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CHAPTER 1

The mechanisms of mutation and selection that have driven the breath-taking diversity of
multi-cellular life present an inherent danger to an individual: the development of cancer. This
risk is particularly inflated in our species, as we are able to live far beyond our reproductive
age'. As we age past our reproductive years, evolutionary investments in tumor suppression
wane, and when combined with the accumulation of oncogenic mutations throughout
our lives, the stage is set for malignant cell growth to occur. These fast growing, resilient,
expansionistic cells, when left uncontrolled, give rise to a cellular mass that ultimately
spreads throughout the body, asphyxiates healthy tissue and perturbs vital physiological
systems. The magnitude of this problem is best illustrated in numbers, with nearly 10 million
reported cancer-related deaths annually worldwide?.

These cellular masses, or tumors, are highly heterogeneous. Besides cancer cells, tumors
consist of a wide variety of non-malignant host cells that are densely packed in a framework
of extracellular matrix, collectively known as the tumor microenvironment (TME). Within the
TME, cells continuously interact with each other through direct- or indirect cellular crosstalk
governed by receptor-ligand interactions, and paracrine molecules like cytokines, chemokines
and extracellular vesicles. A rich variety of cell types is found in the TME including stromal-,
endothelial- and immune cells, which can be further classified in numerous subsets. While
cancer cells have the malignant, viral-like nature of replicating ad infinitum at expense of
their host, the function of non-cancerous cells in the TME is ambiguous and plastic. The
behaviour of an intratumoral non-cancerous cell is simultaneously dictated by many factors
like cancer stage®, anatomical location of the tumor®, composition and molecular cues of the
environment*, genetic make-up of the malignant cells® and treatment status®. With this level
of complexity it becomes clear that each tumor is unique, and that the cell types therein are
not fixed into a certain state, but are continuously adapting to their chaotic environment.
This has important implications for tumor development as a whole, as many cells in the TME
can have both tumor-limiting, and tumor-promoting effects, depending on the context’.

The dogma that cancer is not solely a result of alterations in oncogenes and tumor
suppressor genes has only begun to shift in the past decades, due to studies that showed
the importance of components from the TME for tumor initiation, progression, metastasis
and therapy response®. Particularly the observation that tumors are infiltrated by virtually
any immune cell subset®'" has slowly sparked an interest to understand the role of immune
cells in cancer progression. Today, we are aware of the paradoxical relationship that our
immune system has with cancer. On one hand, chronic inflammation and the associated
endless cycle of cell death and repair is a major driver of carcinogenesis' '3, On the other
hand, our immune system can be employed as a means to combat cancer. This idea is
stooled on the basis that the immune system has evolved to deal with external threats
that compromise tissue function and homeostasis. To tell friend from foe, several detection
mechanisms are in place that can recognise threats of foreign nature. This can, amongst
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others, be mediated by recognition of pathogen-derived immunogenic antigens, pathogen-
and damage-associated molecules, or loss of antigen presentation machinery on host cells.
Detection of these “red flags” enables the elimination of threats of pathogenic nature like
viruses, bacteria and parasites, but similarly licenses the eradication of cancer cells that
have acquired these abnormal features, by cytotoxic cells like CD8* T cells and NK cells,
that have been properly educated and activated to do so.

Mounting a tumor-specific immune responses is not trivial, and requires an intricate interaction
between both innate and adaptive arms of the immune system. In general, the process starts
with the uptake of tumor-associated antigens by dendritic cells in the TME, which upon
maturation, carry their load to nearby lymph nodes. There, dendritic cells process and present
the cognate antigen to naive CD4* T cells which, upon successful priming, activation and
differentiation, further orchestrate the induction of tumor-specific effector programs. Under
ideal circumstances, this drives the influx of activated anti-tumoral immune cells into tumors,
which either directly engage in tumor cell kiling through release of cytotoxic molecules and
engagement of death receptors, or create supportive pro-inflammatory conditions that facilitate
anti-tumoral polarization of myeloid cells. Excitingly, the development of immunotherapeutics
aimed at removing important brakes that limit anti-tumor immunity has led to never-before-
seen response rates in cancer types that are traditionally difficult to treat like melanoma, lung,
and hereditary colorectal cancers''6, thereby demonstrating the potential of engaging the
immune system for cancer treatment.

In reality, an effective anti-tumor immune response can be impaired in any of its stages'”. One
obvious bottleneck relates to the fact that cancers are in essence not consisting of foreign
cells, resulting in limited recognition of tumor antigens as “non-self”, and thus poor priming
and recruitment of T cells™. In fact, this is amplified by the removal of highly immunogenic
cancer clones during early tumorigenesis in a process called immunoediting, which drives
the propagation of sub-clones that are “invisible” to immune recognition'®. Tumors that have
high mutational burden due to external mutagenic factors, such as melanomas and non-small
cell lung cancers®, can have high levels of tumor-specific neo-antigens, which correlate to
immunotherapy response?®'?2. However, having high mutational burden is not unequivocally
related to T cell infiltration?3, or immunotherapy response?, suggesting additional mechanisms
exist that affect the capacity of the immune system to eradicate malignancies. One such crucial
mechanism is tumor-associated immunosuppression. Immunosuppression is an essential
component of an organism in homeostasis, and has evolved to tightly regulate immune
activation®®. This is essential to prevent deleterious (auto)immune reactions to harmless self-
and environmental antigens, to restrain excessive immune activation during infection, and to
resolve inflammatory conditions after pathogen clearance.
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CHAPTER 1

Intriguingly, tumors are able to hijack immunoregulatory mechanisms to their own benefit
to undermine anti-tumor immunity, highlighting the duality of the immune system in cancer.
Through cancer-cell induced co-option of anti-inflammatory stromal- and immune cells that
abundantly accumulate in the TME, multiple overlapping mechanisms of suppression can be
stacked. This typically occurs in the chronically inflamed context of the TME, as the immune
system fails to resolve the cancer” 3. Chronically stimulated immune cells produce molecules
like IL-10, TGF-B, adenosine, INOS and IL-6 which, although pleiotropic, contribute to an
immunosuppressive environment that is characterized by tissue repair, regeneration, and
exclusion and inhibition of cytotoxic cells, instead of effector cell activation and cancer cell
kiling. Furthermore, co-inhibitory ligands like PD-L1 become widely expressed in the TME,
which further stall T cell activation and function?®. Finally, the TME can become even more
hostile to infiltrated effector cells through changes in the availability of nutrients and growth
factors?’, increased acidity?®, hypoxia®®, and release of radical oxygen species®. Combined,
this heavily compromises the efficacy of anti-cancer immunity, leading the immune system
to completely lose its grasp on tumor development.

The dual role of the immune system in cancer progression is not limited to the local tumor
site, but is also intertwined with the final and most deadly stage of cancer; its spread to
distant sites in a process known as metastasis. As invasive cancer cells enter surrounding
tissue and circulation, those with high immunogenicity have been shown to be eradicated
by extrinsic immune pressure in an effort to limit metastatic disease®'. However, this
pressure likely shapes the evolution of poorly immunogenic variants, which disseminate
to distant sites®'. In addition, it is becoming increasingly clear that cancer cells do not take
the metastatic journey alone, but succeed in corrupting immunoregulatory mechanisms
to increase their chances of successful colonisation of distant organs®2. The chronically
inflamed conditions within the primary tumor resonate throughout the host, leading to
systemic mobilisation of immunosuppressive myeloid cells that confer protection against
elimination by tumor-specific effector cells®*2*, Furthermore, tumor-associated factors have
been shown to instruct immune cells in distant organs to “prepare” a permissive niche prior
to cancer cell arrival®>®, Even tumor-draining lymph nodes, the strongholds of effector cell
activation, can become severely immunosuppressed during tumor progression®-%7,

The mechanisms underlying systemic immunosuppression and the formation of a (pre-
) metastatic niche are only beginning to be understood, in particular how the adaptive
immune system is involved in these processes. Furthermore, it is currently unclear how
systemic immunosuppression impacts organ-specific metastasis. Ultimately, improved
understanding of these mechanisms is critical to devise novel treatment strategies for patients
with metastatic cancer. To acquire this fundamental knowledge, genetically engineered
mouse models (GEMMSs) are an important tool to dissect the complex immunoregulatory
mechanisms at play during metastasis formation. Importantly, these models can reflect
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crucial aspects of human primary tumor development and the metastatic cascade, including
tissue-tropism of metastasis, heterogeneity within the primary tumor, and the chronic and
systemic inflammation that underlies de novo tumor development and progression®-°,

SCOPE OF THE THESIS

Although astonishingly complex and intriguing at a cellular level, the manifestation of cancer
imposes an enormous burden on patients, their families, and society as a whole. This results
in severe physical and emotional distress, reduced quality of life, premature death and large
economic costs. With 2,261,419 cases diagnosed worldwide in 2020, breast cancer is the
most common form of cancer across both sexes, despite over 99% of cases occurring in
women“®. These data illustrate the Herculean task laid out in the field of oncology to be
tackled, and provides the context in which the work in this thesis was performed. However,
by standing on the shoulders of giants, our current understanding on the pathogenesis of
breast cancer has massively increased over time. In stark contrast to the Egyptian medical
writer Imhotep (~2600 BC) who, while describing the first documented case of breast
cancer, noted that no therapy could be offered*!, we are currently amidst a revolution in the
development of immunotherapeutic approaches. To fully harness the potential of these novel
immunomodulatory drugs, it is essential to increase our understanding of immunoregulatory
mechanisms at play in breast cancer, in particular in the context of metastasis. This thesis aims
to provide further mechanistic insight into the role of a key regulator of immunosuppression:
the FOXP3+*CD4* regulatory T cell (T@). While essential for maintaining immune homeostasis
and tolerance®, this adaptive immune cell has emerged as a valuable asset for malignant
cell growth, through suppression of anti-tumor immunity*344. However, it is largely unclear
exactly how, when, and where T___contribute to the formation of metastases. Using GEMMs
for primary- and metastatic breast cancer*®“¢, the work in this thesis describes how tumors
succeed in corrupting Tregs for their own benefit, and provides more details into the intricate
relationship that T_. hold with the TME, metastasis, and immunotherapy response.

In chapter 2, | introduce the biology of T

regs

in the context of breast cancer, and review exciting
clinical advancements that have improved the prognostic and predictive value of Tregs in breast
cancer, and the therapeutic potential of targeting these cells. | propose that the use of GEMMs
that closely mimic the diversity and stepwise progression of human breast cancer subtypes
is necessary to propel our understanding of Treg biology to a higher level and to deepen our
knowledge of underlying mechanisms, which is important to take full advantage of novel
immunomodulatory drugs that may take the stage in breast cancer treatment.

CD4+T cells are plastic cells that respond to environmental cues by adapting their gene
expression and function to local tissue environments. In chapter 3 we describe how tumors
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exploit this feature to increase the intratumoral accumulation ofimmunosuppressive T_ ., with
the help of tumor-associated macrophages (TAMs). By characterizing the cellular crosstalk
between TAMs and CD4* T cells in spontaneous mammary tumors, we show that TAMs can
drive the conversion of conventional CD4* T cells into T_ . Mechanistic studies reveal that
this is mediated via two distinct mechanisms. TAMs can drive T_  conversion directly via
production of TGF-B, but can also prepare conventional CD4+*T cells for conversion through

regulation of PD-1 expression.

Ever since their discovery, T

regs

and a great effort has been made to characterize the function of T

regs

and metastases. However, recent studies implicate that in particular 'I'regs in blood and lymph

nodes of breast cancer patients may have important clinical value. In line with this notion,

have been in the crosshair of cancer immunology research,
inside primary tumors

in chapter 4, we move the scope from Tregs in primary tumors, to those in distant organs of
tumor-bearing hosts. Through extensive characterization of these cells we discovered that
T,egs expand systemically and undergo tissue-specific phenotypic and functional alterations
during primary mammary tumorigenesis. This elicits a tissue-specific effect on metastasis
formation, as neoadjuvant targeting of Tregs using an Fc-optimized anti-CD25 antibody
reduces cancer spread to axillary LNs, but not to the lungs. Mechanistically, we found that
'I',Sgs suppress the anti-metastatic potential of NK cells specifically in the lymph node niche.
Chapter 4 provides evidence that tissue-specific mechanisms of immunosuppression are
instrumental in shaping organotropism of metastases. Chapter 5 highlights this concept from
the angle of another key player in immunosuppression: neutrophils. | discuss a mechanism
by which breast cancer cells co-opt neutrophils to enhance neutrophil extracellular trap

formation specifically in the lungs, thereby increasing lung metastasis.

Immune checkpoint blockade (ICB) like anti-PD1 and anti-CTLA4 provide important tools
to boost T cell activation, and are increasingly used in the context of cancer to overcome
immunosuppression and to induce anti-tumor immune responses. However, Tregs themselves
can express high levels of PD-1 and CTLA4, posing the central question of chapter 6: how
does checkpoint inhibition affect Tregs'? By performing intervention studies with combinations
of ICB and Treg depletion in preclinical mouse models, we demonstrate that ICB induces
systemic activation and proliferation of T_ , but not conventional T cells. Depletion of ICB-
activated Tregs unleashes strong immune activation in blood, and improves the response to
immunotherapy in a model for metastatic breast cancer, that is otherwise unresponsive to
ICB. This chapter proposes that Tregs should be more prominently considered when using

therapeutic approaches that modulate T cell function.

As is evident from work in this thesis, functional analyses are helpful to fully uncover the role
of T__incancer. In chapter 7 we describe the details of a standardized method for assessing

regs
the immunosuppressive potential of freshly isolated T___ from tumors and lymphoid tissue,

regs

14
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which has been used in chapter 3, 4 and 6.

Finally, the theoretical and clinical implications of the findings in this thesis are discussed in
in context of current literature in chapter 8.
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CHAPTER 2

ABSTRACT

The microenvironment of breast cancer hosts a dynamic cross-talk between diverse players
of the immune system. While cytotoxic immune cells are equipped to control tumor growth
and metastasis, tumor-corrupted immunosuppressive immune cells strive to impair effective

immunity and promote tumor progression. Of these, T_, the gatekeepers of immune

regs’
homeostasis, emerge as multifaceted players involved in breast cancer. Intriguingly, clinical
observations suggest that blood and intratumoral 'ﬂegs can have strong prognostic value,
dictated by breast cancer subtype. In line, emerging preclinical evidence shows that Tregs

occupy a central role in breast cancer initiation and progression, and provide critical support

to metastasis formation. Here, T__are not only important for immune escape, but also

regs
promote tumor progression independent of their immune regulatory capacity. Combining
insights into Treg biology with advances made across the rapidly growing field of immuno-
oncology is expected to set the stage for the design of more effective immunotherapy

strategies.
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THE MULTIFACETED ROLE OF REGULATORY T CELLS IN BREAST CANCER

THE IMMUNE SYSTEM:
A DOUBLE-EDGED SWORD IN CANCER

Tumors are complex entities consisting of not just cancer cells, but also a variety of non-
malignant cell types. The local niche in and surrounding tumors is collectively described
as the tumor microenvironment (TME), which can profoundly impact the development and
progression of cancer'=. It is now clear that the TME is not a static element of tumors, but its
composition and functional state is highly diverse between cancer types, subtypes, and even
individual tumors. In the past decades, particularly the immunological component of the TME
has been studied extensively, with a focus on answering the central question: how can tumors
develop in the context of a functional immune system? Addressing this fundamental question
is essential to fully exploit the immune system for the treatment of cancer.

Breast cancer is perhaps one of the most studied cancer types in the context of the
TME. Although survival rates for breast cancer patients are steadily increasing, it is still
the leading cause of cancer-related deaths in women worldwide*®. The vast majority of
breast cancer-related mortality is due to the incurable metastatic stage of the disease.
Clearly, understanding, preventing and treating metastatic breast cancer is an unmet need.
As such, mechanistic insights into the complex interactions of key players in the TME could
pave the way for novel innovative treatments and improved patient stratification.

Clinical studies have exposed a dual role of the immune system in breast cancer. For
example, tumor-associated macrophages (TAMs) are associated with invasion, metastasis
and a worse prognosis®, while tumor infiltrating lymphocytes (TILs) are associated with a
favorable prognosis’. To understand this duality, it is important to realise that cancers host
a plethora of immune cell subsets, such as lymphocytes, various myeloid cells and innate
lymphoid cells to which both pro- and anti-tumorigenic functions have been attributed?.
Although immune cells such as CD8* T cells and NK cells have the molecular gear to
recognize and eradicate malignant cells, they often encounter a highly immunosuppressive
environment in tumors which blunts effective anti-tumor immunity. This milieu is characterized
by widespread expression of immune checkpoint receptors, inhibitory cytokines, hypoxia
and low levels of nutrients, all of which restrain the recruitment and function of cytotoxic
immune cells®. Importantly, lymphocytes and tumor-associated myeloid cells including
macrophages, neutrophils and monocytes profoundly contribute to the creation of this
immune suppressive environment as well as to systemic immunosuppression that often
accompanies primary tumor growth and which further potentiates cancer progression by
facilitating immune escape®.

A key orchestrator of immunosuppression is the CD4*regulatory T cell (T ), which has since

reg

its discovery been in the crosshairs of cancer immunology research®™. T_ _can be abundantly

21



CHAPTER 2

present in primary breast tumors and metastases''. Still, their exact impact and relevance
to breast cancer progression has proven challenging to uncover, due to the complexities of
immune cell cross-talk and metastatic disease. Recently, fundamental and preclinical research
has provided exciting new insights into the biology of Tregs in breast cancer. This comes at
an important time, as initial results of immune checkpoint inhibitors in breast cancer have
been relatively disappointing'. The expanding use of these drugs for the treatment of breast
cancer therefore necessitates a comprehensive understanding of immunosuppressive Tregs;
are we pulling the right strings? In this review, we will therefore explore and discuss the current
knowledge, challenges and clinical use of T__in breast cancer.

REGULATORY T CELLS:
GATEKEEPERS OF IMMUNE HOMEOSTASIS

The immune system is a sophisticated defense network, evolved to withstand innumerable
pathogenic challenges at any anatomical location. To do so, complex cellular interactions
coordinate pathogen recognition, immune cell activation and the execution of effector
programs. In order to return to, or maintain homeostasis, immunosuppressive signals are
essential to dampen immune responses to prevent pathological immune responses such as
chronic inflammation or auto-immunity. A key cell type involved in this process is the Treg. The
importance of Tregs in immune tolerance has become evident through characterization of so-
called “scurfy mice” that suffer from a severe lethal auto-immune syndrome, characterized by
inflamed skin, red eyes, enlarged lymphoid organs and early death'®. Scurfy mice were first
reported in 1949, but it was not until the early 2000’s that a mutation in the Foxp3 gene, and
consequential loss of Tregs, was identified as a direct cause for the severe immune pathology.
Further research showed that FOXP3 is the master transcription factor for the previously
identified specialized immunosuppressive CD4*CD25* T lymphocytes, now known as Tregs‘5’16.
Since then, it has become clear that reduced T numbers and/or impaired T_ functionality
stands at the basis of autoimmune and inflammatory diseases, such as diabetes, multiple
sclerosis and inflammatory bowel disease’”'. In contrast, their activation and accumulation in

tumors is considered detrimental, as we will explore in depth.

'I'regs utilize several strategies to antagonize both adaptive and innate immunity. Among
these, the release of immunosuppressive mediators as IL-10, TGF-3 and adenosine, and
high expression of immunomodulatory receptors as CTLA-4, PD-L1 and LAG-3 are well
established aspects of T_ functionality which can interfere with the propagation of immune
responses®®2, Scavenging of IL-2 from the environment and killing of effector T cells by
the release of granzymes additionally contributes to immunosuppression?'22, Combined,
these mechanisms can be employed to restrain dendritic cell (DC) function, or directly inhibit

cytotoxic cells?'. The exact effector program that is engaged is highly dependent on the tissue
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and nature of the immune response’®?3, Emerging evidence shows that T,egs can acquire
expression of T, subset transcription factors (TFs), such as T-bet, GATA3 and RORyT

which directs their function towards suppression of T,

helper

neper CElS Of that particular subset'®#.

For example, T@s expressing the Th1 TF T-bet are important for suppressing Th1 mediated
inflammation, but cannot suppress Th2 or Th17 responses?.

Two flavors of FOXP3*T

regs

In vivo, two distinct populations of FOXP3* Tregs are defined, based on their ontogeny and
stability: thymically developed (natural) 'I'regs and extrathymically developed (peripheral
or induced) T_ . Thymic T___(tT

regs” regs regs’

) represent a dedicated lineage with stable expression
of FOXP3 and affinity for self-antigen. The generation of tT

regs

occurs through a unique
developmental program in the thymus, based on a delicate balance of T cell receptor (TCR)
affinity and antigen specificity of CD4* progenitor cells?®?". Through this program, ’['I'regs are
equipped with T cell receptors biased towards recognition of tissue restricted self-antigens,
which enables the suppression of immune responses directed towards host peptides upon

activation via their TCR28-%0,

Unlike tT__, peripheral T

regs’ regs

(pT,egS) are extrathymically generated in the periphery from non-
regulatory FOXP3-CD4+T cells. A crucial element of pTregdifferentiation is its dependence on
TGF-B signalling, which in FOXP3-CD4+ T cells, induces the interaction of SMAD2/3 with an
intronic enhancer in the Foxp3 locus, CNS131-%, p'ﬂegs have unstable FOXP3 expression, and
miss the characteristic demethylation of the intronic element CNS2 observed in tTregS, which
is essential for Treg stability during proliferation®'4, In addition, pT___display a TCR repertoire

regs

that recognizes foreign antigens, parallel to conventional CD4* T cells®. As such, pT___have

regs

been found to play important roles at barrier sites, including the gut, lungs and placenta
to mitigate inflammatory responses in response to foreign, but harmless, environmental,
dietary and microbial antigens®¢-°,

The specific contributions of either tT

regs

or pT

regs

genuine phenotypic or functional marker has been discovered to distinguish both 'I',eg
subtypes in vivo*. Instead, the ontogeny of T

regs

in cancer remain elusive, as to date no

in human cancer samples can be assessed
ex vivo either via TCR repertoire sequencing, or via epigenetic analysis of the CNS2 element
in the Foxp3 gene, which is demethylated in t'l'regs,

studies on T _ do not distinguish between tT_ or pT_ ., we will refer to these cells as T_

but mostly methylated in pT___. As most

regs’

s?

unless stated otherwise.

Now, nearly two decades after their discovery, the extent of 'I'reg functionality appears
astonishingly diverse. Tregs play critical roles in tissue regeneration and repair, intestinal
regulation of the microbiome, hair morphogenesis, metabolic homeostasis, pregnancy and
cancer'®4!. However, it is less clear which mechanisms are engaged in the context of breast
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cancer progression and metastasis. Therefore, we will first review the current clinical literature;
what evidence exists that forms the basis for their clinical relevance in breast cancer?

CLINICAL SIGNIFICANCE OF T IN BREAST CANCER

REGS

The discovery in 2001 that CD4+ CD25*immunosuppressive cells can be found in the blood
of healthy individuals*? kick-started research into the presence and behavior of these cells in
cancer patients. In the following years, it was reported that CD4*CD25* T cells are increased
in blood and tumors of patients with a variety of cancers, including breast-, pancreatic-,
ovarian- and non-small cell lung cancer*. However, as CD25 expression is not restricted to
T DUt can also be expressed by effector T cells, it was not until the discovery of FOXP3
as a unique marker of Tregfvw and the development of reliable monoclonal antibodies that
the presence of T

regs

could be convincingly demonstrated in human cancers*#°, Since then,
many studies have investigated the association between the presence of intratumoral T__
and patient survival and therapy response in breast cancer (Table 1).

Despite an extensive body of literature, the clinical significance of T in breast cancer

regs
remains controversial due to contrasting results between studies (Table 1). A key challenge
in interpreting these studies is that the prognostic value of T_

breast cancer subtype. These subtypes are broadly defined on the basis of tumoral
expression of the estrogen and progesterone hormone receptors (HR*), the growth factor

seems to differ per molecular

receptor HER2, or absence of these (triple-negative breast cancer, TNBC)*. Several meta-
analyses published over the last few years showed that high FOXP3 TILs in HR* breast
tumors correlate with poor survival, high grade and lymph node involvement*6-#¢, However,
multivariate Cox regression on patient outcome including adjustment for tumor size, grade
and lymph node stage revealed that FOXP3 TILs are not an independent prognostic factor
in HR* breast tumors*®°. Whether 'ﬂegs are causally involved in the differentiation of high
grade tumors, lymph node metastasis and poor prognosis cannot be concluded from these
descriptive analyses. In contrast to HR* breast cancer, FOXP3 TILs strongly correlate with
a favorable prognosis in HR™ and TNBC subtypes*®4951%2, Here, T
associated with high CD8*- and T, cell infiltration, perhaps reflecting a T cell permissive
environment®s, This is further supported by the observation that T___are not associated with

regs

. infiltration is strongly

prognosis in triple-negative tumors with low CD8 infiltration®'. In conclusion, Tregs correlate
with disease outcome, in a subtype dependent manner, but future preclinical research is
necessary to uncover the mechanistic link between T___and breast cancer subtypes.

regs
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TABLE 1. Prognostic significance of FOXP3 TILs across breast cancer subtypes

THE MULTIFACETED ROLE OF REGULATORY T CELLS IN BREAST CANCER

Subtype Patients Correlations with high FOXP3 TiLs:
Reference
analysed (n) Prognosis Subtype Clinical features
DCIS 62 Poor (univariate) DCIS? NDe®
_ . (Bates et al.
ER 77 No effect ER- High grade, LN 2006)
ER+ 148 Poor (univariate) met+9
ER- 364 No effect ER-; HER2+; | High grade, LN met+ | (Mahmoud et
ER+ 982 Poor (univariate)? basal 9, large tumor size al. 2011)
- ER-; . (Yan et al.
MIXED 398 Poor (multivariate) HER2+:basal High grade 2011)
- ER-; PR-; . (Liu et al.
MIXED 1270 Poor (multivariate) HER2+ High grade 2011)
L LN met+ 9, p53+, (Kim et al.
a f
MIXED 72 Poor (univariate) NS KiG7+ 2013)
MIXED 90 Poor (multivariate) ER-; HER2+ High grade (Takenaka et
al. 2013)
MIXED 90 Poor (univariate)® HER2+ High grade, LN met+ | (Maeda et al.
9, large tumor size 2014)
MIXED 498 Poor (univariate)® HER2+; TNBC High v& T cell (A”azooﬂ' %t al.
- High grade,LN met+ (Peng et al.
e
MIXED 118 Poor (univariate) ND 5, Ki67+, tumor nest 2019)
TNBC 86 Favorable (multivariate) NDe LN met+ ¢ (Lz%fé)al'
o . . (West et al.
ER- HER2- 175 Favorable (univariate) NS High grade, high 2013)
CD8+, young age
ER- HER2+ No effect
ER+ 2166 No effect (multivariate)® S High grade, LN met+ Lvetal
_ i i c ! ’ g i .
ER- HER2+ 250 No effect (multivariate) basal , High CD8+, young 2014)
BASAL 330 Favorable (multivariate) age
ER+ (Tsang et al
—— | 554 NDe ER+ NDe '
ER- HER2+ 2014)
High grade, high (Sun et al.
&
MIXED 218 No effect ND CD8+, high PD1+ 2014)
. ) (Miyashita et
TNBC 101 No effect ND High CD8+ al. 2015)
ER-, HER2+; ) . (Papaioannou
MIXED 207 No effect TNBC High grade, Ki67+ et al. 2019)
a. not significant in multivariate analysis
b. Poor prognosis in low CD8* tumors
c. favorable prognosis in high CD8* tumors
d. compared to normal breast
e. Abbreviation; ND, not determined
f. Abbreviation; NS, not significant differences
g. Abbreviation; LN met+; Lymph node involvement
Table references: 45Y 49Y 129J 130 , 131’ 132Y 133Y 134’ 135 136‘ 51’ 50’ 137Y 138Y 139’ 140
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Predictive value of T___in cancer immunotherapy

Novel therapeutics targeting immune checkpoints as PD-1/PD-L1 and CTLA-4 are
transforming the treatment landscape across cancer types®. In order to maximize efficacy,
numerous studies are currently evaluating predictive biomarkers and novel treatment
combinations®. Importantly, T_ - can be direct targets of these treatments, due to their high
expression of immune checkpoint molecules®. While the use of immunotherapy in breast
cancer is stillinits infancy, research in other cancer types has revealed the potential predictive
significance of T__in the context of PD-1/PD-L1 blockade. For example, PD-1 blockade
has been associated with disease progression in gastric cancer patients, via the activation

and expansion of intratumoral PD-1+T

regs

57, Likewise, high intratumoral Treg proliferation
in response to anti-PD-1 has been linked to recurrence in melanoma®®. Finally, PD-L1
mediated expansion of pT__is an important immune-suppressive axis in glioblastoma®®. In
recent years, the first trials investigating the efficacy of immune checkpoint blockade (ICB) in
metastatic TNBC have been published, with a strong focus on PD-1/PD-L1 blockade'26%-65,
Although clinical benefit is observed for a small proportion (approximately 5-20%) of breast
cancer patients, emerging evidence shows that selecting patients based on immune
parameters such as a high TIL score and high PD-L1 expression may modestly improve
response rates®®. Up until now, TregS have not been specifically reported to be correlated with
efficacy in these early studies. As such, research in the coming years should clarify whether
T are predictive for PD-1/PD-L1 based treatments in breast cancer.

Qualitative clinical assessment of Tregs in breast cancer
Besides quantification of intratumoral T

regs’

there is a growing body of evidence indicating
that a more in-depth qualitative assessment of T

regs’

including information on phenotype,
functional state and immune-cell crosstalk, may be important for disease outcome. For
example, recent reports have shown that intratumoral Tregs from breast cancer patients
display an activated phenotype with high expression of CD25, CTLA-4 and PD-1, and exert
immunosuppressive activity'"578, In one of these studies, the transcriptome of Tregs from 105
treatment-naive breast cancer patients was analysed®’. The chemokine receptor CCR8 was
identified to be uniquely expressed by intratumoral T_, but not by T__isolated from breast
tissue and blood from healthy donors. CCR8* Tregs were found to be highly proliferative and
enriched in high grade tumors. Strikingly, while intratumoral 'ﬂeg abundance based on FOXP3
mMRNA expression did not correlate with clinical features, stratifying patients based on the
CCR8:FOXP3 ratio in the tumor strongly correlated with poor survival in patients®”. These
findings illustrate that in-depth analysis of intratumoral Tregs provides important information.
As the patients in this cohort predominantly had HR* tumors (74.3%), an important next
step would be to validate these findings in HER2* and TNBC subtypes, in which Tregs are

associated with good prognosis®'.

26



THE MULTIFACETED ROLE OF REGULATORY T CELLS IN BREAST CANCER

Many studies have reported increased frequencies of T,egS in the peripheral blood of breast
cancer patients across subtypes®®3, indicating that breast tumors can systemically engage
Tregs. Still, their significance has remained elusive for a long time, until a recent report performed
in-depth analyses on Tregs isolated from the blood and tumors of breast cancer patients’™. It
was found that a subpopulation of T_ (Foxp3" CD45RA™9)75, comprising approximately 19%
of the total 'I'reg population in the peripheral blood of patients strongly resembles intratumoral
Tregs, based on phenotype, TCR repertoire and CCR8 expression. This may suggest that
intratumoral T derive from Foxp3" CD45RA™T__in peripheral blood, or vice versa. These
T 5 from blood had superior suppressive potential in vitro, compared to Foxp3°” CD45RAP/

re

nee T . Foxp3" CD45RA™9 Tegs were found to be heterogeneous between patients in their

regs” I
signaling response to both immunosuppressive and inflammatory cytokines. High 'I'reg
responsiveness to immunosuppressive cytokines correlated with poor survival, whereas
high responsiveness to inflammatory cytokines had the opposite effect’. This exposes the

potential clinical significance of T

regs

in peripheral blood of breast cancer patients, but also
highlights how 'I'reg heterogeneity may potentially influence disease outcome.

Over recent years, studies focusing on FOXP3 TILs are moving from basic quantification
analyses towards sophisticated in-depth characterization, yielding exciting new insights
with prognostic and potential therapeutic implications. As we are starting to discover
the characteristics of Tregs with tumor-promoting capabilities, mechanistic studies should
investigate their functional role in breast cancer progression, and whether their emergence
can be therapeutically halted.

THE FUNCTIONAL ROLE OF T_.., IN BREAST CANCER
PROGRESSION AND METASTASIS

Preclinical animal models are key to mechanistically understand how Tregs impact breast
cancer progression. An important tool to dissect Ieg function in these models is through
their systemic depletion, which can be achieved via two strategies. Firstly, antibody-based
approaches deplete Tregs through targeting of cell-surface receptors which are highly
expressed on 'ﬂegs, including CD25, GITR and FR47578, Secondly, the development of
transgenic mice that express the diphteria toxin receptor (DTR) under control of Foxp3
either via direct knock-in (Foxp3°™ mice), or by its introduction using a bacterial artificial
chromosome (DEREG mice) has allowed for short-term inducible depletion upon injection
of diphteria toxin (DT)"?®. A transgenic mouse model for mammary tumorigenesis that
is regularly used to study the biology of Tregs

model. 'ﬂegs have been shown to highly infiltrate mammary tumors of MMTV-PyMT mice,

in breast cancer is the MMTV-PyMT mouse

which is in part dependent on CCR2 expression on T__8'. Ablation of T__in Foxp3°™ mice

regs regs

with orthotopically transplanted MMTV-PyMT tumors drastically reduced tumor growth and
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pulmonary metastases®. Mechanistically, IFNy and CD4+* conventional T cells were required
for the observed anti-tumor effect, which was independent of CD8* T cells or NK cells. As
pro-inflammatory signaling by myeloid cells was increased upon Treg depletion, the authors
speculated that IFNy-activated macrophages may contribute to anti-tumoral inflammation®?.
The observation that Tregs constrain anti-tumor immunity in tumors has been reported by
others. For example, anti-CD25 treatment in mice inoculated with 4T1 cancer cells strongly
reduced tumor growth, which correlated with an increase in DCs and effector CD8* T cells
in tumor draining lymph nodes, suggesting that TregS modulate DC function®, Indeed, it
has been reported that 'I'regs can inhibit the expression of co-stimulatory ligands on DCs
thereby restraining CD8 activation and tumor clearance in a KRAS mutant model for
pancreatic cancer®. It would be of interest to investigate whether similar mechanisms are
at play in breast cancer. Elimination of T___is not always sufficient to drive strong anti-

regs

tumor responses. For example, immunosuppressive T

regs

were found to be highly enriched in
inoculated TNBC T-11 tumors, but DT-based Ieg ablation only slightly slowed tumor growth.
T _ablation did potentiate PD-1/CTLA4 based immunotherapy which correlated with an

reg
increase in IFNy* CD8* T cells®. These findings suggest that T__ can form an important

regs

barrier for immunotherapy-induced anti-tumor immunity which has been reported before in
preclinical inoculated melanoma and colon carcinoma tumors’®.

The studies above suggest that targeting T

regs

tumoral inflammation which, sometimes in combination with immunotherapy, may have the
potential to unleash anti-tumor immune responses. However, therapeutic elimination of Treg

in (breast) cancer models induces anti-

s
may trigger auto-immunity in cancer patients, in particular in combination with ICB. Thus,
an important next step would be to define the context-dependent molecular mechanisms
engaged by Tregs, to enable precise targeting of relevant effector programs instead. A key
challenge here is the apparent variability of the clinical significance of 'I'regs per breast cancer
subtype, which necessitates the need to study these cells in clinically relevant mouse tumor
models. Currently, the vast majority of murine breast cancer cell lines used for inoculation
into mice and genetically engineered mouse models (GEMMs) for breast cancer give rise
to ER-mammary tumors®, whereas ~75% of human invasive breast cancers are ER*#’. As
Tregs have been associated with a detrimental role particularly in HR* breast cancers, future
research should ideally focus on the development and use of HR* breast tumor models to
uncover the subtype dependent role of T___in breast cancer.

regs

While in the context of established tumors, T_  can interfere with anti-tumor immunity (Figure
1), recent findings in spontaneously developing tumor models suggest that at the onset of

neoplastic progression T

regs

may unexpectedly constrain pro-tumoral inflammation which
promotes tumor initiation. One study reported that DT-based ablation of 'I'regs during the
early, non-invasive neoplastic phase in the MMTV-PyMT model accelerated the progression
of non-invasive lesions into invasive tumors®. The elimination of T__ resulted in the

regs
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accumulation of macrophages in mammary glands and an induction of the Th2 cytokines
IL-4 and IL-5, which have been reported to induce tumorigenic functions in macrophages®.
The CD44+ CD24- mammary stem cell compartment was also found to be expanded, with
increased colony forming capacity in vitro. Whether Iegs directly control mammary stem cell
proliferation or indirectly via the micro-environment remains to be addressed. In line with
these findings, 'ﬂegs have also been reported to inhibit pancreatic carcinogenesis of neoplastic
lesions in a KRAS mutant GEMM by repressing the recruitment of immunosuppressive
myeloid cells®®. These findings reinforce that Tregs are potent suppressors of inflammation in
early stages of tumorigenesis, which has context dependent effects on tumor progression.
As Tregs have been found to expand in ductal carcinoma in situ (DCIS)*5, more research is

needed to uncover whether these cells play a protective or detrimental role in pre-cancerous
breast cancer lesions.

Research on Tregs in other cancer types has revealed the versatile nature of these cells,
and has uncovered novel mechanisms of immune cell crosstalk®. For example, T__ derived
IL-10 and IL-35 can promote CD8* T cell exhaustion in melanoma®'. It is also becoming
increasingly clear that T@S can interact with a variety of myeloid cells including eosinophils,
mast cells, macrophages, neutrophils and basophils, to hamper anti-tumor immunity®2,
'I',Sgs were found to control intratumoral eosinophil and basophil infiltration, both of which can
promote recruitment of CD8* T cells, leading to tumor rejection of melanoma cell lines®%.
In addition, Tregs indirectly maintain an immunosuppressive phenotype in TAMs by inhibiting
the release of IFNy in the TMEs of inoculated B16 and MC38 tumors®. Up until now, these
interactions have not been investigated in the context of breast cancer, illustrating that
we have perhaps only scratched the surface on Treg effector functions in breast cancer.
Promisingly, a transcriptional signature specific for tumor infiltrating Iegs has revealed
remarkable similarity across tumor types in both human and mouse”, suggesting that
effector mechanisms may be shared across tumor types. In line, the chemokine receptor
CCR8 was identified as part of this signature, endorsing previously discussed findings in

human breast cancer®’.

Mechanisms of intratumoral accumulation of T___in breast tumors

regs

Three main hypotheses have been postulated to explain the accumulation of Tregs in breast
tumors. Firstly, T

regs

that circulate in peripheral blood and lymph nodes may migrate into the
TME following chemokine gradients upon activation. Secondly, it has been hypothesized that
tissue-resident T___locally expand in the TME. Finally, intratumoral conversion of conventional

regs
CD4+T cells into Tregs may represent an important mechanism for Treg accumulation. Although
these hypotheses are non-mutually exclusive and may all contribute to 'I'reg accumulation, in
particular the migration hypothesis has been supported with experimental evidence. Studies

in human and mice have shown that T__ express a wide range of chemokine receptors

regs

which may facilitate intratumoral homing, of which CCR2, CCR4, CCR5, CCR8, CXCR3 and
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CXCR6 have been associated with breast cancer®®’. For example, CCR2*T_  accumulate in
multiple tumor models including the PyMT-MMTV model®'. These cells display an activated
phenotype, and were found to be tumor-antigen specific in an OVA-expressing sarcoma
cell line inoculation model. Specific ablation of CCR2 on 'ﬂegs strongly reduced intratumoral
T, accumulation®’. CCR2 was also found to be expressed by intratumoral T__in human
breast tumors®. Others have reported high expression of CCR4 by 'ﬂegs in the blood of
breast cancer patients, with migratory capabilities to CCL22 and CCL17%. As discussed
above, CCR8 has emerged as a chemokine receptor expressed uniquely by intratumoral
Tee "™, and has therefore gained attention as a potential therapeutic target. Anti-CCR8
mADb treatment of mice inoculated with CT26 colon carcinoma cells significantly reduced
T g IN tumors and enhanced intratumoral IFNy expression®. In contrast, others have shown
that CCR8 may be redundant for intratumoral T_ homing, as injection of CCR8* T__in
mice inoculated with MC38 colon carcinoma cells did not interfere with their migration into
tumors?’. It has also been reported that autocrine production of CCL1, the ligand for CCRS,
potentiates both T__ proliferation and suppressive potential®®, suggesting that CCR8 may
play an important role in maintaining Ieg—mediated immunosuppression, in addition to its

chemotactic properties.

Accumulating evidence shows that intratumoral T

regs

in breast cancer are transcriptionally
distinct from Tregs in peripheral blood and lymph nodes, and share gene expression profiles
with mammary tissue resident Tregswoo"o‘. This suggests that either tissue resident cells
expand in tumors, or that the local micro-environment drives transcriptional adaption of
cells migrating into the TME. It has been reported that intratumoral and healthy breast
Tregs within patients showed relatively little overlap of their TCR repertoire, suggesting that
intratumoral T_do not derive from resident cells”. In addition, Ki67 expression in T__of
healthy breast tissue was found to be drastically lower than in Tregs from tumor or blood.
In line with the second notion, scRNA-seq of murine T_  of naive mice revealed that T
migration from lymphoid to non-lymphoid tissues indeed induces a transcriptional program
specifically tailored to the destined tissue'®?. Furthermore, scRNA-seq of CD45+ cells sorted
from human breast tumors, blood and lymph nodes uncovered that intratumoral immune
cells can acquire diverse phenotypes that are not found in circulation or normal tissue'®.
Here, five different Tregclusters unique to the TME were identified, which were highly activated
and expressed anti-inflammatory, exhaustion-, hypoxia-, and metabolism-related gene sets.
Together, these studies suggest that transcriptional adaptation of migratory Tregs in the TME
may explain the transcriptomic resemblance between intratumoral and mammary tissue

resident T

regs’

although further TCR profiling and genetic tracing studies are needed to
definitively confirm this.

Research on the accumulation of tT___ versus pT___in cancer has been rather limited due

regs regs

to the complexities of distinguishing both 'I'reg subsets in vivo. Yet, local induction of pT

regs
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in the TME may in fact be an important mechanism of immunosuppression, as TGF-f3 is
abundantly expressed in cancers'®. However, analysis of T___in human glioma, melanoma

regs
and lung cancer samples did not reveal a substantial contribution of |oTregs to the total
intratumoral Treg pool®7194-106 " For example, one study found that the overlap between
TCR clonotypes of FOXP3*and FOXP3 CD4* T cells obtained from six melanoma tumors
Yet,

others have attributed important roles to pT___in murine cancer models'’-"1%, One of these

regs

was 0.5-13.2%, indicating a relatively small proportion of T_may have been pT__.
reports provided indications for their presence in the TME of breast cancer patients'®. TCR
repertoire analysis on CD4* T cells from tumor, blood and lymph nodes of five breast cancer
patients revealed that tumor infiltrating T are most similar to naive CD4* T cells from tumor
and blood, suggesting intratumoral conversion. By using the MDA-MB-231 TNBC cell line
in humanized mice, it was further shown that TAM-secreted CCL18 specifically recruits
naive CD4+T cells, but not Tregs, via PITPNM3 into the TME. Here, these naive CD4* T cells
were capable of converting into FOXP3+* Tregs, via unknown mechanisms. Blocking CCL18
in tumor bearing mice reduced intratumoral T_ numbers and inhibited tumor growth'™.
As data on the role of pTregs in breast cancer is still limited, future studies should focus on

expanding these findings in a larger cohort of patients.

