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CHAPTER 1

Cancer presents us with a tremendous challenge that is crucial to address. Approximately
one in five people will develop cancer in a lifetime, causing death in around one in nine men
and one in 12 women'. In the Netherlands, the cancer incidence is even higher, with one in
two people expected to develop the disease during their lifetime?. Breast cancer is the
second most common form of cancer in the world, and among women it is the cancer type
with the highest global incidence'3. Additionally, breast cancer is the leading cause of cancer-
related death in women globally', underscoring the urgent need for novel therapeutic
possibilities.

Histological subtypes of breast cancer

Breast cancer encompasses various histological subtypes (Figure 1), each with unique
characteristics and clinical implications. The most prevalent subtype is Invasive Ductal
Carcinoma (IDC), also known as “No Special Type". This histological subtype comprises
about 70-80% of all breast cancer cases and is distinguished by the lack of specific features
that would classify it into other special subtypes®. IDC begins in the milk ducts and invades
surrounding breast tissue. It often presents as a palpable mass that can be detected during
physical exams or imaging. While IDC lacks the unique histological traits of special subtypes,
it can vary widely in its cellular appearance, tumor microenvironment and behavior,
influencing its aggressiveness and response to treatment. The second most common
histological subtype is Invasive Lobular Carcinoma (ILC), which makes up about 10-15% of
breast cancers*®. It begins in the milk-producing lobules and infiltrates nearby tissues,
typically spreading in a single-file pattern that can make it more challenging to detect via
physical examination or imaging. Other less common histological subtypes of breast cancer
include, mucinous (colloid) carcinoma, tubular carcinoma, micropapillary carcinoma,
metaplastic spindle cell carcinoma, lobular pleomorphic carcinoma, apocrine carcinoma,
adenoid cystic carcinoma, which all exhibit distinct histological features and clinical
behaviors’.

Molecular subtypes of breast cancer
In addition to the histological features that influence clinical behavior, the molecular subtype
of the tumor is the main determinant for treatment and prognosis in the clinic. Using
immunohistochemistry breast cancer can be categorized into three distinct molecular tumor
subtypes (Figure 1).

The first subtype comprises tumors that exhibit positivity for the estrogen receptor (ER)
which make up approximately 70-80% of invasive breast cancer cases>*°. Globally, the cut-
off for ER-positivity used in the clinic is 21% of cancer cells expressing ER. However, some

INTRODUCTION AND OUTLINE OF THIS THESIS

countries including the Netherlands are using a cut-off of 210% ER-positive cancer cells,
justified by endocrine treatment outcomes and TIL profiles'®'2. The progesterone receptor
(PR) is expressed in more than 50% of ER-positive tumors and is very rare in patients with
ER-negative breast cancer because PR expression is regulated by ER'. Therefore,
physiological PR levels provide information about the functional ER pathway. Absence of
PR expression is a biomarker for poor prognosis in ER positive tumors''. Tumors with ER/
PR expression are commonly referred to as hormone receptor-positive (HR+) tumors and
represent both Luminal A and Luminal B tumors (Figure 1). Where Luminal A tumors always
express PR, this may be absent in Luminal B tumors. Additionally, Luminal B tumors have
a higher grade than Luminal A tumors, characterized by reduced tumor cell differentiation
and increased Ki67 staining, and it is therefore not surprising that patients with a Luminal
A HR+ tumor have the best prognosis’®. The five-year relative survival rate for patients with
HR+ breast cancer is 100% for localized disease and 90.5% for patients with regional disease.
Patients with HR+ tumors with distant metastasis have a five-year survival rate of 35.4%
(table 1)3. Unlike many other tumor types, HR+ breast cancer often recurs beyond 5 years,
making a 10-year survival analysis more informative. The 10-year overall survival rate for
patients with HR+ breast cancer in the non-metastatic setting is 87.8%'".

The second breast cancer subtype includes tumors that overexpress the human
epidermal growth factor receptor 2 (HER2+) or exhibit gene amplification of HER2, accounting
for approximately 15-20% of breast cancer cases'®. HER2 is an oncogene that encodes a
receptor tyrosine kinase, which promotes cell growth by activating signaling pathways like
PI3K/AKT and MAPK, driving proliferation and survival; its overexpression amplifies these
signals, leading to tumor development. Tumors that are both HR+ and HER2+ are also
classified within the HER2+ subtype. Patients with HR+HER2+ breast cancer have five-year
survival rate of 99.3% when disease was localized, 90.4% when disease had spread regionally
and dropped to 45.8% once the disease had spread to distant sites. Patients with HR-HER2+
breast cancer have a slightly worse prognosis, with a five-year survival of 97.3% when disease
was localized, 84.2% when disease had spread regionally and dropped to 39.7% once the
disease had spread to distant sites (Table 1)°. Notably, patients with HR+HER2+ tumors
exhibit higher long-term survival rates than those with HR+HER2- tumors in the metastatic
setting. This was historically not the case and can be attributed to the beneficial effects of
HER2 targeted therapies'. The 10-year overall survival rate for patients with HER2+ breast
cancer in the non-metastatic setting is reported to be 76.1%"".

Lastly, triple-negative breast cancer (TNBC), characterized by the absence of hormone
receptor expression and HER2 overexpression or amplification, comprises about 15% of all
breast cancer cases?. Patients with TNBC have the worst prognosis of all breast cancer
patients, especially in the metastatic setting. Their five-year survival rate with localized
disease is 92.0%, with regional disease 66.8% and with distant metastatic spread the five-




CHAPTER 1

year survival rate for patients with TNBC is only 14.3%? (Table 1). The 10-year overall survival
rate for patients with triple negative breast cancer in the non-metastatic setting is 77.8%'".

While histopathological testing methods provide valuable information about breast
cancer subtypes, they are not the sole determinants. Molecular profiling techniques, such
as gene expression platforms like Oncotype DX and MammaPrint, also offer comprehensive
subtype information by analyzing expression patterns of multiple genes?'?2. These assays
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Figure 1: Overview of breast anatomy and the molecular and histological subtypes of breast
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Table 1: Five-year survival rate of female breast cancer patients by molecular subtype and stage at diagnosis. Based
on 385841 women with HR+ breast cancer, 57990 women with HER2+ (HR+) breast cancer, 24028 women with HER2+
(HR-) breast cancer and 58438 women with TNBC. Five-year relative survival rates are calculated using monthly
intervals and provided in combination with the upper and lower 95% confidence interval (Cl). Data was obtained by
the NIH National Cancer Institute SEER program, which was last updated in 20213,

Local (Cl) Regional (CI) Distant (Cl)
HR+ 100 (-) 90.5(90.2 - 90.8) 35.5 (34.5 - 36.4)
HER2+ (HR+) 99.3 (98.8 - 99.6) 90.4 (89.8 - 91.0) 45.8 (44.0 - 47.6)
HER2+ (HR-) 97.3(96.6 - 97.8) 84.2(83.2-85.2) 39.7 (37.4 - 42.0)
TNBC 92.0(91.5 - 92.5) 66.8 (65.9 - 67.6) 14.3(13.0 - 15.6)

primarily enhance the molecular classification of breast cancer and provide prognostic
information. Specifically, the Prediction Analysis of Microarray 50 (PAM50) was designed to
classify breast cancer subtypes, assigning tumors to intrinsic molecular subtypes—Luminal
A, Luminal B, HER2-enriched, and Basal-like—based on the expression of 50 key genes?2.
This classification highlights breast cancer heterogeneity and underscores the need for
personalized treatment strategies tailored to specific molecular subtypes?. Throughout this
thesis, breast cancer subtypes are based on histopathological feature of the tumor. Despite
advances in targeted treatments, breast cancer remains the leading cause of cancer-related
mortality among women, emphasizing the ongoing need for innovative therapeutic
approaches.

Breast cancer and the (systemic) immune landscape

The immune system is a highly complex assembly of cells that functions to protect the body
against infections, eliminate damaged cells, and maintain overall homeostasis. The systemic
immune composition refers to the diverse array of immune cells that circulate throughout
the body and collectively contribute to the immune response. Understanding the systemic
immune composition is particularly important in the context of diseases like cancer, where
alterations can significantly impact disease progression and treatment efficacy. The immune
system consists of two main branches: the innate immune system and the adaptive immune
system, each with unique roles but deeply interconnected through various mechanisms of
cross-talk.

The Immune System in Homeostasis

In a state of homeostasis, the immune system maintains a delicate balance, effectively
protecting the host from pathogens while avoiding excessive or inappropriate responses
that could cause tissue damage or autoimmune diseases. This equilibrium is achieved
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through a tightly regulated interplay of immune cells, cytokines, and regulatory mechanisms.
Regulatory T cells (Tregs), for example, play a crucial role in maintaining this balance by
suppressing potentially harmful immune responses and preventing autoimmunity?%. These
cells act as a safeguard, ensuring that the immune system does not overreact to benign
stimuli, which could lead to tissue damage. The production of anti-inflammatory cytokines,
such as interleukin-10 (IL-10) and transforming growth factor-beta (TGF-f3), helps to mitigate
inflammatory responses and promote tissue repair®3'. Without a proper functioning
immune system, one would either be confined to life in a bubble, or succumb from otherwise
harmless pathogenic infection.

Innate and Adaptive Immunity

Innate immune cells, such as neutrophils, eosinophils, basophils, monocytes, macrophages,
dendritic cells (DCs), and natural killer (NK) cells, provide the first line of defense against
pathogens. They are characterized by their ability to respond rapidly and non-specifically
to invading microorganisms. For example, neutrophils are the most abundant type of white
blood cells, making up ~70-80% of the circulating white blood cells (WBCs). Neutrophils are
among the first responders to sites of infection, where they engulf and destroy pathogens
through phagocytosis. Regarding the role of neutrophils in cancer, preclinical studies have
shown that neutrophils promote metastasis through various mechanisms32%’. Tumor-
induced systemic inflammation often leads to elevated neutrophil counts in the blood,
commonly represented in clinical settings by the Neutrophil-to-Lymphocyte Ratio (NLR).
Clinical studies indicate that a high NLR is associated with poor prognosis and reduced
therapy response across several cancer types, including breast cancer¥“3. Eosinophils are
under homeostatic conditions primarily involved in combating parasitic infections and
modulating allergic inflammatory responses by releasing toxic granules and cytokines. In
the context of immunotherapy against cancer, eosinophils can enhance the response to
immune checkpoint inhibition, and correlate with clinical response*#. Basophils play a key
role in allergic reactions by releasing histamine and other mediators that increase vascular
permeability and attract other immune cells to sites of inflammation. Monocytes can
differentiate into macrophages and dendritic cells upon entering tissues, where they play
critical roles in both pathogen elimination and the initiation of adaptive immune responses.
Macrophages are highly versatile phagocytic cells that engulf pathogens, clear dead cells,
and release cytokines to regulate immune responses. Macrophages play a dual role in
cancer, either supporting tumor progression by promoting immunosuppression,
angiogenesis, and metastasis or—when properly activated—combating the tumor through
immune stimulation, phagocytosis of cancer cells, and direct cytotoxic activity. Tumor-
associated macrophages (TAMs) are often skewed toward a pro-tumoral phenotype, making
them a crucial target for cancer immunotherapy. Innate immune cells recognize pathogens
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through pattern recognition receptors (PRRs), which detect pathogen-associated molecular
patterns (PAMPs) and damage-associated molecular patterns (DAMPs), such as Toll-like
receptors (TLRs) and NOD-like Receptors*4’. TLRs are membrane-bound receptors that
recognize bacterial lipopolysaccharides (LPS), lipoproteins, flagellin, and unmethylated CpG
DNA from bacteria and viruses“s. NOD-like receptors are cytoplasmic receptors that detect
intracellular PAMPs such as bacterial peptidoglycans***°. In addition to PRRs, also chemokines
like IL-8 and LTB-4, and components of the complement system, such as C3a and C5a, can
attract and activate innate immune cells; particularly neutrophils>'-.

The adaptive immune system is characterized by its specificity and memory, primarily
mediated by T cells and B cells. T cells play a crucial role in the adaptive immune response,
and they can be primarily categorized into two subsets: CD8+ T cells and CD4+ T cells. Each
subset has distinct functions, mechanisms of action, and roles in immune regulation.

CD8+ T cells, also known as cytotoxic T lymphocytes (CTLs), are primarily responsible
for directly killing infected or cancerous cells. They recognize antigens presented by Major
Histocompatibility Complex (MHC) class | molecules, which are found on nearly all nucleated
cells. Upon recognizing a foreign antigen, CD8+ T cells become activated and undergo clonal
expansion, differentiating into effector cells capable of performing cytotoxic functions. The
primary mechanism through which CD8+ T cells exert their cytotoxic effects involves the
release of perforin and granzymes. Perforin forms pores in the target cell membrane,
allowing granzymes, which are serine proteases, to enter and induce apoptosis (programmed
cell death) in the infected or tumor cells. This process is vital for eliminating cells harboring
intracellular pathogens, such as viruses, as well as malignant cells that present tumor-specific
antigens®®. In addition to their direct cytotoxic activity, CD8+ T cells can also produce a range
of cytokines, such as interferon-gamma (IFN-y), which enhances the immune response by
activating macrophages and promoting inflammation. The effectiveness of CD8+ T cells in
tumor surveillance has made them a significant target for cancer immunotherapy strategies,
including immune checkpoint inhibitors and adoptive cell transfer therapies, such as CAR-T
cell therapy>”°.

CD4+ T cells, commonly referred to as helper T cells, are essential for orchestrating the
adaptive immune response. They recognize antigens presented by MHC class Il molecules,
which are primarily expressed on professional antigen-presenting cells (APCs) such as
dendritic cells, macrophages, and B cells. Upon activation, CD4+ T cells differentiate into
various subtypes, each with specialized functions, including Th1, Th2, Th17 cells and Tregs.
In short, Th1 cells primarily produce IFN-y, promoting the activation of macrophages and
enhancing the ability of CD8+ T cells to kill infected cells. They are crucial for combating
intracellular pathogens, such as viruses and some bacteria®. Th2 cells are involved in
promoting antibody production by B cells and are essential in orchestrating responses
against extracellular pathogens like helminths. They secrete cytokines such as IL-4, IL-5, and
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IL-13, which facilitate B cell activation and class switching to produce IgE antibodies®'2. Th17
cells are characterized by the production of IL-17 and are particularly important in defending
against fungal and extracellular bacterial infections. Th17 cells play a role in promoting
inflammation and recruiting neutrophils to sites of infection®%4. Tregs are a subset of CD4+
T cells that play a crucial role in maintaining immune tolerance and preventing autoimmune
responses. They help suppress excessive immune activation and are characterized by the
expression of the transcription factor FoxP3?’.

Both CD8+ and CD4+ T cells are integral components of the systemic immune
composition, each playing distinct yet interconnected roles in immune surveillance, pathogen
elimination, and the orchestration of adaptive immune responses. The balance between
these CD4+ T cell subsets is vital for an effective immune response®. Dysregulation of this
balance can lead to inadequate immune responses against pathogens or contribute to
autoimmune diseases and cancer progression.

A component of the adaptive immune system that bridges innate and adaptive immunity
are the B cells. B cells are activated by helper T cells and by directly encountering antigens.
Activated B cells differentiate into memory B cells, and plasma cells that produce antibodies
specific to the antigens®®. These antibodies neutralize pathogens and mark them for
destruction by other immune cells, thereby integrating the adaptive response with innate
effector mechanisms such as phagocytosis®”. In the context of cancer, B cells play a dual
role, functioning as contributors to tumor immunity and as facilitators of tumor progression.
They can produce antibodies that target tumor antigens, enhancing immune recognition
and destruction of cancer cells. Additionally, B cells are key in the formation of tertiary
lymphoid structures (TLS) in the TME, which are associated with immunotherapy response®7°.
However, in some contexts, B cells may also promote systemic immunosuppression through
the expansion of regulatory B cells, which are characterized by production of the anti-
inflammatory cytokine IL-107"72. Chemotherapy has lasting effects on B cells, leading to
impaired memory B cell generation and maintenance, altered antibody production, and
shifts in isotype distribution, which persist for months post-treatment”>74,

DCs also serve as a crucial bridge between innate and adaptive immunity’. Upon
encountering a pathogen, dendritic cells undergo maturation and migrate to lymphoid
tissues, where they present processed antigens to naive T cells, along with necessary co-
stimulatory signals and cytokines, initiating the adaptive immune response. This activation
leads to the proliferation and differentiation of naive T cells into effector cells, that secrete
cytokines to further stimulate immune responses’®”. DCs can be classified into a three
major subsets; plasmacytoid DC (pDCs), conventional DC type 1 (cDC1) and conventional
DC type 2 (cDC2), each driving distinct immune responses. pDCs are known for their ability
to produce significant amounts of type | interferons, particularly IFN-q, in response to viral
infections®. In the cancer setting, pDCs can either support tumor elimination or facilitate
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tumor evasion®-84, underscoring the necessity of understanding the context in which pDCs
operate. cDC1 cells are characterized by CD8a positivity and IL-12 production, promoting
robust CD8+ T cell activation and Th1 differentiation, crucial for antiviral and antitumor
immunity’®2°. In contrast, cDC2 cells, typically CD8a-negative, enhance CD4+ T cell responses
and are associated with Th2 polarization, playing a vital role in responses to extracellular
pathogens and also in antitumor immune responses’?#.

The last cell type that | will describe that bridges the innate and adaptive immune
responses are natural killer (NK) cells. NK cells recognize stressed or abnormal cells through
a balance of activating and inhibitory receptors. Activating receptors (e.g., NKG2D) detect
stress ligands on target cells, while inhibitory receptors (e.g., KIRs) recognize normal MHC
molecules, allowing NK cells to distinguish healthy cells from those that are infected or
transformed®®. Upon activation, NK cells release cytotoxic granules containing perforin
and granzymes®. NK cells also express the low-affinity Fc receptor CD16, which enables
them to detect antibody-coated target cells and to exert antibody-dependent cell cytotoxicity
(ADCC)®. Additionally, NK cells secrete pro-inflammatory cytokines, such as interferon-
gamma (IFN-y), which enhance the immune response by activating macrophages and
promoting T cell proliferation®. These combined functions make NK cells essential for early
defense against infections and tumors, as well as for maintaining immune homeostasis.

Chronic Inflammation and Immunosuppression in Cancer

Inflammation is a double-edged sword in cancer. While inflammation can destroy tumor
cells, it can also promote tumorigenesis and metastasis. Persistent inflammatory conditions
create a microenvironment rich in cytokines, growth factors, and reactive oxygen species
(ROS) that can lead to DNA damage, promoting mutations and cancer progression®#. For
example, chronic inflammation caused by conditions like inflammatory bowel disease can
lead to continuous cellular turnover and mutation accumulation, fostering colorectal cancer
development®. Immunosuppression is a significant hurdle in cancer immunotherapy®-*3.
Tumors can create an immunosuppressive microenvironment by recruiting Tregs,
immunosuppressive neutrophils (often referred to as polymorphonuclear myeloid-derived
suppressor cells (PMN-MDSCs)), monocytes (often referred to as M-MDSCs), and by
producing immunosuppressive cytokines like TGF- and IL-10°%%4%, These cells and
mediators inhibit the function of effector T cells and NK cells, allowing the tumor to evade
immune detection and destruction. Inflammatory cells, such as tumor associated
macrophages (TAMs) and tumor associated neutrophils (TANs), often support tumor growth
by producing factors that promote angiogenesis, tissue remodeling, and suppression of
adaptive immunity'%1%4, TAMs and TANSs can create a pro-tumor environment by releasing
cytokines that inhibit the activation and function of cytotoxic T cells'®%, Additionally, in
some tumors, immune checkpoint molecules such as PD-L1 are expressed by cancer cells
and TAMs. PD-L1 can bind to PD-1 on T cells thereby leading to reduced activity of T cells.
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Immunotherapies like the antibodies directed against PD-1/anti-PD-L1 inhibit this
suppressive mechanism and reinvigorating the T-cell immune response against cancer.

In addition to immunosuppressive mechanisms within the TME described above, also
systemic inflammation influences cancer progression and poses a challenge in the treatment
of cancer. Cancer cells can secrete factors that influence hematopoiesis, prompting the
bone marrow to release immune cells that favor tumor progression''%”. Tumors, for
instance, often produce granulocyte-colony stimulating factor (G-CSF) and granulocyte-
macrophage colony-stimulating factor (GM-CSF), which enhances the production and
mobilization of myeloid cells'%, This tumor-induced inflammation skews hematopoiesis
towards increased myeloid cell mobilization, creating a supportive environment for
metastasis. Such systemic changes aid in establishing a metastatic niche, comprising of
supportive, non-malignant stromal cells, soluble factors, vascular networks, essential
nutrients and metabolic components, along with the structural architecture of the
extracellular matrix'®. Moreover, pre-clinical studies have shown that neutrophils promote
metastasis formation through various mechanisms, such as inducing systemic immune
suppression, aiding circulating cancer cells, fostering (pre-)metastatic niche formation,
facilitating cancer cell infiltration into distant tissues, and reactivating dormant cancer
Ce”s32—37,87,110,111.

In addition to tumor-induced expansion of the systemic myeloid compartment, tumors
can induce immunosuppressive states in immune cells such as neutrophils and monocytes
through reprogramming and polarization processes'”. In tumor-associated macrophages
and monocytes, this cancer-specific reprogramming alters their transcriptional profiles,
enabling them to support tumor growth rather than initiating an immune response’2.
Similarly, findings on polarization highlight how tumors direct immune cells toward pro-
tumor phenotypes that favor immune evasion and tumor growth, reinforcing the tumor’s
survival strategy and contributing to an immunosuppressive macro-environment'®.

The immune system'’s ability to maintain homeostasis, its robust innate and adaptive
responses, and the critical crosstalk between these systems are essential for effective cancer
defense’". In fact, systemic immunity is essential for successful cancer immunotherapy''>.
However, chronic inflammation and systemic immunosuppression disrupt the balance
between adaptive and innate immunity, contribute significantly to cancer progression and
pose a challenge to treatment. Understanding these dynamics is crucial for developing
strategies that enhance anti-tumor immunity while minimizing immune-related adverse
effects. As we continue to unravel the complexities of the systemic immune landscape in
cancer, we pave the way for innovative therapeutic approaches that harness the power of
the immune system to combat cancer effectively.
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Immunotherapy and Breast Cancer

Immunotherapy has become an important pillar in the treatment of various cancer types.
The development of immune checkpoint inhibitors, particularly anti-CTLA-4 and anti-PD-1
therapies, marked a revolutionary shift in cancer treatment. In the 1990s, James Allison’s
research demonstrated that CTLA-4 (cytotoxic T-lymphocyte-associated protein 4) serves
as an immune checkpoint that inhibits T-cell activation'. His subsequent work led to the
development of anti-CTLA-4 antibodies, demonstrating improved survival for stage IV
melanoma patients that were previously untreatable'>. This led to the approval of
ipilimumab for metastatic melanoma by the U.S. Food and Drug Administration (FDA) and
the European Medicines Agency (EMA) in 2011, representing the first checkpoint inhibitor
in clinical use. Around the same time, researchers, including Tasuku Honjo, were studying
PD-1 (programmed cell death protein 1), another inhibitory receptor on T cells. Blocking
PD-1 with anti-PD-1 antibodies, such as nivolumab and pembrolizumab, showed remarkable
clinical efficacy, particularly in cancers like melanoma, lung cancer, and renal cell
carcinoma'”1"8, Pembrolizumab received FDA approval for melanoma in 2014 and EMA
approval in 2015. These therapies unlocked the immune system’s potential to attack tumors,
initiating a new era of cancer immunotherapy. Allison and Honjo were awarded the 2018
Nobel Prize in Physiology or Medicine for their pioneering discoveries in immune checkpoint
blockade.

After the introduction of immune checkpoint inhibitors like anti-CTLA-4 and anti-PD-1/
PD-L1 antibodies, the application of immunotherapy in breast cancer has evolved
significantly. Historically, breast cancer has been considered less immunogenic because of
the limited mutational load and the typically lower levels of tumor-infiltrating lymphocytes
(TILs) compared to other cancers such as melanoma, which resulted in a greater focus on
traditional therapies''®'?. However, we now know that breast cancer is heterogeneous in
terms of TILs, and that the TME of breast tumors can be classified into three types: immune-
desert (“cold”) tumors, which lack lymphocytes; immune-excluded tumors, where
lymphocytes are confined to the surrounding stroma; and immune-infiltrated (“hot”) tumors,
which are rich in TILs'?'. Recent advancements have revealed the potential of immunotherapy
in breast cancer, particularly for specific subtypes and disease stages'?.

Triple-Negative Breast Cancer

Metastatic TNBC has emerged as a key area for immunotherapy research due to its
aggressive nature and higher levels of immune infiltration compared to other subtypes. In
the early days of immunotherapy for metastatic TNBC, the efficacy of PD-1 blockade was
limited in the later lines of treatment for mTNBC'%'%5, underscoring the need for novel
approaches to enhance tumor microenvironment sensitivity to this therapy. Preclinical
studies suggested that low-dose chemotherapy and irradiation could have beneficial
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immunomodulatory effects. Irradiation has been shown to induce type | interferons via the
stimulator of interferon genes (STING) pathway, thereby enhancing T cell priming'2®'7.
Additionally, cyclophosphamide has been reported to deplete regulatory T cells, potentially
restoring effector functions of both T cells and natural killer cells'?. Cisplatin can upregulate
major histocompatibility complex class | expression and directly stimulate T cell function'%°,
while doxorubicin has been associated with depletion of immunosuppressive myeloid cells,
increased type | interferon levels, and induction of immunogenic cell death™"'®. To
investigate the immunomodulatory effects of irradiation and low-dose chemotherapy, the
TONIC trial was designed'“. In this trial, patients with metastatic TNBC were randomized
into five different 2-week induction arms: 1) control arm without an induction treatment,
2) irradiation, 3) cyclophosphamide, 4) cisplatin, and 5) doxorubicin, with all five groups
subsequently receiving nivolumab. Based on clinical and translational findings, both
doxorubicin and cyclophosphamide induction prior to nivolumab treatment appear to create
a more favorable tumor microenvironment, potentially increasing response rates to PD-1
blockade in metastatic TNBC. As a result, both induction treatments are currently being
further studied in larger comparative cohorts of unselected patients with mTNBC.

The IMpassion130 trial (NCT02425891) was pivotal in demonstrating the efficacy of
atezolizumab, an anti-PD-L1 antibody, combined with nab-paclitaxel for patients with
metastatic PD-L1-positive TNBC'®. This study showed a significant improvement in
progression-free survival (PFS) and overall survival (OS), leading to the FDA and EMA
approvals of atezolizumab for this indication. In addition, the KEYNOTE-355 trial
(NCT02819518) explored the use of pembrolizumab, an anti-PD-1 antibody, in combination
with chemotherapy for metastatic PD-L1-positive TNBC. Results from this trial indicated that
pembrolizumab significantly improved PFS and OS, solidifying its role in treating this
aggressive breast cancer subtype's.

The potential of immunotherapy extends to early-stage TNBC as well. The KEYNOTE-522
trial (NCT03036488) evaluated pembrolizumab as neoadjuvant therapy combined with
chemotherapy. This study demonstrated that adding pembrolizumab to standard-of-care
chemotherapy significantly increased the rate of pathological complete response (pCR) and
overall survival (OS) in high-risk early-stage TNBC'®’, resulting in its recent approval for this
treatment setting. Consequently, immunotherapy combined with chemotherapy has become
the standard of care for stage II-1ll TNBC. However, it remains unknown which patients
might benefit from immune checkpoint inhibitors alone, without chemotherapy, and what
the potential advantages of combining immune checkpoint inhibitors (ICls) could be in this
patient population.

Hormone Receptor-Positive Breast Cancer

Hormone receptor-positive (HR+) breast cancer, has been less responsive to immunotherapy,
primarily due to lower levels of immune infiltration. However, there is ongoing research to
evaluate the efficacy of immune checkpoint inhibitors in combination with hormonal
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therapies or other agents. Preliminary studies have explored the use of anti-PD-1/PD-L1
therapies in combination with endocrine therapy for advanced HR+ breast cancer, with
mixed results'®'¥, However, two positive phase Ill studies have demonstrated preliminary
evidence of the potential for combining immune checkpoint inhibitors with therapies such
as chemotherapy and endocrine therapy for HR+ breast cancer''#'. Additionally, data from
the I-SPY2 trial, which investigated pembrolizumab in combination with chemotherapy,
showed promising outcomes in HR+ breast cancer'#. These advancements highlight the
importance of integrating immunotherapy strategies into HR+ treatment regimens while
continuing research to refine patient selection and identify predictive biomarkers.

HER2-Positive Breast Cancer

For HER2-positive breast cancer, the incorporation of immunotherapy is also under
investigation. Studies are exploring combinations of anti-HER2 therapies (like trastuzumab)
with immune checkpoint inhibitors to evaluate whether this approach can enhance the
immune response against HER2-expressing tumors, generating conflicting results'#145.,
Recent trials, such as those investigating the use of pembrolizumab in combination with
trastuzumab and chemotherapy for advanced HER2-positive breast cancer are ongoing.
The aim is to determine whether this combination can improve outcomes in a population
that historically has benefitted from targeted therapies.

Challenges and Future Directions
While immunotherapy has made significant strides in TNBC, challenges remain in effectively
treating other breast cancer subtypes, particularly HR+ and HER2-positive cancers. Ongoing
clinical trials are focusing on combinations of immune checkpoint inhibitors with targeted
therapies, chemotherapy, or radiation to overcome resistance and enhance therapeutic
efficacy. Research is also focused on identifying predictive biomarkers, such as stromal TILs
and immune gene signatures, to more effectively select patients likely to benefit from
immunotherapy. Furthermore, efforts are directed at unraveling the mechanisms by which
myeloid cells contribute to the immune response, aiming to understand their dual roles in
promoting or suppressing immune activity within the tumor microenvironment.
Moreover, monitoring the systemic immune landscape in cancer patients could provide
valuable insights into how immune suppression beyond the tumor microenvironment
influences disease progression and response to therapy. Systemic immunosuppression may
compromise the body’s ability to mount an effective anti-tumor immune response. By
assessing immune markers in peripheral blood, we could identify broader immune
dysfunctions that contribute to tumor growth and resistance to treatments like immunotherapy.
Understanding this relationship could guide new strategies to counteractimmune suppression
systemically, potentially improving therapeutic outcomes across cancer types.

19




CHAPTER 1

Vulvar intraepithelial neoplasia (VIN)

While breast cancer develops as a result of mutations in the DNA, there are also virus
induced cancers. Viruses can cause cancer by inserting their genetic material into host cells,
which can disrupt normal cellular functions and lead to uncontrolled cell growth. Some
viruses, like human papillomavirus (HPV) and Epstein-Barr virus (EBV), produce proteins
that interfere with tumor-suppressor genes or activate oncogenes, driving the development
of cancerous cells over time'#. The most common transforming virus is HPV. HPV can cause
several types of cancer, including cervical, uterus, head and neck, anal, penile, vaginal and
vulvar cancers. Though not all cases of the carcinomas listed above are a result of an HPV
infection, the vast majority are, and some of these cancer types remain the main cause of
cancer-related death in women in certain areas of the world'3. HPV causes cancer by
producing two key oncoproteins, E6 and E7, which interfere with the cell's tumor-suppressor
mechanisms. E6 binds to and degrades p53, a protein that regulates cell death, while E7
inactivates the retinoblastoma protein (pRb), disrupting cell cycle control and promoting
unregulated cell division, leading to cancer development'. HPV-induced tumors might
theoretically be more straightforward to be detected and eradicated by the immune system
because they express viral epitopes. These epitopes can make tumors appear more foreign
to the immune system, potentially enhancing the body's capacity to recognize and eliminate
cancer cells. Despite this, spontaneous regression of tumors remains rare in clinical practice.

One of the cancer types that is often HPV-induced in vulvar cancer'¥. The pre-malignant
stage of vulvar cancer is termed vulvar intraepithelial neoplasia (VIN). Though VIN lesions
are not yet cancerous, they cause considerable discomfort to the women affected.
Spontaneous regression of the condition is uncommon, occurring in only 1%-2% of women,
while progression to vulvar cancer is observed in approximately 2%-8% of cases'®''. The
current treatment options for VIN, which include surgical excision, laser therapy, and topical
medications, often lead to mutilating or otherwise uncomfortable side effects. These
treatments can severely impact a woman'’s sexual health and overall quality of life.
Additionally, the responses to these treatments are frequently not durable, leading to high
rates of recurrence.

Given these challenges, the development of novel immunotherapeutic approaches
holds great promise. Immunotherapy could target the viral components of HPV-induced
lesions, providing a more effective and less invasive treatment option and hopefully leading
to more durable responses.

Scope of this Thesis
In this thesis, two parts can be distinguished. The first part consists of chapters 2, 3, 4and 5
and has a rather fundamental-translational character. In these chapters, the focus lies on
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assessing the influence of breast cancer subtype and disease stage on the systemic immune
landscape of breast cancer patients, and what the impact is of (triple negative) breast cancer
on functional aspects of circulating immune cells, especially neutrophils. The aim of the
studies described in the first part of this thesis was to unravel the influence of breast cancer
subtypes and disease stages on the composition and function of the systemic immune
system. We hypothesized that comprehensive immune profiling of breast cancer patients,
compared to healthy donor reference profiles, would provide critical insights into systemic
inflammatory states and immunosuppressive mechanisms.

The second part of this thesis, encompassing chapters 6, 7, and 8, presents clinical
trials in which | contributed as a member of the translational research team. The commonality
of this part lies in investigating treatment effects, covering a range of approaches. These
include examining treatment-induced changes in circulating immune cells in relation to
specific clinical outcomes, as well as immunomonitoring of specific T cells that recognize
antigens introduced by therapeutic vaccines. Regarding this second part of this thesis, it
was my aim to monitor overall changes in the immune profiles of patients with breast cancer
or VIN lesions during immunotherapy. This research explored varying response dynamics
and immunosuppressive mechanisms, which may guide more effective immunotherapeutic
interventions and lead to novel strategies to improve immunotherapy responses.

Chapter 2 provides a comprehensive method to assess the direct ex vivo motility and
migration of freshly isolated human neutrophils, offering valuable insights into their
behavior. Understanding neutrophil motility and migration is critical for comprehending
immune responses and inflammatory processes, as it sheds light on their substantial
contribution to cancer progression. Neutrophils possess a remarkable migratory capacity,
enabling them to extravasate and infiltrate tissues but also tumors, where they carry out
essential or detrimental effector functions, depending on the context. This ability contributes
to their pivotal role in orchestrating tumor-induced systemic inflammation and their growing
recognition as key players in both the initiation and progression of cancer.

The dysregulating properties of cancer reaches beyond the local tumor
microenvironment, however, it remains largely unknown how the systemic immune
landscape is modified during breast cancer progression and whether this is breast cancer
subtype dependent. In chapter 3, | describe a comprehensive analysis of the systemic
immune landscape in a large cohort of breast cancer patients, covering different tumor
molecular subtypes and disease stages, alongside a control group of healthy donors.
Employing multi-parameter flow cytometry, we assessed the abundance, phenotype, and
activation status of various innate and adaptive immune cell populations across 420
peripheral blood samples. Because all blood samples were analyzed immediately after
collection, we were able to include the often overlooked granulocyte populations, including
neutrophils and eosinophils, in our analysis. Our data indicate that the immune landscape
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is more markedly altered in metastatic breast cancer compared to non-metastatic cases,
with the most significant changes observed in the triple-negative subtype.

