and pathological Discovery Validation
information cohort cohort
Patients (n) 230 100
Median age: years (IQR) 50 (45 - 68) 52 (47 - 68)
Median tumour size: mm (IQR) 20 (14 - 35) 19.5 (15 -40)
TNM Stage

I 70 (30.4%) 27 (27.0%)
II 86 (37.4%) 40 (40.0%)
11 74 (32.2%) 33 (33.0%)
Node status

Negative 108 (47.0%) 59 (59.0%)
Positive 122 (53.0%) 41 (41.0%)
Histological grade

grade 1 2 (0.9%) 1 (1.0%)
grade 2 40 (17.4%) 39 (39.0%)
grade 3 188 (81.7%) 60 (60.0%)
Recurrence within 36 months

Yes 65 (28.3%) 14 (14.0%)
No 165 (71.7%) 86 (86.0%)

Abbreviations: N, number; IQR, Interquartile range.

Overall, CD8+ cells were more numerous than CD103+ cells, with a mean (+/-SD)
of 24 cells/HPF (+/-17) and 14 cells/HPF (+/-12), respectively (Figure 22A). CD8+ TIL
were enriched within the stroma (mean stromal = 13 +/-10; mean intraepithelial = 11 +/-7),
while CD103+ cells were predominantly localized to intraepithelial areas (mean stromal =

6 +/-7; mean intraepithelial = 9 +/-7; P < 1.00E-04) (Figure 22B).
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Figure 22. CD8+ and CD103+ tumour-infiltrating lymphocytes density and localization in
triple-negative breast cancer (n = 230). A) Overall distribution of CD8+ and CD103+ TIL in
TNBC. (B) Distribution of CD8+ and CD103+ in stromal (sCD8 and sCD103) and intraepithelial
(ieCD8 and ieCD103) areas of TNBC.

We then analysed the relationship between CD8+ and CD103+ TIL in TNBC. IHC
and Spearman’s correlation analysis showed that intraepithelial CD8+ cells frequently
expressed the integrin CD103 and that there was a strong positive association between
CD103+ and CD8+ TIL in TNBC (overall Spearman’s coefficient [rs] = 0.739, stromal rs

=0.612, intraepithelial rs = 0.691; P < 1.00E-04; Figure 23A and B).
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Figure 23. Relationship between CD8+ and CD103+ tumour-infiltrating lymphocytes in
triple-negative breast cancer. (A) Representative IHC staining of CD8 and CD103 in serial
sections of TNBC samples showing that intraepithelial CCD8+ cells frequently expressed the
integrin CD103. Scale bars represent 50 pum. (B) Spearman’s rank correlation analysis between

intraepithelial CD8+ and CD103+ TIL in TNBC of the discovery cohort (rs = 0.691; P < 1.00E-4).
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Although the binding of CD103 to its ligand E-cadherin has been suggested to be
responsible for the retention of active lymphocytes within epithelial tissues, we found no
correlation between the presence of CD103+ lymphocytes and the expression of E-

cadherin in TNBC (Figure 24).

CD103

Figure 24. Absence of correlation between CD103+ lymphocytes and E-cadherin expression
in triple-negative breast cancer. Representative images showing the lack of correlation between
the presence of CD103+ lymphocytes and the expression of E-cadherin in TNBC. Scale bars

represent 50 pm.

4.3.2 Association of CD8+ and CD103+ lymphocytes with clinicopathological parameters
in triple-negative breast cancer

We next evaluated the association between the presence of CD8+ and CD103+ TIL and
clinicopathological characteristics, including age at diagnosis, lymph node status,
histological grade, tumour stage, and tumour size in TNBC. There were no consistent
associations between the variables examined and the presence of CD8+ or CD103+ TIL in
the discovery cohort of 230 TNBC (Table 11). These results were confirmed in an

additional cohort of 100 primary TNBC (Table 10 and Table 12).

63



¥9

*o8uel o[nrenbioju] YOI (roqunu ‘N :SUOIIBIAAIQQY
"SAN[BA-d 159} N QWY M -UUBIA],
‘9]qBLIBA SNONUIUOD © SB PIsATeUY,

F1I-2¥ O-1D¢t (cz—v)Cl (€1-9)8 (L1-9)8 (0€—271)91  LOI 0C <
LES o) : SOT S90° LLO _
£t0 (S1-21L 1500 L-Dv Lo (€T—v) L1 0ro (81-9) 01 200 (1z—L) ¢l 00 Oc—-v1) vz €Tl 07>
()
dZIS anowin
o G1-9¢sL . O-1D¢ . (cT—v)v1 o wr=Dor o r=por o We-vDor  vL 111
$060 S1-2¢ 059°0 L-2¢ 659°0 (€2—1) SSI £5L0 (8T1—9) 01 618°0 (0z—¢9) 01 £96°0 (9€-01) 0T  9SI -1
guige)s WNLA
(S1-2L L-D¢t (€2—1) 91 (LT-9) 01 (81-9) 01 (9¢—271) 0T 881 %9)
¢ . - o ce .
8650 (€1-97 R 9-1D¢t 650 (Iz—-v) s el (S€1—9)8 rse0 91-6)¢'8 980 (6z—-01)SLT T¥ 1D
Jpeas
[€130[0ISTH
S1-21L L-2¢ (€2—1) SSI (S sT—9) 01 (81-9) 01 (PE—2T1) 0T Tl 9ANISOJ
6150 6060 979°0 098°0 99t°0 $79°0
(ST—-9¢ (L-1)68¢ (€2—1) ST (LT-9)S6 (02—9) 01 (9¢—21) 0T 801 oAnESON
snje)s [BPON
(LT—9) 01 L-2¢ (Cz—v) v1 (LT-9) 01 (IZ—9) 01 (9¢—01) 0T OII 0S <
. . o ¢ o /
6v9'0 (ST—9)¢'8 8¥°0 8-Dt cco (€z—v) 91 850 (s1-9)6 1L 0 (81-9) 01 0vL0 (PE—<T1) 0T 0TI 0S >
sisougeip
18 I3y
8:(0))) 8:00))) IOD oD 83 (0))) 83 0)0) SONSLIdJIBIRYD
qod e qd qod qd qod qod u
PO UBIPIIA UBIPIAl UBIPIIA UBIPIAl UBIPIIA| yned
rerpPyidoeyuy [ewo.s [e1A0 rerpPydoeuy [ewo.ns [[e1A0
L£01dD 80D

(0€Z = u) 190ULD JseaIq dANEIIU-9[dLy) ur saInjedy [eardojoyredodrur[d pue sajLooydwA| Sunenyui-mown) +¢01 D PUB +8(D Ud9M)dq SUOIJRIIOSSY [ d[qeL



$9

-o8uer o[enbiojur ‘YOI ‘oquinu ‘N :SUONRIAIQQY
"SaN[eA-( 189} N ASUIYM-UUBIA],
o[qelIBA SNONUIIUOD B SB PIsATeUY

(c1-0v 8-S 0z—v) 11 (61 —1L) 01 (S91-6)8 (cc—€DS6l v 0T <
. - LS 59’ LT LY _
66v°0 (ST-2¢ ces 0 8-S S0 (cT—p)s¢l 9590 (02—9 ¢TI 6,0 (zz—L) S 01 rivo (ch—€DvT  9¢ 07>
()
JZIS anowin J,
o G1-9¢ . (SL-D9 . (Pz—¥) Tl . (oz—L o1 . (cc—L) 11 o @CIr-vDer  gg 111
Lo S1-2¥ oo 8-t LIE0 (0z—1v) C1 stL0 (61—9) 01 0Lc0 (1z—9)8 819°0 (6€—c1)oz L9 -1
Suige)s WN L
S1-0v 8-207 (€2—v)S01 (61 -9 01 (zz—9) 01 (Sor—€1) 0z 09 €D

. LTS L6 . LS8 LL
880 (S XS 0 (8-2¢ rL60 (S61—9) STl r6v0 (02 —5'9) ST 80 (1z—1L)8 eLL0 (Iv—v1) oz  ov 1D
Jpeas
[8130[0ISTH
SYi—-Dt (SL-SDv (61 —1) 01 (61-9)8 (S61-69)8 Oc-10)81 1t 9ANISOq

. . ) o ) —
0r9'0 (S1-29 re90 8-2¢ 810 (€T—9) pI rs00 (0z—L) St o810 (cz—L) o1 cho (Cr—v1)9T 65 9A1B3IN
snje)s [BpON
(ST—-9¢ (8-29 (12— v1 (0z—9) 01 (0z—L) 01 (9c—-z1) €T ss 0S <

L1°0 81 161°0 L8Y°0 766° S50
¢ Fr-oc¢ r8Lo (SL-D¢ 6 61-1)9 8y (61 —1L) 01 660 (SYT—59)8 8 (SSsy—¥1) 0T SP 0S >
sisougeip
18 3V
8:(0))) 83 (0))) §:[0))) MOD 8:(0))) (83 00)0) SONSLIdJIBIRYD
d d d d d d u
d UBIPIA] d UBIPIIA] a UBIPIIA] d UBIPIIA] d UBIPII[ 4 UBIPIIA] yudned
rerpPydoe.yuy [ewo.ns [[e1AQ rerpPyndoe.guy [ewo.ans [[e1AQ
L01AD 80D

(00T = u) 190ULD Jsea1q 9AneIau-9dLn ur sarnjesy reardojoyredodrur[d pue sajLo0ydwA] Sunenyui-mown +¢0 1D PUB +8 D U9M)Oq SUONRIIOSSY 7T d[qeL



4.3.3 Prognostic value of CD8+ and CD103+ lymphocytes in triple-negative breast cancer
Overall, both CD8+ and CD103+ TIL as continuous variables were associated with better
RFS (HR = 0.97; 95% CI, 0.95 — 0.98; P = 2.00E-04 for CD8; HR = 0.98; 95% ClI, 0.95 —
0.99; P =3.43E-02 for CD103) and OS (HR = 0.97; 95% CI, 0.95 — 0.99; P = 2.00E-04 for
CD8; HR = 0.98; 95% CI, 0.95 — 0.99; P = 4.86E-02 for CD103) in TNBC in univariate
analysis (Figure 25). Both TIL subsets retained their prognostic value in multivariate
analysis for RFS (HR =0.97; 95% CI, 0.95 — 0.98; P = 2.00E-04 for CD8&; HR = 0.97; 95%
CI, 0.95 — 0.99; P = 2.64E-02 for CD103) and OS (HR = 0.97; 95% CI, 0.95 - 0.98; P =

1.00E-04 for CD8; HR = 0.98; 95% CI, 0.95 — 0.99; P = 3.73E-02) in TNBC (Table 13).