It is now well established that Tregs have various ways to accumulate into primary tumors.
However, breast cancer survival is largely dictated by the extent of metastatic disease.
Thus far, we have mostly discussed research on T_in breast cancer in the context of
primary tumors, raising questions on the link between primary tumors and metastasis. Can
'I',egs impact metastasis formation from within the primary tumor? Or do circulating and/or

tissue resident T___induce a systemic immunosuppressive axis which impacts metastasis

regs

formation?

Impact of T

regs

on metastatic progression
Primary cancer cells have to progress through a multi-step process in order to successfully
metastasize. This so-called metastatic cascade consists of tumor cell invasion, intravasation,
survival in the circulation, extravasation, and outgrowth in a foreign, hostile environment,
all while evading destruction by the immune system?. Prior to metastatic spread, tumor-
derived systemic factors can even further potentiate metastasis by instructing (immature)
myeloid cells to establish a pre-metastatic niche'"". Tregs may potentially be involved in all
steps of the metastatic cascade, through mechanisms both dependent and independent of
their immune-regulatory function. However, progress into understanding their impact on the
metastatic cascade is hampered by the limited availability of preclinical models that realistically
recapitulate metastasis''?. Cancer cell line-based mouse models fail to fully recapitulate the
chronic and systemic inflammation that underlies de novo tumor development, progression
and metastasis''®. In addition, research in both 4T1 and PyMT models has shown that T

reg

depletion reduces primary tumor growth which may obscure mechanisms at play during the
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metastatic cascade®''*. Despite these shortcomings, several studies have revealed that

tumor-induced (systemic) activation of T___ can contribute to metastatic progression (Figure

regs

1). This activation can be mediated via the release of various tumor-derived soluble factors,
such as prostaglandins, complement factors and beta-galactoside-binding proteins's-17,
For example, tumor-secreted galectin-1 was reported to enhance systemic T,eg expansion and
their suppressive potential resulting in increased lung metastases in mice bearing inoculated
4T1 mammary tumors'®. Others showed that overexpression of COX2 in inoculated TM40D
mammary tumors enhanced bone metastasis, which correlated with increased recruitment
of 'I'regs into the primary tumor™®. In addition to factors released by the primary tumor, the
local (pre)metastatic niche can also play an important role in the activation and recruitment
of T_ . Forexample, IL-33 and CCL17 have both been reported to be released in metastatic

regs’
foci in the lungs of 4T1 tumor-bearing mice, leading to the recruitment of T___that express

regs

the receptor for these molecules, thereby promoting metastasis'® 1.
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FIGURE 1. Tre . modulate their local environment to promote breast cancer progression.
Tumor derived factors such as chemokines, cytokines and other mediators promote the accumulation
and expansion of Tregs in primary breast tumors and metastatic niches. In the TME, 'I'reg constrain both
innate and adaptive immune responses to counteract anti-tumor immunity. Mechanistically, 'I're . can
(among others) suppress the expression of co-stimulatory ligands on DCs, release inhibitory modulators
that interfere with T cell activation, but are also equipped to induce apoptosis in effector cells. However,
the effector mechanisms that are engaged in the context of the breast TME remain largely unknown.
In addition, 'I'regs can enhance metastatic progression by promoting tumor cell survival and migration
via secretion of TGF-B, AREG and RANK-L or by inhibition of cytotoxic effector cells. Abbreviations:
Co-stim, co-stimulation; Gal-1, galectin-1; Grzm B, Granzyme B; Imm. suppr., immunosuppressive;

Md, macrophage.
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Various tumor-driven pathways exist to systemically engage 'ﬂegs to the benefit of metastatic
spread. An underlying question remains how 'ﬂegs mechanistically contribute to metastasis.
Interestingly, T_.. have been found to directly contribute to metastasis of the 471 and MT2
cell lines in mice by promoting tumor cell survival via the release of RANK-L and AREG™8120,
In addition, in line with their immunomodulatory properties, the pro-metastatic function of
Tregs has been linked to inhibition of cytotoxic immune cells. To this regard, Treg mediated
inhibition of NK cells has been associated with increased pulmonary metastasis in the 4T1
model'?'. Others found that neoadjuvant ablation of T_ _in 4T1 bearing Foxp3°™ mice
almost completely abolished the formation of lung metastases, which was dependent on

both CD4* and CD8* T cells, but not NK cells'™. Of note, only necadjuvant and not adjuvant

S

Treg depletion increased the systemic frequency and activation of tumor specific CD8* T
cells'. It has not been addressed whether CD4+ T cells directly engage in tumor-cell killing
in the absence of T__, or perhaps provide essential help for CD8* T cell activation. The

regs’

superiority of neoadjuvant over adjuvant targeting of T

regs

suggests a role for T

regs

in early
stages of metastasis, which is supported by the clinical finding that Tregs associate with
lymph node involvement*®.

Multiple clinical studies have reported associations between high 'I'reg infiltration in primary
tumors and sentinel lymph nodes with lymph node (Table 1), but mechanistic data are
limited. So far, one study has linked intranodal T

regs

to breast cancer progression in mice.
Here, using the 4T1 model, Treg-derived TGF-B1 induced IL17RB in cancer cells in tumor
draining lymph nodes (TDLN)™2. IL17RB was found to potentiate the metastatic- and
colony forming potential of cancer cells via NF-kb, which enhanced distant metastasis.
Interestingly, analysis of IL17RB expression in lymph node metastasis and matched tumors
of breast cancer patients confirmed that IL17RB is increased in lymph nodes, and correlates
with FOXP3 frequency'??. This study revealed that the TDLNs in breast cancer can function
as a gateway to distant metastasis, with T

regs

corrupted by the primary tumor. These
findings raise the question whether Tregs are also involved in cancer cell dissemination to
the draining lymph node. It has recently been reported that B cells promote metastasis to
draining lymph nodes in the 4T1 and MMTV-PyMT models via the release of HSP4A-binding
antibodies which directly promote tumor cell migration'. Interestingly, B cell depletion did
significantly reduce tumor-induced T,eg accumulation in TDLNs. In line with these findings, it
has previously been reported that regulatory B cells that accumulate in 4T1 tumor-bearing
mice can induce pT(egs in a TGF-B dependent manner'®, revealing an interesting crosstalk

between T___and B cells in breast cancer metastasis.

regs
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FUTURE PROSPECTS

T__ have taken an increasingly important position in our understanding of the immune

regs

system in breast cancer. Preclinical research has revealed ingenious mechanisms
employed by breast tumors to seize control of Tregs for their own benefit. In parallel, in-
depth characterization of T___ beyond traditional FOXP3 scoring in human samples is paving

regs

the way to advance their prognostic and predictive value in the clinic. Here, future efforts
should focus on further defining the heterogeneity of T and evaluate which features of
T__ are instrumental for disease progression, while also expanding current findings to

regs

HR- subtypes of breast cancer where T

regs

use of immunomodulatory drugs is gaining momentum in the clinic, interrogating these
observations in the context of immunotherapy is also an important next step.

are associated with a good prognosis. As the

The context dependency under which T

regs

operate should also be increasingly taken into
account in preclinical research. Until now the majority of research has been performed in a
limited number of (cell line-based) breast cancer models, often with unclear translatability to
human disease. An important challenge to address here is that breast cancer patients suffer
from metastatic spread to a broad spectrum of anatomical locations, while experimental
metastasis in animal models is often limited to the lungs. A crucial next step is therefore
to validate preclinical findings in murine models that have increased translatability, both in
terms of cancer subtype and metastasis formation. To achieve this, it is important to realize
that the interaction between the immune system and cancer may even be more complex
than initially assumed. We are only now beginning to understand that the genetic make-up
of tumors may profoundly impact their accompanying micro-environment'?*. In addition, in-
depth analyses of 168 metastatic and primary tumor samples from 10 breast cancer patients
revealed that the composition of metastatic TMEs within patients was heterogeneous, even
within particular organs. Moreover, the expression of immunomodulatory genes such as
PD-1 and PD-L1 differed across metastases within individual patients'?®. These complexities
of human metastatic disease illustrate the need for accurate models of metastasis.

Ultimately, these fundamental insights into the role of Tregs in breast cancer progression
could form the basis for therapeutic intervention. As such, several early phase clinical trials
have evaluated the FDA approved mAb daclizumab (anti-CD25) in combination with cancer
vaccines in metastatic melanoma and breast cancer'®'?’, FOXP3+*CD4+* T cells in peripheral
blood were found to be reduced upon daclizumab treatment, but no significant clinical benefit
was observed. However, daclizumab does not induce antibody-dependent cytotoxicity
(ADCC), which others have suggested to be essential for intratumoral T, depletion and
therapeutic efficacy’®'?’. Recently, an optimized ADCC inducing anti-CD25 antibody
showed superior intratumoral Treg depletion, and induced CD8-mediated tumor rejection
in combination with anti-PD-1 in preclinical models. Alternatively, intratumoral injection of
CD25 targeting immunotoxins also potently depletes intratumoral T__, leading to CD8* T

regs’
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cell mediated tumor regression of inoculated 66¢14 breast cancer tumors'®, Importantly,
these preclinical results suggest that effector T cell responses are not necessarily negatively
impacted by CD25-based depletion, which may set the stage for clinical trials evaluating
this new generation of Treg targeting strategies. In addition to 'ﬂeg depletion, blocking of their
intratumoral recruitment, conversion, or important effector mechanisms may be alternative
future approaches to interfere with Treg—mediated modulation of breast cancer™.

In conclusion, recent research has exposed T as important modulators of breast cancer
progression and metastasis, while exciting advancements in clinical analysis improves the
prognostic and predictive significance and potentially therapeutic targeting of these cells.
The use of GEMMs that closely mimic the diversity and the step-wise progression of human
breast cancer subtypes will propel our understanding of Treg biology to a higher level and
deepen our knowledge of underlying mechanisms. This knowledge could help to take full
advantage of novel immunomodulatory drugs that may take the stage in breast cancer
treatment.
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CHAPTER 3

ABSTRACT

While regulatory T cells (T

regs’

) and macrophages have been recognized as key orchestrators
of cancer-associated immunosuppression, their cellular crosstalk within tumors has been
poorly characterized. Here, using spontaneous models for breast cancer, we demonstrate
that tumor-associated macrophages (TAMs) contribute to the intratumoral accumulation of
T___by promoting the conversion of conventional CD4*T cells (T

regs convs'

)into T___. Mechanistically,

regs”
two processes were identified that independently contribute to this process. While TAM-
derived TGF-B directly promotes the conversion of CD4* T into Tregs in vitro, we additionally

show that TAMs enhance PD-1 expression on CD4* T cells. This indirectly contributes to

onv:

the intratumoral accumulation of T__, as loss of PD-1 on CD4* T abrogates intratumoral

conversion of adoptively transferreﬁj Ch4ar T, into T_... Combined, this study provides
insights into the complex immune cell crosstalk between CD4* T cells and TAMs in the
tumor microenvironment of breast cancer, and further highlights that therapeutic exploitation
of macrophages may be an attractive immune intervention to limit the accumulation of T

regs
in breast tumors.
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INTRODUCTION

An important barrier for effective anti-tumor immunity in breast cancer is cancer-associated
immunosuppression’™3. Within breast tumors, cancer cells and host cells including stromal
cells, innate and adaptive immune cells, cooperate to limit the infiltration, proliferation
and function of T cells with anti-tumor capacity*. A key cell type involved in cancer-
associated immunosuppression is the FOXP3+*CD4* regulatory T cell (ﬂeg). Due to their
immunosuppressive nature, Tregs play an essential role in immune homeostasis, but can
be hijacked by tumors. Clinical studies in the context of breast cancer have shown that
elevated levels of intratumoral Tregs correlate with high tumor grade and poor survival®®. Inline,
preclinical data show that Tregs can interfere with anti-tumor immunity and immunotherapy
response in mouse models for breast cancer’°. Molecular insights into how T,  accumulate

inside tumors may set the stage for the development of novel therapeutic interventions
aimed at reducing T_ numbers in breast tumors.

Functional, immunosuppressive T

regs

can develop via two distinct routes. The main route
is through a specialised thymic developmental program that selects single positive CD4+
thymocytes with a high affinity TCR recognising tissue-restricted self-antigen. These T,eg
precursor cells further develop into mature, thymic-derived FOXP3* Tregs (tTregS) under
influence of cytokine stimulation of IL-2/IL-15"", which coordinates the suppression of
detrimental auto-immune responses directed towards self-antigen. In addition, peripherally
induced T_ (pTregS) can arise in the periphery through induction of FOXP3 in non-regulatory
CD4* conventional T cells (T )" This latter process is mediated by TGF-B-induced
SMADS3, which can bind an enhancer located in intron 2 (CNS1) of FOXP3, leading to its
expression'®', Preclinical research using CNS1--mice that lack these peripherally induced

pT __)have demonstrated a vital role for these cells in preventing excessive immune

regs ( regs

responses in the gut, by providing tolerance to commensal microbiota'>.

this
process can be fine-tuned by other factors, including PD-1 signalling'®. Signalling through
PD-1in CD4*T cells can enhance TGF-B-mediated conversion of CD4* T__ by inactivation
of STAT1-mediated inhibition of FOXP3, or by improving the stability of FOXP3 in induced

T 78 While PD-1-mediated conversion of CD4* T into T___is critical for the prevention

regs convs regs

In addition to the indispensable role of TGF-3 for the extrathymic differentiation of T

regs’

of graft rejection in a mouse model for graft versus host disease (GvHD)'®, the importance of
PD-1 for the induction of T___ within the tumor microenvironment, where PD-1 is often highly

regs

expressed on infiltrated T cells' , is unclear.

T s Nave been shown to accumulate in murine tumor models through chemotaxis-mediated
recruitment, most notably via CCL2, CCL4, CCL8 and CCL172°%?, pbut emerging data
suggest that intratumoral conversion of CD4* T into T___may additionally increase the

convs regs
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intratumoral presence of T_in breast cancer®. However, the underlying immune cell
crosstalk that drives this process remains poorly understood. Interestingly, in vitro studies
have shown that tumor-associated myeloid cells, such as dendritic cells and macrophages,
induce the conversion of conventional CD4*T cells into T__ 2%, but the relevance of this
crosstalk with myeloid cells in the context of spontaneous mammary tumors has not been
characterized, despite the high abundance of particularly macrophages in human breast

cancer?,

In the current study, we used the transgenic Keratin14 (K14)-cre;Cdh1F,; Trp537F (KEP)
mouse model of invasive mammary tumorigenesis®’ to investigate the functional significance
of crosstalk between tumor-associated macrophages (TAMs) and CD4+T cells in intratumoral
accumulation of T_ . We demonstrate that TAMs promote the intratumoral accumulation of
immunosuppressive Tregs by driving the conversion of CD4+*T cells into Tregs in vivo. In vitro
studies showed that this process is dependent on TAM-derived TGF-B3. In addition, we
find that TAMs regulate PD-1 expression on intratumoral FOXP3-and FOXP3+CD4+ T cells.
This facilitates T _ conversion as genetic ablation of PD-1 on conventional T cells reduces
their conversion into FOXP3* Tregs in vivo. Combined, this study reveals a novel interaction
between TAMs and conventional CD4* T cells, that drives the intratumoral accumulation of
T__in breast cancer, and thereby contributes to increased understanding of the immune

regs

interactions at play in breast cancer.

RESULTS

Regulatory T cells accumulate in de novo KEP mammary tumors and correlate with
tumor-associated macrophages.
To study immune cell crosstalk between T

regs

and TAMs in a model that closely recapitulates
human breast tumor formation, we made use of the transgenic KEP mouse model, which
spontaneously develops mammary tumors at 6-8 months of age®’. Analysis of the infiltration
of T, identified by FOXP3 staining, showed that T__ are more abundant in end stage
KEP mammary tumors (225mm?), as compared to healthy mammary gland (Fig. 1A-B). The
immunosuppressive potential of intratumoral Iegs was determined by assessing their ability
to suppress the proliferation of CD3/CD28-stimulated splenic CD4+ and CD8* T cells ex vivo.
T cell proliferation was significantly decreased in the presence of Tregs in an effector:target

ratio-dependent manner (Fig. 1C), indicating that T

regs

isolated from mammary KEP tumors
have potent suppressor activity.

To investigate an association between Tregs and macrophages in breast tumors, we first

characterized the infiltration of TAMs in end stage KEP tumors. As we have published
previously?®, TAMs (CD11b*F4/80"", Fig. 1D) are the most abundant immune cell population
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observed in KEP tumors (Fig. 1E), and orchestrate systemic immunosuppression via the
release of IL-13%. In line with this immunosuppressive character, TAMs in KEP tumors are
negatively enriched for IFN-y and IFN-a signaling compared to macrophages from healthy
mammary glands, indicative of reduced immunostimulatory activity (Fig. S1A). Analysis of
mMRNA expression levels of FOXP3 (T ) and CSF1R (TAMs) in the human breast cancer
cohort of The Cancer Genome Atlas using the Xena platform® revealed a positive correlation
between FOXP3 and CSF1R (Fig. 1F). Likewise, this positive correlation between FOXP3
gene and CSF1R gene expression could be validated in a RNAseq dataset previously
published by our lab, consisting of 120 tumors derived from 16 different GEMMs representing
distinct subtypes of breast cancer® (Fig. 1G), thereby showing that these correlations exist
across species and tumor models, raising the question whether T

regs

and TAMs functionally
interact in breast tumors.

TAMs promote Treg accumulation in the tumor microenvironment by inducing the
conversion of CD4+ T into T___in vivo

convs regs

To elucidate whether TAMs are causally involved in the accumulation of T

regs

in mammary
tumors, we assessed the impact of macrophage depletion in tumor-bearing KEP mice on
intratumoral 'ﬂegs (Fig. 2A). For this, a chimeric mouse IgG1 antagonistic antibody (clone
2G2) that binds to mouse CSF1R with high affinity was used®', which blocks the interaction
between CSF1 and CSF1R, thereby depleting macrophages which are dependent on CSF-
12832, Indeed, in line with previous findings?®, anti-CSF1R treatment strongly reduced the
F4/80"s" CD11b* macrophage population in KEP mammary tumors (Fig. 2B). In parallel,
a strong reduction in the frequency and absolute counts of FOXP3* 'ﬂegs was observed in
anti-CSF1R-treated mice compared to control-treated mice, which was limited to the TME,
and not observed in other tissues (Fig. 2C-D, S1B). The phenotype of the remaining Tregs, as
assessed by their expression of CD103, ICOS, CD25 and CD69, was not altered upon anti-
CSF1R treatment (Fig. S1C). Of note, macrophage depletion did not significantly impact
tumor burden or alter the frequency of conventional CD4+ or CD8* T cells, (Fig. S1D-E).

Together, these data indicate that TAMs play a role in the accumulation of T

regs

in mammary
tumors.

We then set out to assess how TAMs promote the intratumoral accumulation of T_ _in

KEP mammary tumors. Since we previously reported that Tregs in KEP tumors show Iimgited
expression of Ki-67, similar to Tregs in healthy mammary glands where TAMs are not present, it
is unlikely that TAMs facilitate intratumoral Ieg accumulation by enhancing their proliferation™.
Others have reported that macrophages can release chemokines such as CCL17 and
CCL22 that contribute to recruitment of T_ 2#%%, however, we did not observe altered
gene expression of these chemokines, or other chemokines involved in Treg recruitment into
tumors®-28, in tumors treated with control antibody or anti-CSF1R (Fig. S1F), suggesting

that TAMs promote 'I'reg accumulation in KEP mammary tumors via a different mechanism.
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FIGURE 1. Characterization T'egs and TAMs in the TME of KEP tumors

A. Representative image of immunohistochemical staining of FOXP3 in mammary tumors (225mm?) of
KEP mice (top), or healthy mammary glands of WT littermates (bottom). Red arrows indicate FOXP3+*
cells. B. Quantification of data shown in (A). n = 3-5 mice/group. Per sample, 5 times 40x fields of view
were averaged. C. Division index of CTV labelled CD4+*CD25 and CD8* splenic T cells isolated from WT
mice, co-cultured with various numbers of CD4+CD25* Tregs isolated from mammary tumors (225mm?)
of KEP mice in indicated ratios for 96 hours (data pooled from 3 independent experiments, mean +
SEM shown). D. Representative dot plot depicting TAMs (CD11b*, F4/80"¢") gated on CD45+ cells in
mammary (225m?) tumors of KEP mice. E. Frequencies of intratumoral CD45 and CD45* immune
cell subpopulations of total live cells in (225m?) mammary tumors of KEP mice (n=5). Percentage
of TAMs (CD45*CD11b*F4/80""), neutrophils (CD45*CD11b*Ly6G*Ly6C™), CD11b" lymphocytes
(CD45*CD11b7), LyBC"" monocytes (CD45*CD11b*F4/80Ly6G Ly6C""SSC-a°"), eosinophils
(CD45*CD11b*F4/80°ny6G-SiglecF*SSC-A"", other CD11b* (% CD11b* - % TAMSs, neutrophils,
LyBC"9" monocytes, eosinophils) are quantified. F. Scatter plot depicting correlation between FOXP3
versus CSFTR mRNA expression log2(norm_count+1) in tumors of the TCGA human breast cancer
cohort (n=1218 patient samples). G. Scatter plot depicting correlation between Foxp3 versus Csfir
mMRNA expression (normalised read counts) in mammary tumors obtained from 16 different GEMMs
for mammary tumor formation, as previously described? (n = 145). Data in B,C,E depict mean + SEM.
P-values are determined by Mann-Whitney test (B) One-way ANOVA (C,E) Pearson’s correlation (F,G). *
P <0.05, * P <0.01, ** P < 0.001, *** P < 0.0001.
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We hypothesized that TAMs may promote Treg accumulation by inducing the conversion of
CD4+ T into T

convs regs’

To test this hypothesis, gene expression profiles of T _isolated from

regs

end stage mammary tumors, WT mammary glands or WT spleen were compared with

the gene expression profiles of CD4* T (CD4*CD25) isolated from end-stage mammary

nvs

tumors. Correlation analysis suggests that intratumoral Tregs are transcriptionally more similar
to intratumoral CD4* T thanto T___isolated from WT mammary gland or spleen (Fig. 2E),

convs regs

perhaps suggesting that there might be a relationship between intratumoral Tregs and CD4+
T

convs’

that may arise through conversion of CD4* T

convs

into T_, cells.

To test whether TAMs are functionally involved in conversion of CD4* T into T

convs regs’

CD4+CD25 T__ . isolated from spleen and lymph nodes of tumor-bearing mice were
cultured with or without TAMs FACS-sorted from KEP tumors (Fig. S1E). After 72 hours of
co-culture, we found a significant increase in FOXP3 expression in CD4*CD25 T . cultured
with TAMs compared to CD4*CD25 T cultured without TAMs, indicating that TAMs have
the potential to drive conversion of CD4* T into T_under in vitro conditions (Fig. 2F-G,

S1H). In these cultures, we also observed increased viability of CD4* T cells co-cultured with
TAMs, suggesting TAMs might also support CD4+*T cell survival (Fig. S1).

Next, we set out to investigate whether TAMs also mediate T__-T __conversion in vivo, and

conv reg

thus might explain the observed reduction of intratumoral T__in anti-CSF1R-treated KEP
mice (Fig. 2B). CD4* T__ . (CD4*CD25) cells were FACS-sorted from naive mTmG mice,
which have continuous and ubiquitous expression of TdTomato, allowing for their in vivo

tracing. Following in vitro activation to improve CD4+ T

convs

homing into tumors, CD4*T__
(~98% purity post activation, S1J) were adoptively transferred into KEP mice bearing de novo
mammary tumors (Fig. 2H). Analysis of tumor-bearing mice, 7 days after adoptive transfer,
revealed that TdTomato* cells could be retrieved from blood and multiple tissues, including
spleen, draining lymph nodes and tumors (Fig. 2I). Transferred CD4*CD25" TdTomato* cells
in non-tumor tissues lowly expressed FOXP3 (~7% in draining lymph node, <5% in blood
and spleen), whereas ~33% of transferred cells found in KEP tumors expressed FOXP3,
indicating that TdTomato* conventional CD4* T cells undergo conversion into 'ﬂegs in vivo
(Fig. 2I-J). Strikingly, macrophage depletion in parallel to adoptive transfer of FOXP3- CD4+*
TdTomato* cells into tumor-bearing KEP mice (Fig. 2H) significantly reduced the frequency
of FOXP3+ cells within the transferred TdTomato* population in tumors but not in draining
lymph nodes, spleen or blood when compared to control antibody-treated mice (Fig. 2J).
Combined, these data indicate that TAMs promote the intratumoral accumulation of T__,
which can at least partly be explained through the potential of TAMs to drive the conversion
of CD4*T__into T

convs regs’
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FIGURE 2. TAMs promote the conversion of CD4* T___into Tregs

A. Schematic overview of study. KEP mice bearing 25mm?mammary tumors received weekly treatment
of anti-CSF1R or control, until analysis at a cumulative tumor size of 225mm?. B. Frequency of
F4/80""CD11b* cells of CD45* cells in mammary tumors of KEP mice treated with anti-CSF1R or
control (n=5 mice/group). C. Frequency of FOXP3* cells of CD4+ cellsin mammary tumors of KEP mice
treated with anti-CSF1R or control (n=5 mice/group). D. Immunohistochemical quantification of FOXP3*
cells in mammary tumors of mice treated with anti-CSF1R or control (n=7 mice/group). E. Correlation
plot matrix plot showing Spearman coefficient between transcriptional profiles of 'I',egs and T . (n=23)
isolated from indicated tissue of KEP mice bearing end-stage mammary tumors and healthy mammary
glands of WT littermates (n = 4). F. Representative dot plots of FOXP3 expression in live CD4*CD25° T
cells isolated from spleens of tumor-bearing KEP mice after co-culture with, or without TAMs (CD3-
F4/80"") for 72 hours. G. Percentage of FOXP3* cells in CD4* T (CD45°CD3*CD4*CD25) isolated
from spleens of tumor-bearing KEP mice after co-culture with, or without TAMs (CD3-F4/80"9") for
72 hours (data pooled from 3-4 independent in vitro experiments). H. Schematic overview of study.
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TdTomato* CD4+*CD25 T cells were FACS sorted from spleens of ROSA™™ mice, activated in vitro for
96 hours, and subsequently adoptively transferred into KEP mice bearing 25mm? mammary tumors that
received weekly treatment of anti-CSF1R or control. 7 days later, mice were analysed. I. Representative
dot plots depicting FOXP3 expression on adoptively transferred TdTomato® CD4* T in draining
lymph nodes and tumors of control and anti-CSF1R-treated mice. J. Frequencies of FOXP3* cells
within adoptively transferred TdTomato* CD4+T_ - in draining lymph node, blood, spleen and tumors
of control, and anti-CSF1R-treated mice (n=4/mice group). Data in B-D, G, J depict mean + SEM.
P-values are determined by Student’s T test (B-D, G), Two-way ANOVA (J). * P < 0.05, ** P < 0.01, ***
P < 0.001, *™* P < 0.0001.

TAM-mediated in vitro conversion of CD4* T_ _ into Tregs is mediated by TGF-.

Next, we set out to explore the underlying mechanism of TAM-mediated induction of Tregs.
We first focussed on the potential role of TAM-derived TGF-f3, as TGF-B is well known to
into T, 13, Gene set enrichment analysis

(GSEA) of macrophages isolated from mammary tumors of KEP mice and healthy mammary

be indispensable for the conversion of CD4* T

convs S

glands of WT littermates using a previously published dataset® revealed that TAMs are
enriched (FDR < 0.05) for genes involved in TGF-B signalling, compared to macrophages
from healthy mammary glands (Fig. 3A). To test whether TAM-derived TGF-8 might contribute
to conversion of CD4* T into T_ ., CD4*CD25 T cells isolated from spleen and lymph
nodes were co-cultured with TAMs isolated from KEP tumors in the presence or absence
of anti-TGF-B. Indeed, blockade of TGF- significantly reduced TAM-mediated induction
Of Tger
a TGF-B-dependent manner (Fig. 3B-C, S2A). This process did not require an antigen-
specific interaction, as in vitro blockade of MHC-II did not modulate T4 iNduction (Fig. S2B).
Furthermore, in vitro exposure of splenic CD4* T to conditioned medium obtained from

TAMs did not induce FOXP3 (Fig. S2C), suggesting close proximity of both CD4* T and
TAMs is required for TGF-B-mediated induction of FOXP3 in CD4* T

convs®

indicating that TAMs can promote the conversion of CD4* T into T___in vitro in

convs regs

+ TAMs

TGF-B signaling
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FIGURE 3. TAM-derived TGF-§3 promotes Tw"v-Treg conversion

A. GSEA comparing gene expression of KEP TAMs and WT mammary gland macrophages *° with TGF-3
signalling gene set from . Normalized enrichment score (NES) and false discovery rate (FDR) indicated.
Data obtained using a previously published dataset *°. B. Representative dot plot of FOXP3 expression in
CD4+T_ . isolated from spleens of tumor-bearing KEP mice after co-culture with TAMs (CD3 F4/80"") and
50 pg/mL anti-TGF-8 for 72 hours. C. Percentage of FOXP3*cells in CD4+ T (CD45*CD3*CD4*CD25))
isolated from spleens of tumor-bearing KEP mice after co-culture with TAMs (CD3F4/80"e") and 50 ug/
mL anti-TGF-B for 72 hours (data pooled from 3-6 independent in vitro experiments). Data in C depict
mean + SEM. P-values determined by One-way ANOVA (C), * P < 0.05, ** P < 0.01, *** P < 0.001, ****
P < 0.0001.
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TAMs promote PD-1 expression on intratumoral CD4* T cells
The peripheral conversion of CD4* T_ into Treg cells is dependent on TGF-(3, but can
be additionally enhanced by various contact-dependent mechanisms, such as PD-1
signalling, which has become clear from in vitro studies and studies using murine models
for experimental colitis and experimental graft versus host disease'”'84°, However, in breast
cancer, it is largely unclear whether PD-1/PD-L1 signalling in tumors contributes to the
conversion of intratumoral CD4* T | into T__, even though high expression of PD-1 has
been observed on intratumoral T cells in breast cancer patients'®. To gain insight into this,
we analysed PD-L1 expression in the TME and found that PD-L1 is most highly expressed
by TAMs (Fig. 4A-B). Furthermore, analysis of PD-1 expression on CD4* T cells that were
co-cultured with TAMs revealed that TAM-induced FOXP3* T_ have significantly higher
expression of the co-inhibitory molecule PD-1 as compared to non-converted FOXP3-
CD4+T cells (Fig. 4C), which was also observed in the context of anti-TGF-3 (Fig. S2D).
Interestingly, by assessing the intratumoral distribution of TAMSs, identified by Iba1 staining,

T

regs’

CD4+T cells and PD-1, we identified that these populations can cluster together in
KEP tumors (Fig. S2E). Combined, these observations raise the question whether TAMs can
modulate PD-1 expression on CD4* T cells that convertinto T .
To investigate a potential link between TAMs and PD-1 that may impact the conversion
of CD4+ T . into Tregs in vivo, we characterized PD-1 expression on FOXP3-and FOXP3*
CD4+T cells in tumor-bearing KEP mice and WT littermates. This revealed that PD-1 was
significantly increased on both CD4* subtypes in mammary tumors as compared to healthy
mammary glands of WT littermates (Fig. 4D-E). Increased PD-1 expression in tumor-bearing
KEP mice was specific to the TME, and not observed in blood, spleens, lungs or draining
lymph nodes on T_ -and CD4* T in KEP versus WT mice. Next, PD-1 expression on T
cells in KEP tumors treated with anti-CSF1R or control antibody was analysed. Strikingly,
macrophage depletion reduces PD-1 expression on both FOXP3-and FOXP3* intratumoral
CD4+T cells (Fig. 4F-G), but not on CD8*T cells (Fig. S2F). To investigate whether PD-1
expression on intratumoral conventional CD4* T cells could be directly modulated by TAMs,
PD-1¢ and PD1res CD4+*CD25 T cells isolated from KEP tumors were cultured with or
without FACS-sorted TAMs (Fig. S1G, S2G). After 72 hours of culture, TAMs were found
to significantly induce PD-1 on PD-1"9 sorted cells (Fig. S2H). PD-1 expression of PD-
1ros sorted CD4+*CD25° T cells was reduced to 64% after 72 hours, which was partially
abrogated by addition of TAMs (Fig. 4H), indicating that TAMs can induce and maintain PD-1
expression on intratumoral CD4* T cells. In line with these findings, a positive correlation
between CSF1R and PDCD1 was identified in both the TCGA breast cancer dataset (Fig.
41, and our GEMM RNAseq dataset (Fig. 4J)?°. Together, these data indicate that TAMs
can positively regulate PD-1 expression on CD4+ T cells in breast tumors.
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FIGURE 4. TAMs modulate PD-1 expression of CD4*T cells.

A. Representative histogram depicting PD-L1 expression on indicated cell populations in mammary
tumors (225m?) of KEP mice. B. Quantification of PD-L1 MFI in indicated populations depicted in A (n=3
mice/group). C. Quantification of PD-1 expression in FOXP3-and FOXP3* sorted CD4* T isolated
from spleens of tumor-bearing KEP mice that were co-cultured with TAMs for 72h with 300U/mL IL-2
and 20ng/mL M-CSF. Data pooled from 8 independent in vitro experiments. D-E. Frequencies of PD-1
expression gated on FOXP3- (D) and FOXP3* (E) CD4+*T cells in indicated tissues of KEP mice bearing
(225m?) mammary tumors versus WT littermates (n=3-8 mice/group). F-G. Frequency of PD-1* cells
of CD4*FOXP3- (F) CD4*FOXP3* (G) T cells in mammary tumors of mice treated with anti-CSF1R or
control (n=5 mice/group). H. Quantification of PD-1 expression in PD-1,*CD4+CD25 T cells isolated
from KEP mammary tumors cultured with CD45* F4/80"e" macrophages for 72h with 300U/mL, IL-2
and 20ng/mL M-CSF. Data pooled from 2-3 independent in vitro experiments. . Scatter plot depicting
correlation between PDCD1 versus CSF1R mRNA expression log2(norm_count+1) in tumors of the
TCGA human breast cohort (n=1218 patient samples). J. Scatter plot depicting correlation between
Pdcd1 versus Csf1r mRNA expression (normalised read counts) in mammary tumors obtained from 16
different GEMMs for mammary tumor formation, as previously described® (n = 145).

Data in B-H depict mean + SEM. P-values determined by unpaired Student’s T test (F-G), Wilcoxon
signed rank test (C), Two-way ANOVA (D,E), One-way ANOVA (B,H), Pearson’s Correlation (I,J),* P <
0.05, * P < 0.01, ** P < 0.001, *** P < 0.0001.
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PD-1 expression on CD4* T contributes to their intratumoral conversion into

convs

T___independent of tumor-associated macrophages.

Ougr’findings show that TAMs promote the intratumoral conversion of CD4* T in T_
via release of TGF-8 (Fig. 2), and also promote PD-1 expression on intratumoral CD4+ T
cells (Fig. 4F-G). To gain insight into the hypothesis that increased PD-1 signalling might
promote the conversion of intratumoral CD4* T into 'I'regs in vivo, we first explored the
relationship between PD-1 and FOXP3 in the TME of breast cancer. Analysis of PDCD1 and
FOXP3 gene expression in the TCGA breast cancer cohort®*® and our previously described
breast cancer GEMM RNAseq dataset?® identified a positive correlation between these two

genes (Fig. 5A-B). In addition, PD-1 protein expression on intratumoral CD4+ T

convs

positively
correlates with 'Eeg accumulation in KEP tumors (Fig. 5C), further suggesting that PD-1

expression on CD4* T _might be linked to Treg accumulation.

Next, we set out to investigate whether PD-1 plays a functional role in the conversion of
CD4* T, into T in vivo. For this, we first treated tumor-bearing KEP mice with PD-L1
blocking antibodies until end-stage tumor size was reached, but we did not find an effect
on intratumoral Treg accumulation (Fig. S3A). Notably, previous studies have shown that

antibody-mediated blockade of PD-1/PD-L1 signalling can reinvigorate PD1+ T

regs’

thereby
inducing their proliferation*'~#4, To circumvent this potential confounding mechanism of
antibody-induced Treg proliferation as a result of broadly targeting PD-1/PD-L1 signalling, we
next applied an approach specifically targeting CD4* T___ _instead. For this, a CRISPR-Cas9
based approach was used to edit PD-1in CD4+ T_ _ isolated from splenocytes of ROSAS
CAS9 mice, which have constitutive and ubiquitous expression of CAS9%. CD4+*CD25  were
purified from splenocytes by magnetic bead isolation, reaching a purity of 98% CD4+*CD25
FOXP3-cells of total live cells (Fig. S3B). Following in vitro activation for 48 hours using CD3/
CD28 coated beads, CD4* T
encoding mCherry and a guideRNA targeting exon 2 of PDCD1, or control vector. Successful
editing of the PDCD1 gene in pRubic-sgPD-1 transduced CD4* T was confirmed by
TIDE analysis*® on pRubic-sgPD-1 and pRubic-Ctrl transduced cells (Fig. S3C). In line, PD-1
as compared to

. were transduced with a modified pRubic retroviral vector

protein expression was strongly reduced on pRubic-sgPD-1 CD4+ T

pRubic-Ctrl CD4* T, analysed 4 days after transduction (Fig. 5D-E). To evaluate the

function of PD-1 in the intratumoral conversion of CD4+ T into T__in vivo, CD4+ T

convs regs convs

were transduced with pRubic-sgPD-1 and pRubic-Ctrl and adoptively transferred into
mice bearing orthotopically injected KEP cell-line tumors (Fig. 5F). Of note, PD-1 was lowly
expressed on both pRubic-sgPD-1 and pRubic-Ctrl CD4* T

convs

prior to adoptive transfer (Fig.
S3D). Analysis of tumors by flow cytometry 7 days after transfer showed similar infiltration
of both sgPD-1, and sgEmpty mCherry*CD4* T___  cells (Fig. S3E), but revealed that control

CD4* T_, . upregulate PD-1 in the TME, which was not observed for PD-1 edited CD4*
T

convs’

confirming that successful editing of the PD-1 gene is maintained in vivo (Fig. 5G).
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A. Scatter plot depicting correlation between FOXP3 versus PDCD7 mRNA expression log2(norm
_count+1) in tumors of the TCGA human breast cohort (n=1218 patient samples). B. Scatter plot
depicting correlation between Foxp3 versus Pdcd? mRNA expression (normalised read counts) in
mammary tumors obtained from 16 different GEMMs for breast cancer (n = 145). C. Scatter plot
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depicting correlation between PD-1 expression on CD4* T and % CD4*FOXP3* of total T cells in
KEP mammary tumors (n=12 mice). D. Representative dot plot of mCherry (left) and PD-1 (middle,
right) expression in CD4* T__ transduced with indicated pRubic vector, after 4 days of culture with
IL-2. E. Quantification of PD-1 expression on CD4* T transduced with indicated pRubic vector (data
pooled from 3 in vitro independent experiments). F. Schematic overview of study. CD4+*CD25" cells from
ROSACASGFP mice were purified, activated and transduced with pRubic-sgPD-1 or pRubic-Ctrl and
adoptively transferred into mice bearing 256mm? KEP cell line tumors. After 7 days, mice were analysed.
G. Quantification of PD-1 expression on CD4* mCherry* cells in KEP cell line tumors of mice receiving
adoptive transfer of pRubic-sgPD-1 or pRubic-Ctrl CD4* T_ - (n=3 mice/group). H. Quantification of
FOXP3 expression on CD4* mCherry* cells in KEP cell line tumors of mice receiving adoptive transfer
of pRubic-sgPD-1 or pRubic-Ctrl CD4+ T_ - (n=8 mice/group). I. Graphical representation describing
findings presented in this study. TAMs can directly promote 'I'reg conversion by release of TGF-3 but can
also, in a distinct fashion, “prepare” CD4* T_ _for conversion through induction of PD-1. Data in G,H

depict mean + SEM. P-values determined by Pearson’s correlation (A-C), Paired students T-test (E),
Unpaired Student’s T Test (G-H). * P < 0.05, ** P < 0.01, ** P < 0.001, **** P < 0.0001.

Strikingly, PD-1 edited CD4* T showed reduced conversion into T__, as indicated by a

significant lower expression of FOXP3 as compared to control CD4+ EjFmvs in tumors (Fig.
5H). No differences were observed in PD-1 or FOXP3 expression in non-tumor tissues
including blood, spleen or draining LN or blood (S3F). Combined, these data confirm that
PD-1 expression on conventional CD4* T cells promotes intratumoral conversion into T_.
Finally, we studied whether TAMs are directly involved in promoting conversion of CD4*
T iNtO Tregs via PD-1 signaling, or whether this is primarily mediated by TGF-B. Despite
high expression of PD-L1 by TAMs in the TME of KEP tumors (Fig 4A-B), blockade of PD-
L1 in vitro did not reduce TAM-mediated conversion of CD4+*T__ _ into Tregs (Fig. S3G) This
indicates that TAMs can directly promote Treg conversion by release of TGF-B, but can also,
in a distinct fashion, “prepare” CD4+ T

wome fOor TAM-indepent conversion through induction
of PD-1 (Fig. 5I).

DISCUSSION

High intratumoral infiltration of immunosuppressive T

regs

of breast cancer patients*. Insights into the mechanisms underlying the intratumoral
accumulation of T ___may set the stage for the development of novel therapeutic interventions.

regs

is associated with poor prognosis

In the current study, we demonstrate that TAMs play a critical role in the accumulation
of immunosuppressive Tregs in primary mammary tumors of the preclinical KEP mouse
model. By studying the fate of endogenous CD4* T cells and adoptively transferred CD4*
T e IN SPONtaneous mammary tumors in the context of anti-CSF1R, we show that TAMs
support the intratumoral conversion of CD4* T into FOXP3*T__ in vivo. Mechanistically,
two independent processes were identified that contribute to this process (Fig. 5l). Firstly,

in vitro co-culture studies with TAMs and CD4* T__ revealed that TAM-derived TGF-3

convs
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REGS

promotes the conversion of CD4* T into T_ . Secondly, analysis of CD4*T__ in the

convs regs’ convs

context of anti-CSF1R revealed that TAMs promote PD-1 expression on intratumoral CD4+*
T cells. By studying adoptively transferred PD-1%° CD4+ T

convs

in mammary tumors in vivo, we
demonstrate that PD-1© CD4* T _have reduced potential to convert into T___in tumors in
vivo, showing that PD-1 further augments the conversion of CD4* T | into T_ .. Combined,

convs

this study reveals the importance of TAMs for the intratumoral conversion of CD4+ T

convs

into immunosuppressive T

regs

in de novo mammary tumors, highlighting the importance of
myeloid-lymphoid immune cell crosstalk in the tumor microenvironment.