In chapter 4, we comprehensively profiled the systemic immune landscape in patients
with TNBC at distinct disease stages, to understand how cancer progression and treatment
history shape the systemic immune landscape. We performed multi-parameter flow
cytometry analysis to assess the global systemic immune landscape, including often
overlooked granulocytes. We demonstrated that the systemic immune landscape of TNBC
patients differs from that of healthy donors in a stage-dependent manner, with some—but
not all—of these alterations attributable to prior chemotherapy treatment.

In chapter 5, | describe a research project in which we conducted single-cell RNA
sequencing on fresh blood samples from patients with mTNBC and HDs, without any prior
immune cell type enrichments. While this project did not reveal clear differences between
HDs and mTNBC patients, the results were inconclusive due to the small sample size and
the considerable heterogeneity observed. As such, we do not conclude that no differences
exist between the two groups. Alongside detailing the methods and results, | also offer
recommendations for future studies to help others avoid the challenges we encountered.
These insights aim to improve experimental design and optimize the likelihood of generating
more definitive results.

Chapter 6 describes the results of the adaptive phase Il BELLINI trial, which explored
the potential of short-term immune checkpoint inhibition (ICl) to induce immune activation
in patients with non-metastatic TNBC. The aim was to explore the potential of treating non-
metastatic TNBC patients with neoadjuvant ICl in the absence of chemotherapy. This
window-of-opportunity trial describes three cohorts, each showing a response rate of 50-
60%. In cohorts 1 and 2, the response was measured as a biological endpoint, while in cohort
3, pathological complete response (pCR) was used as the measure of response. Flow
cytometry of fresh blood samples showed an increase in Ki-67+ cells within the PD-1+
conventional CD4+ T cell population in responders, with a similar trend observed for CD8+
T cells. The findings of the BELLINI-trial demonstrate that neoadjuvant immunotherapy,
administered without chemotherapy, shows promising efficacy and warrants further
investigation in patients with early-stage TNBC.

The translational research project described in chapter 7 aims to identify factors
associated with the response of mTNBC patients to PD-1 blockade (TONIC trial).
Comprehensive immune profiling of fresh blood samples and paired tumor biopsies
revealed that both systemic and intratumoral eosinophils increased in responders following
PD-1 blockade, a pattern not observed in non-responders. In vivo experiments using
spontaneous mouse models of primary and metastatic breast cancer further demonstrated
the critical role of eosinophils in mediating the response to immune checkpoint blockade.
These findings highlight that therapeutic engagement of eosinophils could enhance
responses to immune checkpoint inhibitors in breast cancer.
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Chapter 8 presents the results of a phase I/1l clinical trial in which patients with usual
vulvar intraepithelial neoplasia (uVIN) received a genetically optimized HPV-16 E6/E7 DNA
tattoo vaccination. The primary endpoint of the trial was the induction of an immunological
response. To assess this, | conducted ex vivo functional assays using patients’ peripheral
blood mononuclear cells to monitor systemic HPV-specific T cell responses before and after
treatment. In addition to immune monitoring, the chapter also reports on the safety and
clinical outcomes of the vaccination.

Finally, the results described in this thesis are summarized and discussed in chapter 9.
In this chapter | highlight future perspectives of the work presented and focus on potential
new research avenues.

23




CHAPTER 1

References

10

"

12

13

14

15

16

17

18

19

20

21

22

23

24

Bray, F. et al. Global cancer statistics 2022: GLOBOCAN estimates of incidence and mortality worldwide
for 36 cancers in 185 countries. CA Cancer J Clin 74, 229-263 (2024). https://doi.org/10.3322/caac.21834
IKNL. Nederlandse Kanker Registratie, <https://nkr-cijfers.iknl.nl/viewer/incidentie-per-jaar> (2024).
Explorer, S. An interactive website for SEER cancer statistics, <https://seer.cancer.gov/statistics-network/
explorer/> (2023).

Tan, P. H. etal. The 2019 World Health Organization classification of tumours of the breast. Histopathology
77, 181-185 (2020). https://doi.org/10.1111/his.14091

Harbeck, N. et al. Breast cancer. Nat Rev Dis Primers 5, 66 (2019). https://doi.org/10.1038/s41572-019-
0111-2

Arpino, G., Bardou, V. ., Clark, G. M. & Elledge, R. M. Infiltrating lobular carcinoma of the breast: tumor
characteristics and clinical outcome. Breast Cancer Res 6, R149-156 (2004). https://doi.org/10.1186/bcr767
Dieci, M. V., Orvieto, E., Dominici, M., Conte, P. & Guarneri, V. Rare breast cancer subtypes: histological,
molecular, and clinical peculiarities. Oncologist 19, 805-813 (2014). https://doi.org/10.1634/theoncolo-
gist.2014-0108

Waks, A. G. & Winer, E. P. Breast Cancer Treatment: A Review. JAMA 321, 288-300 (2019). https://doi.
org/10.1001/jama.2018.19323

Zhang, M. H., Man, H. T., Zhao, X. D., Dong, N. & Ma, S. L. Estrogen receptor-positive breast cancer molec-
ular signatures and therapeutic potentials (Review). Biomed Rep 2, 41-52 (2014). https://doi.org/10.3892/
br.2013.187

Allison, K. H. et al. Estrogen and Progesterone Receptor Testing in Breast Cancer: ASCO/CAP Guideline
Update. J/ Clin Oncol 38, 1346-1366 (2020). https://doi.org/10.1200/JC0O.19.02309

Early Breast Cancer Trialists’ Collaborative, G. et al. Relevance of breast cancer hormone receptors and
other factors to the efficacy of adjuvant tamoxifen: patient-level meta-analysis of randomised trials. Lan-
cet 378, 771-784 (2011). https://doi.org/10.1016/S0140-6736(11)60993-8

Voorwerk, L. et al. Immune landscape of breast tumors with low and intermediate estrogen receptor
expression. NP/ Breast Cancer 9, 39 (2023). https://doi.org/10.1038/s41523-023-00543-0
Orrantia-Borunda, E., Anchondo-Nunez, P., Acuna-Aguilar, L. E., Gomez-Valles, F. O. & Ramirez-Valdespi-
no, C. A. in Breast Cancer (ed H. N. Mayrovitz) (2022).

Nicolini, A., Ferrari, P. & Duffy, M. J. Prognostic and predictive biomarkers in breast cancer: Past, present
and future. Semin Cancer Biol 52, 56-73 (2018). https://doi.org/10.1016/j.semcancer.2017.08.010

Purdie, C. A. et al. Progesterone receptor expression is an independent prognostic variable in early breast
cancer: a population-based study. Br / Cancer 110, 565-572 (2014). https://doi.org/10.1038/bjc.2013.756
Cheang, M. C. et al. Ki67 index, HER2 status, and prognosis of patients with luminal B breast cancer. / Nat/
Cancer Inst 101, 736-750 (2009). https://doi.org/10.1093/jnci/djp082

Intrieri, T., Manneschi, G. & Caldarella, A. 10-year survival in female breast cancer patients according to
ER, PR and HER2 expression: a cancer registry population-based analysis. / Cancer Res Clin Oncol 149,
4489-4496 (2023). https://doi.org/10.1007/s00432-022-04245-1

Loibl, S. & Gianni, L. HER2-positive breast cancer. Lancet 389, 2415-2429 (2017). https://doi.org/10.1016/
S0140-6736(16)32417-5

Howlader, N., Cronin, K. A., Kurian, A. W. & Andridge, R. Differences in Breast Cancer Survival by Mo-
lecular Subtypes in the United States. Cancer Epidemiol Biomarkers Prev 27, 619-626 (2018). https://doi.
org/10.1158/1055-9965.EPI-17-0627

Foulkes, W. D., Smith, I. E. & Reis-Filho, J. S. Triple-negative breast cancer. N Engl | Med 363, 1938-1948
(2010). https://doi.org/10.1056/NEJMra1001389

Paik, S. et al. A multigene assay to predict recurrence of tamoxifen-treated, node-negative breast cancer.
N Engl | Med 351, 2817-2826 (2004). https://doi.org/10.1056/NEJM0a041588

van 't Veer, L. ). et al. Gene expression profiling predicts clinical outcome of breast cancer. Nature 415,
530-536 (2002). https://doi.org/10.1038/415530a

Nielsen, T. O. et al. A comparison of PAMS50 intrinsic subtyping with immunohistochemistry and clini-
cal prognostic factors in tamoxifen-treated estrogen receptor-positive breast cancer. Clin Cancer Res 16,
5222-5232(2010). https://doi.org/10.1158/1078-0432.CCR-10-1282

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

a2

43

44

45

INTRODUCTION AND OUTLINE OF THIS THESIS

Perou, C. M. et al. Molecular portraits of human breast tumours. Nature 406, 747-752 (2000). https://doi.
org/10.1038/35021093

Ohnstad, H. O. et al. Prognostic value of PAMS50 and risk of recurrence score in patients with early-stage
breast cancer with long-term follow-up. Breast Cancer Res 19, 120 (2017). https://doi.org/10.1186/s13058-
017-0911-9

Cheru, N., Hafler, D. A. & Sumida, T. S. Regulatory T cells in peripheral tissue tolerance and diseases. Front
Immunol 14, 1154575 (2023). https://doi.org/10.3389/fimmu.2023.1154575

Dominguez-Villar, M. & Hafler, D. A. Regulatory T cells in autoimmune disease. Nat Immunol 19, 665-673
(2018). https://doi.org/10.1038/s41590-018-0120-4

Putra, A. et al. The Role of TNF-alpha induced MSCs on Suppressive Inflammation by Increasing TGF-beta
and IL-10. Open Access Maced | Med Sci 6, 1779-1783 (2018). https://doi.org/10.3889/0amjms.2018.404
Ip, W. K. E., Hoshi, N., Shouval, D. S., Snapper, S. & Medzhitov, R. Anti-inflammatory effect of IL-10 medi-
ated by metabolic reprogramming of macrophages. Science 356, 513-519 (2017). https://doi.org/10.1126/
science.aal3535

Ouyang, W. & O'Garra, A. IL-10 Family Cytokines IL-10 and IL-22: from Basic Science to Clinical Translation.
Immunity 50, 871-891 (2019). https://doi.org/10.1016/j.immuni.2019.03.020

Wynn, T. A. & Vannella, K. M. Macrophages in Tissue Repair, Regeneration, and Fibrosis. Immunity 44,
450-462 (2016). https://doi.org/10.1016/j.immuni.2016.02.015

Coffelt, S. B. et al. IL-17-producing gammadelta T cells and neutrophils conspire to promote breast cancer
metastasis. Nature 522, 345-348 (2015). https://doi.org/10.1038/nature14282

Jablonska, J., Lang, S., Sionov, R. V. & Granot, Z. The regulation of pre-metastatic niche formation by neu-
trophils. Oncotarget 8, 112132-112144 (2017). https://doi.org/10.18632/oncotarget.22792

Kowanetz, M. et al. Granulocyte-colony stimulating factor promotes lung metastasis through mobilization
of Ly6G+Ly6C+ granulocytes. Proc Natl Acad Sci U S A 107, 21248-21255 (2010). https://doi.org/10.1073/
pnas.1015855107

Sanz-Moreno, V. & Balkwill, F. R. Mets and NETs: The Awakening Force. Immunity 49, 798-800 (2018).
https://doi.org/10.1016/j.immuni.2018.11.009

Szczerba, B. M. et al. Neutrophils escort circulating tumour cells to enable cell cycle progression. Nature
566, 553-557 (2019). https://doi.org/10.1038/s41586-019-0915-y

Yang, L. et al. DNA of neutrophil extracellular traps promotes cancer metastasis via CCDC25. Nature 583,
133-138 (2020). https://doi.org/10.1038/s41586-020-2394-6

Ethier, J. L., Desautels, D., Templeton, A., Shah, P. S. & Amir, E. Prognostic role of neutrophil-to-lympho-
cyte ratio in breast cancer: a systematic review and meta-analysis. Breast Cancer Res 19, 2 (2017). https://
doi.org/10.1186/s13058-016-0794-1

Guo, W. et al. Prognostic value of neutrophil-to-lymphocyte ratio and platelet-to-lymphocyte ratio for
breast cancer patients: An updated meta-analysis of 17079 individuals. Cancer Med 8, 4135-4148 (2019).
https://doi.org/10.1002/cam4.2281

Krenn-Pilko, S. et al. The elevated preoperative derived neutrophil-to-lymphocyte ratio predicts poor clin-
ical outcome in breast cancer patients. Tumour Biol 37, 361-368 (2016). https://doi.org/10.1007/s13277-
015-3805-4

Liu, J. et al. Systemic immune-inflammation index, neutrophil-to-lymphocyte ratio, platelet-to-lymphocyte
ratio can predict clinical outcomes in patients with metastatic non-small-cell lung cancer treated with
nivolumab. / Clin Lab Anal 33, 22964 (2019). https://doi.org/10.1002/jcla.22964

Shao, Y. et al. Prognostic value of pretreatment neutrophil-to-lymphocyte ratio in renal cell carcinoma: a
systematic review and meta-analysis. BMC Urol 20, 90 (2020). https://doi.org/10.1186/s12894-020-00665-
8

Templeton, A. J. et al. Prognostic role of neutrophil-to-lymphocyte ratio in solid tumors: a systematic
review and meta-analysis. / Nat/ Cancer Inst 106, dju124 (2014). https://doi.org/10.1093/jnci/dju124
Blomberg, O. S. et al. IL-5-producing CD4(+) T cells and eosinophils cooperate to enhance response
to immune checkpoint blockade in breast cancer. Cancer Cell 41, 106-123 e110 (2023). https://doi.
org/10.1016/j.ccell.2022.11.014

Simon, S. C. S. et al. Eosinophil accumulation predicts response to melanoma treatment with im-
mune checkpoint inhibitors. Oncoimmunology 9, 1727116 (2020). https://doi.org/10.1080/216240
2X.2020.1727116

25




CHAPTER 1

46  Li, D. & Wu, M. Pattern recognition receptors in health and diseases. Signal Transduct Target Ther 6, 291
(2021). https://doi.org/10.1038/s41392-021-00687-0

47  Zindel, . & Kubes, P. DAMPs, PAMPs, and LAMPs in Immunity and Sterile Inflammation. Annu Rev Pathol
15, 493-518 (2020). https://doi.org/10.1146/annurev-pathmechdis-012419-032847

48 Takeda, K., Kaisho, T. & Akira, S. Toll-like receptors. Annu Rev Immunol 21, 335-376 (2003). https://doi.
org/10.1146/annurev.immunol.21.120601.141126

49  Zhong, Y., Kinio, A. & Saleh, M. Functions of NOD-Like Receptors in Human Diseases. Front Inmunol 4, 333
(2013). https://doi.org/10.3389/fimmu.2013.00333

50 Philpott, D.J. & Girardin, S. E. The role of Toll-like receptors and Nod proteins in bacterial infection. Mo/
Immunol 41, 1099-1108 (2004). https://doi.org/10.1016/j.molimm.2004.06.012

51 de Oliveira, S., Rosowski, E. E. & Huttenlocher, A. Neutrophil migration in infection and wound repair:
going forward in reverse. Nat Rev Immunol 16, 378-391 (2016). https://doi.org/10.1038/nri.2016.49

52 Merle, N. S., Church, S. E., Fremeaux-Bacchi, V. & Roumenina, L. T. Complement System Part | - Mo-
lecular Mechanisms of Activation and Regulation. Front Immunol 6, 262 (2015). https://doi.org/10.3389/
fimmu.2015.00262

53 Merle, N. S., Noe, R., Halbwachs-Mecarelli, L., Fremeaux-Bacchi, V. & Roumenina, L. T. Complement Sys-
tem Part Il: Role in Immunity. Front Immunol 6, 257 (2015). https://doi.org/10.3389/fimmu.2015.00257

54 Schalper, K. A. et al. Elevated serum interleukin-8 is associated with enhanced intratumor neutrophils
and reduced clinical benefit of immune-checkpoint inhibitors. Nat Med 26, 688-692 (2020). https://doi.
org/10.1038/s41591-020-0856-x

55 Yuen, K. C. et al. High systemic and tumor-associated IL-8 correlates with reduced clinical benefit of PD-L1
blockade. Nat Med 26, 693-698 (2020). https://doi.org/10.1038/s41591-020-0860-1

56 He, T. et al. The role of CD8(+) T-cells in colorectal cancer immunotherapy. Heliyon 10, e33144 (2024).
https://doi.org/10.1016/j.heliyon.2024.e33144

57  Pardoll, D. M. The blockade of immune checkpoints in cancer immunotherapy. Nat Rev Cancer 12, 252-
264 (2012). https://doi.org/10.1038/nrc3239

58 Rosenberg, S. A. & Restifo, N. P. Adoptive cell transfer as personalized immunotherapy for human cancer.
Science 348, 62-68 (2015). https://doi.org/10.1126/science.aaa4967

59 Sterner, R. C. & Sterner, R. M. CAR-T cell therapy: current limitations and potential strategies. Blood Cancer
J 11,69 (2021). https://doi.org/10.1038/541408-021-00459-7

60 Zhu, ., Yamane, H. & Paul, W. E. Differentiation of effector CD4 T cell populations (*). Annu Rev Immunol
28, 445-489 (2010). https://doi.org/10.1146/annurev-immunol-030409-101212

61 Walker, ). A. & McKenzie, A. N.J. T(H)2 cell development and function. Nat Rev Immunol 18, 121-133 (2018).
https://doi.org/10.1038/nri.2017.118

62 Romagnani, S. The role of lymphocytes in allergic disease. J Allergy Clin Immunol 105, 399-408 (2000).
https://doi.org/10.1067/mai.2000.104575

63 Dong, C. Defining the T(H)17 cell lineage. Nat Rev Immunol 21, 618 (2021). https://doi.org/10.1038/s41577-
021-00596-x

64 Yasuda, K., Takeuchi, Y. & Hirota, K. The pathogenicity of Th17 cells in autoimmune diseases. Semin Im-
munopathol 41, 283-297 (2019). https://doi.org/10.1007/s00281-019-00733-8

65 Hirahara, K. & Nakayama, T. CD4+ T-cell subsets in inflammatory diseases: beyond the Th1/Th2 para-
digm. Int Immunol 28, 163-171 (2016). https://doi.org/10.1093/intimm/dxw006

66  Akkaya, M., Kwak, K. & Pierce, S. K. B cell memory: building two walls of protection against pathogens. Nat
Rev Immunol 20, 229-238 (2020). https://doi.org/10.1038/s41577-019-0244-2

67 Tay, M.Z., Wiehe, K. & Pollara, J. Antibody-Dependent Cellular Phagocytosis in Antiviral Immune Respons-
es. Front Immunol 10, 332 (2019). https://doi.org/10.3389/fimmu.2019.00332

68 Uribe-Querol, E. & Rosales, C. Phagocytosis: Our Current Understanding of a Universal Biological Process.
Front Immunol 11, 1066 (2020). https://doi.org/10.3389/fimmu.2020.01066

69 Fridman, W. H. et al. B cells and tertiary lymphoid structures as determinants of tumour immune con-
texture and clinical outcome. Nat Rev Clin Oncol 19, 441-457 (2022). https://doi.org/10.1038/s41571-022-
00619-z

70 Helmink, B. A. et al. B cells and tertiary lymphoid structures promote immunotherapy response. Nature
577, 549-555 (2020). https://doi.org/10.1038/s41586-019-1922-8

71  Hiam-Galvez, K. J., Allen, B. M. & Spitzer, M. H. Systemic immunity in cancer. Nat Rev Cancer 21, 345-359

26

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

INTRODUCTION AND OUTLINE OF THIS THESIS

(2021). https://doi.org/10.1038/s41568-021-00347-z

Yuen, G. ., Demissie, E. & Pillai, S. B lymphocytes and cancer: a love-hate relationship. Trends Cancer 2,
747-757 (2016). https://doi.org/10.1016/j.trecan.2016.10.010

Sharma, A., Jasrotia, S. & Kumar, A. Effects of Chemotherapy on the Immune System: Implications for
Cancer Treatment and Patient Outcomes. Naunyn Schmiedebergs Arch Pharmacol 397, 2551-2566 (2024).
https://doi.org/10.1007/s00210-023-02781-2

Verma, R. et al. Lymphocyte depletion and repopulation after chemotherapy for primary breast cancer.
Breast Cancer Res 18, 10 (2016). https://doi.org/10.1186/513058-015-0669-x

Iwasaki, A. & Medzhitov, R. Control of adaptive immunity by the innate immune system. Nat Immunol 16,
343-353 (2015). https://doi.org/10.1038/ni.3123

Cui, Q. et al. Immune signature and phagocytosis of circulating DC subsets in healthy adults during aging.
Int Immunopharmacol 130, 111715 (2024). https://doi.org/10.1016/j.intimp.2024.111715

Bourdely, P. et al. Transcriptional and Functional Analysis of CD1c(+) Human Dendritic Cells Identi-
fies a CD163(+) Subset Priming CD8(+)CD103(+) T Cells. Immunity 53, 335-352 e338 (2020). https://doi.
org/10.1016/j.immuni.2020.06.002

Hilligan, K. L. & Ronchese, F. Antigen presentation by dendritic cells and their instruction of CD4+ T helper
cell responses. Cell Mol Immunol 17, 587-599 (2020). https://doi.org/10.1038/s41423-020-0465-0
Heras-Murillo, I., Adan-Barrientos, I., Galan, M., Wculek, S. K. & Sancho, D. Dendritic cells as orchestra-
tors of anticancer immunity and immunotherapy. Nat Rev Clin Oncol 21, 257-277 (2024). https://doi.
org/10.1038/s41571-024-00859-1

Collin, M. & Bigley, V. Human dendritic cell subsets: an update. Immunology 154, 3-20 (2018). https://doi.
org/10.1111/imm.12888

Kiessler, M. et al. Tumor-infiltrating plasmacytoid dendritic cells are associated with survival in human
colon cancer. / Immunother Cancer 9 (2021). https://doi.org/10.1136/jitc-2020-001813

Swiecki, M. & Colonna, M. The multifaceted biology of plasmacytoid dendritic cells. Nat Rev Immunol 15,
471-485 (2015). https://doi.org/10.1038/nri3865

Woculek, S. K. et al. Dendritic cells in cancer immunology and immunotherapy. Nat Rev Immunol 20, 7-24
(2020). https://doi.org/10.1038/s41577-019-0210-z

Zhou, B., Lawrence, T. & Liang, Y. The Role of Plasmacytoid Dendritic Cells in Cancers. Front Immunol 12,
749190 (2021). https://doi.org/10.3389/fimmu.2021.749190

Vivier, E., Tomasello, E., Baratin, M., Walzer, T. & Ugolini, S. Functions of natural killer cells. Nat Immunol
9, 503-510 (2008). https://doi.org/10.1038/ni1582

Wolf, N. K., Kissiov, D. U. & Raulet, D. H. Roles of natural killer cells in immunity to cancer, and applications
to immunotherapy. Nat Rev Immunol 23, 90-105 (2023). https://doi.org/10.1038/s41577-022-00732-1
McDowell, S. A. C. et al. Neutrophil oxidative stress mediates obesity-associated vascular dysfunction and
metastatic transmigration. Nat Cancer 2, 545-562 (2021). https://doi.org/10.1038/s43018-021-00194-9
Kennel, K. B. & Greten, F. R. Immune cell - produced ROS and their impact on tumor growth and metas-
tasis. Redox Biol 42, 101891 (2021). https://doi.org/10.1016/j.redox.2021.101891

Axelrad, J. E., Lichtiger, S. & Yajnik, V. Inflammatory bowel disease and cancer: The role of inflamma-
tion, immunosuppression, and cancer treatment. World | Gastroenterol 22, 4794-4801 (2016). https://doi.
org/10.3748/wjg.v22.i20.4794

Xie, J. & Itzkowitz, S. H. Cancer in inflammatory bowel disease. World | Gastroenterol 14, 378-389 (2008).
https://doi.org/10.3748/wjg.14.378

Gabrilovich, D. 1., Ostrand-Rosenberg, S. & Bronte, V. Coordinated regulation of myeloid cells by tumours.
Nat Rev Immunol 12, 253-268 (2012). https://doi.org/10.1038/nri3175

Jaillon, S. et al. Neutrophil diversity and plasticity in tumour progression and therapy. Nat Rev Cancer 20,
485-503 (2020). https://doi.org/10.1038/s41568-020-0281-y

Cane, S. et al. The Endless Saga of Monocyte Diversity. Front Immunol 10, 1786 (2019). https://doi.
org/10.3389/fimmu.2019.01786

Mengos, A. E., Gastineau, D. A. & Gustafson, M. P. The CD14(+)HLA-DR(lo/neg) Monocyte: An Immunosup-
pressive Phenotype That Restrains Responses to Cancer Immunotherapy. Front Immunol 10, 1147 (2019).
https://doi.org/10.3389/fimmu.2019.01147

Kiss, M., Caro, A. A., Raes, G. & Laoui, D. Systemic Reprogramming of Monocytes in Cancer. Front Oncol 10,
1399 (2020). https://doi.org/10.3389/fonc.2020.01399

27




CHAPTER 1

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

112

113

114

115

116

117

118

119

120

28

Togashi, Y., Shitara, K. & Nishikawa, H. Regulatory T cells in cancer immunosuppression - implications for
anticancer therapy. Nat Rev Clin Oncol 16, 356-371 (2019). https://doi.org/10.1038/s41571-019-0175-7
Hedrick, C. C. & Malanchi, I. Neutrophils in cancer: heterogeneous and multifaceted. Nat Rev Immunol 22,
173-187 (2022). https://doi.org/10.1038/s41577-021-00571-6

Shaul, M. E. & Fridlender, Z. G. Tumour-associated neutrophils in patients with cancer. Nat Rev Clin Oncol
16, 601-620 (2019). https://doi.org/10.1038/s41571-019-0222-4

Kos, K. et al. Tumor-educated T(regs) drive organ-specific metastasis in breast cancer by impairing NK
cells in the lymph node niche. Cell Rep 38, 110447 (2022). https://doi.org/10.1016/j.celrep.2022.110447
Ruffolo, L. I. et al. GM-CSF drives myelopoiesis, recruitment and polarisation of tumour-associated mac-
rophages in cholangiocarcinoma and systemic blockade facilitates antitumour immunity. Gut 71, 1386-
1398 (2022). https://doi.org/10.1136/gutjnl-2021-324109

Noy, R. & Pollard, J. W. Tumor-associated macrophages: from mechanisms to therapy. Immunity 41, 49-61
(2014). https://doi.org/10.1016/j.immuni.2014.06.010

Wu, L. & Zhang, X. H. Tumor-Associated Neutrophils and Macrophages-Heterogenous but Not Chaotic.
Front Immunol 11, 553967 (2020). https://doi.org/10.3389/fimmu.2020.553967

Coussens, L. M. & Werb, Z. Inflammation and cancer. Nature 420, 860-867 (2002). https://doi.org/10.1038/
nature01322

Pan, Y., Yu, Y., Wang, X. & Zhang, T. Tumor-Associated Macrophages in Tumor Immunity. Front Immunol
11, 583084 (2020). https://doi.org/10.3389/fimmu.2020.583084

Gabrilovich, D. I. & Nagaraj, S. Myeloid-derived suppressor cells as regulators of the immune system. Nat
Rev Immunol 9, 162-174 (2009). https://doi.org/10.1038/nri2506

Heissig, B. et al. Recruitment of stem and progenitor cells from the bone marrow niche requires MMP-9
mediated release of kit-ligand. Cell 109, 625-637 (2002). https://doi.org/10.1016/s0092-8674(02)00754-7
Garner, H. & de Visser, K. E. Immune crosstalk in cancer progression and metastatic spread: a complex
conversation. Nat Rev Immunol 20, 483-497 (2020). https://doi.org/10.1038/s41577-019-0271-z

Casbon, A. J. et al. Invasive breast cancer reprograms early myeloid differentiation in the bone marrow
to generate immunosuppressive neutrophils. Proc Natl Acad Sci U S A 112, E566-575 (2015). https://doi.
org/10.1073/pnas.1424927112

Psaila, B. & Lyden, D. The metastatic niche: adapting the foreign soil. Nat Rev Cancer 9, 285-293 (2009).
https://doi.org/10.1038/nrc2621

Park, J. et al. Cancer cells induce metastasis-supporting neutrophil extracellular DNA traps. Sci Trans! Med
8,361ra138 (2016). https://doi.org/10.1126/scitransimed.aag1711

Zheng, C. et al. Neutrophils in triple-negative breast cancer: an underestimated player with increasingly
recognized importance. Breast Cancer Res 25, 88 (2023). https://doi.org/10.1186/s13058-023-01676-7
Cassetta, L. et al. Human Tumor-Associated Macrophage and Monocyte Transcriptional Landscapes Re-
veal Cancer-Specific Reprogramming, Biomarkers, and Therapeutic Targets. Cancer Cell 35, 588-602 e510
(2019). https://doi.org/10.1016/j.ccell.2019.02.009

Spitzer, M. H. et al. Systemic Immunity Is Required for Effective Cancer Immunotherapy. Cell 168, 487-502
€415 (2017). https://doi.org/10.1016/j.cell.2016.12.022

Leach, D. R., Krummel, M. F. & Allison, J. P. Enhancement of antitumor immunity by CTLA-4 blockade. Sci-
ence 271, 1734-1736 (1996). https://doi.org/10.1126/science.271.5256.1734

Hodi, F. S. et al. Improved survival with ipilimumab in patients with metastatic melanoma. N Engl | Med
363, 711-723 (2010). https://doi.org/10.1056/NEJMoa1003466

Ishida, Y., Agata, Y., Shibahara, K. & Honjo, T. Induced expression of PD-1, a novel member of the im-
munoglobulin gene superfamily, upon programmed cell death. EMBO J 11, 3887-3895 (1992). https://doi.
org/10.1002/j.1460-2075.1992.tb05481.x

Brahmer, J. R. et al. Phase | study of single-agent anti-programmed death-1 (MDX-1106) in refractory solid
tumors: safety, clinical activity, pharmacodynamics, and immunologic correlates. / Clin Oncol 28, 3167-
3175 (2010). https://doi.org/10.1200/JC0O.2009.26.7609

Topalian, S. L. et al. Safety, activity, and immune correlates of anti-PD-1 antibody in cancer. N Engl | Med
366, 2443-2454 (2012). https://doi.org/10.1056/NEJMoa1200690

Alexandrov, L. B. et al. Signatures of mutational processes in human cancer. Nature 500, 415-421 (2013).
https://doi.org/10.1038/nature12477

Schumacher, T. N. & Schreiber, R. D. Neoantigens in cancer immunotherapy. Science 348, 69-74 (2015).