A B

Relapse-free survival Overall survival

HR (95% CI) P HR (95% CI) P
CD8 overall & 097 (0.95-0.98) 2.00E-04 CD8 overall e 097 (0.95-0.99) 2.00E-04
CD103 overall e 098(0.95-0.99) 343E:02 CD103 overall —— 098 (0.95-0.99) 4.86E-02
08 —@— 094 (0.91-097) 2.00E-04 08 —@—— 0.94(0.91-0.97) 2.00E-04
08 ——@—— 0.94(0.90-0.97) 6.00E-04 D8 ———@—— 094 (0.90-0.97) 7.00E-04
013 ————1— 097(0.92-1.01) 1.27E-01 $CD103 —— 097(093-1.02) 2.29E-01
eCD103 e 097(0.93-0.99) 4.89E-02 eCD103 s 096 (0.93-0.99) 441E-02

0.90 0.94 098 1.01 1.0 0.90 0.94 0.98 1.01 1.08

Figure 25. Univariate Cox regression analysis of CD8+ and CD103+ tumour-infiltrating
lymphocytes for relapse-free survival and overall survival in triple-negative breast cancer (n
= 230). Forest plot of hazard ratios (HR) with 95% confidence interval (CI) of RFS (A) and OS (B)
for CD8+ and CD103+ lymphocytes overall and according to their stromal or intraepithelial
localization. The presence of CD8+ and CD103+ cells was analysed as a continuous variable. P-

values and HR (95% CI in parentheses) are shown.
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Table 13. Multivariate Cox regression analysis of CD8+ and CD103+ tumour-infiltrating
lymphocytes for relapse-free survival and overall survival in triple-negative breast cancer (n

=230)

Relapse-free survival Overall survival

Variable HR 95% CI P-value HR 95% CI P-value
CD8 overall’ 097 0.95-098 2.00E-04 097 0.95-098 1.00E-04
Age 1.04 0.63-1.72 8.77E-01 1.10  0.66-1.82 7.24E-01
Grade 1.57 0.74-335 2.41E-01 1.94 091-4.12 8.66E-02
Nodal status 290 1.46-5.75 2.30E-03 276 1.39-547 3.60E-03
Tumour size 1.08 0.65-1.78 7.68E-01 1.13  0.68-1.87 6.32E-01
Tumour stage 149 0.84-2.65 1.71E-01 146 0.82-2.62 2.02E-01
CD103 overall® 0.97 0.95-0.99 2.64E-02 098 0.95-0.99 3.73E-02
Age 1.02  0.62-1.69 9.24E-01 1.04 0.63-1.72 8.75E-01
Grade 147 0.69-3.13 3.21E-01 1.74 0.82-3.70 1.53E-01
Nodal status 3.10 1.57-6.14 1.10E-03 293 1.48-581 2.00E-03
Tumour size 1.20 0.73-1.97 4.77E-01 1.23  0.75-2.02 4.17E-01
Tumour stage 140 0.79-247 2.47E-01 1.36 0.76 -2.42 2.97E-01
sCD8§* 094 091-097 2.00E-04 094 091-097 1.00E-04
Age 1.06 0.64-1.75 8.18E-01 .12 0.67-1.86 6.64E-01
Grade 1.60 0.75-3.41 2.27E-01 1.97 0.92-4.19 8.00E-02
Nodal status 2.89 1.46-5.71 2.30E-03 276 139-546 3.60E-03
Tumour size 1.08 0.65-1.77 7.76E-01 1.12 0.68-1.86 6.47E-01
Tumour stage 147 0.83-2.61 1.85E-01 1.44 0.81-2.57 2.20E-01
ieCD8* 093 0.90-097 5.00E-04 094 0.90-097 4.00E-04
Age 1.02 0.62-1.70 9.26E-01 1.07 0.64-1.78 7.93E-01
Grade 1.53 0.72-3.26 2.69E-01 1.87 0.88-3.97 1.04E-01
Nodal status 292 1.47-579 2.10E-03 275 139-546 3.80E-03
Tumour size 1.10  0.67-1.82 7.05E-01 1.16 0.70-191 5.68E-01
Tumour stage 1.52 0.85-2.70 1.57E-01 149 0.83-2.67 1.84E-01
ieCD103" 096 0.93-099 341E-02 096 0.93-099 3.18E-02
Age 1.03 0.62-1.70 9.12E-01 1.05 0.63-1.74 8.53E-01
Grade 1.44 0.68-3.07 3.45E-01 1.69 0.80-3.60 1.71E-01
Nodal status 3.02 1.53-596 1.50E-03 286 1.45-5.66 2.50E-03
Tumour size 1.21  0.74-199 4.44E-01 1.25 0.76 -2.05 3.87E-01
Tumour stage 146 0.83-2.58 1.94E-01 142 0.80-2.52 2.36E-01

*Analysed as a continuous variable.

Multivariate analysis adjusted for age (> 50 v < 50), histological grade (III v I-II), nodal status (1 v 0), tumour
size (> 20 mm Vv < 20 mm), and tumour stage (III v I-IT). Significant P-values are given in bold.

Abbreviations: CI, confidence interval; HR, hazard ratio; ieCD8/CD103, intraepithelial CD8/CD103,
sCD8/CD103, stromal CD8/CD103

When assessing the relevance of TIL according to their localization, we found an

association with good outcome for CD8+ cells in both stromal (HR = 0.94; 95% CI, 0.91 —
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0.97; P = 2.00E-04 for RFS; HR = 0.94; 95% CI, 0.91 — 0.97; P = 2.00E-04 for OS) and
intraepithelial (HR = 0.94; 95% CI, 0.90 — 0.97; P = 6.00E-04 for RFS; HR = 0.94; 95%
CI, 0.90 — 0.97; P = 7.00E-04 for OS) areas, whereas only intraepithelial CD103+ TIL
were predictive of better RFS (HR = 0.97; 95% CI, 0.93 — 0.99; P = 4.89E-02) and OS
(HR = 0.96; 95% CI, 0.93 — 0.99; P = 4.41E-02) (Figure 25). The prognostic value of
CD8+ cells in both stromal (HR = 0.94; 95% CI, 0.91 — 0.97; P = 2.00E-04 for RFS; HR =
0.94; 95% CI, 0.91 — 0.97; P = 1.00E-04 for OS) and intraepithelial (HR = 0.93; 95% CI,
0.90 — 0.97; P = 5.00E-04 for RFS; HR = 0.94; 95% CI, 0.90 — 0.97; P = 4.00E-04 for OS)
areas as well as of intraepithelial CD103+ TIL (HR = 0.96; 95% CI, 0.93 — 0.99; P =
3.41E-02 for RFS; HR = 0.96; 95% CI, 0.93 — 0.99; P = 3.18E-02 for OS) was confirmed
in multivariate analysis (Table 13). These findings were supported by the results from

univariate and multivariate Cox regression analyses in the validation cohort (Table 14).

Table 14. Cox regression analysis of CD8+ and CD103+ tumour-infiltrating lymphocytes

for relapse-free survival and overall survival in triple-negative breast cancer (n = 100)

Univariate analysis Multivariate analysis
HR 95% CI P-value HR 95% CI P-value
Relapse-free survival

CDS8 overall® 0.82 0.74-091 2.00E-04 082 0.73-0.92 9.00E-04
sCD8* 0.63 0.50-0.80 2.00E-04 061 046-0.81 7.00E-04
ieCD8* 0.75 0.64—-0.89 7.00E-04 0.75 0.62—-090 1.90E-03
CD103 overall® 091 0.84-098 1.97E-02 091 0.83-0.99 2.16E-02
sCD103* 0.87 0.74—-1.02 9.10E-02 - - -

ieCD103* 0.86 0.76-098 2.22E-02 0.86 0.75-0.98 2.35E-02

Overall survival

CDS8 overall® 0.88 0.82—-094 4.00E-04 0.88 0.82-0.95 6.00E-04
sCD8* 0.79 0.67-092 3.10E-03 0.79 0.67-0.93 4.50E-03
ieCD8" 0.80 0.71-090 2.00E-04 0.80 0.71-090 4.00E-04
CD103 overall® 091 0.85-098 1.13E-02 091 0.84-098 9.80E-03
sCD103* 0.88 0.76—-1.01 6.83E-01 - - -

ieCD103" 0.87 0.78—0.97 1.23E-02 086 0.77-097 1.20E-02

*Analysed as a continuous variable.

Multivariate analysis adjusted for age (> 50 v < 50), histological grade (III v I-II), nodal status (1 v 0), tumour
size (> 20 mm v < 20 mm), and tumour stage (III v I-II). Significant P-values are given in bold.

Abbreviations: CI, confidence interval, HR, hazard ratio; ieCD8/CD103, intraepithelial CD8/CD103,
sCD8/CD103, stromal CD8/CD103
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4.3.4 Association between the concurrent presence of intraepithelial CD8+ and CD103+

tumour-infiltrating lymphocytes and the outcome of triple-negative breast cancer patients

Considering the relevance of both TIL subsets in the intraepithelial compartment, we

evaluated different protein cut-offs to properly identify TNBC patients (n = 230) with high

or low CD8+ and CD103+ TIL density in this tumour area. As the Youden index and the

output of the X-Tile software were comparable, we defined the combined X-Tile/ROC cut-

off. Following univariate and multivariate Cox regression analyses, we selected the upper

quartile for intraepithelial CD8+ TIL and the cut-off identified by the X-Tile/ROC analyses

for intraepithelial CD103+ cells as the best predictors of patients’ outcome (Table 15).

Table 15. Univariate and multivariate Cox regression analysis of intraepithelial CD8+ and

CD103+ tumour-infiltrating lymphocytes cut-offs in triple-negative breast cancer (n = 230)

Univariate analysis

Multivariate analysis

HR 95% CI P-value HR 95% CI P-value
Relapse-free survival
CDS
50" percentile  0.55 0.33-090 1.86E-02 0.53 0.32-0.88  1.39E-02
75" percentile 038  0.18—-0.79  1.02E-02 035 0.16—0.73  5.50E-03
X-Tile/ROC 040 021-0.79 8.00E-03 039 020-0.78  7.30E-03
CD103
50" percentile  0.87 0.53—1.41  5.62E-01 - - -
75" percentile  0.57 0.30-1.09  8.76E-02 - - -
X-Tile/ROC 042 024-0.72 1.70E-03 046 026-0.80 5.80E-03
Overall survival
CDS
50" percentile  0.55 0.33-091  1.94E-02 052 0.31-0.88  1.35E-02
75" percentile 037  0.18-0.77  8.30E-03 033 0.15-0.69  3.50E-03
X-Tile/ROC 046 024-0.88 1.82E-02 044 022-0.84 1.32E-02
CD103
50" percentile  0.83 0.50—1.35  4.45E-01 - - -
75" percentile  0.56 0.29-1.11  9.70E-01 - - -
X-Tile/ROC 042 024-0.72 1.60E-03 045 026-0.78  4.20E-03

Significant P-values are given in bold.

Abbreviations: CI, confidence interval; HR, hazard ratio; ROC, receiver operating characteristic.
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Univariate analysis showed that the concurrent presence of high CD8+ and
CD103+ TIL was consistently associated with prolonged RFS (HR = 0.23; 95% CI, 0.10 —
0.54; P = 7.00E-04) and OS (HR = 0.24; 95% CI, 0.10 — 0.55; P = 8.00E-04) compared
with tumours with mixed or reduced levels of both TIL subpopulations (Figure 26 and
Table 16). Multivariate analysis demonstrated that the concomitant massive intraepithelial
infiltration of CD8+ and CD103+ TIL was predictive of RFS (HR = 0.27; 95% CI, 0.11 —
0.63; P = 2.40E-03) and OS (HR = 0.28; 95% CI, 0.12 — 0.64; P =2.90E-03) in TNBC
(Table 16). The ability of the selected cut-offs to discriminate patients’ outcomes and the
prognostic value of CD8+ and CD103+ TIL were confirmed in the validation cohort

(Figure 26 and Table 17).