Despite their distinct precursors, distinguishing thymic derived-, from peripheral T___ has

regs

been obscured by the lack of a protein-based marker to differentiate between tT__ and

regs
pTregs in vivo. Instead, their identification has relied on epigenetic analysis of regions in the

FOXP3 gene that are uniquely demethylated and accessible in tTregs but not pT__, and

regs’

analysis of TCR repertoire overlap in suspected pT___with CD4+ T

regs convs®

Due to the complexity
of these analyses, it has been poorly characterized whether conversion of FOXP3- CD4+*
T cells in the tumor microenvironment (TME) substantially contributes to intratumoral
accumulation of T_ . Nonetheless, being able to differentiate tT__from pT__in tumors is
important, as preclinical studies have suggested that pT

regs

have specific properties that
may prove valuable for clinical exploitation to alleviate intratumoral immunosuppression. For
example, pT_

resulting in loss of FOXP3 and immunosuppressive function*4°, suggesting that targeting
TGF-B might affect pT___. In addition, tT . and CD4+T the precursor cells of pT

regs convs’ regs’

have been shown to be unstable in inflammatory milieus that lack TGF-(3,

are
recruited into tumors through different chemotactic signals®, suggesting that independent
therapeutic approaches are required to both block the intratumoral recruitment of tTregS,
and the intratumoral conversion of pT_ . In the current study, we show that intratumoral
conversion of CD4* T into Tregs in spontaneous KEP mammary tumors is supported
by TAMs, suggesting that therapeutic targeting of TAMs may be an alternative approach
to reducing intratumoral Tregs. One potential limitation of this study is that despite careful
isolation of highly pure T and Tconvs, cells were not isolated using a Foxp3-reporter
system which would, by definition, be a more pure approach for isolation of Tconvs and
Tege IMportant to note here is that anti-CSF1R treatment reduced intratumoral T_, but
did not increase CD8* T cells or reduce tumor burden, despite the potent suppressor
function of 'ﬂegs in vitro. This suggests that additional layers of immunosuppression may
be present in the microenvironment of KEP mammary tumors. In line with this, previous
research in our lab has shown that neutrophils additionally suppress anti-tumor immunity in
absence of TAMs®. Thus, it is likely that combination strategies are necessary to alleviate
the multiple immunosuppressive pathways at play in the tumor microenvironment. Although
we have not deeply explored the anti-tumor effects of combination treatments in the current
study, the fundamental insights gained from dissecting separate layers of intratumoral

immunosuppression could form the basis for novel treatment combinations.
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TAMs make up an important part of breast tumors, which has both been observed in human
breast cancers, as well as in preclinical models of breast cancer?6%°, It is important to realise
that TAMs have high plasticity, characterized by diverse phenotypes, activation states and
biological functions®'. Despite this diversity, TAMs are often associated with suppression of
anti-tumor immune responses, and poor prognosis in cancer®. In line with this, preclinical
research using the KEP model has shown that targeting macrophages with anti-CSF1R
enhances chemotherapy efficacy of platinum-based drugs by unleashing type | interferon
response?. Interestingly, in vitro studies using human monocyte-derived macrophages
reported that macrophages contribute to conversion of human CD4* T | into T__ through
their release of TGF-B2*. Vice versa, Tregs have also been shown to promote TAM infiltration
in the context of indoleamine 2,3-dioxygenase-expressing murine B16 cell line tumors®.
Furthermore, macrophages have been described to release a plethora of chemokines®'54%,
including CCL4, CCL22, and CCL17 which have been implicated in the recruitment of Tregs
in tumors?. In light of this, we here investigated the importance of TAMs for intratumoral
T_accumulation in breast tumors in vivo. We show that TAMs play a pivotal role in the

aoi:umulation of Tregs in a transgenic mouse model for spontaneous mammary tumorigenesis.
Mechanistically, we found that TAMs promote CD4* T conversion into T_ via release of
TGF-B, but also by enhancing PD-1 expression on conventional CD4* T cells. These data
are in line with two recent studies that also identified a link between macrophages and T _
in the context of non-small cell lung cancer (NSCLC). Lung tissue-resident macrophages
(TRM) were found to promote Treg accumulation in a murine model for NSCLC?®. TRMs were
shown to express high levels of Ccl77 and Tgfb1, which were hypothesized to contribute
to the recruitment and expansion of Tregs in this model. Secondly, antiangiogenic therapy in
NSCLC was shown to facilitate the infiltration of PD-1 +Tregs into the TME, which were further

supported by TAMs that created a TGF-f3 rich environment®6,

Previous studies have shown a role for PD-1 in the extrathymic differentiation of Tregs in
non-tumor tissue!” 18405758 |n mice, PD-1 deficiency did not impact thymic development of
T NOr their suppressive potential in vitro, but PD-1 deficiency on CD4* T specifically
reduced their differentiation into Tregs in lymphopenic Rag~- mice®. In line, others showed
that PD-L1-coated beads synergized with TGF-3 to promote 'ﬂeg conversion in vitro*.
Mechanistically, PD-1/PD-L1 signalling in CD4* T cells can promote Treg conversion by
inactivation of STAT1-mediated inhibition of FOXP3, and by improving the stability of FOXP3
in induced T__'"®. Despite these findings, the role of PD-1-mediated induction of T__in
the context of cancer has been unclear, whereas PD-1 is highly expressed on intratumoral
T cells in breast cancer patients'™. We here show that PD-1 expression on CD4* T cells,
is directly involved in intratumoral conversion of CD4* T into 'I'regs in vivo. Importantly,
we found that TAMs primarily support the initial step of PD-1-mediated Treg conversion by
inducing PD-1 on CD4*T__,

via PD-L1 signalling in vitro. Since we found PD-L1 to be widely expressed in the TME of

but are not further supporting conversion of PD1+CD4+ T

convs
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REGS

KEP tumors, an important topic of future research is to identify which PD-L1+* cell type drives
PD-1 mediated conversion in KEP tumors, and whether additional signals from these cells
are facilitating this conversion process.

Since PD-1 blockade is becoming increasingly standardized for the treatment of cancers,
future studies should further address whether therapeutic blockade of PD-1 indeed reduces
Toon. Teg CONVersion in human tumors, and its relevance for treatment efficacy. One important
aspect to consider is that several recent studies have shown that blockade of PD-1 or
PD-L1 leads to reinvigoration of 'ﬂegs thereby inducing their activation and proliferation, like
observed on effector T cells*>*4. This opposing effect of PD-1/PD-L1 blocking strategies,
which decreases conversion of CD4*T | into T_, but increases proliferation of PD-1*and

PD-L1+T__, further complicates clinical assessment of Treg conversion, and suggests that

regs’
future PD-1 blocking strategies should be optimally targeted at CD4+ T butnot T ..

Taken together, this study reveals a novel relationship between TAMs, PD-1 expression
on CD4* T cells and T_, conversion in breast cancer. These data provide insight into the
interdependency between different members of the TME that cooperate to establish
immunosuppression, but also highlight that therapeutic targeting of macrophages affects
the immunosuppressive tumor microenvironment beyond macrophages itself, making it an
attractive immune intervention strategy for cancer treatment.

MATERIALS AND METHODS

Mice

Mice were kept in individually ventilated cages at the animal laboratory facility of the
Netherlands Cancer Institute under specific pathogen free conditions. Food and water
were provided ad libitum. All animal experiments were approved by the Netherlands Cancer
Institute Animal Ethics Committee, and performed in accordance with institutional, national
and European guidelines for Animal Care and Use. The study is compliant with all relevant
ethical regulations regarding animal research.

The following genetically engineered mice have been used in this study: Keratin14 (K14)-
cre;Cdh1", ;Trp53F/F, ROSA™mSG, and ROSA®S*CP The generation and characterization of
the Keratin14 (K14)-cre;Cdh1F,; Trp537F model for spontaneous mammary tumorigenesis
has been described before?”. All mouse models were on FVB/n background, and genotyping
was performed by PCR analysis on toe clips DNA as described?’. Starting at 6-7 weeks
of age, female mice were monitored twice weekly for the development of spontaneous
mammary tumor development in all mammary glands. Upon mammary tumor formation,
perpendicular tumor diameters were measured twice weekly using a calliper. In KEP mice,
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sizes of individual mammary gland tumors in one animal were summed to determine
cumulative tumor burden. End-stage was defined as cumulative tumor burden of 225mm?.
Age-matched WT littermates were used as controls.

Intervention studies

Antibody treatments in tumor-bearing KEP mice were initiated at a tumor size of 25mm?2.
Mice were randomly allocated to treatment groups and were intraperitoneally injected with
chimeric (hamster/mouse) anti-CSF-1R antibody (clone 2G2, Roche Innovation Center
Munich; single loading dose of 60 mg/kg followed by 30mg per kg once a week); control
antibody (IgG1, MOPC21, Roche Innovation Center Munich; single loading dose of 60mg
per kg followed by 30mg per kg once a week); Rat anti-mouse PD-L1 (Clone 10F.9G2; 200
ug once a week). Treatments were discontinued at cumulative tumor burden of 225mm?
unless indicated otherwise.

Flow cytometry analysis and cell sorting

Draining lymph nodes, spleens, tumors and lungs were collected in ice-cold PBS, and
blood was collected in heparin-containing tubes. Draining lymph nodes, spleens, tumors
were processed as previously described®. Lungs were perfused with ice-cold PBS post
mortem to flush blood. Next, lungs were cut into small pieces and mechanically chopped
using the Mcllwain tissue chopper. Lungs were enzymatically digested in 100 pg/mL
Liberase Tm (Roche) under continuous rotation for 30 minutes at 37 °C. Enzyme activity
was neutralized by addition of cold DMEM/8% FCS and suspension was dispersed through
a 70 pm cell strainer. Blood was obtained via cardiac puncture for end-stage analyses.
Erythrocyte lysis for blood and lungs was performed using NH,Cl erythrocyte lysis buffer
for 2x5 and 1x1 minutes respectively. Single cell suspensions were incubated in anti-
CD16/32 (2.4G2, BD Biosciences) for 5 minutes to block unspecific Fc receptor binding.
Next, cells were incubated for 20 minutes with fluorochrome conjugated antibodies diluted
in FACS buffer (2.5% FBS, 2 mM EDTA in PBS). For analysis of FOXP3, cells were fixed
and permeabilized after surface and live/dead staining using the FOXP3 Transcription buffer
set (Thermofisher), according to manufacturer’s instruction. Fixation, permeabilization and
intracellular FOXP3 staining was performed for 30 minutes. Single cell suspensions of mice
that received adoptive transfer of pRubic-mCherry CD4* T_ ~were additionally fixed in 2%
PFA (ThermoFisher) for 30 minutes, prior to fixation using the FOXP3 Transcription buffer set
to enhance simultaneous detection of FOXP3 and mCherry as previously described®®. Cell
suspensions were analysed on a BD LSR2 SORP or sorted on a FACS ARIA Il (4 lasers), or
FACS FUSION (5 lasers). Single cell suspensions for cell sorting were prepared under sterile
conditions. Sorting of CD4* T (Live, CD45+*CD3*CD4+CD25PD-1re¥mes from indicated
tissues and TAMs (Live, CD45*CD3F4/80"") isolated from spontaneous mammary KEP
tumors (>100mm?2) was performed as previously described®®. Gating strategies depicted in
Figure S1+2. See supplementary table 1 for antibodies used.
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mTmG CD4+ T adoptive transfer studies

For adoptive transfer studies, naive CD4* T (Live, CD3*CD4+*CD25CD44) were
FACS sorted from ROSA™™& mice, and activated in vitro using CD3/CD28 dynabeads
(ThermoFisher) in a 1:2 bead:cell and 300U/mL IL-2 (PeproTech) ratio in 24-wells plates.
After 96 hours, Dynabeads were magnetically removed, cells were washed and resuspended
in HBSS and intravenously injected into KEP mice bearing 25mm? mammary tumors (1.5-
2.5*10° cells/mouse). After 7 days, mice were sacrificed, single cell suspensions were
prepared and adoptively transferred cells were analysed by flow cytometry as described

above.

CD4* T - macrophage co-culture in vitro assays

convs

3"10%-1.0"10°CD4+* T_ - (PD-1r%/"9 gs indicated for intratumoral CD4* T ) obtained from
indicated source were co-cultured with 1.5*10% 5.010* (1:5 T cell:TAM ratio) TAMs in a
round bottom, tissue culture treated 96-wells plate in cIMDM supplemented with 300U/mL
IL-2 and 20 ng/mL M-CSF, and 50 ug/mL anti-TGF-$, 50 pg/mL anti-PD-L1 or 100 pug/mL
anti-MHC-Il as indicated. After 72 hours, cells were washed with FACS buffer, and prepared
for flow-cytometric analysis as described above. Conditioned medium was collected from
1-2*10° TAMs cultured for 48h in cIMDM supplemented with 20 ng/mL M-CSF in flat-bottom,
tissue culture treated 12-wells plate. CD4*T___ culture with TAM conditioned medium were

conv

additionally supplemented with CD3/CD28 Dynabeads (1:5 bead:cell ratio).

Cloning of pRubic-PD-1 retroviral vector

Transduction of CD4* T isolated from splenocytes of ROSA®S*¢FP mice was carried out
using a modified retroviral pRubic-T2A-Cas9-mCherry vector (https://www.addgene.
org/75347/) containing sgRNA targeting exon 2 of Pdcd?. sgRNA-PD-1 was assembled
by annealing complementary oligonucleotides 5’-CACCGCAGCTTGTCCAACTGGTCGG-3’
and 5-AAACCCGACCAGTTGGACAAGCTGC-3’, with Bbsl overhangs. Annealed
oligo’s were subsequently ligated into the Bbsl-digested PxL vector, which provided U6
promotor and gRNA scaffold. Then, gRNA-PD-1, U6 promotor and gRNA scaffold were
cloned into pRubic vector using BstBI isoschizomer Sful and Pacl, resulting in pRubic-
PD-1 or control pRubic vector, without gRNA. Successful insertion of gRNA into pRubic
backbone was confirmed by sanger sequencing on purified DNA using hU6B-Forward primer
(5’-GAGGGCCTATTTCCCATGATT-3’).

Generation of pRubic Retrovirus

For generation of pRubic-retrovirus, 2108 HEK cells were plated in 10cm? dishes. 24 hours
later, HEK cells were transfected with 1.5ug vector pRubic-PD-1/pRubic-empty vector, and
1.0ug pCL-ECO vector, using X-tremeGENE 9 DNA Transfection Reagent (06365787001,
Roche). Retroviral supernatants were harvested after 48 and 72 hours. Viral particles were
concentrated by spinning at 20,000 rpm for 2 hours at 4°C using the Avanti J-30I centrifuge
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(Beckman Coulter). pRubic-PD-1 and pRubic-empty retroviral titers were determined by
using the gPCR Retrovirus Titration kit according to manufacturer’s instruction.

CD4'T transduction and adoptive transfer

convs

For adoptive transfer studies of pRubic transduced T T __ were purified from single cell

suspensions prepared from splenocytes of ROSA®SGF mice. To specifically purify T from
splenocytes, the magnetic based EasySep CD4* T cell isolation kit (StemCell Technologies)
was used to obtain CD4+ T cells through negative selection. Next, enriched CD4* T cells
were used as input for the Miltenyi CD4+*CD25* regulatory T cell isolation kit (Miltenyi Biotec)
to separate CD25* from CD25 cells. Purity of negatively selected CD4+*CD25" cells was
confirmed by flow cytometry, and used for transduction. Retroviral transduction of T was
performed as previously described by Kurachi et al*®. In brief, T cells were activated in
vitro using CD3/CD28 dynabeads (1:5 bead:cell ratio) and 300U/mL IL-2 for 48 hours.
Activated cells were harvested and enriched using a 30-60% Percoll gradient, in which
activated, blasting cells accumulate at the interface layer of the centrifuged Percoll gradient.
Cells derived from the interface layer were washed, and transferred to a 96-wells plate
coated with 20 pg/mL Retronectin (Takara) and supplemented with 600U/mL of IL-2
and CD3/CD28 dynabeads (1:2 bead:cell ratio) and retroviral vectors (100 multiplicity of
infection, pRubic-mCherry-sgPD-1 and pRubic-mCherry-Ctrl). Cells were spin-transduced
at 2000g, 30°C for 60 minutes. After spin-transduction, cells were incubated at 37°C, 5%

CO2 overnight, and further used for in vitro analyses or adoptive transfer experiments.

TIDE analysis

The TIDE webtool*® was used to assess Crispr-CAS9 editing efficiency of PDCD1 gene
in pRubic transduced CD4+ T_ . After transduction, pRubic-sgPD-1 and pRubic-Ctrl
transduced CD4+ T  were cultured in cIMDM supplemented with 300U/ml of IL-2. After
96 hours, DNA was isolated using QlAamp DNA Micro kit (56304, QIAGEN) according to the
manufacturer’s instructions followed by PCR amplification of exon 2 of PDCD1 gene (forward
5’-TCAGTTATGCTGAAGGAAGAGC-3’, reverse 5’-GGCAGAGAGCCTAAGAGGTC-3’) using
2ul 10x High Fidelity PCR Buffer (P/N 52045, Thermofisher), 0.6ul (50mM) MgSO4 (P/N 52044,
Thermofisher), 0.4pl (10mM) dNTP mix (P/N y02256, Thermofisher), 0.25pl Platinum Tag (DNA
Polymerase High Fidelity; 11304-011, Thermofisher) and 1uL of each primer. Amplified DNA
was purified from an 1% agarose gel using lllustra GFX PCR DNA and Gel Band Purification
kit. Next, DNA was sequenced by Sanger sequencing (PDCD1 exon 2 forward primer
5’-TCAGTTATGCTGAAGGAAGAGC-3’" and samples were analyzed using the TIDE webtool
using gRNA sequence targeting PDCD1 exon 2 (‘5-CAGCTTGTCCAACTGGTCGG-3’) (http://
tide.nki.nl), using DNA from pRubic-Ctrl as control sample. Default parameters were used and
decomposition window was set form 304-450bp.
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Adoptive transfer of pRubic-mCherry transduced CD4* T
For adoptive transfer, CD3/CD28 Dynabeads were magnetically removed, cells were
washed and resuspended in HBSS and intravenously injected into mice bearing 25mm?
mammary tumors of orthotopically injected KEP cell-line (2*10° cells/mouse). After 7 days,
mice were sacrificed, single cell suspensions were prepared and adoptively transferred cells

were analysed by flow cytometry as described above.

The Cancer Genome Atlas (TCGA) and breast cancer GEMM gene expression
correlation analysis

Gene expression data of FOXP3, PDCD71 and CSF1R (log2(norm_count+1)) were
obtained from the TCGA breast cancer cohort (n=1218, version 2017-10-13, accessible
through  https://tcga-xena-hub.s3.us-east  1.amazonaws.com/download/TCGA.BRCA.
sampleMap%2FHiSeqV2.gz. Correlation analysis was performed using University of
California Santa Cruz’s XenaBrowser.net. Foxp3, Pdcd1 and Csflr gene expression data
from Breast cancer GEMMs were obtained and analysed as previously described?®.

KEP TAM gene expression analysis

GSEA®" was performed using GSEA software (v. 4.0.3) on mSigDB Hallmark gene sets®
using normalized gene expression data of “WT-MG-KEP” and “TAM-KEP” datasets
obtained from GSE126268, as previously described®. Permutations for each gene set was
conducted 1000 times to obtain an empirical null distribution.

Immunohistochemistry

Immunohistochemical analyses were performed by the Animal Pathology facility at the
Netherlands Cancer Institute. Formalin-fixed tissues were processed, sectioned and
stained as described®. In brief, tissues were fixed for 24h in 10% neutral buffered formalin
and embedded in paraffin. Slides were digitally processed using the Panoramic P1000
slidescanner, and analysed in QuPath (V.03.0).

RNAseq of T___and CD4* T

convs

For transcriptome analysis of T

regs

from end-stage (225mm?) KEP tumors, WT mammary
gland and spleen, single cell suspensions were prepared as described before®. A minimum
of 70.000 T_, (Live, CD45*, CD3*, CD4*, CD25"") or CD4+ T___ . (Live, CD45*, CD3*, CD4+,
CD25Y) were sorted in RLT buffer with 1% B-mercapto ethanol. Due to low abundance of
T e IN WT mammary glands, tissue of 3 mice was pooled for each WT T_  sample prior
to sorting. Library preparation was performed as previously described®. Total RNA was
extracted using RNAeasy mini kit (Qiagen). RNA quality and quantity control was performed
using Agilent RNA 6000 Pico Kit and 2100 Bioanalyzer System. RNA samples with an
RNA Integrity Number > 8 were subjected to library preparation. The strand-specific reads

(65bp single-end) were sequenced with the HiSeq 2500 machine. Demultiplexing of the
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reads was performed with lllumina’s bcl2fastq. Demultiplexed reads were aligned against
the mouse reference genome (build 38) using TopHat (version 2.1.0, bowtie 1.1). TopHat
was supplied with a known set of gene models (Ensembl version 77) and was guided to
use the first-strand as the library-type. As additional parameters --prefilter-multihits and --no
coverage were used. Normalized counts from DESegDataSet from the DESeq2 package
were subjected to calculate correlation among the samples by using ‘cor’ function using
spearman method in R language (version 4.0.2).

T, suppression assays

Treg-T cell suppression assays were performed as previously described®. In brief, Tregs (Live,
CD45* CD3*, CD8  CD4*, CD25"s") sorted from freshly isolated KEP mammary tumors
(225mm?) were activated overnight in IMDM containing 8% FCS, 100 IU/ml penicillin, 100 pg/
ml streptomycin, 0.5% B-mercapto-ethanol, 300U/mL IL-2, 1:5 bead:cell ratio CD3/CD28
coated beads (Thermofisher). Per condition, 5.0*10° cells were seeded in 96-wells plate,
which were further diluted to appropriate ratios (1:1 — 1:8). Responder cells (Live, CD45*
CDg3*, CD4+, CD25 and Live, CD45* CD3*, CD8") were rested overnight. Next, responder
cells were labelled with CellTraceViolet, and co-cultured with T@S in cIMDM supplemented

with CD3/CD28 beads (1:5 bead cell ratio) for 96 hours (without exogenous IL-2).

Statistical analysis

Data analyses were performed using GraphPad Prism (version 8). The statistical tests
used are described in figure legends. All tests were performed two-tailed. P-values < 0.05
were considered statistically significant. Sample sizes for mouse intervention experiments
were pre-determined using G*Power software (version 3.1). Asterisks indicate statistically
significant differences compared to WT. * P < 0.05, ™ P < 0.01, ™ P < 0.001, " P <
0.0001.
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SUPPLEMENTARY FIGURE 1.

A. GSEA comparing gene expression of KEP TAMs and WT mammary gland macrophages®. IFN-y
and IFN-a gene sets from® are shown. Normalized enrichment score (NES) and false discovery rate
(FDR) indicated. Data obtained using a previously published dataset®. B. Frequency of FOXP3+ cells of
CD4+ cellsin indicated tissues of KEP tumor-bearing mice treated with anti-CSF1R or control antibody
(n=5 mice/group). C. Quantification of CD103, ICOS, CD25 and CD69 on CD4* FOXP3* T cells in KEP
mammary tumors of KEP mice treated with control antibody, or anti-CSF1R (n=4-5 mice/group), as
determined by flow cytometry. D. Tumor growth curves of mice treated with anti-CSF1R or control
antibody. Treatment tumor is shown. Treatment was stopped when cumulative tumor burden reached
225mm? (n=5 mice/group). E. Frequencies of 'I'regs (CD4*FOXP3), CD4* T - (CD4*FOXP3’) and CD8*
T cells of total CD3* T cells in mammary tumors of KEP mice treated with control antibody, or anti-
CSF1R (n=5 mice/group). F. Quantification of mRNA expression (normalised read counts) of indicated
chemokines in mammary tumors mice treated with anti-CSF1R or control (n=5 mice/group). G. Gating
strategy for sorting live, CD45*, F4/80* macrophages from spontaneous KEP mammary tumors. H.
Percentage of FOXP3* cells in CD4* T (CD45*CD3*CD4*CD25) isolated from draining lymph nodes
of tumor-bearing KEP mice after co-culture with, or without TAMs (CD3-F4/80"") for 72 hours (data
pooled from 2 independent experiments). I. Percentage of live (negative for live/dead marker) cells,
gated on total CD4+T cells in co-cultures of sorted CD4+t cell populations from indicated tissues with
TAMs, after 72 hours. J. Purity, (FOXP3), of CD4* T (CD45*CD3+*CD4+CD25’) sorted from spleens of
mTmG mice, after activation with CD3/CD28 beads for 96 hours (n=2 mice). Data in B,C,E,F,H-J depict
mean + SEM. P-values determined by Two-way ANOVA (B,C,E,F), Student’s T test (H,l), Area under
curve calculation (D). * P < 0.05, ** P < 0.01.
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SUPPLEMENTARY FIGURE 2.

A. Percentage of FOXP3* cells in CD4* T (CD45*CD3*CD4+*CD25) isolated from draining lymph
nodes of tumor-bearing KEP mice after co-culture with TAMs (CD3F4/80"") and 50 pg/mL anti-
TGF-B for 72 hours (data pooled from 3-6 independent in vitro experiments). B. Percentage of FOXP3+*
cells in CD4* T (CD45*CD3*CD4+CD25) isolated from spleens of tumor-bearing KEP mice after
co-culture with TAMs (CD3-F4/80"") and 100 pg/mL anti-MHC-II for 72 hours (data pooled from 2
independent in vitro experiments with 3 biological replicates). C. Percentage of FOXP3* cells in CD4*
Toone (CD45°CD3*CD4+CD25) isolated from spleens of tumor-bearing KEP mice after culture in
conditioned medium obtained from TAMs that were cultured for 48h and supplemented with 20ng/
mL M-CSF and CD3/CD28 beads (data pooled from 2 independent in vitro experiments, n=3 mice/
group). D. Quantification of PD-1 expression gated on total CD4* T cells in CD4*T__ isolated from
spleens of tumor-bearing KEP mice that were co-cultured with TAMs for 72h with 300U/mL IL-2 and
20ng/mL M-CSF and 50 pg/mL anti-TGF-B. (n=7-10 mice/group). E. immunohistochemical staining of
Iba1, FOXP3, CD4, PD-1 on serial sections of mammary tumors (225mm?) of three independent KEP
mice. Representative images of Iba1, CD4 and PD1 surrounding clusters of FOXP3* cells are shown. F.
Frequency of PD-1+ cells of CD8* T cells in mammary tumors of mice treated with anti-CSF1R or control
(n=5 mice/group). G. Gating strategy for sorting live, CD45*, CD3*, CD4*, CD25", PD-1r°s"a cells from
spontaneous KEP mammary tumors. H. Quantification of PD-1 expression in PD-1"9CD4+*CD25 T cells
isolated from KEP mammary tumors cultured with CD45* F4/80"" macrophages for 72h with 300U/
mL IL-2 and 20ng/mL M-CSF. Data pooled from 4 independent in vitro experiments. Data in A-D, FH
depicts mean + SEM. P-value determined by One-way ANOVA (A,D) Unpaired Student’s T test (B-C,
FH).
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TAMS PROMOTE INTRATUMORAL CONVERSION OF CONVENTIONAL CD4+ T CELLS INTO T, VIA PD-1 SIGNALLING

REGS

SUPPLEMENTARY FIGURE 3.

A. Frequency of FOXP3* cells of CD4* cells in mammary tumors of KEP mice treated with anti-
PD-L1 or control (n=4-5 mice/group). These mice were treated in the cohort shown in figure 2C,
therefore, data in the control group are the same as shown in 2C. B. Dot plot depicting CD4 and
FOXP3 expression of total live cells of CD4*CD25° T__ purified from splenocytes of ROSA®S9¢% mice
after in vitro activation and transduction. C. TIDE analysis performed depicting decomposition (left)
and InDel (right) spectrum performed on DNA isolated from purified CD4*CD25- T_ transduced with
pRubic-sgPD-1, using pRubic-Ctrl transduced cells as control. D. Dot plots depicting mCherry and
PD1 expression of live cells of CD4*CD25 T purified from splenocytes of ROSA®S*G™ mice after in
vitro activation and transduction with indicated vectors. E. Number of mCherry* cells recorded in flow-
cytometric analysis of KEP cell-line tumors of mice receiving adoptive transfer of pRubic-sgPD-1 or
pRubic-Ctrl CD4* T (n=3 mice/group). F. Quantification of PD-1 (left) and FOXP3 (right) expression
on CD4* mCherry* cells in draining lymph nodes, blood and spleen of mice receiving adoptive transfer
of pRubic-sgPD-1 or pRubic-Ctrl T (n=2-3 mice/group). H. Percentage of FOXP3* cells in CD4*
T s (CD45*CD3*CD4+*CD25) isolated from spleens of tumor-bearing KEP mice after co-culture with
TAMs (CD3F4/80"") and 50 pg/mL anti-PD-L1 for 72 hours (data pooled from 2 independent in vitro
experiments, with 3 biological replicates). Data in A, B, E-G depict mean + SEM. P-value determined

by Unpaired Student’s T test (A, E, G), Two-way ANOVA (F).
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CHAPTER 4

ABSTRACT

Breast cancer is accompanied by systemic immunosuppression which facilitates metastasis
formation, but how this shapes organotropism of metastasis is poorly understood. Here, we
investigate the impact of mammary tumorigenesis on Tregs in distant organs and how this
impacts multi-organ metastatic disease. Using a preclinical mouse mammary tumor model
that recapitulates human metastatic breast cancer, we observe systemic accumulation of
activated, highly immunosuppressive T,egs during primary tumor growth. Tumor-educated
'I',egs show tissue-specific transcriptional rewiring in response to mammary tumorigenesis.
This has functional consequences for organotropism of metastasis, as Treg depletion reduces
metastasis to tumor-draining lymph nodes, but not to lungs. Mechanistically, we find that
T s CONtrol NK cell activation in lymph nodes, thereby facilitating lymph node metastasis.
In line, an increased Treg/NK cell ratio is observed in sentinel lymph nodes of breast cancer
patients compared to healthy controls. This study highlights that immune regulation of

metastatic disease is highly organ dependent.
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INTRODUCTION

The main cause of breast cancer-related mortality is metastatic disease. Over the past
decades, breast cancer survival has improved through detection and intervention in early
stages of breast cancer, but preventing and treating metastasis remains an unmet clinical
need'. Disseminated cancer cells progress through a multistep cascade, which involves
complex interactions between cancer- and host cells, including immune cells?. The immune
system plays a dual role in metastasis formation. While properly activated cytotoxic immune
cells are equipped to control metastasis, tumor-induced immunosuppressive immune
cells exploit a diversity of mechanisms to promote metastasis®. Emerging data indicate
that tissue tropism of metastasis may be influenced by the immune contexture in distant
organs, suggesting an additional layer of complexity in metastasis formation*. However,
how immunosuppressive mechanisms differ per metastatic site, and how this shapes tissue
tropism of metastasis, is poorly understood.

An important cell type involved in immunosuppression in cancer is the CD4*FOXP3*
regulatory T cell (T_)%7. In breast cancer, immunosuppressive T@S densely populate human

reg

tumors, and high levels of intratumoral T .

regs

correlate with high tumor grade and poor
survival®®, Intriguingly, clinical data suggest that primary breast tumors impact Tregs beyond
the tumor micro-environment. Tregs in peripheral blood have been reported to be increased
in breast cancer patients®'2, and their responsiveness to cytokine stimulation is predictive
of breast cancer relapse'. In addition, recent studies have shown that Tregs accumulate in
sentinel lymph nodes (LNs) of breast cancer patients, which correlates with cancer spread
to these LNs'*'®, suggesting a potential role for T_in modulating metastasis to tumor-

draining LNs.

Despite these intriguing clinical observations, and the attention that tumor-associated T ___
have received in the context of breast cancer in recent years”'°, the lack of preclinical
models that closely recapitulate human multi-organ metastatic disease has limited our
understanding of the importance of Tregs in cancer spread to different distant organs®.
Preclinical studies performed with mouse models based on orthotopic inoculation of breast

can attenuate primary tumor growth

regs

cancer cell lines have shown that ablation of T .
and subsequent metastasis formation to the lungs®'~*°. However, research on T__in the

context of cancer is mostly focused on their role in the micro-environment of primary
tumors or metastases. The systemic impact of primary tumors on T

regs

in distant organs,
and their functional significance for metastasis formation in different tissue contexts has
remained largely unclear. Additionally, the role of Tregs in hallmarks of metastatic disease

such as systemic immunosuppression and the development of a pre-metastatic niche is
understudied?®, and therefore remains elusive.
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Here we describe how mammary tumors systemically rewire Tregs, and how this impacts
metastatic disease to different organs. To achieve this, we utilized models that allow for
interrogation of tissue-specific metastasis, i.e. the transgenic Keratin14 (K14)-cre;Cdh1"
FTrp537F (KEP) mouse model of invasive mammary tumorigenesis®*, and the KEP-based
mastectomy model for spontaneous multi-organ metastatic disease®. We observed
systemic accumulation of activated, highly immunosuppressive T@s during primary tumor

growth. These T

regs

showed striking tissue-specific transcriptional rewiring in response to
mammary tumorigenesis, and elicited a tissue-specific effect on metastasis formation, as
neoadjuvant depletion of 'ﬂegs reduced cancer spread to axillary (Ax.) LNs, but not to the
lungs. Mechanistically, we demonstrate that T

regs

promote LN metastasis formation through
inhibition of NK cells in the lymph node niche. These findings add another mechanism
to the emerging body of literature that immune regulation of metastatic disease is highly
organ dependent, warranting a more personalized approach in the fight against metastatic
disease.

RESULTS

Primary mammary tumors induce systemic expansion and activation of T

To assess whether de novo mammary tumor formation exerts a systemic impactgon Teger
we examined the abundance, phenotype and activation status of Tregs in tumors, blood, and
distant organs of the KEP mouse model, which spontaneously develops mammary tumors
at 6-8 months of age resembling human invasive lobular carcinomas (ILC)?*. We observed
that mammary KEP tumors are highly infiltrated by FOXP3*CD4* T cells, as compared
to healthy mammary glands of age-matched wild-type (WT) littermate controls (Fig. 1A,
1B). Interestingly, increased frequencies and absolute counts of 'I',egs were also observed
in blood and in loco-regional or distant organs that are conducive to metastatic spread
such as tumor draining LNs (TDLNSs, axillary and inguinal, dependent on the location of
the primary mammary tumor), spleen, lungs and non-draining LNs (NDLNs) of KEP mice
bearing end-stage mammary tumors (225mm?) (Fig. 1A, C, S1A-B). Notably, we did not
find a relative increase in CD4*FOXP3-, or CD8* T cells (with the exception of CD8* T cells
in TDLNs) in tumor-bearing KEP mice (Fig. 1D, S1C-D). An increase in absolute cell counts
was also observed for CD4*FOXP3- and CD8* T cells in LNs and tumors (Fig. S1E-G), due
to expansion of these tissue compartments in KEP mice versus WT controls. However,
comparing the ratio of FOXP3+/CD8*and FOXP3+/FOXP3- cells in different tissues of tumor-
bearing KEP mice and WT controls (Fig. STH-I) confirmed that mammary tumorigenesis
specifically and systemically expands T

regs

We then assessed whether Ieg expansion is explained by their increased proliferation or

amongst the adaptive immune cell compartment.

survival in tumor-bearing KEP mice. Ki67 expression on T_in tumor-bearing KEP mice

was found to be uniquely increased in LNs, compared to WT controls (Fig. S1J). Notably,
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no difference was observed between TDLNs and NDLNs showing T proliferation is
systemically increased in LNs of tumor-bearing KEP mice (Fig. S1K). Furthermore, KEP Tregs
showed increased viability when exposed to serum obtained from tumor-bearing KEP mice,
as opposed to serum obtained from WT mice (Fig. S1L). Combined, these data suggest that
LNs may be an important site for Treg proliferation in KEP mice, and that a soluble factor in

KEP serum may contribute to increased T, survival.

To investigate whether this systemic increase of Tregs is consistently observed across pre-
clinical mouse models of breast cancer, we analyzed 'I'reg frequency in five different transgenic
mouse models that represent different subsets of human breast cancers (Fig. 1E). Indeed,
we found T_ to be significantly increased in the blood of tumor-bearing mice of all five

models compared to WT controls, indicating systemic T,eg expansion is a prevalent feature
of mammary tumorigenesis.

Using high-dimensional flow cytometry, we observed that T ___ both in- and outside of

mammary tumors, have increased expression of surface préteins associated with 'I',eg
activation and suppressor function including CTLA4, ICOS, and CD103 in KEP tumor-bearing
mice compared to WT controls, showing that these cells undergo a profound phenotypic
change during mammary tumor progression (Fig. 1F, STM-N). To address whether the
enhanced activation state of KEP Tregs impacts their functionality throughout the tumor-
bearing host, we FACS sorted TregS from TDLNSs, spleen and tumors from KEP mice and WT
controls to assess their suppressive activity on the proliferation of CD4+and CD8* T cells in

vitro. Regardless of the tissue of origin, T

regs

from tumor-bearing mice were significantly more
potent in suppressing T cell proliferation compared to T

regs

isolated from WT mice (Fig. 1G-
J), indicating that tumor-educated 'ﬂegs have enhanced immunosuppressive potential, both
intratumorally, as well as in TDLNs and spleen.

We next determined the dynamics of T~ accumulation and education by following T _
frequency and phenotype in aging KEP mice (from 2 to 8 months of age). Around 3 months
of age, most KEP mice display microscopic neoplastic lesions in their mammary glands
which over time progress into palpable mammary tumors, with a median latency of 6-8
months?4, Ieg frequency in blood gradually increased during neoplastic progression in KEP
mice, and was significantly increased in KEP mice of 7 months and older prior to the onset
of palpable mammary tumors, as compared to age-matched controls (Fig. 1K). Further
analysis of these Tregs showed that the impact of mammary tumorigenesis on Treg phenotype
showed different kinetics per protein. Whereas the expression of CTLA4 increased prior to
the development of palpable tumors, the expression of ICOS and CD103 was exclusively
increased in tumor-bearing KEP mice (Fig. 1L, S10-P). Together, these data demonstrate
that primary mammary tumorigenesis engages Tregs beyond the tumor microenvironment,

leading to their systemic expansion and activation.
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FIGURE 1. Primary mammary tumors induce systemic expansion and activation of
CD4‘FOXP3* T cells.

A. Representative dot plots depicting the CD4*FOXP3* 'I'reg population (%) gated on live, CD45+*CD3*
cells in indicated tissues of K714cre;Cdh17,; Trp537F (KEP) mice bearing (225mm?) mammary tumors
versus WT controls. B-C. Frequencies of FOXP3* cells of CD4* T cells in indicated tissues of KEP
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mice bearing mammary tumors (225mm?) versus WT controls (n=6-15 mice/group) as determined by
flow cytometry. D. Quantification of absolute cell counts of indicated adaptive immune cell populations
per mL of blood of KEP mice bearing mammary tumors (225mm?) versus WT controls (n=3 mice/
group). E. Frequencies of FOXP3* cells of CD4* T cells in blood of mice bearing end-stage tumors of
indicated transgenic mouse models for mammary tumorigenesis compared to age-matched WT mice
(n=8-22 mice/group). F. Representative histograms depicting expression (left) and quantification (right)
of CTLA4, ICOS and CD1083 gated on CD4* FOXP3* T cells, in indicated tissues of KEP mice (blue)
bearing (225mm?) tumors versus WT littermates (black) by flow cytometry (n=3-11 mice/group) G.
Representative histogram plots of CTV expression in activated CD4/CD8 T cells alone (black) or upon
co-culture with CD4+*CD25* cells (grey and blue) obtained from indicated tissues at 1:2 T@:responder
ratio. H-J. Quantification of undivided responder cells (CD8* and CD4* T cells) based on CTV
expression, upon co-culture with CD4+*CD25* isolated from indicated tissues at various ratios (data
pooled from 3-4 independent experiments, with 2 technical replicates per experiment). K. Frequencies
of FOXP3* cells of CD4* T cells in blood of tumor-free, tumor-bearing (225mm?) KEP mice and WT
controls. (n=3-9 mice/group). L. Frequencies of CTLA4* cells of FOXP3+*CD4* T cells in blood of tumor-
free, tumor-bearing (225mm?) KEP mice and WT controls (n=3-7 mice/group). Data in B-F, H-L show
mean + S.E.M. P-values determined by unpaired Student’s t-test (B, D, H, I, J), One-way ANOVA
with Dunnett’s multiple comparison test (E), Two-way ANOVA with Sidak’s multiple comparison test
(C,F), and Kruskal-Wallis test with Dunn’s multiple comparison test (K,L). Asterisks indicate statistically
significant differences compared to WT. * P < 0.05, ** P < 0.01, ** P < 0.001, *** P < 0.0001.

Mammary tumors alter the transcriptome of T___in tumors and distant organs
To delineate the impact of mammary tumor progression on 'I'regs in distant organs, RNA
sequencing was performed on Tregs (CD4+CD25"") isolated from blood, TDLNSs, lungs,
spleens, healthy mammary glands, and mammary tumors (225mm?) from tumor-bearing
KEP mice and WT controls (Fig. 2A). Importantly, CD4+CD25M" cells isolated from these
tissues showed high and equal FOXP3 expression (Fig. S2A). Principal Component Analysis

(PCA) showed distinct clustering of T

regs’

based on their residence in either lymphoid tissue
(spleen and LNs) and blood, or residence in peripheral tissue (lungs, tumor, mammary gland)
(Fig. 2B). Furthermore, Tregs residing in distant organs cluster together independent of tumor
appear
very distinct. Indeed, differential gene expression analysis comparing intratumoral KEP T

regs

status, whereas the gene expression profiles of tumor- and mammary gland T

regs
and mammary tissue-resident T__revealed 3707 differentially expressed genes (Fig. 2C).
Ingenuity Pathway Analysis (IPA) showed the significantly changed pathways between Tregs
from tumors and mammary glands to pertain to cell migration and extravasation (Fig. 2D),
which is underscored by some of the most differentially expressed genes, including Mmp10,
Mmp13 and Ccr8 (data file S1). We confirmed by gene set enrichment analysis (GSEA) that
intratumoral KEP Tregs are significantly enriched for a clinically relevant cross-species and
cross-tumor model tumor-infiltrating T___ (TIT

regs regs’

) signature® (Fig. 2E).

Next, we sought to explore how mammary tumorigenesis affects T

regs

in distant organs by
comparing gene expression profiles of KEP versus WT Tregs from matched tissues. This
comparison identified differential gene regulation in T

regs

mammary tumors induce systemic transcriptional changes in T

regs

in all organs tested, indicating that
(Fig. 2F). To further map
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these differentially regulated genes and their occurrence across different tissues, we analyzed
their distribution in KEP versus WT 'I'regs across tissues (Fig. 2G). Doing so, we identified
a set of 31 core genes to be significantly different (27 upregulated, 3 downregulated, 1
bi-directional dependent on tissue) in KEP Tregs regardless of tissue residence, suggesting
a certain level of convergent, tissue-independent transcriptional rewiring in response to
mammary tumorigenesis (Fig. 2H). Among those upregulated, we found genes encoding
proteins important for T cell activation and the immunosuppressive features of Tregs, such
as cos, Kirg1, Havcrz, Tigit and Tnfrsf9. KEP T_ - were also found to have enhanced gene
expression of Gzmb, which is known for its cytolytic function in NK and CD8* T cells, but
7. Combined,
these data suggest that mammary tumorigenesis enhances systemic immunosuppression

through transcriptional rewiring of Tregs in distant organs.

has been shown to contribute to immunosuppression when expressed by T

regs

We additionally identified //7r/1, a gene encoding the IL-33 receptor ST2 to be systemically
increased in KEP T__compared to WT T_., which was confirmed by FACS analysis
(Fig. S2B-C). IL-33/ST2 signaling on T_ - has recently been described to induce a pro-
tumorigenic phenotype in intratumoral Tregfs’so and has also been shown to drive expansion
of T in vitro and in vivo®'. In KEP mice, IL-33 was found to be significantly increased in
TDLNs compared to WT LNs, which was not observed in blood, tumor or lungs (Fig. S2D).
Nevertheless, short-term neutralization of IL-33 in tumor-bearing KEP mice utilizing two
independent approaches i.e. treatment of mice with anti-IL-33 or with an IL-33 antagonist
(IL-33 Trap®) (Fig. S2E) did not alter systemic T, @ccumulation, proliferation, or phenotype
(Fig. S2F-I), suggesting that in mice with established mammary tumors, the presence of the

ST2+ Treg population is maintained independent of endogenous IL-33.