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

INTRODUCTION AND OUTLINE OF THIS THESIS

https://doi.org/10.1126/science.aaa4971

El Bairi, K. et al. The tale of TILs in breast cancer: A report from The International Immuno-Oncology Bio-
marker Working Group. NPJ Breast Cancer 7, 150 (2021). https://doi.org/10.1038/s41523-021-00346-1
Nederlof, I. et al. Neoadjuvant nivolumab or nivolumab plus ipilimumab in early-stage triple-negative
breast cancer: a phase 2 adaptive trial. Nat Med (2024). https://doi.org/10.1038/s41591-024-03249-3
Adams, S. et al. Pembrolizumab monotherapy for previously treated metastatic triple-negative breast can-
cer: cohort A of the phase Il KEYNOTE-086 study. Ann Oncol 30, 397-404 (2019). https://doi.org/10.1093/
annonc/mdy517

Nanda, R. et al. Pembrolizumab in Patients With Advanced Triple-Negative Breast Cancer: Phase Ib KEY-
NOTE-012 Study. / Clin Oncol 34, 2460-2467 (2016). https://doi.org/10.1200//C0.2015.64.8931

Schmid, P. et al. Atezolizumab and Nab-Paclitaxel in Advanced Triple-Negative Breast Cancer. N Engl | Med
379, 2108-2121 (2018). https://doi.org/10.1056/NEJM0a1809615

Demaria, S. et al. lonizing radiation inhibition of distant untreated tumors (abscopal effect) is immune
mediated. IntJ Radiat Oncol Biol Phys 58, 862-870 (2004). https://doi.org/10.1016/j.ijrobp.2003.09.012
Vanpouille-Box, C. et al. DNA exonuclease Trex1 regulates radiotherapy-induced tumour immunogenic-
ity. Nat Commun 8, 15618 (2017). https://doi.org/10.1038/ncomms15618

Scurr, M. et al. Low-Dose Cyclophosphamide Induces Antitumor T-Cell Responses, which Associ-
ate with Survival in Metastatic Colorectal Cancer. Clin Cancer Res 23, 6771-6780 (2017). https://doi.
org/10.1158/1078-0432.CCR-17-0895

de Biasi, A. R, Villena-Vargas, J. & Adusumilli, P. S. Cisplatin-induced antitumor immunomodula-
tion: a review of preclinical and clinical evidence. Clin Cancer Res 20, 5384-5391 (2014). https://doi.
org/10.1158/1078-0432.CCR-14-1298

Wan, S. et al. Chemotherapeutics and radiation stimulate MHC class | expression through elevated inter-
feron-beta signaling in breast cancer cells. PLoS One 7, e32542 (2012). https://doi.org/10.1371/journal.
pone.0032542

Alizadeh, D. et al. Doxorubicin eliminates myeloid-derived suppressor cells and enhances the efficacy of
adoptive T-cell transfer in breast cancer. Cancer Res 74, 104-118 (2014). https://doi.org/10.1158/0008-
5472.CAN-13-1545

Casares, N. et al. Caspase-dependent immunogenicity of doxorubicin-induced tumor cell death. / Exp Med
202, 1691-1701 (2005). https://doi.org/10.1084/jem.20050915

Sistigu, A. et al. Cancer cell-autonomous contribution of type | interferon signaling to the efficacy of chem-
otherapy. Nat Med 20, 1301-1309 (2014). https://doi.org/10.1038/nm.3708

Voorwerk, L. et al. Immune induction strategies in metastatic triple-negative breast cancer to enhance the
sensitivity to PD-1 blockade: the TONIC trial. Nat Med 25, 920-928 (2019). https://doi.org/10.1038/s41591-
019-0432-4

Emens, L. A. et al. First-line atezolizumab plus nab-paclitaxel for unresectable, locally advanced, or meta-
static triple-negative breast cancer: IMpassion130 final overall survival analysis. Ann Oncol 32, 983-993
(2021). https://doi.org/10.1016/j.annonc.2021.05.355

Cortes, J. et al. Pembrolizumab plus Chemotherapy in Advanced Triple-Negative Breast Cancer. N Engl J
Med 387, 217-226 (2022). https://doi.org/10.1056/NEJM0a2202809

Schmid, P. et al. Overall Survival with Pembrolizumab in Early-Stage Triple-Negative Breast Cancer. N Engl
J Med (2024). https://doi.org/10.1056/NEJM0a2409932

Debien, V. et al. Immunotherapy in breast cancer: an overview of current strategies and perspectives. NP/
Breast Cancer 9, 7 (2023). https://doi.org/10.1038/s41523-023-00508-3

Goldberg, J. et al. The Immunology of Hormone Receptor Positive Breast Cancer. Front Immunol 12,
674192 (2021). https://doi.org/10.3389/fimmu.2021.674192

Cardoso, F. et al. LBA21 KEYNOTE-756: Phase Il study of neoadjuvant pembrolizumab (pembro) or pla-
cebo (pbo) + chemotherapy (chemo), followed by adjuvant pembro or pbo + endocrine therapy (ET)
for early-stage high-risk ER+/HER2&#x2013; breast cancer. Annals of Oncology 34, S1260-S1261 (2023).
https://doi.org/10.1016/j.annonc.2023.10.011

Loi, S. et al. LBA20 A randomized, double-blind trial of nivolumab (NIVO) vs placebo (PBO) with neoad-
juvant chemotherapy (NACT) followed by adjuvant endocrine therapy (ET) &#xb1; NIVO in patients (pts)
with high-risk, ER+ HER2&#x2212; primary breast cancer (BC). Annals of Oncology 34, S1259-51260 (2023).
https://doi.org/10.1016/j.annonc.2023.10.010

29




CHAPTER 1

142

143

144

145

146

147

148

149

150

151

30

Nanda, R. et al. Effect of Pembrolizumab Plus Neoadjuvant Chemotherapy on Pathologic Complete Re-
sponse in Women With Early-Stage Breast Cancer: An Analysis of the Ongoing Phase 2 Adaptively Rand-
omized I-SPY2 Trial. JAMA Oncol 6, 676-684 (2020). https://doi.org/10.1001/jamaoncol.2019.6650
Agostinetto, E., Curigliano, G. & Piccart, M. Emerging treatments in HER2-positive advanced breast can-
cer: Keep raising the bar. Cell Rep Med 5, 101575 (2024). https://doi.org/10.1016/j.xcrm.2024.101575

Loi, S. et al. Pembrolizumab plus trastuzumab in trastuzumab-resistant, advanced, HER2-positive breast
cancer (PANACEA): a single-arm, multicentre, phase 1b-2 trial. Lancet Oncol 20, 371-382 (2019). https://
doi.org/10.1016/S1470-2045(18)30812-X

Michelon, I. et al. Trastuzumab deruxtecan in human epidermal growth factor receptor 2-positive breast
cancer brain metastases: a systematic review and meta-analysis. ESMO Open 9, 102233 (2024). https://
doi.org/10.1016/j.esmoop.2024.102233

Moore, P. S. & Chang, Y. Why do viruses cause cancer? Highlights of the first century of human tumour
virology. Nat Rev Cancer 10, 878-889 (2010). https://doi.org/10.1038/nrc2961

Li, Z. et al. Prevalence of human papillomavirus DNA and p16(INK4a) positivity in vulvar cancer and vulvar
intraepithelial neoplasia: a systematic review and meta-analysis. Lancet Oncol 24, 403-414 (2023). https://
doi.org/10.1016/S1470-2045(23)00066-9

Jones, R. W., Rowan, D. M. & Stewart, A. W. Vulvar intraepithelial neoplasia: aspects of the natural his-
tory and outcome in 405 women. Obstet Gynecol 106, 1319-1326 (2005). https://doi.org/10.1097/01.
AOG.0000187301.76283.7f

McNally, O. M., Mulvany, N. ., Pagano, R., Quinn, M. A. & Rome, R. M. VIN 3: a clinicopathologic review. Int
J Gynecol Cancer 12, 490-495 (2002). https://doi.org/10.1046/j.1525-1438.2002.01140.x

Satmary, W., Holschneider, C. H., Brunette, L. L. & Natarajan, S. Vulvar intraepithelial neoplasia: Risk fac-
tors for recurrence. Gynecol Oncol 148, 126-131 (2018). https://doi.org/10.1016/j.ygyn0.2017.10.029

van Seters, M., van Beurden, M. & de Craen, A. J. Is the assumed natural history of vulvar intraepithelial
neoplasia Il based on enough evidence? A systematic review of 3322 published patients. Gynecol Oncol
97, 645-651 (2005). https://doi.org/10.1016/j.ygyn0.2005.02.012

INTRODUCTION AND OUTLINE OF THIS THESIS

31




Ex vivo assessment of Human Neutrophil
Motility and Migration

Noor AM. Bakker®¢, Claudia Burrello®© and Karin E. de Vissera?¢”

Methods Cell Biology: Immuno-oncology and Immunotherapy, 2025:191:115-133.
Epub 2024 Nov 19. DOI: 10.1016/bs.mchb.2024.10.008

O
=L
>
U
e
T
B

a) Division of Tumor Biology and Immunology, The Netherlands Cancer Institute, Amsterdam,
The Netherlands

b) Department of Immunology, Leiden University Medical Center, Leiden, The Netherlands

¢) Oncode Institute, Utrecht, The Netherlands

* Corresponding author. E-mail address: k.d.visser@nki.nl




Abstract

Neutrophils are pivotal in orchestrating tumor-induced systemic inflammation and are
increasingly recognized for their critical involvement in both the initiation and progression
of cancer. A fundamental facet of neutrophil biology is their migratory capacity, which
enables them to extravasate and infiltrate tumors other tissues, where they carry out
essential effector functions. Unraveling the intricate mechanisms of neutrophil motility and
migration is crucial for comprehending immune responses and inflammatory processes,
shedding light on their substantial contribution to cancer progression. Here, we provide a
comprehensive protocol to assess direct ex vivo motility and migration of freshly isolated
human neutrophils, offering valuable insights into their behavior.

Introduction

Neutrophils are the most abundant white blood cell type in human circulation, comprising
40-70% of all white blood cells. They play a key role in the innate immune response, especially
as first line of defense against infections. Recently, neutrophils have been intensively studied
in the context of cancer immunology due to growing evidence of their involvement in various
aspects of cancer onset and progression (1). Crosstalk between cancer cells and immune
cells can lead to systemic accumulation and activation of neutrophils, resulting in a chronic
inflammatory state (2-5). Tumor-induced systemic inflammation is clinically scored as the
Neutrophil-to-Lymphocyte Ratio (NLR), indicative of the relative abundance of neutrophils
versus lymphocytes in the peripheral circulation. Clinical investigations revealed a correlation
between a high NLR and unfavorable disease outcomes as well as suboptimal therapy
responses across various cancer types (6-9). Furthermore, preclinical research has shown
that neutrophils contribute to the formation of metastases through various mechanisms.
These include inducing systemic immune suppression, assisting circulating cancer cells and
promoting the creation of the (pre-)metastatic environment (10-15). Additionally, pre-clinical
investigations demonstrated that during the initial phases of tumor development, bone
marrow neutrophils display a pronounced inherent capacity for spontaneous migration.
This capability allows them to effectively navigate to distant organs, thereby promoting the
infiltration of cancer cells into remote tissues and consequently facilitating the progression
of tumor metastasis (16, 17). Collectively, these studies have revealed the pivotal role of
neutrophils in metastasis formation, sparking a growing interest in studying these cells
within the context of cancer (18).

Despite the growing recognition of the importance of neutrophils in cancer, they have
often been overlooked in scientific investigations. While neutrophils constitute the most
abundant white blood cell in human blood, their representation is notably absent in archival
specimens such as frozen peripheral blood mononuclear cells (PBMCs). This absence can
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be attributed to the inherent vulnerability of neutrophils; they do not withstand a freeze-
thaw cycle, leading to their virtual elimination in preserved specimens. Additionally, their
short lifespan, typically lasting from a few hours to a few days, poses a significant challenge
for researchers, making them difficult to work with. Hence, possessing the necessary
technical knowledge about human neutrophil isolation and ex vivo handling is crucial for
the successful execution of functional experiments.

This methodology chapter provides detailed protocols to study the ex vivo motility and
migration of human neutrophils. Motility refers to the ability of cells to move actively and
undirected and is indispensable for neutrophils to execute their effector functions, such as
patrolling the bloodstream and tissues, actively seeking out and destroying pathogens.
Migration is a critical property that allows neutrophils to exit the bloodstream and actively
navigate into tissues or sites of infection (or tumor, in the case of cancer), attracted by a
gradient of chemical stimuli called chemoattractants. Important chemoattractants for
neutrophils include interleukin-8 (IL-8, CXCL8), leukotriene B4 (LTB4), growth-regulated
oncogene-1(GRO-1, GROa, CXCL1), complement component C5a, N-Formylmethionyl-leucyl-
phenylalanine (fMLF or fMLP) and stromal cell-derived factor-1 (SDF-1, CXCL12)(19, 20). In
the migration assay described in this protocol, IL-8 and LTB-4 are used as chemoattractants
because they are well characterized and commonly used moderately potent chemoattractants
that exhibit minimal interference with adhesive properties and activation status of the
neutrophils.

Understanding the intricacies of neutrophil motility and migration in different organs
and disease contexts is essential for unraveling the dynamics of immune responses and
inflammatory processes. Ex vivo motility and migration assays can be helpful tools to
compare neutrophil functionality in homeostasis and disease or across different tissue sites.
Furthermore, these assays can serve as a platform for fundamental research aimed at
investigating mechanisms of neutrophil migration, and offer the potential to explore
strategies targeting neutrophil migration. By comprehending the complexities of neutrophil
motility and migration across various organs and disease scenarios, researchers can unravel
the dynamics of immune responses and inflammatory processes, thereby illuminating the
crucial role neutrophils play in cancer progression.

Materials

Common disposables

+ Pipet tips

* 15 mL Falcon® Tubes (Thermo Fischer Scientific) (see Note 1)

* 50 mL Falcon® Tubes (Thermo Fischer Scientific) (see Note 1)

+ Falcon® 24-well Clear Flat Bottom TC-treated Multiwell Cell Culture Plate, with Lid,
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Individually Wrapped, Sterile (Corning) (see Note 1)

96-transwell plates with 3.0 pm pore polycarbonate permeable membranes (Sigma
Aldrich) (see Note 1)

Black 96-well flat bottom OptiPlates; low-binding surface (Perkin Elmer)

Aluminum foil to keep stained cells in the dark

Cells and reagents

Fresh human blood sample (2-4 mL), collected in EDTA tube (see Notes 2, 3 and 4)
MACSxpress® Whole Blood Neutrophil Isolation Kit, human (Miltenyi)

Medium: 20/80 mixed medium (20% Roswell Park Memorial Institute (RPMI)/ 80% AIM- V
medium) (Gibco) (see Note 5), supplemented with 1% Human Serum (Sigma Aldrich)
Red Blood Cell Lysis Buffer (dH20, 8.02 g/L NH4CI, 0.84 g/L NaHCCO3, 0.37g/L EDTA)
Calcein acetoxymethyl, cell-permeant dye (Thermo Fischer Scientific)
N-Formylmethionine-leucyl-phenylalanine (also known as fMLF or fMLP) (Sigma-Aldrich),
make 10 uM stock

HTAB buffer (1g/L Tween20, 2g/L CTAB, 2g/L BSA, 7.44 g/L EDTA)

Recombinant Human IL-8 (Peprotech), make 10 pg/mL stock (= 100x)

Recombinant LTB-4 (Sigma-Aldrich), make 1 pg/mL stock (=100x)

Equipment

Pipets

Magnet: MACSxpress Separator (Miltenyi)

Cell counting equipment (manual/automated)

Humidified cell culture incubator (37°C and 5% CO,)

Laboratory biosafety cabinet

High-quality, inverted, wide field microscope system with motorized stage control (for
time lapse), autofocus and temperature and CO, control for live cell imaging, (like the
Zeiss Axio Observer Z1 Live) with standard filter cubes for GFP (Figure 1). The system
needs to be equipped with a camera (like a sensitive Hamamatsu Orca Flash 4
monochrome camera for bright field, DIC, phase contrast and fluorescence imaging (LED
or HXP light source) (see Note 1)

Plate reader with excitation 485 and emission 520 such as PHERAstar FS (BMG labtech)
(see Note 1)

Software
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PHERAstar FS plate reader software (BGM labtech)
ZEN lite (Zeiss groep)
TrackMate plugin Fiji (Image))

Figure 1: Picture of the microscope, including the climate control chamber surrounding the
microscope, maintaining the levels of CO, constantly at 5% and temperature at 37°C.

Methods

Neutrophil isolation and staining

1.

A ~5 mL peripheral blood sample is drawn and collected in an EDTA blood tube (see

Notes 2-4). Keep the blood at RT and proceed to the next steps immediately.

Neutrophils are isolated according to the MACSxpress® Whole Blood Neutrophil Isolation

Kit manual (see Note 6), which is a negative selection kit (see Note 7). In short:

a. Beads are dissolved within 2 mL of Buffer A, which is included in the Kit (see Note 8).

b.For each mL of whole blood that is used, 0.125 pL dissolved beads are mixed with
0.125 pL of Buffer B, which is included in the Kit (see Note 9).

¢. The appropriate amount of blood (for example 4 mL) is transferred to a 15 mL tube
(see Note 10), after which the bead mix is added and incubated for 5 min. at RT. After
2-3 min., cell-bead suspension is mixed very gently by slowly pipetting up and down,
without creating any bubbles.

d.The 15 mL tube is placed in the magnet for 15 min.

e. After 15 min., the fraction that does not stick to the magnet is harvested.
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Cells are spun down for 5 min. at 250 g.
Red blood cells are lysed in 10 mL Red Blood Cell Lysis Buffer for 5 min. at RT.
10 mL of medium is added and cells are spun down for 5 min. at 250 g.

o v kW

Supernatant is discarded, the pellet is dissolved in 10 mL of mL of medium by gently
pipetting up and down without creating any bubbles and cells are spun down again for
5 min., 250 g.

7. Cells are counted and diluted in medium to a final concentration of 4*10%mL. It is
strongly advised to perform a flow cytometry-based purity check on part of the isolated
neutrophils (see Note 11).

8. The neutrophil suspension is transferred to a new 15 mL tube for staining (see Note 12).

9. Calcein is added to stain the neutrophils (final concentration: 1 pM).

10. Neutrophils are incubated for 30 min. at 37°C, and kept dark.

11. 10 mL of medium is added and cells are spun for 5 min. at 250g.

12. Supernatant is discarded, another 10 mL of medium is added and cells are spun at 5
min. at 250g.

13. Pellet is suspended in medium to a final concentration of 1*10/mL.

14. Stained neutrophils can now be used for the motility (See 3.2) and migration assays (See

3.3).

Neutrophil motility assay

Plate preparation

1. 10.000 neutrophils are plated per well of a 24-well plate (10 pl of the stained neutrophil
suspension in TmL of medium per well) (see Note 13).

2. The remaining cells are kept at RT for use in the migration assay described in 3.3.

3. Neutrophils are allowed to settle in the plate for 30 min.

4. Inthe meantime, the microscope is prepared for the experiment (temperature is set at
37°Cand CO, at 5%, the instrument is calibrated for a 24-well plate, correct focus and auto
focus are established).

Data acquisition

1. Neutrophils are imaged using a 20x 0,4 objective and two channels:

a. Phase contrast, 30 ms exposure time.

b. Fluorescence contrast EGFP (Excitation wavelength 488, Emission wavelength 509), 50
ms exposure time.

2. To allow time lapse analysis, one frame every 2.5 min. is taken. Acquisition duration is
typically between 30 min. and 4 hours, and can be chosen according to your experimental
question (see Note 14).
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Data analysis

1. After data acquisition, the pictures of one condition are digitally linked using the stitch
function.

2. Afixed area of interest is chosen (see Note 15), a timespan is defined that is equal for
all samples (typically 2-4 hours) and this homogenized data is exported.

3. For the quantification and visualization of neutrophil motility, TrackMate software is
used (21, 22) (see Note 16).

4. To start, cells are segmented by overlaying each cell with a purple spot (see enlargement
in Figure 2, Frame 1). It is important to choose a spot-size that fits your data (10-12 pm
for neutrophils). This can be done by choosing 10-12 micron as ‘Estimated object
diameter’. Press ‘Preview’ to see whether the settings of choice correctly identify the
cells in one sample frame. All cells will be automatically recognized in all frames.

5. Next, a check for software mistakes in cell fragmentation and a manual adjustment of
the spot selection needs to be performed. In Figure 2, three consecutive frames are
shown, illustrating the importance of this step. In some cases, multiple neutrophils are
moving in close proximity to each other and they are recognized as one single cell by
the software. Consequently, a spot can be lost during acquisition, resulting in fragmented
tracks later on in the analysis. In this case, an extra spot should be added manually. On
the other hand, the software sometimes considers a cell protrusion as a new cell and it
incorrectly adds an extra spot. In this case, this extra spot must be removed manually
(see Figure 2 Frame 3). If the software frequently misidentifies cell protrusions and adds
inappropriate spots, it is recommended to increase the spot size to enhance accuracy.

2 cells; 2 cells; Protrusion;
Keep 2 spots Keep 2 spots Delete 1 of 2 spots

Figure 2: Segmentation process of three consecutive frames of the same area in TrackMate. In
green, the neutrophils are visible. The software annotates each cell with a purple circle that will
eventually be tracked (see 2x enlargement in Frames 1 and 3). The four squares in yellow, blue,
red and white are highlighting the same individual cells overtime for illustration purposes.
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Figure 3: Tracking live cell motility of human neutrophils for three hours: a good (left) and a bad
(right) example (10x magnification plus 2x digital zoom). Tracks are colored for mean track velocity
(micron/sec) and values are indicated by the bar on the right.

6. Once all cells are correctly segmented throughout all frames, the next step is to connect
the spots to study the tracks. Choose ‘Simple LAP tracker’ in the dropdown menu and
set appropriate parameters (see Note 17).

7. When pressing “Next”, the software creates ‘links’ connecting two spots in consecutive
frames and ‘tracks’ that are the sum of all the links.

8. Make sure to verify that the plugin connected the correct dots, and adjust manually if
necessary. Figure 3 shows two examples of cell tracking results. On the left, cells are
actively moving across the well’s surface, creating intricate patterns in their tracks. The
left picture is therefore a good example of what actively moving neutrophils look like.
On the right is an illustrative example of tracking caused by cells drifting within the well,
as all the cells are following the same direction at the same speed; this does not
represent actual active cell movement (see Note 18). The picture on the right is therefore
an example of what passive/artefact movements look like.

9. After the tracks have been manually curated frame by frame, the resulting track data
can be exported in a .txt or .xIsx format for statistical analysis and graphing purposes.

10. To obtain information about the percentage of moving neutrophils, you can set a very
low threshold (e.g. 10 pm) to identify all cells that (hardly) moved, and calculate this as
a fraction of total measured tracks. Alternatively, you can divide the number of tracks
over the number of spots.

11. Additional informative parameters to investigate are:
a.Mean track velocity: velocity values are defined as the distance between two spots

(the link length) divided by the time difference for a single link. Mean velocity, is the
average of the link velocities over all the links of the track.
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b.Track length: total distance travelled; sum of all link lengths for each track.
c. Track displacement: net distance from start point to end point.
d.Track displacement in combination with track length provides information about to
which degree the neutrophils move linearly through space.
In Figure 4, an example is presented of the final data analysis results, in which multiple
experiments are combined: 11 donors from Group A to 13 donors in Group B (see Note 19).
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Figure 4: Combined results of multiple experiments showing (A) Track Length, (B) Track
Displacement and (C) Track Speed of individual donors (top row) and mean values per group
(bottom row).

Neutrophil migration assay

Plate preparation

1. After staining/washing the neutrophils as described in 3.1, allow them to rest for 30 min.
in the dark at RT.

2. In the meantime, prepare the lower wells of a 96-well Transwell plate with a medium
control and the chemoattractants (see Figure 5 for IL-8 and LTB-4 titrations).

3. Fill the bottom wells with 200 pL of the following conditions as described in Table 1 and
illustrated in Figure 6 (the use of triplicates is recommended):
a. Positive control: 100.000 cells (use 100 pL of cell suspension and add 100 pl of medium)
b.Medium
¢. Medium +IL8 (final concentration of 0.1 yg/mL) (see Notes 20 and 21)
d.Medium +LTB4 (final concentration of 0.01 pyg/mL) (see Notes 20 and 21)
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4. After the 30 min rest, the top wells are placed on the lower wells and 100 pL calcein stained
neutrophils (100.000 cells) are added to the upper wells, according to the table 1.
The plate is incubated for 40 min. at 37°C.
After incubation, upper wells are removed and neutrophils are harvested from the lower
wells by gently pipetting up and down without creating bubbles, and transferred to a
V- 96-well plate (see Notes 22 and 23).
The V-bottom plate is spun down for 5 min. at 250 g, and supernatant is removed.
Cells are resuspended in 50 pL of medium + 1% HS and transferred to a black flat bottom
plate.

9. 50 pL of HTAB buffer is added to all samples. Pipet up and down to lyse the cells.

10. Samples are kept dark until data acquisition, preferably on the same day.
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Figure 5: Titration of chemoattractants (A) IL-8 and (B) LTB-4. Chemoattractant titrations were
performed in medium supplemented with 1% human serum. Triplicates of two donors are shown
here.

Table 1: Schematic overview of the experimental conditions of the neutrophil migration assay.

Bottom well Upper well
Positive control 100,000 cells (100 pL) + 100 pL medium Empty
Medium Medium (200 pL) 100,000 cells (100 pL)
IL8 Medium + IL-8 (200 pL) 100,000 cells (100 pL)
LTB4 Medium + LTB4 (200 pL) 100,000 cells (100 pL)
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Figure 6: Schematic overview of the experimental setup for the neutrophil migration assay,
illustrating (A) the transwell components, (B) plate layout and (C) starting experimental condlitions.
Created with BioRender.com.

Data acquisition and analysis

1. The plate reader is set up as follows: the focal height is determined and the gain is
adjusted to prevent signal saturation in any of the wells.
20 laser beam flashes per well are used.
The fluorescent signal is measured and quantified with the plate reader (excitation 485/
emission 520).

4. The average of the triplicates is used for each condition.

5. The positive control condition serves as reference (=100%) and migration rates of the
other conditions are calculated relative to this signal.

Notes

1. Suppliers are given for reference, but equivalent products can be purchased from
different providers or manufacturers.
2. Blood sampling is a reserved medical procedure, and may only be performed by certified
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11.
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13.

14.

15.

16.
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personnel. Subjects must be counseled and sign informed consent. Be sure to follow
applicable regulations within your country and research institution.

Blood samples are considered primary human tissues and should be handled as
biohazardous material under Biosafety Level 2: work in a Class Il bio-safety cabinet
while wearing appropriate protective PPE certified gloves and clothing.

Neutrophils follow the circadian rhythm in exiting the bone marrow. It is best to collect
blood samples in the morning and to avoid large variation in time of blood draw. Since
neutrophils do not survive a freeze-thaw procedure, the use of fresh blood samples is
essential.

If no serum free T cell mixed medium is available, experiments can also be conducted
with RPMI 1640 Medium without Phenol red (Gibco).

Depending on the number of magnets you have, you can process multiple samples at
the same time.

To avoid neutrophil activation as much as possible, it is important to use a negative
selection kit during neutrophil isolation.

Neutrophil isolation mix must be prepared freshly before each cell separation procedure,
and reagents should be placed at RT before use for 15min.

Half the amount of Miltenyi Neutrophil Isolation beads was tested and was found to be
equally effective.

When pipetting neutrophils, make sure to handle them very gently (e.g. avoid flicking
the pellet after centrifugation and do not create bubbles).

For the purity check after neutrophil isolation, use forward scatter and side scatter to
identify your single cells, life/dead staining in combination with a dump lineage channel
containing markers like anti-CD3, anti-CD19 and anti-CD56, and antibodies against
CD11b, CD66b and CD16 to identify neutrophils (see Figure 7).

The remaining cells can be used for other purposes, e.g. proteomics, secretomics, NET-
formation assay.

Only the central wells of the 24 well plate are used and water is added to the wells that
are not used to prevent evaporation of medium in the wells containing the neutrophils.
It is advisable to choose the acquisition duration generously. After acquisition, the user
can choose the window of time of interest to export, for instance excluding the end if
cells die.

To avoid (unintentional) bias in selecting the region of analysis, it is advised to work with
fixed coordinates within the well.

TrackMate is a plugin within FIJI, with a user friendly interface. It follows a classical
approach in which the cell segmentation step is distinct from the particle-linking steps.
There is other tracking software available (like e.g. Spottracker), but TrackMate is most
commonly used.

17. The parameters used in this experiment are: Linking max distance: 50,0 micron, Gap-

closing max distance: 100,0 micron, Gap-closing max frame gap: 3. It is advisable to
adjust these values to determine the parameters that best fit your data. In which the
“Linking max distance” dictates the maximal distance between two spots. “Gap-closing
max distance” dictates how far two spots can be apart, in case the spot was missed,
and “Gap-closing max frame gap” describes the maximum allowed number of
consecutive missed frames.
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Figure 7: Neutrophil isolation purity check based on flow cytometry. A) Representative flow
cytometry dot plots illustrating strategy to gate on neutrophils (gating on singlets, live, lineage-,
high side scatter, CD66b+ CD16+). B) Percentage of neutrophils from single live cells before and
after neutrophil isolation.

Typically two samples are taken along: a. before isolation sample; b. isolated neutrophils
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18. To avoid cell drifting, lower the speed of the stage while moving to the next well to 50%
with acceleration 30%.

19. In addition TrackMate plugin offers the opportunity to plot several other features of
interest regarding the Spots, Links and Tracks.

20. IL-8 and LTB-4 concentrations were optimized and optimal conditions were chosen
(Figure 8).

21. Itis desirable to test multiple concentrations of the chemoattractants while setting up
the experiments. In our lab, these were the optimal conditions with the biggest
difference between the case and control group, but this might vary depending on the
experiment and the lab. Additionally, researchers may opt to utilize alternative
chemoattractants. In that case too, it is imperative to optimize the protocol accordingly.

22. V-bottom plates are preferred when spinning down only a small amount of cells because
the pellet is more firm. Alternatively, a U-bottom plate can be used as well.

23. In some cases, the volume in the lower well might exceed the maximum of what can be
plated in a V-bottom well (~220 pL). In this case, you need to separate the sample over
two wells and combine them after the first spin. Wash wells to minimize cell loss.

Chemotaxis assay
80

60— '|'

Hl 1% serum
Bl 10% serum

Medium IL8 LTB4 fMLF
Chemoattractant

Fraction of migrated neutrophils
2

Figure 8: Fraction of migrated neutrophils at different concentrations of human serum. For testing
the best serum concentration, the chemoattractants were used in the following concentration:
100 ng/mL IL-8, 10 ng/mL LTB-4 and 100 nM fMLF.
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Concluding remarks

While descriptive analyses can provide correlative and static snapshots of cellular capabilities,
functional assays give dynamic insights into cellular activity, and provide opportunities for
mechanistic analyses of biological processes. Investigating the functional behavior of
neutrophils takes on considerable importance within the context of tumor-induced systemic
inflammation and tumor progression (16, 17). In this chapter we have described two distinct
ex vivo assays tailored to quantify human neutrophil motility and migratory capacity. Taking
into account the difficulties of working with unpredictable human samples, especially when
dealing with cancer patients, our protocol offers a feasible and reproducible approach that
allows a standardized sample analysis over extended periods of time. The motility and
migration assays described in this chapter have a wide range of potential applications. These
include, but are not limited to, comparing the migration capacity of neutrophils from healthy
individuals with those from patients affected by a particular disease. Furthermore, these
assays can function as a screening tool to evaluate the impact of specific drugs on neutrophil
migration.

When a preference for more physiologically relevant conditions arises, the migration
assay can be modified with the addition of a HUVEC (Human umbilical vein endothelial cells)
monolayer in the transwell. This will better resemble the transmigration process across the
blood vasculature. However, the execution of these assays poses significant logistical
challenges, primarily due to the concomitant requirement for fresh blood samples and an
already formed HUVEC cell monolayer in the transwell.

We advocate combining these functional assays with complementary techniques
such as RNA sequencing and proteomics. This integrative approach not only enhances
analytical depth but could also facilitate the elucidation of the underlying molecular
mechanisms responsible for potential differences in migration between experimental and
control groups.

When stimulating neutrophil migration and motility with chemoattractants, it is
important to carefully consider the choice of the stimulus. IL-8 and LTB4 are acknowledged
as “intermediary” signals, directing neutrophils from the bloodstream to the general vicinity
of their target. These intermediary signals are disregarded once neutrophils perceive “end-
target” signals in close proximity to their final destination (23). To draw a comparative
analysis between “low-priority input” denoted by IL-8 and LTB4, and “high-priority input”,
chemoattractants such as fMLF and C5a can be examined. However, previous studies have
outlined that fMLF and complement C5a result in swift alterations in neutrophil morphology
and adherence properties (24, 25), which can impact the outcomes of migration experiments.
In our hands, fMLF persistently resulted in less migration than in the medium control
condition (Figure 5), because the neutrophils adhere to the transwells. Therefore, when
alternative chemoattractants like fMLF, C5a or others are intended to be used, additional
refinement of this protocol is required.
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Abstract

Breast cancer is a systemic disease, yet the impact of tumor molecular subtype and disease
stage on the systemic immune landscape, remains poorly understood. In this study, we
comprehensively analyzed the systemic immune landscape in a large cohort of breast
cancer patients, encompassing all molecular subtypes and disease stages, alongside a
control group of healthy donors. Using multi-parameter flow cytometry, we assessed the
abundance, phenotype, and activation status of diverse innate and adaptive immune cell
populations across peripheral blood samples from 355 breast cancer patients and 65 healthy
donors. Analyzing all blood samples immediately after collection enabled analysis of often
overlooked, but highly abundant granulocyte populations, including neutrophils and
eosinophils. Our findings reveal that early-stage breast cancer patients exhibit increased
cell counts of neutrophils, classical monocytes, and CD1c DCs compared to healthy donors.
In late-stage breast cancer patients, we observed elevated counts of neutrophils, classical
monocytes, and non-classical monocytes compared to healthy donors. Additionally,
reductions were observed in memory B cells, plasmablast-like cells, conventional CD4 T
cells, and regulatory T cells. Notably, distinct molecular subtypes were associated with
specific changes in the immune landscape, with the most significant changes observed in
the triple-negative subtype. In conclusion, our data indicate that the systemic immune
landscape undergoes more profound alterations in metastatic breast cancer than non-
metastatic cases, with disease stage exerting a greater influence on systemic immune
composition than tumor subtype.

Introduction
Breast cancer can be considered a systemic disease, but the influence of breast cancer on
the systemic immune landscape, especially in relation to tumor molecular subtype and
disease stage, is not well understood. Breast cancer accounts for nearly a quarter of all
cancer diagnoses and necessitates complex treatment strategies, which frequently result
in side effects that cause physical and emotional suffering for those who are affected and
their loved ones'. Breast cancer is classified into three main subtypes, based on hormone
receptor (HR) and human epidermal growth factor receptor 2 (HER2) expression: HR+ tumors
(~70%), HER2+ tumors (15-20%), and triple-negative breast cancer (TNBC, ~15%)?. Each
subtype exhibits distinct molecular signatures and clinical behaviors3. Despite advancements
in treatment tailored to molecular subtypes and other clinical parameters, breast cancer
continues to be the leading cause of cancer-related mortality among women worldwide,
underscoring the urgent need for innovative therapeutic approaches.

Although immune checkpoint inhibitors (ICl) have transformed the treatment of various
cancer types, their efficacy in breast cancer has been relatively modest. TNBC is considered
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the most immunogenic subtype of breast cancer, characterized by higher levels of tumor
infiltrating lymphocytes (TILs), a higher tumor mutational burden, and increased expression
of programmed death-ligand 1 (PD-L1) compared to the other breast cancer subtypes®.
However, even in TNBC, only a minority of patients benefits from currentimmunotherapeutic
strategies. This limited response to ICl can be partly attributed to the inherently low
immunogenicity of many breast tumors. In addition, a significant contributing factor is
tumor-associated immune suppression, which enables cancer cells to evade local immune
responses>'. Tumor-associated immune suppression often extends beyond the tumor
microenvironment (TME)"-'3, leading to an impact on the systemic immune system of the
host. This systemic effect can manifest as altered immune cell populations and functions
throughout the body, weakening overall immune defense and contributing to disease
progression. Most studies have highlighted the impact of breast tumor subtypes on the
local immune microenvironment, but our understanding of the systemic immune landscape
across different molecular subtypes and disease stages remains limited. While some studies
have provided valuable insights into the impact of cancer on peripheral immune cells'*'>,
several questions remain open for exploration. For instance, previous studies rely on PBMCs,
excluding granulocytes and thereby omitting a significant portion of myeloid cells. The
complex interplay between tumor stage, molecular subtypes, and systemic immune
alterations remains poorly understood, yet is of critical importance for guiding the
development of novel immunotherapeutic approaches tailored to individual patients.

Our goal is to study how tumor stage and molecular subtype impact the systemic
immune landscape in patients with breast cancer. Therefore, we conducted a comprehensive
characterization of the circulating immune landscape in a large cohort of breast cancer
patients spanning different molecular subtypes and disease stages, alongside a matched
healthy donor (HD) control group. Employing multi-parameter flow cytometry analysis, we
assessed the abundance, phenotype, and activation status of various innate and adaptive
immune cell populations from over 400 fresh peripheral blood samples. This enabled us to
generate detailed quantitative and phenotypic data on circulating granulocyte subsets,
dendritic cells (DCs), monocytes, T cells, B cells, and natural killer (NK) cells, shedding light
on the intricate interplay between breast cancer and systemic immune profile. This dataset
is unique because of its large, well-defined patient cohorts, the inclusion of age- and BMI-
matched healthy controls, and the incorporation of neutrophils, eosinophils, and basophils
on this large scale, enabling a comprehensive and integrative approach to analysis.

We show that changes in the systemic immune landscape are most pronounced in
patients with late-stage breast cancer and characterized by a general increase in the myeloid
lineage and a decrease in the lymphoid lineage, especially in the metastatic setting, indicating
that disease stage is a critical factor influencing the immunological profile of breast cancer
patients. Furthermore, specific molecular subtypes notably induce distinct alterations in
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the immune landscape of breast cancer patients. Our findings suggest that the most
significant differences in the systemic immune landscape between the three subtypes and
HDs, are observed in the TNBC subtype. These data provide a valuable resource on the
circulatory immune landscape of breast cancer patients compared to HDs, informing future
pre-clinical and clinical research and paving the way for innovative, stage- and subtype-
specific immunomodulatory treatment approaches.

Material and Methods

Human blood samples

Fresh blood samples from 53 healthy women (healthy donors, HD) were obtained after
approval by the local medical ethical committee (NCT03819829). Additionally, fresh blood
samples from 12 healthy women were obtained anonymously from the Dutch national
blood transfusion service (Sanquin Blood supply, Amsterdam, The Netherlands). In our
cohort of patients with breast cancer, blood samples were obtained from patients enrolled
in either a clinical trial or biobank protocol, after approval by the local medical ethical
committee and/or institutional review board of the Netherlands Cancer Institute. 185
patients were enrolled in a biobanking protocol of the Netherlands Cancer Institute
(CFMPB450); 59 patients were included in the BELLINI trial’® (NCT03815890); 91 patients
were included in the Triple B trial’” (NCT01898117); 10 patients were included in the MIMOSA
trial’® (NCT04307329). Where blood was obtained in the context of a clinical trial, only
baseline blood samples were included in the analysis for this study. Basic clinical parameters
were retrieved from the electronic patient records by qualified medical staff.

We included 121 patients with HR+ breast cancer (ER >10%, PR+/- and HER2 negative),
of which 33 had stage | disease, 53 had stage I, 15 stage Ill and 20 patients had stage IV
disease. Furthermore, we included 67 patients with HER2+ breast cancer (either score 3 for
HER2 using immunohistochemistry (IHC) or positive at in situ hybridization [CISH or FISH])
in case of score 2 on IHC) were included, of which 16 had stage | disease, 17 stage I, 17
stage lll and 17 patients had stage IV disease. Additionally, we included 167 patients with
TNBC (histologically confirmed ER < 10% of positive tumor cells using IHC; HER2: either score
0 or 1 for HER2 at IHC with no amplification detected by in situ hybridization [CISH or FISH]
in case of score 2 on IHC) of which 17 had stage | disease, 40 had stage Il, 17 had stage IlI
and 93 patients had stage IV disease (Figure 1a).