A

.0+ 1.04 3
= o == Both high : == Both high
©
2 0.8 == Mixed = 0.8 =~ Mixed
5 = = Both low = = Both low
w >
o 0.6 5 0.6
e w
[T =
. . S 0.4+
@ 0.4 E 0.4
-5
% 0.24 © 0.1
= Log-rank P = 8.00E-04 Log-rank P =7.00E-04

0.0 T T ) 0.0 T T 1

0 50 100 150 50 100 150
Time (Months) Time (Months)
B

1.0+ , 1.0t ‘
= = Both high ‘-\ = Both high
E 0.84 = Mixed = 0.8 == Mixed
5 = Both low E = Both low
2 064 5 0.61
e e
% 04 S 041
@ 0.4 E 0.4
o
% 0.2+ © .24
= Log-rank P < 1.00E-04 Log-rank P < 1.00E-04

0.0 T T T ] 0.0 T T T 1

0 35 70 105 140 35 70 105 140
Time (Months) Time (Months)

Figure 26. Prognostic value of the concurrent presence of intraepithelial CD8+ and CD103+
tumour-infiltrating lymphocytes in triple-negative breast cancer. (A) Kaplan-Meier curves of
RFS and OS in TNBC of the discovery cohort (n = 230) stratified according to the expression
status of intraepithelial CD8+ and CD103+ TIL. (B) Kaplan-Meier of RFS and OS in TNBC of the
validation cohort (n = 100) stratified according to the expression status of intraepithelial CD8+ and
CD103+ TIL. The upper quartile for intraepithelial CD8+ TIL and the cut-off identified by the X-
Tile/ROC analyses for intraepithelial CD103+ cells were used. Curves were compared using log-

rank test.
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Table 16. Univariate and multivariate Cox regression analysis of the concurrent presence
of intraepithelial CD8+ and CDI103+ tumour-infiltrating lymphocytes for relapse-free

survival and overall survival in triple-negative breast cancer (n = 230)

Relapse-free survival Overall survival
Variable HR 95% CI P-value HR 95% CI1 P-value
Univariate analysis
CD8+/CD103+" 0.23 0.10-0.54 7.00E-04 0.24 0.10-0.55 8.00E-04
Multivariate analysis
CD8+/CD103+* 0.27 0.11-0.63 2.40E-03 0.28 0.12-0.64 2.90E-03

Age 1.27  0.56-2.86 5.69E-01 1.47 0.65-3.35 3.58E-01
Grade 0.38 0.10-1.48 1.64E-01 0.50 0.13-1.88  3.02E-01
Nodal status 731 2.02-2643 2.40E-03 743 2.13-2590 1.60E-03
Tumour size 1.15 0.51-2.60 7.29E-01 1.16 0.51-2.63 7.31E-01

Tumour stage 0.70 0.29-1.66 4.15E-01 0.59 0.24-143 2.42E-01

?Analysed as a categorical variable. The upper quartile for intraepithelial CD8+ TIL and the cut-off identified
by the X-Tile/ROC analyses for intraepithelial CD103+ cells were used.

Multivariate analysis adjusted for age (> 50 v < 50), histological grade (III v I-II), nodal status (1 v 0), tumour
size (> 20 mm Vv < 20 mm), and tumour stage (III v I-II). Significant P-values are given in bold.
Abbreviations: CI, confidence interval; HR, hazard ratio

Table 17. Univariate and multivariate Cox regression analysis of intraepithelial CD8+ and
CDI103+ tumour-infiltrating lymphocytes using the selected cut-offs in the validation
cohort (n = 100)

Univariate analysis Multivariate analysis
HR 95% CI1 P-value HR 95% CI1 P-value
Relapse-free survival
CD8"* 0.08 0.01-0.64 1.71E-02 0.10 0.01-0.81 3.04E-02
CD103" 0.14 0.05-0.41 3.00E-04 0.09 0.03-0.29 1.00E-04
CD8+/CD103+* 0.03 0.01-0.25 1.20E-03 0.02 0.01-0.19 1.10E-03

Overall survival

CD8"* 0.07 0.01-048 7.30E-03 0.07 0.01-0.50 8.80E-03
CD103* 0.14 0.05-0.36 1.00E-04 0.10 0.04-0.31 1.00E-04
CD8+/CD103+* 0.02 0.01-0.16 2.00E-04 0.01 0.001-0.10 4.00E-04
*Analysed as a categorical variable. The upper quartile for intraepithelial CD8+ TIL and the cut-off identified
by the X-Tile/ROC analyses for intraepithelial CD103+ cells were used.
Multivariate analysis adjusted for age (> 50 v < 50), histological grade (III v I-II), nodal status (1 v 0), tumour
size (> 20 mm v < 20 mm), and tumour stage (III v I-IT). Significant P-values are given in bold.
Abbreviations: CI, confidence interval; HR, hazard ratio.
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4.3.5 Co-expression of PD-1 and CD103 by tumour-infiltrating lymphocytes in triple-
negative breast cancer

To evaluate the hypothesis that the prolonged CD103-mediated intraepithelial retention of
CD8+ TIL might result in T cell exhaustion, we analysed the functional status of CD103+
TIL by IHC. We found a consistent correlation between the expression of intraepithelial
CD103 and PD-1 in TNBC tissues (rs = 0.515, P < 1.00E-04; Figure 27A and B). Double
immunofluorescence analysis revealed that PD-1 and CD103 were frequently co-expressed
on intraepithelial TIL in TNBC (Figure 28). Furthermore, although PD-1 was not
associated with patients’ outcome, survival analysis demonstrated that double-positive
CD103/PD-1 cells were predictive of good outcome in TNBC (HR = 0.34; 95% CI, 0.16 —
0.71; log-rank P = 3.90E-03 for RFS; HR = 0.39; 95% CI, 0.19 — 0.79; log-rank P = 8.90E-
03 for OS; Figure 29). The association between the density of CD103+/PD-1+ cells and

favourable outcome in TNBC was confirmed in the validation dataset (Figure 30).
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Figure 27. Correlation between CD103+ and PD-1+ tumour-infiltrating lymphocytes in
triple-negative breast cancer. (A) Representative images of serial sections of TNBC specimens
with low (upper panel) and high (lower panel) content of CD103+ and PD-1+ TIL. (B) Spearman’s
rank correlation analysis between CD103 and PD-1 proteins expression in TNBC of the discovery
cohort (rs = 0.515; P < 1.00E-04). Scale bars represent 50 um.
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Figure 28. Co-expression of CD103 and PD-1 on intraepithelial tumour-infiltrating
lymphocytes in triple-negative breast cancer. Representative pictures of double
immunofluorescence staining and confocal microscopy showing that PD-1 and CD103 are co-

expressed on intraepithelial TIL in TNBC. Scale bars represent 20 pm.
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Figure 29. Association of double-positive CD103/PD-1 tumour-infiltrating lymphocytes with
the outcome of triple-negative breast cancer patients (n = 230). Kaplan-Meier curves of RFS
and OS for double-positive CD103/PD-1 cells in TNBC. High CD103 infiltration was defined
according to the X-Tile/ROC cut-off. For PD-1, a cut-off value > 5% was used. Curves were
compared using log-rank test. P-values and hazard ratios (HR) (95% confidence interval in

parentheses) are shown.
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Figure 30. Prognostic value of intraepithelial CD103+/PD-1+ tumour-infiltrating lymphocytes
in triple-negative breast cancer of the validation cohort. Kaplan-Meier curves of RFS and OS in
TNBC with double-positive and double-negative CD103+/PD-1+ TIL in the validation cohort (n =
100). High CD103 infiltration was defined according to the X-Tile/ROC cut-off. For PD-1, a cut-
off value > 5% was used. P-values and hazard ratios (HR) (95% confidence interval in parentheses)

are shown.

4.4 Epithelial-to-mesenchymal transition and tumour-associated inflammation in
triple-negative breast cancer

4.4.1 Tumour-associated macrophages in triple-negative breast cancer

We analysed samples from 203 patients with invasive ductal TNBC treated with adjuvant
anthracycline-based chemotherapy. Clinical characteristics of patients are presented in
Table 18. Approximately 42% of TNBC samples had a dense infiltration of CD68+

macrophages.

4.4.2 The receptor tyrosine kinase AXL is associated with macrophage infiltration in
triple-negative breast cancer

To evaluate the link between EMT and the presence of TAM, we selected 30 relevant
EMT-related kinases and correlated their expression with the expression of CD68 in TNBC
(Table 19). AXL was the most significant kinase correlated with the frequency of CD68+
TAM in TNBC (rs = 0.405; Bonferroni-adjusted P = 7.00E-03; Figure 31 A and Table 19).
We confirmed this positive correlation at the protein level (rs = 0.342; P < 1.00E-04;
Figure 31B) and by analysing gene expression data from 3 publicly available TNBC

datasets (n=311) (rs = 0.360; P < 1.00E-04; Figure 31C and Table 18).
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Table 18. Patient characteristics

Clinical and

Discovery cohorts

pathological Internal cohort Affymetrix data sets
information Hatziz IGR MAQC-II
Patients (n) 203 198 29 84
Median age, years 50 (46— 68)  48.2(25-75) 49(33-67) 50(29-75)
(IQR)

Median tumour size, 19 (15— 32) i 60 (20— 175) i
mm (IQR)

T stage

Tl 51.2% 6.6% 3.5% 13.1%
T2 36.4% 47.0% 31.0% 38.1%
T3 8.0% 32.8% 65.5% 22.6%
T4 3.9% 13.1% 0.0% 21.4%
Unknown 0.5% 0.5% 0.0% 4.8%
TNM Stage

I-11 67.0% 52.5% 58.6% 45.2%
111 33.0% 46.5% 41.4% 50.0%
Unknown 0.0% 1.0% 0.0% 4.8%
Node status

Negative 46.3% 27.3% 34.5% 19.0%
Positive 53.7% 72.7% 65.5% 79.8%
Unknown 0.0% 0.0% 0.0% 1.2%
Histological grade

grade 1 1.0% 0.5% 0.0% 0.0%
grade 2 22.7% 12.7% 13.8% 17.9%
grade 3 76.3% 78.2% 75.9% 72.6%
Unknown 8.6% 10.3% 9.5%
LVI

Absent 32.0% - - -
Present 18.7% - - -
Unknown 49.3% - - -
Recurrence

Yes 19.7% - - -
No 80.3% - - -
Site of first metastasis

Bone 17.0% - - -
Visceral 53.2% - - -
Unknown 29.8%

Death of breast cancer

Yes 19.7% - - -
No 78.3% - - -
Unknown 2.0% - - -
Series accession no GSE25066 GSE22093 GSE20194
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Table 18. (continued)

Clinical and pathological
information

Validation cohorts

Affymetrix data sets

Internal cohort

Patients (n)

Median age, years (IQR)
Median tumour size,
mm (IQR)

T stage

Tl

T2

T3

T4

Unknown

TNM Stage

I-11

111

Unknown

Node status
Negative

Positive

Unknown
Histological grade
grade 1

grade 2

grade 3

Unknown

LVI

Absent

Present

Unknown
Recurrence

Yes

No

Site of first metastasis
Bone

Visceral

Unknown

Death of breast cancer
Yes

No

Unknown

Series accession no

137

32.8%
32.8%
34.4%

2.2%
8.0%
65.7%
24.1%

29.9%
70.1%

GSE3494, GSE4611, GSE5327,
GSE1456, GSE196135,
GSE21653, GSE31519,
GSE37946, GSE45255

95
51 (46 — 66)

20 (9.5 - 30)

45.3%
41.0%
8.4%
5.3%
0.0%

58.9%
41.1%
0.0%

45.3%
54.7%
0.0%

2.1%
20.0%
77.9%

44.2%
34.7%
21.1%

18.9%
81.1%

19.0%
61.9%
19.1%

20.0%
80.0%
0.0%

Abbreviations: N, number; IQR, interquartile range; LVI, lymphovascular invasion
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Table 19. Correlations between CD68 protein expression and gene expression of the 30

most relevant EMT-associated kinases in triple-negative breast cancer (n = 203).