Taken together, these data demonstrate that mammary tumorigenesis induces systemic
transcriptional rewiring of T

regs’

sharing a core set of genes associated with T_ function and
activation.
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FIGURE 2. Mammary tumor formation impacts Treg gene expression in distant sites.
A. Schematic overview of experiment. B. PCA plot of transcriptomic profiles of Tegs. Each symbol
represents one sample of sequenced T_ . C. Volcano plots showing differentially expressed genes
(9<0.05) comparing 'I'regs isolated from tumors of KEP mice versus healthy mammary gland of WT

controls. D. IPA on differentially expressed genes (g<0.05) comparing T___ isolated from tumors of

regs
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KEP mice versus healthy mammary gland of WT controls. Top 10 statistically significant pathways
are shown. E. GSEA comparing KEP/WT 'I'regs isolated from tumors and healthy mammary gland with
TIT,, gene set (Magnuson et al., 2018). Normalized enrichment score (NES) and false discovery rate
(FDR) indicated. F. Volcano plots showing differentially expressed genes (9<0.05) from Tregs isolated
from indicated tissues of tumor-bearing KEP mice versus WT controls. Red indicates upregulated in
KEP, blue indicates upregulated in WT. G. Venn diagram showing distribution of differentially expressed
genes (g<0.05) identified by comparing gene expression of Tregs isolated of tumor-bearing KEP mice

versus WT controls for each tissue. H. Heatmap depicting Log,FC change of 30 shared KEP 'I'reg genes
up/down regulated in KEP T _across tissue (0<0.05, KEP 'I'reg versus WT 'I'reg per tissue).

regs

The impact of mammary tumorigenesis on T

regs

In addition to transcriptional commonalities observed in KEP T_in distant organs, we

identified a large number of tumor-induced genes in KEP T___that were not shared across

regs

is dictated by the tissue context

multiple tissues, but rather dependent on the tissue-context (Fig. 2G), indicating that the
local environment shapes the response of T

regs

to mammary tumorigenesis. Therefore, we
s 1N distant organs of tumor-bearing KEP mice by
exploring the impact of the tissue-context. To do so, we omitted tumors and mammary

continued our characterization of T ,

glands from the dataset and re-analyzed the Treg transcriptome. PCA analysis revealed that
T __derived from the same tissues cluster together, indicating that tissue residence is a more

regs
dominant factor for the transcriptional state of T___than the presence or absence of a primary

regs

mammary tumor (Fig. 3A). To elaborate the relationship between T___in different tissues, we

performed correlation analysis, and found Tregs from LNs, spleen aid blood to be relatively
closely correlated, whereas lung T_ - were very distinct (Fig. 3B). Interestingly, visualization
of differentially regulated genes of matched tissues in a force-directed graph (KEP vs WT
Tregs, g < 0.05)% revealed complex relationships between clusters of genes dependent on
the tissue context (Fig. 3C). Among these, roughly 30% of differentially regulated genes in
KEP T, versus WT T __were found to be tissue specific (74/183 genes in LN, 379/1100
genes in lung, 417/1129 genes in blood, 107/462 genes in spleen), indicating that KEP Tregs
in distant organs acquire a unique tissue-specific transcriptional profile (Fig. 3C, data file
S1). We next performed IPA to interrogate which molecular pathways are associated with
the differentially expressed genes between KEP and WT Tregs in distant organs. Notably, we
identified several pathways related to T cell effector states (Th1 pathway, Th2 pathway, T
helper cell differentiation, Th1 and Th2 Activation Pathway) to be shared among KEP Tregs
in multiple distant organs (Fig. 3D). In addition to shared pathways, we also found several
pathways that were only observed for specific tissues, such as “Integrin Signaling” in blood
T __and “Apoptosis Signaling” in lung T

regs regs’
tumorigenesis on T___in distant organs.

regs

highlighting the differential impact of mammary

Taken together, these data demonstrate that the mammary tumor-induced changes in Tregs

are strongly influenced by their tissue context, raising the question whether these site-
specific differences may have functional consequences for the progression of breast cancer.
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FIGURE 3. Tissue-dependent transcriptional changes in KEP Tregs.
A. PCA plot of transcriptional profiles of 'I'regs isolated from distant organs and blood of KEP mice
bearing end-stage tumors versus healthy mammary gland of WT controls. B. Correlation plot matrix
plot showing Spearman coefficient between transcriptional profiles of T isolated from distant organs
and blood of KEP mice bearing end-stage tumors and WT controls. C. Force-directed graph depicting
differentially expressed genes between KEP Tregs vs WT 'I'regs (9<0.05). Genes identified by comparing
gene expression of T_ isolated from distant organs and blood of tumor-bearing KEP mice versus
WT controls for each tissue, depicted by Divenn33. D. IPA on differentially expressed genes (q<0.05)
comparing 'I'regs isolated from indicated tissues of KEP mice bearing end-stage tumors versus WT

controls. Top 10 significant pathways are shown for each tissue.
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Tumor-educated T___ promote lymph node metastasis but not lung metastasis

regs

As we observed systemic and organ-specific mammary tumor-induced alterations of T

regs’

we set out to explore the impact of T

regs

on multi-organ metastatic disease utilizing the
KEP-based mastectomy model of spontaneous breast cancer metastasis (Fig. 4A)?5%4. In
this model, after orthotopic transplantation of a KEP-derived tumor fragment followed by
surgical removal of the outgrown tumor, mice develop overt multi-organ metastatic disease,
mainly in Ax. TDLNs and lungs. Like primary tumor formation, metastatic disease is also
with elevated expression of ICOS, CTLA4 and
ST2, as compared to non-transplanted naive controls (Fig. SSA-E).

accompanied by the accumulation of T

regs’

To assess the functional significance of T

regs

during early metastasis formation, we treated
mice in the neoadjuvant setting with a recently developed Fc-modified antibody, targeting
the IL2Ra receptor, CD25 (anti-CD25-M2a), which has been described to efficiently and
specifically deplete T

regs

in tumors and peripheral tissue®. Indeed, anti-CD25-M2a treatment
efficiently depleted FOXP3*CD4* T cells from tumors, spleen, lymph nodes, lungs and
circulation in mice bearing transplanted KEP tumors (Fig. 4B-C, S3F-G). Depletion of Tregs
was observed for up to 10 days after start of treatment in blood. Although anti-CD25-M2a
treatment resulted in increased IFNy expression in both intratumoral CD4* and CD8* T cells

(Fig. 4D), consistent with the concept that tumor-induced T

regs

are immunosuppressive, we
did not observe an effect on primary tumor growth (Fig. 4E). Similarly, depletion of Tregs

in mammary tumor-bearing transgenic KEP mice did not affect primary tumor growth or
survival (Fig. S3H).

After mastectomy, mice were monitored for the development of overt metastases. While
neoadjuvant Treg depletion did not improve metastasis-related survival or reduce the number
of lung metastases (Fig. 4F, S3I), micro- and macroscopic analysis of Ax. TDLNs (Fig. S3J)
revealed that anti-CD25-M2a treated mice developed significantly fewer LN metastases as
compared to controls (Fig. 4G). The incidence of LN metastasis of control mice was 93%
(14/15), which was reduced to 56% (9/16) upon anti-CD25-M2a treatment. No difference
was observed in the size of LN metastases that did develop in both groups (Fig. S3K). The
observation that Treg depletion reduces the incidence of LN metastasis by ~50%, but does
not affect lung metastasis, was consistent across four independent experimental KEP tumor
donors, even though LN metastasis incidence of control groups varied between 41.67%-
93.3% in a donor-dependent fashion (Fig. 4H-I). These findings indicate that Tregs promote
metastasis formation, leading to increased incidence of LN metastasis, but also reveals that
the impact of T

regs

on metastasis formation is dependent on the tissue context since lung
metastases remain unaffected.

88



T

REGS

DRIVE LYMPH NODE METASTASIS IN BREAST CANCER

R Blood O migG2a
Neo-adjuvant =
mlgG2a or anti-CD25-M2a (200 pg) 10 ® a-CD25
(1x weekly, 2x total) % ns
o 8- @
O =
KEP fragment < p
transplantation C~ O Mastectomy C [a)
khiatry N\ — &)
k]
+
@
o
X
o
9-12mm? 100mm? Spontaneous w
start treatment Mastectomy metastasis formation X
2 7 8-10 14
Time (days after start treatment)
C D
Tumor Tumor
~ 60- P=0.019 1001 o miga2a
I o @ a-CD25
5 QT 1507 — migG2a
& © < . |— acp2s
o o k%) P =0.018 NE
40 ] i ¢
. o 60 0,035 o £ 100
[=] +'_ P=0. ® (] [}
O o > 404 [9) g
5 z -
o 20+ i O g 504
o o @ 201 q E
x _i (¢] O g
Q o @ so S o
s cp4* cps* 0 5 15 20
\Q’C’q’ 00{1' T cells T cells Time (days after start treatment)
& -3
F G H I
) 2 P =0.0008 40
o 807 © 1007 P=0.018 © 1004 - R ns
(3 P=0.94 S 7] #1 o -
© k] Bl 3 # O—@
% @ G 80 Q80 © 30
g 60l o = § #2 ‘aE‘: #2
(J
E g % 60- — 601 > |*® —8
g 401 s ? g #3 g 207
s 4‘ % 40- £ 404 #4 2
£ o] 2 S
S 204 o8 2 ® 2 104
o ® = 20- S 204 5
o 5 °® P4 € H*
3+ — ‘S
0- é 0- © 0 T T 0 T T
2 ) > o M migG2a  a-CD25 migG2a  a-CD25
\cggb QQ"L Q’O‘L OQ"L
P S’ o

FIGURE 4. Tumor-educated Tregs promote lymph node metastasis but not lung metastasis
A. Schematic overview of study. (n=15-16 mice/group). B. Frequency of FOXP3* cells of CD4+* T cells in
mice bearing transplanted KEP tumors, treated with migG2a or anti-CD25 at indicated timepoints after
start of treatment. (n=3-6 mice/group) C. Intratumoral frequency of FOXP3+* cells in mastectomized
tumors, gated on live, CD45*, CD3*,CD4* T cells as determined by flow cytometry (n=6-7 mice/group).
D. Frequency of IFNy* cells of CD4+ and CD8* T cells, in 100mm? mastectomized KEP tumors of mice
treated with neoadjuvant migG2a and anti-CD25 as determined by flow cytometry (n=6-7 mice/group)
following a 3 hour ex vivo stimulation. E. Primary tumor growth kinetics of mice bearing transplanted
KEP tumors, treated with migG2a or anti-CD25. F. Number of pulmonary metastases in mice treated
with neoadjuvant mligG2a and anti-CD25. (n=15-16 mice/group). G. % and number of mice with
detectable micro/macroscopic metastases in Ax. TDLNs, in mice treated with neoadjuvant migG2a and
anti-CD25. (n=15-16 mice/group). H-1. Ax. TDLN metastasis incidence (H) and # of lung metastases
(1) of each independent experimental donor is shown, in mice receiving weekly neoadjuvant treatment
of 200 pg mlgG2a or anti-CD25. Symbol indicates an experimental group (mlgG2a/a-CD25), each line
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connects an independent experimental (donor #1 used in Fig. 4G, n=15-16 mice/group, donor #2
used in Fig. 5A n=15-16, donor 3+4 used in Fig. 6A n=30-31 mice/group). Data in B-D, F show mean
+ S.E.M. P-values are determined by Unpaired Student’s T-test (B,C,F), Mann-Whitney test (D), area
under curve (AUC) calculation (E), Fisher’s exact test (G), and Paired Student’s T-test (H,I)

T ___differentially modulate NK cell activation in the lymph node and lung niche.

regs

To gain more insight into how T

regs

promote metastasis formation in Ax. LNs, we first
explored the potential role of CD8* T cells in controlling LN metastasis formation upon T,eg
depletion, as we found that 'ﬂegs suppress IFNy expression by CD8* T cells in the primary
tumor microenvironment (Fig. 4D). To do so, we co-depleted CD8* T cells (Fig. S4A) and
T o In the KEP metastasis model, but did not find a difference in LN metastasis incidence
between anti-CD25 and anti-CD25/CD8 treatment (Fig. 5A), suggesting that the reduced
LN metastasis incidence upon depletion of T@s is not linked to intratumoral activation
of CD8* T cells (Fig. 4D). Since we observed systemic activation and rewiring of highly
immunosuppressive Tregs in response to tumorigenesis, we next hypothesized that Tregs may

differentially facilitate metastasis formation through tissue-specific interactions in the local
metastatic niche, independent of their activity in the primary tumor.

To study this as close to the in vivo situation as possible, we assessed the impact of tumor-
educated Tregs on immune cells with potential anti-tumor activity in Ax. TDLNSs in vivo, instead of
using traditional in vitro suppression assays in which cells may lose their functionality imposed by
their respective tissue-microenvironment. In vitro suppression assays therefore fail to reproduce
the complex interactions that exist in vivo, rendering these assays of limited value for studying

metastatic niche-dependent processes. Instead, we depleted T

regs

in mice bearing transplanted
KEP tumors and analyzed the phenotype and function of T- and NK cells in Ax. TDLNs compared
to control treated and naive mice when primary tumors reached a size of 100mm?ex vivo. We
also analyzed T- and NK cells in tumors, blood and lungs, to gain insights into the tissue-specific
impact of tumor-educated 'I'regs on these cells. Interestingly, increased expression of the cytotoxic
molecule granzyme B by NK cells (CD3", NKp46*, DX5*) was observed in the Ax. TDLNs of
tumor-bearing mice upon 'I'reg depletion (Fig. 5B-C, S4B). Increased granzyme B expression was
not observed in NK cells in lungs, blood and tumor upon Treg depletion despite higher baseline
expression compared to Ax. TDLNs (Fig. S4C-E), indicating that tumor-activated Tregs interfere
with granzyme B expression of NK cells specifically in the Ax. LN niche. Next, we analyzed the
surface expression of CD107a on NK cells as a readout for their degranulation, which is an
important mechanism for NK cell cytotoxicity®®. This showed that NK cells in Ax. TDLNs, but not
lungs or Ax. NDLNSs, from Treg—depleted mice cells have increased surface expression of CD107a
compared to control treatment (Fig. 5D, S4F), showing that Ax. TDLN NK cells increase the
release of intracellular granules upon Treg depletion in vivo. In in vitro stimulated NK cells, CD107a
expression was not significantly affected by T __depletion (Fig. S4G), suggesting that the impact

reg

of T__on NK cell degranulation is not affecting their intrinsic capacity to degranulate under highly

regs
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stimulatory conditions, but is rather a result of T_/NK cell interactions in vivo. In contrast, we
did not find a significant effect of 'I'reg depletion on T cells in terms of granzyme B, CD107a, IFNy,
TNFa expression or IFNy by NK cells in Ax. TDLNs and lungs (Fig. S4H-L).

To further dissect the differential impact of Tregs on NK cells in the LN and lung niche in vivo,
we conducted bulk RNAseq analysis on FACS-sorted NK cells isolated from Treg—depleted and
Treg-profioient tumor-bearing mice (Fig. 5E). Notably, anti-CD25 induces depletion of Tregs via
antibody-dependent cell-mediated cytotoxicity (ADCC) through engagement of Fc receptors®
on innate effector cells, including NK cells®. To confirm that the observed activation of NK

cells upon antibody-mediated depletion of T

regs

is independent of their role in ADCC, we now
utilized Foxp3°™ S mice in which FOXP3+* cells are efficiently depleted upon injection of
diphtheria toxin (DT) (Fig. S5A). NK cells were obtained from lungs and Ax. TDLNs of PBS or
DT treated Foxp3°™ " mice bearing transplanted KEP tumors. Gene expression analysis of
NK cells from Ieg-depleted Versus Ieg non-depleted mice identified 1036 and 646 genes to be
differentially expressed in the LNs and lungs respectively, showing that the influence —directly,
indirectly, or due to NK cell intrinsic differences- of 'I'regs on the NK cell transcriptome, is more
pronounced in Ax. TDLNs than in lungs (Fig. 5F-G, data file S2).

To identify which molecular pathways are controlled by TregS in NK cells in tumor-bearing mice,
we performed GSEA analysis on the differentially expressed genes of both lung and Ax. TDLN
NK cells from Treg-depleted versus Treg non-depleted mice using the MSigDB Hallmark Gene
sets, which represent 50 well-defined biological processes® (Fig. 5H, S5B). We found that the
depletion of T

regs

induces the upregulation of molecular pathways related to DNA replication
(G2M checkpoint, E2F targets, mitotic spindle) and inflammation (inflammatory response, IFNy
response) in both Ax. TDLN and lung NK cells, suggesting a common role of 'I'regs in curbing
NK cell proliferation and activation. However, we also identified pathways that were uniquely
upregulated in either Ax. TDLN NK cells (IL6-JAK-STAT3 signaling, IL2-STAT5 signaling) or
lung NK cells (Interferon alpha response, TNFa signaling via NF-kB). Although both Ax. TDLN
and lung NK cells show signs of activation upon depletion of T_  based on GSEA, we identified
676 genes to be uniquely upregulated in Ax. TDLN NK cells of 'ﬂeg—depleted Versus Treg—non—
depleted mice, compared to 326 in lung NK cells (Fig. 5l). Interestingly, a subset of genes
found specifically upregulated in Ax. TDLN NK cells of T@—depleted mice encodes for proteins
with immunomodulatory properties that were not found in lung NK cells of T@—depleted
animals, including Gzmb, which we had previously identified in our FACS-based analyses of
NK cells (Fig. 5B-C). Furthermore, we identified other genes encoding for proteins involved in
cytotoxicity (Gzma, Serpinb9b), migration (Ccl4, Ccl8, Ccl22, Cxcr6), co-stimulatory receptors
(Icosl, Tnfrsf4), and co-inhibitory receptors (Tigit, Lag3, Ctla4, Kirg1), which are indicative of
activated NK cells. In summary, these data show that Tregs regulate NK cells in a tissue-specific
manner, and suggest that tissue-context does not only drive Treg phenotype, but also impacts
their interactions with target cells such as NK cells.
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FIGURE 5. T___differentially impact NK cells in LN and lungs

regs

A. % and number of mice with detectable micro/macroscopic metastases in Ax. TDLNs, in mice treated
with neoadjuvant indicated treatments. (n11-18 mice/group). B. Representative dot plot of granzyme
B expression by NK cells in Ax. TDLNs of mice bearing 100mm? KEP tumors, treated with neoadjuvant
mlgG2a or anti-CD25. C. Relative granzyme B expression by NK cells (CD3 DX5*NKp46+) in Ax. TDLNs
and lungs of mice bearing 100mm? KEP tumors, treated with neoadjuvant migG2a or anti-CD25,
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following a 3 hour ex vivo stimulation (n=6 mice/group). Data are normalized to % GzmB* of NK cells
of control mlgG2a treated mice. D. CD107a expression of NKp46+ DX5* NK cells from Ax. TDLNs and
lungs of mice bearing transplanted KEP tumors (100mm?) receiving weekly neoadjuvant treatment of
200ug anti-CD25 or mlgG2a (n=6/group). E. Schematic overview of study. Mice received treatment at
t=0 and t=7. (n=4 mice/group). F-G MA plot of differentially regulated transcripts for Ax. TDLN NK cells
(F), and lung NK cells (G) DT versus PBS treatment. Significantly different transcripts are labelled in red
(up), and blue (down). H. GSEA analysis of Ax. TDLN NK cells, DT vs PBS, using hallmark gene sets.
Top 10 enriched up- and downregulated pathways are shown. I. Venn diagram depicting distribution
of upregulated genes (g < 0.1) between Ax. TDLN and lung NK cells DT versus PBS treatment. Data
in C-D show mean + S.E.M. P-values are determined by Mann-Whitney Test (C-D) and Fisher’s Exact
test (A).

Tregs promote metastasis through inhibition of NK cells in the lymph node niche

We next assessed whether the inhibitory effect of T__on Ax. TDLN NK cells impacts their
capacity to control LN metastasis formation. We performed neoadjuvant co-depletion of
T__ using anti-CD25-M2a and NK cells using anti-NK1.1 in the KEP metastasis model.

regs

Anti-NK1.1 efficiently depleted NKp46+DX5* NK cells in the blood of KEP tumor-bearing

mice (Fig. S5C). Strikingly, whereas depletion of T Significantly reduced the incidence

of Ax. LN metastasis, combined depletion of T __ and NK cells completely restored LN

regs
metastasis formation (Fig. 6A). Anti-NK1.1 alone did not alter LN metastasis incidence and
none of the treatments affected the number of lung metastases (Fig. 6B). Combined, our
findings show that tumor-educated T_ .

curbing their anti-metastatic potential, leading to an increased incidence of LN metastasis.

repress NK cell activation in Ax. TDLNSs, thereby

This T_-mediated immune escape mechanism is specific to the Ax. LN, as T_did not
control lung metastasis in this model. Because we did observe some activation of lung
NK cells at the transcriptional level in Treg—depleted versus non-depleted mice (Fig. 51), we
hypothesized that additional layers of immunosuppression in the lung microenvironment that
are independent of Tregsmay hinder the anti-metastatic potential of lung NK cells. In support
of this hypothesis, we found that lung NK cells are mostly terminally differentiated (CD27-
CD11b") in tumor-free mice, but undergo a partial shift towards a non-cytotoxic immature
phenotype (CD27-CD11b") in tumor-bearing mice, independent of 'ﬂegs (Fig. S5D). In contrast
to lungs, and in line with previous literature 4%, Ax. TDLN NK cells were found to be mostly
in CD27+CD11b-(immature) and CD27+CD11b* (cytotoxic) states (Fig. S5E), highlighting the
differences between NK cells in LNs and lung. Importantly, maturation status in Ax. TDLN
NK cells was not affected in tumor-bearing mice, suggesting this mechanism is specific to
lungs, and potentially contributes to observed differences between lung and LN.

Reduced NK cells versus increased T in sentinel lymph nodes of breast cancer
patients

Finally, we validated our preclinical findings on 'I'reg and NK cell interactions in the lymph
node niche of breast cancer patients. To do so, we analyzed the accumulation of Tregs
(CD4+CD25""FOXP3*) and NK cells (CD56*CD16~ and CD56°*CD16*) in tumor-free and
tumor-positive sentinel LNs of breast cancer patients (BrCa SLN-/SLN+), and in Ax. LNs from
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healthy controls (HLNSs), using a previously described flow cytometry dataset'. In line with
previous analyses of this unique dataset™ and consistent with our preclinical data (Fig. 1C),
Treg levels are significantly elevated in BrCa SLNs as compared to HLNs (Fig. 6C). We also
observed a statistically significant reduction of CD56°“CD 16+, but not CD56*CD16- NK cells in
BrCa SLN-, and a similar trend in BrCa SLN+ (Fig. 6D-E). Notably, in particular CD56°*CD16*
have been described to have cytotoxic activity*'. Combined, this shifts the Treg/NK cell ratio

strongly towards T___in both tumor-free and tumor-positive BrCa SLNs compared to HLNs

(Fig. 6F). Despite theg low number of BrCa SLN+ samples, we also observed a non-significant
trend of a higher Treg/NK cell ratio in SLN+ versus SLN- samples. A rise in 'I'regs in conjunction
with a reduction of potentially cytotoxic NK cells in the SLN niche is in accordance with our
preclinical finding that LN NK cells have reduced expression of CD107a and the cytotoxic

molecule granzyme B under control of T___in tumor-bearing mice (Fig. 5B-D).

regs
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FIGURE 6. Tregs promote axillary LN metastasis through inhibition of NK cells.

A. % and number of mice with detectable micro/macroscopic metastases in Ax. TDLNs, in mice
receiving neoadjuvant treatment as indicated. (n=21-31 mice/group, data pooled from two independent
experiments). B. Number of pulmonary metastases in mice receiving indicated neoadjuvant treatment.
(n=14-16 mice/group). C. Frequencies of CD3*CD4+CD25FOXP3+ cells of total live cells in human
HLNs (n=16), BrCa tumor-negative (n=7) and tumor-positive (n=3) SLNs. D-E. Frequencies of indicated
subset of NK cells of total live cells in human HLNs (n=16), BrCa tumor-negative (n=7) and tumor-
positive (n=3) SLNs. F. Ratio of Treg (% of CD4+) versus CD56°“CD16* (% of CD3) in human HLNs
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(n=16), BrCa tumor-negative (n=7) and tumor-positive (n=3) SLNs. Data in B-F show mean + S.E.M.
P-values are determined by Kruskal-Wallis test with Dunn’s correction for multiple comparisons (C-F),
Fishers Exact test (A). ** P < 0.01, *** P < 0.001, **** P < 0.0001

DISCUSSION

Understanding the nature of cancer-associated systemic immunosuppression and its
impact on different (pre-)metastatic niches is essential to ultimately design effective
therapeutic strategies that prevent or fight metastatic disease. Here, we show that mammary
tumorigenesis has an extensive impact on T

regs’

Tumor-educated T__ are highly activated and immunosuppressive, and display tissue-

regs

specific adaptation to tumor development. This has functional relevance for metastasis

both intratumorally and in distant organs.

formation, as 'I'reg selectively promote LN metastasis, but not lung metastasis, through

S

inhibition of NK cells. These data highlight the importance of the tissue-context for immune
in the development of LN metastasis.

regs

An extensive number of clinical studies has reported that high infiltration of FOXP3* TILs

escape mechanisms, and reveal a causal role for T ,

in either primary breast tumors or Ax. LNs is associated with an increased incidence of
LN metastasis, across breast cancer subtypes''842, As five-year survival of breast cancer
patients with LN involvement is up to 40% lower than node-negative patients*®#, it is
of crucial importance to understand the potential role of Tregs

metastasis. Interestingly, one study of which we have further explored the dataset here,

in the development of LN

showed that T are not only increased in sentinel LNs with metastatic involvement, but
also accumulate in non-invaded sentinel LNs compared to LNs from healthy women,
suggesting Treg accumulation precedes LN metastasis formation'*. Recently, others have
studied the phenotype of 'ﬂegs in LNs of breast cancer patients and showed that T___acquire

regs

an increased effector-like phenotype in tumor cell-invaded versus non-invaded LNs'”. These
data are in line with our observations that T__in LNs are increased and activated in the

regs

context of mammary tumorigenesis. So far, clinical correlations between T__and breast

cancer metastasis to other anatomical sites have not been reported, Whichgsuggest that
Tregs may play a unique role in the formation of LN metastasis, as supported by our data.

NK cells are a well-recognized key element of the anti-tumor response®*“6, but the role
and cellular crosstalk of NK cells in the context of lymph node metastasis has remained
unclear. Here, we show that NK cells in Ax. TDLNs have anti-metastatic potential, provided
they are relieved from the immunosuppressive pressure by 'ﬂegs. The relevance of these
findings for human breast cancer is supported by our observation that the T@/NK cell
ratio strongly shifts towards T

regs

in SLNs of BrCa patients compared to healthy LNs. In
addition, an explorative study using metastatic LNs from melanoma patients showed that
ex vivo depletion of T_

can also inhibit LN NK cells in melanoma*’. For breast cancer specifically, the expression

enhanced cytolytic activity of LN NK cells in vitro, suggesting T

regs
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of granzyme B within tumor-infiltrating NK cells was found to negatively correlate to T,eg
accumulation “. Furthermore, another recent study identified that clearance of Ax. LN
metastasis in breast cancer patients treated with neoadjuvant chemotherapy significantly
correlated with increased cytotoxic potential of NK cells in peripheral blood as well as with
decreased intratumoral CTLA4 gene expression*®, which is well known to be important for
T, Immunosuppression®.

Our findings demonstrate that 'ﬂegs show tissue-dependent rewiring in response to mammary
tumorigenesis, which may either be explained through tissue-specific upstream regulators,
or is reflective of the distinct inherent differences between tissue-resident Tregs,
lymphoid versus non-lymphoid organs. Tissue-context does not only drive Treg phenotype in
tumor-bearing hosts, but also dictates the interaction between T___and one of their cellular

regs

in particular in

targets, NK cells. Specifically, we found Tregdepletion to differentially affect lung and LN NK
cells at both the transcriptional and the protein level (Fig. 5). Although transcriptomic analyses
revealed that LN and lung NK cells acquire a more activated phenotype upon T,eg depletion,
we found this to unleash NK-cell mediated anti-metastatic activity only in the lymph node
niche, but not the lungs. We speculate that this may occur through the induction of an
effector mechanism observed specifically in LN- but not lung- NK cells, such as increased
expression of; the cytotoxic molecules granzyme A and B, NK cell co-stimulatory receptors,
or chemokine receptors (Fig. 5l). Whether these specific phenotypic alterations observed
in LN NK cells upon Ieg depletion are intrinsic to LN NK cells, or due to a unique feature
of tumor-educated T_ _ in TDLNs, remains to be elucidated. Alternatively, NK cells may be
functionally repressed through other immunosuppressive mechanisms that are independent
of Tregs’ and specific to the lung niche. For example, we observed that lung, but not LN NK
cells undergo a shift towards a more immature state in tumor-bearing mice (Fig. S5D-E).
This occurs independent of Tregs, and potentially impacts their anti-metastatic potential. In
line with this hypothesis, a recent study revealed that lung NK cells are suppressed by IL-
33 activated innate lymphoid type 2 cells, which stunts their ability to control pulmonary
metastasis of intravenously injected B16F10 cells®'. This shows that NK cells can be
suppressed beyond the control of T_in the lungs, highlighting the importance of local,
tissue-specific mechanisms of immunosuppression and cancer immune surveillance during
metastasis formation. Finally, NK cells may be functionally irrelevant for lung metastasis
formation in this model independent of their activation status, through cancer cell-intrinsic
differences between lymph- and lung metastasizing cancer cells that impacts their likelihood
to be killed by NK cells**2, which we have not explored in this study.

The lack of T@—mediated promotion of lung metastasis formation is seemingly in contrast
with studies in the 4T1 breast cancer model where T__ have been shown to promote
lung metastasis?*?®. An important difference between these studies and our study is that
4T1 primary mammary tumors respond to 'I',eg depletion, resulting in attenuation of tumor
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growth?223, while both spontaneous- and transplanted primary KEP mammary tumors do
not respond to T__depletion (Fig. 4E, S3H). It was recently reported that the reduction in

e
lung metastasis uggaon Treg depletion in 4T1-bearing mice is a consequence of the primary
tumor responding to Treg depletion, and not an effect of 'ﬂegs on metastatic colonies in the
lung niche®. In fact, an important conclusion from this study was that lung metastases
are not effectively controlled after Treg depletion®, in line with our findings that metastasis

to the lungs is not influenced by T

regs’

Furthermore, syngeneic cell lines like 4T1 poorly
reflect the immunogenicity of human tumors of the same origin®. Recent research has
shown that syngeneic cell lines derived from GEMMSs show key differences in their immune
landscape, with increased frequencies of Tregs,
primary tumors in GEMMs®4. These differences in immune landscape may critically impact
the outcome of immunological studies, and thereby reduce their clinical value as compared

to GEMM-based models such as the KEP model.

CD8* T cells and NK cells, as compared to

Despite observations that exogenous IL-33 can induce acute peripheral accumulation
of ST2+ Tre9555 we find that blockade of endogenous IL-33 does not affect tumor-induced
systemic Tyeg accumulation or proliferation (Fig. S2F-I), suggesting that Treg expansion in
mammary tumor-bearing mice is regulated independent of IL-33, and thus remains an
avenue of future research. Our in vitro studies (Fig S1L) suggest that a soluble factor in
KEP serum can promote Treg survival. An important cytokine involved in Treg proliferation and
survival®® that we did not study here is IL-2. Therefore, future studies may analyze whether
IL-2 is differentially expressed or regulated in tumor-bearing hosts, and might contribute
to T__ expansion, as has been observed in tumor-bearing mice treated with recombinant

reg

IL-2°6.

In conclusion, these findings reveal a causal role for 'I'regs in the formation of LN metastasis
through local suppression of NK cells, and may form the basis for the design of neoadjuvant
therapeutic strategies aimed to reduce nodal metastasis in breast cancer patients.

Limitations of the study

Although the use of a spontaneous GEMM-derived metastasis model increases the
translational value of our findings, the absence of similar models for multi-organ spontaneous
metastasis pose the experimental limitation of validation in comparable models. It will be
relevant to extend our findings to similar models, when these are generated in the future.
Another possible limitation is the analysis of Treg populations by bulk RNAseq. This technique
provides limited insight into changes occurring in different Treg subpopulations within one
tissue. Future studies may explore the distant impact of tumors on 'I'regs more deeply using
single-cell RNAseq or related techniques. Finally, we have not uncovered the molecular
basis of tumor-induced T_ expansion, or precise T_-NK cell interactions in the TDLN. Thus,
a deeper investigation in this direction is an important avenue of future research.
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MATERIAL AND METHODS

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will
be fulfilled by the lead contact, Karin. E. de Visser (K.d.visser@nki.nl).

Materials availability

All reagents generated in this study are available upon request with a completed material
transfer agreement.
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Data and code availability

Bulk Treg and NK RNA-sequencing data have been deposited in the GEO and are publicly
available as of the date of publication. Accession numbers are listed in the key resources
table.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available
from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

The generation and characterization of genetically engineered mouse models for
spontaneous mammary tumorigenesis has been described before 245-%°, The following mice
have been used in this study: Keratin14 (K14)-cre;Cdh1F,Trp537F, Whey Acidic Protein
(Wap)-cre;Cdh17F;Pik3caf®**,  (Wap)-cre;Cdh17F;Pik3ca%’f,  Wap-cre;Cdh1F,;Pten™,
Wap-cre,Cdh 17", AktE7%, Brca1™F; Trp537F (generous gift of Jos Jonkers, NKI) and Cdh1”
FTrp537F; Foxp3SP™ mice (further referred to as Foxp3°™PTR). All mouse models were on
FVB/n background, and genotyping was performed by PCR analysis on toe clips DNA
as described 4. Starting at 6-7 weeks of age, female mice were monitored twice weekly
for the development of spontaneous mammary tumor development. Tumors in Brcal”
FTrp537F mice were somatically induced through intraductal delivery of lentiviral-Cre as
described before®%°, Mice were monitored twice weekly for spontaneous mammary tumor
development starting 6 weeks after intraductal delivery of lenti-viral Cre. Upon mammary
tumor formation, perpendicular tumor diameters were measured twice weekly using a
caliper. In all models, end-stage was defined as cumulative tumor burden of 225mm?. Age-
matched WT littermates were used as controls.

Mice were kept in individually ventilated cages a the animal laboratory facility of the
Netherlands Cancer Institute under specific pathogen free conditions. Food and water
were provided ad libitum. All animal experiments were approved by the Netherlands Cancer
Institute Animal Ethics Committee, and performed in accordance with institutional, national
and European guidelines for Animal Care and Use. The study is compliant with all relevant
ethical regulations regarding animal research.

Patients

The mean age of the ten female patients at the time of SLN procedure was 56.3 years.
Patients had either lobular (n=2) or ductal (n=6) carcinoma of the breast, one patient had
a tumor that was classified as ductal/lobular and one patient a tumor that was classified
as mucinous adenocarcinoma. One patient, who was diagnosed with two invasive breast
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tumors (ductal), had both a luminal A (Her2-, ER+, PR+) and a luminal B Her2+ (Her2+, ER-,
PR-) tumor. All other patients were diagnosed with hormone receptor expressing (Her2-,
ER+, PR+) tumors, of which six were classified as luminal A and three as luminal B. The
study was approved by the Institutional Review Board (IRB) of the VU University medical
center and SLN samples were collected and handled according to guidelines described in
the Code of Conduct for Proper Use of Human Tissue of the Dutch Federation of Biomedical
Scientific Societies with written informed consent from the patients prior to SLN sampling.

METHOD DETAILS

Generation of Foxp3°-PTR mice

Cdh17%; Trpb37F;Foxp3°PTR mice (further referred to as Foxp3°P™R) were generated
using the previously described IRES-DTR-GFP targeting construct®' (generous gift of Prof.
Alexander Rudensky, MSKCC). Notably, Cre-recombinase is not expressed in Foxp3-
PR mice, and generation of Foxp3°%FPT" mice within the Cdh1™F;Trp537F background
matches the background of control (Cadh77F; Trp537F) mice used throughout the manuscript.
The linearized IRES-DTR-GFP construct was introduced in the 3’ untranslated region of
Foxp3 upstream of the polyadenylation signal in Cdh17F;Trp53F (FVB) embryonic stem
cells (ESC) by electroporation as described before® 2, Neomycin-resistant clones
were screened by PCR across the 3’ arm. Correct targeting of the construct was confirmed
by Southern blot. Correctly targeted clones were transfected with a FLP-deleter plasmid
for excision of the PGK-Neo cassette. Transfected clones were selected by puromycin,
and loss of the PGK-Neo cassette was confirmed by PCR. Selected ESCs were injected
into C57BL/6N blastocysts and chimeric male offspring were mated to Cah7F; Trp537F mice.
Homozygous Cdh 17, Trp537F;Foxp3°TFPTR females were used for experiments.

KEP metastasis model

The KEP metastasis model has been applied as previously described?. Tumors from KEP
mice (100mm?) were fragmented into small pieces (~1 mm?) and stored at -150 °C in
Dulbecco’s Modified Eagle’s Medium F12 containing 30% fetal calf serum and 10% dimethyl
sulfoxide. Selection of mouse invasive lobular carcinomas (mILC) donor tumors was based
on high cytokeratin 8 and absence of vimentin and E-cadherin expression as determined
by immunohistochemistry. Donor KEP tumor pieces were orthotopically transplanted into
the 4" mammary fat pad of female recipient 9-12 week old WT FVB/n mice (Janvier). Upon
tumor outgrowth to a size of 100mm?, donor tumors were surgically removed. Following
mastectomy, mice were monitored for development of overt multi-organ metastatic
disease by daily palpation and observation of physical health, appearance, and behavior.
Lungs, liver, spleen, intestines, mesenterium, kidneys, adrenal glands, and tumor-draining
(subiliac, proper axillary and accessory axillary) and distant LNs (mesenteric, renal, and
caudal) were collected and analyzed microscopically for the presence of metastatic foci
by immunohistochemical cytokeratin 8 staining. Macroscopically overt metastases were
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collected separately for further analysis. Mice were excluded from analysis due to following
predetermined reasons: No outgrowth of tumors upon transplantation, mice sacrificed
due to surgery-related complications, mice sacrificed due to development of end-stage
(225mm?) local recurrent tumors prior to presentation of metastatic disease.

Murine intervention studies

Antibody treatments were initiated at tumor sizes of 25-45mm? (as indicated) in
spontaneous mammary tumor-bearing KEP and Foxp3%FP™ mice, and at 12-20mm?in the
KEP metastasis model ( neoadjuvant setting). Mice were randomly allocated to treatment
groups upon presentation of mammary tumors of indicated size. Tumor development in
KEP mice prevented full blinding to genotypes during mouse handling, but researchers
were blinded to treatment and genotype during cell, tissue and immunohistological analysis.
Mice were intraperitoneally injected with: Fc-receptor optimized anti-CD25 (Clone M2a
200 pg weekly for 2 weeks; mlgG2a control antibody 200 ug weekly for 2 weeks (C1.18.4,
BioXcell); anti-mouse CD8a single loading dose of 400 pg, followed by 200 ug thrice a week
(2.43, BioXcell); anti-mouse NK1.1, single loading dose of 400 ug, followed by 200 ug twice
a week (PK136, BioXcell); Difteria Toxin (Sigma) 25 ug twice total (t = O, t = 7 days); anti-
mouse IL-33 (R&D systems) 3.75 ug thrice a week for 2 weeks; IL-33Trap®? 50 ug daily for 1
week. Animal sample size for intervention studies was determined by power analysis using
G*power software, using effect sizes obtained from historical experiments or preliminary
data. Due to the spontaneous nature of the used animal models for primary tumor formation
and metastasis, cohorts were sequentially completed and analyzed in succession, similar
in set up to clinical trials. In the KEP metastasis model, treatments were discontinued upon
mastectomy. For survival curve experiments and end-stage analyses in KEP mice, antibody
treatment continued until the tumor or the cumulative tumor burden reached 225mm?2. For
KEP intervention and KEP metastasis experiments, the following end points were applied
according to the Code of Practice Animal Experiments in cancer research: (metastatic)
tumor size > 225mm21 >20% weight loss since start of experiment, respiratory distress upon
fixation, severe lethargy, (metastatic) tumor causing severe clinical symptoms as a result of
location, invasive growth or ulceration.

Preparation of single cell suspensions

For flow cytometry based analysis and cell sorting for in vitro assays and RNA sequencing,
single cell suspensions were prepared from freshly isolated mouse tissues. Mice were
sacrificed at indicated time points. KEP tumors, healthy mammary glands spleens and
LLNs were prepared as previously described . In brief, tumors and mammary glands were
mechanically chopped using the Mcllwain tissue chopper (Mickle Laboratory Engineering)
and enzymatically digested with 3mgml-1 collagenase type A (Roche) and 25pugml-1
DNase | (Sigma) in serum-free medium for 1h at 37°C in a shaking water bath. Enzyme
activity was neutralized by addition of cold DMEM/8% FCS and suspension was dispersed
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through a 70 pum cell strainer. Lungs were perfused with ice-cold PBS post mortem to
flush blood. Next, lungs were cut into small pieces and mechanically chopped using the
Mcllwain tissue chopper. Lungs were enzymatically digested in 100 pg/mL Liberase Tm
(Roche) under continuous rotation for 30 minutes at 37 °C. Enzyme activity was neutralized
by addition of cold DMEM/8% FCS and suspension was dispersed through a 70 um cell
strainer. Spleens and lymph nodes were collected in ice-cold PBS, and dispersed through
a 70 um cell strainer. Blood was obtained via cardiac puncture for end-stage analyses,
and via tail vein puncture for time point analyses and collected in tubes containing heparin.
Erythrocyte lysis for blood, spleen and lungs was performed using NH,Cl erythrocyte lysis
buffer for 2x5 (blood) and 1x1 (spleen, lungs) minutes.

Flow cytometry: analysis and cell sorting

Single cell suspensions of human and murine samples were incubated in anti-CD16/32
(2.4G2, BD Biosciences) to block unspecific Fc receptor binding for 5 minutes. Next,
cells were incubated for 20 minutes with fluorochrome conjugated antibodies diluted in
FACS buffer (2.5% FBS, 2 mM EDTA in PBS). For analysis of nuclear transcription factors,
cells were fixed and permeabilized after surface and live/dead staining using the FOXP3
Transcription buffer set (Thermofisher), according to manufacturer’s instruction. Fixation
permeabilization and intracellular FOXP3 staining was performed for 30 minutes. For
analysis of granzyme B, TNFa and IFNy, single cell suspensions were incubated in cIMDM
(IMDM containing 8% FCS, 100 IU/ml penicillin, 100 pg/ml streptomycin, 0.5% B-mercapto-
ethanol), 50 ng/ml PMA, 1 uM ionomycin and Golgi-Plug (1:1000; BD Biosciences) for 3 h
at 37 °C prior to surface staining. For analysis of Treg proliferation in vivo, mice were injected
with the thymidine analog EdU (200 pg) 24 and 48h prior to sacrifice. DNA incorporation
of EdU was measured using Click-iT™ EdU Cell Proliferation Kit for Imaging according to
manufacturer’s instruction. Cell suspensions were analyzed on a BD LSR2 SORP or BD
Symphony SORP, or sorted on a FACS ARIA Il (4 lasers), or FACS FUSION (5 lasers). Single
cell suspensions for cell sorting were prepared under sterile conditions. Gating strategies
for Treg sorting as previously described®. See Key Resources Table for antibodies used.
Absolute cell counts were determined using 123count eBeads (ThermoFisher) according to
manufacturer’s instruction.