In this study, all patients with early-stage disease (stage I-1ll) were treatment naive at
the time of blood donation. In the late-stage disease (stage IV) setting, blood from patients
with mTNBC was taken before any treatment for metastatic disease. Patients with HR+
tumors and HER2+ tumors did receive prior treatment for metastatic disease (Supplementary
Table 1). For the treated patients from all subtypes, a washout period of at least 3 weeks
was maintained between the last drug administration and the blood draw.
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All study protocols were conducted in accordance with the ICH Harmonised Tripartite
Guideline for Good Clinical Practice and the principles of the Declaration of Helsinki. All
patients and HDs provided written informed consent before enrolment.

Flow cytometry
Blood samples were processed and analyzed within 24 hours after blood draw. All samples
were processed uniformly, by the same team and within the same laboratory. Peripheral
blood was collected in EDTA vacutainers (BD) and subjected to red blood cell lysis (lysis
buffer: dH20, NH4CI, NaHCCO3, EDTA). Cells were resuspended in PBS containing 0.5% BSA
and 2mM EDTA and counted using the NucleoCounter NC-200 automated cell counter
(Chemometec). To obtain white blood cell (WBC) counts per mL of blood, the total amount
of post lysis cells was divided by the volume (mL) of blood obtained from the patient (~10
mL).

For the labeling of surface antigens, cells underwent an initial incubation with human
FcR Blocking Reagent (diluted 1:100 Miltenyi) for 15 minutes at 4°C, followed by a 30-minute
incubation with fluorochrome-conjugated antibodies at 4°C, shielded from light. For
intracellular staining, cells were fixed in Fixation/Permeabilization solution 1X (Foxp3/
Transcription Factor Staining Buffer Set, eBioscience) at 4°C for 30 minutes, then stained
with fluorochrome-conjugated antibodies in Permeabilization buffer 1X (eBioscience) for
30 minutes at room temperature. Viability was determined by staining with either 7AAD
staining solution (diluted 1:10; eBioscience) or Zombie Red Fixable Viability Kit (diluted 1:800,
BioLegend).

Data acquisition of all samples was performed on the same LSRII SORP flow cytometer
(BD Biosciences) operated with Diva software. To make the performance of this machine
as constant over time as possible, CS&T beads (BD) were used to optimize general
performance and Sphero 8 peaks Rainbow Calibration particles (BD) were used to adjust
PMT voltages if necessary. Additionally, single stained compensation controls are taken
along for each experiment. Flow data analysis was conducted using FlowJo software (version
10). Flow cytometry antibody details are provided in Supplementary Table 2 and gating
strategies are illustrated in Supplementary Figures 1a (Myeloid panel gating), 1b (B and NK
cell panel gating), and 1c (T cell panel gating).

Data analysis and statistics

GraphPad Prism (version 10.1.2) software was used for statistical analysis and graphing of
the flow cytometry data. Kruskal-Wallis test was applied when comparing multiple groups,
followed by Dunn's test to obtain adjusted p-values corrected for the number of groups in
the graph (not the number of immune cell populations). PCAs and heatmaps were generated
using Qlucore software (version 3.8). Missing values were imputed by mean values from
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the sample group. Correlation between neutrophil counts and time of blood draw was
performed in R (version 4.3.2) using linear modeling function. Corrected p-values <0.05 were
considered significant and are depicted in the graphs using asterixes: * p<0.05; ** p<0.01;
**% p<0.001; **** p<0.0001.

Results

Breast cancer alters the systemic immune landscape

To gain insights into the impact of breast cancer on the circulatory immune compartment
at early or late disease stages, we conducted high-dimensional flow cytometry on 420 fresh
peripheral blood samples. We developed an analysis pipeline specifically tailored for fresh
blood samples'. This pipeline employs a panel of 50 antibodies distributed across a myeloid
panel, a B- and NK cell panel, and a T cell panel (Supplementary Figure 1a-c). This robust
approach enables a comprehensive analysis of the systemic immune landscape, including
granulocytes, which are typically lost in standard peripheral blood mononuclear cell (PBMC)-
based analyses. We profiled samples of patients without distant metastases (stage I-llI,
referred to as early-stage, n=225) and patients with distant metastases (stage IV, referred
to as late-stage, n=130) (Figure 1a). From the patients with early-stage breast cancer, 101
patients had HR+ disease, 50 patients had HER2+ disease and 74 patients had TNBC (Figure
1a). From the patients with late-stage breast cancer, 20 patients had HR+ disease, 17 patients
had HER2+ disease and 93 patients had TNBC (Figure 1a). As a control group, we profiled
age-, sex- and BMI-matched healthy donors (HDs, n=65) (Figure 1a). Age and BMI of breast
cancer patients and HDs are visualized in Supplementary Figure 2 a, b. Given that neutrophil
release from the bone marrow follows a circadian rhythm?, we tested for correlations
between neutrophil counts and time of blood draw using a linear model. No statistically
significant correlations were found, except in the early-stage TNBC group, where a weak
correlation was observed (r=0.0999, Supplementary Figure 2c). The very low rho-value (<10%)
suggests minimal variance explained by blood draw time, so we chose not to adjust for it
in our dataset.

To explore the flow cytometry data of the three antibody panels in an unbiased manner,
we performed a principal component analysis (PCA). By taking the first three principal
components into account, we could explain 77% of the variance in the data. When plotting
these three principal components, we observed that the HDs cluster away from all breast
cancer groups, and that the early-stage breast cancer groups clustered away from the late-
stage breast cancer groups (Figure 1b). Moreover, disease stage seemed to have a dominant
impact on the systemic immune landscape over tumor subtype (Figure 1c). Hierarchical
clustering of 18 major immune populations analysed, confirmed our PCA analysis with HDs
blood profile separating from breast cancer patient blood profiles (Figure 1d).
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Figure 1. Breast cancer alters the systemic immune landscape. (a) Graphical summary of
included human blood samples and the systemic immune cell populations that were assessed
immediately after blood collection using flow cytometry. (b, ¢) Principal component analysis was
conducted on the Log,-transformed median cell counts per mL of blood from major immune cell
populations (see d), measured by flow cytometry in fresh blood samples. The results were colored
by disease stage discriminating patients with early-stage breast cancer (n=225), late-stage breast
cancer (n=130), and healthy donors (HD) (n=65) (b), and by tumor subtype in discriminating
between patients with a HR+ tumor (n=121), a HER2+ tumor (n=67) or a triple negative tumor
(n=167), and healthy donors (n=65) (c). (d) Heatmap based on the Log -transformed median cell
counts per mL blood, visualizing the major immune cell populations, as assessed by flow cytometry
in fresh blood samples from patients with early-stage breast cancer, late-stage breast cancer,
across different breast cancer subtypes, and healthy donors. Hierarchical clustering was
performed on the immune cell populations and on tumor subtype and disease stage. The color
scale represents row Z-scores, ranging from -2 to 2.
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Breast cancer associated alterations to the systemic immune landscape are disease
stage dependent

Next, we investigated which immune cell populations are driving the clustering patterns
(Figure 1b, d) and how disease stage is impacting the circulating immune composition. We
found both neutrophils and classical monocytes to be significantly increased in patients
with early- and late-stage breast cancer compared to HDs (Figure 2a, b). Additionally, we
observed a statistically significant increase in the number of circulating non-classical
monocytes in patients with late-stage breast cancer compared to HDs (Figure 2b). Though
no significant difference was observed between patients with early-stage and patients with
late-stage breast cancer when all subtypes are grouped together in neutrophil and (non-)
classical monocyte counts, we did observe an increasing trend, suggesting that neutrophil
and (non-)classical monocyte numbers are being increasingly dysregulated as disease
progresses (Figure 2a, b). Furthermore, we found CD1c* DCs to be reduced in the late-stage
group compared to the early-stage group and an increase in CD1c DCs in the early-stage
group compared to the HDs (Figure 2c).

Within the circulating lymphoid compartment we found a decrease in memory B cells
and plasmablast-like cells in patients with late-stage disease compared to HDs and patients
with early-stage disease (Figure 2d). Similarly, we observed that the cell counts of CD8+ T
cells, conventional CD4+ T cells, Tregs and V&2 y&-T cells were reduced in patients with late-
stage disease when compared to patients with early-stage disease (Figure 2e). Additionally,
conventional CD4+ T cell and Treg counts were decreased in patients with late-stage disease
when compared to HDs (Figure 2e). Together these data indicate that breast cancer impacts
the systemic immune landscape in a disease stage dependent manner.

Systemic immune landscape of healthy donors and patients with early-stage breast
cancer across different molecular subtypes
Our finding that disease stage is associated with multiple differences in the systemic immune
landscape (Figure 2) raises the question of whether these alterations differ per breast cancer
subtype. Therefore, we first sought to explore the influence of molecular subtype within
the patients with early-stage disease and HDs. We observed that the increase in neutrophils,
classical monocytes and CD1c DCs is restricted to patients with early-stage HR+ tumors
(Figure 3a-c). Conversely, the increase in non-classical monocytes was only found to be
statistically significant in patients with early-stage TNBC compared to HDs (Figure 3b).
When evaluating the influence of molecular subtype in patients with early-stage breast
on the circulating lymphoid compartment, we found that V62 y&-T cell counts were
statistically significantly elevated in patients with TNBC compared to HDs (Figure 3e).
Furthermore, we observed a reduced plasmablast-like cell count among patients with TNBC
compared to patients with HR+ tumors (Figure 3d). Conversely, we found NK cell counts to
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Figure 2. Breast cancer stage impacts the circulating immune composition. Log -transformed
cell counts per mL blood of major systemic immune cell populations measured by flow cytometry
in patients with stage I-Ill breast cancer (Early) (n=225), stage IV breast cancer (Late) (n=130), and
healthy donors (HD) (n=65), visualizing (a) granulocytes, (b) monocyte populations, (c) DC subsets,
(d) B cell subpopulations and (e) different conventional and unconventional T cell subpopulations
and NK cells. P-values for (a-e) were computed with the Kruskal-Wallis test followed by Dunn’s
multiple comparisons test.

be increased in patients with TNBC compared to patients with HR+ tumors (Figure 3e). No
other statistically significant differences between the molecular subtypes were observed,
suggesting that disease stage had a stronger influence on the systemic immune landscape
(Figure 2) than the molecular subtype in patients with early-stage breast cancer (Figure 3).

Systemic immune landscape of healthy donors and patients with late-stage breast
cancer across different molecular subtypes

Next, we investigated which differences in the systemic immune landscape of advanced
breast cancer patients were associated with a certain molecular subtype. To achieve this,
we took the immune profiles of patients with late-stage breast cancer and compared the
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Figure 3. Systemic immune landscape of patients with early-stage breast cancer across
different molecular subtypes. Log-transformed cell counts per mL blood of major systemic
immune cell populations measured by flow cytometry in patients with early-stage breast cancer
with a HR+ tumor (n=101), a HER2+ tumor (n=50) or a triple negative tumor (n=74), and healthy
donors (n=65), visualizing (a) granulocytes, (b) monocyte populations, (c) DC subsets, (d) B cell
subpopulations and (e) different conventional and unconventional T cell subpopulations and NK
cells. Adjusted p-values for (a-e) were computed with the Kruskal-Wallis test followed by Dunn’s
multiple comparisons test.

three molecular subtypes to each other and to the immune profiles of HDs. When subdividing
late-stage patients based on the molecular subtype of their tumor, we observed an
imbalance in the n-number of patients per group (Figure 1a). However, our results confirm
that the systemic increase in neutrophils observed in patients with late-stage disease
compared to HDs (Figure 2) is present in both patients with HR+ breast cancer and those
with TNBC, while this was not observed for HER2+ stage 4 disease (Figure 4a). The systemic
increase in classical monocytes in late-stage patients compared to HDs (Figure 2) was
predominantly driven by patients with TNBC (Figure 4b). In contrast, the observed increase
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Figure 4. Systemic immune landscape of patients with late-stage breast cancer across
different molecular subtypes. Log,-transformed cell counts per mL blood of major systemic
immune cell populations measured by flow cytometry in patients with late-stage breast cancer
with a HR+ tumor (n=20), a HER2+ tumor (n=17) or a triple negative tumor (n=93), and healthy
donors (n=65), visualizing (a) granulocytes, (b) monocyte populations, (c) DC subsets, (d) B cell
subpopulations and (e) different conventional and unconventional T cell subpopulations and NK
cells. Adjusted p-values for (a-e) were computed with the Kruskal-Wallis test followed by Dunn’s
multiple comparisons test.

in non-classical monocyte counts in patients with late-stage breast cancer compared to HDs
(Figure 2) was found to be attributed to patients with a HR+ tumor (Figure 4b). These data
indicate that the alterations detected in the circulating immune compartment exhibit varying
degrees of penetration across the three molecular subtypes. Among the myeloid cell
populations, eosinophils, basophils, CD14*CD16* monocytes and the DC subsets remained
unaffected in abundance across the different breast cancer subtypes (Figure 4a-c).

Within the lymphoid compartment, plasmablast-like cells were profoundly reduced in
patients with mTNBC and HER2+ tumors compared to HDs (Figure 4d). Similarly, circulating
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memory B cells were also found to be reduced in patients with mTNBC tumors. These data
suggest that late-stage TNBC tumors, and to a lesser extent late-stage HER2+ tumors have
a profound effect on the B cell compartment. When comparing the T cell subset abundances
across molecular subtypes and HDs, we observed that patients with late-stage TNBC had
reduced counts of CD8 T cells, conventional CD4 T cells and Tregs, patients with HER2+
tumors had reduced counts of conventional CD4 T cells and Tregs, and patients with HR+
tumors had reduced counts of Tregs (Figure 4e). These data indicate that circulating T cell
abundances are most affected in patients with TNBC. Beyond the intrinsic effects of this
tumor subtype on the systemic immune environment, this observation may also be
attributable to a treatment history in the (neo)adjuvant setting with chemotherapeutic
agents by a substantial proportion of late-stage TNBC patients. The observation that CD8
T cell counts are reduced in patients with TNBC compared to HDs was previously masked
by other molecular subtypes, that did not show this decrease compared to HDs (Figure 4e).
Apart from memory B cells (Figure 4d), no significant differences between the molecular
subtypes were observed, suggesting once more that disease stage (Figure 2) has a stronger
influence on circulating immune composition than the molecular subtype (Figure 4).

Breast cancer influences T cell phenotype and cytokine production in a tumor subtype-
and disease stage-specific manner.
Given the observed decrease in total counts of CD8+, conventional CD4+, and regulatory T
cells in patients with metastatic disease compared to those with non-metastatic disease
— and for conventional CD4+ and regulatory T cells also compared to HDs— (Figure 2), we
sought to investigate the phenotype and differentiation state of circulating T lymphocytes
by flow cytometry (Supplementary Figure 1c) in relation to tumor subtype and disease stage.
We observed a lower fraction of PD-1* CD8+ T cells and PD-1* conventional CD4+ T cells in
patients with TNBC compared to HDs (Figure 5a), suggestive of altered systemic T cell
activation. Furthermore, in patients with early-stage breast cancer, we observed a lower
proportion of CTLA-4 expressing conventional CD4+ T cells in TNBC patients compared to
patients with HR+ breast cancer (Figure 5a). When testing for differences in T cell phenotype
in late-stage patients across molecular subtypes and HDs, we observed that patients with
advanced HER2+ breast cancer had a lower frequency of CLTA-4+ and PD-1+ CD8+ T cells
compared to HDs (Figure 5b), which was not yet observed in early disease stage (Figure 5a).
Additionally, we found the frequency of PD-1+ conventional CD4 T cells to be reduced in
patients with HER2+ advanced breast cancer compared to TNBC and HDs (Figure 5b).
Flow cytometry-based analysis of the T cell differentiation state (naive T cells being
CCR7+CD45RA+, central memory T cells (CM) being CCR7+CD45RA-, effector memory T cells
(EM) being CCR7-CD45RA- and effector T cells (T eff) being CCR7-CD45RA+) (Supplementary
Figure 1c), revealed a notable degree of heterogeneity in the T cell differentiation state,
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Figure 5. T cell phenotype and cytokine production in patients with early- and late-stage
breast cancer across different molecular subtypes. (a) Phenotypic characterization of
circulating T cells at early disease stage, visualizing CTLA-4+ and PD-1+ CD8 T cells, conventional
CD4 and regulatory T cells. Frequencies were determined using flow cytometry on fresh blood
samples of patients with a HR+ tumor (n=20), a HER2+ tumor (n=17) or a triple negative tumor
(n=93), and healthy donors (n=65). (b) CTLA-4 and PD-1 expression of CD8 T cells, conventional
CD4 T cells and regulatory T cells. Frequencies of CTLA-4 and PD-1 positivity were determined
using flow cytometry on fresh blood samples of patients with a HR+ tumor (n=20), a HER2+ tumor
(n=17) or a triple negative tumor (n=93), and healthy donors (n=65). (c) Ex vivo production of
cytokines IFNy and TNFa by CD8 and conventional CD4 T cells. Stimulated fresh blood samples
of patients with early-stage disease with a HR+ tumor (n=54), a HER2+ tumor (n=16) or a triple
negative tumor (n=16) and healthy donors (n=41). Adjusted p-values for (a-c) were computed by
effectuating the Kruskal-Wallis test followed by Dunn’s multiple comparisons test.

which appeared largely unaffected by the subtype of breast cancer at early-stage
(Supplementary Figure 3a) or late-stage (Supplementary Figure 3b). Next, we investigated
whether the capacity of T cells to produce cytokines IFNy and TNFa following ex vivo
stimulation with PMA-ionomycin for three hours, was altered in a breast cancer subtype
dependent manner (Supplementary Figure 1c). Due to sample processing limitations, we
confined this part of our analysis to patients with early-stage disease. The ability to produce
IFNy by CD8+ and conventional CD4+ T cells upon stimulation was not affected by the
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presence of a tumor of any subtype (HR+, HER2+ and TNBC) (Figure 5c), suggesting that T
cells from patients with early-stage breast cancer retained similar potential to produce this
cytokine ex vivo. However, when analyzing T cells’ ability to produce TNFa upon stimulation,
we observed that CD4 T cells of breast cancer patients produced more of this cytokine
compared to HDs. This increase in TNFa was statistically significant in patients with HR+ and
TNBC subtypes, and showed a trend toward significance in HER2+ patients (Figure 5c¢). No
differences were observed in cytokine production between the molecular breast cancer
subtypes. Together these data indicate that T cell phenotype and functionality is modestly
altered across the molecular subtypes in early and late stages of disease compared to HDs.

Discussion

In recent years, it has become increasingly clear that solid tumors impact the immune system
in ways that extend far beyond the tumor microenvironment'2'3. However, the influence of
tumors on the systemic immune landscape, particularly in relation to (breast) cancer subtype
and disease stage, remains poorly understood. This study aimed to investigate the changes
in the circulating immune landscape across different disease stages and molecular subtypes
of breast cancer. We utilized multi-parameter flow cytometry to comprehensively assess
the abundance, phenotype, and activation states of both lymphoid and myeloid immune
populations from freshly collected peripheral blood samples. Pre-clinical evidence indicates
a critical role for neutrophils in disease progression?'-23; however, these fragile and short-
lived cells are often overlooked due to their inability to be stored. By analyzing fresh blood
samples, we successfully captured the full complexity of the immune landscape, including
all granulocyte populations.

Our data indicate that the systemic immune landscape in patients with breast cancer
differs significantly from that of HDs, with more pronounced immune cell abnormalities in
late-stage compared to early-stage disease. In metastatic breast cancer, we observed a
general trend of the innate immune compartment expansion and adaptive immune
compartment reduction relative to HDs. These findings highlight disease stage as a critical
determinant of the circulating immunological profile in breast cancer, consistent with the
expectation that more advanced, disseminated disease exerts a greater impact on the
immune system. Moreover, we established that certain changes in the systemic immune
landscape of breast cancer patients within early- and late-stage disease associated with a
particular molecular subtype. For example, circulating CD8 T cells are specifically decreased
in patients with mTNBC compared to HDs, but this was not observed in patients with late-
stage HR+ or HER2+ breast cancer. Similarly, the systemic increase in neutrophils observed
in late-stage breast cancer is seen only in HR+ and triple-negative subtypes, while neutrophil
levels in late-stage HER2+ breast cancer closely resemble those observed in HDs. Notably,
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the most profound immune dysregulation was observed in patients with TNBC, highlighting
the subtype-specific nature of immune cell perturbations in breast cancer. Furthermore,
we observed that disease stage seems a more dominant factor than molecular subtype in
shaping the circulating immune landscape in patients with breast cancer.

The precise mechanisms by which breast tumors of different molecular subtypes
differentially impact the systemic immune landscape are yet to be fully elucidated. Each
breast cancer subtype is characterized by unique genetic mutations, copy number variations,
and gene expression profiles, which can directly or indirectly lead to distinct patterns of
cytokine and chemokine release?*%. These variations in cytokine and chemokine profiles
may contribute to subtype-specific immune alterations. Additionally, epigenetic
reprogramming of cancer cells—such as changes in DNA methylation and histone
modifications—can further influence immune cell function and gene expression, leading to
systemic immune changes. We hypothesize that these factors are crucial for understanding
the differential immune responses observed among the various breast cancer subtypes.

Apart from tumor molecular subtype and disease stage, other factors could influence
the systemic immune profile. It is important to acknowledge that the patients included in
this study closely reflect those encountered in clinical practice, meaning that a proportion
of patients with metastatic disease had received prior treatment for their primary tumor.
It has previously been shown that treatment with chemotherapeutics impacts the circulating
immune compartment for longer than the three-week washout period that was used in this
study?”?8. We would therefore like to emphasize that the observed differences regarding
patients with late-stage disease are not necessarily purely tumor driven, but can be a result
of multiple combined factors, including treatment history, tumor grade or histological
subtype. In addition to treatment history, the genetic make-up of the tumors may have a
strong additive effect on the systemic immune landscape®, as described above. Though
some driver mutations (e.g. mutations in TP53 or PIK3CA) are more prevalent within a specific
breast cancer subtype, they are not exclusively found in just one subtype?+323, [f specific
mutations influence the immune profile in blood and are present across different subtypes
and stages, these tumor mutations may mask potential differences driven by disease
subtype and stage. Since we do not have data on tumor mutations, further research is
needed to investigate the relation between tumor-genotype/immuno-phenotype.

Finally, we would like to discuss the potential clinical significance of our findings. Clinical
research has demonstrated that an elevated neutrophil-to-lymphocyte ratio (NLR) as well
as an reduced lymphocyte-to-monocyte ratio (LMR) is associated with worse disease
prognosis and diminished therapeutic response across various cancer types, including breast
cancer3+4, Since we did not observe a concordant increase in lymphocyte counts with the
increased numbers of classical monocytes and neutrophils, our findings suggests that
patients with breast cancer exhibit a skewed immune profile, characterized by an increased
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dominance of myeloid over lymphoid cells. This myeloid-skewed systemic immune landscape
may leave patients less equipped to mount an effective immune response, potentially
leading to poorer clinical outcomes than they would have experienced with a more balanced
immune profile. Restoring the NLR and LMR to ratio’s similar to those observed in HDs may
represent a promising therapeutic strategy, potentially enhancing the efficacy of
immunotherapy when administered either right after or in combination with it. Turning to
the clinical implications of lymphoid perturbations, tumor-infiltrating B cells and plasma
cells have shown considerable predictive and prognostic value in various cancers, particularly
in the context of both conventional therapies and immune checkpoint inhibitors*#2. Others
have shown in a small set of matched tumor-blood samples, that the decrease in memory
B cells in the blood contrasts with an increase in class-switched memory B cells within the
tumor®. Whether the observed systemic reduction in memory B cells and plasmablast-like
cells is associated with an aberrant TME and altered patient outcomes remains to be
determined and warrants further investigation. CD4 T cells, particularly T helper cells, are
essential for orchestrating a robust immune response, as they facilitate the activation and
differentiation of various immune cells, including cytotoxic T cells and B cells, which are
crucial for effective tumor clearance'®#4,

Overall, our data show that patients with late-stage disease have more of the cell types
that associate with poor clinical outcome like neutrophils and monocytes3”39404648 and less
of favorable immune cell types like cytotoxic T cells and T helper cells**'. Given that the
systemic immune profile of breast cancer patients appears to become increasingly
dysregulated as the disease progresses, it is important to consider initiating immune
modulatory strategies before metastatic spread occurs. Indeed, across cancer types,
increased response rates are observed with neoadjuvant immune checkpoint blockade,
when compared to immune checkpoint blockade administered in the more advanced
disease setting®>4, suggesting that earlier intervention may harness a more functional
immune system to achieve better therapeutic outcomes. Lastly, we propose that developing
therapeutic strategies aimed at normalizing the systemic immune landscape may hold
potential to enhance treatment efficacy and improve overall outcomes for patients.
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Supplementary Figure 1. Gating strategies for flow cytometry analysis of peripheral blood
immune populations. (a) Myeloid panel gating strategy identifying eosinophils (lineage:, high
side scatter, CD66b* CD16), neutrophils (lineage, high side scatter, CD66b* CD16+), basophils
(lineage;, FceRlar, HLA-DR;), plasmacytoid DCs (pDCs) (lineage:, HLA-DR*, CD303, CD123"), Classical
monocytes (lineage, HLA-DR*, CD33*, CD14*, CD16), Transitional monocytes (lineage, HLA-DR,
CD33, CD14*, CD16%), Non-classical monocytes (lineage, HLA-DR*, CD33", CD14™, CD16"), CD1c*
DCs (lineage;, HLA-DR*, CD33*, CD14, CD16, CD1c*, FceRla®) and CD1c DCs (lineage:, HLA-DR,
CD33*, CD14, CD16, CD1c, FceRlar). (b) Gating strategy to identify B cell subsets identifying naive
B cells (CD19*, CD27, IgD*), switched memory B cells (CD19*, CD27*, IgD:, IgM-, CD38), and
plasmablasts-like cells (CD19*, CD27*, IgD:, IgM, CD38"). Gating strategy to identify NK cells (CD19
, CD3, NKG2D*, CD56"). (c) T cell panel gating strategy identifying V&1 yé T cells (CD3*, V61%, pan
yé TCR), V62 yé T cells (CD3*, V62%), CD8 T cells (CD3*, V&1, pan y§ TCR, V62, CD8*, CD4),
conventional CD4 T cells (CD3*, V&1, pan yé TCR, V62, CD8, CD4*, FoxP3), Tregs (CD3*, VST, pan
y6 TCR, V62, CD8&, CD4", FoxP3*, CD25"). Differentiation states were obtained as follows for both
the conventional CD4 T cells and CD8 T cells: naive T cells (CD45RA*, CCR7"), central memory (CM)
T cells (CD45RA;, CCR7*), effector memory (EM) T cells (CD45RA;, CCR7:), effector T cells (CD45RA",
CCR7-). Additional phenotypic markers were gated according to the population names. Cytokine
production was measured after PMA-ionomycin stimulation. Gating strategy identifying IFNy*
CD8 T cells (CD3*, VST, pan yé TCR, V62, CD8*, CD4, IFNy*), TNFa* CD8 T cells (CD3*, VST, pan yé
TCR, V62, CD8*, CD4, TNFa*), IFNy* conventional CD4 T cells (CD3", V&1, pan yé TCR, V62, CDS,
CD4*, FoxP3;, IFNy*), TNFa* conventional CD4 T cells (CD3*, V&1, pan yé TCR, V62, CD8, CD4,
FoxP3, TNFa*).
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Supplementary Figure 2. Clinical parameters and time of blood draw of patients with
early- and late-stage breast cancer across different molecular subtypes. (a) Age distribution
and (b) Body Mass Index (kg/length in m?) distribution in patients with breast cancer separated
by disease stage and tumor subtype, and in healthy donors. Adjusted p-values for (a) and (b)
were computed with the Kruskal-Wallis test followed by Dunn’s multiple comparisons test. (c)
Correlation analysis between neutrophil cell counts per mL blood and the time of day the blood
was taken. R?and P values are provided in the top-left corner of each graph.
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Supplementary Figure 3. T cell differentiation state in patients with early- and late-stage
breast cancer across different molecular subtypes. T cell differentiation state based on surface
marker expression of CD45RA and CCR7 as determined by flow cytometry (see Supplementary
Figure 1c), comparing proportions within conventional CD4+ and CD8+ T cells for (a) early-stage
breast cancer patients with HR+ tumors (n=101), HER2+ tumors (n=50), triple negative tumors
(n=74) and healthy donors (n=65) and (b) late-stage breast cancer patients with HR+ tumors
(n=20), HER2+ tumors (n=17), triple negative tumors (n=93) and healthy donors (n=65). CM =
central memory, EM = effector memory and T eff = effector T cells. Adjusted p-values for were
computed with the Kruskal-Wallis test followed by Dunn’s multiple comparisons test.

Supplementary Tables

Supplementary Table 1: Treatment history at the time of blood donation for patients with late-stage disease.
Chemotherapy for mHER2+ BC: taxane, for 1 pt platinum agent. Dual anti-HER2: trastuzumab and pertuzumab. T-DM1
is Trastuzumab-Emtansine.

Treatment for metastatic disease

Late-stage HR+ n =11 (55%) treatment-naive for M1-diseaes
n=20 n =7 (35%) aromatase inhibitor
n =1 (5%) anti-hormonal therapy (e.g. tamoxifen)
n =1 (5%) oestrogen receptor antagonist (e.g. fulvestrant)

Late-stage HER2+ n =6 (30%) chemo-naive for M1-disease

n=17 n =11 (70%) chemotherapy + dual anti-HER2 blockade
n=7(41%) T-DM1 as second line
n =4 (24%) chemo + trastuzumab as third line
n =1 (6%) Tyrosine kinase inhibitor

Late-stage TNBC
n=93

Treatment-naive for M1-disease
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CHAPTER 4

Abstract

Cancer disrupts intratumoral innate-adaptive immune crosstalk, but how the systemic
immune landscape evolves during breast cancer progression remains unclear. We profiled
circulating immune cells in stage I-1ll and stage IV triple-negative breast cancer (TNBC)
patients and healthy donors (HDs). Metastatic TNBC (mTNBC) patients had reduced T cells,
dendritic cells, and differentiated B cells compared to non-metastatic TNBC patients and
HDs, partly linked to prior chemotherapy. V&1 y& T cells from mTNBC patients produced
more IL17 than those from HDs. Chemotherapy-naive mTNBC patients showed increased
classical monocytes and neutrophils. Transcriptional, proteomic and functional analyses
revealed that neutrophils in mTNBC exhibited enhanced migratory capacity, elevated granule
proteins, and higher ROS production. Some immune changes, such as reduced non-switched
B cells and heightened neutrophil migration, were evident in earlier TNBC stages. This study
comprehensively maps systemic immunity in TNBC, guiding future research on patient
stratification and immunomodulation strategies.

Introduction

Over the past decade, immunotherapy has revolutionized cancer treatment by targeting
the immune system. While much research has focused on local immune responses within
the tumor microenvironment (TME), effective antitumor immunity requires ongoing
coordination with the peripheral immune system. There is a growing recognition that solid
tumors profound effects on the immune system, significantly altering the overall immune
landscape beyond the TME'. Thus, a comprehensive understanding of cancer immunology
must encompass the phenotypic and functional analysis of immune cell lineages in the
peripheral immune system. Soluble mediators produced by cancer cells and other cells in
the TME can induce the systemic expansion and polarization of myeloid cells, leading to
chronic, systemic inflammation*'°. Depending on the context, this tumor-induced
inflammation can either initiate or support tumor growth' and impact the therapeutic
efficacy of systemic treatments'.

Tumor-induced systemic inflammation can be characterized by increased neutrophil
counts in blood, often represented in the clinic by the Neutrophil-to-Lymphocyte Ratio (NLR).
Clinical studies have shown that a high NLR correlates with unfavorable disease outcome
and poor therapy response across many cancer types, including breast cancer'*'8. Pre-clinical
studies have demonstrated that neutrophils support metastasis formation through diverse
mechanisms, including inducing systemic immune suppression, supporting circulating
cancer cells, fostering the establishment of the (pre-)metastatic niche, facilitating cancer cell
infiltration into distant tissues, and awakening dormant cancer cells’?. In addition to
neutrophils, tumor progression has been reported to elicit systemic expansion of monocytes
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and their reprogramming into an immunosuppressive phenotype*?®3', Furthermore, it has
been shown in mouse models and patients with breast and pancreatic cancer that dendritic
cell (DC) differentiation is reduced in the bone marrow, leading to a reduction of the systemic
cDC1 pool®*. This could negatively affect anti-tumor immunity since DCs are the most
effective antigen presenting cells and crucial for T cell activation. Tumor progression is also
often associated with systemic lymphocyte perturbations, characterized by increased
regulatory T cell (Treg) frequencies®*, and reduced CD8+ and conventional CD4+ T cells in
blood of cancer patients®**. Collectively, these data show that cancer influences circulating
immune cell populations, which may impact disease progression and (immuno)therapy
response. The majority of studies examine relative frequencies and rely on PBMC samples
that lack granulocytes and therefore do not represent the entirety of the circulating immune
system. How absolute cell counts and abundances relative to all immune cells change during
disease progression, and how different stages of cancer affect their functionality is largely
unclear. Although immune checkpoint blockade (ICB) has created a revolution in oncology,
the majority of patients still do not benefit from ICB, including most of the advanced breast
cancer patients. Better understanding of the systemic immune landscape is of critical
importance to improve immunomodulatory treatments of cancer patients.

In this study, we set out to extensively profile the systemic immune landscape, including
granulocytes, of patients with stage I-lll TNBC, patients with mTNBC and a healthy donor
(HD) control group (Figure 1a). We performed high-dimensional flow cytometry on fresh
peripheral blood samples to assess the quantity and quality of circulating immune cell
subpopulations. Our data revealed that patients with mTNBC - and to a lesser extent
patients with stage I-1ll TNBC - have a markedly different systemic immune landscape
compared to HDs. We found T cells, DC subsets and B cell differentiation to be decreased
in blood of patients with mTNBC. In contrast, classical monocytes and neutrophils were
increased. A substantial proportion of the included mTNBC patients received prior
chemotherapy for their primary tumor, which allowed us to explore the changes in the
systemic immune landscape that are associated with chemotherapy. Our findings suggest
that the systemic reduction in T cell- and DC subsets in patients with mTNBC could be
associated with recent chemotherapy. Conversely, the increase of classical monocytes and
neutrophils was purely disease-related. Transcriptomic, proteomic and functional analysis
revealed that neutrophils from patients with TNBC have increased migratory capacity,
contained more granule proteins and produce more reactive oxygen species (ROS) than
neutrophils from HDs, indicating that neutrophils are not only more abundant in the
circulation of mTNBC patients, but also have distinct phenotypic and functional
characteristics.

Overall, this study provides the first comprehensive characterization of the systemic
immune landscape, including granulocytes, in a large cohort of patients with TNBC compared
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to HDs. Our data highlight the substantial impact of TNBC and its disease stage on the
systemic immune composition and function. This extensive analysis, which includes an
independent validation cohort, offers novel insights into the immune profiles specific to
patients with TNBC, thereby distinguishing between patients with and without prior
chemotherapy treatment. Our data serve as a valuable resource for the field, guiding future
preclinical and clinical research and paving the way for immunomodulatory treatment
strategies.