CD68 protein expression

EMT-associated Spearman correlation

kinases coefficient P-value® P-value®
AKT1 0.173 1.37E-02 3.43E-01
AKT2 -0.086 2.24E-01 2.47E+00
AXL 0.405 <1.00E-04 7.10E-03
DDR1 0.048 4 98E-01 3.85E+00
DDR2 0.131 6.25E-02 1.06E+00
EGFR 0.03 6.67E-01 3.85E+00
ERK1 -0.125 7.55E-02 1.13E+00
ERK2 0.171 1.47E-02 3.53E-01
FAK 0.177 1.18E-02 3.19E-01
FGFR1 0.183 9.00E-03 2.52E-01
FGFR2 0.162 2.08E-02 4.38E-01
FGFR3 0.13 6.36E-02 1.06E+00
FYN 0.154 2.81E-02 5.32E-01
GSK3B -0.005 9.47E-01 3.85E+00
IGF1R 0.006 9.34E-01 3.85E+00
IKKA 0.156 2.59E-02 5.18E-01
IKKB 0.163 1.99E-02 4.38E-01
LYN 0.174 1.32E-02 3.43E-01
MET 0.052 4.63E-01 3.85E+00
PDGFRA -0.091 1.97E-01 2.36E+00
PDGFRB -0.026 7.15E-01 3.85E+00
PTK2B -0.064 3.65E-01 3.65E+00
SRC 0.056 4.28E-01 3.85E+00
SYK -0.097 1.67E-01 2.16E+00
TGFBR1 -0.03 6.71E-01 3.85E+00
TGFBR2 0.168 1.69E-02 3.89E-01
VEGFR1 0.043 5.43E-01 3.85E+00
VEGFR2 0.111 1.17E-01 1.63E+00
VEGFR3 0.207 3.10E-03 8.99E-02
YES1 0.154 2.80E-02 5.32E-01

*Spearman’s rank correlation P-values.

°P-values corrected for multiple-testing error by the Bonferroni method. Significant P-values are given in
bold.

Abbreviations: EMT, epithelial-to-mesenchymal transition.
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Figure 31. AXL expression correlates with CD68 expression in triple-negative breast cancer.
A) Spearman’s rank correlation analysis between AXL gene expression and CD68 protein in the
internal cohort of 203 TNBC (rs = 0.405; Bonferroni-adjusted P = 7.00E-03). B) A scatter diagram
showing the positive Spearman’s correlation between immunohistochemical staining of AXL and
CD68 proteins in TNBC (n = 203) (rs = 0.342; P < 1.00E-04). C) Spearman’s rank correlation
analysis between the expression of AXL and CD68 performed on gene expression data from

publicly available TNBC datasets (n =311) (rs = 0.360; P < 1.00E-04).

Considering the potential association between AXL expression and tumour immune
response, we evaluated the clinical significance of global macrophage content in the
internal cohort of TNBC. We found a higher infiltration of CD68+ macrophages in TNBC
patients who experienced distant recurrence within 36 months after surgery compared with
non-recurrent patients (55.3% v 38.5%, P = 4.50E-02; Figure 32A and Table 20). No
statistically significant association between the presence of CD68+ macrophages and other
clinicopathological parameters was, however, identified (Table 20). Furthermore, Kaplan-
Meier analysis showed no prognostic relevance of CD68+ macrophage counts in terms of

RFS and OS in TNBC (Figure 32B).
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Figure 32. High infiltration of CD68+ cells is associated with relapse but not with survival in
triple-negative breast cancer. A) Representative immunohistochemical staining of CD68 in
tumour samples from TNBC patients with distant recurrence (left panel) and without recurrence
(right panel). Scale bars represent 50 um. B) Kaplan-Meier analysis for RFS (left panel) and OS
(right panel) according to the content of CD68+ macrophages in tumour stroma. TNBC patients (n
= 203) were stratified by absent/moderate (0 - 2) or dense (3) macrophage infiltration. Curves were

compared using log-rank test. P-values and hazard ratios (HR) (95% confidence interval in

parentheses) are shown.
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4.4.3 AXL correlates with M2-polarized tumour macrophages in triple-negative breast
cancer

To evaluate the potential role of AXL in the regulation of cancer-related inflammation in
TNBC, we analysed co-regulated genes and pathways using the SEEK platform and the
IPA software. This analysis demonstrated that, beyond its well-known role in EMT, AXL
was strongly co-expressed with genes involved in several immune functions (Figure 33),
confirming AXL as a key player of a gene network that influences both EMT and tumour-

associated inflammation in TNBC.

Figure 33. Co-expression of AXL and genes involved in tumour immune response. Pathway
analysis of genes co-expressed with AXL in TNBC. Co-regulated genes were identified using the
SEEK platform and pathway analysis was performed with Ingenuity Pathway Analysis (IPA)
software. P-values for pathway enrichment were adjusted for multiple testing using the Benjamini-

Hochberg correction. Immune pathways are indicated with an asterisk.

Given the plasticity and heterogeneity of macrophages, we next investigated the
role of AXL in shaping the inflammatory tumour microenvironment in TNBC. Two

distinct immune gene modules reflecting the polarization of anti-tumour M1 or pro-tumour
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M2 macrophages were assembled based on a literature review and analysed using SEEK.
We found that AXL showed no relationship with M1-polarized macrophages in TNBC,
whereas it was consistently co-expressed with genes enclosed in the M2-related module
(co-expression score = 1.013; P = 1.30E-02; Figure 34), suggesting that AXL expressed by
tumour cells may be involved in the switch toward an M2 phenotype, thus sustaining the

pro-tumour activity of TAM.
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Figure 34. AXL is involved in a gene network regulating M2 macrophages. The image
represents the top networks identified with Ingenuity Pathway Analysis (IPA) software for the
genes significantly co-expressed (P < 0.01) with the immune module reflecting the polarization of
M2 macrophages. As evidenced in the right panel, AXL is present in the signalling network

associated with the M2-related module.
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To confirm these observations, we analysed the expression of AXL and the M2
macrophage marker CD163 in the testing cohort of TNBC patients, identifying a positive
correlation between AXL and the infiltration of CD163+ cells (rs = 0.503; P < 1.00E-04;
Figure 35A). Furthermore, TNBC patients who experienced distant relapse had a
significant higher expression of both AXL and CD163 compared with patients without

recurrence (P < 1.00E-04 and P = 1.80E-02, respectively; Figure 35B, and Table 20).
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Figure 35. AXL expression correlates with the infiltration of CD163+ cells in triple-negative

breast cancer. A) A scatter diagram showing a positive Spearman’s correlation between
immunohistochemical staining of AXL and CD163 in TNBC (n =203; rs = 0.5031; P < 1.00E-04).
B) Representative immunohistochemical staining of AXL and CD163 in serial sections of samples
from TNBC patients with recurrence (left panel) and without recurrence (right panel). Scale bars

represent 50 pm.

High levels of AXL expression were also associated with lymph node positivity (P =
4.20E-02) and interestingly with metastasis to visceral organs as the first sites of distant

recurrence (P = 3.60E-02) (Table 20). Furthermore, double immunofluorescence staining
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for AXL and CD163, clearly demonstrated the specific localization of macrophages in

direct contact with AXL-expressing tumour cells (Figure 36).

A

Figure 36. CD163+ macrophages are in direct contact with AXL-expressing tumour cells. A,
B) Representative pictures of double immunofluorescent staining and confocal microscopy of two
different TNBC samples showing that AXL-expressing cancer cells (green) are in close contact

with adjacent stromal TAM (red). Scale bars represent 50 pm.



4.4.4 AXL is an independent prognostic marker in triple-negative breast cancer

To assess the prognostic value of AXL and CD163 in TNBC patients, we performed
Kaplan-Meier and Cox univariate regression analyses in the internal cohort of TNBC
(Figure 37 and Table 21). We found that patients with high levels of AXL protein
expression had significant shorter RFS and OS (HR = 3.44; 95% CI, 1.78 — 6.65; log-rank
P = 2.00E-04 for RFS; HR = 3.38; 95% CI, 1.75 — 6.50; log-rank P = 3.00E-04 for OS;
Figure 37A and Table 21), whereas CD163 was associated with RFS only (HR = 2.03;

95% CI, 1.08 — 3.83; log-rank P = 2.90E-02; Figure 37B and Table 21).
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Figure 37. AXL is associated with survival in triple-negative breast cancer. A) Kaplan-Meier
analysis for RFS (left panel) and OS (right panel) according to AXL scoring. TNBC patients (n =
203) were stratified by low (0-4) or high (6-9) AXL expression. B) Kaplan-Meier analysis for RFS
(left panel) and OS (right panel) according to the content of CD163+ cells in tumour stroma. TNBC
patients were stratified by absent/moderate (0-2) or dense (3) CD163+ macrophage infiltration.
Curves were compared using log-rank test. P-values and hazard ratios (HR) (95% confidence

interval in parentheses) are shown.
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Table 21. Univariate Cox regression analysis of AXL and CD163 for relapse-free survival

and overall survival in triple-negative breast cancer (n = 203).

Relapse-Free Survival Overall Survival
Variable HR 95% CI P-value HR 95% CI P-value
AXL? 3.19 1.66-6.14 5.00E-04 3.16 1.64-6.08 6.00E-04
CD163" 2.02 1.06-3.85 3.29E-02 1.75 0.92-3.31 8.65E-02

*Triple-negative breast cancer patients were were stratified by low (0 — 4) or high (6 — 9) AXL expression.
"Triple-negative breast cancer patients were stratified by absent/moderate (0 - 2) or dense (3) CD68+ or
CD163+ macrophage infiltration.

Significant P-values are given in bold. Abbreviations: CI, confidence interval; HR, hazard ratio.

Cox multivariate analysis demonstrated that only AXL expression remained an
independent prognostic factor in TNBC patients, while CD163 only retained a positive
trend for reduced RFS (Table 22). Multivariate analysis performed in an additional

independent cohort of 95 TNBC, and analysing AXL as a continuous variable, confirmed

the prognostic significance of AXL for both RFS and OS (Table 23 and Table 24).

Table 22. Multivariate Cox regression analysis of AXL and CD163 for relapse-free

survival and overall survival in triple-negative breast cancer (n = 203).