T, suppression assays

Treg-T cell suppression assays were performed as previously described®®. Briefly, Tregs (Live,
CD45* CD3*, CD8 CD4*, CD25"" sorted from freshly isolated samples were activated
overnight in IMDM containing 8% FCS, 100 IU/ml penicillin, 100 pg/ml streptomycin,
0.5% [B-mercapto-ethanol, 300U/mL IL-2, 1:5 bead:cell ratio CD3/CD28 coated beads
(Thermofisher). Per condition, 5.010° cells were seeded in 96-wells plate, which were
further diluted to appropriate ratios (1:1 — 1:8). Responder cells (Live, CD45+ CD3*, CD4+,

CD25 and Live, CD45* CD3*, CD8*) were rested overnight. Next, responder cells were
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lapelled with CellTraceViolet, and co-cultured with T_ _in cIMDM supplemented with CD3/

CD28 beads (1:5 bead cell ratio) for 96 h (without exogenous IL-2).

NK cell degranulation assay

Single cell suspensions of murine LN and lung samples were plated in a 96-wells plate,
and incubated in IMDM containing 8% FCS, 100 IU/ml penicillin, 100 ug/ml streptomycin,
0.5% -mercapto-ethanol, Golgi-Plug and Golgi-Stop (1:1,000; BD Biosciences) and anti-
CD107a (clone LAMP-1, 1:200, Biolegend) for 4 h at 37°C. For stimulation, cells were
additionally supplemented with 50 ng ml-1 PMA, 1 mM ionomycin.

T.,- KEP serum co-culture assay

5.0"10* splenic KEP T_ . sorted from freshly isolated samples were incubated for 96 h in
96-wells plated coated with 5 ug/mL anti-CD3 in IMDM containing 100 1U/ml penicillin, 100
pug/ml streptomycin, 0.5% B-mercapto-ethanol supplemented with 20% serum obtained
from end-stage tumor-bearing KEP mice, or naive littermates. Next, absolute cell counts
were determined by flow cytometry as described above.

IL-33 protein analysis

To quantify IL-33 protein in different tissues of KEP mice and littermates, LegendPlex
BioAssay (BioLegend) was used according to manufacturers’ instruction. Protein lysates
from snap frozen tissue were prepared by pulverizing small tissue fragments (1-2mm?),
which were incubated in RIPA buffer (50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 1% NP40,
0.5% DOC, 0.1% SDS, 2 mM EDTA) complemented with protease and phosphatase
inhibitors (Roche) for 30 minutes at 4 °C. Protein concentration was quantified using the
BCA protein assay kit (Pierce). Samples were diluted to 4 mg/mL protein of which 40uL
was used as input for IL-33 LegendPlex Bioassay according to manufacturers’ instruction.
Protein content (pg/mL) was determined using BioLegend LegendPlex analysis software.

Immunohistochemistry

Immunohistochemical analyses were performed by the Animal Pathology facility at the
Netherlands Cancer Institute. Formalin-fixed tissues were processed, sectioned and
stained as described®. In brief, tissues were fixed for 24 h in 10% neutral buffered formalin,
embedded in paraffin, sectioned at 4 um and stained with haematoxylin and eosin (H&E)
for histopathological evaluation. H&E slides were digitally processed using the Aperio
ScanScope (Aperio). For immunohistochemical analysis, 5 um paraffin sections were cut,
deparaffinized and stained. To score pulmonary metastasis, lung sections were stained for
cytokeratin-8 and metastatic nodules were counted by two independent researchers. To
score axillary LN metastasis incidence, draining axillary (proper and accessory) LN of mice
that did not develop macroscopic LN metastasis were stained for cytokeratin-8. Presence
of cytokeratin-8* cells (=1) within LNs was indicative of micro metastatic disease. Stained
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tissue slides were digitally processed using the Aperio ScanScope. Brightness and contrast
for representative images were adjusted equally among groups.

RNAseq sample preparation: Tregs
For transcriptome analysis of Tregs from end-stage (225mm?) tumor-bearing KEP mice and
WT controls, single cell suspensions were prepared from spleens, mammary LNs, lungs,
blood, tumor and naive WT mammary glands as described above. A minimum of 70.000
Tege (Live, CD457, CD3*, CD4*, CD25"") were sorted in RLT buffer with 1% b-mercapto
ethanol. Due to low abundance of 'I',egs in WT mice, tissue of 3 mice was pooled for each WT
Treg sample prior to sorting. Library preparation was performed as previously described®.
RNAseq sample preparation: NK cells

For transcriptome analysis of NK cells of DT/PBS treated tumor-bearing (100mm?) Foxp3¢-
PTR mice, single cells suspensions were prepared from axillary LNs and lungs, as described
above. A minimum of 5000 NK cells (Live, CD45*, CD3-, NKp46*, DX5*) were sorted in
RLT buffer with 1% B-mercapto-ethanol. Library preparation was performed as previously

described®®, using 2100 Bioanalyzer System for library quality control.

RNAseq of Treg and NK cells

Sorted Ieg and NK cells were resuspended in RLT buffer + 1% B -mercapto-ethanol. Total
RNA was extracted using RNAeasy mini kit (Qiagen). RNA quality and quantity control was
performed using Agilent RNA 6000 Pico Kit and 2100 Bioanalyzer System. RNA samples
with an RNA Integrity Number > 8 were subjected to library preparation. The strand-specific
reads (65bp single-end) were sequenced with the HiSeq 2500 machine. Demultiplexing of
the reads was performed with lllumina’s bcl2fastg. For Ieg RNAseq, demultiplexed reads
were aligned against the mouse reference genome (build 38) using TopHat (version 2.1.0,
bowtie 1.1). TopHat was supplied with a known set of gene models (Ensembl version
77) and was guided to use the first-strand as the library-type. As additional parameters
--prefilter-multihits and --no coverage were used. For NK cell RNAseq, demultiplexed reads
were aligned against the mouse reference genome (build 38) using Hisat2. Hisat2 was
supplied with a known set of gene models (Ensembil version 87).

RNAseq analysis

In order to count the number of reads per gene, a custom script, itreecount (https://github.com/
NKI-GCF/itreecount), has been used. This script is based on the same concept as HTSeg-count.
A list of the total number of uniquely mapped sequencing reads for each gene that is present
in the provided Gene Transfer Format (GTF) file was generated. For 'I'reg RNAseq, differential
expression was performed using the R package Limma/Voom on normalized counts. Resulting
p-values are corrected for multiple testing. A gene was considered differentially expressed if the
p-value <0.05, and read counts >30 in all samples of a group.
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For PCA the genes that have no expression across all samples within the dataset were
removed. Furthermore, the analysis was restricted to only those genes that have at least
two counts per million (CPM) value, calculated via edgeR package (3.30.3) using ‘cpm’
function in all samples from the included conditions and in this way lowly abundant genes
were excluded. PCA was performed using the ‘prcomp’ function on variance stabilizing
transformed data with the ‘vst function from the DESeq2 package with default arguments
and plotted by using ggplot2 package (3.3.3) in R language (version 4.0.2).

Hierarchical cluster analysis for the samples was performed using ‘hclust’ function with
default arguments. Dendrogram was made by using ‘dendro_data’ function from ggdendro
package (0.1.22). Sample to sample distances obtained using ‘dist’ function on variance
stabilizing transformed data were subjected to hierarchical cluster analysis and dendrogram
preparation. Normalized counts from DESeqgDataSet from the DESeq2 package were
subjected to calculate correlation among the samples by using ‘cor’ function using spearman
method in R language (version 4.0.2).

Differential gene expression analysis of NK cells was performed in R language (version 4.0.2)
only on relevant samples using edgeR package (3.30.3) and default arguments with the
design set either to PBS or DT-treatment group. Lowly abundant genes (< 2 CPM) from
all the samples in a specific contrast were excluded. Furthermore, to avoid any biasness
due to the variation among the replicates within a group, the analysis was confined to the
genes which have read counts (> 2 CPM) among all the replicates from either of the two
groups in a specific contrast. Genes were considered to be differentially expressed when
the False discovery rate (FDR) was below 0.1 after the Benjamini-Hochberg multiple testing
correction. MA plots were generated after differential expression analysis in R language
(version 4.0.2).

IPA and GSEA analysis

Pathway enrichment analysis of KEP/WT Tregs RNAseq data was performed using Ingenuity
Pathway Analysis software (QIAGEN), analyzing differentially expressed genes with q value
< 0.05 for KEP/WT Tregs. Gene Set Enrichment Analysis (GSEA)®® was performed using
GSEA software (v. 4.0.3) on RNAseq data (transcripts for which read count > 30 included) of
KEP/WT Treg of indicated tissues, on gene sets obtained from?%, and mSigDB Hallmark gene
sets®. Permutations for each gene set was conducted 1000 times to obtain an empirical

null distribution.

Human sentinel LN sampling

Viable cells were collected from SLN from ten female patients diagnosed with clinically node
negative BrC scheduled to undergo a SLN procedure between February and July 2014,
as previously described'. None of the patients received neoadjuvant chemo- or hormone
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therapy prior to the SLN procedure. These ten patients were part of a previously described
larger cohort', and were selected based on availability of (previously unpublished) NK
cell flow cytometry data. Axillary healthy LN were retrieved after written informed consent
from prophylactic mastectomy specimens (n=16) in the Antoni van Leeuwenhoek Hospital
between 2012-2014. The collection of these samples was also previously described and
approved by the local IRB™.

Preparation of human LN samples

Viable cells were scraped from the cutting surface of a bisected SLN before routine
histopathological examination and after confirmation by the pathologist that the SLN was
suitable for cell harvesting (i.e. >0.5cm), as described'*¢”, SLN cells were subsequently
washed twice in IMDM supplemented with 10% FCS, 1001.E./ml sodium penicillin, 100 ug/
ml streptomycin sulfate, 2mML-glutamine (P/S/G), and 0.01 mM B-mercapto-ethanol,
counted, and used for immune phenotyping. FACS staining for surface and intracellular
proteins was performed as described' and data were acquired on a FACSCalibur flow
cytometer (Becton Dickinson). NK cell and 'I'reg frequencies were determined using FlowJo
software (version 10.7). See Key Resources Table for antibodies used.

Statistical analysis

Data analyses were performed using GraphPad Prism (version 8). Data show means +
SEM unless stated otherwise. The statistical tests used are described in figure legends.
For comparison of two groups of continuous data, Student’s T-test and Mann Whitney’s
T Test were used as indicated. For comparison of a single variable between multiple
groups of normally distributed continuous data, we used one-way ANOVA, followed by
indicated post-hoc analyses. For comparison of =2 variables between multiple groups,
two-way ANOVA was used, with Sidak’s post-hoc analysis. Fisher’s exact test was used
to assess significant differences between categorical variables obtained from lymph node
metastasis incidence experiments. All tests were performed two-tailed. P-values < 0.05
were considered statistically significant. Sample sizes for mouse intervention experiments
were predetermined using G*Power software (version 3.1). In vivo interventions and RNAseq
experiments were performed once with indicated sample sizes, unless otherwise indicated.
In vitro experiments were repeated independently as indicated, with at least three biological
replicates per condition. Asterisks indicate statistically significant differences compared to
WT. * P <0.05, * P <0.01, ** P < 0.001, *** P < 0.0001.
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SUPPLEMENTARY MATERIALS

Data file S1: Differentially expressed genes KEP/WT T ___for indicated tissues, and distribution

regs

across tissue. Related to Figure 2 and 3.
Data file S2: Differentially expressed genes of DT/PBS treated NK cells for indicated tissues,

and distribution across tissue. Related to Figure 5. These files are available in the online
version of the paper.
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FIGURE S1. Tregsselectively expand in mammary tumor-bearing mice. Related to figure 1.
A-D. Absolute cell counts of Iegs (A,B), T, (C) and CD8*T cells (D) per 1e°cells in indicated tissues
(n=3 mice/group) of tumor-bearing (225mm?) KEP mice and WT controls (n=3-5 mice/group). E-G. Total
absolute cell counts of indicated T cell population per lymph node (E), spleen (F) and tumor/mammary
gland (G) of tumor-bearing (225mm?) KEP mice and WT controls (n=3-5 mice/group). H-1. Ratio (based
on datain A,C,D) of FOXP3+CD4+/CD8* T cells (H) and FOXP3*CD4+/FOXP3-CD4+ (l) in indicates tissue
of tumor-bearing (225mm?) KEP mice and WT controls. J. Quantification of Ki67 expression on Tregs in
tumor-bearing KEP mice (100-225mm?) and WT controls in indicated tissues as determined by flow
cytometry (n=3-10 mice/group). K. Quantification of Ki67 expression on 'I'regs in TDLN and NDLN of
tumor-bearing KEP mice (225mm?) by flow cytometry (n=5 mice/group). L. 5*10* KEP 'I'regs (CD4+CD25%)
were cultured for 96 hours with 5 ug/mL anti-CD3 and 20% serum obtained from WT controls or tumor-
bearing KEP mice (225mm?). Quantification of live KEP 'I'regs is shown (data pooled from 2 independent
experiment with 2 biological replicates per experiment). M. Representative histograms depicting
expression of intracellular CTLA4, ICOS and CD103 gated on CD4* FOXP3*T cells, in (225m?) tumors
of KEP (blue) mice versus WT controls (black) by flow cytometry. % represent mean frequency (n=3-7
mice/group). N. Quantification of ICOS expression on T_in TDLN and NDLN of tumor-bearing KEP
mice (225mm?) by flow cytometry (n=5 mice/group). O-P. Frequencies of CD103* cells (O) and ICOS (P)
of FOXP3*CD4+T cells in blood of tumor-free, and tumor-bearing (225mm?) KEP mice and WT controls
(n=83-10 mice/group). Data in A-L, N-P show mean + S.E.M. P-values are determined by Unpaired
Students T-test (A-F,K,M,N), Unpaired Students T-test with Holm-Sidak correction for multiple testing

(H-1,d), Mann-Whitney Test (G,L) and Kruskal-Wallis test with Dunn’s multiple comparison test (O,P).
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FIGURE S2. Role of IL-33 for T___in KEP tumor-bearing mice. Related to figure 2.

A. Quantification of FOXP3 expression in CD4+*CD25"" T cells in indicated tissues of WT and tumor-
bearing KEP mice (n=4-8 mice/group). B. Representative dot plot depicting ST2 expression on CD4*
cells in TDLNs of 100mm? tumor-bearing KEP mice and WT controls. Gated on Live, CD45*, CD3+*CD4+*
cells. C. Quantification of data shown in (B), for indicated tissues (n=3 mice/group). D. Legendplex
analysis of IL-33 protein content in serum, lung, LN and KEP tumor lysates. Tissue samples obtained
from tumor-bearing (225mm?) KEP mice and WT controls (n=5-8 biological replicates per group). E.
Schematic overview of IL-33 blockade strategies. Tumor-bearing KEP mice were treated with either anti-
IL-33 (n=6 mice/group) /goat IgG control (=5 mice/group) (3.75 ug, thrice weekly), or with IL-33Trap/
PBS (n=6/group 50 ug/daily) for indicated timepoints starting at a tumor size of ~45mm?. [I-33Trap/
PBS treated mice received 200 pug EdU 48h and 24h prior to sacrifice to analyse cell proliferation. F-1
Analysis of % Tregs of CD45+ cells (F), ST2 expression on 'I'regs (G), Ki67 expression on Tregs (left panel), or
EdU*'I'regs (right panel) (H), ICOS expression on 'I'regs () in indicated tissue of mice receiving treatments
as indicated in (n=3 for lungs anti-IL-33, n=5-6 for other comparison). Data in A, C-D, F-l show mean
+ S.E.M. P-values are determined by Unpaired Students T-test (C-D). Unpaired Students T-test with
Holm-Sidak correction for multiple testing (A), 2-way ANOVA with Holm-Sidak’s multiple comparison
test (F-I).
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FIGURE S3. Systemic Treg activation in mice bearing breast cancer metastasis. Related to
figure 4.

A-B. Absolute cell count of Treg (CD4+FOXP3* T cells) in blood of naive mice, versus mice bearing
orthotopically transplanted primary KEP tumors prior to mastectomy (80-100mm?) (A), or end-stage
metastatic disease (B) (n=4-5 mice/group). C-E. Analysis of ICOS (C) and CTLA4 (D) and ST2 (E)
expression on T__in blood of mice with end-stage metastatic disease, versus naive controls (n=4-6
mice/group). F. Representative dot plots of CD25 and FOXP3 expression, gated on live CD4* T cells
in blood, draining axillary lymph node and lungs of KEP tumor-bearing mice treated with migG2a
or anti-CD25. Mice were sacrificed 3 days after start treatment (n=4 mice/group). G. Quantification
of CD25*FOXP3* of CD4* T cell gate (Q2) shown in (F) in indicated tissues of KEP tumor-bearing
mice treated with mlgG2a or anti-CD25. Mice were sacrificed 3 days after start treatment (n=4 mice/
group).H. Kaplan-Meier plot of tumor-specific survival of KEP mice treated with migG2a or anti-CD25.
Treatment (weekly injection of 200 pg antibody) was initiated at tumor size of 25mm?, and continued
until end-stage (225mm?) (n=5-7 mice/group). I. Metastasis related survival after mastectomy of KEP
tumor-bearing mice receiving weekly neoadjuvant treatment of 200 pg migG2a or anti-CD25. J.
Representative immunohistochemical keratin 8 staining depicting axillary TDLNs in mice with end-
stage metastatic disease with, and without metastatic infiltration of keratin 8* cancer cells. K. LN tumor
size (mm?) upon sacrifice in mice with LN metastasis, treated with migG2a or anti-CD25-M2a (n=9-14
mice/group). Data in A-E, G, K show mean + S.E.M. P-value was determined by Mann Whitney test
(A-E, K), Unpaired Students T-test with Holm-Sidak correction for multiple testing (G) log-rank test (H,).
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FIGURE S4. Tissue-specific impact of Treg depletion on T- and NK cell activation. Related to
figure 5.

A. Absolute count of CD8* T cells/mL of blood in tumor-free and mice bearing orthotopically transplanted
KEP tumors treated with indicated treatments, 8-10 days after start of treatment (n=3-4 mice/group).
B-E. Granzyme B expression 3h after ex vivo stimulation of NKp46*DX5* NK cells from axillary TDLNs
(B), lungs (C), blood (D) tumor (E) of mice bearing orthotopically transplanted KEP tumors (100mm?)
and WT controls (n=3/group), receiving weekly neoadjuvant treatment of 200 ug anti-CD25 or migG2a
(n=6/group). F. Ex vivo CD107a expression of unstimulated NKp46+DX5*NK cells from contralateral Ax.
NDLN of mice bearing orthotopically transplanted KEP tumors (100mm?) receiving weekly neoadjuvant
treatment of 200 pg anti-CD25 or mlgG2a (n=6/group). G. CD107a expression 4h after ex vivo
stimulation of NKp46"DX5*NK cells with PMA/ionomycin from Ax. TDLNs and lungs of mice bearing
orthotopically transplanted KEP tumors (100mm?) receiving weekly neoadjuvant treatment of 200 pg
anti-CD25 or mlgG2a (n=6/group). H. Ex vivo CD107a expression of unstimulated CD45*CD3* cells
from Ax. TDLNs of mice bearing orthotopically transplanted KEP tumors (100mm?) receiving weekly
neoadjuvant treatment of 200 pg anti-CD25 or migG2a (n=4/group). I-L. Expression of GzmB (1), and
IFNy by CD8* T cells (J), TNFa by CD4+ T cells (K), IFNy by NK cells (L) following a 3 hour ex vivo
stimulation in Ax. TDLNs and lungs of mice bearing orthotopically transplanted KEP tumors (100mm?)
Receiving weekly neoadjuvant treatment of 200 pg anti-CD25 or migG2a (n=3-6 mice/group). Data in
A-L show mean + S.E.M. P-value was determined by Mann-Whitney test (B-L), One-way ANOVA (A).
** P < 0.001.
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FIGURE S5. Kinetics of NK cells in KEP tumor-bearing mice. Related to figure 5 and 6.

A. Frequency of CD3*GFP* cells of total live CD45* cells in Ax. TDLNs and lungs of Foxp3¢FPT mice
bearing orthotopically transplanted KEP tumors (100mm?), receiving weekly treatment of PBS or 25
pg DT (n=5/group). B. GSEA analysis of lung NK cells, DT vs PBS, using hallmark gene sets. Top 10
enriched up- and downregulated pathways are shown. C. Frequency of CD3"NKp46+DX5* NK cells of
total live CD45+cells in blood of mice bearing orthotopically transplanted KEP tumors, 8-10 days after
start of indicated treatment (n=3/group). D-E. Frequency of NK cells in different maturation states
based on expression of CD27 and CD11b in lungs (D) and Ax. TDLNs (E) in tumor-free (n=3/group), or
tumor-bearing mice treated with migG2a or anti-CD25 (n=6/group). Data in A,C-E show mean + S.E.M.
P-value was determined by Unpaired Student’s T-test (A, C), Two-way ANOVA with Dunnett’s correction
for multiple testing (D-E). *** P < 0.001, *** P < 0.0001.
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CHAPTER 5

ABSTRACT

Neutrophils can facilitate the metastatic spread of cancer; however, how neutrophils are
activated at metastatic sites remains poorly understood. In this issue of Cancer Cell, Xiao
et al. demonstrate that the protease Cathepsin C secreted by breast cancer cells triggers
neutrophils to form neutrophil extracellular traps in the metastatic niche, thereby promoting
lung metastasis.
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Upon arrival in distant organs, disseminated cancer cells can only form metastases when
they succeed in creating a permissive environment that fosters their survival and outgrowth.
While some members of the immune system can be harnessed to prevent metastatic
spread, the role of others has proven to be context dependent, or even pro-metastatic.
Among these immune cells are neutrophils. These granulocytic myeloid cells are well known
for their key role in acute inflammation and immune regulation, and have recently gained
much attention in the context of metastatic disease.

Neutrophil diversity, function and fate are shaped by environmental cues, enabling their
quick and effective adaptation to a great diversity of homeostatic and pathological
conditions'. During homeostasis, the phenotype and activity of these short-lived cells are
mainly regulated by their tissue location, circadian oscillations and cellular aging?. Disruption
of homeostasis, for instance during tumor development, can induce a drastic systemic
mobilization of (partly immature) neutrophils from the bone marrow. Importantly, neutrophil
accumulation in cancer patients has been associated with a worse prognosis®. In line with
these clinical observations, preclinical studies have revealed that neutrophils can enhance
metastasis formation through a variety of effector functions, including systemic suppression
of T cells, preparation of the pre-metastatic niche, or promotion of cancer cell survival.
In some preclinical settings, however, cancer-induced neutrophils inhibit metastasis,
highlighting their functional plasticity '. As such, it is of vital importance to understand
the molecular mechanisms that drive the functional adaptations of neutrophils towards a
metastasis-supporting phenotype, as this may uncover novel therapeutic opportunities. In
this issue, Xiao et al. describe an intriguing pathway exploited by breast cancer cells to
enhance their metastatic potential through the co-option of neutrophils in the metastatic
lung niche®.

An important cause of breast cancer-related mortality is lung metastasis, which has limited
treatment options, in part due to poor understanding of critical interactions between
disseminated cancer and host cells that foster their outgrowth. Xiao et al. set out to
profile the secretome of breast cancer cell lines with varying degrees of lung metastatic
potential to identify secreted factors that are potentially involved in creating a permissive
metastatic niche. They discovered that Cathepsin C (CTSC), a lysosomal cysteine protease,
is consistently elevated in lung-tropic breast cancer cell lines. Cysteine cathepsin proteases
are multifunctional proteolytic enzymes that act in a wide range of biological processes,
and can exert their enzymatic activity both intracellularly (most notably in the lysosome) and
extracellularly. Cathepsins are often dysregulated in cancer, and experimental evidence has
specifically implicated CTSB, CTSK, CTSL, CTSS and CTSZ in breast cancer metastasis®,
whereas the role of CTSC has remained less clear, due to its context dependent role in
carcinogenesis®.
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By using a variety of intravenously injected and orthotopically transplanted breast cancer
cell lines in mice, Xiao et al. showed that CTSC overexpression in cancer cells exacerbates
lung metastasis, whereas knock-down of CTSC reduces the metastatic burden in lungs.
While modulation of CTSC has no direct effect on primary tumor outgrowth, CTSC critically
increases cancer cell proliferation early upon their colonization of the lungs, thus suggesting
that CTSC improves the adaptation of disseminated cancer cells to their new micro-
environment. The authors observed that tumor-derived CTSC induces the recruitment of
neutrophils into the lungs through paracrine communication. Strikingly, antibody-mediated
depletion of neutrophils completely abrogates the pro-metastatic effect of CTSC, uncovering
a crucial interaction between CTSC-expressing cancer cells and neutrophils.

Also in breast cancer patients, an association between high intratumoral CTSC expression
and poor survival was observed, and CTSC expression levels are particularly high in lung
metastases versus primary tumors. These data are in line with previous clinical studies
that have linked high CTSC expression to increased incidence of both brain- and lung
metastasis in breast cancer patients®. The current study from Xiao et al. provides insight into
the pro-metastatic role of CTSC, and warrants further research into whether the same axis
is relevant for metastasis formation in the brain.

In an impressive set of mechanistic studies, Xiao and colleagues showed that cancer cell-
derived CTSC enzymatically activates the serine protease PR3 expressed on the membrane
of neutrophils (Figure 1). This process induces the activation of IL-1 in lung neutrophils,
which kick-starts an inflammatory cascade involving the secretion of IL-6 and CCLS3 resulting
in the recruitment of additional neutrophils from the circulation. In parallel, IL-13 activation
also initiates intracellular production of reactive oxygen species (ROS) in neutrophils, which
promotes the formation of neutrophil extracellular traps (NETs). NETs are extracellular
web-like chromatin structures made of DNA fibres, histones and granule proteins, that are
released from neutrophils primarily through an alternative cell death process called NETosis.
These DNA traps play an important role in the defence against large pathogens by trapping
microbes in place, but have recently also been observed in the microenvironment of various
human cancer types including pancreatic, breast, lung, and liver cancer’. Notably, the
authors demonstrated that the in vivo destruction of NETs through treatment of mice with
DNAse | is sufficient to prevent the metastatic outgrowth of CTSC-expressing cancer cells
in the lungs, highlighting a causal role for NETs in CTSC-enhanced metastasis formation.
But how do these neutrophil-derived DNA traps enhance the metastatic potential of breast
cancer cells?

Several mechanisms have been reported by which NETs can promote metastasis, including

direct induction of cancer cell chemotaxis to the liver®, and the awakening of dormant cancer
cells in lungs °. Xiao and colleagues add a new mechanism to the list by demonstrating
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that NETs induce the degradation of the matricellular protein thrombospondin-1 (TSP-1),
which has been shown to be important for tumor spheroid outgrowth in vitro. Combined,
this study reveals an intriguing novel pathway by which tumoral CTSC expression dictates
metastatic potential by exploiting neutrophils in the metastatic lung niche (Figure 1).
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FIGURE 1. Breast cancer cells gain metastatic potential through expression of CTSC

In the metastatic lung niche, cancer cell-derived CTSC activates PR3 on neutrophils, leading to a signalling
cascade that promotes the recruitment of neutrophils from circulation, and enhances NET formation via IL-13.
In turn, cancer cells gain a proliferative advantage through the NET-mediated degradation of TSP-1, resulting
in enhanced metastatic outgrowth. This figure was created using Servier Medical Art templates, which are
licensed under a Creative Commons Attribution 3.0 Unported License; https://smart.servier.com.

These novel findings raise the question whether targeting the CTSC-PR3-IL1B3-NET axis
represents a viable therapeutic strategy to prevent metastatic spread of CTSC-expressing
breast cancer. Excitingly, the authors showed that a small molecule inhibitor of CTSC,
brensocatib, suppresses experimental lung metastasis. Besides CTSC, IL-1B might be
an attractive actionable therapeutic target (Figure 1). Indeed, a recent clinical study has
revealed that inhibition of IL-13 in patients with atherosclerosis reduces lung cancer
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incidence, which associates with a reduction of tumor promoting inflammation'®. As of yet,
it is unclear whether the efficacy of targeting the CTSC-PR3-IL13-NET pathway will be
limited to preventing lung metastasis, or whether it may also prevent metastases in other
tissues. This may be dependent on the tissue-specific expression levels of TSP-1, thereby
highlighting a clinically relevant direction for future research.

The clinical relevance of this work is supported by complementary findings in samples of
several human breast cancer cohorts, showing that tumoral CTSC expression strongly
correlates with neutrophil and NET markers, as well as with lung metastasis. Interestingly,
by analysing these cohorts, Xiao et al. found substantial interpatient heterogeneity of CTSC
expression, and showed that CTSC is highest expressed in triple-negative breast cancer.
It is unclear how CTSC is regulated in different subtypes of breast cancer, and looking
forward, an important next step would therefore be to identify the patient population that
is most likely to benefit from therapeutic exploitation of these findings. Taken together, this
study reveals a novel mechanism that confers breast cancer cells with enhanced metastatic
potential through co-option of the immune system. Importantly, these insights open new
avenues for the future design of therapeutic strategies aimed at blocking a cancer cell’s
ability to create a permissive metastatic niche.
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CHAPTER 6

ABSTRACT

Immune checkpoint inhibitors such as anti-PD-1 and anti-CTLA4 are aimed at activating
anti-tumoral effector cells, but their effect on immunosuppressive regulatory T cells that
express high levels of immune checkpoint molecules is unclear. Using mouse models for
spontaneous primary and metastatic breast cancer, we studied how immune checkpoint
blockade (ICB) influences TregS and how this impacts the therapeutic benefit of ICB. We
observed that ICB drives intratumoral and systemic accumulation of T__, but not CD8*T
cells. Neoadjuvant depletion of Tregs combined with ICB changes the immune landscape
of mammary tumors into a state favourable for ICB response, characterised by increased
T-cell activation, more eosinophils, and elevated PD-L1 and MHC-II expression on myeloid
cells. Systemically, depletion of T_  during ICB resulted in the accumulation of CD8* T

cells and NK cells, and induces durable T cell activation. Consequently, depletion of Treg

S

in the context of ICB prolongs metastasis-related survival, which is not observed upon T

reg

depletion or ICB alone. Combined, this study shows that T

««qs '€ inadvertently activated by
ICB and pose a barrier for ICB efficacy in breast cancer.
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INTRODUCTION

The development of immune checkpoint inhibitors that block immunoregulatory receptors like
PD-1 and CTLA4 have ushered in a new era of cancer treatment. In particular patients with
immunogenic tumors, such as melanoma', non-small cell lung cancer (NSCLC)?, or microsatellite
instable cancers®, have shown impressive responses upon treatment with anti-PD1/PD-L1
and anti-CTLA4 antibodies. However, despite these successes, an important fraction of those
patients does not respond to anti-PD1 and/or anti-CTLA4 immunotherapy (ICB), or acquires
treatment resistance*. Moreover, the efficacy of ICB in other cancer types, such as breast cancer,
is limited®®, highlighting the need to understand the obstacles of immunotherapy response.

The main rationale of ICB is to improve the capacity of tumor-specific CD8* T cells to expand,
recognize and clear cancer cells’. To achieve this, anti-CTLA4 blocks the interaction between
the co-inhibitory molecule CTLA4 expressed on T cells and CD80/CD86 expressed on
mature, antigen presenting dendritic cells thereby improving T cell priming and activation.
Anti-PD1 blocks the interaction of PD-1 with PD-L1, which can be widely expressed on
tumor-, stromal, and immune cells and is a negative regulator of T cell function through
inhibition of co-stimulation and TCR signalling®. PD-1 and CTLA-4 expression is not limited
to cytotoxic CD8* T cells, but is also found on intratumoral CD4*FOXP3* regulatory T cells
(Toge)™ " T.qe are important regulators of immune homeostasis endowed with a plethora
of immunoregulatory features, making them key orchestators of cancer-associated
immunosuppression'" 2, T,egs can negatively impact anti-tumor immunity in breast cancer
mouse models through inhibition of both innate and and adaptive immune cell function™,
thereby contributing to primary tumor growth''* and metastases'®.

Recent evidence indicates that anti-PD1 and anti-CTLA4 may inadvertently lead to the
activation of T_ . Anti-PD1 has been shown to induce the proliferation of T___in tumors of

regs” regs
melanoma patignts, which correlates to poor prognosis'®. Moreover, high PD-1gexpression on
T g Versus CD8* T cells strongly correlates with non-responsiveness to anti-PD1 in NSCLC,
gastric cancer and melanoma patients'’, and has been linked to hyper progression in gastric
cancer patients®. Anti-CTLA4 was found to induce proliferation of tumor-associated Tregs
in MC38 tumor-bearing mice'. In cancer patients, anti-CTLA4 treatment has been shown
to expand immunosuppressive 'I'regS in blood and tumors?®?', although it is unclear how this

impacts therapy response. These data suggest that activation of T(egs might be an unintended
effect of ICB, raising the question how this impacts the anti-cancer efficacy of ICB.

Here, we set out to study whether interactions between Tregs and dual anti-PD1 and anti-CTLA4
blockade form a hurdle for anti-tumor immunity. To study this, we made use of the transgenic
K14cre;Cdh1™F; Trp537F (KEP) mouse model of invasive mammary tumorigenesis®?, and the

KEP-based mastectomy model for spontaneous multi-organ metastatic disease®®. Primary
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tumors and metastases arising in these models are unresponsive to ICB. We observed that
ICB fails to induce CD8+*T cell activation or proliferation, but instead enhance Treg proliferation

and activation in tumor-bearing mice. Neoadjuvant ablation of T_ _ using the Foxp3P™ ¢

regs
model in the context of ICB led to the accumulation of CD8* T cells, eosinophils and NK cells
in blood. Strikingly, ICB synergizes with T, depletion to curb metastatic disease. Combined,

this study provides experimental evidence that T

regs

impair the efficacy of ICB in spontaneous
models for breast cancer.

RESULTS

ICB drives Treg accumulation in ICB-unresponsive spontaneous mammary tumors

To investigate the mpact of 'I'regs on immunotherapy response, we first assessed the efficacy
of dual anti-PD1 anti-CTLA4 immune checkpoint blockade in controlling tumor growth of
transgenic KEP mice bearing spontaneous mammary tumors. Treatment with ICB was
initiated at a tumor size of 256mm? and continued until end-stage tumor size (225mm?) was
reached (Fig. 1A). Consistent with poor ICB response in breast cancer patients, ICB treatment
did not enhance survival of tumor-bearing KEP mice compared to control treatment (Fig. 1B).
Characterisation of T cell populations in tumors of KEP mice showed that ICB treatment does
not alter the intratumoral infiltration of CD8* and CD4* T cells (Fig. S1A), but instead increased
the intratumoral accumulation of FOXP3* cells (Fig. 1C, D). As a result, the intratumoral ratio of
CD8/FOXP3 cells decreased upon ICB treatment (Fig. S1B), whereas a high CD8/FOXP3 ratio
has been associated with improved survival in breast cancer patients®. In line with increased
intratumoral accumulation of FOXP3+ cells, we found increased expression of the proliferation
marker Ki-67 on T,egs in KEP mice treated with ICB compared to untreated mice (Fig. 1E).
Next, we investigated whether the observed increase in 'I'regs in ICB-treated mice was limited
to the TME by analysing blood and lymph nodes of ICB-treated KEP mice bearing end-stage
tumors. This showed that T

regs’

bearing KEP mice receiving ICB (Fig. 1G, S1C). In tumor-draining lymph nodes, T frequency

but not CD8* T cells, are also increased in blood of tumor-
was not significantly altered, but these Tregs did express higher levels of Ki-67 (Fig. S1D).

To study the impact of T

regs

out to validate our findings in the orthotopic KEP transplantation model, based on transplantation

on immunotherapy response in the context of metastasis, we first set

of tumor fragments (Fig. 1G). Similar to the spontaneous KEP model, ICB treatment does not
enhance the survival of mice bearing orthotopically transplanted KEP tumors compared to
control treatment (Fig. 1H). Furthermore, T__, but not conventional T cells, were increased in
frequency and showed enhanced Ki-67 expression in tumors of ICB-treated mice, compared
to control-treated mice (Fig. 11-J, S1E). Finally, in these mice, Tregs in blood were found to be
increased upon ICB treatment (Fig. 1K), in line with observations in the spontaneous KEP model

(Fig. 1F). To evaluate whether ICB, besides T, accumulation, also influences T functionality in
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vitro, a suppression assay was performed. Tregs isolated from draining lymph nodes of control-,
or ICB-treated KEP tumor-bearing mice were co-cultured with in vitro activated splenic T cells
to assess the impact of either Treg population on T cell proliferation. Both Treg populations similarly
inhibited the proliferation of responder T cells, demonstrating that ICB does not enhance the
suppressive capacity of T___in this ex vivo context (Fig. 1L). Combined, these data show that
ICB induces systemic accumulation of T

regs

in tumor-bearing mice, raising the question how this
impacts immune cell crosstalk in ICB-treated mice.

Neoadjuvant depletion of Tregs in the context of ICB remodels systemic and tumor
immune landscapes

To gain insight into the function of T__ in the context of ICB, we utilized Foxp3°™ ¢ mice
that we generated on the FVB genetic background in which Tregs can be transiently depleted
upon short-term diphtheria toxin (DT) treatment®®. Foxp3°™"-¢F mice were transplanted with
KEP tumor fragments, and upon tumor take, mice were treated with combinations of ICB,
ICB control antibody (rat IgG2a clone 2A3), DT, or PBS (DT vehicle control), until tumors
reached a size of ~120mm? (Fig. 2A). At this time point, mastectomy was performed to
remove the primary tumor. Analysis of blood and resected tumors showed that Tregs were

efficiently depleted from mice treated with DT and ICB + DT (Fig. S2A, 2G).

First, we investigated whether depletion of T

regs

in the context of ICB changes the composition
and activation of circulating immune cells, measured 1-2 days before mastectomy (pre-
mastectomy). Interestingly, besides their effect on T,egs, both ICB and DT monotherapy do
not significantly impact the immune cell abundance in blood compared to control-treated
mice, with the exception of increased eosinophil counts upon DT treatment (Fig. 2B, S2B). In
contrast, the combination of ICB and DT induced a significant increase in both CD8+*T cells and
NK cells compared to monotherapies (Fig. 2C-D), both of which are important effector cells for
anti-tumor immunity. Notably, we also observed a strong increase in CD4+*CD8* T cells (Fig.
2E), which have been described to be enriched in patients with auto-immune disease®*?” and
cancer®?°, and have been shown to display reactivity towards autologous melanoma cell lines
in vitro**. As genetic ablation of T__ is associated with the development of autoimmune-related
pathology®®2!, we performed a preliminary analysis to investigate whether combining ICB with
Treg depletion exacerbates inflammation-related pathology compared to Ieg—depleted mice.
Histopathological assessment of various tissues obtained from mice that were sacrificed after
mastectomy at indicated time points was performed blindly by a trained animal pathologist.
This revealed no differences in inflammation-related pathology between control + DT and ICB
+ DT treatment groups (Fig. S2C, Table 1). In addition, no differences were observed in sizes
of spleen, and small intestine (S2D). Due to the preliminary nature of this investigation, further
analysis in tumor- and non-tumor bearing mice with matched duration of control-, ICB- and
DT treatment, should clarify to what extent the observed pathology is explained by cancer-
related inflamsmation as opposed to T depletion-induced inflammation.

reg
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FIGURE 1. ICB fails to inhibit mammary tumor outgrowth and activates intratumoral and
systemic T_ accumulation in transgenic KEP mice
A. Schematic overview of study: tumor-bearing KEP mice either did not receive treatment, or were treated
with acombination of anti-PD-1 and anti-CTLA4 (ICB) starting at a tumor size of 256mm?until end stage tumor
size of 2256mm?. B. Kaplan-Meier survival curves of KEP mice treated as indicated (n= 12-15 mice/group).
Censored cases indicate mice that were sacrificed due to tumor-unrelated causes. C. Representative
images of immunohistochemical staining of CD8 and FOXP3 in mammary tumors (225mm?) of KEP mice,
treated as indicated. Scale bar of 50 pm is shown. D. FOXP3 counts in spontaneous mammary tumors
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(225mm?) of KEP mice treated as indicated, as determined by immunohistochemical analysis (counts
per 40x field of view, average of five randomly selected areas) (n=5-7 mice/group). E. Frequency of Ki-67
expression on Tregs (CD4+CD25*) in mammary tumors (225mm?) of untreated or anti-PD-1/CTLA4-treated
KEP mice, analysed by flow cytometry (n=4-7 mice/group). F. Frequency of Tregs (CD4+*CD25%) as % of
total live CD45* cells in blood of untreated or anti-PD-1/CTLA4-treated KEP mice bearing mammary
tumors (225mm?) as determined by flow cytometry (n=4-7 mice group). G. Schematic overview of study:
mice bearing orthotopically transplanted KEP tumors fragments (1mm?) were treated twice weekly with
control antibody or a combination of anti-PD-1 and anti-CTLA4 (ICB) starting at a tumor size of 256mm?. H.
Kaplan-Meier survival curve of mice bearing orthotopically transplanted KEP tumors that were treated with
control antibody (n=15) or ICB (n=14). Endpoint was defined as tumor size of 12x12mm?. I. Frequency
of 'I'regs as % of total live CD45* cells in orthotopically transplanted KEP tumors (100-150mm?) of mice
treated with control antibody, or anti-PD-1/CTLA4, as analysed by flow cytometry (n=23-24 mice/group).
J. Frequency of Ki-67 expression on T___in orthotopically transplanted KEP tumors (100-150mm?) of mice
treated with control antibody, or anti-PD-1/CTLA4, as analysed by flow cytometry (n=4-7 mice/group). K.
Frequency of T_  as % of total live CD45* cells in blood of mice bearing orthotopically transplanted KEP
tumors treated with control antibody, or anti-PD-1/CTLA4, 1-2 days before mastectomy, as analysed by
flow cytometry (n=4-7 mice/group). L. Quantification of undivided responder cells (CD8* and CD4* T cells)
based on flow cytometric assessment of CTV dilution, upon co-culture with CD3/CD28 pre-activated
TregS (CD4+CD25*) isolated from lymph nodes of mice bearing transplanted mammary tumors(225mm?2).
Mice were treated with control antibody or anti-PD-1/CTLA4. Cells were co-cultured at indicated ratios
for 96h in presence of CD3/CD28 beads (data pooled from 2 independent in vitro experiments, with n=4
biological replicates).

Data in D-F, I-L show mean + SEM. P-values are determined by Log-rank test (B), Unpaired Students
T-test (D-F, I-L). * P < 0.05, ** P < 0.01, ** P < 0.001, **** P < 0.0001.