Results

Metastatic TNBC reshapes the systemic immune landscape

To gain insights into how TNBC influences the systemic immune landscape during disease
progression, we performed high-dimensional flow cytometry on fresh peripheral blood
samples (Supplementary Figure 1a-d). We established a dedicated pipeline for the analysis
of fresh blood samples®, enabling a comprehensive interrogation of the full complexity of
the systemic immune landscape, including granulocytes - cell types that are typically lost
when working with peripheral blood mononuclear cell (PBMC) samples. We profiled patients
with TNBC without distant metastases (stage I-lll TNBC (n=44)) and stage IV patients with
distant metastases (MTNBC (n=92)). As a control group we profiled healthy donors (HDs
(n=65)) that were age-matched to mTNBC patients and sex- and BMI-matched to all TNBC
patients (Supplementary Figure 2a, Supplementary Table 1). A separate cohort of patients
with mTNBC (n=69) was used to validate our main findings (Figure 1a). Given that leukocyte
numbers in the blood are circadian3*4°, we sought to withdraw blood in the morning. There
was no statistically significant difference in time of blood draw between HD and patients
with TNBC (Supplementary Figure 2a).

No differences in total white blood cell (WBC) counts were found between patients with
stage I-Ill TNBC, patients with mTNBC and HDs (Figure 1b). Most significant differences were
observed between HDs and patients with mTNBC, and between patients with non-metastatic
versus metastatic disease (Figure 1b), indicating that the systemic immune system may
become more dysregulated as disease progresses. We observed increased neutrophils in
patients with mTNBC compared to HDs both in absolute cell counts (Figure 1b, c) and as
relative frequency among WBCs (Supplementary Figure 3). We additionally observed an
elevated NLR in patients with mTNBC compared to patients with stage I-Ill TNBC and HD
(Supplementary Figure 2c), which is consistent with literature describing elevated NLR in
patients with various types of stage IV cancer'®. Although not statistically significant, we
observed a trend towards increased neutrophils in patients with stage I-Ill TNBC compared
to HDs, suggesting that neutrophils increase as disease progresses (Figure 1b, Supplementary
Figure 3). Additionally, we found CD14* monocytes to be significantly increased in patients
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with mTNBC compared to both HDs and patients with stage I-Ill TNBC (Figure 1b, c,
Supplementary Figure 3). It was previously reported that breast cancer and pancreatic cancer
alter the balance of monocytes and neutrophils compared to antigen presenting cDC1s in
bone marrow and blood*2 In line with this, we found that the frequencies and cell counts
of CD141"DCs (cDC1s) and CD1c* DCs (cDC2s) were decreased in patients with mTNBC
compared to HDs (Figure 1b, c and Supplementary Figure 3).

cDCs are critical for cytotoxic T-cell activation, and CD141" DCs are important for cross-
presentation**3. Others have shown in pre-clinical mouse models and patients with
pancreatic cancer, that reduced numbers of (pre-)cDCs in blood and the TME are correlated
with poor clinical outcome®?#4. Hence these reduced numbers we found in patients with
mTNBC could potentially have negative implications for inducing an adequate immune
response.

Within the circulating lymphoid compartment we found that the total counts and
frequencies of CD8+ T cells, conventional CD4+ T cells and Tregs were reduced in patients
with mTNBC compared to stage I-lll TNBC patients and HDs (Figure 1b, ¢, Supplementary
Figure 3). Conversely, y6-T cell subsets V&1 and V862 T cells were unchanged in patients with
mTNBC compared to HDs. Interestingly, V62 T cells were increased in stage I-1ll TNBC patients
(Supplementary Figure 2b) compared to HDs, but this difference was lost in the metastatic
setting. No significant differences were found in cell counts and frequencies of CD1cnegative
DCs, plasmacytoid DCs (pDCs), natural killer (NK) cells, total B cells and eosinophils between
any of the groups (Supplementary Figure 2). Overall, the frequency plots revealed similar
trends (Supplementary Figure 3). Using an independent validation cohort of patients with
mTNBC (n=69) we were able to validate all perturbations to the systemic immune landscape
between mTNBC and HDs (Supplementary Figure 4a). Altogether, our data demonstrate
multiple differentially regulated main immune cell populations in patients with mTNBC
compared to HDs and patients with stage I-Ill TNBC.

IL-17 production by V&1 y& T cells is increased in patients with mTNBC

Because total cell counts of CD8+, conventional CD4+ and regulatory T cells were decreased
in patients with mTNBC (Figure 1), we wanted to investigate the composition and activation
status of the circulating T lymphocyte pool in relation to disease stage. Analysis of the T cell
differentiation state (Supplementary Figure 1c) revealed no differences between patients
with stage I-1ll TNBC, patients with mTNBC and HDs (Figure 2a). Next, we profiled T cell
phenotype and functional state by assessing the expression of the proliferation marker
Ki67, PD-1 and CTLA-4, and ex vivo cytokine production of CD8+ and CD4+ T cells. Across
different patients and HDs, there was notable heterogeneity in the peripheral CD8+ and
conventional CD4+ T cell phenotype, which appeared largely unaffected by the presence of
TNBC (Figure 2b). Additionally, the ability to produce IFNy and TNFa by CD8+ and conventional
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Figure 1. Comprehensive immune profiling of the systemic immune landscape in healthy
donors, patients with stage I-1ll and metastatic triple-negative breast cancer. (a) Graphical
summary of included human blood samples and schematic overview of conducted experiments.
(b) Overview of circulating immune cell populations that were significantly dysregulated in patients
with triple-negative breast cancer (TNBC). Depicted are cell counts per mL blood as assessed by
flow cytometry for healthy donors (HDs; n=65), stage I-1l (Stage I-Ill TNBC; n=44) and metastatic
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TNBC patients (mTNBC; n=92). The y-axis is on a log scale. P-values were computed with the
Kruskal-Wallis test followed by Dunn’s multiple comparisons correction across groups. (c) Volcano
plot summarizing major immune cell populations in blood accessed by flow cytometry comparing
HDs to mTNBC patients. The x-axis represents log2 fold changes (red is more abundant in patients
with mTNBC, blue is less abundant in patients with mTNBC) and the y-axis represents adjusted
p-values on a negative log10 scale. P-values are corrected using the Benjamini-Hochberg
procedure across immune cell types.

CD4+ T cells upon stimulation with PMA-ionomycin for three hours was unaffected by TNBC
(Figure 2c), suggesting that T cells from patients retained similar potential to produce those
cytokines ex vivo. Next, we wanted to investigate whether we could retrieve certain aspects
of the y& T cell-IL17-neutrophil axis, that was previously described to drive systemic
expansion of neutrophils and metastasis formation in distant organs in mice'®. Here, we
indeed confirm that circulating T cells from patients with mTNBC produced more IL17, with
V&1-, but not V62, y& T cells showing a particularly pronounced increase in IL17 production
upon ex vivo stimulation (Figure 2c). Moreover, this intriguing finding could be confirmed in
the validation cohort consisting of patients with mTNBC (Supplementary Figure 4b).

Based on literature*’, we classified circulating Tregs into three subsets based on
CD45RA and FoxP3 intensity, with Treg | expressing high levels of CD45RA and intermediate
levels of FoxP3 (also referred to as “naive Tregs”), Treg Il expressing low levels of CD45RA
and high levels of FoxP3 (also referred to as “activated Tregs”) and Treg Ill expressing low
levels of CD45RA and intermediate levels of FoxP3 (also referred to as “activated non-Treg")
(Supplementary Figure 1c). We did not observe differences in Treg subset distribution in
relation to TNBC status (Figure 2d). However, patients with mTNBC had a higher frequency
of PD-1 positive circulating Tregs relative to HDs and patients with stage I-1ll TNBC (Figure
2d). In addition, Tregs in patients with stage I-Ill TNBC expressed more CTLA-4 compared
to HDs (Figure 2d).

In summary, we revealed equal capability of T cells from patients with (m)TNBC and
HDs to produce IFNy and TNFa when stimulated ex vivo. Notably, we found that IL17 was
significantly more produced by V61 y& T cells from patients with mTNBC.

Reduced circulating differentiated B cell subsets in patients with mTNBC

The roles of B cells in tumor development remain largely controversial*=°. To understand
how metastatic disease affects the circulating B cell compartment we investigated B cell
subsets in more detail by flow cytometry. Naive B cells, identified by IgD expression and
lack of CD27 expression®', make up the largest proportion of circulating B cells and their
cell counts remained consistent between patients with stage I-1ll TNBC, mTNBC, and HDs
(Figure 3a). However, when evaluating the subset distribution within the B cell compartment,
we found that the proportion of naive B cells compared to differentiated B cell subsets was
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Figure 2. Characterization of circulating T cell subsets. (a) T cell differentiation state based
on surface marker expression of CD45RA and CCR7 (see Supplementary Fig. 1¢), comparing
proportions within conventional CD4+ and CD8+ T cells for HD (n=65), stage I-1ll TNBC (n=44) and
mTNBC (n=92). CM = central memory, EM = effector memory and T eff = effector T cells. (b) T cell
phenotype comparing fractions within CD8+ and conventional CD4+ T cells for HD (n=23), stage
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by flow cytometry for HDs (n=29), stage I-1ll TNBC patients (n=16) and mTNBC patients (n=26).
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mTNBC (n=52). P-values for a-d are computed with the Kruskal-Wallis test followed by Dunn’s
multiple comparisons test.
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elevated in patients with metastatic disease (Supplementary Figure 5a). Furthermore, we
observed reduced cell counts and frequencies of non-class switched memory B cells, IgM-
only switched memory B cells, switched memory B cells and CD38* plasmablast-like cells in
patients with mTNBC compared to HDs (Figure 3a, b and Supplementary Figure 5a). Patients
with stage I-Ill TNBC were found to have a similar B cell subset distribution to HDs, except
for non-switched B cells, which were reduced in patients with any stage of TNBC compared
to HDs (Figure 3a). Analysis of the B cell compartment in an independent cohort of 69
patients with mTNBC confirmed reduced differentiated B cell subsets in patients with mTNBC
compared to HDs (Supplementary Figure 5b), emphasizing the validity of our findings. In
summary, our investigation revealed a reduced presence of differentiated B cell subsets—
both in absolute numbers and as a proportion within the total B cell population—in the
blood of individuals with mTNBC compared to HDs. We observed some of these changes
already in patients with stage I-Ill disease, with even stronger effects noted in those with
metastatic disease.

Prior chemotherapy is associated with transient changes in the systemic immune
landscape
Beyond tumor characteristics, the immune contexture of cancer can be significantly
influenced by patient characteristics and treatment history, like prior chemotherapy.
Chemotherapy not only targets cancer cells but also rapidly dividing normal cells, such as
the hematopoietic stem- and progenitor cells in the bone marrow responsible for immune
cell production. Understanding the effects of chemotherapy on the immune system is a
complex task, as the impact varies significantly depending on the tumor (sub)type' and the
type and dosing schedule of chemotherapeutic agents. However, the impact of chemotherapy
on the systemic immune landscape after discontinuation of the treatment remains unclear.
To explore the impact of chemotherapy that was previously administered to treat the
primary tumor (Supplementary Table 2), we stratified mTNBC patients (Figures 1-3) based
on their treatment history. Patients were divided in three groups: chemotherapy-naive
(MTNBCchemonaive n=29): |ast dose of (neo-)adjuvant chemotherapy more than one year ago
(MTNBC1yrchemo._free n=38) and last dose of (neo-)adjuvant chemotherapy between 3 weeks
and 1 year ago (mTNBCrecentcheme 'n=16). This stratification revealed that mTNB(Ccheme-naive
patients exhibited elevated total leukocyte counts compared to HDs; a phenomenon that
was not observed in patients who had previously received chemotherapy (Figure 4a),
implying that this increase was disease-driven and mitigated by prior chemotherapy.
Similarly, we found that neutrophil and CD14* monocyte counts were significantly increased
in mMTNBCchemo-naive patients when compared to HDs (Figure 4a-b), demonstrating that the
systemic increase in neutrophil and classical monocyte counts was mTNBC induced, and
not chemotherapy-related. In contrast, although our initial analysis revealed reduced CD8+
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T cells, conventional CD4+ T cells, Tregs, CD1c+ DCs, and CD141" DCs in patients with mTNBC
(Figure 1b), stratification based on prior chemotherapy treatment revealed that these
differences were predominantly driven by patients who had previously been treated with
chemotherapy (Figure 4a-b). Prior chemotherapy was not associated with T cell differentiation
state, phenotype, and Treg subset distribution (Supplementary Figure 6b-d). Comparing B
cell subsets between mTNBCcheme-nave patients to HDs revealed a significant reduction in
non-switched B cells and plasmablast-like cells (Figure 4e, ), but not IgM only - and memory
B cells, suggesting that the reduced differentiated B cell subsets we identified (Figure 3)
were partly cancer-driven and partly impacted by prior chemotherapy.

To study the effects of recent chemotherapy on the systemic immune system, we
compared mTNBCchemo-naive tg mTNBCrecentchemo We observed increased cell counts for
conventional CD4+ T cells and basophils in the mTNBCchemendve group compared to the
mTNBCreeentchemo groyp (Figure 4a-c), indicating that chemotherapy continues to have a
profound effect on the systemic immune landscape after a washout period of at least three
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Figure 3. Reduced differentiated B cell subsets in blood of patients with metastatic triple-
negative breast cancer compared to healthy donors. (a) Absolute counts per ml blood for
B-cell subsets identified using flow cytometry, split according to HD (n=65), stage I-1ll TNBC (n=44)
and mTNBC (n=92). The y-axis is on a log scale. P-values are computed with the Kruskal-Wallis
test followed by Dunn's multiple comparisons test to obtain adjusted p-values. (b) Representative
dot plots of naive and differentiated B cells in HD and mTNBC. (c) UMAP plot demonstrating the
B cell subset distribution of a representative HD and a patient with mTNBC that were analyzed
by flow cytometry on the same day.
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weeks (to one year). Furthermore, we found reduced numbers of IgM only - and switched
memory B cells in the mTNBCreentcheme group, suggesting that previous chemotherapy
treatment and TNBC both contributed to the dysregulated B cell pool in blood of patients
with TNBC (Figure 4e, g). The apparent reduction of Tregs, plasmablast-like cells, and memory
B cells in mTNBCrecentcheme compared to mTNBCeeme-naive (Figyre 4c, g) was not statistically
significant when examining individual cell types (Figure 4a, e) despite matching raw p-values,
due to the necessity of applying different multiple testing corrections.

In order to study the long-term effects of chemotherapy on the systemic immune
landscape, we compared mTNBChemo-nave g mTNBC>r-chemo_free and did not find any of the
main immune cell populations to remain perturbed (Figure 4a, d). Additionally, we
demonstrated that B cell differentiation in the mTNBC>"y-<chemefree group resembled levels
found in the mTNBC¢hemenave group (Figure 4e, h). In conclusion, our data indicate that within
this cohort, prior chemotherapy did not have significant long-term effects on the relative
and absolute abundances of circulating immune cell populations.

We observed an overall declining trend in cell counts from mTNBCeemo-naive, to mTNBC> ™"~
chemo_free to mTNBCrecentcheme for most cell types or subsets (Figure 4a, e). Consistently, we did
not find any of the immune cell populations to be significantly more abundant in patients
with mTNBC that received chemotherapy (regardless of the wash out period) compared to
the mTNBCchemonave group (Figure 4c, d), aligning with the idea that chemotherapy has an
overall depleting effect on proliferating progenitors. Collectively, our data imply that prior
chemotherapy influences the composition of the systemic immune landscape by reducing
cell counts of basophils, conventional CD4+ T cells, IgM only B cells and non-switched
memory B cells. Importantly, these changes are not detectable in the group that received
the last dose of chemotherapy more than one year ago, suggesting that chemotherapy-
induced changes are not persistent in patients with mTNBC. In contrast, systemic increases
in neutrophils and monocytes are disease driven.
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Figure 4. The impact of prior chemotherapy on major immune cell type abundances in
blood of patients with metastatic triple-negative breast cancer. (a) Absolute counts per ml
blood of WBC and main circulating immune cells in patients with mTNBC that were split according
to treatment history: chemotherapy-naive (mTNBCeemo-naive. n=29), received chemotherapy more
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than one year ago (mTNBC"y-cheme.free n=38) or received chemotherapy between 3 and 52 weeks
ago mTNBCreenchemo n=16) and HDs (n=65). The y-axis is on a log scale. (b-d) Volcano plots
summarizing differences in main systemic immune cell counts between (b) HDs and patients with
mTNBC that were chemotherapy-naive, (c) patients with mTNBC that were chemotherapy-naive
and patients with mTNBC that received chemotherapy within the last year, and (d) patients with
mTNBC that were chemotherapy-naive and patients with mTNBC that received chemotherapy
more than one year ago. (e) Absolute counts per ml blood of differentiated B cell subsets. Patients
were split as described in panel (a). (f-h) Volcano plots summarizing differences in counts of
differentiated B cell subset between (f) HDs and patients with mTNBC that were chemotherapy-
naive, (g) patients with mTNBC that were chemotherapy-naive and patients with mTNBC that
received chemotherapy within the last year, and (h) patients with mTNBC that were chemotherapy-
naive and patients with mTNBC that received chemotherapy more than one year ago. For a and
e, p-values were computed with the Kruskal-Wallis test followed by Dunn’s multiple comparisons
correction across groups. For (b-d) and (f-h), p-values are corrected using the Benjamini-Hochberg
procedure across immune cell populations.

Neutrophils from patients with TNBC have enhanced migratory capacity

Our comprehensive immune profiling analysis demonstrated that neutrophils are the most
increased cell population in circulation of chemotherapy-naive patients with mTNBC (Figure
43, b). Previous research demonstrated that tumor-induced neutrophils promote mammary
tumor progression and metastatic spread in preclinical mouse models'®19255253 gnd that
TNBC patients with increased NLR have a worse clinical prognosis®. We therefore
hypothesized that neutrophils in the blood of patients with mTNBC are phenotypically and
functionally different from neutrophils in HDs. To test this hypothesis, we interrogated the
transcriptome profile of freshly isolated circulating neutrophils from seven patients with
mTNBC and seven HDs by bulk RNA-sequencing. We identified 90 up-regulated and 37
down-regulated genes between neutrophils from patients with mTNBC and HDs (adjusted
p-value < 0.05) (Figure 5a-b). In silico pathway analysis indicated that, among the various
differential pathways, multiple pathways related to neutrophil migration were significantly
enriched in neutrophils from patients with mTNBC compared to those from HDs (Figure
5¢). Gene Set Enrichment Analysis (GSEA) similarly indicated that neutrophils from patients
with mTNBC were enriched for genes involved in migration (Figure 5d-e). One of the most
upregulated genes was CD177 (Figure 5b), encoding a glycosyl-phosphatidylinositol (GPI)-
linked cell surface glycoprotein. CD177 is expressed by activated neutrophils, is upregulated
in inflammatory settings and modulates neutrophil migration®>*. Since CD177 is an
important driver of the migration signature, we sought to confirm whether the increased
CD177 transcription in neutrophils from patients with mTNBC corresponds to differences
in protein levels at the cell surface. Using flow cytometry analysis, we verified in an
independent set of patients with mTNBC a significantly higher number of CD177 positive
neutrophils compared to HDs; this difference was not observed for CD177 negative
neutrophils (Figure 5f).
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Figure 5. Neutrophils derived from individuals with triple-negative breast cancer exhibit
heightened migratory capabilities. (a) Bulk RNA-sequencing data of purified blood neutrophils
from patients with HDs (n=7) and mTNBC (n=7). Heatmap visualizing the differentially expressed
genes between HDs and patients mTNBC. Colors indicate the row Z-score ranging from 2 to -2.
(b) Volcano-plot showing fold changes for genes described in a. (c) All statistically significant
pathways that came out of the Ingenuity Pathway Analysis on differentially expressed genes
between neutrophils from HDs and patients with mTNBC. (d-e) Gene Set Enrichment Analysis
performed on same neutrophil bulk RNA-sequencing dataset, with (d) GO gene set “regulation of
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neutrophil migration” and (e) GO gene set “granulocyte chemotaxis”. (f) Surface marker expression
of CD177 determined by flow cytometry on neutrophils from HDs (n=21) and patients with mTNBC
(n=25). P-values are computed with an ANOVA followed by Siddk’s multiple comparisons test.
(g-h) Neutrophil migration rates determined in direct ex vivo chemotaxis assays using IL-8 and
LTB-4 as chemo-attractants. Neutrophils were processed immediately after blood draw from HDs
(n=24), stage I-ll TNBC patients (n=12) and mTNBC patients (n=20). P-values are computed with
the Mann-Whitney U-test.

To functionally validate the predicted enhanced migratory capacity of neutrophils from
patients with mTNBC, we performed transwell migration assays. The results confirmed
increased migratory capacity of circulating neutrophils from an independent set of mTNBC
patients compared to those from HDs, even in the absence of chemo-attractants. This effect
was further heightened in the presence of chemo-attractants (Figure 5g-h). Importantly,
neutrophils from stage I-Ill TNBC patients already exhibited increased migration towards
chemo-attractants compared to neutrophils from HDs, indicating that this altered neutrophil
behavior is instigated during early or locally advanced disease stage and maintained during
disease progression. To conclude, our findings demonstrate that circulating neutrophils
from patients with TNBC have greater migratory capacity compared to neutrophils from
HDs.

Neutrophils from patients with mTNBC contain more granule proteins and produce
more ROS

To further investigate the effects of mTNBC on the functional state of circulating neutrophils,
we performed a full proteomic analysis comparing neutrophils from patients with mTNBC
and neutrophils from HDs. We identified a total of 111 differentially regulated proteins
(adjusted p <0.05): 42 upregulated and 69 downregulated proteins in neutrophils from
patients with mTNBC compared to HDs (Figure 6a). Reactome analysis identified various
up- and down-regulated pathways, including a significant increase in proteins involved in
neutrophil degranulation in neutrophils from patients with mTNBC (Figure 6b). This pathway
consists of 450 proteins that are important for neutrophil vesicle exocytosis, as well as
proteins present in those vesicles. In addition, we found that neutrophil granule proteins
were significantly enriched in neutrophils from patients with mTNBC (Fisher’s exact test,
p=0.021) (Figure 6c-d).

We next assessed several additional important effector functions of neutrophils, and
how they are influenced by TNBC, including Neutrophil Extracellular Trap (NETs) formation,
phagocytosis and ROS production. We found no differences in ex vivo NET-formation, either
spontaneously or after PMA stimulation (Figure 6e) or phagocytic ability in neutrophils from
patients with mTNBC compared to HDs (Figure 6f). In contrast, we found that neutrophils
from patients with mTNBC produce significantly more ROS than HD neutrophils (Figure 6g).
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Figure 6. Altered proteome and more ROS production by circulating neutrophils from
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from HDs (n=10) and mTNBC patients (n=12). Colors indicate the row Z-score ranging from 2 to
-2. (b) Top 10 Reactome pathways representing the functional domains of the differentially
abundant proteins between neutrophils from HDs and patients with mTNBC. (c) Volcano plot
showing log fold changes of differentially abundant proteins (p <0,05) and highlighting all granule
proteins of the dataset in bold. Additionally, proteins with the highest fold change and lowest
p-value are labeled (not in bold). (d) Quantification of the significantly differentially abundant
granule proteins from the proteomics dataset between HDs and patients with mTNBC. P-values
are computed with the Mann-Whitney U-test. (e) Proportion of blood neutrophils from patients
with mTNBC and HDs undergoing ex vivo NETosis with and without PMA stimulation. (f) Phagocytic
index representing opsonizing rate of E.coli BioParticles by freshly isolated blood neutrophils
from patients with mTNBC and HDs. (g) Reactive Oxygen Species (ROS) production by neutrophils
isolated from fresh blood samples of HDs (n=20), patients with stage I-Ill TNBC (n=15) and patients
with mTNBC (n=15). P-values are computed with the Mann-Whitney U-test.

Furthermore, there was a modest trend toward increased ROS production by neutrophils
from stage I-1ll TNBC patients compared with HDs, which could indicate a gradual change
in the functional phenotype of neutrophils as the disease progresses. According to existing
data®, increased levels of ROS from neutrophils could potentially exert an immunosuppressive
influence. Although the patient numbers were insufficient to statistically test the effect of
prior chemotherapy treatment on ex vivo migration- and ROS production capacity of
neutrophils, we observed no clear separation of the patients based on chemotherapy
treatment history (Supplementary Figure 7a, b).

In summary, these results show that neutrophils from patients with mTNBC contain
more granule proteins and produce more ROS compared to neutrophils from HDs, indicating
that patient neutrophils are not only more abundant and transcriptionally distinct but are
also functionally altered by TNBC.

Discussion

The impact of solid tumors on the overall systemic immune landscape during cancer
progression is not fully understood. This study aimed to investigate the changes in the
systemic immune landscape at different TNBC stages. Additionally, we explored how prior
chemotherapy treatment could be associated with changes in the systemic immune
landscape in the metastatic setting. We applied multi-parameter flow cytometry to
comprehensively assess abundance, phenotype and activation states of both lymphoid and
myeloid immune populations from fresh peripheral blood samples. Pre-clinical evidence
strongly implicates a critical role for neutrophils in disease progression'*'%*%€2, However,
these fragile cells are often overlooked due to the fact they cannot be stored. By analyzing
fresh blood samples, we were able to capture the full complexity of the immune landscape,
including all granulocytes, and we were able to perform in-depth functional neutrophil
analyses.
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Our data established that disease stage had a major impact on the systemic immune
composition and function in patients with TNBC. We demonstrated that patients with mTNBC
manifested lower levels of circulating T cells, DC subsets, and differentiated B cells. In
contrast, classical monocyte and neutrophil counts and frequencies were higher in mTNBC
patients compared to HDs. When subjecting circulating neutrophils to more qualitative
analysis, we revealed that neutrophils from patients with mTNBC had heightened
transcription of genes associated with neutrophil trafficking, showed an increased ex vivo
migratory capacity, presented elevated levels of granule proteins, and had increased ROS
production. While no apparent changes in cell counts or frequencies were observed in
patients with stage I-1ll TNBC, alterations in neutrophil functionality, and in particular in
migratory capacity, did emerge in the non-metastatic disease setting.

In more detail, within the circulating lymphocyte compartment we observed that Tregs
in patients with stage I-Ill TNBC expressed more CTLA-4 compared to HDs, something that
was not observed in patients with mTNBC. This raises the question whether Tregs in stage
I-IIl TNBC patients have a more immunosuppressive phenotype than at the metastatic stage,
and may contribute to systemic immunosuppression. Additionally, we observed a reduction
in CD8+ T cells, conventional CD4+ T cells and Tregs in patients with mTNBC compared to
HDs, which seemed predominantly associated with prior chemotherapy. Others have
previously discussed lymphocyte repopulation dynamics after chemotherapy, noting that
NK T cells and CD8+ T cells return to pre-chemotherapy levels within a year. However, B
cells remain significantly lower after 9 months and memory CD4+ T cells exhibit an abnormal
bias toward inflammatory effectors that persists for years, albeit in cohorts of breast cancer
patients with mixed or unknown molecular subtypes®*®4. To the best of our knowledge, we
are the first to explore the effects of chemotherapy on the systemic immune landscape in
its full complexity more than one year after the last chemotherapy administration. Notably,
we observed no differences in CD8+ T cell and Treg counts between chemotherapy-naive
mTNBC patients and those who received chemotherapy recently. However, the combined
effect of having mTNBC and recent chemotherapy significantly reduced CD8+ T cell and
Treg counts compared to HDs. These cumulative impacts on the overall immune status of
patients may carry substantial clinical consequences, including diminished vaccine
responses, heightened infection risks®, and are likely to influence the efficacy of cancer
immunotherapy, given the pivotal role of CD8 T cells in anticancer immunity®. When
investigating the functional consequences of TNBC on T cells, we uncovered that V&1 y&-T
cells from patients with mTNBC produced more IL-17 compared to those from HDs, which
seemed independent from chemotherapy treatment history, along with increased circulating
neutrophils. These findings are in line with our published preclinical work showing that IL-
17-producing y&-T cells are increased in mammary tumor bearing mice, and that they drive
systemic expansion and polarization of neutrophils towards a CD8 T cell-suppressive
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phenotype, promoting metastatic spread'. Additionally, it has previously been described
that HER2- ER+/- breast cancer patients had an increased frequency of Th2/ Th17 cells, based
on the surface marker expression of CXCR3, CCR4, and CCR6%. We suggest that exploring
the clinical application of targeting the IL-17 pathway may be of interest. Furthermore, we
found that patients with stage I-1ll TNBC had a lower frequency of PD-1 positive circulating
CD8 T cells compared to HDs, while PD-1 expression on Tregs is increased in patients with
mTNBC compared to patients with stage I-Ill TNBC and HDs. These findings suggest
differential regulation of PD-1 expression across immune cell subsets in TNBC. Correlation
analysis showed no association between tumor TIL scores and the systemic immune profiles
of patients with either non-metastatic or metastatic TNBC (data not shown).

Furthermore, patients with mTNBC were found to have an increased frequency of naive
B cells compared to HDs, accompanied by a reduction in differentiated B cell subsets such
as memory B cells and plasmablast-like cells. It has previously been reported that elevated
frequency of circulating plasmablasts in patients of various cancer types (melanoma, lung
and renal) correlates with improved patient outcomes®®%°. Moreover, high baseline IgG titers
in blood of melanoma patients showed a positive correlation with response to immune
checkpoint blockade”7". Our findings of reduced numbers of differentiated B cells suggests
a previously unappreciated impact of chemotherapy and disease stage on the circulating
B cell compartment that may have consequences for patients’ humoral immune responses.
Further research is needed to understand whether differentiated B cell subsets are
decreased in tumors as disease progresses, since tumor infiltrated B cells can also have a
profound influence on the clinical outcome of TNBC".

Within the myeloid compartment we observed increased levels of classical CD14*
monocytes in patients with mTNBC compared to HDs, reinforcing the notion that cancer
induces systemic inflammation. Others previously described that human breast cancer
changes classical/non-classical monocyte ratios and alters transcriptional profiles of
monocytes?73, Furthermore, a high lymphocyte-to-monocyte ratio and high monocyte
frequencies in peripheral blood correlate with poor clinical outcome in cancer patients’7””.
Our findings underscore that the dysregulation of classical monocytes represents a
progressive disruption of the immune system closely associated with disease progression
in TNBC. Importantly, this monocyte dysregulation is a tumor-driven phenomenon.
Interestingly, non-classical monocytes, previously associated with enhanced control of
metastasizing cells in murine models’88°, remain unaffected by these systemic changes.

In our study, we observed a statistically significant increase in circulating neutrophil
levels among chemotherapy-naive patients with mTNBC compared to HDs, which constituted
the most pronounced difference in quantity between the two groups. Combining
complementary technologies including RNA-sequencing, proteomics and functional assays,
revealed that neutrophils from patients with mTNBC show enhanced migratory capacity.
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This is in line with published work describing increased neutrophil migration in patients
with other cancer types (non-small cell lung cancer and head-and-neck cancer), albeit in
small cohorts with mixed disease stages®'®2. In this study, we show that neutrophils have
increased migratory capacity in TNBC in a disease stage dependent manner. Cell migration
is an important feature of neutrophil biology and - in the context of cancer - is a critical
component of their ability to prepare the (pre-)metastatic niche and contribute to disease
progression®28¢,

Moreover, we found that mTNBC neutrophils produce significantly more ROS than HD
neutrophils. ROS produced by neutrophils can exert immunosuppressive effects on T and
NK cells, induce DNA damage and enhance tumor metastasis by disrupting endothelial cell
junctions, facilitating extravasation. However, in specific tumor contexts, neutrophils may
counteract invasion, partly by inducing cancer cell death through elevated ROS levels>”#’.
Given this context-dependent nature of the effects of ROS, further research is needed on
the implications of increased ROS production in patients with TNBC. There is a critical need
to normalize the systemic effects of cancer on the immune system, and our data provide
valuable insights into the functional changes that are induced by TNBC, which might lay a
foundation for future (pre-)clinical studies. For instance, the altered biology of neutrophils
suggests that their migration could represent a novel angle for future therapeutic strategies.

Additionally, proteomic analysis identified alterations in neutrophil degranulation
pathways and revealed increased abundances of granule proteins like MPO, Neutrophil
Elastase and Lysozyme in neutrophils from patients with mTNBC compared to HDs. Secretion
of granules filled with toxic proteins is a key pillar in neutrophils’ effector function and their
ability to control invading pathogens. Granules are divided into four subgroups depending
on their protein content and synthesis during granulopoiesis®#. Our data did not reveal a
specific pattern in the type of granule proteins. Specifically, no cancer associated enrichment
was observed for primary/azurophil, secondary/specific or tertiary/gelatinase granule
proteins. Although the vast majority of (pre-)clinical studies found that tumor associated
neutrophils correlate with poor clinical outcome, neutrophils have also been described to
play an anti-tumorigenic role in the TME by direct killing of tumor cells or by interacting with
other immune cells8#-92_ Our data hint at the preservation of cytotoxic potential in
neutrophils from patients with mTNBC, perhaps suggesting that they still have the potency
to be mobilized against the tumor. Further investigations are warranted to substantiate the
implications of the increase in granule proteins for patients. Since our study reveals
increased levels of systemic neutrophils in the metastatic TNBC setting and a progressive
alteration of several functional aspects of neutrophils such as increased ROS production
and enhanced migration capacity with disease advancement, it is tempting to speculate that
these progressive changes contribute to the accumulating clinical data showing
immunotherapy exhibits greater efficacy in non-metastatic (breast) cancer compared to
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late stage disease®*%4. Encouragingly, FDA (but not EMA) approval for immunotherapy as
(neo-)adjuvant therapy has been extended not only to highly immunogenic cancers such
as melanoma and non-small cell lung cancer but also to TNBC, offering new avenues for
improved treatment strategies.

While elevated NLR is associated with disease progression in various cancers'*'¢, and
we observe a significant increase in systemic neutrophils in patients with mTNBC compared
to HDs (Figure 1b, c), it exhibits significant variability, even among healthy individuals, making
blood neutrophil abundance an unreliable standalone biomarker for early metastasis or
recurrence. However, based on our findings, it is intriguing to speculate that the neutrophil
transcriptome or proteome may harbor prognostic signatures with potentially greater
specificity and reliability. Further validation studies in larger patient cohorts are needed to
explore this hypothesis.

In our cohort, patients with mTNBC who had undergone chemotherapy had received
varying types and numbers of chemotherapy lines; a limitation of our study is the insufficient
statistical power to analyze patients’ pre-treatments based on specific chemotherapy types
or the number of treatment lines administered. Additionally, since this is a retrospective
analysis, and the patient cohort was originally not designed to study the impact of
chemotherapy on the immune system, we cannot formally rule out a confounding factor
arising from potential variations in tumor or patient characteristics between the
chemotherapy-naive and chemotherapy-exposed groups. Nonetheless, given the substantial
size of our cohort, and access to historic treatment information, it offers us a unique
opportunity to explore the association between prior chemotherapy and the systemic
immune landscape. Strengths of our study include the comprehensive approach we took
using fresh blood samples, the validation cohort further substantiating our findings and the
assessment of neutrophil functionality in addition to quantitative approaches.