Relapse-Free Survival Overall Survival

Variable HR 95% CI1 P-value HR 95% CI P-value
AXL? 2.84 1.45-555  2.20E-03 3.09 1.58—-6.06 1.00E-03
Age 0.88 046-1.69 7.11E-01 1.08 0.57-2.07  8.09E-01
Grade 1.68 0.69—-4.11 2.53E-01 2.06 0.84-5.09 1.16E-01
Nodal status  2.53 1.01-6.31  4.72E-02 2.62 1.05-6.55  3.98E-02
Tumour size  1.33 0.69-2.58  3.97E-01 1.17 0.61-2.25  6.30E-01
Tumour stage 1.72 0.81 —-3.66 1.60E-01 1.67 0.78 -3.57 1.88E-01
CD163" 1.85 0.96-3.55  6.58E-02 1.63 0.85-3.12 1.40E-01
Age 0.95 0.50-1.80  8.72E-01 1.16 0.61-2.20  6.45E-01
Grade 1.68 0.68—-4.13  2.60E-01 1.90 0.77-4.73 1.65E-01
Nodal status 290 1.18-7.13  2.02E-02 3.08 125-7.59 1.43E-02
Tumoursize  1.36 0.70-2.65  3.60E-01 1.19 0.62-230  5.99E-01
Tumour stage 1.54 0.74-3.22  2.48E-01 1.41 0.67-294  3.66E-01

*Triple-negative breast cancer patients were were stratified by low (0 — 4) or high (6 — 9) AXL expression.
"Triple-negative breast cancer patients were stratified by absent/moderate (0 - 2) or dense (3) CD68+ or
CD163+macrophage infiltration.

Multivariate analysis adjusted for age (=50 v <50), histological grade (G3 v G1-2), nodal status (1 v 0),
tumour size (> 20 mm Vv < 20 mm), and tumour stage (III v I-II). Significant P-values are given in bold.
Abbreviations: CI, confidence interval; HR, hazard ratio.
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Table 23. Multivariate Cox regression analysis of AXL for relapse-free survival and

overall survival in the validation cohort of triple-negative breast cancer (n = 95)

Relapse-Free Survival Overall Survival

Variable HR 95% CI P-value HR 95% CI P-value
AXL? 6.05 1.93-18.72 1.80E-03 6.09 2.12-17.54 8.00E-04
Age 0.87 0.32-2.36  7.86E-01 0.89 0.35-2.25 8.01E-01
Grade 1.54 042-5.57 5.12E-01 2.01 0.55-7.32  2.90E-01
Nodal status 596 1.16-30.57 3.20E-02 399 1.05-15.19 4.20E-02
Tumour size 1.69 0.63-4.54 2.96E-01 143 0.53-3.85 4.76E-01
Tumour stage 1.12  0.36-3.51 8.44E-01 1.01 0.31-3.21 9.93E-01

*Triple-negative breast cancer patients were were stratified by low (0 — 4) or high (6 —9) AXL expression.
Significant P-values are given in bold. Abbreviations: CI, confidence interval; HR, hazard ratio.

Table 24. Multivariate Cox regression analysis of AXL evaluated as a continuous variable
for relapse-free survival and overall survival in the discovery (n = 203) and validation (n =
95) cohorts of triple-negative breast cancer.

Relapse-Free Survival Overall Survival
Variable HR 95% CI1 P-value HR 95% CI P-value
Discovery cohort
AXL 1.25 1.07-1.46  3.39E-03 .32 1.13-1.53  S.00E-04
Age 0.95 0.50-1.82  8.81E-01 1.09 0.57-2.07  8.05E-01
Grade 1.60 0.65-3.90 3.04E-01 1.93 0.78-4.74 1.54E-01
Nodal status  2.67 1.07-6.67  3.49E-02 1.37 0.61-3.08 4.42E-01
Tumour size 1.51 0.78-2091 2.18E-01 1.14 0.60-2.17 6.91E-01
Tumour stage 1.71 0.80 —3.68 1.66E-01 1.22 0.52-2.87  6.49E-01
Validation cohort
AXL 142 1.12-1.81  4.44E-03 144 1.13-1.83 3.00E-03
Age 1.20 0.44-330  7.23E-01 1.24 047-326  6.65E-01
Grade 1.54 0.42-5.62  5.14E-01 191 053-6.97 3.25E-01
Nodal status ~ 5.65 1.06-30.24 4.30E-02 344 0.88-13.42 7.58E-02
Tumour size 1.47 0.51-427  4.78E-01 1.20 0.43-3.35  7.34E-01
Tumour stage 0.97 0.32-2.93  9.52E-01 0.88 0.29-2.65  8.23E-01

Multivariate analysis adjusted for age (>50 v <50), histological grade (G3 v G1-2), nodal status (1 v 0),
tumour size (> 20 mm Vv < 20 mm), and tumour stage (III v I-II). Significant P-values are given in bold.
Abbreviations: CI, confidence interval; HR, hazard ratio.
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We next assessed the prognostic value of AXL by analysing the gene expression
data from 137 TNBC patients treated with adjuvant chemotherapy (Table 18). AXL
expression was consistently associated with reduced RFS (HR = 2.3; 95% CI, 1.20 — 4.30;
log-rank P = 8.00E-03; Figure 38A), and did not correlate with the expression of the
proliferation marker MKI67 (Pearson’s coefficient [r] = 0.014; Figure 38B), suggesting a

role of AXL towards cellular dedifferentiation.
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Figure 38. AXL expression is predictive of relapse-free survival independently of proliferation
in adjuvant chemotherapy-treated triple-negative breast cancers. A) Kaplan-Meier analysis for
RFS according to AXL expression in 137 TNBC treated with adjuvant chemotherapy. The median
expression value of AXL was used as cut-off. B) Pearson’s correlation analysis showing that AXL
expression does not correlate with the expression of MKI67 (r = 0.014). P-values and hazard ratios

(HR) (95% confidence interval in parentheses) are shown.

4.4.5 AXL-overexpressing breast cancer cells and M2-like macrophages reciprocally
interact in vitro

To characterize the expression of AXL in vitro we analysed the expression of AXL, EMT
(CDH1 and VIM), and basal (EGFR, KRT5, and KRT6A) markers in 15 breast cancer cell
lines by qRT-PCR. AXL expression was higher in all triple-negative mesenchymal-like
breast cancer cell lines compared with luminal cells (Figure 39A). High levels of AXL

expression were also found in two triple-negative basal-like cells (Figure 39A).
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Figure 39. AXL-overexpressing breast cancer cells promote the release of pro-tumour
cytokines/chemokines. A) Expression analysis of AXL, EMT (CDH1 and VIM) and basal (EGFR,
KRT5, and KRT6A) markers in 15 breast cancer cell lines by qRT-PCR. Gene expression levels are
visualized in a heatmap. B) Cytokine levels in the media of macrophages cultured in the absence or
presence of MCF-7- or TNBC-derived CM measured by ELISA. C) ELISA analysis of Gas6 in the
medium of in vitro polarized human macrophages (Mg). P-values were obtained using a two-tailed

Student’s t test (mean = SD, n = 4 experiments; *P < 0.05; **P <0.01).

Then, we investigated the biological mechanisms underlying the cross-talk between
AXL-expressing breast cancer cells and TAM. To identify the soluble factors potentially
mediating the interaction between macrophages and breast cancer cells we measured the
release of several major cytokines/chemokines by macrophages exposed to the CM derived
from the AXL-expressing breast cancer cell lines HCC38, MDA-MB-231, and MDA-MB-
436, and from AXL-negative MCF-7 cells. We found that the medium of macrophages
treated with AXL-expressing cells-CM, especially from mesenchymal-like cells, was
enriched for tumour-promoting mediators, including CCL18 and IL-10, compared with that

from macrophages treated with MCF-7-CM (Figure 39B). Conversely, the presence of
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AXL-expressing cells did not affect the release of IL-12, which is commonly associated
with the M1 phenotype (Figure 39B). Mesenchymal-like cells also induced an increased
production of the AXL ligand Gas6 (P < 0.05) and a positive trend was also observed for
basal-like cells, although not reaching statistical significance (Figure 39B). Consistently,
we found that Gas6 was significantly released from in vitro-polarized M2-like
macrophages, but not from M1-like cells (P = 1.40E-02; Figure 39C).

To further investigate the ability of AXL-expressing TNBC cells to promote
macrophage polarization toward a pro-tumour phenotype we analysed the expression of the

M2 specific markers CD206 and CD163 by flow cytometry (Figure 40A).

CD163 CD206 MDA-MB-231 MDA-MB-231 + R428

@ isotype Control

@ Control Medium

@ MCF.7.CM

(@ MDA-MB.231.CM

@ MDA-MB-468-CM

@ HCC38-CM

(@ R428-MDA-MB-231.CM

vim**
CDH1
ceLa**
ccLs
CSF1
CSF2
cxet
CXCL10

0 30 60 90 120 150
0 30 60 Q0 120 150

IFNG
10
13
ILé
e*
OSM
e
TGF81
TGF82

T LT T T

w0 w0’ g0f

=
3

CD163 CD206

0 30 60 90 120 150

-
=

3
=

0 30 60 90 120 150

w0 102 w0t 10f

CD163 CD206

f

0 30 60 90 120 150
gl aes yr ayaoey

0 30 &0 90 120 150
1 J

104

3
£
3
2
6—4
3
B
R

1! 102 10l

=
=

Figure 40. AXL-overexpressing breast cancer cells promote the polarization of M2
macrophages. A) Flow cytometric analysis of the M2 markers CD163 and CD206 in human
monocytes cultured in the absence (pink) or presence of MCF-7-CM (light blue), MDA-MB-231-
CM (green; upper panel), basal-like HCC38-CM (dark blue; middle panel), AXL-negative basal-
like MDA-MB-468-CM (purple; middle panel), or R428-treated MDA-MB-231-CM (orange;
lower panel) for 6 days. Grey histograms represent staining with isotype controls. The histograms
are representatives of five independent experiments. B) Heatmap showing the effect of R428 on the
expression of EMT markers and relevant cytokines/chemokines in MDA-MB-231 cells. Significant

genes are indicated with an asterisks (two-tailed Student’s t test; *P < 0.05; **P < 0.01).
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AXL-expressing mesenchymal-like TNBC cells, but not MCF-7, were able to polarize
macrophages toward an M2 phenotype (Figure 40A, upper panel). Also AXL-expressing
basal-like cells induced these phenotypic changes in macrophages, although to a lesser
extent than mesenchymal-like cells, while the polarizing effect of AXL-negative basal-like
cells was marginal (Figure 40A, middle panel), suggesting that AXL may sustain the
cancer-inflammation cross-talk beyond its primary role in EMT. Noteworthy, the ability of
MDA-MB-231 cells to change the expression of these surface markers was impaired by the
selective inhibition of AXL with R428 (Figure 40A, lower panel). Consistently, we found
that R428-treated MDA-MB-231 cells showed reduced expression of vimentin (P = 0.008),
CCL2 (P = 0.008), IL6 (P = 0.024), Oncostatin M (OSM; P = 0.019), and TGFB2 (P =
0.029) (Figure 40B), indicating that AXL may contribute to the recruitment and
polarization of macrophages by increasing the release of specific cytokines and

chemokines.