To assess potential changes in CD8* T cell activation that occur upon treatment with ICB
and DT, the expression of CD44, CD62L, PD-1, CD25, CD69 was measured in blood of
tumor-bearing mice by flow cytometry. Treg depletion was sufficient to strongly increase the
frequency of CD44+*CD62L" effector cells as compared to ICB and control-treated mice,
which is not further increased upon combination of ICB + DT. Only the frequency of PD-1
was further increased on CD8* T cells upon the combination of ICB and DT compared to
DT alone (Fig. 2F). Similar observations were made for CD4* T cells (S2E). Combined, these
data show that Treg depletion is sufficient to induce CD8* T cell activation in blood, but the
combination of ICB + DT is necessary to increase circulating CD8* T cells and NK cells.

Analysis of the immune landscape in resected tumors showed that none of the treatments
altered the frequency of conventional T cells as measured by flow cytometry. Notably, Treg
depletion, either with or without ICB, did induce changes in the myeloid compartment (Fig.
2@G). In line with previous research, we observed that 'I'reg depletion promoted an increase
in eosinophil® and a decrease in ¢cDC2 tumor infiltration® (Fig. 2G). Thus, in contrast to
blood, changes in immune cell composition in resected tumors are mostly dictated by 'I'reg
ablation, and are not further changed upon combination of ICB and DT (Fig. 2H). Similarly, the
intratumoral accumulation of activated CD8*and CD4* T cells is enhanced upon 'ﬁegdepletion
compared to control, and ICB + DT compared to ICB alone (Fig. 2H, S2F). However, besides
upregulation of CD69 on CD8*T cells, the combination of ICB + DT does not further enhance

the intratumoral accumulation activated T cells compared to control + DT (Fig. 2H, S2G).
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FIGURE 2. Neoadjuvant depletion of T'e .changes the systemic and tumor immune landscape,
but does not improve ICB response in primary tumors

A. Schematic overview of study. KEP-tumor fragments were orthotopically transplanted, and mice
were treated with combinations of ICB, control antibody (rat 1gG2a, clone 2A3), DT or PBS (DT
vehicle control) as indicated. Ctrl or ICB was started upon presentation of palpable tumors (4-6mm?),
administered twice weekly, and discontinued upon mastectomy. DT or PBS was started at a tumor size

of 9-12 mm? and administered twice in total (day O & 4). At a tumor size of 100-150mm?, mastectomy
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was performed. Blood (taken 1-2 days before mastectomy) and resected tumors were analysed by flow
cytometry. B-E. Absolute cell counts of eosinophils (B) CD8* T cells (C), NK cells (D) and CD4*CD8* T
cells (E) in blood of mice treated with indicated treatments, as determined by flow cytometry, 1-2 days
before mastectomy (n=5-8 mice/group). F. Frequency of indicated markers (% of positive cells) gated
on CD8* T cells in blood of mice treated with indicated treatments, as determined by flow cytometry,
1-2 days before mastectomy (n=5-8 mice/group). G. Heatmap depicting tumor-immune landscape
in mastectomized tumors of mice receiving indicated treatments. Row Z-score calculated based on
frequency of indicated cell type of total CD45* cells (n=5-6 mice/group). H. Frequency of indicated
markers (% of positive cells) gated on CD8* T cells in mastectomized tumors of mice treated with
indicated treatments, as determined by flow cytometry (n=5-6 mice/group). I. Frequency of MHC-II*
cells gated on macrophages (CD11b* F4/80%) in mastectomized tumors of mice receiving indicated
treatments (n=5-6 mice/group). J. Frequency of PD-L1* cells within indicated immune cell subsets in
mastectomized tumors of mice receiving indicated treatments (n=5-6 mice/group). K. Tumor growth
curves of individual mice receiving indicated treatments (n=6-10 mice/group). L. Kaplan-Meier curve of
mice bearing orthotopically transplanted KEP tumors treated as indicated. Endpoint was reached when
mice underwent mastectomy at ~120mm? (n=7-10 mice/group).

Data in B-F,H-J show mean + SEM. P-values were calculated by One-way ANOVA with Sidak’s
correction (B-E, G), Tukey’s correction, Holm-Sidak correction (G). 2-way ANOVA with Sidak correction
(FH, J), Log-rank test (L). * P < 0.05, ** P < 0.01, ™ P < 0.001, *** P < 0.0001

In addition to these observations, we found that Treg depletion upregulated PD-L1
expression on neutrophils, conventional dendritic cells (cDC1), Ly6C"o" monocytes and
tumor-associated macrophages (TAMs) (Fig. 2J). Importantly, PD-L1 is a clinical biomarker
for response to immune-checkpoint inhibitors, suggesting that Treg depletion may remodel
the TME into a state that is favourable for ICB response. We also found a strong increase
of MHC-II expression on TAMSs, reflective of M1-like polarization based on this single
marker, to which anti-tumoral functions have been attributed® (Fig. 2l). Importantly, these
changes were not further enhanced in the context of ICB. One change in tumors that was
associated to the combination of ICB + DT, but not control + DT is an increase in frequency
of inflammatory CD101+CD62L" eosinophils, as compared to control treatment (Fig. S2).
Together, this shows that genetic ablation of T

regs

drives broad pro-inflammatory changes
in intratumoral T- and myeloid cells. These changes are mostly related to Treg depletion
and occur independent of ICB, despite the observation that ICB increases the intratumoral
accumulation of Tregs. Finally, analysis of tumor sizes revealed that none of the treatments
significantly delayed tumor growth (Fig. 2K-L), showing that depletion of Tregs in the context

of ICB does not drive anti-tumor responses. These findings are in line with previous results
showing that T___are not critical for regulation of primary tumor growth in the KEP model '°.

regs
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CHAPTER 6

Treg-depletion during ICB induces durable systemic T cell activation and prolongs
metastasis-related survival

Ablation of T_  during ICB mobilised both CD8" T cells and NK cells in blood of tumor-
bearing mice, raising the question whether Tregs functionally impair the systemic immune
activation necessary to combat metastasis. To investigate whether neoadjuvant T _ depletion
in the context of ICB affects metastasis formation, mice were monitored for development
of overt metastatic disease after resection of primary tumors (Fig. 3A). In addition, T cell
activation was analysed in blood of mice 7 days after mastectomy (post-mastectomy). Of
note, mice were only treated before resection of the primary tumor. Despite discontinuation
of ICB, Tregs were still found to be increased in blood of mice that had been treated with
ICB before mastectomy, as measured by flow cytometry 7 days after mastectomy (Fig.
3B). Moreover, these Tregsdisplayed increased expression of the activation markers CD44
and PD-1 compared to control-treated mice, which was not observed in the initial pre-
mastectomy characterisation (Fig. 3C, S3A). Interestingly, CD44+ TyegS have been described
to have strong immunosuppressive potential, and play an important role in curbing auto-
immunity®®. In addition, a recent study showed that PD—1*Tregs gain increased proliferative
and immunosuppressive capacity upon PD-1 blockade in vitro'8. Thus, our data suggest
that ICB does not only drive the expansion of T__in blood, but on a longer-term, also

induces phenotypical changes that are associated to T _ activation.

To analyse whether neoadjuvant depletion of 'ﬂegs in the context of ICB induces long-term
effects after discontinuation of treatment, we next assessed T cell activation in blood of
mice 7 days after mastectomy. At this time point, we found that both the CD8 and CD4 T
cell compartment in blood of mice that had been treated with ICB + DT before mastectomy
harboured a significantly increased frequency of CD44+*CD62L effector cells, compared to
control- and monotherapies (Fig. 3D, S3B). In addition, CD8*T cells in mice previously treated
with ICB + DT showed increased expression of PD-1 compared to all monotherapies, and
increased CD69 expression compared to control-treated mice. To further asses the kinetics
of this observation, we compared CD8* T cell activation between control + DT and ICB +
DT treated mice pre- and post-mastectomy (Fig. 3E). The CD44+CD62L  effector CD8 T cell
population is maintained in mice that had been treated with ICB + DT before mastectomy,
but is decreased in mice previously treated with control + DT (Fig. 3F). Thus, neoadjuvant
systemic depletion of Tregs in the context of ICB leads to durable T cell activation, at least up
until 7 days after discontinuation of treatment, raising the question whether these systemic
pro-inflammatory conditions may have anti-metastatic potential. Analysis of metastasis-
related survival showed that control antibody-treated mice developed metastatic disease,
characterised by respiratory distress and end-stage metastatic tumor burden (>225mm?) in
axillary lymph nodes and intraperitoneal organs (causes of death indicated in Table 2), with a
median survival of 28 days. In line with previously published results describing an important
role for T___in the development of lymph node metastasis in the KEP metastasis model®,

regs

142



INADVERTENT T, ACTIVATION BLUNTS ICB EFFICACY IN BREAST CANCER

we did not detect any lymph node metastasis in Treg—depleted mice, either with or without
ICB. Strikingly, whereas neoadjuvant ICB treatment nor neoadjuvant 'I'reg depletion improved
survival, the combined treatment of Treg depletion and ICB treatment significantly prolonged
metastasis-related survival (Fig 3G). Combined, these data show that Tregs form a barrier for
response to ICB in a mouse model for spontaneous breast cancer metastasis.

TABLE 2. Cause of death of mice shown in figure 3G

Case Treatment Cause of death

21KDV682 Ctrl + PBS Respiratory distress

21KDV694 Ctrl + PBS Respiratory distress

21KDV704 Ctrl + PBS Tumor burden lymph node metastasis + Respiratory distress
21KDV709 Ctrl + PBS Respiratory distress

21KDV716 Ctrl + PBS Tumor burden lymph node metastasis
21KDV722 Ctrl + PBS Respiratory distress

21KDV773 Ctrl + PBS Tumor burden lymph node/liver metastasis + Respiratory distress
21KDV839 Ctrl + PBS Respiratory distress

21KDV917 Ctrl + PBS Tumor burden intraperitoneal metastasis
21VISO11 Ctrl + PBS Respiratory distress

21KDV369 ICB + PBS Respiratory distress

21KDV381 ICB + PBS Respiratory distress

21KDV391 ICB + PBS Respiratory distress

21KDV410 ICB + PBS Tumor burden lymph node metastasis
21KDV430 ICB + PBS Metastasis-unrelated death
21KDV489 ICB + PBS Respiratory distress

- Ctrl + DT Metastasis-unrelated death
21KDV696 Ctrl + DT Respiratory distress

21KDV794 Ctrl + DT Metastasis-unrelated death
21KDV801 Ctrl + DT Respiratory distress

21KDV930 Ctrl + DT Respiratory distress

21VIS010 Ctrl + DT Respiratory distress

21VIS012 Ctrl + DT Metastasis-unrelated death
22KDV032 Ctrl + DT Long-term survivor

21KDV388 ICB + DT Respiratory distress

21KDV443 ICB + DT Metastasis-unrelated death
21KDV484 ICB + DT Respiratory distress

21KDV485 ICB + DT Respiratory distress

21KDV519 ICB + DT Metastasis-unrelated death
21KDV677 ICB + DT Long-term survivor

21KDV678 ICB + DT Long-term survivor
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FIGURE 3. ICB combined with T,eg depletion induces durable systemic T cell activation and
extends metastasis-related survival

Mice were treated as described in figure 2A. After mastectomy, treatments were discontinued, and
mice were monitored for the development of metastatic disease. Blood samples were analysed 7-8
days after (post) mastectomy by flow cytometry. B. Frequency of 'I'regs (CD4+CD25%) as % of total
live CD45* cells in blood of mice 7 days after mastectomy, previously treated as indicated (n=6-8
mice group). C. Frequency of PD-1 (left) and CD44 (right) expression on gated T___ (CD4*CD25%)

regs

in blood of mice 7 days after mastectomy, previously treated as indicated (n=6-8 mice group). D.
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Frequency of indicated markers (% of positive cells) gated on CD8* T cells in blood of mice 7 days
after mastectomy, previously treated as indicated (n=6-8 mice group). E. Representative dot plots
depicting CD44 and CD62L expression gated on CD8* T cells, in blood of mice receiving indicated
neoadjuvant treatments, analysed 1-2 days before mastectomy (pre-mastectomy) and 7 days after
mastectomy (post-mastectomy). F. Frequency of CD44+*CD62L" effector cells of CD8* T cells in blood
of mice receiving indicated neocadjuvant treatments, assessed pre- and post-mastectomy (n=4-7 mice/
group). G. Kaplan-Meier plot showing metastasis-related survival after mastectomy of mice treated as
indicated. Censored cases represent mice that were sacrificed due to tumor-unrelated causes (n=7-10
mice/group).

Data in B-D, F show mean + SEM. P-values were calculated by Student’s T-test (B-D,F), log-rank test
(G).* P <0.05, * P <0.01, ** P <0.001, *** P < 0.0001.

DISCUSSION

Understanding the hurdles that impair effective anti-tumor immunity upon anti-PD-1/CTLA4
therapy is key to improve responses rates to ICB in breast cancer patients. Here, we used
the clinically relevant KEP-based mouse model for spontaneous multi-organ breast cancer
metastasis?®, which is unresponsive to combined a-PD-1/a-CTLA4 therapy, to study how
T 5 impact resistance to ICB. Analysis of mammary tumor-bearing mice showed that ICB

re

increases the accumulation of T__, but not conventional T cells, in blood and tumors (Fig.

1). Neoadjuvant depletion of Tregsg during ICB induced the expansion of CD8* T cells and
NK cells in blood of KEP tumor-bearing mice, which was not observed upon Treg depletion
without ICB (Fig. 2). 'ﬂeg depletion by itself strongly induces activation of T cells in the blood
compartment, which could be significantly extended upon combination of ICB and T,eg
depletion (Fig. 3). This likely has consequences for metastasis formation, as the combination
of Tyeg depletion and ICB improves metastasis-related survival compared to control-treated
mice, which was not observed in mice treated with either monotherapy. Combined, these
findings demonstrate that T_ _can form a hurdle for response to ICB in a mouse models for

spontaneous breast cancer metastasis formation.

ICB-induced accumulation and activation of Tregs in tumor-bearing mice potentially enhances
intratumoral and systemic immunosuppression, which may antagonize effective anti-tumor
immunity. Based on the findings in our study, we propose several mechanisms that may
contribute to improved control of metastases observed upon Treg depletion in the context of
ICB. Interestingly, we found that T__control several parameters that have been associated
to therapeutic responses of ICB. In tumors, T(eg depletion resulted in the upregulation of
PD-1 on CD8* T cells, and PD-L1 on myeloid cells. Both these observations are linked
to response to anti-PD-1 therapy'"*. In addition, T_; depletion re-shaped the TME into
a more pro-inflammatory anti-tumorigenic environment, most notably characterized
by increased infiltration of activated CD8* T cells, inflammatory eosinophils and M1-like
macrophage polarization. These populations have been described to have direct tumor-

killing capacities® % and both eosinophils and M1-like macrophages promote CD8* T cell
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activation, via amongst others, expression of T cell recruiting and activation chemokines
such as CXCL9 and increased antigen presentation capacity“®#'. Interestingly, increased
systemic and intratumoral eosinophil accumulation has previously been associated with ICB
response in melanoma patients*? and linked to anti-tumorigenic activity in mouse models
of breast cancer responsive to ICB*. Furthermore, increased recruitment of inflammatory
eosinophils to the TME has been linked to anti-tumorigenic activity in a mouse model
of breast cancer metastasis®®. We hypothesize that these pro-inflammatory conditions
induced intratumorally by Ieg depletion, may have contributed in combination with ICB to
the development of a robust anti-metastatic immune response. In line with this hypothesis,
we found that the combination of Treg depletion and ICB induced a synergistic effect in
the blood compartment on the mobilisation of CD8* and CD4+*CD8* T cells, NK cells, and
additionally extended T cell activation. We speculate this may confer protection against
circulating cancer cells or metastatic formation, leading to improved survival. Which of these
anti-cancer mechanisms are most important to curb metastasis, and by which underlying
immune cell crosstalk Tregs suppress anti-metastatic immunity, remains a topic of future
research. Of note, the anti-tumoral effects of ICB + DT were only observed in the metastatic
context, and not the primary tumor context. This suggests that additional hurdles for anti-

tumor immunity are in place in primary KEP tumors, that are unrelated to T__ . Previous

regs’

research using the KEP model has shown that primary tumors are abundantly infiltrated by
immunosuppressive neutrophils and macrophages* which may functionally suppress T cell
function in absence of T,

s

Our results concerning the adverse role of T

regs

in the response to immunotherapy are
consistent with clinical data which have revealed correlations between PD-1*T_ —and
therapy response, relapse and hyper progressive disease in NCSLC, melanoma, and gastric
cancer respectively'®'8, Preclinical studies using inoculated B16 and MC38 cell line tumor
models have shown that PD-1 blockade reactivates the proliferative and immunosuppressive
capacity of PD-1*T@95, thereby promoting tumor growth'”:'®, Furthermore, the efficacy of
PD-1 blockade was shown to be dependent on high PD-1 expression on CD8* T cells, but
low PD-1 expression on Tregsﬂ. In our study, we found that after discontinuation of treatment,

the frequency of CD44+and PD-1+T

regs

is strongly increased in blood of mice that received
neoadjuvant treatment of anti-PD-1/CTLA4. This suggests that ICB treatment itself plays
an important role in the accumulation of PD-1+T

regs’

which can negatively impact anti-tumor
immunity as discussed above. It remains to be investigated whether ICB-induced PD-1
expression is caused by increased proliferation of TregS upon anti-CTLA4' or anti-PD-18, or
whether increased PD-1 expression on Tregs is potentially a result of chronic TCR stimulation
in the context of ICB. Nevertheless, understanding how ICB induces PD-1 expression on
T __may support the development of immune checkpoint inhibitors that selectively activate

regs

conventional T cells, but not T

regs’
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Finally, our data suggest that combining ICB with Ieg_targeting strategies is a potential

avenue to improve ICB responses in breast cancer. However, due to the critical role of Tregs
in upholding immune tolerance and thereby prevention of auto-immune related diseases,
approaches that partially instead of fully deplete TregS may be more feasible for use in cancer
patients including OX-40, CCR4 and CD25"1845, Promisingly, preliminary histopathological
analysis (Fig. S2C, Table 1) in KEP tumor-bearing mice showed that immune-related
pathology was not further exacerbated upon combination of ICB + Treg depletion, compared
to 'I'reg depletion alone. As this study provides proof-of-principle that Tregs impair anti-tumor
immunity in the context ICB, it will be crucial to identify how the variety of immunomodulatory
drugs that are in clinical development will affect Treg activation beyond anti-PD-1/anti-CTLA4.
Looking forward, this may contribute to improved clinical decision making regarding the use
of Treg—activating immunomodulatory drugs in cancer patients with abundant intratumoral
accumulation of T_

st

MATERIAL AND METHODS

Mice

Mice were kept in individually ventilated cages at the animal laboratory facility of the
Netherlands Cancer Institute under specific pathogen free conditions. Food and water
were provided ad libitum. All animal experiments were approved by the Netherlands Cancer
Institute Animal Ethics Committee, and performed in accordance with institutional, national
and European guidelines for Animal Care and Use. The study is compliant with all relevant
ethical regulations regarding animal research.

The following genetically engineered mice have been used in this study: Keratin14 (K14)-
cre;Cdh17F; Trp537722 and Cdh17F; Trp537F;Foxp3°F-PTR mice (further referred to as Foxp3¢ ™
PTR) . All mouse models were on FVB/n background, and genotyping was performed by PCR
analysis on toe clips DNA as described??. Starting at 6-7 weeks of age, female mice were
monitored twice weekly for the development of spontaneous mammary tumor development.
Upon mammary tumor formation, perpendicular tumor diameters were measured twice
weekly using a calliper. End-stage was defined as cumulative tumor burden of 225mm?2,
unless indicated otherwise.

Intervention studies

Antibody treatments in tumor-bearing KEP mice were initiated at a tumor size of 50mm?,
and at 2-4mm? in KEP transplantation experiments. Mice were randomly allocated to
treatment groups upon presentation of palpable tumors, and were intraperitoneally injected
twice weekly with ICB; 100 pg of anti-PD-1 (1 mg/mL in PBS, clone RMP1-14, BioXCell)
and 100 pg of anti-CTLA4 (1 mg/mL in PBS, clone 9D9, BioXCell) or control; 100 ug rat
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IgG2a (1 mg/mL in PBS, clone 2A3, BioXCell). Treatments were discontinued at cumulative
tumor burden of 225mm?in the KEP model, or upon mastectomy for KEP transplantation
experiments at indicated size. For depletion of Tregs, DT or PBS (DT vehicle control) treatment
was initiated at a tumor size of 6-9mm?. Mice were treated twice with 25 g diphtheria toxin
(Sigma) or PBS on day 0, and 4.

Flow cytometry analysis and cell sorting

Draining lymph nodes and tumors were collected in ice-cold PBS, and blood was collected
in heparin-containing tubes. Draining lymph nodes and tumors were processed as previously
described*®. Blood was obtained via cardiac puncture for end-stage analyses. Erythrocyte
lysis for blood was performed in NH,CI erythrocyte lysis buffer for 5 minutes. Single cell
suspensions were incubated for 20 minutes with anti-CD16/32 (2.4G2, BD Biosciences) to
block unspecific Fc receptor binding and fluorochrome conjugated antibodies diluted in FACS
buffer (2.5% FBS, 2 mM EDTA in PBS). For analysis of intracellular proteins, cells were fixed
and permeabilized after surface and live/dead staining using the FOXP3 Transcription buffer
set (Thermofisher), according to manufacturer’s instruction. Fixation, permeabilization and
intracellular staining was performed for 30 minutes. Cell suspensions were analysed on a BD
Symphony SORP or sorted on a FACS ARIA Il (4 lasers). Absolute cell counts were determined
using 1283count eBeads (ThermoFisher) according to manufacturer’s instruction. Single cell
suspensions for cell sorting were prepared under sterile conditions. Sorting of Tregs (Live,
CD45+CD3+*CD4+CD25* from indicated tissues and splenic responder cells (Live, CD45*CD3+*
- CD4+*CD25 or CD8*) performed as previously described*. The following fluorochrome-
conjugated antibodies were used in this study: CD3- BV421 (1:100), CD3-PECy7 (1:200),
CD3-APC (1:400), CD4-APCeF780 (1:200), CD4-BV785 (1:400), CD4-PE (1:200), CD8-APC
(1:200), CD8-BUV395 (1:200), CD8-FITC (1:400), CD11c-BUV737 (1:100), CD11b-BV786
(1:400), CD25-PE (1:200), CD25-APC (1:200), CD44-BV605 (1:200), CD45-BUV395 (1:200),
CD45-BUV563 (1:400), CD62L-AF700 (1:200), CD62L-APCeF780 (1:200), CD69-BUV737
(1:200), CD101-PECy7 (1:200), CD103-APC (1:200), F4/80-BUV395 (1:200), FOXP3-AF647
(1:100), Kie7-BV786 (1:200), Ly6C-eF450 (1:400), Ly6G-AF700 (1:200), MHC-II-FITC (1:200),
NKp46-FITC (1:200), NKp46-PE (1:200), PD1-PECy7 (1:200), PDL1-PE (1:200), SiglecF-
BV605 (1:200).Viability dyes: 7AAD (1:20), Fixable viability dye eFluor 780 (1:1000).

KEP metastasis model

The KEP metastasis model has been applied as previously described?®. Tumors from
KEP mice (100mm?) were fragmented into small pieces (~1 mm?) and stored at -150 °C
in Dulbecco’s Modified Eagle’s Medium F12 containing 30% fetal calf serum and 10%
dimethyl sulfoxide. Selection of mouse invasive lobular carcinomas (mILC) donor tumors
was based on high cytokeratin 8 and absence of vimentin and E-cadherin expression as
determined by immunohistochemistry. Donor KEP tumor pieces were thawed, washed, and
orthotopically transplanted into the 4™ mammary fat pad of female recipient 8-16 week old
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FOXP3PTR-GFP mice. Upon tumor outgrowth to a size of 100-150mm?, tumors were surgically
removed. Following mastectomy, mice were monitored for development of overt multi-
organ metastatic disease by daily palpation and observation of physical health, appearance,
and behavior. Lungs, liver, spleen, intestines, kidneys, and tumor-draining (proper axillary
and accessory axillary) lymph nodes were collected and analysed microscopically for the
presence of metastatic foci by immunohistochemical cytokeratin 8 staining. Mice were
excluded from analysis due to following predetermined reasons: No outgrowth of tumors
upon transplantation, mice sacrificed due to surgery-related complications, mice sacrificed
due to development of end-stage (225mm?) local recurrent tumors prior to presentation of
metastatic disease, mice sacrificed due to metastasis-unrelated pathology.

T, suppression assays

Treg—T cell suppression assays were performed as previously described?®. 'I'regs (Live, CD45*
CD3+, CD8 CD4+, CD25"" sorted from freshly isolated samples were activated overnight in
IMDM containing 8% FCS, 100 IU/ml penicillin, 100 pg/ml streptomycin, 0.5% (3-mercapto-
ethanol, 300U/mL IL-2, 1:5 bead:cell ratio CD3/CD28 coated beads (Thermofisher).
Per condition, 2.5*10* cells were seeded in 96-wells plate, which were further diluted
to appropriate ratios (1:2 — 1:16. Responder cells (Live, CD45+ CD3*, CD4+*, CD25  and
Live, CD45+ CD3*, CD8*) were rested overnight. Next, responder cells were labelled with
in cIMDM supplemented with CD3/CD28 beads

(1:5 bead cell ratio) for 96 hours (without exogenous IL-2).

CellTraceViolet, and co-cultured with T

regs

Immunohistochemistry

Immunohistochemical analyses were performed by the Animal Pathology facility at the
Netherlands Cancer Institute. Formalin-fixed tissues were processed, sectioned and
stained as described?®. In brief, tissues were fixed for 24 h in 10% neutral buffered formalin,
embedded in paraffin, sectioned at 4 um and stained with haematoxylin and eosin (H&E)
for inflammation-related histopathological evaluation by a trained animal pathologist. Slides
were digitally processed using QuPath. For immunohistochemical analysis, 5-um paraffin
sections were cut, deparaffinized and stained. Brightness and contrast for representative
images were adjusted equally among groups.

Statistical analysis

Data analyses were performed using GraphPad Prism (version 8). Data show means +
SEM unless stated otherwise. The statistical tests used are described in figure legends.
For comparison of two groups of continuous data, Student’s T-test and Mann Whitney’s T
Test were used as indicated. For comparison of a single variable between multiple groups
of normally distributed continuous data, we used one-way ANOVA, followed by indicated
post-hoc analyses. For comparison of =2 variables between multiple groups, two-way
ANOVA was used, followed by indicated post-hoc analyses. Fisher’s exact test was used
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to assess significant differences between categorical variables obtained from lymph node
metastasis incidence. All tests were performed two-tailed. P-values < 0.05 were considered
statistically significant. In vivo interventions were performed once with indicated sample
sizes, unless otherwise indicated. In vitro experiments were repeated independently as
indicated, Asterisks statistically significant differences. * P < 0.05, ** P < 0.01, ** P < 0.001,
P < 0.0001.
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SUPPLEMENTAL FIGURE 1. Effect of ICB on intratumoral and systemic T cell accumulation
in tumor-bearing KEP mice

CD8 (left) and CD4 (right) counts in spontaneous mammary tumors (225mm?) of KEP mice treated as
indicated, as determined by immunohistochemical analysis (counts per 40x field of view, average of five
randomly selected areas) (n=5-7 mice/group). B. Ratio of CD8 and FOXP3 counts shown in Fig. 1D and
S1A. C. Frequency of CD8*T cells as % of total live CD45* cells in blood of KEP mice bearing mammary
tumors (225mm?), treated with control or anti-PD-1/CTLA4 (n=8 mice group). D. Quantification of Tregs
as % of total live CD45* cells (left) and frequency of Ki-67 expression (right) on 'I'regS (CD4+*CD25%), and in
lymph nodes isolated from KEP mice bearing mammary tumors (225mm?), treated as indicated (n=4-7
mice/group). E. Frequency of CD8* (left) and CD4+*CD25- (right) T cells as % of total live CD45* cells in
orthotopically transplanted KEP tumors (100-150mm?) of mice treated with control antibody, or anti-
PD-1/CTLA4, as analysed by flow cytometry (n=4-7 mice/group).

Data in A-E show mean + SEM. P-values were calculated by Student’s T-test. * P < 0.05, ** P < 0.01,
** P <0.001, *** P < 0.0001.
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SUPPLEMENTAL FIGURE 2. Pre-mastectomy analysis of the effect of Tmg depletion in the
context of ICB on blood and tumors of KEP tumor-bearing mice:

A. Frequency of T_  (defined as CD4*GFP+in Ctrl + DT, ICB + PBS, ICB + DT or CD4*CD25* in Ctrl
+ PBS) in blood of mice treated with indicated treatments, as determined by flow cytometry 1-2 days
before mastectomy (n=5-8 mice/group). B. Heatmap depicting immune landscape in blood of mice
receiving indicated treatments, as determined by flow cytometry 1-2 days before mastectomy. Row
Z-score calculated based on absolute cell counts of indicated cell type per mL of blood (n=6-8 mice/
group). C. Histopathological assessment of inflammation-related pathology in various organs of mice
treated as indicated as analysed blindly by a trained animal pathologist. Scoring based on data shown
in Table 1. D. Size of spleen (left) and small intestine (right) of mice treated as indicated. E. Frequency
of indicated markers gated on CD4*T_ _ cells in blood of mice treated as indicated, determined by flow
cytometry, pre-mastectomy (n=2-8 mice/group). F. Frequency on indicated markers on gated CD4*
T, Cells in mastectomized tumors of mice treated as indicated, determined by flow cytometry, pre-
mastectomy (n=5-6 mice/group). G. Heatmap depicting expression of indicated markers on eosinophils
in mastectomized tumors of mice receiving indicated treatments (n=5-6 mice/group). Data in A,E,F
show mean + SEM. P-values were calculated using One-way ANOVA with Sidak’s correction (A,B,D,G),
2-way ANOVA with Sidak’s correction (C,E,F).
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SUPPLEMENTAL FIGURE 3. Post-mastectomy analysis of the effect of Treg depletion in the
context of ICB on blood and tumors of KEP tumor-bearing mice:

A. Frequency of PD-1 (left) and CD44 (right) expression on Iegs (CD4+CD25%) in blood of mice 1-2 days
before mastectomy, treated as indicated (n=6-8 mice group). B. Expression of indicated markers on
CD4+T_ ., cells in blood of mice 7 days after mastectomy, previously treated as indicated (n=6-8 mice
group). C. % and number of mice with metastases in axillary TDLNs in mice treated as indicated, as
determined by immunohistochemical analysis of keratin 8 staining. Data in A,B show mean + SEM.
P-values were calculated using Student’s T-test (A), 2-way ANOVA with Sidak’s correction (B), Fisher’s
Exact Test (C). * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001.
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CHAPTER 7

ABSTRACT

Regulatory T cells (T

regs’

) play a major role in establishing an immunosuppressive tumor
microenvironment. In order to fully uncover their role and molecular regulation in tumor-
bearing hosts, it is critical to combine phenotypical characterization with functional
analyses. A standard method to determine the suppressive potential of Tregs is with an in

vitro suppression assay, in which the impact of freshly isolated T___on T cell proliferation is

regs
assessed. The assay requires the isolation of substantial number; of T, from tissues and
tumors, which can be challenging due to low yield or cell damage during sample preparation.
In this chapter we discuss a flexible suppression assay which can be used to assess the
directly isolated from tumors. We

and optimal

suppressive potential of low numbers of murine T

regs’

describe methods for tissue preparation, flow cytometry based sorting of T

regs

conditions to perform a suppression assay, to obtain reliable and reproducible results.
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INTRODUCTION

There is a growing appreciation for the influential role of the tumor microenvironment on
cancer biology'. This has led to the realization that the immune system is not only involved
in tumor clearance, but can also support tumor growth and metastasis via different
mechanisms, including the induction of intra-tumoral and systemic immunosuppression?.
One of the key cell types that is involved in exerting immunosuppression in cancer patients
is the Foxp3+ CD4*regulatory T cell (Freg)s.

In mice, regulatory T cells are characterized by high expression of the transcription factor
Foxp3, which arms these cells with immunosuppressive properties*®. Other proteins that are
highly expressed by T ___include CD25, CTLA-4 and GITRS. T

regs regs

play a central role in many

aspects of immune homeostasis, and are for example critical in resolving inflammation,

dampening immunity towards food- and commensal microbial antigens and controlling
; i iAn7-9

adipose inflammation”®. Importantly, 'ﬂegs

and thus responsible for clearing auto-reactive T cells from the periphery'®. To perform

are the gate keepers of peripheral tolerance

this role, Tyegs have a wide arsenal of immunosuppressive abilities, including the release
of cytokines, inhibition of T cell priming and direct effector cell killing®. In a cancer setting,
many of these immunosuppressive mechanisms can be directly employed to prevent anti-
tumor immunity and promote tumor growth®. However, the type of suppressive effector
mechanism that is used in a certain setting depends on many factors, such as signals from
the local environment, and the activation status of the Treg or the target cell. Therefore, when
investigating T

regs’

it is important to combine a comprehensive phenotypical analysis with
functional assays that assess their suppressive potential.

The suppressive potential of Tregs is best assessed with a suppression assay. For this assay,
T are isolated from a source of interest and subsequently co-cultured with activated
conventional CD4+and CD8* T cells (responder cells) in several ratios. These responder
cells are labeled with a fluorescent proliferation dye prior to the start of the co-culture. By
analyzing the intensity of the proliferation dye after several days, one can assess to what
extent Tregs from a source of interest can suppress responder cell proliferation (Figure 1).

Although the focus of this six day protocol is on testing the suppressive potential of tumor-
derived T obtained from virtually any tissue, disease

regs’

the assay is applicable to murine T_
model, or genetically manipulated context. In addition, the protocol allows modifications
to fit the user’s research question. This includes changing the type of responder cells, or
supplementing the co-culture with blocking/stimulating agents, e.g. antibodies or cytokines

of choice.

Satisfactory execution of a suppression assay can be quite tedious due to many different
variables that have to be taken into account. For example, results can be influenced by the
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chosen isolation method, choice of stimulatory signals and responder cells, and culture
conditions. This chapter describes a protocol for the isolation of T_ _from murine mammary
tumors, spleens and lymph nodes by flow cytometry-based cell sorting and analysis of
their suppressive potential on splenic CD4+and CD8* T lymphocytes. We provide detailed
descriptions of optimal sample preparation, sorting strategies, co-culture conditions,

execution and analysis of the suppression assay.

! Suppression Read-out
Stain Assay

Rest responders o/n

Treg:Responder

Sort
Spleen Process responder @@@CWLabeling @ -
11
Co-culture Analyse
Tumor Sort > N -
Dlgest Treg l 1:2
Wash @ 14 10 100 100 10°

Acnvate Tregs o/n

CellTrace Violet

Day 1 Day 2 Day 6

FIGURE 1. Schematic overview of the 6-day suppression assay described in this protocol.

EQUIPMENT AND MATERIALS

Preparation of single-cell suspensions from freshly isolated murine tissues

Freshly isolated murine tissues of interest in PBS on ice

Mcllwain Tissue Chopper (Ted Pella Inc.) including chopping discs, blades and scalpel

Plunger of a 2mL syringe

Cell strainer, mesh size 70um (Falcon)

Shaking waterbath or shaker

Red Blood Cell (RBC) lysis buffer: 165mM NH,CI, 10mM KHCO,, 0.1mM EDTA in H,0,

pH 7.2-7.4 (Note 1).

7. Freshly prepared tumor digestion mix: 3mg/mL Collagenase A (Roche) in serum free
DMEM (Dulbecco), Deoxyribonuclease | from bovine pancreas (DNAse) 25ug/mL
(Sigma Aldrich)

8. Inactivation buffer: DMEM medium supplemented with 10% vol/vol FCS

9. Sorting buffer: 1x PBS, 0.5% BSA, 2mM EDTA

2 A
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Antibody staining & cell sorting

© ® N o~

—
o

Freshly prepared single cell suspensions from tissues of interest on ice

Fluorescently labeled anti-mouse antibodies (Table 1)

LIVE/DEAD™ Fixable Aqua Dead Cell Stain Kit (Thermofisher)

7-AAD Viability Staining Solution (Thermofisher)

Fc block: purified anti-mouse CD16/32 antibody (BD Biosciences)

1.4ml Push Cap U-bottom tubes (Micronic)

5mL polypropylene round-bottom tubes, 12x75mm (Falcon)

5mL polypropylene tubes with 35um cell strainer snap cap (Falcon)

Collection/Culture buffer: IMDM (Dulbecco) , 9% FCS, 100IU/mL penicillin, 100pg/mL
streptomycin, 3-mercapto-ethanol 0.2% (Merck), GlutaMAX 1% (Thermofisher)

. A 3-laser flow cytometry based cell sorter, with the ability to detect at least 5 different

fluorescent labels

TABLE 1. Recommended fluorochrome-conjugated antibody panel for optimized Treg/responder cell
sorting from murine tumor tissues.

Antigen Fluorochrome  Clone Concentration Marker Manufacturer
CD3 APC-eF780 145-2C11 1:400 T lymphocytes BioLegend
CDh4 PE GK1.5 1:200 CD4+* T lymphocytes Thermofisher
CD25 APC PC61 1:400 Regulatory T cells Thermofisher
cD8 FITC 53-6.7 1:400 CD8* T lymphocytes BD Biosciences

Suppression assay

1.

SAE I S

Freshly sorted T and responder cells on ice

Recombinant murine IL-2 (Peprotech)

Dynabeads™ Mouse T-Activator CD3/CD28 (Thermofisher)

CellTrace™ Violet Cell Proliferation dye (Thermofisher)

A 3-laser analytical flow cytometer, with the ability to detect at least 5 different
fluorescent labels

Essential laboratory materials

© N O Ok~

1x sterile phosphate buffered saline (PBS)

12-multichannel pipette

Tissue culture-treated 96-well U-bottom plates (Greiner bio one)
Tissue culture-treated 6-well plates (Greiner bio one)

Sterile filter tips

15 and 50mL polypropylene tubes (Falcon)

1.5mL Eppendorf tubes (Eppendorf)

Refrigerated (plate) centrifuge
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9. Cell counting equipment (manual/automated)
10. Ice bucket

PREPARATION OF SINGLE-CELL SUSPENSIONS FROM
FRESHLY ISOLATED MURINE TISSUES

The suppression assay can be performed with Tregs obtained from any tissue, dependent on
the research question of the experiment. It is important to realize that the number of T

regs
that can be obtained will greatly vary between different tissues or stages of disease. Trezs
can be quite easily isolated from spleen and lymph nodes and are therefore commonly used
for standard assays. In contrast, murine tumors may harbor few intra-tumoral T cells, and
accordingly yield a low number of Tm%. Isolating sufficient numbers of 'I'regs from tumors can

therefore be challenging, but is essential for high quality results. T

regs

and responder cells
are isolated from single cell suspensions of murine tissues via flow cytometry based sorting.
Typically, each murine tissue requires a specific approach for optimal preparation of single
cell suspensions. In this protocol, we will describe the isolation of Tregs from murine spleen,
lymph nodes and mammary tumors.

Keep cells sterile, on ice and protected from light, unless otherwise stated throughout the
protocol. Before starting processing of tissues, cool PBS and sorting buffer on ice and warm
the tumor digestion mix to 37°C (10mL in a 16mL tube per tumor)

Spleen and lymph nodes

1. Remove fat attached to the spleen/lymph nodes and place organ of interest on a
(separate) 70um cell strainer, inserted into a 50mL tube.

2. Gently mash the tissue with the plunger through the filter, while adding ~15mL cold
sterile PBS until cells have passed through the cell strainer.

3. Centrifuge the cells at 300g, 4°C for 5 minutes and aspirate supernatant.

4. Incubate the spleen cell pellet (skip this step for the lymph node cells) in 1mL of sterile
RBC lysis buffer for 2 minutes at room temperature. Stop RBC lysis with 10mL of cold
sorting buffer and subsequently pellet the cells.

5. Resuspend the cells in 1mL (spleen) or 500 uL (lymph nodes) of sorting buffer on ice
and count (manually/automated) the number of cells in suspension.

Mouse mammary tumors

The following protocol applies to tumors that measure up to a maximum of 1500mm? (Note

2).

1. Place the tumor on a chopping disc cleaned with 70% ethanol. Remove non-tumor
tissue such as fat tissue. Make sure the tumor is free of lymph nodes, to prevent
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contamination with lymph node-derived Tregs. Pre-cut the tumor in small pieces using
a clean scalpel.

2. Place the disc under the tissue chopper and chop the tumor at least 3x, to a
homogenous sample. Use maximum cutting speed and blade force, 5-10um blade
travel. Alternatively, other cutting instruments can be used to fragment the tumor.

3. Scrape the chopped tumor from the disc with a scalpel and carefully insert into a tube
with 10ml of warmed digestion mix. Incubate at 37°C for 1 hour with gentle agitation.
This can be done in a shaking water bath, or with a shaker placed in an incubator.

4. After incubation, pass the cells using a plunger through a 70um cell strainer capped
into a 50mL tube and add 15mL of cooled inactivation buffer to stop the enzymatic
digestion.

5. Centrifuge the cells at 300g, 4°C for 5 minutes and aspirate supernatant. Resuspend
the cells in 1mL of sorting buffer on ice and count the cells.

The suppression assay requires the co-culture of Treg and responder cells. Here, the
responder cells are of a combination of splenic CD4* CD25 and CD8* T cells, which are co-
cultured with T___in five different ratios for 96 hours.

In order to estimate the portion of the single cell suspensions that should be stained and
sorted to obtain sufficient cells to perform the assay, it is important to calculate the required
number of cells first. Testing a single condition in five 'ﬂeg:responder ratios requires a total
input of 125.000 responder cells and 50.000 T_.. Per ratio, 25.000 responder cells are
plated. To obtain a T _ responder ratio of 1:1, 25.000 T_  are co-cultured with 25.000

regs

s

responder cells. The remaining 25.000 T

regs

are serially diluted, with linearly fewer T__ for

regs

each ratio. When testing TregS from multiple conditions, multiply the number of required
responder cells accordingly. This suppression assay has been optimized for an input of
50.000 T___ but can be downscaled to an input of 10.000 Treg cells.

regs

As each tissue yields a different number of T

regs’

yields here. From a spleen of a naive adult wild-type FVB mouse, 0.8*10° CD4+CD25* T

regs’

3.0"10° CD8* T cells and 10*10% CD4+ CD25 T cells can be recovered. The number of
T _that can be obtained from a tumor is size and model dependent. From a tumor sized

regs

1500mm?, we generally recover between 50.000 and 100.000 T

regs’

we have summarized our typical sorting

Estimate the portion of single cell suspension that should be fluorescently labeled and
sorted accordingly, and proceed with the antibody staining procedure (Note 3).
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FIGURE 2. Flow cytometry-based sorting of regulatory T cells.

A. Splenic CD4+CD25+ cells were sorted as described and intracellularly stained for FOXP3 to confirm
'I'reg identity. B. Single cell suspensions from spleen and tumor were fluorescently labeled according to
TableO 1, or an alternative panel using a relatively dim antibody for CD4. CD4 expression on live CD3*
T cells is shown. C. Recommended gating strategy to sort T___ from fluorescently labeled single cell

regs
suspensions. Tumor tissue is shown.