Our data revealed that TNBC profoundly impacts the systemic immune landscape.
Furthermore, our data indicate that prior chemotherapy treatment could be associated with
systemic immune alterations. When patients with mTNBC had not received chemotherapy
for over a year, the levels of immune cells in their blood resemble those of patients with
mTNBC who had never undergone chemotherapy. Investigating prospective longitudinal
chemotherapy effects on TCR/BCR-repertoire, assessing the functionality of other immune
cell types besides neutrophils, and exploring potential epigenetic rewiring are important to
fully understand the impact of standard of care chemotherapy in breast cancer patients. In
the future, dissecting the role of different types of chemotherapy may shed new light on
which types and combinations of chemotherapeutic drugs are less impactful for the effector
immune system, resulting in a more favorable immune profile.
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Methods

Patients and Healthy Donors

TNBC patient blood samples were obtained from patients enrolled in either a clinical trial
or biobank protocol, after approval by the local medical ethical committee and/or institutional
review board of the Netherlands Cancer Institute. All patients provided informed consent
for the current study. 14 Patients were enrolled in a biobanking protocol of the Netherlands
Cancer Institute (CFMPB450); 31 patients were included in the BELLINI trial (stage I-Ill TNBC,
NCT03815890); 91 patients were included in the Triple B trial®> (discovery cohort mTNBC,
all before first line of palliative treatment, NCT01898117); 69 patients were included in the
TONIC trial*®®¢ (validation cohort mTNBC, with no to max three lines of prior treatment,
NCT02499367). For samples obtained in the context of a clinical trial, only baseline blood
samples were included in the analysis for this paper and the current analyses were not part
of the main study plan of the clinical trial. Stage I-1ll TNBC patients did not receive
chemotherapy in the past. From the 92 mTNBC patients in our discovery cohort, 29 patients
(32%) did not receive prior chemotherapy treatment, for 9 patients it was unknown or the
date of the last chemotherapy administration was unknown, and 54 patients (59%) received
prior chemotherapy for their primary tumor. Of the pre-treated patients, 38 patients
received their last dose of chemotherapy more than one year ago, with a median wash out
period of 2.3 years (range 395-4423 days), and 16 patients received their last dose of
chemotherapy less than one year ago, with a median wash out period of 223 days (range
21-365 days). Both chemotherapy-experienced and chemotherapy-naive patients had a full
range of tumor sizes from T1-T4 at the time of diagnosis, although a part of the
chemotherapy-naive patients (76%) presented with metastatic disease at the time of
diagnosis, which was not the case for chemotherapy-experienced patients. Of note, NK cell
markers were added later to the panels, so n-numbers for NK cell analysis are as follows:
HD n=23, stage I-lll n=29 and mTNBC n= 25. All study protocols were conducted in accordance
with the ICH Harmonised Tripartite Guideline for Good Clinical Practice and the principles
of the Declaration of Helsinki.

Fresh blood samples from 53 healthy women (healthy donors, HD) were obtained after
approval by the local medical ethical committee (NCT03819829). Additionally, fresh blood
samples from 12 healthy women were obtained anonymously from the Dutch national
blood transfusion service (Sanquin Blood supply, Amsterdam, The Netherlands). All patients
and healthy donors provided written informed consent before enrolment. Basic clinical
characteristics of these cohorts are described in Supplementary Table 1. HDs were age
matched to MTNBC patients (Supplementary Figure 2a). Blood samples were drawn primarily
in the morning (88% was taken before noon) and blood draw times were comparable for
HDs, stage I-Ill TNBC patients and mTNBC patients (Supplementary Figure 2a).
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Flow cytometry

Blood samples were processed and analyzed within 24 hours after blood draw. All samples
were processed in the same way, by the same team and in the same lab. Peripheral blood
was collected in EDTA vacutainers (BD) and subjected to red blood cell lysis (lysis buffer:
dH20, NH4CI, NaHCCO3, EDTA). Cells were resuspended in PBS containing 0.5% BSA and
2mM EDTA and counted using the NucleoCounter NC-200 (Chemometec) automated cell
counter. To obtain absolute leukocyte counts per mL of human blood, the total amount of
post lysis cells was divided by the volume (mL) of blood obtained from the patient (~10 mL).
For surface antigen staining, cells were first incubated with human FcR Blocking Reagent
(1:100 Miltenyi) for 15 min at 4°C and then incubated with fluorochrome-conjugated
antibodies for 30 min at 4°C, in the dark. For intracellular antigen staining, cells were fixed
with Fixation/Permeabilization solution 1X (Foxp3/Transcription Factor Staining Buffer Set,
eBioscience) for 30 min at 4°C and stained with fluorochrome-conjugated antibodies in
Permeabilization buffer 1X (eBioscience) for 30 min at room temperature. Viability was
assessed by staining with either 7AAD staining solution (1:10; eBioscience), Zombie Red
Fixable Viability Kit (1:800, BioLegend) or Propidium lodide (Thermo Fisher Scientific). For the
analysis of cytokine production, cells were stimulated with PMA (0.25ng/mL) and lonomycin
(1 nM) in the presence of GolgiPlug for 3 hours at 37°C, 5% CO2. After stimulation, cells were
prepared according to the intracellular staining protocol described above. Data acquisition
was performed on an LSRII SORP flow cytometer (BD Biosciences) using Diva software. To
standardize the performance of this machine over time as good as possible, CS&T beads
(BD) were used to optimize general performance and Sphero 8 peaks Rainbow Calibration
particles (BD) were used to adjust PMT voltages if necessary. Additionally, single stained
compensation controls were taken along for each experiment. Data analysis was performed
using FlowJo software version 10.6.2. Flow cytometry antibodies can be found in
Supplementary Table 3. Gating strategies are displayed in Supplementary Figures 1a (Myeloid
panel gating), 1b (B and NK cell panel gating) and 1c, d (T cell panel gating). The Neutrophils
to Lymphocyte ratio (NLR) was calculated by dividing neutrophil counts by lymphocyte counts.

Neutrophil Isolation from fresh blood samples

For bulk RNA-sequencing, neutrophils were FACS isolated on a FACSAria Fusion sorter (BD
Biosciences) from fresh peripheral blood samples from 7 patients with metastatic TNBC
and 7 age- and BMI-matched HDs (see Flow Cytometry paragraph above for staining
procedures). Cells were sorted directly into RLT buffer (Qiagen) supplemented with 1%
beta-mercaptoethanol and snap frozen using dry ice and ethanol. For functional assays,
neutrophils were isolated from fresh whole blood samples using the human MACSxpress
Whole Blood Neutrophil Isolation Kit (Miltenyi Biotec B.V.). Residual red blood cells were
lysed using red blood cell lysis buffer (dH20, NH4Cl, NaHCCO3, EDTA), resulting in a
neutrophil suspension with typically >98% purity.
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Bulk RNA-sequencing

We included 7 patients with mTNBC (of which 1 (14%) was chemotherapy naive, 1 (14%) was
chemo-free for more than 1 year, and 5 (72%) received recent chemotherapy) and 7 HDs,
without any pre-selection. RNA was isolated from sorted neutrophil samples using the
RNeasy Micro Kit (Qiagen), including an on column DNase digestion (Qiagen), according to
the manufacturer’s instructions. Quality and quantity of the total RNA was assessed on the
2100 Bioanalyzer instrument following manufacturer’s instructions “Agilent RNA 6000 Pico”
(Agilent Technologies). In general RNA yields of 5-20 ng total RNA and RNA integrity numbers
(RIN) above 8 were obtained. RNA library preparation was performed according to a
published protocol by Picelli et. al.°” with modifications. In short, 2-7 ng of total RNA for each
sample was prepared in a volume of 4 ul. Oligo dT primer hybridization was performed by
the addition of Oligo dT mix (0.7ul H20, 0.1 ul RNAse inhibitor (40U/ul), 0.1 ul dNTP mix
(100mM) and 0.1 ul Oligo-dT30VN primer (100uM)). Reverse transcription was performed
as described but the MgCl2 concentration was adjusted to 10 mM. Template switching and
10 (1-4 ng RNA input) or 11 (5-8ng RNA input) cycles pre-amplification of full length cDNAs
with template switching oligo’s was performed using ISPCR primer at a final concentration
of 0.08 uM. The amplified full length cDNA was used for NGS library construction by
Tagmentation for lllumina sequencing, using the Illumina Nextera XT DNA sample
preparation kit (Illumina). RNA sequencing libraries were quantified and normalized based
library QC data generated on the Bioanalyzer system according to manufacturer’s protocols
(Agilent Technologies). A multiplex sequencing pool of all uniquely indexed RNA libraries
was composed by equimolar pooling before sequencing on the HiSeq 2500 Illumina
sequencing platform. HiSeq 2500 single-end sequencing was performed using 65 cycles for
Read 1, 8 cycles for Read i7, using HiSeq SR Cluster Kit v4 cBot (GD-401-4001, lllumina) and
HiSeq SBS Kit V4 50 cycle kit (FC-401-4002, lllumina). Aimost 95% of the sequenced reads
were passing filter and approximately 93% of the reads have quality values above Q30. This
resulted in, on average, 16 M passing filter reads per sample. All reads passing filter have
been used for further analysis. Reads were aligned with Hisat (version 2.1.0), allowing for
exon-exon junctions, against the ensembl human build 38. After mapping, on average, 95%
of the reads have been mapped to the reference genome. Read counts were generated
using Itreecount (https://github.com/NKI-GCF/itreecount), a perl script which gives similar
output compared to the HTSeg-count python package. As a reference, ensembl gtf version
87 was used to count the reads. All samples were merged into one dataset. Genes that have
zero expression across all samples were removed from the dataset. Data analysis was
performed using the DESeq2 package in RStudio under R version 4.1.0 for differential gene
expression analysis and Qlucore software (Qlucore Omics Explorer 3.8, Lund, Sweden) for
GSEA and visualization purposes. GSEA was performed using the and the “"GOBP_
GRANULOCYTE_CHEMOTAXIS” geneset and the “GO_REGULATION_OF_NEUTROPHIL_
MIGRATION",
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Proteomics

Isolated neutrophils from fresh blood samples were washed 3x with PBS and 1*10° cells were
frozen and stored at -80°C until the dataset was complete. We included 12 patients with
mTNBC (of which 5 (42%) were chemotherapy naive, 3 (25%) were chemo-free for more than
1 year, and 4 (33%) received recent chemotherapy) and 10 HDs, without applying any pre-
selection criteria. The proteomic samples were independent from the RNA-sequencing
samples. Frozen neutrophil cell pellets from HDs and patients with mTNBC were heated for
10 min. at 95°Cin 1x S-Trap lysis buffer (5% SDS in 50mM TEAB pH 8.5), followed by sonication.
Lysate protein concentrations were determined with a BCA Protein Assay Kit (Thermo Fisher
Scientific), proteins were reduced with DTT and alkylated with iodoacetamide and 50pg
protein amounts were digested o/n with trypsin (Sigma-Aldrich; enzyme/substrate ratio 1:10)
on S-Trap Micro spin columns according to the manufacturer’s instructions (ProtiFi, NY, USA).
Peptides were eluted, vacuum dried and stored at -80°C until LC-MS/MS analysis. LC-MS/MS
was performed by nanoLC-MS/MS on an Orbitrap Exploris 480 mass spectrometer (Thermo
Fischer Scientific) connected to a Proxeon nLC1200 system. Peptides were directly loaded
onto the analytical column (ReproSil-Pur 120 C18-AQ, 2.4 um, 75 pm x 500 mm, packed in-
house) and eluted in a 210-minutes gradient containing a linear increase from 6% to 23%
solvent B (solvent A was 0.1% formic acid/water and solvent B was 0.1% formic acid/80%
acetonitrile). The Exploris 480 was run in data-dependent acquisition (DDA) mode, with 2
sec. cycle time. Survey scans of peptide precursors from m/z =375-1500 were acquired in
the Orbitrap at 60K resolution with AGC target and maximum injection time mode set to
“Standard” and “Auto”, respectively. Tandem MS was performed by quadrupole isolation at
1.2 Th. followed by HCD fragmentation with normalized collision energy of 30 and Orbitrap
MS2 fragment detection at 15K resolution, AGC target and maximum injection time mode
set the same as described for MS1. Only precursors with charge state 2-6 were sampled for
MS2. Monoisotopic precursor selection was turned on; the dynamic exclusion duration was
set to 32.5s with a 10 ppm tolerance around the selected precursor.

Neutrophil proteome data were analyzed with label-free quantification using MaxQuant
(version 2.0.1.0)**' using standard settings. Fragment spectra were searched against the
Swissprot human database (version 2021_04; 20,395 entries). Trypsin/P was specified as
protease specificity allowing a maximum of 2 miscleavages; oxidation (M) and acetyl (protein
N-terminus) were selected as variable modifications and carbamidomethylation (C) was
selected as fixed modification; for identification, “match between runs” was applied. Protein
group abundances were extracted from the MaxQuant proteinGroups.txt file, imported into
Perseus (1.6.15.0)'°" and Log2-transformed. Values were filtered for presence in at least
50% of all samples in either the donor or patient group. Missing values were replaced by
an imputation-based normal distribution using a width of 0.3 and a downshift of 1.8. Proteins
with T-test p<0.05 were considered differential; further data analysis and interpretation was
performed using Qlucore software and the Reactome pathway database'?1%,
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Chemotaxis Assay

Purified neutrophils (as described in “Neutrophil Isolation from fresh blood samples”) were
stained for 30 min. at 37°C with the cell permeant dye Calcein acetoxymethyl (Thermo Fisher
Scientific) at a final concentration of 1 uM. After washing the cells with 20/80 mixed medium
(20% Roswell Park Memorial Institute (RPMI)/ 80% AIM- V medium) without serum, cells
were rested for 30 min. at RT. For the trans-migration assay, 96-transwell plates were used
with 3.0 ym pore polycarbonate permeable membranes (Sigma Aldrich). Top wells contained
0.1*10°neutrophils and bottom wells contained 200 pL 20/80 mixed medium as a control,
or 200 pL 20/80 mixed medium supplemented with a final concentration of either 100 ng
Recombinant Human IL-8 (Peprotech) or 10 ng LTB-4 (Sigma-Aldrich). Additionally, 0.1*10°
neutrophils were plated in the lower well (top wells left empty) to calculate the quantity of
migrated neutrophils relative to maximum migration. All conditions and controls were
performed in triplicate. Plates were incubated for 40 min. at 37°C, after which the migrated
neutrophils were harvested, transferred to low-binding surface, black 96-well flat bottom
OptiPlates (Perkin Elmer) and lysed using HTAB buffer (1 g/L Tween 20, 2 g/L CTAB, 2 g/L
BSA and 7,44 g/L EDTA). As a read out, fluorescent Calcein was measured at excitation 485/
emission 520 on a PHERAstar FS (BMG labtech) microplate reader.

Phagocytosis Assay

After isolation (as described in “Neutrophil Isolation from fresh blood samples"”), neutrophils
were rested for 30 min. at RT in 20/80 mixed medium and transferred to 96-well plates at
a concentration of 0.5%10° cells/mL. Cells were incubated for 1 hour at 37°C with or without
50puL/mL pHrodo™ Red E. coli BioParticles™ Conjugate for Phagocytosis (Thermo Fisher
Scientific). All conditions and controls were performed in duplicate, of which the average
was taken during the analysis. Flow cytometry was used to quantify the percentage of
phagocytic neutrophils and the MFI to quantify the quantity of phagocytosis. By multiplying
those two numbers, the Phagocytosis Index was calculated for each person.

NET Formation

Isolated neutrophils (as described in “Neutrophil Isolation from fresh blood samples”) were
plated in DMEM medium (Thermo Fisher Scientific) at a density of 10.000 cells per well on
a Poly-L-Lysine pre-coated 8-well Glass Bottom p-Slide (Ibidi). Cells were allowed to adhere
for 30 min at 37°C, 5% CO,, before relevant wells were stimulated with 100 nM PMA. Both
stimulated and unstimulated neutrophils were incubated for 4 hours at 37°C, 5% CO, after
which cells were washed with PBS and fixed for 30 min. at RT with 2% methanol free
formaldehyde (w/v) (Thermo Fischer Scientific). Slides were stained for NETs using Abcam
antibodies against myeloperoxidase (MPO) (1:50, ab11729), Citrullinated H3 rabbit (1:200,
ab 150083) and goat anti rabbit (1:500, ab5103). Subsequently, samples were mounted with
ProLong™ Gold Antifade Mountant with DAPI (Thermo Fisher Scientific). Images were
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acquired at 20x in a blindly predefined area of the slide, on an Axio Scan (Zeiss) equipped
with @ Hamamatsu Orca Flash 4.0 monochrome camera. NETosis was quantified in FlJI as
the fraction of neutrophils that produced a NET in a randomly selected area of fixed size.

ROS Assay

Fresh WBC were plated at a concentration of 1*10° cells per well of a 96 well round bottom
plate in the Assay Buffer that is part of the Total Reactive Oxygen Species (ROS) assay kit
(Thermo Fischer Scientific). ROS staining was added to the relevant wells and the plate was
incubated for 1 hour at 37°C. As positive controls, a 100 ng/mL LPS stimulated condition
and a hydrogen peroxide condition were taken along. As a negative control, cells without
ROS staining were taken along, which were used to calculate the normalized MFI. After ROS
staining, cells were stained for flow cytometry and data acquisition was performed on a
LSRII flow cytometer using Diva software (BD Biosciences).

Statistical analyses

GraphPad Prism 9 software was used for statistical analysis and graphing of bar graphs of
the flow cytometry and proteomics data. Kruskal-Wallis test was used when comparing
more than two groups, followed by Dunn's test to obtain adjusted P-values. P-values that
appear in the volcano plots are corrected using the Benjamini-Hochberg procedure across
immune cell populations. For two group comparisons Mann-Whitney test was applied. When
testing matched samples (e.g. before and after stimulation) p-values were computed with
the Wilcoxon signed-rank test. Qlucore 3.8 software and DESeq2 in R v.4.1.0 were used for
statistical analysis and graphing of the bulk RNA-sequencing data and proteomics data.
ns = not significant; * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001

Code availability

All analyses were conducted using publicly accessible open-source software tools, such as
DESeq?2, without the development of novel code; therefore, no custom scripts are available
for sharing. The DESeq2 package was run in RStudio under R version 4.1.0 for differential
gene expression analysis.

Data availability
Bulk RNA sequencing data from human neutrophils in this study is deposited in GEO under
accession number GSE264108.

Proteomics data from neutrophils in this study have been deposited to the
ProteomeXchange Consortium via the PRIDE partner repository'® with identifier PXD051334.
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Human flow cytometry antibodies

Supplementary Material

Antigen Fluorochrome Clone Dilution Company Catalogue
number
Supplementary Tables CD56 PE Cy5 B159 1:100 BD Bioscience 555517
CD161 PE Cy5 DX12 1:100 BD Bioscience 551138
Supplementary Table 1: basic characteristics of participating TNBC patients and healthy donors. HLA-DR BUVEGT G466 1:100 BD B!OSC{ence 612980
CD14 BUV737 MS5E2 1:100 BD Bioscience 612763
Healthy Stage I-1ll TNBC mTNBC mTNBC CD16 BUV496 3G8 1:100 BD Bioscience 612944
donors Discovery  Validation D16 AF700 3G8 1:200 BioLegend 302026
cohort cohort -
CD11b BVv421 ICRF44 1:200 BioLegend 301324
Number of participants 65 Stage | 12 92 69 CD11c BV785 3.9 1:100 BioLegend 301644
Stage Il 27 cKIT/CD117 PE Cy5.5 104D2 1:400 Thermofisher CD11718
Stage Ill 5 CD1c PE Cy7 L161 1:100 BioLegend 331516
., . CD141 BV711 1A4 1:100 BD Bioscience 563155
Distant metastasis No No Yes Yes 5
CD123 PE 6H6 1:200 BioLegend 396604
Median age, years (range)  58(27-73)  50(25-71) (8375 51(29-70) CD66b PerCP-Cy5.5  G10F5 1:200 BD Bioscience 562254
Median BMI 24,5 25,1 255 254 CD66b AF647 G10F5 1:200 BD Bioscience 561645
Previous chemotherapy X unknown 54 (59%) 68 (99%) CD33 PerCP Cy5.5 WM53 1:100 BioLegend 303414
exposure CD303 APCvio770 REA693 1:100 Miltenyi Biotech 130-114-178
CD41a BUV395 HIP8 1:400 BD Bioscience 740295
FceRla PE Dazzle 594 AER-37(CRA-1)  1:200 BioLegend 334634
CD34 FITC 581 1:100 BD Bioscience 555821
Supplementary Table 2: List of antibodies used for flow cytometry. CD19 BUV395 SJ25C1 1:50 BD Bioscience 563549
Human flow cytometry antibodies IgD APC 1A6-2 1:100 BD Bioscience 561303
CD20 BUV805 2H7 1:200 BD Bioscience 612905
Antigen Fluorochrome Clone Dilution Company Catalogue CcD27 PE M-T271 1:200 BD Bioscience 555441
number cD10 AF700 HI10a 1:200 BD Bioscience 563509
CD3 PE Cy5 UCHT1 1:200 BD Bioscience 555334 CD24 BB515 ML5 1:200 BD Bioscience 564521
CDb4 BV421 RPA-T4 1:100 BD Bioscience 562424 IgM APC Cy7 MHM-88 1:100 BioLegend 314520
CcD8 BUV805 SK1 1:200 BD Bioscience 612754 CD38 BUV737 HIT2 1:400 BD Bioscience 741837
Pany8 TCR PE 11F2 1:100 BD Bioscience 555717 D5 PE Dazzle 594  L17F12 1:400 BioLegend 364012
v&1 FITC TS8.2 1:100 Thermofisher TCR2730 CcD1d BV786 421 1:200 BD Bioscience 743608
v&2 BUV395 B6 1:100 BD Bioscience 748582 CD138 BV711 MI15 1:200 BioLegend 563184
FoxP3 PE Cy5.5 FJK-16s 1:50 Thermofisher 35-5773-82 CXCR4 PE 12G5 1:50 BioLegend 306506
CCR7 APC R700 150503 1:50 BD Bioscience 565868 CD3 PerCP Cy5.5 SK7 1:100 BioLegend 344808
CD45RA BUV737 HI100 1:400 BD Bioscience 612846 CD19 PerCP Cy5.5 HIB19 1:100 BioLegend 302230
CD25 AF647 BC96 1:100 BioLegend 302618 CD161 PerCP Cy5.5 HP-3610 1:100 BioLegend 339908
PD-1 APC Cy7 EH12.2H7 1:100 BioLegend 329922 CD14 BV605 M5E2 1:100 BioLegend 301834
CTLA-4 PE CF594 BNI3 1:200 BD Bioscience 562742 CD49d BUV737 9F10 1:100 BD Bioscience 612850
IL-17 PerCP Cy5.5 N49-653 1:50 BD Bioscience 560799 CD62L BUV805 DREG-56 1:100 BD Bioscience 742024
IFNy BV785 4S.B3 1:200 BioLegend 502542 CD80 BUV395 L3074 1:100 BD Bioscience 565210
TNFa PE Cy7 Mab11 1:400 BioLegend 502930 CD101 PE Cy7 BB27 1:100 BioLegend 331014
Ccb27 BV786 L128 1:100 BD Bioscience 563327 CD11b BV785 ICRF44 1:100 BioLegend 301246
TIGIT PerCP Cy5.5 A151536 1:100 BioLegend 372718 CD15 eFluor4d50 H198 1:100 Invitrogen 48-0159-42
Ki-67 PE Cy7 B56 1:50 BD Bioscience 561283 CD86 BV711 1T2.2 1:100 BioLegend 305440
CTLA-4 PE CF594 PE/Dazzle594  1:200 BioLegend 369616 CD177 FITC MEM-166 1:200 BiolLegend 3115804
CD19 PE Cy5 HIB19 1:200 BD Bioscience 555414 Siglec8 PE Dazzle 594  7C9 1:200 BioLegend 315804
CD3e BUV496 UCHT1 1:100 BD Bioscience 612940
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d T cell panel ~ cytokine production upon stimulation
o 39. IFNy+ conv. CD4 T cells
ol 40. TNFa+ conv. CD4 T cells
cD4 < 41. IFNy+ TNFo+ CD4 T cells
3 42. IFNy+ conv. CD8 T cells
B 43. TNFo+ conv. CD8 T cells
Ao T 44. IFNy+ TNFa+ CD8 T cells
IFNy TNFa 45. |L-17+ Total T cells
46. IL-17+ V81 5 T cells
e 47. IL-17+ V32 yo T cells
<
CD8 Qi
7]
@ e
TNy TNFa “TNFa© "
Total T cells vd1 v52
45
46
<
9] E: .
L]
T Clar a7

Supplementary Figure 1. Gating strategies for flow cytometry analysis of peripheral blood immune
populations. (a) Myeloid panel gating strategy identifying eosinophils (lineage-, high side scatter, CD66b+
CD16-), neutrophils (lineage-, high side scatter, CD66b+ CD16+), basophils (lineage-, FceRla+, HLA-DR-),
plasmacytoid DCs (lineage-, HLA-DR+, CD303+, CD123+), CD141hi DCs (lineage-, HLA-DR+, CD33+,
CD141+), CD14+ monocytes (lineage-, HLA-DR+, CD33+, CD14+, CD16-/+), CD14dim monocytes (lineage-,
HLA-DR+, CD33+, CD14dim, CD16+), CD1c+ DCs (lineage-, HLA-DR+, CD33+, CD14-, CD16-, CD1c+,
FceRla+) and CD1c- DCs (lineage-, HLA-DR+, CD33+, CD14-, CD16-, CD1c-, FceRla-). (b) Gating strategy
to identify B cell subsets identifying naive B cells (CD19+, CD27-, IgD+), double negative B cells (CD19+,
CD27-, IgD-), non-switched memory B cells (CD19+, CD27+, IgD+), IgM-only switched memory B cells
(CD19+, CD27+, IgD-, IgM+), switched memory B cells (CD19+, CD27+, IgD-, IgM-, CD38-/+), and
plasmablasts-like cells (CD19+, CD27+, IgD-, IgM-, CD38hi). Gating strategy to identify NK cells (CD19-,
CD3-, NKG2D+, CD56+), CD27- CD56int NK cells (CD19-, CD3-, NKG2D+, CD56int, CD27-), CD27+ CD56int
NK cells (CD19-, CD3-, NKG2D+, CD56int, CD27+), CD27- CD56hi NK cells (CD19-, CD3-, NKG2D+, CD56hi,
CD27-) and CD27+ CD56hi NK cells (CD19-, CD3-, NKG2D+, CD56hi, CD27+). (c) T cell panel gating
strategy identifying V&1 yé T cells (CD3+, V§1+, pan y& TCR+), V62 vy T cells (CD3+, V52+), double positive
T cells (CD3+, V&1-, pan yé TCR-, V62-, CD8+, CD4+), CD8 T cells (CD3+, V&1-, pan y§ TCR-, V62-, CD8+,
CD4-), conventional CD4 T cells (CD3+, V&1-, pan yé TCR-, V62-, CD8-, CD4+, FoxP3-), Tregs (CD3+, V&1-
, pan y& TCR-, V62-, CD8-, CD4+, FoxP3+, CD25hi), Treg | (CD3+, V&1-, pan y§ TCR-, V52-, CDS8-, CD4+,
CD25hi, FoxP3int, CD45RA+), Treg Il (CD3+, V&1-, pan y§ TCR-, V62-, CD8-, CD4+, CD25hi, FoxP3hi,
CD45RA-) and Treg Il (CD3+, V§1-, pan y§ TCR-, V52-, CD8-, CD4+, CD25hi, FoxP3int, CD45RA-).
Differentiation states were obtained as followed for both the conventional CD4 T cells and CD8 T cells:
naive T cells (CD45RA+, CCR7+), central memory T cells (CD45RA-, CCR7+), effector memory T cells
(CD45RA-, CCR7-), effector T cells (CD45RA+, CCR7-). Additional phenotypic markers were gated according
to the population names. (d) Cytokine production was measured after PMA-ionomycin stimulation.
Gating strategy identifying IFNy+ conventional CD4 T cells (CD3+, V&1-, pan yé TCR-, V52-, CD8-, CD4+,
FoxP3-, IFNy+), TNFa+ conventional CD4 T cells (CD3+, V&1-, pan y& TCR-, V§2-, CD8-, CD4+, FoxP3-,
TNFa+), IFNy+ TNFa+ conventional CD4 T cells (CD3+, V&1-, pan yé TCR-, V62-, CD8-, CD4+, FoxP3-, IFNy+,
TNFa+), IFNy+ CD8 T cells (CD3+, V&1-, pan yé TCR-, V62-, CD8+, CD4-, IFNy+), TNFa+ CD8 T cells (CD3+,
Vé1-, pan yé TCR-, V62-, CD8+, CD4-, TNFa+), IFNy+ TNFa+ CD8 T cells (CD3+, V&1-, pan yé TCR-, V52-,
CD8+, CD4-, IFNy+, TNFa+). IL17 production is assessed by the following gating strategy: IL17+ total T
cells (CD3+, IL17+), IL17+ V&1 yé T cells (CD3+, V&1+, IL17+) and IL17+ V62 yé T cells (CD3+, V62+, IL17+).
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Supplementary Figure 2. Patient characteristics, NLR and immune cell subsets that did not show
statistically significant abundance differences. (a) Age- and BMI-distribution and the times at
which the blood was taken from the healthy donors, patients with stage I-1ll TNBC and patients
with mTNBC that participated in our discovery cohort. (b) Absolute counts of major circulating
immune cell subsets that were not significantly dysregulated in patients with TNBC. Depicted are
cell counts per mL blood (log scale) assessed by flow cytometry in healthy donors (HDs; n=65),
stage I-1ll (Stage I-1ll TNBC; n=44) and metastatic TNBC patients (mTNBC; n=92). Circulating
immune cell subsets that were significantly dysregulated are depicted in main Figure 1b. (c)
Neutrophils to Lymphocyte ratio (NLR) calculated by dividing neutrophil counts by lymphocyte
counts in HDs (n=65), patients with stage I-lll TNBC (n=44) and patients with mTNBC (n=92).
P-values are computed with the Kruskal-Wallis test followed by Dunn’s multiple comparisons
correction for number of groups.
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Systemic immune cell frequencies
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Supplementary Figure 4. Tumor induced immune perturbations to the systemic immune
landscape in patients with mTNBC could be confirmed in an independent validation cohort. (a)
VB1* T cells V52" T cells NK cells D149 monocytes Validation of systemic immune cell frequencies and NLR in fresh blood samples of our discovery
ns ns ™ cohort: HDs (n=65) and patients with mTNBC (n=92), and our validation cohort comprising of a
group of independent patients with mTNBC (n=69). Depicted are frequencies of single cell, assessed
by flow cytometry. (b) Validation of IFNy and TNFa production by CD8+ and conventional CD4+
T cells, and IL17 expression on Total T cells and yé T cells subsets V&1 and V62 upon ex vivo
stimulation, determined by flow cytometry for HDs (n=29), mTNBC patients validation cohort
(n=26) and mTNBC validation cohort (n=56). P-values are computed with the Kruskal-Wallis test
followed by Dunn’s multiple comparisons correction.
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Supplementary Figure 3. Frequencies of main systemic immune cell populations. Depicted are
percentages of single cells, assessed by flow cytometry in fresh blood samples from healthy donors
(HDs; n=65), stage I-1ll (Stage I-1ll TNBC; n=44) and metastatic TNBC patients (mTNBC; n=92).
P-values are computed with the Kruskal-Wallis test followed by Dunn’s multiple comparisons
correction.
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Supplementary Figure 5. Frequencies of differentiated B cell subsets. B cell subpopulations as
a relative proportion of total B cells, determined by flow cytometry. (a) Discovery cohorts
representing healthy donors (HDs; n=65), stage I-lll (Stage I-1ll TNBC; n=44) and metastatic TNBC
patients (MTNBC; n=92). (b) Validation cohort (MTNBC; n=69) compared to the discovery cohorts
representing HDs and patients with mTNBC described in a. P-values are computed with the
Kruskal-Wallis test followed by Dunn’s multiple comparisons correction.

Supplementary Figure 6. Prior chemotherapy treatment does not significantly impact T cell
differentiation state and phenotype in patients with metastatic triple-negative breast cancer. (a)
Prior chemotherapy effect on circulating immune cell populations that were not significantly
dysregulated in patients with TNBC according to main Figures 1c and 4b-d. (b) Differentiation
state of CD8+ T cells and conventional CD4+ T cells, based on surface marker expression of
CD45RA and CCR7 determined by flow cytometry and grouped based on prior chemotherapy. HD
(n=65), mTNBCchemo_naive (n=29), mTNBC>1yr_chemo_free (n=38) and mTNBCrecent_chemo
(n=16). CM = central memory, EM = effector memory and T eff = effector T cells. (c) T cell phenotype
as determined by flow cytometry comparing fractions within CD8+, conventional CD4+, and
regulatory T cells for HD (n=65), mTNBCchemo_naive (n=29), mTNBC>1yr_chemo_free (n=38) and
mTNBCrecent_chemo (n=16). (d) Regulatory T cell subset distribution based on relative expression
of FoxP3 and CD45RA as determined by flow cytometry. All p-values are computed with the
Kruskal-Wallis test followed by Dunn’s multiple comparisons test. 4 d g
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Chemotherapy effect on immune cell counts
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CHAPTER 5

Introduction

In science, publishing negative or inconclusive data is essential for advancing knowledge.
These results, which may not support a hypothesis or expected outcome, provide valuable
insights into what does not work, helping to prevent the unnecessary repetition of
experiments. Additionally, they guide future research towards a more promising direction.
When researchers share negative results, they contribute to a fuller understanding of a
field, help refine theoretical frameworks, and promote transparency, which are all
fundamental to scientific progress. However, sharing negative or inconclusive data is not
common. Many researchers face significant barriers, including a preference within academic
journals for positive, groundbreaking findings, which are seen as more publishable and
impactful. Inconclusive data are often perceived as less exciting or premature and, therefore,
less likely to gain visibility or career advancement. Additionally, researchers may be hesitant
to publish negative results for fear of being perceived as unsuccessful or facing scrutiny
from their peers. This reluctance creates a publication bias that skews the scientific literature,
hindering cumulative knowledge and leading to inefficiencies in research. Encouraging the
sharing of negative data would promote a more balanced and honest scientific discourse,
ultimately fostering a more reliable and effective research ecosystem.

In this chapter, a research project centered on our scientific endeavors involving single-
cell RNA-sequencing experiments is discussed. Due to the lack of discriminating results,
which was primarily a result of insufficient statistical power due to low sample numbers
and substantial inter-individual heterogeneity, we chose not to publish the “inconclusive
data” in one of the few journals that accept such studies, such as the Journal of Articles in
Support of the Null Hypothesis or the Journal of Negative Results in BioMedicine. Instead,
| opted to include this work as a chapter of inconclusive data in my thesis. Including this
work in my thesis not only documents and shares the findings from this project but also
allows me to reflect on what | would have done differently in hindsight. | hope that this
reflection will help guide the experimental design of scientists with similar goals, ensuring
more efficient use of time and resources while increasing the likelihood of success.
Additionally, by sharing this less successful aspect of my PhD journey, | aim to contribute
to a more transparent and realistic understanding of the challenges a PhD can entail, which
I hope will benefit future PhD students.