4.4.6 AXL influences cancer cell aggressiveness and response to chemotherapy in triple-
negative breast cancer

We next evaluated the relevance of the reciprocal cross-talk between M2 TAM and cancer
cells for tumour progression and chemotherapy response. We demonstrated that the CM
from M2-polarized macrophages enhanced the MDA-MB-231 cell migration (P = 2.00E-
02; Figures 41 A and B) and increased the resistance of MDA-MB-231 and HCC38 TNBC
cells to paclitaxel (P = 2.80E-02; P = 3.90E-02, respectively) and doxorubicin (P = 4.30E-
02; P = 2.90E-02, respectively) (Figure 41C). Importantly, AXL inhibition with R428
reduced the migratory capacity (P = 3.60E-02, Figures 40A and B) and restored the
sensitivity of MDA-MB-231 and HCC38 cells to paclitaxel (P = 1.20E-02; P = 1.90E-02,
respectively) and doxorubicin (P = 2.70E-02; P = 2.00E-02, respectively; Figure 41C). In
addition to AXL inhibition, the treatment with R428 affected the activation of other

oncogenic pathways, including AKT, ERK1/2, and SRC signalling, suggesting possible
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cross-talks and escape mechanisms to AXL inhibition in TNBC (Figure 41D).
Collectively, these data suggest that the interaction between M2 TAM and TNBC cells

through AXL plays an important role in supporting tumour progression and

chemoresistance.
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Figure 41. M2-polarized macrophages sustain tumour aggressiveness and influence drug
sensitivity of AXL-overexpressing breast cancer cells. A) Wound healing assay with untreated or
R428-treated MDA-MB-231 cells in the absence (control medium) or presence of conditioned
medium (CM) derived from M2 macrophages. B) Statistical analysis of wound closure. Gap size at
0 hours was set to 100% and percentage of closed wound was calculated after 24 hours. C) M2-
polarized macrophages increase the resistance of HCC38 and MDA-MB-231 cells to paclitaxel
(Pac), and doxorubicin (Dox) treatments compared with cells treated with control medium, while
the selective inhibition of AXL with R428 restores drug sensitivity in TNBC cells. D) Western blot
with the indicated antibodies of lysates from MDA-MB-231 cells treated with 1 uM R428 at
different time points. B-actin was used as a loading control. P-values were obtained using a two-

tailed Student’s t test (mean + SD, n = 3 experiments; *P < 0.05; **P <0.01).
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5. Discussion

5.1 Immune gene signatures define different molecular subtypes of triple-negative
breast cancer

The hallmarks of cancer comprise specific biological abilities that enable tumour
development, progression, and metastatic dissemination (Hanahan and Weinberg, 2011).
An increasing body of evidence suggests that genomic instability and immune responses
facilitate the acquisition of functional capabilities that allow cancer cells to survive,
proliferate, and disseminate (Hanahan and Weinberg, 2011). TNBC is generally
characterized by a higher level of genomic aberrations and CIN compared with other breast
cancer subtypes (Cancer Genome Atlas Network, 2012; Turner and Reis-Filho, 2013).
Noteworthy, a substantial percentage of TNBC are also characterized by a high expression
of immune-related genes and by an intense immune cell infiltrate, suggesting a potential
connection between the levels of CIN and immune responses in TNBC (Metzger-Filho et
al., 2012).

Several gene expression signatures reflecting genomic instability or adaptive and
innate immunity have been generated and demonstrated to predict prognosis and response
to chemotherapy in breast cancer, including TNBC (Alistar et al., 2014; Amara et al.,
2017; Carter et al., 2006; Habermann et al., 2009; Karn et al., 2011; Miller et al., 2016;
Mulligan et al., 2014; Nagalla et al., 2013; Rody et al., 2009; Telli et al., 2016; Vollan et
al., 2015). Historically, the connection between CIN and immune infiltrates has been
explained by the fact that high levels of CIN and mutational load can generate mutant
peptides, some of which are immunogenic and can be recognized by T lymphocytes (Disis
and Stanton, 2015; Loi, 2013). However, only one-third of mutations have been shown to
be expressed in TNBC, suggesting that other factors contribute to the enhanced immune
infiltration found in TNBC (Disis and Stanton, 2015; Shah et al., 2012). Accordingly, we

found that several immune signatures, especially those reflecting the presence of immune
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cells with anti-tumour functions such as NK and CTL, are overexpressed in TNBC with
low levels of CIN. This inverse correlation may support the hypothesis that genomic
instability influences immune responses not by increasing the immunogenicity of cancer
cells, but by allowing immune escape (Loi, 2013). In agreement with our findings, high
levels of aneuploidy have been recently found to negatively correlate with the presence of
cytotoxic immune responses in several tumour types, including ER-negative/PR-negative
breast cancer, and to be associated with reduced response to checkpoint inhibitors (Davoli
et al., 2017). Conversely, a high mutational burden and neoantigen load were associated
with increased immune signature scores and with durable clinical benefit from
immunotherapy in patients with melanoma and non—small cell lung cancer (Davoli et al.,
2017; McGranahan et al., 2016; Rizvi et al., 2015; Snyder et al., 2014; Van Allen et al.,
2015). Overall, these results indicated that a high mutational load is able to enhance the
anti-tumour activity of neoantigen-specific T lymphocytes. However, the presence of high
levels of aneuploidy can induce immune suppression that outbalance the immune-
promoting effect of mutations, positing CIN as the major genetic driver of immune
response in human tumours (Zanetti, 2017). Thus, cancer patients with high levels of CIN,
independently from mutational status, may be eligible for alternative immunotherapies that
reverse the immunosuppressive status of the tumour microenvironment.

Even though we confirmed that the vast majority of TNBC showed a high level of
CIN, distinct biological and molecular features differentially characterize genomically
unstable and stable tumours. Accordingly, our results suggest that TNBC with low levels
of CIN principally enclose M/MSL and claudin-low tumours, which are characterized by
the presence of EMT and CSC-like features and by an intense immune cell infiltrate. This
TNBC subset also reflects the characteristics of the IC4 group, displaying a reduced level
of genomic instability and massive lymphocytic infiltration (Curtis et al., 2012; Dawson et
al., 2013). Conversely, the CIN-high TNBC group, including mostly basal-like breast

tumours, which mainly mirror the IC10 group, and a proportion of M/MSL cancers is more
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heterogeneous in terms of both biological features and levels of immune infiltrates. Thus,
although chemotherapy may be beneficial for a subset of these patients with extreme CIN
levels independently of immune infiltrates, novel therapeutic strategies to promote immune
response in TNBC refractory to standard chemotherapy warrant further investigation.

The complexity and heterogeneity of the immune microenvironment is also
reflected by the finding that different TNBC molecular subgroups are associated with
specific immune signatures. Indeed, although the IM subtype was enriched for almost all
the immune components, we found that the expression signatures related to NK cells and
M2 macrophages were overexpressed in M/MSL cancers, suggesting a potential biological
relevance of innate immunity in TNBC with mesenchymal-like properties. Consistent with
our findings, recent data provide evidence that TIL strongly contribute to the peculiar gene
expression pattern of the IM subtype (Lehmann et al., 2016). Furthermore, the M subgroup
showed the lowest correlation with the IM profile among the other TNBC molecular
subtypes, suggesting that M tumours are generally characterized by a permissive and
immunosuppressive microenvironment (Lehmann et al., 2016). Although IM cancers as
well as the MSL subgroup, which principally reflects the high abundance of mesenchymal
stromal tissues, have been proposed as simple descriptors of the tumour microenvironment
rather than independent subtypes, the relevance of both immune and stromal cells in
tumour development and progression, and in determining patient’s outcome and response

to treatments should not be neglected (Lehmann et al., 2016).

5.2 Immune stratification reveals a subset of PD-1/LAG-3 double-positive triple-
negative breast cancers

Recent evidence suggests that the presence of TIL is an important predictor of outcome
and response to chemotherapy in TNBC (Adams et al., 2015; Adams et al., 2014; Denkert
et al., 2015; Loi et al., 2014; Loi et al., 2013). In our dataset, we confirmed that increasing

stromal TIL is an independent prognostic marker for prolonged RFS and OS in TNBC
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treated with adjuvant anthracycline-based chemotherapy. Studies evaluating the
association of LPBC with survival have reported conflicting results (Adams et al., 2015;
Adams et al., 2014; Denkert et al., 2015; Loi et al., 2014; Loi et al., 2013). Indeed, LPBC
did not reach a statistically significant association with prognosis, likely due to the reduced
number of events, and the small proportion of TNBC displaying this phenotype. Thus,
further efforts are needed to improve the quantitative pathological assessment of TIL on
HE-stained slides.

In agreement with recent data, we demonstrated that a stromal TIL value > 20%
could identify a group of low-risk patients with both lymph node negative and positive
early-stage TNBC (Loi et al., 2016). Furthermore, our findings suggest that patients with
low TIL may benefit from the generation of an anti-tumour immune response, while
boosting the lymphocyte activity (e.g., checkpoint inhibitors) might prove useful in
patients with high TIL and high disease burden.

Although the presence of TIL reflects the activation of a local anti-tumour immune
response, distinct immune cell subpopulations may have a specific biological significance.
In agreement with previous findings, we demonstrated that both CD8+ and FOXP3+ cells
were associated with good outcome in TNBC patients and that the clinical significance of
FOXP3+ cells was highly dependent on the concurrent presence of CTL (Ali et al., 2014;
Jiang et al., 2015; Liu et al., 2014; Mahmoud et al., 2011; West et al., 2013). Interestingly,
when stratified based on the presence of CD8+ lymphocytes, a high infiltration of FOXP3+
cells trended towards reduced survival in TNBC cases with low content of CD8+ cells.
These results suggest that CD8+ lymphocytes could be the main effectors of anti-tumour
immune responses and that the consistent correlation between FOXP3+ and CTL may in
part explain the conflicting results reported in previous studies (Dushyanthen et al.,
2015b). Overall, our findings indicate that the assessment of single immune components
may not be as informative as the global evaluation of stromal TIL. However, the

understanding of the biological role of different lymphocyte subpopulations warrants
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further investigations and could be useful to select TNBC patients who may benefit from
the addition of specific immunomodulatory therapies to conventional chemotherapeutic
regimens.

Although TIL are emerging as important prognostic and predictive factors in
TNBC, it is worth noting that many TNBC have few TIL, and even in the presence of
massive lymphocytic infiltration, immunosuppressive mechanisms should be considered
(Loi, 2014). In this scenario, both radiotherapy and chemotherapeutic agents (e.g.,
anthracyclines) have been shown in preclinical models to be able to shape the tumour
microenvironment and to boost an effective immune response against tumour cells
(Tsoutsou et al., 2015; Tung and Winer, 2015). These therapies should be evaluated
rationally in combination with immunomodulatory drugs to synergize with pre-existing
lymphocytes with tumouricidal activity or to elicit a de novo local immune response in
tumours lacking TIL.