FLUORESCENT ANTIBODY STAINING & CELL SORTING

After the preparation of single cell suspensions, cells are fluorescently labeled in order
to identify and sort T_ .
and optimized approach for the fluorescent staining and sorting of 'ﬂegs is presented. The
choice of antibody-fluorochrome conjugate combination dictates the purity of the isolated

T_population. CD4*T___in mice are characterized by high expression of the transcription

reg regs

and responder cells from the samples. Here, a thoroughly tested
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factor Foxp3. However, unless Foxp3-reporter mice are used, it is not possible to sort live
T__based on this marker, because detection of intracellular Foxp3 requires fixation and

pegrmeabilization. To circumvent this, it is widely accepted to sort Tregs based on surface
expression of CD4 and CD25 (IL2-receptor a-chain) ''. Since CD25 can also be transiently
expressed on conventional T cells upon TCR stimulation, it is important to confirm T,eg
identity of sorted CD4+ CD25"" cells by intracellular Foxp3 staining, as shown in Figure

2A (Note 4). Additionally, tumor tissue-derived T

regs

express relatively lower levels of CD4
as compared to T derived from other tissues due to enzymatic treatment. Therefore, a
relatively bright anti-CD4 fluorochrome-antibody conjugate must be used to discriminate
these cells from the CD4 negative fraction, as illustrated in Figure 2B. Using the following
protocol, T

regs

can be directly sorted from the single cell suspensions without the need for
additional purification steps.

Cell suspensions are first incubated with Fc receptor block solution (Note 5), followed by
incubation with fluorescently labeled antibodies (Table 1). Finally, cells are stained with
a viability dye to distinguish viable from dead cells. To compensate for spectral overlap,
single fluorochrome stained samples should be prepared for each fluorochrome (Note 6). To
determine positive populations for CD4-PE and CD25-APC, fluorescence minus one (FMO)
controls should be included for each tissue that is sorted.

1. Plate the previously calculated number of cells from each single cell suspension in a
96-well plate. Plate a maximum of 6*10° cells per well. Keep the plate on ice.

2. In the same 96-well plate, plate cells in 6 additional wells for each single fluorochrome
sample and an unstained sample. For splenocytes, plate ~1*10¢cells/well. When sorting
tumor samples, plate compensation beads instead of cells to save sample for sorting.

3. Plate 2 extra wells for each tissue sample for CD4-PE and CD25-APC FMO controls.
Plate same number of cells/well as determined in 3.1. The plate now contains cells for
sorting, single fluorochrome controls, and FMO controls.

4. Prepare the following solutions in cold sterile sorting buffer (viability dye in PBS), 50uL
per well.

Solutions for fluorescent labeling of single cell suspensions
1. Antibody mix (Note 7)

1. Prepare the mix using the antibodies and concentrations described
in table 1. Prepare 50uL antibody mix per well. For example, if 60*10°8
splenocytes are sorted, calculate for 10 wells. Prepare 50uL extra.
(10 wells * 50uL) + 50uL = 550uL antibody mix.

2. Viability dye
1. Fixable LIVE/DEAD Aqua cell stain kit (1:1000 in PBS)
3. Fc receptor block solution.
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1. Dilute purified anti-mouse CD16/32 antibody (1:100)

Control solutions for flow-based sorting

11.

12.

13.

14.

15.

16.
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4. CD4-PE and CD25-APC FMO controls.
Prepare FMO controls for each tissue that will be sorted.
1. Prepare the antibody mix as in a. but without the CD4-PE antibody.
2. Prepare the antibody mix as in a. but without the CD25-APC antibodly.
5. Single fluorochrome controls (Note 6)
1. Prepare single fluorochrome controls by diluting each fluorochrome (including
the viability dye) from table 1 separately. Use the indicated concentration.
Centrifuge the 96-well plate for 2 minutes at 380g after preparation of the solutions.
Flick off the supernatant in a waste bin in the flow hood and gently press the plate
upside down on a tissue.
Resuspend cell samples (all, except single fluorochrome controls) in 50uL of Fc receptor
block solution and incubate 5 minutes on ice. After incubation, centrifuge the plate and
discard supernatant.
During this incubation, add 50uL of single fluorochrome controls to designated wells.
Resuspend the fluorescent antibody mix and FMO controls and add 50uL to the
designated wells. Gently mix with a pipette and incubate the plate for 20 minutes
protected from light at 4°C.
After incubation, wash the plate 1x with PBS (Note 8)

. Stain cells with viability dye according to manufacturer’s instructions. After incubation,

wash the cells 1x with sorting buffer.

Resuspend samples for single fluorochrome- and FMO controls in 200uL sorting buffer
and collect in 1.4mL U-bottom tubes.

Resuspend each sample for sorting in 200uL sorting buffer. Filter the sample through a
35um cell strainer into a 5mL polypropylene tube. Combine all samples from matching
tissue in a single tube. Replace the cell strainer cap if clogged to enhance cell recovery.
T.o/responders will be sorted directly from this tube. Keep tubes sterile, on ice and
protected from light.

Adjust sample volume to an appropriate cell concentration with sorting buffer, to
increase sorting efficiency (Note 9). Guidelines:

1. 70um nozzle: 14*10°¢- 21*10°cells/mL

2. 85um nozzle: 10*10°- 15*10° cells/mL

3.  100pm nozzle 4*10°- 6*10° cells/mL

Prepare 5mL polypropylene collection tubes with TmL collection medium for collection
of Treg/responders (Note 10 & 11).

Sort cells in an aseptic fashion. Keep samples cooled at all times during the sorting
process. Keep the collected cells on ice.

Apply the following gating strategy on single cells that are negative for the viability dye.
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See Figure 2C for gating T

regs

in tumor tissue (Note 12).
1. Regulatory T cells:
1. CDg, CD8, CD4+, CD25*
2. SPLEEN RESPONDERS - Conventional CD4* T cells:
1. CDS+ CD8:, CD4+, CD25
3. SPLEEN RESPONDERS - CD8*T cells:
1. CDS* CD4, CD8*, CD25*"
17. Sort both CD4* and CD8* responder cells simultaneously in the same collection tube.
(Note 13)
18. Sort TrEgs from each tissue in a separate collection tube (Note 14).
19. Perform a purity check on collected cells after sorting (Note 15):
1. Resuspend 20uL of the collected cell suspension in 180uL PBS
1. Run ddH,O at high differential pressure until sample line is clean
2. Record 500 to 1.000 events in the gate of the sorted subset.
2. Mix 20pL of collection buffer with 180uL PBS.
1. Run ddH,O at high differential pressure until sample line is clean
2. Record for the same amount of time to determine background signal
3. Determine the percentage of the population of interest from total events (Note 16).
20. Immediately proceed with the suppression assay. (Note 17)

SUPPRESSION ASSAY

A schematic representation of the assay is shown in Figure 3. Freshly sorted T__ and

responder cells are first cultured separately overnight to allow for activation and riesting
respectively. The following morning, responder cells are labeled with CellTrace™ Violet
Proliferation (CTV) Dye (Note 18) and co-cultured with Tregs at different ratios for 96 hours.
Finally, responder cell proliferation is analyzed by flow cytometry to determine the suppressive
potential of the T_ .. This protocol is optimized for the analysis of low numbers of T__, and
has been validated for an input as low as 10.000 T___per condition. However, if T_ yield is
sufficient, for robustness we strongly recommend performing the assay with 50.000 Tregs,

and technical replicates for test conditions and controls.

Controls
In order to adequately determine how T

regs

affect responder cell proliferation, it is essential to

include appropriate controls during the co-culture of Tregs and responder cells.

1. To determine the maximum proliferative potential of responder cells in a given time
period, responder cells should be cultured with stimulatory signals in the absence of

T

regs’

This is essential to verify that responder cells have the capacity to proliferate,
allowing for a window of 'I'reg mediated inhibition of proliferation.
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2. To determine the background proliferative activity of unstimulated responder cells in a
given time period, responder cells should be cultured in the absence of both T__and
stimulatory signals. This is an essential control to verify that responder cells do not
proliferate in the absence of stimulation. Additionally, the cells from this control are used

to set up CTV signal for data acquisition.

Well # 1 2 3 4 5 6 7

Treg:Responder u= stim Conto! Stm Co ol 1:8 1:16

—
1. Addculture medium & SDpL
to wells 4-7
2. Add 5.0*104Tregs
e @ @ @@ - @
to well 3 N

3. Perform 5x stepwise U U U U U
serial dilution
‘;, from wells 3-7 +50pL  +50uL +50pL +50uL Discard 50uL
©
O | 4 Add additional
culture medium +50pL
+1L:2 to wells 3-7 \_
5. Overnight incubation Final volume in wells 1-2= 0 uL

Final volume in wells 3-7 = 100uL

—
—
6. Label responders with CTV
7. WashTreg plate

N
> 8.Add 2.50*10%responders zoouL 200uL zoouL 200|1L OOpL 200pL ZOOuL
8 +-beads to wells 1-7 mﬂs .m .,ms mas — um

9. Incubate Treg:responder Final volumein wells 1-7 = 200 L
co-culture for 96 hours

FIGURE 3. Schematic plate layout for the suppression assay.
Follow stepwise instructions to co-culture Tregs and responder cells in five T@:Responder ratios in seven
wells, per Treg condition. Repeat for other conditions if necessary.

Additional considerations have to be taken into account in order to draw reliable conclusions
from the assay. Although cell isolation by flow sorting allows for near 100% purity of the
target populations, this method of cell sorting is performed under relatively high pressure
conditions. As a result, shear stress may damage cells and alterations may occur in the
redox state and metabolic profile 2. This procedure may therefore directly impact the
performance of cells in this assay. It is essential that after sorting, cells are first cultured
separately overnight, to allow cells to recover from sorting induced stress as shown in
Figure 4A (Note 19).

Another consideration is the method of responder cell stimulation, as there is a fine
balance between excessive and inadequate stimulation. In this assay, responder T cells
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are stimulated with anti-CD3 and anti-CD28 antibodies covalently bound to magnetic
beads, leading to both TCR activation and co-stimulation. Although beads are simple
and extremely reproducible in use, these beads do not fully mimic true antigen-presenting
cells (APCs) and bypass any inhibitory effect on proliferation and priming mediated by Treg
signaling to APCs. If APCs are required, the user can exchange beads with APCs of choice.
It is important to titrate bead:responder ratios because excessive stimulation of responder
cells can lead to loss of Treg mediated suppression, whereas inadequate activation may
prevent responder cell proliferation. We have found that a ratio of bead:responder of 1:5
provides a window for suppression while simultaneously activating responder cells.

>
vs)

©
o
1
(o]
o
1

)
3

40 4

% Undivided cells
(Suppression)

% Undivided cells
(Suppression

N
o
1

Treg:responder Ratio Treg:responder Ratio

@ Standard © Standard
=@= Direct co-culture =@= |2 in co-culture

Cn ) Dill'l_ezct co-culture =3= No Treg pre-activation
+

FIGURE 4. Impact of culture conditions on responder cell proliferation.

The percentage of undivided responder cells is plotted for Treg:Responder ratios following suppression
assays with various conditions. Standard data: Assay was performed as recommended, including
overnight resting, resulting in ratio-dependent proliferation. A. When a resting period is omitted and
cells are directly co-cultured, ratio-dependent proliferation is lost. B. Adding IL-2 (300U/mL) to the co-
culture, or omitting 'I'reg pre-activation reduces assay sensitivity. Two technical replicates were used per
condition, mean + SEM is shown from two independent biological replicates.

Additional to responder cell activation, overnight activation of T___ prior to responder cell

regs

co-culture greatly enhances suppressive potential. T pre-activation may be essential when

reg

sorting from homeostatic conditions (Figure 4B) (Note 20).

Finally, T cell proliferation protocols typically include supplementation of IL-2 to culture
medium. However, supplementing the co-culture medium with IL-2 highly increases
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responder cell proliferation in the presence of T

regs’

thus severely reducing the window of T_|

suppression. It is therefore strongly recommended to perform the assay in the absence of
IL-2. (Note 21) (Figure 4B)

Day 1-T_ pre-activation & Responder resting - See figure 3

Responder cells

1. Determine the number of responder T cells and centrifuge the cells for 5 minutes,
250g at 4°C. Discard supernatant and resuspend the cells in culture medium at a
concentration of 1.0*10° cells/mL. Do not add beads or recombinant IL-2.

2. Plate 2mL of the cell suspension per well in a tissue culture-treated 6-wells plate.

3. Incubate the cells overnight at 37°C, 5% CO,,.

regs

4. Accurately determine the number of T

regs

and subsequently centrifuge the cells for 5
minutes, 250g at 4°C. Discard supernatant and resuspend the cells in culture medium
at a concentration of 5.0710° cells/mL.

5. Treg and responder cells will be co-cultured in the Ieg:responder ratios 1:1, 1:2, 1:4, 1:8
and 1:16. The following protocol applies to an input of 50.000 Tregs
which are all seeded into the “1:1” well.

6. Add CD3/CD28 coated Dynabeads™ in a 1:5 bead:cell ratio to the Treg cell suspension
and mix. (Note 22)

7. Inatissue culture-treated round bottom 96-wells plate, add 50 yL of culture medium to
wells 4-7; add 100 pL of the 'I'reg cell suspension to well 3 (Figure 3).

8. Transfer 50uL of T

reg

for each condition,

cell suspension to the well designated for the 1:2 ratio. Mix
thoroughly, but avoid bubble formation. This will result in a two-fold dilution of both T_
and beads.

9. Repeat step 8 in consecutive wells to serially dilute 1:4, 1:8 and 1:16 Treg:responder
ratios. Discard the leftover 50uL of Treg suspension.

10. Finally, add 50uL of culture buffer + murine recombinant IL-2 (600U/mL) to all wells that
now contain Tregs. Final volume per well is 100 pL.

11. Incubate the 96-well plate overnight at 37 °C, 5% CO,.

Day 2 - Treg:Responder co-culture

1. Harvest responder cells from the 6-well plate by thorough resuspension. Collect the
cells in a 15mL tube and centrifuge the tube 5 minutes, 250g. Keep an aliquot of cells
apart for step 4.3.2 (~25K cells)

2. Label responder cells with CellTrace™ Violet according to manufacturer’s instructions.

3. After labeling, accurately determine the cell number. Recovery rate after sorting,
overnight culture and labeling is typically ~40%.

4. Discard the supernatant and resuspend the responder cells at 1.25*10° cells/mL in
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culture medium.

5. Remove at least 200puL from the suspension (2.5*10* cells) and reserve for unstimulated
controls.

6. Add CD3/CD28 coated Dynabeads™ in a 1:5 bead cell ratio to the responder cell
suspension and mix.

7. Wash the 96-well plate containing the activated 'I'regs with culture medium.

8. Start Treg:responder co-culture by adding 200puL of the responder cell suspension to all
ratios and mix by pipette. Also add 200uL of responder cells to the stimulation control
condition in well 2. Add cells from step 4.2.5 (unstimulated control condition) to well 1.

9. Incubate the cells at 37°C, 5% CO, for 96 hours (Note 23)

Day 6 - Analysis

The suppressive potential of Tregs will be determined by measuring the proliferation of
responder cells on day 6 (Note 24). As both CD4 and CD8 T cells are used as responder cells,
proliferation can be assessed for each cell type separately. Cells will again be fluorescently
labeled according to Table 1, with the exception of LIVE/DEAD Aqua as this channel is now
reserved for CTV. Instead of LIVE/DEAD Aqua, we recommend using 7-AAD viability staining
solution to detect dead cells (Note 25).

1. After incubation, wash cells 1x in sorting buffer
2. Re-stain cells according to step 3.2-3.10, omit FMO controls. Use beads for single
fluorochrome controls.
1. A small sample of the stimulated control cells can be used as a single
fluorochrome control for CTV.
2. A small sample of unstained stimulated control cells are spiked into the
CTV sample to obtain a negative population.
3. A small sample of unstained stimulated control cells are stained with
7-AAD
3. Resuspend cells in 100uL sorting buffer + 7-AAD (1:100) and proceed with cell

analysis on a flow cytometer.
4. Prior to compensation, acquire an unstimulated responder cell sample and adjust
detector gain of the channel used for CTV. Set the signal of the undivided peak to
an intensity of 109,
5. Run compensation controls and set up gates. Gate Live, single, CD3*CTV~ cells to
exclude Tregs from the analysis (Note 26).
Record sufficient CTV* cells to perform descriptive and analytical statistics with the
predetermined level of confidence. Ideally, a minimum number of 2.000 CTV* events
is recorded.

Data analysis
To assess the suppressive potential of T

regs’

perform fluorescence compensation on recorded

171



CHAPTER 7

samples and gate: Single, Live, CD3*, CTV* cells. The first peak (intensity 10°) indicates the
undivided population. Each subsequent peak indicates consecutive cell division. The CTV
fraction represents the Tregs. At this point, it is not possible to discriminate Tregs from responder
cells based on CD25 expression, as responder cells will have upregulated CD25 in response
to strong TCR stimulation. Confirm stimulation-dependent proliferation in controls. Draw gates
to determine the percentage of divided/undivided fraction of the cells (Figure 5). For each
sample, determine the percentage of the undivided population, and plot this according to
Treg:responder ratios (See graph type in Figure 4). The impact of T,egs from different conditions
on responder cell proliferation can now be assessed (Note 27). An appropriate statistical test

can be applied using the mean of the variable “% of undivided cells”.

Gate: Live, CD3*, CD4*, CTV*

Gate: Live, CD3* % Undivided cells
05 Tregs CD4 Responder
T Unstimulated
A Responder
H_J 104 1.2% Proliferation % Divided cell
r
U B
<
[a)
O 1 4 AT
o Peaks of division
o4 Stimulated
3 Responder
3 198.3% Proliferation |
0% F 1
T T T T
0 10° 10* 10°
Cell Trace Violet Decreased division
Stimulated Responder
+ Treg 1:1
55.3% Proliferation "
F |

0 10° 10"
Cell Trace Violet

FIGURE 5. Recommended analysis of the suppression assay.

A suppression assay was performed as described with splenic 'Eegs and analyzed 96 hours after co-
culture (day 6 of the assay). Responder cells do not proliferate in the absence of stimulation, but
strongly divide when stimulated. Tregs potently suppress responder cell proliferation. Treg:Responder ratio
of 1:1 is shown.

NOTES

1. Commercially available RBC lysis buffers can contain fixation solutions. These should
be avoided to maintain viability and cell function.

2. Mechanical disruption and enzymatic digestion is used to dissociate tumor tissue into
a single cell suspension. Both treatments can result in cell damage and subsequent
cell death. Additionally, enzymatic digestion can lead to a reduction of the available
recognizable epitopes of cell surface markers. Preparation of single cell suspensions
from tumor tissue should be optimized, i.e. duration and force of mechanical disruption,
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enzyme choice, concentration and incubation time should be determined empirically per

tumor type'®'4, The described digestion method is optimized for mammary tumors'®.

The abundance of Tregs varies per tissue type. To sort sufficient cells to perform the assay,

it is important to fluorescently label an adequate proportion of single cell suspensions.

For tumor samples, we recommend to use 100% of the available tissue for sorting. For

responder cells, sort at least 2-3 times the required number of cells to compensate for

cells lost during washing and labeling steps.

Contamination of activated T-helper cells within the CD25"" T, Population may

depend on mouse strain, genotype, tissue and homeostatic conditions of mice within

the animal housing facility.

Murine myeloid- and B cells have high expression of Fc receptors, that specifically bind

the Fc domain of fluorescently labeled antibodies. This may lead to false interpretation

of positive signal, and could lead to sorting of a contaminated population. Therefore,
incubate single cell suspensions in aCD16/32 Fc blocking reagent.

Guidelines for single fluorochrome controls

1. The compensation matrix is determined with an algorithm that is embedded in the
cell sorter software. To calculate the compensation values, the algorithm requires an
accurate determination of the median fluorescent intensities (MFI) from the negative
population and positive fluorochrome carrier population for each channel. An accurate
estimate of the median is dependent on the variance, and the minimal number of
negative and positive events required is between 2.000 and 5.000 for each.

2.  The median fluorescent intensity of the positive population must be at least as
high as the highest median fluorescent intensity of an experimental sample. It is
recommended to perform compensation on cells obtained from tissue that will be
used for sorting Tregs. When sample is limited, the use of antibody-binding beads
is recommended.

3. The median fluorescent intensities of the negative and positive populations must
be within the linear range of the detectors that are used.

4. The antibody-fluorochrome conjugates used to prepare the single stains must be
the same as those used in the experimental samples.

When the recommended antibody panel is modified, we advise to titrate antibody

concentrations to determine the stain index and effect on data spread in secondary

channels. The goal is to maintain optimal discrimination between negative and positive
cell populations.

Washing entails the process of centrifuging the plate for 2 minutes at 380g,

subsequently flicking off the supernatant and resuspending all samples in PBS followed

by centrifugation. Lastly, flick of the supernatant and continue.

Nozzle diameter is determined as follows: average diameter of cells of interest * 6. For

lymphocytes, the 70um nozzle is acceptable. It also allows for acceptable duration of

the sort. Using larger nozzles results in higher recovery and increased cell function, but
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samples may require pre-enrichment to ensure acceptable sort times.

Sorting charged droplets that contain cells of interest can lead to accumulation of
electrostatic charge inside a tube made of insulating polymers. Therefore, polypropylene
tubes should be used to avoid build-up of electrostatic charge. Additionally, sorting into
polypropylene tubes results in lower cell adherence to the tube walls, as compared to
polystyrene tubes.

Addition of at least 1-2% FCS to the collection buffer has been shown to strongly reduce
negative effects of cell sorting on cell viability, redox and metabolic perturbations. 216
CD8* and CD4* T cell proliferation can be mitigated by multiple cell types, especially
in the tumor microenvironment. To investigate the specific role of regulatory T cells
on the suppression of cytotoxic T cells, the isolated Treg fraction must be free from
contamination of other cell types. In this specific assay, CD3 is used to uniquely identify
cells of interest, and exclude other cell types that may bias the results. For example,
DCs and B lymphocytes.

Sorting both CD4 and CD8 responder cells allows for investigating T cell-specific
suppression. In this assay, cells are sorted in physiological ratios (CD4:CD8 = ~3:1 in
spleen), but this can be adjusted to the user’s preference, including sorting CD4 and
CD8 T cells separately. Investigating suppression of CD4 and CD8 T cells provides
a general method of assessing suppression of Tregs. Alternatively, it is possible to use
virtually any other cell type of interest as responders.
Sorting Iegs and responder cells from spleen samples can be performed relatively fast,
and takes approximately ~20-30 minutes per conditions in our experience. In contrast,
sorting tumor samples can take up to multiple hours due to high cell concentration
and a low Treg fraction. In case of insufficient Treg yield from tumors, an optional pre-
enrichment of tumor samples may be performed. Sterile isolation of CD45* cells from
the tumor sample via positive magnetic selection may increase yield and does not
interfere with surface staining. Alternatively, percoll gradient separation may increase
yield, although we have not tested this in this assay.

Doublets with CD3* cells and incorrect determination of charge delay timing (drop
delay) may result in contamination or insufficient isolation of the cells of interest. A post-
sort (purity) check can be performed to evaluate the collected samples.

The median fluorescent intensity may be slightly lower after sorting. Adjustment of the
gates may be required to estimate to percentage correctly.

In our experience, storing cells on ice for up to one hour after sorting does not impact
cell viability.

CellTrace™ Violet, is a fluorescent dye which covalently binds free amines on the
surface and the inside of cells. When cells divide, the dye is equally divided over
daughter cells, resulting in a 50% reduction of signal intensity per division. This allows
for the visualization of proliferation in the responder cell pool. Alternatively, responder
cells can be labeled with fluorescent proliferation dyes such as CFSE. This does require
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modification of recommended antibody panels.

For cell sorting, we used a FACSAria Il (BD Biosciences) with a 70pm nozzle and 70psi.
Likely, the observed negative effect on proliferation when cells are co-cultured directly
after cell sorting is due to shear stress from the cuvette-based cell sorter. If a resting
period is undesired, this effect may be minimized by using a jet-in-air based cell sorter
at lower sheath pressure, e.g. with a 100um nozzle and 20psi. When omitting sorting-
induced stress is not required (If using magnetic-based cell isolation for example),
alternative assays exist as discussed here'”.

In our experience, Treg pre-activation does not impact pre-existing differences in
suppressive potential between Treg populations.

Conventional CD4 T cells produce high levels of IL-2, whereas T___do not, although

essential for survival of both. Accordingly, a proposed mechanism o? T,eg suppression is
CD25-mediated depletion of IL-2 from the local microenvironment’®.

Beads added for Treg activation on day 0 will not induce responder cell proliferation
during co-culture, for which additional beads are added.

Co-culture time may be adjusted as preferred, but should be minimally 72 hours.
Further in-depth analysis may include flow-cytometric analysis of responder cells and
Tregs focused on the expression of cell surface receptors, intracellular cytokine production
and cell-death. Culture medium can be collected after co-culture for cytokine analysis.
For analysis, an LSR Il SORP (BD Biosciences) was used. The configurations are
provided in table 2.

Divided CD4+ responder cells may lose CTV to such an extent that these cells become
indistinguishable from T _ _during analysis. In case of prolonged co-culture, itis advisable
to additionally label the Treg cells. This could be done by using alternative fluorescent
proliferation labels, congenic markers, or including Foxp3 in the analysis panel.
Additional methods for analyzing T cell proliferation that may provide higher sensitivity
are reviewed here'®. Alternatively, specialized software to analyse proliferation data can

be used (ModFit LT™, Flowjo LLC).

TABLE 2. LSR Il Configurations for suppression assay analysis.

Antigen Fluorochrome Configuration FACSAria Il Configuration LSR Il SORP

CcD3 APC-Cy7 633nm laser (20mW); 750LP, 780/60 638nm laser (40mW); 750LP, 780/60
CD4 PE 488nm laser (20mW); 565LP, 585/42 561nm laser (40mW); 565LP, 585/42
CD8 FITC 488nm laser (20mW); 502LP, 530/30 488nm laser (50mW); 505LP, 525/50
CD25 APC 633nm laser (20mW); 660/20 638nm laser (40mW); 670/14

Free amines /D Aqua 405nm laser (25mW); 502LP, 530/30

Free amines CTV 405nm laser (40mW); 450/50
dsDNA 7-AAD 561nm laser (40mW); 600LP, 610/20
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CHAPTER 8

The work described in this thesis sprouted from my fascination for the tumor-supportive
role that the immune system can play in cancer progression, and studies this concept
mainly from the angle of regulatory FOXP3+*CD4* T cells in breast cancer. First, the current
knowledge and open questions regarding Treg biology in breast cancer are reviewed in
chapter 2. Chapter 3 focusses on Tregs in the primary tumor context, and demonstrates the
importance of macrophages for the intratumoral conversion of conventional CD4+* T cells into
Tregs. In chapters 4 and 5, the focus shifts to tissue-specific mechanisms of breast cancer
metastasis. Specifically, research in chapter 4 reveals a mechanism by which Iegs selectively
promote lymph node metastasis, and chapter 5 discusses how neutrophils enhance lung
metastasis. Chapter 6 lifts a corner of the veil regarding the potential detrimental role of Tregs
in immunotherapy response in primary and metastatic breast cancer. Together, the work in
this thesis aims to contribute to improved understanding of immunoregulatory mechanisms
at play during diverse stages of breast cancer progression and immunotherapy response.
Below, | detail how insights gained in this thesis:

1) fit within the current research literature.

2) may spark new research questions that when answered help improve our fundamental

understanding of immune regulation in cancer metastasis.

3) may have therapeutic relevance in the form of Treg—based clinical applications.

BYSTANDER OR ARCHITECT? T_.... & BREAST CANCER
PATHOGENESIS

Tregs abundantly populate primary breast tumors and metastases, as demonstrated in both
patient tumor samples and preclinical mouse models. Over the past decade, this has raised
significant interest to understand their functional role for disease progression. Based on the
outcome of these studies (chapter 2), Tregs are often portrayed as undisputed benefactors

of primary tumor growth. Based on findings in this thesis, | would like to suggest a nuance
to this interpretation. So far, the link between T

regs

and tumor progression stems from
observations that show that targeting Tregs in mice bearing inoculated (GEMM-derived)
cancer cell lines slows tumor growth by unleashing anti-tumor immunity'-. However, these
cell line-inoculated tumor models have key weaknesses that complicate the translation to
human breast cancer. One issue is that syngeneic cell line-based tumors do typically not
resemble the immunogenicity of human tumors from the same origin®, thereby potentially
setting unrealistic expectations for the efficacy of immune therapies in cold, non-inflamed
tumor types. To illustrate this, human breast tumors are generally poorly immunogenic®,
have typically only modest infiltration of T cells” and score rather low in terms of mutational
load®. On average, breast cancers harbour one somatic mutation per Mb: ten times less
than what is considered sufficient to mount anti-tumoral T cell responses®. In contrast,
two of the go-to murine tumor cell lines for breast cancer research which are classified as

180



DISCUSSION

triple-negative breast cancer (TNBC), EO771 and 4T1, have a similar mutational burden
of 1-5 mutations per Mb'™™", but are characterized by high intratumoral infiltration of T
cells, expression of co-stimulatory receptors and neo-antigens®'°'2. In line, EO771 and 4T1
tumors are responsive to anti-PD-1 immune checkpoint blockade (ICB)'-'3, while the efficacy
of PD-1/PD-L1 blockade in patients with TNBC is considered to be low™. Furthermore, T_,
depletion in 4T1 and EO771 tumors is sufficient to unleash anti-tumor immunity, suggesting
Tregs are a key barrier to effective immunity in immunogenic breast tumor types®#%1°, In
humans, TNBC is considered to have the relatively highest immunogenicity of all breast
cancer subtypes, as TNBC harbours the highest frequency of neo-antigens and cancer
germline antigens'. Counterintuitively, high T(eg infiltration is correlated to a favourable

prognosis in TNBC (chapter 2), contrasting with the pro-tumoral role of Tregs in 471 and
EOQ771 tumors.

Apart from disparities with human cancers, studying 'ﬂeg function in highly immunogenic
models poses another complication. It was recently reported that the reduction in lung
metastasis that is seen upon Treg depletion in 4T1-bearing mice is in fact a consequence of
the primary tumor responding to Treg depletion, and not a direct effect of Tregs on metastatic
colonies in the lung niche?. Thus, by using tumor models that are responsive to Tregdepletion
such as 4T1, the effect of T_ depletion on metastasis formation is obscured by its effect
on the primary tumor. Together, this illustrates that insights into Treg function deduced from
popular cancer cell line-based mouse models may inaccurately reflect, and potentially

overestimate, the importance of T,egs in human breast cancer.

In this thesis, we aimed to examine Tregs in a context that is more true-to-nature using
genetically engineered mouse models (GEMMSs) for mammary tumorigenesis. The use of
GEMMs enables the study of tissue-specific, de novo tumor formation and progression of
malignancies driven by clinically relevant mutations in an immune-proficient environment.
Dependent on underlying genetic modifications, GEMMs can reflect the poorly immunogenic
and chronic inflammatory state of human breast cancer, albeit with a lower mutational burden
as observed in human tumors. The trade-off for superior cancer modelling is that the use
of GEMMs is generally expensive, time-consuming and laborious due to extensive breeding
costs, long-term tumor latencies and associated monitoring of animals. To circumvent the
practical disadvantages of GEMMs, syngeneic cell lines derived from PyMT-MMTV and
Pdx1-Cre;LSL-Kras®'??;Trp53"F GEMMs have been used to study Treg function®'"18, Despite
producing rapid and reproducible results and the potential to easily introduce further genetic
modifications, GEMM-derived cancer cell lines can show key differences in their immune
landscape, with increased frequencies of T

regs’

CD8* T cells and NK cells, as compared to
de novo tumors'™. As this may critically impact the outcome of immunological studies and
thereby still reduce their clinical value as compared to GEMM-based models, this approach
has been limited in this thesis.
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In our studies in chapter 3, 4 and 6, we interrogated the impact of T_ _on breast cancer
pathogenesis, utilising the lowly immunogenic K714Cre,Cdh1%;Trp537F (KEP) model
for mammary tumorigenesis, reflective of human invasive lobular carcinoma®. To do so,
we employed three different strategies to target Tregs in mice bearing spontaneous and

orthotopically transplanted primary tumors.

1) Antibody-based depletion using an anti-CD25 antibody with enhanced binding to
activating FcyRs for optimal intratumoral depletion?'.

2) Inducible ablation of FOXP3* cells by diphtheria toxin in Foxp3°P™R mice.

3) Indirect blockade of intratumoral Treg accumulation via targeting of macrophages using
anti-CSF1R.

Despite efficient intratumoral depletion of 'ﬂegs, none of the strategies affected primary
tumor growth, thus contrasting with previous literature (chapter 2). Intriguingly, we did
find intratumoral T_.. to be immunosuppressive in vitro and highly functional in vivo, as T_,
depletion increased the expression of inflammatory markers on myeloid cells, and strongly
activated both CD4* and CD8* T cells (chapter 4 and 6). These functional results are
consistent with previous observations in breast cancer models'*'®, and emphasize that
T .o are key orchestrators of the immunosuppressive tumor niche. Furthermore, T __in KEP
tumors were validated to be enriched for a Tumor Treg gene signature® that is conserved
across species and tumor types, indicating Tregs in the KEP model do not display an atypical
phenotype. Combined, these data suggest that highly immunosuppressive Tregs are not
by definition indispensable for orchestrating immune escape of primary tumors in poorly
immunogenic GEMMs. Instead, these findings are in line with the concept that different

immunosuppressive cells including T, tumor-associated macrophages, neutrophils, other

suppressor cells of myeloid origin, oangcer—associated fibroblasts, cancer cells and co-opted
tissue-resident cells together construct an intricate immunoregulatory multi-layered network.
Critically, this network is not breached by targeting single actors, as the multiple layers
appear to be non-redundant, and can adapt to challenges through compensatory influx of
immunosuppressive cells?®, or phenotypic adaptations (chapter 3). By dissecting separate
layers of immunosuppression, like work in this thesis has aimed to do from the angle of
T,egs, fundamental insights are gained that lay the foundation for the design of therapeutics

which may, in the form of personalized combinations, dismantle cancer-associated immune
suppression, and thereby set an important step towards anti-tumor immunity.
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ONE OF THE GUYS: THE CLINICAL SIGNIFICANCE OF T
AMONG THE SUPPRESSIVE TME

REGS

Keeping in mind Tregs are part of a greater immmunosuppressive network, do they, as individual
cell type, have a clearly defined clinical significance in the context of breast cancer? As
described in chapter 2, high intratumoral Treg infiltration correlates either with a poor or a
favourable prognosis, dependent on the breast cancer subtype. Correlation with a favourable
prognosis is observed in hormone (estrogen, progesterone) receptor negative, and triple-
negative breast cancers (TNBC). High Tregdensity strongly correlates with concurrent stromal
and intratumoral CD8* T-, CD4* T- and B cell TILs**?°, and the expression of inflammatory
and immune-response related genes in TNBC?8, suggesting the favourable association of
TyegS in TNBC is reflective of a broader lymphocyte-inflamed environment. This might be linked
to the observation that TNBC tumors are relatively immunogenic®, potentially driving T cell
infiltration. As this observation contrasts with the immunosuppressive nature of T, it would

regs’

be of interest to test the functionality of T__isolated from these TNBC tumors, as chronic

inflammatory conditions have been showngto induce IFN-y-mediated Treg dysfunction, and
loss of suppressive phenotype®’. Thus, sustained pro-inflammatory challenges like T cell
responses to tumor-associated antigens, or therapeutic activation of innate cGAS-STING
and inflammasome pathways may have the potential to relieve T__ suppression in the TME.

reg

In hormone receptor positive tumors, the clinical significance of T

regs

preclinical data: High Ieg density correlates with poor disease outcome (chapter 2). However,
there is a catch in interpretation of these studies. The likelihood of finding high T, numbers

is more aligned with

is strongly associated to high tumor grade and incidence of lymph node metastasis, which
are both negative prognostic indicators in itself, raising the question: Is the mere presence
of T, sufficient to predict disease outcome? Several studies have shown that T_are a
prognostic factor for disease outcome in univariate analyses, but not in multivariate analyses

that include above-mentioned clinical variables, thereby showing that T are likely not

independently predictive of disease outcome (chapter 2). Even the diszovery that the
chemokine receptor CCR8 is uniquely expressed on tumor-associated T,egs, and detrimental
for disease outcome in breast cancer, could not be substantiated in multivariate analysis®.
A few studies have assessed the clinical relevance of T_ in the context of the broader
immunosuppressive TME. Interestingly, in patients with invasive ductal carcinoma, low
'I',eg infiltration was found to independently correlate with an increased overall survival in
multivariate analysis with CD8* T cells, B cells and macrophages?. By assessing the predictive
value of individual immune cell types using the deconvolution algorithm CIBERSORT on
mixed breast cancer gene expression datasets, both M2-like macrophages and Tregls were
associated with poor disease outcome®. A similar study using CIBERSORT showed that
immune infiltrates are heterogeneous, and strongly differ per breast cancer subtype, but
still identified T__,

cells®'. The negative disease outcome associated to both macrophage and T abundance is

macrophages and mast cells to be amongst most detrimental immune
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reminiscent of work shown in chapter 3, which reveals that macrophages play an important
role in the maintenance of T__in the breast TME. Notably, both these CIBERSORT-based

regs

studies found Tregs to be significantly associated to poor disease outcome in multivariate
analysis, suggesting that measuring 'Eeg abundance relative to the immune infiltrate as a
whole is potentially a more informative metric as opposed to single immunohistological
assessment of absolute FOXP3 counts, which ignores other immunosuppressive cells
within the TME. Currently, CIBERSORT on bulk RNAseq data classifies a biased number
of cell types, and disregards (tissue-specific) cell phenotypes. Future use of deconvolution
algorithms on single cell datasets of breast tumors may provide deeper insights into specific
Treg phenotypes that are associated with disease progression.

In addition to analyses that interrogate each cell type individually, another study performed a
comprehensive analysis from the TME as a whole using CIBERSORT on breast cancer gene
expression datasets, and analysed whether particular immune cell clusters are enriched in
patients with poor disease outcome®. A pro-tumorigenic immune cluster was discovered,
that correlated to poor prognosis across breast cancer subtypes. This cluster consisted of
M2-like macrophages, resting mast cells, resting memory CD4+* T cells, and yo T cells. Tregs
were not assigned to this cluster, potentially due to their contrasting roles in different breast
cancer subtypes.

Taken together, the clinical significance of Tregs is influenced by a multitude of factors.
While these factors include breast cancer subtype, and the broader immune infiltrate, the
importance of tissue-specific Treg phenotypes, or their spatial organisation within stroma or
tertiary lymphoid structures, and cellular crosstalk is currently unclear. Looking forward, the
emerging appreciation for breast cancer diversity in terms of ecotypes that take cancer- and
immune cell heterogeneity into account, may further define the clinical significance of Tregs

beyond traditional subtypes in the near future®.

STOCKHOLM SYNDROME:

Toccs AND LYMPH NODE METASTASIS

Whereas the clinical significance of FOXP3* TILs on disease outcome is often conflicting
and subtype dependent, one histopathological feature is consistently correlated to high
intratumoral Tregdensity: the presence of lymph node metastases®t. From a clinical viewpoint,
assessing lymph node involvement is paramount for evaluating prognosis and therapeutic
follow-up, as regional lymph nodes are often the first site of metastasis®. Since breast
cancer patients with lymph node metastasis have up to 40% lower five-year survival rate
compared to node-negative patients®*=°, insights into this hallmark event that bridges local
and metastatic disease are imperative to halt early-stage tumor spread. The correlation
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between 'I'regs and lymph node metastasis has been validated in multiple independent meta-

analyses that have probed the prognostic value of 'ﬂeg infiltration in breast cancer3*4142,
which has triggered more in-depth assessments of T

regs

in sentinel lymph nodes of breast
cancer patients. On a quantitative level, 'ﬂegs were found to be increased in tumor-infiltrated
lymph nodes compared to non-infiltrated lymph nodes of breast cancer patients*3, which
associated with decreased maturation of dendritic cells*. Strikingly, others showed that
T . accumulation and suppression of dendritic cells precedes detectable tumor-infiltration

in lymph nodes*“8, suggesting that Tregs might play a role in preparing the lymph node
niche for tumor arrival. In line with this hypothesis, tumor-draining lymph nodes become
heavily immune-suppressed during tumor progression, and switch from an inflammatory- to
an inhibitory state, characterized by T cell exhaustion, reduced expression of IFN-y, IL-
17 and loss of T cell activation*+#547-4° Moreover, qualitative assessment of breast cancer
sentinel lymph nodes by flow cytometry revealed that functionally suppressive effector Tregjo
increase in invaded compared to non-invaded lymph nodes, and have increased expression
of PD-1 and ICOS®". In a similar study, T in metastatic lymph nodes were found to have
increased expression of HLA-DR, PD-1, CD38, TIGIT and CD45"%° and co-localised with

CD8* T cells*.

Despite the wealth of clinical data that point towards a role for T

regs

within tumor-draining lymph

in lymph node metastasis,
mechanistic data are lacking. One study revealed that Tregs
nodes potentiate distant cancer spread®?, but their role in loco-regional metastasis to lymph
nodes has remained elusive. We addressed this open question in chapter 4 and uncover a

causal role for T___in the formation of lymph node metastasis. While we show that T

ons o0 IMpAIr
the function of argwti-metastatic NK cells, we did not fully elucidate the mechanistic éasis for
this inhibitory interaction that occurs specifically in the lymph node niche. One possibility
is that 'I'regs impair NK cell cytotoxicity by limiting the availability of IL-2, which is critical for
NK cell function®3%4, plays a role in the expansion of Tregs55, and is particularly abundant in
lymph nodes®¢. Secondly, there are indications that 'ﬂegs restrain NK cell activation through
suppression of lymph node dendritic cells®”%8, which would align with clinical data showing
dendritic cells are suppressed in breast cancer sentinel lymph nodes*. Interestingly, LAG-

3 expression by T

regs

can limit dendritic cell activation via MHC-II engagement®, and we
observed Lag3 to be uniquely upregulated in KEP 'ﬂegs in lymph nodes (chapter 4). Finally,
emerging data show that tumor-draining lymph nodes turn acidic during cancer progression,
which can impair T- and NK cell function®®'. In contrast, Iegs maintain their suppressive
function in acidic conditions®, and form a barrier for PD-1 blockade through upregulation

of PD-163,
Besides breast cancer, there are indications that Tregs are associated with lymph node

metastasis in other cancer types®®. T__ were found to be elevated in tumor-invaded,
compared to non-invaded lymph nodes of patients with lung adenocarcinoma®, melanoma®®,

185



CHAPTER 8

cervical®’- and gastric cancer®®, either in absolute numbers or as a ratio compared to
conventional T cells. In patients with colon cancer, high Treg density in lymph nodes was
predictive of disease progession®. While still rather limited, these studies support the notion
that Tregs are perhaps central regulators of lymph node metastasis in a multitude of cancer
types. Again, mechanistic data are still lacking to substantiate this hypothesis, but there
is a clear basis for future research to address this research question, thereby guiding the
development of new therapeutic strategies to limit early metastatic spread. As an example:
it was recently discovered in a GEMM for spontaneous lung adenocarcinoma that anergic
CD4+ T cells can differentiate into suppressive 'I',egs in tumor-draining lymph nodes™, and
it would be of interest to test the effect of Treg depletion on lymph node metastasis in this
model.