The aim of our study was to investigate transcriptional differences in the systemic
immune landscape, encompassing both adaptive and myeloid immune cells, using single-
cell RNA-sequencing of fresh whole blood samples from metastatic triple-negative breast
cancer (mTNBC) patients and healthy donors (HDs). This approach allowed us to capture
the full complexity of the immune system, enabling the analysis of not only cell-specific
differences but also potential correlations and interactions among various immune cell
types. Additionally, collecting whole blood samples without pre-processing or enriching for
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certain cell types increased the likelihood of successfully capturing neutrophils, which are
highly sensitive and prone to rapid cell death. Neutrophils, making up approximately 70%
of circulating white blood cells, play a critical role in systemic inflammation and cancer'.
Despite their abundance, distinct neutrophil subsets have yet to be clearly defined. By
comparing the single-cell RNA profiles of neutrophils from mTNBC patients and HDs, we
aimed to identify unique transcriptional states or neutrophil subsets that differ between
the two groups. In addition to single-cell RNA-sequencing, we performed matched TCR- and
BCR-sequencing to obtain insight into clonality and diversity of the circulating T cell and B
cell repertoire. This comprehensive analysis was designed to offer deeper insights into the
systemic immune dysregulation associated with mTNBC

Methods and Materials

Patients and Healthy Donors

Blood samples from patients with mTNBC were collected at baseline of the Triple B clinical
trial®, (NCT01898117). All patients with mTNBC were chemotherapy naive for metastatic
disease, and four out of five patients were chemotherapy-naive for their primary tumor.
The study protocol was conducted in accordance with the ICH Harmonised Tripartite
Guideline for Good Clinical Practice and the principles of the Declaration of Helsinki. Baseline
blood samples were used after approval by the institutional review board of the Netherlands
Cancer Institute. Fresh blood samples from the healthy women (healthy donors, HD) were
obtained after approval by the local medical ethical committee (NCT03819829). All patients
and HDs provided written informed consent before enrolment. HDs were age matched to
mTNBC patients. Blood samples were drawn in the morning and blood draw times were
comparable for HDs and mTNBC patients.

Sample preparation

Peripheral blood was collected in EDTA vacutainers (BD) and processed immediately after
blood draw. After erythrocyte lysis (lysis buffer: dH20, NH4Cl, NaHCCO3, EDTA), cells were
resuspended in Cell Staining Buffer (BioLegend). We included five patients with mTNBC and
five HDs. For each run, blood cells from a patient with mTNBC were combined with blood
cells from an age-, sex- and BMI-matched HD. For this purpose, cells were labeled for 30
min. at 4°C with a barcode using hashing antibodies against LNH-94 and 2M2 from
BioLegend. We used TotalSeq-C0257 (394673) and TotalSeq-C0258 (394675) both in a 1:200
dilution. The barcoded single-cell suspensions of a patient and a HD were mixed in equal
ratio, and further processed using 10X genomics Chromium Next GEM Single Cell 5' Library
and Gel Bead Kit v1.1 and Chromium Next GEM Chip G Single Cell Kit, following manufactures’
instructions (CG000208 Rev E, 10X Genomics). All libraries were quantified and normalized
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based on library QC data generated on the Bioanalyzer system according to manufacturer’s
protocols (G2938-90321 and G2938-90024, Agilent Technologies). For each library type,
based on the expected target cell counts, a balanced library pool of all samples was
composed. Then all 4 library pools (Single Cell 5" Gene expression, TotalSeq-C Cell hashing
and both types of V(D)) Enriched libraries) were quantified by qPCR, according to the KAPA
Library Quantification Kit lllumina® Platforms protocol (KR0405, KAPA Biosystems). The
Single Cell 5" Gene Expression and TotalSeq-C Cell hashing libraries were sequenced together
on a NextSeq 550 Instrument (lllumina) using a NextSeq 500/550 High Output Kit v2.5 (cat.
no. 20024906, Illumina). Paired end sequencing was performed using 28 cycles for Read 1,
8 cycles for Read i7 and 56 cycles for Read 2. For the Single Cell 5" Gene Expression
sequencing this resulted in an average sequencing depth of 30.000 reads pairs/cell. The
V(D)) Enriched libraries were sequenced together on a NextSeq 550 Instrument (lllumina)
using a NextSeq 500/550 Mid Output Kit v2.5 (cat. no. 20024904, lllumina). Paired end
sequencing was performed using 28 cycles for Read 1, 8 cycles for Read i7 and 130 cycles
for Read 2.

Computational analysis single-cell RNA-sequencing data

Demultiplexing with cell hashing

Demultiplexing was performed using the HTODemux function provided by Seurat with
default parameters®’. Cells were split into four categories: one for each sample, a negative
category for cells with insufficient hash and a doublet category where appreciable hashtags
were observed for both samples.

Quality control

Cells with negative or doublet labels from hash demultiplexing were removed from the
analysis. Using hashtag doublets as a positive control, we were unable to see a correlation
between read counts and doublet status. Furthermore, computational methods such as
Scrublet® were unable to confidently predict doublets. As a consequence, we were unable
to remove doublets sharing the same hashtags.

We removed cells with less than 10 total read counts or a mitochondrial percentage
above 20%. The low read count threshold was used to retain cell types such as neutrophils
that naturally contain very few read counts. Cells with low read counts were filtered out
indirectly after applying a posterior threshold of 80% using a multinomial cell type classifier
(see "Automatic cell type classification”).

Automatic cell type classification

We performed automatic cell type identification based on the blood derived cell type
categories in the CIBERSORT LM22 dataset® using a multinomial model similar to that
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proposed in'®. We extended the CIBERSORT signature gene list with platelet specific genes
PF4, ITGA2B, F13A1 and NCOAA4 since they are frequently expressed in platelets and not in
other cell types as specified in PanglaoDB. In total, we used a set S containing 548 signature
genes to differentiate between cell types. For each cell, we compute the likelihood of
observed read counts for each cell type: P(x, x|c) o pZ" i];[spix" where ¢ represents the cell
type under consideration, X represents the vector of read counts of genes in the signature
list Swith x, representing the read counts of the i-th gene, x, represents a single background
read count (i.e. total number of reads not from genes in the signature list) and the
parameters p (and p,) that represent the expected proportion of reads in signature genes
(and background). These model parameters are estimated from bulk sequencing datasets
provided by CIBERSORT and the Human Primary Cell Atlas''. Posterior probabilities were
derived from the likelihoods using Bayes' theorem. Average proportions of different cell
types across our flow cytometry dataset were used as priors except for neutrophils and
platelets, where the priors were both set to 30%. Neutrophil frequencies are typically high
(>50%) in human blood, but due to their low read counts, many do not survive our original
quality control, which justifies a lower prior.

Batch alignment

Batches were aligned using the fastMNN algorithm'2. After alignment we modeled the
remaining batch effect and sample type (mTNBC vs HD) simultaneously using the generalized
linear modeling framework in MiloR (see differential abundance analysis section). Since all
batches were processed in the same core facility, fastMNN resulted in superior performance
compared to the diagonalized CCA method provided by Seurat.

Count normalization and dimensionality reduction

For the analysis that included all cell types, we retained the top 2000 highest varying genes
based on the vst method in Seurat. Read counts were normalized by per-cell library size
and log (+1) normalized. The top 50 principal components were extracted for further
downstream analysis. For visualization in two dimensions, we performed UMAP manifold
learning'. For the differential abundance analysis, cell types were separated based on the
multinomial classifier described earlier. For each cell type, the top 2000 highest varying
genes were recomputed as before, except for the neutrophils where we used the top 500
varying genes due to low overall read counts. For each cell type we extracted the top 10
principal components, except for the T cells. T cells exhibit higher heterogeneity than other
cell types and we extracted the top 20 principal components.

Clustering
Unsupervised clustering was performed using a smart local moving algorithm based on
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shared nearest neighbor (SNN) networks'. Optimization of parameters was collectively
controlled with a resolution parameter in the Seurat package.

Differential Gene Expression Analysis

Analyzing single-cell RNA-sequencing data using mixed-effects models can be computationally
prohibitive due to the large number of observations. To simplify the process, we aggregated
unique molecular identifier (UMI) counts for each immune cell population within each
sample, generating pseudobulk data. This approach allows for differential expression
analysis using well-established methods originally developed for bulk RNA-sequencing. Prior
to this conversion, we created subsets of the data corresponding to distinct immune cell
populations, ensuring that DE analysis could be performed for each population separately.
For immune cell populations that exhibit significant differences in gene expression between
patients with mTNBC and HDs, we could further conduct gene set enrichment analysis and
other pathway analyses to interpret the biological significance of the differentially expressed
genes.

Differential abundance analysis

We detected groups of similar cell states and tested for differentially abundance when
comparing triple-negative breast cancer samples and healthy donors using MiloR™.
Traditionally, clusters of cells sharing similar states are identified prior to performing a
differential abundance analysis. However, MiloR is independent of clustering and can
potentially pick up differential regions in transition phases. Batch effects were modeled
simultaneously as a nuisance parameter (see “Batch alignment”). The TCR and BCR diversity
was calculated using Pielou’s evenness procedure.

Results
No differential gene expression and cell state abundances between mTNBC and HDs
To gain deeper insights into the cellular states of circulating cells in TNBC patients, we
performed single-cell RNA-sequencing along with matched single-cell BCR- and single-cell
TCR-sequencing on fresh blood samples from five mTNBC patients and five age-matched
HDs (Figure 1a). The samples were processed in five batches, with each batch comprising
white blood cells from a fresh blood sample of both a mTNBC patient and a HD. After hash
tagging, the two samples in each batch were pooled, and all batches were sequenced in a
single run.

We observed a large variation in RNA-content between different immune cell types;
both in the number of genes detected in each cell (nFeature_RNA) as well as in the total
number of RNA molecules detected within a cell (nCount_RNA) (Figure 1b). Cells in clusters
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0, 1,4 and 7 have low RNA content and are identified as neutrophil clusters, as anticipated
(Figure 1b). Cluster 10 is also comprised of cells with a low RNA content and was identified
as a platelet cluster.
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Figure 1: Experimental setup (a) and quality control (b) of single-cell RNA-sequencing experiments.

nFeature_RNA is the number of genes detected in each cell. nCount_RNA is the total number of
RNA molecules detected within a cell. Neutrophils are divided over clusters 0, 1, 4 and 7.
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In all samples, we captured a great diversity of immune cell types, including the
technically challenging neutrophil population (Figure 2a). For most immune cell populations,
we found multiple subpopulations. Intriguingly, eight continuous neutrophil states were
identified in our dataset, suggestive of neutrophil subset diversity (Figure 2a). This is in
agreement with what has previously been described'®'¢'”. However, none of these states
were unique to either HDs or mTNBC patients and no statistically significant enrichments
or depletions in those cell states were found (Figure 2b).

After subsetting the major immune cell populations (Figure 2a) and generating
pseudobulk data for each cell type, we conducted differential gene expression analysis
comparing mTNBC patients and HDs. However, this analysis did not reveal a list of
significantly differentially expressed genes between the two groups. As a result, subsequent
analyses such as pathway enrichment and gene set enrichment analysis on differentially
expressed genes could not be performed. We found that the variance between the two
groups in gene expression at the level of the selected immune cell populations was similar
to the variance within each group. This suggests that gene expression differences between
mTNBC patients and HDs potentially requires an alternative analytical approach.
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Discussion

To gain more insight in potential differences in the cellular states from various circulating
immune cell populations between mTNBC patients and HDs, single-cell RNA-sequencing
and matched single-cell TCR and single-cell BCR sequencing was performed on fresh
leukocytes of five mTNBC patients and five HDs. Extensive analysis of this dataset did not
yield any substantial differences between mTNBC and HD transcriptomes or the identification
of differentially abundant cell states between the two groups. We believe the lack of
discriminating results is mostly an issue of limited group sizes. Given the high degree of
heterogeneity within the five HDs and five patients with mTNBC, identifying differences
between the two groups became near impossible.

Interestingly, eight distinct neutrophil states were identified in our dataset, suggesting
possible subset diversity; however, none of these states were exclusive to either healthy
donors (HDs) or metastatic triple-negative breast cancer (mTNBC) patients, and no
differences in their abundances were detected. We speculate that the lack of discriminating
features of the neutrophils is - in addition to the low n-number of individuals - a result of
the low read-depth within this cell type. Because we chose not to enrich for any specific cell
type and neutrophils have very low RNA content, most reads in the dataset came from other
immune cells. Since the number of genes coming from e.g. lymphocytes and monocytes
(Figure 1b clusters 2, 3,5, 6, 8,9, 11-13) is so much larger compared to those coming from
neutrophils (Figure 1b clusters 0, 1, 4 and 7), increasing the number of sequencing runs
would mainly lead to more reads of genes that are already covered. It is expected that with
increased read depth in the neutrophils and an increased sample size, there are
transcriptional differences in neutrophils from HDs and mTNBC patients. Therefore, we
hypothesize that subjecting purified neutrophils from well defined, untreated mTNBC
patients to single-cell RNA-sequencing in comparison to purified neutrophils from HDs, may
provide valuable information about which neutrophil states are associated with mTNBC. By
combining this with barcoded antibodies to identify surface markers associated with a
particular cell state, followed by live cell sorting, one could possibly even link certain over- or
underrepresented neutrophil cell states to their functional properties. This would further
advance our understanding about the role of neutrophils in cancer, and nearer the step
towards modulation of myeloid cells in cancer patients.

Lastly, I would like to point out an unexpected advantage of the approach we took. To
minimalize batch effects and reduce costs, we combined a patients sample with an age- and
sex matched HD sample for each run by making use of barcoded antibodies against two
antigens that are present on virtually all cells. During quality control, cells with low RNA yield
are typically filtered out to exclude apoptotic or dying cells, which often show poor RNA
quality. However, this process unintentionally removes neutrophils, as they naturally have
low RNA content despite being viable. To avoid losing neutrophils during this filtering step,
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we leveraged the use of cell barcode handles to identify intact cells. Within this pool of cells
that were initially filtered out, neutrophils can be accurately identified and retained,
preserving them in the analysis despite their low RNA levels. Additionally, the barcodes
provided a straightforward handle to filter out doublets. Most published doublet-removal
algorithms are based of RNA content, but when doublets are formed with low RNA content
cells (like neutrophils or eosinophils), this will not be picked up. However, when a doublet
is formed of cells coming from two donors, they can be filtered out because they carry two
different barcodes. This still does not solve the doublet issue for situations in which a doublet
is formed involving low RNA content cells from the same donor, but it certainly cleans up
the dataset. To take this idea a step further, one could even consider dividing each sample
over multiple wells, staining each well with a different barcode, increasing the effectiveness
of this doublet removal approach even further, and potentially even allow for increasing
the number of cells that can be loaded per experiment.

Overall, we conclude that in this limited cohort of five mTNBC patients and five HDs,
no statistically significant discriminatory results were observed within the single-cell RNA-
sequencing dataset. However, we acknowledge the potential for significant differences to
emerge with an expanded sample size. By increasing the number of individuals and refining
our pre-processing methods to separate immune cells based on RNA content—specifically
targeting high- and low-RNA populations to ensure consistent read-depth across all immune
cell types—we may uncover statistically significant differences in the single-cell RNA-
sequencing profiles between mTNBC patients and HDs.
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Abstract

Immune checkpoint inhibition (ICl) with chemotherapy is now standard of care for stage
[I-11 triple negative breast cancer (TNBC). However, it is largely unknown for which patients
ICl without chemotherapy could be an option and what the benefit of combination ICl could
be. The adaptive BELLINI trial explored whether short combination ICl induces immune
activation (primary endpoint: two-fold increase in CD8+ T cells or IFNG), providing rationale
for neoadjuvant ICl without chemotherapy. In window of opportunity cohorts A (4 weeks
anti-PD1) and B (4 weeks anti-PD1 + anti-CTLA4), we observed immune activation in 53%
(8/15) and 60% (9/15) of patients, respectively. High tumor-infiltrating lymphocytes (TILs)
correlated with response. Single-cell RNA sequencing revealed that higher pretreatment
tumor-reactive CD8+ T cells, follicular helper T cells and shorter distances between tumor
and CD8+ T cells correlated with response. Higher levels of regulatory T cells post-treatment
associated with non-response. Based on these data, we opened cohort C for patients with
high TILs (=50%) who received 6 weeks neoadjuvant anti-PD1 + anti-CTLA4 followed by
surgery (primary endpoint: pathological complete response, pCR). 53% (8/15) of patients
had major pathological response (< 10% viable tumor) at resection, with 33% (5/15) having
pCR. All cohorts met Simon’s two-stage threshold for expansion to stage Il. We observed
grade >3 adverse events for 17% of patients, and a high rate (57%) of immune-mediated
endocrinopathies. In conclusion, neoadjuvant immunotherapy without chemotherapy
demonstrates potential efficacy and warrants further investigation in patients with early
TNBC. ClinicalTrials.gov Identifier: NCT03815890.

Introduction

The addition of programmed death (ligand) 1 blockade (anti-PD(L)1) to neoadjuvant
chemotherapy has changed the treatment landscape for patients with early (stage II-11I)
triple negative breast cancer (TNBC)1. However, all trials evaluating the efficacy of anti-PD(L)1
in TNBC combined it with chemotherapy’-+. This chemotherapy backbone inevitably results
in a high rate of adverse events, significantly affects quality of life and could diminish T cell
activity>®.

So far, no biomarkers have been established to predict which patients with early stage
TNBC will benefit from anti-PD1. Therapy is currently given for a total duration of one year,
while data in other tumor types have shown that a pCR can be reached after only a few
weeks of treatment with immune checkpoint inhibitors (ICl)-"'. Overtreatment prevention
is an increasingly important consideration due to the high number of patients needed to
treat to prevent one recurrence and increasing toxicity with more intense and longer
treatments. Therefore, there is an urgent clinical need to optimize treatment schedules and
improve patient selection for specific treatments’2.
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While numerous studies have integrated anti-PD(L)1 therapy with chemotherapy in
early stage TNBC''3, data on combination ICls are limited. ICls targeting CTLA4 have
revolutionized treatment for non-small cell lung cancer (NSCLC)8 and melanoma’-'e.
Additionally, neoadjuvant trials across various tumor types have shown impressive major
pathological response rates when combining anti-PD(L)1 with low-dose anti-CTLA47810.17 A
trial in metastatic breast cancer revealed long-lasting responses after combining low-dose
anti-CTLA4 with anti-PD 18, which are infrequently observed with anti-PD(L)1 alone. These
findings provide a rationale to test low-dose anti-CTLA4 in combination with anti-PD(L)1 in
early TNBC.

Simultaneously with the advent of ICl, tumor-infiltrating lymphocytes (TILs) have
emerged as a putative prognostic and predictive biomarker'®-22. TNBC patients with high
TIL levels have an excellent prognosis even without chemotherapy'?3, suggesting that TILs
reflect an endogenous antitumor T cell response. Moreover, in metastatic TNBC, high TIL
levels are associated with response to ICI>42?, Collectively, these findings imply that TILs may
serve as a tool for identifying TNBC patients who are more likely to benefit from ICl and
have a favorable prognosis, paving the way for exploring chemotherapy de-escalation. The
BELLINI trial is an adaptive platform trial exploring the effect of ICl without chemotherapy
starting with window of opportunity cohorts with a biological endpoint followed by
neoadjuvant cohorts with complete pathological response (pCR) endpoint. This adaptive
platform trial consists of sequential, single-cohort, phase 2 studies, where new cohorts can
be opened based on signals obtained in prior cohorts. The first two cohorts evaluated
whether four weeks of nivolumab (anti-PD1, cohort A) or nivolumab and low-dose ipilimumab
(anti-PD1 and anti-CTLA4, cohort B) can lead to immune activation (primary endpoint). This
four-week therapy regimen was scheduled before the start of regular therapy, and therefore
the effect of ICl could be assessed independently of chemotherapy. Promising results in
cohorts A and B among patients with high TILs (=50%) led to the initiation of cohort C. In
cohort C, we used a neoadjuvant design with six weeks of nivolumab plus low-dose
ipilimumab followed by surgery to assess the pCR rate'?.

This is the first trial combining anti-PD1 with anti-CTLA4 in early breast cancer, as well
as the first trial exploring what pCR rate could be achieved with ICl-only approaches and
using TIL levels as an entry criterion to enrich for inflamed tumors.

Methods

Patients

Patients in cohorts A and B were eligible for enrollment if they were at least 18 years of age
and had stage I-lll (clinical tumor stage T1c-3, nodal stage NO-3, according to the primary
tumor regional lymph node staging criteria of the American Joint Committee on Cancer, 7th
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edition) triple negative breast cancer with confirmation of estrogen receptor and HER2
negativity (ER <10% and HER2 0, 1 or 2 in the absence of amplification as determined by in
situ hybridization) on a biopsy from the primary tumor in the breast; newly diagnosed,
previously untreated disease; a WHO performance status score® of 0 or 1 and adequate
organ functions. The TILs percentage needed to be 5% or more. To ensure balanced
enrollment based on TIL levels, each cohortincluded 5 patients with low (5-10%), 5 patients
with intermediate (11-49%), and 5 patients with high (=50%) TIL levels. Patients with
concurrent ipsilateral, bilateral, or multifocal primary tumors were also eligible for
enrollment. For cohort C, patients had to meet the same criteria, but the nodal stage had
to be NO, tumor stage T1c-T2, and TILs had to be 50% or more. The intention for cohort C
was to explore the potential feasibility of chemotherapy de-escalation in patients with high
TILs. Since withholding adjuvant capecitabine for high-risk patients and/or escalating
locoregional treatment for patients with more extensive disease was undesired, cohort C
included only LN-negative patients.

Exclusion criteria included history of immunodeficiency, autoimmune disease or
conditions requiring immunosuppression (>10 mg daily prednisone or equivalent); other
immunosuppressive medications intake within 28 days of study drug administration; chronic
or recurring infections; occult breast cancer; fertility preservation due to breast cancer
diagnosis; active hepatitis B virus or hepatitis C virus infection; clinically significant
cardiovascular disease; previous systemic anti-cancer treatment.

Trial design and treatments

The BELLINI trial (full title: Pre-operative Trial for Breast Cancer With Nivolumab in
Combination With Novel I10; NCT03815890) is a single center, non-blinded, non-randomized,
non-comparative phase Il study designed to evaluate the feasibility and efficacy of checkpoint
inhibition before regular neoadjuvant therapy or surgery in patients with primary breast
cancer. Cohorts for prespecified breast cancer subgroups are opened in a sequential
manner. Here we report the first three TNBC cohorts for patients who were treated with
nivolumab (cohort A) or nivolumab + ipilimumab for four (cohort B) or six (cohort C) weeks.
A: Nivolumab monotherapy, 240mg on D1 and D15. B: Nivolumab+ipilimumab 1 mg/kg on
D1 and nivolumab 240mg on D15. C: Nivolumab+ ipilimumab 1 mg/kg on D1 and D21.
Regular therapy, consisting of neoadjuvant chemotherapy or primary surgery, started on
D29 and onwards. Given the poor prognosis of patients with low TIL levels and the hypothesis
that these women will probably not be the super-responders to ICl, patients were only
eligible with TILs>5%. A threshold of 5% TILs was selected to exclude true immune-deserted
tumors. Equal distribution of patients with different levels of tumor of infiltrating lymphocytes
over the cohorts was ensured by inclusion of 5 patients with TILs-low (5-10%), 5 patients
with TILs-intermediate (11-49%), and 5 patients with TILs-high (=50%) scores per cohort.
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After cohorts A (in the protocol defined as cohort 1B) and B (in the protocol defined as
cohort 2B) the protocol was amended to open cohort C (in the protocol defined as cohort
3B). Cohort C had the same inclusion criteria as cohort A and B, except that only inclusion
of patients with clinically node-negative disease and with TIL levels of 50% or higher was
allowed. With the amendment to open cohort C, the window of opportunity design was
changed into a true neoadjuvant design with all patients going to surgery after the
immunotherapy. After completing the interim analysis of cohorts A and B an amendment
was approved to use pathological complete response (pCR) as primary endpoint instead of
immune activation for cohort C and subsequent cohorts (see details on Endpoints below).

Ethics statement

All patients provided written informed consent before enrollment. This investigator-initiated
trial was designed by the Netherlands Cancer Institute (NKI).The trial was conducted in
accordance with the protocol, Good Clinical Practice standards and the Declaration of
Helsinki. The full protocol, amendments, and the informed consent form were approved by
the medical ethical committee of the Netherlands Cancer Institute (NKI, Amsterdam).

Endpoints

Cohorts A and B:

The primary endpoint for cohorts A and B is immune activation following two cycles of
neoadjuvant ICl, defined as a 2-fold increase in CD8+ T cells assessed via
immunohistochemistry and/or an increase in IFNG gene expression. High-quality paired
biopsies are necessary for the evaluability of this primary endpoint.

As a secondary endpoint for cohorts A and B, we evaluated the clinical response.

Clinical response was defined as:

Radiological signs of response: At least a 30% decrease on MRI (partial response (PR) according
to RECIST 1.1, not confirmed). The target (or index) lesion is defined as the largest enhancing
lesion. In case of multifocality or multicentricity the largest mass and/or non-mass
enhancement was measured in the axial/sagittal or coronal plane and defined as target/
index lesion. In these cases, the total area occupied by the tumor (including all masses and
non-mass enhancement) was also measured. The total tumor area was used for the RECIST
measurements.

AND/OR

Pathological signs of response: Pathological response could be studied in biopsies from 28
patients due to the window of opportunity design. Absence of viable tumor after four weeks
of therapy in the post-treatment biopsy was classified as a clinical response. For patients
proceeding to surgery this was defined as partial or complete pathological response,
according to the European Society of Mastology (EUSOMA criteria).
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Cohort C:

The primary endpoint for cohort C is pathological complete response (pCR), defined as no
viable tumor remaining in the breast and lymph nodes (ypTONO)®. Major pathologic response
(MPR, secondary endpoint) is a frequently used surrogate endpoint for efficacy in
neoadjuvant trials evaluating immune checkpoint blockade across cancer types®''?. MPR
was defined as <10% of residual viable tumor in the surgical specimen'”®5% or no viable
tumor in the breast but residual tumor cells in the lymph nodes.

All Cohorts (A, B, C):

Secondary endpoints included feasibility, safety, and radiological response. Feasibility was
determined based on any treatment-related complications that led to a delay in
chemotherapy or primary surgery beyond six weeks from the start of therapy. All patients
were closely monitored for adverse events (AEs) for 100 days after the administration of
the last study treatment, following the Common Terminology Criteria for Adverse Events
(CTCAE) v.5%. In addition, we reported all immune-related adverse events in the first year
of follow-up. Radiological response was assessed according to the RECIST 1.1 guidelines,
but not confirmed.

Statistical analysis

For this exploratory, hypothesis-generating study, no formal sample size calculation was
performed for efficacy because there was no data on the efficacy of neoadjuvant
immunotherapy in breast cancer at the time of the design of this study. For cohorts A and
B, the null hypothesis of a true immune activation in <30% of patients was tested against a
one-sided alternative. For cohort C, design was identical with the exception of null hypothesis
being pCR in <30% of patients tested against a one-sided alternative. For 80% power, at a
one-sided significance level of 0.05, 15 patients were accrued per cohort to be evaluated in
the first stage. If there were 5 or less responses among these 15 patients, the cohort was
closed for futility. Otherwise, the cohort could be expanded with 31 additional patients,
reaching a total of 46. We decided to publish after stage I, which was allowed by protocol,
due to the observation that very early responses to ICl without chemotherapy are possible
in TNBC, which warrants efforts to de-escalate therapy for a subset of patients, in contrast
to the current therapy escalation for all TNBC patients. Median follow-up time was obtained
using the reverse Kaplan-Meier method. Analyses were performed using R® v.4.2.1.

Pathology assessments and IHC analyses

All patients underwent baseline tumor staging, consisting of ultrasound of the breast, axilla
and periclavicular region and MRI imaging of the breast. PET-CT imaging was performed in
all participants to confirm the clinical stage. Pretreatment tumor histological biopsies (4
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core biopsies, 14G needle) were taken for all patients, and post-treatment tissue was either
obtained through a biopsy (3 core biopsies, 14G needle) for patients continuing neoadjuvant
chemotherapy (n=28) and the surgical specimen was used for those undergoing surgery
right after the ICl study treatment (n=3). Histopathological examination of biopsies and
resection specimens was carried out by five experienced breast cancer pathologists (HMH,
RS, KvdV, JvdB, NK). Resected tumors were examined in their entirety and regression of
resected tumors was assessed by estimating the percentage of residual viable tumor of the
macroscopically identifiable tumor bed, as identified on routine hematoxylin and eosin
(H&E) staining. Formalin-fixed paraffin-embedded tissue sections were used for H&E
stainings and for immunohistochemical analysis of CD8 (C8/144B, DAKO), PDL1 (22C3, DAKO)
and PD1 (NAT105, Roche Diagnostics). The percentage of tumor cells and TILs was assessed
by pathologists trained for TILs assessment on H&E-stained slides according to the
international standard from the International Immuno-Oncology Biomarker Working Group?
(see www.tilsinbreastcancer.org for all guidelines on TILs assessment in solid tumors). After
a pathologist provided an initial TILs score, an ‘expert TILs score’ was generated as a
consensus score from at least 2 out of 4 trained pathologists using slidescore.com for online
scoring®. TILs scores for inclusion were scored on the diagnostic biopsy of the patient to
allow for stratification of patients (low >5-10%, intermediate 11-49%, high >50%).

Immunohistochemistry
Immunohistochemistry of the FFPE tumor samples was performed on a BenchMark Ultra
autostainer (Ventana Medical Systems). The double stain was performed on a Discovery Ultra
autostainer. Briefly, paraffin sections were cut at 3 um, heated at 75°C for 28 minutes and
deparaffinized in the instrument with EZ prep solution (Ventana Medical Systems). Heat-
induced antigen retrieval was carried out using Cell Conditioning 1 (CC1, Ventana Medical
Systems) for 48 minutes at 95°C (PDL1) or 64 minutes at 95°C. (PD1/CD8 double). PDL1 was
detected using clone 22C3 (1/40 dilution, 1 hour at RT, Agilent/DAKO, Lot11654144). Bound
antibody was detected using the OptiView DAB Detection Kit (Ventana Medical Systems).
Slides were counterstained with Hematoxylin and Bluing Reagent (Ventana Medical Systems).
For the double staining PD1 (Yellow) followed by CD8 (Purple) the PD1 was detected in
the first sequence using clone NAT5 (Ready-to-Use, 32 minutes at 370C, Roche Diagnostics,
Lot11654144). The PD1-bound antibody was visualized using Anti-Mouse NP (Ventana
Medical systems, Ready to Use dispenser, LotK09956) for 12 minutes at 37C followed by
Anti-NP AP (Ventana Medical systems, Ready to Use dispenser, LotJ23971 ) for 12 minutes
at 37C, followed by the Discovery Yellow detection kit (Ventana Medical Systems). In the
second sequence of the double staining procedure, CD8 was detected using clone C8/144B
(1/200 dilution, 32 minutes at 37C, Agilent, Lot41527763). CD8 was visualized using Anti-
Mouse HQ (Ventana Medical systems, Ready to Use dispenser, Lotk20711) for 12 minutes
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at 370C followed by Anti-HQ HRP (Ventana Medical systems, Ready to Use dispenser,
LotK22062) for 12 minutes at 37C, followed by the Discovery Purple Detection Kit (Ventana
Medical Systems). Slides were counterstained with Hematoxylin and Bluing Reagent (Ventana
Medical Systems). A PANNORAMIC® 1000 scanner from 3DHISTECH was used to scan the
slides at a 40x magnification.

Distance analysis between tumor and CD8+ T cells

Spatial analysis was performed on the pretreatment biopsies of all included patients. The
stained slides were scanned, and image analysis was performed with the HALO image
analysis software from Indica Labs, v3.4.2986.185 (cohorts A and B) and v.3.6.4134 (cohort
Q). Within HALO, the multiplex IHC module was used to phenotype and quantify CD8-positive
cells. Cell segmentation was performed by the detection of hematoxylin (detection weight
=1)and PD1 (detection weights 0.045 for cohorts A&B; 0.5 for cohort C) and CD8 for cohort
C (detection weight = 0.5) staining, utilizing a nuclear segmentation aggressiveness of 0.045.
Minimal intensity thresholds to consider a cell positive for a marker were set for hematoxylin
(0), PD1 (0.25 for cohorts A&B, 0.1 for cohort C), and CD8 (0.1) separately. Biopsies were
analyzed in total, while for resection specimens the analysis was restricted to representative
tumor beds as annotated by a breast cancer pathologist. The quantified levels of CD8+ and
PD1+CD8+ cells were corrected for the analyzed tissue area (cells /pm2).

Artificial intelligence tumor classifiers (Object Phenotyper, HALO Al) were developed to
discriminate between tumor and non-tumor cells in cohorts A&B and in cohort C. Individual
cells were segmented (nuclei seg BF v.1.0.0), and the classifiers were trained by annotating
single cells as tumor or non-tumor. The annotations were guided by marked tumor regions
on H&E-stained slides by a trained BC pathologist. The classifiers were finalized with 20.000
iterations and a cross-entropy of 0.009 (cohort A&B) and >10.000 iterations and cross-
entropy of 0.021 (cohort C).

Merging the results of the multiplex IHC and tumor classifier enabled the visualization
of the spatial distribution of tumor and CD8+ cells (ED Fig.1B-F). Using the nearest
neighborhood analysis, the average distance between the tumor and immune cells was
quantified by taking the mean of the distances between every tumor cell and its nearest
cell of the above-mentioned immune phenotypes in the pretreatment biopsies (ED Fig.1F).
Distances from tumor cells to the nearest CD8+ T cells were taken as a measure of proximity
of CD8+ T cells to the tumor.

DNA and RNA isolation

DNA and RNA were extracted from fresh-frozen, pre- and post-treatment tumor material
using the AllPrep DNA/RNA Kit (QIAGEN) for frozen material, following the manufacturer’s
protocol, in a QlAcube (QIAGEN). Germline DNA was isolated from patient peripheral blood
mononuclear cells using the DNeasy Blood & Tissue Kit (QIAGEN).
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Bulk RNA sequencing

Total RNA Quality Control

Quality and quantity of the total RNA was assessed by the 2100 Bioanalyzer using a Nano
chip (Agilent, Santa Clara, CA). Total RNA samples having RIN>8 were subjected to library
generation.

TruSeq Stranded mRNA library generation

Strand-specific libraries were generated using the TruSeq Stranded mRNA sample
preparation kit (lllumina Inc., San Diego, RS-122-2101/2) according to the manufacturer’s
instructions (lllumina, Document # 1000000040498 v00). Briefly, polyadenylated RNA from
intact total RNA was purified using oligo-dT beads. Following purification, the RNA was
fragmented, random primed and reverse transcribed using SuperScript Il Reverse
Transcriptase (Invitrogen, part # 18064-014) with the addition of Actinomycin D. Second
strand synthesis was performed using Polymerase | and RNaseH with replacement of dTTP
for dUTP. The generated cDNA fragments were 3' end adenylated and ligated to IDT xGen
UDI(10bp)-UMI(9bp) paired-end sequencing adapters (Integrated DNA Technologies, Inc.,
Coralville) and subsequently amplified by 12 cycles of PCR. The libraries were analyzed on
a 2100 Bioanalyzer using a 7500 chip (Agilent, Santa Clara, CA), diluted and pooled equimolar
into a multiplex sequencing pool.

Sequencing
The libraries were sequenced with 54 paired-end reads on a NovaSeq6000 using a S1
Reagent Kit v1.5 (100cycles) (lllumina Inc., San Diego).