Even though the immune system can recognize and eliminate malignant cells,
tumours have evolved multiple mechanisms to evade effective immunosurveillance,
including the activation of the immune checkpoints PD-1 and LAG-3 (Fridman et al.,
2012; Nguyen and Ohashi, 2015). We demonstrated that PD-1+ and LAG-3+ TIL were
present in approximately 30% and 18% of TNBC, respectively, and that their presence in
the tumour microenvironment tended to be associated with good prognosis in TNBC. The
upregulation of these receptors, especially PD-1, has been classically described as a
prominent immune resistance mechanism and analyses performed on tissue microarrays
have revealed an inverse correlation with the outcome of breast cancer patients (Muenst et
al., 2013; Nguyen and Ohashi, 2015). Indeed, double-positive PD-1/LAG-3 TIL have been
recently demonstrated to show a more exhausted phenotype compared with single positive
or negative TIL in preclinical model, likely leading to an increased cancer immune evasion
(Woo et al., 2012). However, the role of co-inhibitory molecules in the modulation of the

tumour immune microenvironment and the mechanisms underlying T cell exhaustion and
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anergy are still poorly understood (Nguyen and Ohashi, 2015; Savas et al., 2016).
Furthermore, it is worth noting that the activity of immune cells depends on the interaction
with cancer cells and recent findings support the idea that the functional relevance of
checkpoint proteins is highly sensitive to the context (e.g., amount of antigen,
topographical relationships with tumour cells, and PD-L1-expressing cells) (Nguyen and
Ohashi, 2015; Okazaki et al., 2013). Consequently, the evaluation of the clinical and
biological significance of immune markers, especially those reflecting the activation status
of lymphocytes, should be performed on whole tissue sections, reducing sampling bias due
to tumour heterogeneity, and providing a more comprehensive understanding of the
complex tumour-immune dynamics. Moreover, we found that the expression of both PD-1
and LAG-3 highly correlated with the presence of TIL, especially cytotoxic CD8+ cells.
Even though a stratified analysis according to levels of lymphocytic infiltration was not
performed due to the low number of cases in each subgroup, our results suggest that the
presence of PD-1+ and LAG-3+ TIL in the tumour microenvironment may reflect the
occurrence of an active, although partially exhausted, intratumoural immune response,
rather than representing a global marker of immunosuppression. Accordingly, emerging
evidence revealed that local immunomodulatory factors (e.g., IFN-y released by TIL) or
the activation of oncogenic signalling pathways (e.g., PI3K pathway) can promote the
expression of PD-L1, which has been shown to be enriched in triple-negative/basal-like
breast cancer and associated with good outcome and response to chemotherapy in patients
with TNBC (Ali et al., 2015; Denkert et al., 2015; Gatalica et al., 2014; Mittendorf et al.,
2014; Schalper et al.,, 2014; Wimberly et al., 2015). Interestingly, by analysing two
independent cohorts, we found that PD-1+ and LAG-3+ TIL were concurrently expressed
in approximately 15% of TNBC. Thus, reversing the phenotype of exhausted T
lymphocytes by targeting multiple inhibitory receptors may boost an effective anti-tumour
immune response, and represent a novel valuable strategy to treat a subgroup of TNBC.

Recently, the blockade of the PD-1/PD-L1 pathway has shown promising clinical activity

98



in patients with metastatic TNBC, although the molecular preselection of the candidate
patients for novel clinical trials would be valuable (Adams et al., 2016; Dirix et al., 2016;
Emens et al., 2015; Gibson, 2015; Savas et al., 2016). Preclinical data demonstrated that
anti-LAG-3 is mildly effective as a monotherapy, but potently synergize with anti-PD-1,
suggesting that the combined immune checkpoint inhibition could enhance T cells activity
and improve anti-tumour immunity (Woo et al., 2012). Furthermore, the dual blockade of
PD-1 and LAG-3 may exhibit less immune toxicity than that observed with the blockade of
other immune receptors (e.9., CTLA-4).

In conclusion, this study highlights the importance of different lymphocyte
subpopulations for the selection of primary TNBC patients who may benefit from
immunomodulatory drugs. Our data support the clinical evaluation of anti-PD-1/PD-L1
and anti-LAG-3 in combination with chemotherapy in a specific subset of TNBC patients

that show concurrent expression of both checkpoints.

5.3 CD103+/PD-1+ T-cells identify a subset of triple-negative breast cancer
candidates for targeted checkpoint inhibitors therapy

The presence of tumour-infiltrating immune cells is a hallmark of human cancer and
affects the pathological and clinical behaviour of TNBC (Adams et al., 2015; Fridman et
al., 2012; Savas et al., 2016). Beside the prognostic and predictive value of TIL in TNBC,
the landscape of the immune microenvironment in human tumours is complex and
heterogeneous (Adams et al., 2015; Adams et al., 2014; Bottai et al., 2016a; Denkert et al.,
2015; Fridman et al., 2012; Loi et al., 2014; Loi et al., 2013; Savas et al., 2016; Stanton et
al., 2016). Different subsets of TIL have been found with variable frequencies,
localization, and functional status in breast cancer (Fridman et al., 2012; Stanton et al.,
2016). According to previous studies, we demonstrated that CD8+ cytotoxic TIL are
strongly associated with the outcome of TNBC patients (Ali et al., 2014; Bottai et al.,

2016a; Matsumoto et al., 2016; Miyashita et al., 2015). CD8+ cells were more numerous in
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tumour stroma, but their presence in both stromal and intraepithelial compartments predicts
clinical outcome in TNBC. Even though intraepithelial TIL are quite infrequent and often
difficult to evaluate, the prevalent stromal localization of CD8+ cytotoxic lymphocytes
may partly explain the superior prognostic value of stromal TIL compared with that of
intraepithelial lymphocytes (Adams et al., 2014; Kroemer et al., 2015).

The evaluation of TIL localization, composition, and functionality may increase our
understanding of the immune contexture in human cancers and help to identify TNBC
patients eligible for immunotherapies. In particular, the mechanisms that promote the
localization of CD8+ T cells within the tumour, which may ultimately influence their anti-
tumour activity, remain elusive. In this regard, the integrin CD103 plays a pivotal role in
the retention of intratumoural T lymphocytes and in the promotion of T cell cytotoxic
activity (Djenidi et al., 2015; Le Floc'h et al., 2011; Wang et al., 2016; Webb et al., 2014).
Accordingly, we found a consistent correlation between the presence of CD8+ and
CD103+ TIL in TNBC. Unlike CD8+ cells, CD103+ lymphocytes were predominantly
localized to intraepithelial areas and were associated with prognosis only when they are in
direct contact with cancer cells. Importantly, we demonstrated that the concurrent massive
infiltration of intraepithelial CD8+ and CD103+ lymphocytes is a strong predictor of good
outcome. Overall, our results suggest that CD103 specifically identifies a subset of tumour-
reactive CD8+ TIL in TNBC, paving the way for the development of innovative
immunotherapeutic approaches.

The functions of CD103 have been suggested to be mediated by the binding of the
integrin to E-cadherin on tumour cells (Boutet et al., 2016; Le Floc'h et al., 2011).
However, in agreement with previous findings in high-grade serous ovarian cancer, we did
not observe a clear association between E-cadherin and the presence of CD103+ cells in
TNBC. It is worth noting that a subgroup of TNBC shows features of EMT, which is
characterized by the up-regulation of mesenchymal-associated genes (e.g., N-cadherin,

fibronectin, and vimentin) and by the loss of E-cadherin (Lamouille et al., 2014; Turner
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and Reis-Filho, 2013). Furthermore, TGF-B, which is a key regulator of EMT, has been
shown to dampen the expression of E-cadherin and to act as a potent inducer of CD103
expression on CD8+ T cells (Boutet et al., 2016; Lamouille et al., 2014). Thus, our
findings suggest that the intraepithelial retention and effector functions of CDI103+
cytotoxic TIL may be mediated by mechanisms other than the binding to E-cadherin in
TNBC.

EMT and the concurrent loss of E-cadherin have been associated with tumour
progression and metastatic spread in TNBC (Kashiwagi et al., 2010; Lamouille et al.,
2014). Furthermore, the interaction between cancer cells with mesenchymal features and
tumour-associated immune cells is emerging as a hallmark of human cancers, including
TNBC (Hanahan and Weinberg, 2011). These distinctive characteristics of the tumour
microenvironment may promote intrinsic cancer cells aggressiveness and enable tumours
to evade immune destruction. In particular, immune checkpoint receptors such as PD-1
have attracted considerable interest as potential targets for immunotherapy of human
tumours, including breast cancer (Savas et al., 2016). We demonstrated that CD103 and
PD-1 are frequently co-expressed on intraepithelial TIL in TNBC and that double-positive
CD103/PD-1 cells are associated with better outcome compared with patients with double-
negative tumours. Even though PD-1 has been historically considered a marker of immune
exhaustion, the correlation between the expression of PD-1 on CD103+ TIL and good
prognosis rather indicates that it reflects the presence of an active intratumoural immune
response. According to recent findings in melanoma, endometrial, ovarian, and non-small
cell lung cancers our results suggest that CD103+ cytotoxic T cells expressing PD-1 are
partially quiescent in the tumour microenvironment, but might recover their anti-tumour
activity following immunogenic chemotherapy (e.g., anthracyclines) and immune
modulation (Djenidi et al., 2015; Gros et al., 2014; Webb et al., 2015; Workel et al., 2016).

Thus, the presence of PD-1+/CD103+ cytotoxic TIL in tumours warrants further
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investigation as a candidate marker for the selection of TNBC patients eligible for
immunotherapy.

Collectively, our results suggest that the expression of CD103 on CD8+ TIL in
direct contact with cancer cells may identify a subpopulation of lymphocytes with potent
anti-tumour activity. However, the effector functions of this TIL subsets as well as the
mechanisms mediating T cell retention within tumour epithelium and anti-tumour activity
need to be fully elucidated. The expression of PD-1 on CD103+/CD8+ TIL could have
potential therapeutic implications, helping to identify TNBC patients eligible for
immunomodulatory treatments that boost the anti-tumour activity of potentially quiescent

intratumoural T lymphocytes.

5.4 AXL-associated tumour inflammation as a poor prognostic signature in
chemotherapy-treated triple-negative breast cancer patients

The tumour microenvironment is of paramount importance in breast cancer progression
and accumulating evidence indicates an emerging role of the cross-talk signalling between
mesenchymal cancer cells and TAM. In fact, EMT and TAM provide invasive and
metastatic capabilities to tumour cells and modulate the tumour microenvironment, leading
to suppression of anti-tumour immune response and limiting the effects of cytotoxic
chemotherapy (De Craene and Berx, 2013; Drasin et al., 2011; Jung et al., 2015; Lamouille
et al., 2014; Reiman et al., 2010; Su et al., 2014b). TNBC, which is often characterized by
the presence of both EMT and TAM, is a good model to explore potential molecular
markers maintaining the biological intersections between these two signallings (Jung et al.,
2015; Reiman et al., 2010; Su et al., 2014a; Su et al.,, 2014b). In this study, we
demonstrated that the receptor AXL was the most significant EMT-related kinase
associated with the presence of macrophages in the tumour stroma of TNBC. This receptor
is emerging as an important effector of the EMT programme and its activation is

responsible for triggering important oncogenic pathways such as PI3K/AKT/mTOR, NF-
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kB, EGFR, and MAPK cascades, involved in cell proliferation, survival, and invasion
(Asiedu et al., 2014; Elkabets et al., 2015; Gay et al., 2017; Gjerdrum et al., 2010; Graham
et al., 2014; Meyer et al., 2013; Paccez et al., 2014). Furthermore, AXL activation has been
also involved in the resistance to chemotherapeutic drugs and targeted agents such as
cisplatin, taxanes, and EGFR/HER2/MAPK/PI3K inhibitors in multiple cancers (Brand et
al., 2014; Byers et al., 2013; Elkabets et al., 2015; Gay et al., 2017; Postel-Vinay and
Ashworth, 2012; Tirosh et al., 2016; Wilson et al., 2014). In line with different studies in
human tumours, including acute myeloid leukemia, breast cancer, colon cancer, gastric
cancer, head and neck squamous cell carcinoma, non-small cell lung cancer, ovarian
cancer, and pancreatic cancer, we found that the increased expression of AXL significantly
correlated with poor outcome in TNBC patients treated with anthracycline-taxane-based
adjuvant chemotherapy (Asiedu et al., 2014; Brand et al., 2015; Dunne et al., 2014;
Elkabets et al., 2015; Gjerdrum et al., 2010; Graham et al., 2014; Linger et al., 2010;
Lozneanu et al.,, 2016; Meyer et al., 2013; Paccez et al., 2014). Interestingly, AXL
overexpression was associated with distant tumour recurrence, particularly to visceral
organs, indicating a specific route of tumour dissemination for a subset of these tumours.
AXL kinase has been previously shown to be one of the most differentially expressed genes
in the mesenchymal stem-like subtype compared with other subgroups of TNBC (Lehmann
et al., 2011). Our data demonstrated that the expression of AXL was a specific feature of
TNBC cells, especially those with mesenchymal features, sustaining the role of AXL in the
activation of EMT and in mediating cancer cell aggressiveness (Asiedu et al., 2014; Del
Pozo Martin et al., 2015; Gjerdrum et al., 2010; Graham et al., 2014; Paccez et al., 2014).
Furthermore, we showed that AXL was involved in the modulation of several immune
pathways, including leukocyte migration and chemotaxis, macrophage activation, and
agranulocyte adhesion, further supporting the biological relevance of the interaction

between AXL-expressing cancer cells and cancer-related immune responses in TNBC
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(DeNardo et al., 2011; Jung et al., 2015; Lu et al., 2014; Reiman et al., 2010; Su et al.,
2014a; Su et al., 2014b; Williams et al., 2016).