SUPPRESSED SOIL: THE ROLE OF IMMUNOSUPPRESSION
IN ORGANOTROPISM OF METASTASIS

Chapter 4 of this thesis describes a mechanism by which tumor-educated TyegS promote
metastasis to lymph nodes, but not lungs, surfacing a complex question about metastasis.
Why are some tissues more prone to colonisation than others? Cancer cell-intrinsic
mechanisms like subtype, gene-, and protein expression determine how compatible
metastasizing cancer cells are with their new environment’. However, the destined local
tissue and vasculature are not passive bystanders as cues from specialised resident cells
can support metastatic outgrowth’>74, It is clear that highly specialised tissue-resident cells
like brain astrocytes’, lung fibroblasts™ and hepatic stellate cells’” engage in tissue-specific
mechanisms to modulate metastasis formation in their own tissue, but how the immune
system is involved in tissue-tropism of metastasis is only beginning to be understood.

Based on the findings in chapter 4, | propose that immunosuppressive pathways that
support metastasis, have an important tissue-specific component. Across different organs,
unique local cues dictate tissue-specific gene programs in resident and patrolling immune
cell subsets. These tissue-specific adaptations may differentially impact immune crosstalk
in response to tumor-derived signals, likely resulting in niche-specific immunoregulatory
mechanisms®787° (chapter 4). In line with this concept, recent evidence shows that the
systemic immune landscape is distinctly remodelled in a tissue-dependent fashion during
primary tumor development in mice, causing systemic immune dysfunction®. Furthermore,
metastases of breast and ovarian cancer were found to have distinct infiltrates of
immunosuppressive cells in different tissues®'?, and it is becoming increasingly clear that
tissue-specific factors play an important role in shaping local tumor microenvironments and
accompanying immunosuppressive features’+#s,
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To add to this complexity, each tumor is unique, and primary tumors from different cell
lines differentially impact the systemic immune landscape®, suggesting cancer cell-intrinsic
mechanisms can also affect distant immune suppression®*. Tumor-secreted factors, acting
in the TME or beyond can induce systemic immunosuppressive conditions, that allow distant
metastasis formation (chapter 4 & 5). In particular the systemic mobilisation of myeloid
cells in response to tumor-derived factors can support the preparation of a pre-metastatic
niche, or a distant immunosuppressive environment®. For instance, research in our lab
has shown that loss of the tumor suppressor gene p53 in mammary tumors kick-starts a
cascade of CCL2 - TAM - lI-1B - y& T cell — IL17 that drives the systemic accumulation of
immunosuppressive neutrophils, which promote metastasis to lung and lymph nodes®®-%.
In addition, breast cancer-derived CCL2 has also been shown to enhance bone metastasis
via the local recruitment and polarisation of monocyte-derived macrophages®. Although
less well studied, tumor-derived factors can also engage systemic immune suppression
mediated by the adaptive immune system, most prominently through activation of T

(chapter 4). While we did not identify which factors underlie systemic Treg expansion an?:l
activation, others have identified galectin-1%, IL-2%9" and IL.-33%*% as potential candidates.
Importantly, activated T@S in the blood of breast cancer patients are predictive for poor
disease outcome®, highlighting the relevance of understanding how Tregs mediate systemic

immune suppression during metastasis formation.

Another aspect of how cancer cell-intrinsic features may be intertwined with
immunosuppression and organotropism relates to the finding that metastases in different
tissues have a distinct genetic make-up®. Interestingly, lymph node metastases of colorectal
cancer patients were found to be more polyclonal compared to distant metastases,
potentially reflective of weaker evolutionary selection in nodular metastases®. As it has
been shown that evolution of metastatic clones is in part shaped by immune pressure?,
two immune-related explanations for this phenomenon can be formulated. Either there
is limited immune pressure in lymph nodes which would allow polyclonal, immunogenic
metastatic clones to survive, or, as supported by preclinical and clinical data (chapter 4),
there are strong immunosuppressive conditions that may limit immune editing in tumor-
draining lymph nodes. This second hypothesis suggests that the adaptation of metastatic
cells to a distant organ is, besides other determinants®, dependent on the level of
immunosuppression in the destined tissue. Weakly immunosuppressive conditions require
cancer-cell intrinsic adaptations to evade immune recognition. In contrast, a high level
of (tumor-induced) immunosuppression protects immunogenic metastatic clones from
eradication by the immune system, and metastases are therefore not pressured to evolve
poor immunogenicity. Thus, the immunogenicity of metastasizing cancer cells may be in
part shaped by the potential of tumors to induce systemic immunoregulation, for example
through co-option of neutrophils, TAMs and Tregs. From a therapeutic viewpoint, this
suggests that tumors which succeed in creating systemic immunosuppressive conditions,
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may have immunogenic metastatic clones, and may therefore be vulnerable to T cell-based
immunotherapeutics, when combined with strategies that overcome immunosuppression.
As we found in chapter 4 that lymph node metastases, but not lung metastases were
prone to NK cell-mediated killing, it would be of interest to analyse whether lymph node
metastases express NK cell activating ligands, and whether the expression of these ligands
is lost in lung metastatic clones.

Next to tissue-specific cues and cancer cell-intrinsic mechanisms, the homeostatic immune
composition varies greatly across different organs®, which has several consequences for
local cancer-associated immunosuppression and organotropism of metastasis. Firstly,
unique tissue-resident cell types may be prone to co-option by tumors, as demonstrated
for lung-resident innate lymphoid type 2 cells and neutrophils (chapter 5), pulmonary
alveolar macrophages, and central nervous system resident myeloid cells®-"°", which
can locally suppress anti-metastatic immune responses in lungs and brain respectively.
Secondly, tumor-associated immune suppression is typically not dependent on a single
cell or pathway, but instead consists of multiple layers of interconnected and functionally
redundant immunosuppressive mechanisms, that are also shaped by the local immune
landscape’™’®, and can affect local effector cell function. To illustrate this, we demonstrate
in chapter 4 that NK cells in the lungs, but not the lymph nodes undergo a shift towards a

more immature phenotype in tumor-bearing mice, that is independent of T__, reflective of a

regs’

different immunosuppressive network.

Combined, organotropism of metastasis can be influenced by immunosuppression through
tissue-specific cues, resident cells and immune composition, and cancer cell-intrinsic
mechanisms in the form of genetic make-up and tumor-derived factors. Moreover, tissue-
specific micro- and mycobiomes may further modulate local immunosuppression in the
context of metastasis’®1%, From the perspective of cytotoxic, anti-tumoral immune cells,
getting effectively around distinct regulatory hurdles in different organs seems a daunting
challenge. As such, in my view, overcoming tumor-associated immunosuppression
will require a more tissue-focussed approach. Broader appreciation for tissue-specific
mechanisms of immunoregulation may inspire novel approaches that selectively interfere
with metastatic tropism to certain organs. Ultimately, combining these approaches may
prove helpful to peel away the different layers of immunosuppression, allowing for anti-
tumor immunity.

Going forward, as we are increasingly confronted with the complexity of metastatic
disease, it will be important to develop sophisticated models that adequately recapitulate
this complexity. This is not only important to increase our fundamental understanding
of immunoregulatory mechanisms in cancer, but more so to improve the translation of
promising preclinical findings into clinical success. This is an urgent need, as currently
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only 0.1% of pre-clinical drug targets are ultimately approved for human use'®. At the
time of writing, a limited number of immunological studies have been performed in models
that realistically recapitulate the metastatic cascade and spectrum as it occurs in patients.
Experimental metastasis models based on intra-cardiac, intra-venous or intra-portal
injections can reflect dissemination to clinically relevant organs (bone, brain, lung and liver),
but by no means model the complexity related to heterogeneity, evolution and selection of
highly metastatic clones'®. On the other hand, popular model systems based on orthotopic
inoculation of cancer cell lines such as 4T1, EO771 and GEMM-derived MMTV-PyMT
more adequately model local tumor cell invasion and intravasation, but fail to recapitulate
tissue-tropism of metastasis seen in the clinical setting, intratumoral heterogeneity, and the
chronic and systemic inflammation that underlies de novo tumor development, progression
and metastasis'®. Because of this, most of current knowledge regarding the role of pro-
metastatic, immunosuppressive immune cells and the formation of a pre-metastatic niche
in breast cancer comes from single-organ metastasis systems like breast-to-lung®. While
breast cancer in patients indeed often spreads to lungs, other important niches like lymph
nodes, bone, brain and liver are heavily understudied, and it is unclear how interchangeable
lung-specific mechanisms are to other tissues, or between different types of cancer.
Therefore, more comprehensive models of systemic immunosuppression in the context of
cancer are necessary to achieve clinical translation.

The development of in vivo somatic gene editing approaches through local delivery of
viral vectors provides a cutting-edge approach to model tumorigenesis'®1%, Excitingly,
by replacing orthotopic transplantations of tumor fragments with somatic induction of de
novo tumors, current spontaneous metastasis models can be updated to additionally reflect
progression from initial neoplastic transformation to overt disseminated disease. Such a
complete model of metastasis formation may also better reflect the full metastatic spectrum
as it is observed in patients, which is still a caveat of GEMMs'®. Interestingly, the Cah”
Trp53”, Foxp3°FPTR model described in chapter 4 and 6 could potentially be used for
this approach, and could be combined with genetic ablation of FOXP3* cells to study their
function in the progression of invasive breast cancer.

SUPRESSING SUPPRESSION: MANIPULATING T
BENEFIT OF CANCER PATIENTS

TO THE

REGS

The fundamental insights gained into T__biology in the context of cancer are moving towards

reg
clinical practice’®"°, Importantly, therapeutic targeting of 'I'regs will always be a fine balance
between mitigating immunoregulation to unleash anti-tumor immunity, and preserving
peripheral tolerance to limit autoimmune-related toxicity. In order to limit toxicity related

to the manipulation of T__, one approach that has been studied in cynomolgus monkeys

regs’
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is to only partially deplete 'ﬂegs using anti-CD25, which is sufficient to enhance effector cell
activation" but does not lead to catastrophic auto-immunity, as is observed upon sustained

in FOXP3PT™-CP mice*12, Besides depleting T

regs’

depletion of T

regs

other approaches are
possible that target specific aspects of Treg biology, and can be fine-tuned to specific niches,
such as targeting of chemokine receptors, cytokines or immunomodulatory proteins that
are important for tumor-educated T

regs’

The work described in this thesis may provide novel
insights into therapeutic targeting of T

regs

in the following three different contexts:

1) Primary breast cancer (chapter 3)
2) Lymph node metastasis (chapter 4)
3) Immune checkpoint blockade (chapter 6)

Primary breast cancer
In chapter 3 we show that tumor-associated macrophages control two important
independent facets regarding the conversion of CD4*T_ into FOXP3*T_ :release of TGF-B,
and upregulation of PD-1 expression on CD4*T_ . Thus, targeting macrophages using
anti-CSF1R has the attractive collateral effect of reducing the intratumoral accumulation
of peripherally induced 'ﬂegs, which have been implicated in suppressing antigen-specific
anti-tumor immunity’®''3, The benefit of such an indirect anti—'l'reg approaches is that the
reduction in Tregs is limited to the TME whereas systemic, indiscriminate targeting of Tregs may
trigger severe widespread auto-immunity, due to their elemental role in immune tolerance'".
Apart from the role of PD-1 in Treg conversion, PD-1 expression is a hallmark of functionally
exhausted intratumoral CD4* T, cells'. As our data show that macrophages promote
PD-1 signalling on intratumoral CD4* T cells, it can be envisioned that macrophages
thereby contribute to dysfunction of intratumoral CD4+ T cells, which might be reversed
upon macrophage depletion. However, evidence for this hypothesis and how exactly
macrophages enhance PD-1 expression on CD4* T cells would require further study.
Another benefit is that anti-CSF1R seems to hit two birds with one stone by reducing both
immunosuppressive TAMs and T_ .

using the KEP model has shown that targeting macrophages is not sufficient to induce anti-

However, how many birds remain? Previous research

tumoral effects, due to the compensatory influx of immunosuppressive neutrophils in tumors
upon anti-CSF1R, which suppress CD8* T cell function®. As such, targeting Tregs, whether
these are of thymic- or peripheral origin (chapter 3), is likely only part of the equation
to achieve anti-tumor immunity in tumors with dominant immunosuppression. Excitingly,
this realisation has already inspired interesting treatment combinations, and it has been
shown that targeting multiple facets of this network simultaneously, combined with a T cell-
activating treatment, can induce anti-tumor immunity against primary tumors in the KEP

model (%3, Blomberg et al; personal communication).
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Lymph node metastasis
In chapter 4, we demonstrate that targeting of T

regs

impairs metastasis to tumor-draining
lymph nodes, raising the question whether this may be therapeutically exploited in breast
cancer patients. Our preclinical data show that immunosuppressive 'Ijegs arise early during
mammary tumorigenesis, indicating that Treg_targeting strategies might be most beneficial
to reduce cancer spread to lymph nodes in the neoadjuvant context. In support of this,
the disappearance of lymph node metastasis in breast cancer patients treated with diverse
neoadjuvant chemotherapy regimens was strongly associated with decreased intratumoral
CTLA4 gene expression and increased activity of peripheral NK cells''®. Interestingly, there
are early indications that neoadjuvant administration of ICB can drive major pathological
responses in multiple patients groups''®''®, suggesting the pre-operative window might
also be an attractive context to target T__. Below, | detail some exciting targets that may

regs’

have relevance in the context of lymph node metastasis.

Most famously, the development of antibodies designed to block the co-inhibitory receptor
CTLA-4 in patients has pioneered ICB for the treatment of cancer. CTLA-4 is highly
expressed by tumor-educated Tregs in lymph nodes (chapter 4) and plays a key role in
suppressing DC maturation and T cell priming by binding CD80/86 on DC’s'®. While there
is ongoing controversy whether anti-CTLA4 antibodies deplete intratumoral T__ %, part
of its efficacy is contributed to its inhibitory effect on Treg function'®, which might be valuable
to restrain 'ﬂeg activity in tumor-draining lymph nodes. As data in chapter 6 show that anti-
CTLA4 (combined with anti-PD1) increases the proliferation of Tregs, it will still be important
to assess the net effect of blocking 'I'reg CTLA4 activity versus increased 'I'reg proliferation on
lymph node metastasis formation.

A particularly promising target is the chemokine receptor CCR8. In breast cancer patients,
CCR8 is selectively expressed on a clinically relevant population of highly suppressive Tregs
found both in tumor?® and blood®. In mice, single cell TCR clonotype analysis revealed
that CCR8 is specifically expressed on clonally expanded Tregs in both tumor and tumor-
draining lymph nodes, which are likely reactive to tumor-associated antigen'?*. Several
groups have demonstrated that ablation of CCR8 selectively depletes intratumoral Tregs
without induction of systemic toxicity, and improves tumor control of inoculated cancer cell
lines™4126, demonstrating the anti-tumor potential of this approach. Others showed that
Tregs isolated from metastatic lymph nodes and tumors share expression of a gene signature
consisting of CCR8, CD80 and HAVCR3, which correlates to disease outcome in breast
cancer patients®'. Interestingly, both Cd80 and Havcr3 are part of the tissue-independent
KEP Treg gene signature described in chapter 4, indicating that the KEP model might be
relevant to study the therapeutic potential of targeting these immunomodulatory receptors
during metastasis formation. Finally, 'ﬂeg—derived TGF-B1 in tumor-draining lymph nodes

potentiates distant metastatic spread®, and blocking TGF-3 might therefore be another
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attractive approach. However, due to the pleiotropic and context-dependent role of TGF-3 in
cancer metastasis and immune regulation, clinical targeting of TGF-8 has not yet matured'”.
Collectively, several exciting targets have been identified that, likely in combination with an
approach that sustains T cell activation within tumors, may subvert immunosuppression by
tumor-educated Tregs in breast cancer patients in the future.

Immune checkpoint blockade

Research in chapter 6 describes how ICB inadvertently activates T__, thereby limiting its
therapeutic benefit. Among the rapid development of novel therapeutics aimed at engaging
T cells, this surfaces an important notion: Tregs are T cells. In fact, Tregs have been shown
to express most, if not all, co-signalling receptors described to modulate the function of
effector CD8* and conventional CD4* T cells in tumors. This includes proteins that widely
attract clinical interest such as: PD-1, CTLA-4, TIGIT'?8, ICOS'?®, 4-1BB™°, CD27'%"'%? and
OX-4033, for which antagonistic or agonistic monoclonal antibodies are in development.
To optimally exploit these targets for anti-cancer benefit, it is critical to understand the net
effect on immune activation of simultaneously engaging co-signalling receptors on Tregs and
conventional CD4+ and CD8* T cells. As observed in chapter 6, blockade of co-inhibitory
receptors can increase T_ proliferation and activation. These activated T__likely limit the
intended activation of effector cells, since depletion of 'I'regs in the context of ICB mobilises
CD8*T- and NK cells in blood. In line with this notion, it has been shown that anti-PD-1
reactivates dysfunctional PD-1*'ﬂegs, which subsequently restrains concurrent CD8* T cell
activation and negatively impacts immunotherapy response in patients with gastric cancer

and non-small cell lung cancer'®*'%, Furthermore, CTLA-4 on T

regs

inhibits the proliferation
of effector cells by engaging CD28 on dendritic cells, but this same mechanism inhibits the
proliferation of T_ themselves'™. Indeed, anti-CTLA-4 has been shown to expand T__in
cancer patients'?%'%7 put it is unknown whether this impacts therapeutic benefit. Promisingly,
blockade of so-called “second-tier”'? co-inhibitory proteins TIGIT and TIM-3, but not LAG-
38, does not appear to provoke Treg activation, but instead reduces the suppressive activity
of T_,,'%'*. Therefore, in tumors that are abundantly populated by PD-1*or CTLA-4*T___an
alternative approach to anti-PD-1/CTLA-4 therapy might be blockade of TIGIT and TIM-3.

On the other side of the co-signalling spectrum, therapeutic engagement of co-stimulatory
receptors can also induce Treg activation. Ligation of co-stimulatory receptor 4-1BB has
been shown to activate both CD8* T cells'" and Tregs“‘z. In addition, CD27 co-stimulation
expands Tregs in hyperlipidaemic mice'?, and ablation of CD27 on Tregs synergizes with anti-
PD-1 therapy in mice bearing MC38 cell line tumors'4. Finally, in mice, the co-stimulatory
receptor ICOS has been shown to mark highly suppressive T__'2°, and ICOSK® mice have

regs
impaired Th1 and Th2 responses, but also reduced T___in models for allergy and infection#.

regs
Combined, these findings indicate that pulling the brakes on co-inhibitory signalling does
not only evoke (re)activation of beneficial effector cells, but engages immunosuppressive

T__via the same mechanisms. Likewise, various co-stimulatory agonists appear to activate

regs
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both regulatory and conventional T cells. The intrinsic similarity in response to modulation

of co-signalling between T___ and conventional T cells on a cellular level, simultaneously

activates opposing pro- andganti—inﬂammatory effector mechanisms. This may be a valuable
built-in brake that limits excessive immune activation, but may also offset the benefit of
therapeutic modulation of co-signalling receptors. Ultimately, this conundrum raises the
question: which response takes the upper hand? As has been shown in the context of
PD-1, this is likely dependent on the balance between cell types that express the receptor
of interest, and the intensity of expression of both the receptor and its ligand™®, which
might greatly differ in distinct niches. Indeed, different metastases within the same patient
can have distinct expression of co-signalling molecules®’, demonstrating the relevance of
this concept in cancer patients. Another consideration is that cells in distinct differentiation
states of the same lineage can respond differently to immunomodulatory drugs. As we show
in chapter 3 and 6, PD-1 plays a dual role on CD4* T cells. PD-1 signalling in intratumoral
conventional CD4* T promotes their conversion into T, and PD-1 blockade has been

regs’
shown to inhibit this process in CT26 colorectal tumors™®. On T__, PD-1 signalling has not
been described to impact their differentiation, but is primarily linked to dysfunction’. It is
possible that other co-signalling molecules also differently impact CD4* T cell plasticity, but

this remains a topic of future research.

Going forward, a more comprehensive understanding of how therapeutic interference with
co-signalling impacts regulatory and conventional T cells and its resulting effect on anti-
tumor immunity may be key to improve clinical responses of these approaches. Promisingly,
innovative treatment strategies could be employed that selectively activate conventional T

cells, but not T_ . As an example, anti-PD1-IL2 fusion proteins, consisting of a high affinity

PD-1 antibody zoupled to a non—'l'reg binding IL-2 variant, have been shown to selectively
expand tumor-specific T cells, butnot T__, and are moving towards clinical development®!'#.
Another approach could be to develop bispecific antibodies which direct co-inhibitory
agonists, or co-stimulatory antagonists to Tregs, using proteins abundantly expressed on Tregs
like CD25 and GITR. Besides the detrimental role of T_ _in the context of ICB, little is known
about the impact of 'ﬂegs on other T cell-based immunotherapy approaches, like adoptive
T cell transfer using engineered chimeric antigen receptor (CAR) T cells or expanded

TILs™e. It would be of interest to investigate whether T

regs

are present in these products, and
antagonize the function of co-transferred conventional T cells. Combined, it is clear that
Tregs are direct targets of immunomodulatory drugs, and should be regarded as such, in the
design, validation, and clinical rollout of novel avenues of immunotherapy.
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ADDENDUM

ENGLISH SUMMARY

The human immune system is equipped with powerful cellular mechanisms that provide
protection against threats which may compromise tissue function and homeostasis. These
mechanisms can be used to deal with external threats like pathogenic micro-organisms, but
are also suitable as a counter to the internal threat of cancer. However, the manifestation
of cancer in today’s society as a leading global health challenge demonstrates this counter
is not waterproof, and tumors are able to evade immune pressure. An important reason
for this observation is that cancer cells are in essence not foreign cells, but have acquired
characteristics, as a result of continuous accumulation of mutations, that distinguishes
them from healthy cells. Thus, cancer cells balance on the edge of self- and non-self.
This complicates detection by the immune system, which requires a threat to be clearly
identifiable to be of foreign nature (i.e. immunogenic), to become fully activated. On top of
being poorly recognisable, tumors actively employ other means to evade immune-mediated
eradication. In general, immune effector mechanisms have to be carefully regulated to
prevent self-inflicted tissue damage and auto-immune-related pathology which can result
from excessive or misguided immune activation. However, mounting evidence shows that
tumors can co-opt immunoregulatory mechanisms to limit immune responses against
primary tumors and metastases. In cancer types like breast cancer, tumor-derived signals
can guide the infiltration and anti-inflammatory polarisation of myeloid- and adaptive immune
cells which, together with local stromal- and tumor cells, construct a dense network of
immunosuppression. These immunosuppressive conditions are characterised by abundant
expression of immune inhibitory receptors, anti-inflammatory cytokines and other immune-
modulatory factors that can turn the tumor microenvironment (TME) into a hostile milieu for
effector cells, thereby blunting anti-cancer mechanisms. Moreover, it is becoming increasingly
clear that tumor-associated immunosuppression takes on systemic forms, and thereby
helps cancer to spread beyond the primary tumor. By increasing our understanding of the
immunoregulatory mechanisms that are hijacked in the context of breast cancer, existing
immune-based therapeutic approaches can be improved to overcome immunosuppression,
while new insights may also inspire novel avenues of immunotherapy.

Animportant cell type that is broadly involved in controlling immune activation is the regulatory
FOXP3*CD4* T cell (T_ ). T

regs’ regs

are equipped with a diverse arsenal of immunosuppressive
mechanisms, and Treg dysfunction stands at the basis of a wide range of auto-immune-
related diseases. In cancer, T

regs

immunosuppressive function of T

regs

are thought to be important allies of tumors, as the
can be directed against anti-tumor immunity. The work
described in this thesis explores the intricate relationship of T

regs

with primary and metastatic
breast cancer, and T cell based immunotherapeutic approaches, using sophisticated mouse
models that recapitulate the development and progression of poorly immunogenic breast
tumors.
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Chapter 2 reviews the exciting progress of the past years regarding our understanding of
T __in (human) breast cancer, and discusses the future prospects of Treg—targeting strategies.

FOQXPB+ Tregs mainly develop in the thymus, but can also arise in the periphery through
TGF- B mediated differentiation of conventional CD4* T cells. These peripheral 'ﬂegs (pTregs)
acquire FOXP3 expression and immunosuppressive activity, in a process called ‘peripheral
conversion’. However, if, and by which mechanisms , pT_  accumulate in mammary tumors
is largely unknown. Research in Chapter 3 identifies that tumor-associated macrophages
(TAMs), which are the most abundant immune cell type in spontaneously arising murine
mammary tumors, play a key role in the accumulation of p'ﬁegs in tumors. In part, this is
mediated by TGF-B released by TAMs. We also show that TAMs induce PD-1 expression
on intratumoral conventional CD4+ T cells, which additionally “prepares” these cells for
intratumoral conversion into pT ..
The local TME dictates the phenotype and function of intratumoral immune cells, but the
systemic inflammation that accompanies tumor development and progression affects
immune cell function far beyond the borders of the primary tumor. In chapter 4, we studied
how mammary tumor development affects the phenotype, transcriptome and function of
T IN tumors, blood and distant organs. During tumorigenesis, T become systemically
activated and acquire enhanced immunosuppressive potential. Interestingly, RNAseq
analysis of T_
organs uniquely adapt to mammary tumorigenesis. Targeting these tumor-educated Tregs
limits metastatic spread to lymph nodes but not to lungs, demonstrating that T___support

regs
metastasis formation in a tissue-specific manner. Mechanistically, tumor-educated T___ that

regs

in distant organs of tumor-bearing mice revealed that T__ in different

regs

reside in the lymph node niche, but not those of the lungs, can limit the activation of anti-
metastatic NK cells. In line, we show that T__increase, while NK cells decrease, in sentinel
lymph nodes of breast cancer patients compared with healthy controls. This study identifies
T @8 key regulators of lymph node metastasis in breast cancer, and reveals that neo-
adjuvant targeting of 'ﬂegs in breast cancer may have therapeutic benefit. Chapter 5 further
highlights the importance of immune regulation in tissue tropism of metastasis from the
angle of neutrophils, by discussing how cancer-cell derived Cathepsin C drives neutrophil

accumulation in lungs, thereby promoting metastasis.

Therapeutic strategies aimed at engaging T cell-mediated anti-cancer immunity, such as
immune checkpoint blockade (ICB) are transforming the treatment landscape of cancer.
Because Tregscan highly express immune checkpoint molecules, it is important to understand
how ICB influences T Piology, which is the focus of Chapter 6. As spontaneous mammary
KEP tumors are therapeutically unresponsive towards the combination of anti-PD1/anti-
CTLA4, this model allows the study of immunotherapy resistance mechanisms. ICB-treated
mice are characterized by expansion of immunosuppressive Tregsin blood and tumors, while

effector T cells remain unchanged. Depletion of T___in the context of ICB remodels the tumor

regs
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immune landscape into a more pro-inflammatory state, and unleashes the accumulation of
activated CD8* T cells and NK cells in blood. Moreover, Treg depletion during ICB extends
metastasis-related survival, showing Tregs form a hurdle for the response to ICB.

Besides phenotypic characterisation, functional assays are helpful to study how cancer,
Chapter 7
details an experimental protocol that has been used throughout the thesis, which enables

tissue-context, or therapeutics impact the immunosuppressive potential of 'ﬂegs.
quantitative and reproducible assessment of T__ function isolated from tumors and other
organs.

Finally, chapter 8 discusses the insights from this thesis in a broader perspective, and
provides my thoughts on how to further advance our fundamental understanding of T_,
biology in cancer. Ultimately, this may contribute to the development of therapeutic
applications aimed at bypassing tumor-supportive immunoregulatory mechanisms in breast

cancer.
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Het menselijk immuunsysteem is uitgerust met krachtige mechanismes die bescherming
bieden tegen ziekteverwekkers, met het doel schade aan weefsels en organen te voorkomen.
Deze mechanismes kunnen ingezet worden als verdediging tegen bedreigingen van buitenaf,
zoals pathogene micro-organismen, maar ze bieden ook bescherming tegen een bedreiging
die van binnenuit komt: kanker ontwikkeling. Kijkend naar de incidentie van kanker in onze
huidige samenleving toont echter aan dat deze bescherming niet waterdicht is. Tumoren
kunnen namelijk onder de druk van het immuunsysteem ontkomen. Een belangrijke reden
hiervoor is dat kankercellen in essentie geen lichaamsvreemde cellen zijn. Wel hebben
kankercellen, als gevolg van continue accumulatie van mutaties, eigenschappen verkregen
die ze onderscheidt van gezonde cellen. Kankercellen balanceren daardoor op het randje
van lichaamseigen en lichaamsvreemd. Dit bemoeilijkt de herkenning van kankercellen door
het immuunsysteem, waarvoor een dreiging duidelijk geidentificeerd moet kunnen worden
als lichaamsvreemd (of immunogeen) om geactiveerd te kunnen raken. Naast dat tumoren
slecht herkenbaar zijn, gebruiken ze ook actief andere middelen om immuun-gemedieerde
uitroeiing te omzeilen. In het geval van overmatige of misplaatste activering van het
immuunsysteem, treden regulatoire mechanismen in werking, die schade aan lichaamseigen
weefsels en auto-immuun gerelateerde pathologie voorkomen. Steeds meer bewijs toont
echter aan dat tumoren in staat zijn om deze immunoregulerende mechanismen te kapen,
en daarmee anti-tumor immuunresponsen tegen primaire en gemetastaseerde kankers
kunnen beperken.

Bij kankersoorten zoals borstkanker, kunnen signalen afkomstig van de tumor de infiltratie
en ontstekingsremmende polarisatie van myeloide en adaptieve immuuncellen teweeg
brengen. Samen met lokale stromale- en tumorcellen, wordt zo een compact netwerk van
immunosuppressie gevormd. Deze intratumorale immunosuppressie wordt gekenmerkt
door expressie van immuunremmende receptoren, ontstekingsremmende cytokinen en
andere immuunmodulerende factoren die het milieu van de tumor kunnen veranderen in een
vijandige omgeving voor effectorcellen. Hiermee worden anti-tumor mechanismen geremd.
Bovendien wordt het steeds duidelijker dat deze tumor-geassocieerde immunosuppressie
niet beperkt is tot de primaire tumor zelf, maar ook buiten de grenzen van de tumor
aanwezig is, wat de verspreiding van kankercellen faciliteert. Door ons begrip van
immunoregulerende mechanismen die in borstkanker een rol spelen te vergroten, kunnen
bestaande immunotherapieén worden verbeterd om immunosuppressie te omzeilen.
Daarnaast kunnen nieuwe inzichten ook de ontwikkeling van nieuwe immunotherapieén
stimuleren.

Een belangrijk celtype dat breed betrokken is bij het in goede banen leiden van immuun
activatie zijn de regulatoire FOXP3+*CD4* T-cellen (T_ ). T

regs regs

zijn uitgerust met een divers
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arsenaal aan immunosuppressieve mechanismen. Een vermindering in aantal- of functie van
TN hetlichaam staat aan de basis van een breed scala aan auto-immuunziekten, terwijl T _ .
tijdens kanker belangrijke bondgenoten zijn van tumoren, omdat de immunosuppressieve
functie van Tregs kan worden gericht tegen anti-tumorimmuniteit. Het werk beschreven in
dit proefschrift onderzoekt de complexe relatie van Iegs met primaire en gemetastaseerde
borstkanker, met behulp van geavanceerde muismodellen die de ontwikkeling en progressie
van slecht immunogene tumoren nabootsen. Hoofdstuk 2 geeft eerst overzicht van de
vooruitgang van de afgelopen jaren over ons begrip van Tregs in (menselijke) borstkanker, en

bespreekt vanuit welke therapeutische invalshoek 'ﬂegs nuttig kunnen zijn.

FOXP3* T_,, ontwikkelen zich voornamelik in de thymus, maar kunnen ook in andere

weefsels ontstaan door TGF-B-gemedieerde differentiatie van conventionele CD4* T-cellen.
Deze perifere T

regs

(pTregs) verwerven FOXP3 expressie en immunosuppressieve activiteit, in
een proces dat ‘perifere conversie’ wordt genoemd. Of, en door welke mechanismen, pTregs
accumuleren in borsttumoren is echter grotendeels onbekend. Onderzoek in hoofdstuk 3
toont aan dat de tumor-geassocieerde macrofagen (TAMs), dit zijn de meeste voorkomende
immuuncellen in spontane borsttumoren, een sleutelrol spelen in de accumulatie van pTregs
in tumoren. Dit wordt gedeeltelijk gemedieerd door TGF-B dat wordt afgegeven door
TAMs. Daarnaast laten we zien dat zien TAMs PD-1-expressie induceren op intratumorale
conventionele CD4+ T-cellen, wat als voorbereiding dient op de intratumorale differentiatie
NPT e
Het lokale milieu van de tumor heeft een belangrijke invloed op het fenotype en de functie
van intratumorale immuuncellen. Daarnaast kan de systemische ontsteking die gepaard
gaat met tumorontwikkeling en -progressie de functie van immuuncellen tot ver buiten
de grenzen van de primaire tumor beinvioeden. In hoofdstuk 4 hebben we onderzocht
hoe de ontwikkeling van borsttumoren het fenotype, de genexpressie, en de functie van
T kan beinvloeden. Naast tumoren, hebben we dit onderzocht in bloed en organen die

regs

vatbaar zijn voor metastase ontwikkeling. Dit toonde aan dat T

regs

tijdens de ontwikkeling
van borsttumoren systemisch worden geactiveerd, en daarmee nog immunosuppresiever.
Daarnaast onthulde RNAseqg-analyse dat T

regs

in verschillende organen zich op unieke wijze
aanpassen aan borsttumor ontwikkeling. Het depleteren van deze tumor-opgeleide Tregs
beperkte de uitzaaiing van kankercellen specifiek naar lymfeklieren, maar niet naar longen.
Hiermee werd duidelijk dat de rol van T@S voor metastasevorming per weefsel kan verschillen.
Mechanistisch onderzoek toonde aan dat tumor-opgeleide T die zich in de lymfeklieren

bevinden de activering van anti-tumor NK cellen kunnen remmen, terwijl T

regs

in longen
geen functionele invloed uitoefenen op NK cellen. Consistent met onze pre-klinische data
ontdekten we dat Tregs toenemen in de schildwachtklier van borstkanker patiénten, terwijl
NK cellen afnemen, in vergelijking met lymfeknopen van gezonde personen. Deze studie
laat zien dat T___ een belangrijke rol spelen bij de ontwikkeling van lymfekliermetastase bij

regs
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borstkanker, en onthult dat neoadjuvante targeting van Tregs bij borstkanker therapeutisch
voordeel kan hebben. Het belang van immuunregulatie voor de uitzaaiing van kanker naar
verschillende organen wordt verder benadrukt in hoofdstuk 5. Hier wordt beschreven dat
borstkankercellen Cathepsine C aanmaken. Dit veroorzaakt de accumulatie van neutrofielen
in de longen van tumor-dragende muizen, wat lokaal de vorming van metastasen bevordert.
Therapeutische strategieén die gericht zijn op het activeren van T-cellen tegen kanker,
zoals immuuncheckpoint blokkade (ICB), revolutioneren de behandeling van kanker. Omdat
T,egs immuuncheckpoint-moleculen in hoge mate tot expressie kunnen brengen, is het ook
belangrijk om te begrijpen hoe ICB 'ﬂegs beinvioed. Dit is de focus van hoofdstuk 6. Omdat
spontane tumoren van het KEP model niet reageren op de combinatie van anti-PD1/anti-
CTLA4, is het mogelijk dit model te gebruiken om onderzoeken hoe resistentie tegen ICB
ontstaat. We ontdekten dat muizen behandeld met ICB worden gekenmerkt door expansie
van immunosuppressieve 'I'regs in bloed en tumoren, terwijl effector-T-cellen onveranderd

blijven. Depletie van T

regs

tijdens ICB induceert inflammatie in tumoren, en ontketent de
accumulatie van geactiveerde CD8* T-cellen en NK-cellen in het bloed. Bovendien verlengt
de depletie van T__tijdens ICB de overleving van muizen met metastase ontwikkeling, wat

aantoont dat T_ - een hindernis vormen voor een gewenste reactie op ICB.

Naast fenotypische karakterisering, zijn functionele testen nuttig om te bestuderen
hoe kanker, weefselcontext of therapieén het immunosuppressieve karakter van Tregs
beinvioeden. Hoofdstuk 7 beschrijft een experimenteel protocol dat in het proefschrift is
gebruikt. Dit protocol maakt het mogelijk om kwantitatief en reproduceerbaar de functie van
tumor-geassocieerde 'I',egS te beoordelen.

Ten slotte worden in hoofdstuk 8 de inzichten uit dit proefschrift in een breder perspectief
besproken en geef ik mijn gedachten over hoe we ons fundamentele begrip van Treg—biologie
bij kanker nog verder kunnen vergroten. Uiteindelijk kan dit bijdragen aan de ontwikkeling
van therapeutische toepassingen die gericht zijn op het omzeilen van immuunregulerende
mechanismen bij borstkanker.
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of working on T

regs’

you are a fantastic scientist and let no one tell you otherwise. Elselien,
thank you for your mental support during the project: you are also almost there! Aldo: | think
the B3/H3 merge was a great success, and am happy to have worked alongside you. | hope
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immunology (experiments) together, which was very inspiring and helpful. Thank you very
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Macrophages promote intratumoral conversion of conventional CD4* T cells into
regulatory T cells via PD-1 signalling.

Kevin Kos, Camilla Salvagno, Max D. Wellenstein, Denize A. Meijer, Cheei-Sing Hau, Kim
Vrijland, Daphne Kaldenbach, Elisabeth A.M. Raeven, Martina Schmittnaegel, Carola Ries,
Karin E. de Visser.

Oncoimmunology, Apr 2022, 11(1)

Tumor-educated T___ drive organ-specific metastasis in breast cancer by impairing

regs

NK cells in the lymph node niche.
Kevin Kos, Muhammad Aslam, Rieneke van de Ven, Max D. Wellenstein, Wietske Pieters,

Antoinette van Weverwijk, Danique E.M Duits, Kim van Pul, Cheei-Sing Hau, Kim Vrijland,
Daphne Kaldenbach, Elisabeth A.M. Raeven, Sergio A. Quezada, Rudi Beyaert, Heinz
Jacobs, Tanja D. de Gruijl, Karin E. de Visser.

Cell Reports 2022 Mar 1,38(9):110447

Pro-mutagenic Effects of the Gut Microbiota in a Lynch syndrome Mouse Model
Wietske Pieters, Floor Hugenholtz, Kevin Kos, Maxime Cammeraat, Teddy C. Moligj,
Daphne Kaldenbach, Sjoerd Klarenbeek, Mark Davids, Lisa Drost, Charlotte de Konink, Elly
Delzenne-Goette, Karin de Visser, Hein te Riele.

Gut Microbes, Jan-Dec 2022;14(1):2035660.

Neutrophils create a fertile soil for metastasis.
Kevin Kos, Karin E. de Visser.
Cancer Cell, 2021 Mar 8;,39(3):3071-303

The Multifaceted Role of Regulatory T Cells in Breast Cancer.
Kevin Kos, Karin E. de Visser.
Annual Review of Cancer Biology. 2021 Mar;5:291-310

Flow cytometry-based isolation of tumor-associated regulatory T cells and
assessment of their suppressive potential.

Kevin Kos, Martijn van Baalen, Denize A. Meijer, Karin E. de Visser.

Methods in Enzymology. 2020,;632:259-281.
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Therapeutic targeting of macrophages enhances chemotherapy efficacy by
unleashing type | interferon response.

Camilla Salvagno, Metamia Ciampricotti, Sander Tuit, Cheei-Sing Hau, Antoinette van
Weverwijk, Seth Coffelt, Kelly Kersten, Kim Vrijland, Kevin Kos, Thomas Ulas, Ji-Ying Song,
Chia-Huey Ooi, Dominik Ruttinger, Philippe A. Cassier, Jos Jonkers, Joachim L. Schultze,
Carola Ries, Karin E. de Visser.

Nature Cell Biology. 2019 Apr;21(4):511-521.

NK cell heparanase controls tumor invasion and immune surveillance.

Eva M. Putz, Alyce J. Mayfosh, Kevin Kos, Deborah S. Barkauskas, Kyohei Nakamura, Liam
Town, Katharine J. Goodall, Dean Y. Yee, lvan K. Poon, Nikola Baschuk, Fernando Souza-
Fonseca-Guimaraes, Mark D. Hulett, Mark J. Smyth.

Journal of Clinical Investigation. 2017 Jun 30;127(7):2777-2788.

Targeting cytokine signaling checkpoint CIS activates NK cells to protect from
tumor initiation and metastasis.

Eva M. Putz, Camille Guillerey, Kevin Kos, Kimberley Stannard, Kim Miles, Rebecca B.
Delconte, Kazuyoshi Takeda, Sandra E. Nicholson, Nicholas D. Huntington, Mark J. Smyth
Oncoimmunology. 2017 Feb 7,6(2):e1267892.

Candida albicans in oral biofilms could prevent caries.

Hubertine M. Willems*, Kevin Kos*, Mary Ann Jabra-Rizk, Bastiaan P. Krom.
*These authors contributed equally

Pathogens and Disease, 2016, 74.
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2016
2017
2018
2019
2019
2021

2021

2016

2017
2017

2018
2018

2018
2018

2019

2019

2019

2020

2021

2021

2017-2018

2016-2019
2018

Courses and Workshops

Basic Course on R, Erasmus MC, Rotterdam, The Netherlands

Ethics and Integrity in Science, NKI, The Netherlands

How to be(come) a successful grant applicant, VUmc, Amsterdam, The Netherlands
Clinical Internship, NKI, Amsterdam, The Netherlands

Qlucore hands on training, VUmc Amsterdam, The Netherlands

Digital Career Event workshops Amsterdam UMC
- The science of job searching
- Welcome to the outside world

BCF Career Event Workshops

- How to Present Your Best Self for Interviews or Promotions
- Job application tips

- CV building

Conferences attended

‘The complexity of tumor-host immune interactions’, LUMC TIMMC symposium,
Leiden, The Netherlands

Understanding Tumour Immunology’, Poster, Beatson Institute, Glasgow, Scotland

‘New Horizons in Cancer Research’, CGC annual meeting KIT, Amsterdam, The
Netherlands

Oncode Institute Launch, Amsterdam, The Netherlands

International PhD Student Cancer Conference, Poster, Francis Crick Institute,
London, UK

25th Biennial Congress of the EACR, Poster, Amsterdam, The Netherlands

‘Horizons of Cancer Biology’, Poster, ISREC-SCCL Symposium, Lausanne,
Switzerland

Oncode Annual Scientific meeting, Amsterdam, The Netherlands

‘Uncovering Mechanisms of Immune-Based Therapy in Cancer and Autoimmunity’,
Poster,
Keystone Symposium, Breckenridge, USA

International PhD Student Cancer Conference, Chair, NKI Amsterdam, The
Netherlands

Oncode Tumour microenvironment and Immunology meeting, Speaker, Veenendaal,
The Netherlands

‘Defense is the best Attack: EACR Immuno-Oncology Breakthroughs’, Speaker,
online event

Oncode-CGC Annual Scientific Meeting, Speaker, Utrecht, The Netherlands

Retreat participation

Annual OOA graduate student retreat, Poster/Speaker/Chair, Renesse, The
Netherlands

C2 department Retreat, Poster/Speaker, Egmond, The Netherlands
KDV Lab retreat, Speaker, Middelburg, The Netherlands



PHD PORTFOLIO

Organising Committee
2019 International PhD Student Cancer Conference, NKI Amsterdam, The Netherlands
2017-2022 B3 ‘Happiness’ Committee

Supervision of Students
2019 Supervision 2" year master student Biomedical Sciences UvA, Denize A. Meijer
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