Previous studies reported that CD68+ TAM are a potential prognostic marker in
breast cancer (Graham et al., 2014; Jinushi et al., 2011; Mahmoud et al., 2012; Tiainen et
al., 2015). However, we found that CD68+ TAM in tumour stroma mildly correlated with
tumour relapse and were not significantly associated with TNBC patients’ outcome.
Therefore, given potential differences in the evaluation of protein expression among
studies, the clinical significance and utility of CD68 expression in TNBC remains
uncertain. These data also highlight the concept that CD68 probably does not accurately
reflect the presence and the function of distinct macrophage subpopulations within the
tumour stroma, at least in breast cancer (Mukhtar et al., 2011; Ruffell et al., 2012b; Ruffell
and Coussens, 2015). Consequently, our results advocate the importance to further evaluate
the biological role and functions of different macrophage subpopulations in breast cancer.
Indeed, macrophages exhibit remarkable functional and phenotypic plasticity, with
activated M2-like cells displaying tumour-promoting activities (Graham et al., 2014; Lu et
al., 2014). Accordingly, most human tumours exhibit TAM with an M2-like phenotype,
which promote EMT and contribute to tumour progression and drug resistance (DeNardo
et al., 2011; Galluzzi et al., 2012; Jinushi et al., 2011; Lu et al., 2014; Mantovani and
Allavena, 2015; Pollard, 2004; Qian and Pollard, 2010; Ruffell and Coussens, 2015; Su et
al., 2014a; Su et al., 2014b; Williams et al., 2016). Accordingly, we found that the massive
presence of M2 macrophages correlated with an aggressive behaviour of TNBC.
Moreover, AXL was significantly co-expressed with genes associated with M2
macrophages and positively correlated with the infiltration of CD163+ M2 cells,
suggesting an important relationship between AXL-expressing cells and TAM with pro-
tumour activity in a specific subgroup of TNBC.

The cross-talk between mesenchymal cancer cells and tumour microenvironment is

recognized as a key factor in tumour progression in several tumours (Del Pozo Martin et
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al., 2015; Lu et al., 2014; Reiman et al., 2010; Su et al., 2014a; Su et al., 2014b). However,
we demonstrated that CD163+ M2 TAM did not retain their prognostic significance in
multivariate analysis, suggesting that CD163+ macrophages likely have a role in sustaining
the aggressiveness of cancer cells, but their presence alone may not be sufficient to affect
the outcome of TNBC patients.

Although the mechanisms underlying the link between cancer cells and TAM are
complex and difficult to dissect in vitro, we observed the reciprocal nature of this
interaction sustained by AXL. Our data showed that AXL-positive TNBC cells with
mesenchymal traits activate human macrophages to an M2-like phenotype, modulating a
specific pattern of pro-tumour cytokines and chemokines. Indeed, mesenchymal-like cells
were able to increase the release of CCL18 and IL-10, which are known macrophage-
derived mediators of metastatic dissemination and resistance to chemotherapy in breast
cancer (Chen et al., 2011; Ruffell et al., 2014). Furthermore, we demonstrated that the
selective inhibition of AXL with R428 impaired the ability of mesenchymal cells to induce
the polarization of macrophages, by reducing the release of CCL2, IL-6, OSM, and TGF-p3,
which are well-known inducers of the M2 phenotype (Tripathi et al., 2014; Williams et al.,
2016). Additionally, AXL may be also involved in the recruitment of macrophages at the
tumour site, increasing the production of CCL2 that functions as a monocyte
chemoattractant protein (Kitamura et al., 2015). Noteworthy, we found that AXL-
expressing mesenchymal-like cells were also capable of inducing the release of the AXL
ligand Gas6, which is selectively secreted by M2-type macrophages. Thus, our results
suggest that the AXL/Gas6 signalling may play a role in modulating the interaction
between mesenchymal TNBC cells and M2 TAM and support previous findings indicating
that tumour cells induced infiltrating TAM to increase the production of Gas6, promoting
cell growth and metastasis in different cancer models (Loges et al., 2010). Although also
the vitamin K-dependent plasma glycoprotein Protein S was described as a ligand for the

TAM receptor family, which includes, AXL, MER, and TYRO3, the ability of this ligand
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to bind and activate AXL has never been shown (Linger et al., 2008; van der Meer et al.,
2014). Furthermore, alternative ligand-independent mechanisms, including interaction with
EGFR, which is frequently express in TNBC, have been demonstrated (Asiedu et al., 2014;
Carey et al., 2010; Elkabets et al., 2015; Meyer et al., 2013). Therefore, although the
biological modalities of AXL action should be further investigated, our results suggest that
TNBC cells with mesenchymal features may “educate” infiltrating TAM to support tumour
progression and that targeting AXL may be a novel strategy to reduce both EMT and the
pro-tumour activity of TAM in TNBC. Consistently, TAM receptors, particularly AXL and
MER, have been found to be expressed in DC, NK cells, and macrophages and to induce
immunosuppression by multiple mechanisms, principally by inhibiting pro-inflammatory
cytokine signallings and toll-like receptors pathways, and favouring the polarization of M2
macrophages. Thus, although macrophages mostly rely on MER to exert their functions,
recent evidence suggests that the inhibition of these receptors can not only impair the
intrinsic oncogenic properties of cancer cells, but also affect the tumour microenvironment
through the repolarization of the immune response and exert a global anti-cancer action
(Aguilera and Giaccia, 2017; Akalu et al., 2017; Antony and Huang, 2017; Graham et al.,
2014; Lew et al., 2017; Nemunaitis et al., 2016; Rothlin et al., 2007; van der Meer et al.,
2014; Wnuk-Lipinska et al., 2017; Yokoyama et al., 2017; Zizzo et al., 2012).

Finally, we demonstrated that the presence of M2-polarized cells enhanced the
migratory potential and chemoresistance of TNBC cells, whereas the selective
pharmacological inhibition of AXL was able to drastically reduce cell aggressiveness and
to restore response to chemotherapeutic drugs including taxanes and anthracyclines. These
results are in agreement with recent findings showing that infiltrating macrophages
reduced the primary breast tumour drug response and that R428 enhanced the efficacy of
anti-mitotic drugs in mesenchymal-like lung and breast cancer cells (Ruffell et al., 2014;
Wilson et al., 2014). Noteworthy, although R428 was shown to be > 100-fold selective for

AXL over EGFR, HER2, PDGFR, and other kinases, the treatment of TNBC cells with
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this inhibitor also affected the activation of other oncogenic pathways, providing evidence
of cross-talk signalling between different pathways and the activation of compensatory
feedback networks (Holland et al., 2010). Moreover, we showed that AXL was also
expressed in basal-like breast cancer cells. Even though the effect of AXL-expressing
basal-like cells on macrophage polarization was mild compared with that of mesenchymal-
like cells, TAM were equally able to induce chemoresistance in both TNBC models. These
findings suggest that, beyond the role of mesenchymal-like cells in supporting the cross-
talk with TAM, AXL inhibition could be a potential therapeutic strategy for a broader
range of patients with AXL-expressing TNBC.

Even though we provide evidence of the involvement of AXL kinase in
macrophage polarization, the specific requirement of AXL for the interaction with TAM
and the potentially distinct biological role of different subtypes of TNBC cells warrant
further studies. In particular, the direct and indirect role of AXL as potential
immunomodulator of macrophage phenotype and functions should be explored through the
generation of CRISPR/Cas9-mediated AXL-knockout TNBC cells and co-culture
experiments. Moreover, the effect of AXL blockade through selective or multi-kinase
inhibitors on the modulation of the complex interactions occurring within the tumour
microenvironment between TNBC cells and macrophages should be investigated in in vivo
models of TNBC. Given the retrospective nature of this study and to determine the
potential heterogeneity of treatment effects associated with AXL functions, our findings
would need to be further validated in a prospective clinical trial. Despite these limitations,
our results suggest that AXL is a prognostic indicator of outcome in TNBC treated with
chemotherapy. Furthermore, AXL supports the pro-tumour activity of M2-type
macrophages, inducing tumour progression and resistance to chemotherapy.

Overall, our data provide support for the use of AXL targeted therapy to reduce
tumour aggressiveness, overcome chemotherapy resistance, and impair the cross-talk

between cancer cells and TAM in patients with TNBC overexpressing AXL.
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6. List of Abbreviations

BL1, basal-like 1; BL2, basal-like 2; CK, cytokeratins; CI, confidence interval; CIN,
chromosomal instability; CNA, copy number alterations; CSC, cancer stem cells; DC,
dendritic cells; EGFR, epidermal growth factor receptor; EMT, epithelial to mesenchymal
transition; ER, estrogen receptor; FFPE, formalin-fixed, paraffin-embedded; HER2, human
epidermal growth factor receptor 2; HR, hazard ratio; ieCD8, intraepithelial CDS;
1eCD103, intraepithelial CD103; IFN, interferon; IHC, immunohistochemistry; IL,
interleukin; IM, immunomodulatory; IQR, Interquartile range; LAG-3, lymphocyte
activation gene 3 protein; LAR, luminal androgen receptor; LN, lymph node; LPBC,
lymphocyte-predominant breast cancer; LR, likelihood ratio; LVI, lymphovascular
invasion; M, mesenchymal; MAPK, mitogen-activated protein kinases; MSL,
mesenchymal stem cell-like; NF-xB, nuclear factor-xB; NK, natural killer; OS, overall
survival; PD-1, programmed cell death protein 1; PD-L1, programmed cell death 1 ligand
1; PI3K, phosphatidylinositol 3-kinase; PR, progesterone receptor; RFS, relapse-free
survival; ROC, receiver operating characteristic; sCD8, stromal CD8; sCD103, stromal
CD103; TAM, tumour-associated macrophages; TGF-B, transforming growth factor-f3;
TIL, tumour-infiltrating lymphocytes; TNBC, triple-negative breast cancers; TNF, tumour

necrosis factor.
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