Data analysis

RNA sequencing data were aligned to GRCh38 with STAR” 2.7.1a, with the
twopassMode='Basic’. FPKM were obtained with RSeQC”" 4.0.0 FPKM_count.py and
subsequently normalized to transcripts per million. Data quality was assessed with FastQC”
0.11.5, FastQ Screen” 0.14.0, the Picard CollectRnaSeqMetrics’#7> and RSeQC”" 4.0.0 read_
distribution.py and read_duplication.py and were found to be suitable for the downstream
analysis. TNBCtype’® was used for the Lehmann subtype classification””. The Gseapy’® 1.0.3
ssgsea tool with the sample_norm_method="rank’ was used for gene set signature scoring.
For the signature analysis, p-values were significant after FDR correction (Benjamini-
Hochberg) at 10% significance level. Data were analyzed with Python’ 3.10.5. Pandas®#'
2.0.0 and numpy?®? 1.22.4 were used for data handling. Matplotlib’ 3.5.2, seaborn® 0.12.2
and statannotations® 0.5.0 were used for plotting.
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Whole exome sequencing

For each sample the amount of double stranded DNA was quantified by using the Qubit®
dsDNA HS Assay Kit (Invitrogen, cat no Q32851). A maximum amount of 2 pg of double
stranded genomic DNA was fragmented by covaris AFA technology to obtain fragment sizes
of 200-300 bp. Samples were purified using Agencourt AMPure XP Reagent (Beckman
Coulter, cat no A63881) in a 2x reaction volume settings according to manufacturer’s
instructions. The fragmented DNA was quantified and qualified on a BioAnalyzer system
using the DNA7500 assay kit (Agilent Technologies cat no. 5067- 1506). With a maximum
input amount of 1 pg fragmented DNA, NGS library preparation for Illumina sequencing
was performed using the KAPA HTP Prep Kit (KAPA Biosystems, KK8234) in combination
with xGen UDI-UMI Adapters of IDT (Integrated DNA Technologies). During the library
amplification step, 4 cycles of PCR were performed to obtain enough yield for the exome
enrichment assay. All DNA libraries were quantified on a BioAnalyzer system using the
DNA7500 assay kit. Exome enrichment was performed on library pools of 6 unique dual
indexed libraries, 500 ng each, using the xGen™ Exome Hyb Panel v2 (IDT, cat no 10005152)
and xGen™ Hybridization Capture Core Reagents according to manufacturer’s protocol, with
hybridization time adjusted to 16 hours and 10 cycles of PCR performed during post-capture
PCR. All exome enriched library pools were quantified on a BioAnalyzer system using the
DNA7500 assay kit, pooled equimolar to a final concentration of 10nM and subjected to
paired-end 100 bp sequencing on an lllumina Novaseq 6000 instrument using a NovaSeq
6000 S4 Reagent Kit v1.5 (lllumina, 20028313), according to manufacturer’s instructions.

Data analysis

Sequencing reads were aligned to the human reference GRCh38 (Ensemble, v. 105) using
BWA®> 0.7.17. Duplicated reads were marked using Picard’”> MarkDuplicates 2.25.0, after
which quality scores were recalibrated using GATK48 BaseRecalibrator 4.2.2.0. Single-
nucleotide variants (SNVs) and short insertions and deletions (indels), were called using
GATKA48 Mutect2 4.2.2.0 on the tumor samples matched with germline samples.
Subsequently, variants were filtered by the PASS filter, and annotated using Ensembl Variant
Effect Predictor 105. maftools®” 2.10.5 package was used for the analysis. Tumor mutational
burden (TMB) was calculated by summarizing the total number of non-synonymous somatic
mutations with a minimal variant allele frequency of 20%. Data were analyzed with Python”®
3.10.5 and R®® 4.1.3. Pandas®®' 2.0.0 was used for data handling. maftools® 2.10.5,
Matplotlib’ 3.5.2, seaborn® 0.12.2, and statannotations® 0.5.0 were used for plotting.

Single cell RNA sequencing and TCR sequencing

Preparation of the single cell suspension

Following biopsy or obtaining resection specimens, samples were rapidly processed for single-
cell RNA sequencing (scRNA-seq). Samples from cohort A were minced on ice and frozen in
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10% DMSO FCS in the -80° C degrees. Within 4 weeks after freezing, samples were defrosted
in 37°C degrees medium. Samples from cohort B were minced on ice and immediately
processed for single cell sequencing (not frozen), which did not result in a batch effect.

Samples were transferred to a tube containing 1TmL digestion medium containing
collagenase P (2 mg/ml, ThermoFisher Scientific) and DNAse 1 (10 U/pL, Sigma) in RPMI
(ThermofFisher Scientific). Samples were incubated for 20 min at 37°C degrees and were
pipetted up and down every 5 minutes for 30 seconds. Next, samples were filtered on a 40
micron nylon mesh (ThermoFisher Scientific) and directly after the same volume of ice cold
PBS containing 0.04% BSA was added. Following centrifugation at 300 g and 4°C degrees
for 5 min, the supernatant was removed and discarded, and the cell pellet was resuspended
in red cell blood lysis buffer for 5 minutes at room temperature and then centrifuged again
at 300 g at 4 °C degrees for 5 min. The supernatant was removed and discarded and the
pellet was resuspended in PBS containing 0.04% BSA. Next, 10 pl of this cell suspension was
counted using an automated cell counter (ChemoMetec NucleoCounter NC-200) to
determine the concentration of live cells. The entire procedure was usually completed within
1h and 15 minutes.

Single cell RNA-seq data acquisition and preprocessing

Libraries for scRNA-seq were generated using the Chromium Single Cell 5' library and Gel
Bead & Multiplex Kit from 10x Genomics. We aimed to profile 10 000 cells per library if a
sufficient number of cells was retained during dissociation. All libraries were sequenced on
a HiSeq4000 or NovaSeq6000 until sufficient saturation was reached.

Data analysis
After quality control, raw sequencing reads were aligned to the human reference genome
GRCh38 and processed to a matrix representing the UMI's per cell barcode per gene using
CellRanger (10x Genomics, v2.0). The data were analyzed with scanpy®® 1.9.3 and Seurat®
v3. Cellbender®' 0.3.0 was used for eliminating technical artifacts, and cells above the quality
cutoff of 0.5 were filtered out. Cells with mitochondrial RNA content >0.25, the number of
genes <200 or >6000 and <400 counts were filtered out. After normalization, regression for
the number of UMIs, percentage mt-RNA, sample ID, cell cycle, hypoxia, interferon content
and cell stress was performed on the 2000 most variable genes followed by a principal
component analysis. Next a UMAP was generated and clustering was performed at resolution
0.2 using the 30 most informative components. Major cell types were identified based on
canonical marker genes.

For the T cell subclustering, the T cells were selected from the full Seurat object and the
analysis described above was repeated with 10 principal components based on the elbow
plot and clusters were identified at a resolution of 0.6 and were annotated based on breast
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cancer tissue-specific marker genes®. Cells expressing markers of other cell types
(immunoglobulins, hemoglobin) were filtered out. PCA was calculated on highly variable
genes with k=30. Clustering was performed with Phenograph® with k=30. Cluster
identification was performed based on canonical marker genes. Signature scores were
calculated with sc.tl.score_genes. Groups were compared with sc.tl.rank_genes_groups, with
method="wilcoxon' and use_raw=True. EnrichR%%> was used for the pathway enrichment
analysis. Activated Tregs were defined based on the level of CD737 gene expression >0.5 in
the Treg cell population. PD1+Ki67+CD4+ cells were defined based on the level of MKI67
gene expression >0 in the Tfh cell population. Scirpy®® 0.11.2 was used for the TCR analysis.
Clonotypes were defined based on the amino acid structure. Clonality was calculated as (1
- normalized Shannon entropy). Data were analyzed with Python” 3.10.5. Pandas®#' 2.0.0
and numpy®? 1.22.4 were used for data handling. Matplotlib 3.5.2, seaborn® 0.12.2, sc-
toolbox®” 0.12.3 and statannotations® 0.5.0 were used for plotting.

ctDNA analysis

A proprietary bioinformatics tissue variant calling pipeline was used to select a set of 16
high-ranked, patient-specific, somatic, clonal single nucleotide variants (SNVs) from WES.
The Signatera amplicon design pipeline was used to generate mPCR primer pairs for the
given set of 16 variants. For cfDNA library preparation, up to 20 000 genome equivalents of
cfDNA from each plasma sample were used. The cfDNA was end-repaired, A-tailed, and
ligated with custom adapters, followed by amplification (20 cycles) and purified using
Ampure XP beads (Agencourt/Beckman Coulter). A proprietary multiplex PCR (mPCR)
methodology was used to run patient-specific assays. Sequencing was performed on these
mPCR products on an Illlumina HiSeq 2500 Rapid Run (50 cycles) using the lllumina Paired
End v2 kit with an average read depth of >100000X per amplicon. All paired-end reads were
merged using Pear 0.9.8 software and mapped to the hg19 reference genome with Novoalign
version 2.3.4 (http://www.novocraft.com/). Plasma samples with at least 2 variants with a
confidence score above a predefined algorithm threshold were defined as ctDNA-positive.

Flow cytometry of fresh blood

The flow cytometry was performed as previously described®. In short, fresh blood samples
were processed and analyzed within 24 hours after blood draw. Peripheral blood was
collected in EDTA vacutainers (BD) and subjected to red blood cell lysis (lysis buffer: dH20,
NH4Cl, NaHCCO3, EDTA). Cells were suspended in PBS containing 0.5% BSA and 2mM EDTA
and counted using the NucleoCounter NC-200 (Chemometec) automated cell counter. To
obtain absolute white blood cell (WBC) counts per mL of human blood, the total amount of
post-lysis cells was divided by the volume (mL) of blood obtained from the patient. For
surface antigen staining, cells were first incubated with human FcR Blocking Reagent (1:100
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Miltenyi) for 15 min at 4°C and then incubated with fluorochrome-conjugated antibodies
for 30 min at 4°C. For intracellular antigen staining, cells were fixed with Fixation/
Permeabilization solution 1X (Foxp3/Transcription Factor Staining Buffer Set, eBioscience)
for 30 min at 4°C and stained with fluorochrome-conjugated antibodies in Permeabilization
buffer 1X (eBioscience) for 30 min at room temperature. Viability was assessed by staining
with either 7AAD staining solution (1:10; eBioscience) or Zombie Red Fixable Viability Kit
(1:800, BioLegend). Data acquisition was performed on an LSRII SORP flow cytometer (BD
Biosciences) using Diva software and data analysis was performed using FlowJo 10.6.2.
Gating strategy is displayed in ED Fig.5A.

Data availability
DNA and RNA-seq data are stored in the European Genome-Phenome Archive
EGAS50000000567 (RNA-Seq) and EGAS50000000568 (WES)). Sequencing data and source
data supporting the findings of this study will be made available from the corresponding
author (m.kok@nki.nl) for academic use, within the limitations of the provided informed
consent. Data will not be made available for commercial use. A first response to the request
will be sent in <4 weeks. Data requests will be reviewed by the corresponding author and
Institutional Review

Board of the NKI and after approval, applying researchers will have to sign a data
transfer agreement with the NKI.

Code availability
No custom developed code was used for the analysis of the study data.

Results
Design and patient characteristics
The BELLINI trial (NCT03815890; Fig.1A,G, ED Fig.1A) is a pre-operative, window of
opportunity (WOO), phase Il, multiple-cohort non-randomized study in early (stage I-1II)
breast cancer utilizing an adaptive Simon's two-stage design?’. Here, we report the initial
results from the first two WOO cohorts exploring the immune-activating capacity of short-
term neoadjuvant nivolumab + ipilimumab (cohorts A and B, n=31) in patients with >5% TILs
as well as the initial results of cohort C that was opened based on the results of cohorts A
and B. The first patient was included on 19 September 2019 and the last patient on 24
January 2023.

Cohort A (n=15) received two cycles of nivolumab (240 mg) on days 1 and 15. Cohort B
(n=15) received two cycles of nivolumab (240 mg) on days 1 and 15, plus one cycle of
ipilimumab (1 mg/kg) on day 1. To exclude patients with a poor prognosis, less likely to
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respond to ICl and not suitable for chemotherapy de-escalation, we enrolled patients with
>5% TILs in cohorts A and B. Baseline characteristics were similar between cohorts A and B,
except for a higher proportion of patients with positive lymph nodes in cohort B (Table 1).

The primary endpoint for cohorts A and B was immune activation, defined as at least
a two-fold increase in CD8+ T cells (measured by immunohistochemistry (IHC), ED Fig. 1B-F)
and/or increased interferon gamma (IFNG) gene expression. This endpoint was based on
the observation that significant increases in intratumoral CD8+ T cells?>? and higher IFNG
signature scores'”? in serially biopsied tumors are correlated with responses to anti-PD(L)1.

Clinical response (secondary endpoint) in cohorts A and B was defined as PR/CR on MRI
(RECIST1.1) or no viable tumor in post-treatment biopsy for patients proceeding to
neoadjuvant chemotherapy. For patients directly proceeding to surgery this was defined as
partial or complete pathological response (EUSOMA). Other secondary endpoints included
safety and translational analyses. MRI scans and biopsies were collected at baseline and
after two ICI cycles.

Efficacy of short-term nivolumab and nivolumab+ipilimumab in early TNBC (window
of opportunity)

Immune activation was achieved in 8 tumors (53.3%) in the nivolumab cohort (A) and 9 (60%)
in the nivo-ipi cohort (B) (Fig.1B). Therefore, both cohorts met the Simon'’s two-stage27
threshold for expansion to stage Il. After four weeks, patients proceeded to standard
neoadjuvant chemotherapy followed by surgery (n=28) or surgery without neoadjuvant
chemotherapy (n=3). Clinical response was observed in 12/31 patients (38.7%, 95% Cl 23.7%-
56.2%) with 7/31 patients (22.6%, 95% CI 11.4%-39.8%) having a partial response (PR)
according to RECIST 1.130 (Fig.1C,D). 10/31 patients had no viable tumor in the biopsy and
in the three patients who underwent surgery directly after ICl, two partial and one complete
pathological response was seen. Despite these clear pathological responses, MRI showed
modest downsizing, indicating MRI underestimates early ICl response (ED Fig. 1H), consistent
with findings in early-stage melanoma31, colorectal and gastroesophageal cancers17,32.
Strikingly, clinical response was only observed for patients with TILs >30% (Fig.1E) and a CPS
PDL1 >20% (Fig.1F). Patients with lower pretreatment CD8+ T cell levels were more likely to
achieve immune activation (ED Fig.1G), likely due to either less possibility for value doubling
or to a very early immune response in highly inflamed tumors.

Short-term neoadjuvant nivolumab + ipilimumab can induce pathological responses
in patients with high TILs

Both cohorts A and B met the predefined thresholds of the Simon'’s two-stage design?,
allowing expansion to stage Il. However, given the promising clinical responses observed
in cohorts A and B and the approval of neoadjuvant pembrolizumab plus chemotherapy,

152

THE BELLINI TRIAL

Table 1. Baseline patient characteristics

Characteristic A: Nivo B: Nivo-ipi 4 wks C: Nivo-ipi 6 wks
(n=16) (n=15) (n=15)
Median age, years (IQR range) 48 (39.8-53.2) 50 (42.5-57.5) 51 (36.0-56.5))
WHO PS?, n (%)
0 16 (100) 14 (93.3) 15(100)
1 0(0.0) 1(6.7) (0.0)
Histological subtype, n (%)
NST 16 (100) 13(86.7) 14(93.3)
Metaplastic 0(0.0) 1(6.7) 0(0.0)
Lobular pleiomorphic 0(0.0) 1(6.7) 1(6.7)
Tumor stage, n (%)
T1 5(31.3) 5(33.3%) 2(13.3)
T2 10 (62.5) 9 (60.0) 13(86.7)
T3 1(6.2) 1(6.7) 0(0.0)
Nodal status, n (%)
NO 13(81.3) 5(33.3) 15(100)¢
N1 2(12.5) 9 (60.0) 0(0.0)
N3 1(6.3) 1(6.7) 0(0.0)
Tumor grade®, n (%)
2 1(6.3) 4(26.7) 0(0.0)
3 15(93.8) 11 (73.3) 15 (100)
Germline BRCA1/2 mutation, n (%)
Yes 3(18.8) 3(20.0) 4(26.7)
No 12 (75.0) 10 (66.7) 11(0.0)
Unknown 1(6.3) 2(13.3) 0(0.0)
TILsS, (%)
Median (IQR) 40.8 (6.2, 60.3) 37.5(23.8,61.4) 52.5(45.3, 73.8)

aWHO performance status. "Tumor grade according to Bloom Richardson. <TILs were averaged between the diagnostic TILs score
and the study pretreatment TILs score. sTILs were scored according to international guidelines?? as a numerical variable. All
samples were evaluated by at least two breast cancer pathologists and their score for each sample was averaged. ‘Cohort C only
allowed inclusion of NO patients. Abbreviations: NST, no special type; TILs, stromal tumor-infiltrating lymphocytes.

the study team decided not to proceed to stage Il with the WOO design but to open cohort
C with a true neoadjuvant design (n=15, Fig.1G). Since all patients with a clinical response
in cohorts A and B had high TILs, cohort C was opened for patients with >50% TILs and
allowed only patients with node-negative disease since for this patient population
chemotherapy de-escalation could be an option in the future. The treatment schedule with
combination ICl for cohort C was based on our data obtained in cohorts A and B as well as
on the well-established effective and tolerable combination ICl schedule in melanoma'#26.

Patients in cohort C underwent a 6-week treatment regimen of nivolumab and
ipilimumab (administered on days 1 and 21), followed by surgery (Fig.1G). Five patients had
a pCR, (33.3%, 95% Cl 15.2%-58.3%, Fig.1H) with confirmed tumor-negative lymph nodes
(ypTONO). Less than 10% viable tumor remaining was seen in 3/15 patients (20%, 95% Cl
4%-48%, Fig.1H), making major pathological response rate (MPR) 8/15=53% (95% Cl 27%-
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Figure 1: BELLINI trial design, efficacy data and baseline biomarkers. A. Trial design for
cohorts A and B. Cohort A received 2 cycles of nivolumab (anti-PD1). Cohort B received 2 cycles
of nivolumab (anti-PD1) and one cycle of ipilimumab (anti-CTLA4). Biopsies and blood were taken
pretreatment and after 4 weeks of treatment after which patients proceeded to standard of care:
neoadjuvant chemotherapy (n=28) or primary surgery (n=3). B. Numbers of patients reaching
immune activation in cohorts A (n=15) and B (n=15). C-D. Changes in tumor size according to the
MRI for cohort A (C) and cohort B (D). The gray dashed line at -30%: radiological PR. The green
bars indicate clinical responses (radiological PR and/or pathological response). Asterisks (*)
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represent patients with resection after ICl only (n=3). pPR: pathological partial response according
to EUSOMA. E. TiLs in pretreatment biopsies of patients with and without clinical response in
cohorts A and B. n=31 patients. F. Combined positive PDL1 score (CPS) in pretreatment biopsies
of patients with and without clinical response in cohorts A and B. n=31 patients. G. BELLINI trial
design for cohort C. Cohort C (n=15) received 2 cycles of nivolumab and ipilimumab on days 1
and 21. Biopsies and blood were taken pretreatment and after 6 weeks. Patients proceeded to
primary surgery (n=15). H. pCR and MPR (<10% viable tumor left) rates in cohort C. I. Changes
in tumor size according to the MRI in cohort C. The gray dashed line at -30%: radiological PR.
Dark blue bars; pCR. J. TiLs in pretreatment biopsies of patients according to pCR status in cohort
C. n=15 patients. K. CPS in pretreatment biopsies for patients according to pCR status in cohort
C. n=15 patients. Figures A, G were created with BioRender.com. In E, J levels of TILs calculated
as average from TIL levels at diagnostic- and pretreatment study. In E-F, J-K boxplots display a
minimum (Q0), a maximum (Q4), a median (Q2) and the interquartile range. P-values were derived
using a two-sided Mann-Whitney test.

79%). Notably, of the 5 patients with a pCR only one had a complete radiological response
(Fig.11). Because of high TILs, NO status and pCR which are all very favorable prognostic
features, all 5 patients with a pCR were offered the option of omitting adjuvant chemotherapy
and all chose not to undergo adjuvant chemotherapy (shared decision). Patients without
pCR were advised adjuvant chemotherapy.

Safety data and follow-up

Toxicity data are summarized in Table 2 (all events required steroids or persisted) and
detailed in ED Table 1. Neither neoadjuvant nivolumab nor nivolumab-ipilimumab resulted
in previously unreported toxicities. All patients were monitored for (immune-related; IR)
toxicities until one year post ICl-therapy. Treatment-related adverse events (AEs) of any grade
occurred in 41/46 patients (89%). A total of 8 (17%) patients developed grade >3 treatment-
related AEs, of which 6 were treated in cohort C. Except for the endocrinopathies all adverse
events resolved. Notably, 19/46 patients (41%) developed treatment-related hypothyroidism.
All patients with hypothyroidism remain dependent on replacement therapy. Six patients
(13%) developed adrenal insufficiency and require ongoing corticoid replacement therapy.
One patient developed a diabetic ketoacidosis and remains insulin-dependent.

All patients proceeded with tumor resection or neoadjuvant chemotherapy as

scheduled. 44 patients received both ICl doses, and two patients only received one dose
due to suspected immunotoxicity.
With a median follow-up duration of 32.5 months in cohorts A and B (interquartile range
28.1-40.3 months), one patient in cohort A (cT2NO; intermediate TILs) developed a second
primary tumor, and one patient in cohort B (cT2N1; intermediate TILs) died from metastatic
TNBC despite receiving standard of care (neo)adjuvant chemotherapy. Median follow-up
for cohort C was 17.6 months (interquartile range 18.8-22.1 months). One patient (no
response to ICl) refused adjuvant chemotherapy and radiotherapy and developed recurrent
TNBC (pT1cNx, 80% TILS).
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Table 2. Summary of adverse events

A: Nivolumab (N=16) B: Nivo+Ipi 4 wks C: Nivo+Ipi 6 wks
(N=15) (N=15)

Number of patients (percent)

Immune-mediated adverse  Any grade Grade>3  Anygrade Grade>3 Anygrade Grade 23
events

HypothyroidismA 6 (38%) 0 (0%) 7 (47%) 0 (0%) 6 (40%) 0 (0%)
Adrenal insufficiency* 1(6%) 0 (0%) 2(13%) 1(7%) 3(20%) 1(7%)
Diabetes Mellitus 0 (0%) 0 (0%) 1(7%) 1(7%) 0 (0%) 0 (0%)
Colitis 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1(7%)
Hepatitis** 0 (0%) 0 (0%) 2(13%) 0 (0%) 3(20%) 3(20%)
Polymyalgia rheumatica 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1(7%) 0 (0%)
Pneumonitis 0 (0%) 0 (0%) 0 (0%) 0 (0%) 2 (13%) 1(7%)

This table sums all immune-mediated adverse events that required treatment with steroids or didn't resolve (endocrinopathies).
A detailed list of all adverse events according to CTCAE criteria can be found in Table S1. * All patients were classified as having
secondary adrenal insufficiencies and all patients remain dependent on corticosteroid replacement. ** We have included all
patients requiring steroids and one patient with grade 3 IR hepatitis that did not receive steroid treatment A All patients are still
dependent on hormone replacement therapy.

Pretreatment composition of the tumor microenvironment is associated with ICI
response
Due to limited sample size, we compared clinical responders versus non-responders from
both cohorts (A+B) combined and not for the cohorts separately. Clinical responders in
cohorts A and B had significantly higher pretreatment TILs (p=0.0014, Fig.1E) and PDL1
scores (p=8.6e-05, Fig.1F) compared to non-responders. CD8+ T cell density was not
significantly associated with clinical response (Fig.2A, ED Fig.1B-F). Spatial analysis showed
that responders had significantly shorter distances from tumor cells to the nearest CD8+ T
cells (p=0.00001, Fig.2B). Responders also exhibited a larger density of double-positive
CD8+PD1+ cells (p=0.02, ED Fig.2A) and PD1+ cells (p=0.001, IHC, ED Fig.2B) pretreatment.
In cohort C, TILs were not different between responders and non-responders, probably
due to the more homogeneous patient population with only patients with >50% TILs (Fig.1)).
In line with this, patients with pCR had similar PDL1 scores, CD8+ T cell density (cells /um2)
and distances from tumor to nearest CD8+ T cells as patients without pCR (Fig.1K, Fig. 2D-E).
We found no association between tumor mutational burden and clinical response (ED
Fig.2C-D). There were no statistically significant differences between clinical responders and
non-responders in TNBC subtypes33 (ED Fig. 2E).
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Figure 2: Pretreatment immune activation associated with clinical response. A. CD8+ density
(IHC) in pretreatment biopsies of patients with and without clinical response in cohorts A and B. n=31
patients. B. Median distances (um) from tumor cells to the nearest CD8+ T cells in pretreatment biopsies
of patients with and without clinical response in cohorts A and B. n=31 patients. C. IFNG gene expression
scores in pretreatment biopsies of patients with and without clinical response in cohorts A and B. n=28
patients. D. CD8+ density (IHC) in pretreatment biopsies of patients with and without pCR in cohort C.
n=14 patients. E. Median distances from tumor cells to the nearest CD8+ T cells in pretreatment biopsies
of patients with and without pCR in cohort C. n=14 patients. F. IFNG gene expression scores in
pretreatment biopsies of patients with and without pCR in cohort C. n=14 patients. G-H. Gene set
enrichment expression scores in pretreatment biopsies of patients with and without clinical response
in cohorts A and B (G, n=28 patients) or pCR (H, n=14 patients) in cohort C. Heatmaps include: Expanded
immune signature57, Immunogenic cell death signature58, Hallmark IFNA response gene set, Hallmark
inflammatory response gene set, cGAS-STING pathway gene set59, Effector CD8+ T cell gene set60,
Exhausted T cell gene set60, Checkpoint molecules gene set60, Naive T cell gene set61, Tertiary lymphoid
structures gene set62, Hallmark TGF-beta signaling gene set, Hallmark Notch signaling. Asterisks
represent the p-value levels: “*": p<0.05, “**": p<0.01, “***": p<0.001. Reported p-values were significant
after Benjamini-Hochberg (FDR) correction at 10% significance level. In A-F, boxplots display a minimum
(Q0), a maximum (Q4), a median (Q2) and the interquartile range. P-values were derived using a two-
sided Mann-Whitney test.
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T cell clusters (scRNAseq)
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<444 Figure 3: Pretreatment T cell profiles of the tumor microenvironment and peripheral
blood associated with clinical response in cohorts A and B. A. UMAP representation of the T cell
clusters in the single-cell RNA-Seq dataset (cohorts A and B). n=52 samples from 29 patients, 80 000
cells. B. Fractions of different T cell populations relative to all T cells in the pretreatment biopsies from
clinical responders (left) and non-responders (right) in cohorts A and B. C. Dotplot illustrating markers
of different T cell clusters based on single-cell RNA-Seq data (cohorts A and B). D. Dotplot illustrating
differences in tumor reactivity markers in different T cell clusters based on single-cell RNA-Seq data
(cohorts A and B). Wu_signature - CD8+ T cell tumor specificity signature34; CD4_NeoTCR - CD4+ T cell
tumor specificity signature35; CD8_ NeoTCR - CD8+ T cell tumor specificity signature35. E. Tumor-specific
CD8+ T cell fractions relative to all T cells in pretreatment biopsies of patients with and without clinical
response (cohorts A and B). n = 25 patients. F. Tfh fractions relative to all T cells in pretreatment biopsies
of patients with and without clinical response (cohorts A and B). n=25 patients. G-H. Ki-67 expression
on (G) PD1+ CD8+ T cells and (H) conventional CD4+ T cells pretreatment in peripheral blood of patients
with and without clinical response in cohorts A and B. n= 25 patients I. Dotplot for PDCD1 and MKi67
expression in CD4+ T cell clusters (tumoral, sScRNA-Seq, cohorts A and B). J. Dotplot for PDCD1 and
MKi67 expression in CD8+ T cell clusters (tumoral, ScCRNA-Seq, cohorts A and B). K. Fraction of Ki-67+
Tfh cells relative to all T cells in pretreatment biopsies of patients with and without clinical response
(cohorts A and B). n=25 patients. L. Fraction of proliferating PD1+ CD8+ T cells relative to all T cells in
pretreatment biopsies of patients with and without clinical response based on single-cell RNA-seq data
(cohorts A and B). n=25 patients. In E-F, K-L boxplots display a minimum (QO0), a maximum (Q4), a
median (Q2) and the interquartile range. P-values were derived using a two-sided Mann-Whitney test.

Tumors of clinical responders harbor preexisting inflammatory profiles and tumor-
specific CD8+ T cells

We conducted in-depth analyses between clinical responders and non-responders using
bulk RNA-Seq (all cohorts) and single-cell RNA-Seq and TCR sequencing (cohorts A and B)
pre- and post-treatment. Bulk RNA-Seq revealed higher pretreatment levels of IFNG gene
expression (p=0.0003, Fig.2C) and inflammatory gene signatures in clinical responders (p<0.05
for all, FDR 10%, Fig.2G, ED Fig.3A-E). Clinical responders also exhibited higher gene signatures
associated with immune infiltration (p<0.05 for all, FDR 10%, Fig.2G, ED Fig.3F-)). Conversely,
clinical non-responders displayed upregulation of TGF-beta and Notch signaling (p<0.05 for
both, FDR 10%, Fig.2D, ED Fig. 3L-M). Though TIL levels and distances from tumor cells to
CD8+T cells were not different in responders versus non-responders in cohort C that included
TIL high patients only, patients with pCR had significantly higher pretreatment IFNG gene
expression (Fig. 2F) and higher scores of gene signatures related to immune response and
T cell infiltration (Fig. 2H), consistent with our previous observations of a more inflammatory
profile of the tumor microenvironment in clinical responders in cohorts A and B.

After single-cell RNA-Seq data preprocessing, we obtained 80 000 high quality T cells
from 52 samples (29 patients). Following unsupervised clustering of the T cells, we identified
various subpopulations (Fig.3A-D, ED Fig.4A-T), including CD8+ effector T cells, CD8+ tissue
resident memory (CD8+ TRM) T cells, proliferating CD8+ T cells, naive CD4+ T cells, follicular
B helper T cells (Tfh), memory CD4+ T cells, regulatory T cells (Tregs), CD56bright and
CD56dim NK cells. Intriguingly, we identified a cluster of CD8+ T cells with features of tumor-
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Dynamics and post-treatment composition of the tumor microenvironment are
distinct in clinical responders and non-responders

Single-cell RNA-Seq analysis revealed that though the clinical responders had higher
proportions of tumor-specific CD8+ T cells pretreatment, post-treatment their tumors included
higher levels of effector CD8+ T cells compared to non-responders (p=0.008, Fig.4A, B). This
suggests that effector CD8+ T cells contribute to ICl-induced tumor regression and underscore
the ongoing antitumor CD8+ T cell response even four weeks after treatment initiation.

Conversely, non-responders had elevated memory CD4+ T cells (p=0.05, Fig.4A, C) and
Tregs (p=0.02, Fig.4A, D) post-treatment, potentially suggesting the involvement of Tregs in
mediating resistance to ICl, consistent with prior studies®®. Intriguingly, we observed an
association between the fraction of Tregs after treatment and the lack of response or in
some patients even increase in tumor volume on MRI (Fig.4E). This correlation was specifically
mediated by activated (CD137+) Tregs, rather than non-activated Tregs (ED Fig.5B-C).

We also investigated whether the addition of anti-CTLA4 led to differential alterations
in the TME compared to nivolumab monotherapy, though the study was not powered for
cohort comparisons. Patients receiving nivolumab plus ipilimumab showed a reduced fold
change in Tth cells (p=0.02, Fig.4F), but an increased fold change in naive CD4+ T cells (p=0.03,
Fig.4G). Additionally, the combination ICl resulted in a decreased fold change in Tregs
(p=0.01, Fig.4H) compared to monotherapy, including both activated and non-activated
Tregs (ED Fig.5D-E).

ctDNA dynamics during early response to ICI

To assess the impact of short-term ICl on circulating tumor DNA (ctDNA), we conducted
ctDNA analysis pretreatment and after four weeks (cohorts A and B) or six weeks (cohort
Q) of ICl using a tumor-informed ctDNA assay (Signatera). Despite the early tumor stages
included (mostly I-Il), pretreatment ctDNA was detected in 32/43 (74%) patients. After
treatment, 9 (21%) patients had complete ctDNA clearance, while additional seven patients
had a reduction of 250% in ctDNA load (MTM/mL, Fig.4l-J). All clinical responders in cohorts
A+B and pCR/MPR patients (n=8) in cohort C demonstrated at least a 50% drop in ctDNA or
were negative for ctDNA at baseline (Fig.4l-K).
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Discussion

In this study, we demonstrate that neoadjuvant nivolumab, with or without ipilimumab, is
a feasible chemotherapy-free regimen for patients with early stage TNBC. We show that
nivolumab = ipilimumab induces immune activation in the majority of patients and can
result in complete pathological responses and ctDNA clearance. Pre-existing inflammatory
features such as higher TILs, shorter distances from CD8+ T cells to the tumor and higher
baseline fractions of tumor-specific CD8+ T cells were associated with response. In contrast,
higher fractions of Tregs post-treatment were associated with lack of response. While
standard chemo-immunotherapy for TNBC with 4 chemotherapy agents plus anti-PD1 is a
5-month treatment regimen leading to a 63% pCR rate, our work suggests that with only six
weeks of anti-PD1 plus low-dose anti-CTLA4 a 33% pCR rate may be obtained in TNBCs with
high TILs. This suggests that for some patients a short-term immunotherapy-first approach
may be an option if confirmed by future research in larger cohorts with more robust follow-
up. However, a substantial group of patients still needs chemotherapy and/or longer
treatment in order to obtain a pCR. Although we did not observe any unexpected toxicity,
the rate of persisting endocrinopathies, in particular hypothyroidism, was high compared
to reports in other tumor types or in breast cancer when anti-PD(L)1 is added to neoadjuvant
chemotherapy. Although the 33% pCR rate would allow expansion of cohort C to stage Il,
with 40% grade 3-4 toxicity, 40% hypothyroidism and 20% adrenal gland insufficiencies,
substantial toxicity is a serious concern, especially considering the relatively good prognosis
of TNBC patients with high TILs.

To our knowledge, the BELLINI trial is the first to investigate the feasibility and potential
efficacy of ICI without concurrent chemotherapy in early stage TNBC. Moreover, for the first
time, the scoring of TILs is used as an inclusion criterion to select patients with a good
prognosis for whom development of de-escalated treatment regimens is most promising.
Larger clinical trials also using TILs according to this workflow when including patients have
recently started (NCT05929768). In addition, ETNA trial (NCT06078384) will explore whether
stage | TNBC patients with high TILs can forgo (neo)adjuvant chemotherapy or be treated
with immunotherapy alone. The larger international OPTImaL patient preference study
(NCT06476119) will also allow the option of no chemotherapy for this patient population.
In addition, other studies use TILs as inclusion criteria for immunotherapy-first approaches:
Pop-Durva (NCT05215106) and pan-cancer NEOASIS trial (NCT06279130). Further studies
that are sufficiently powered to assess long-term outcomes are needed on the use of TILs
or other immune-based biomarkers as entry criteria for immunotherapy or de-escalation
studies, especially since patients with lower stage TNBC and high TILs can have an excellent
outcome with local treatment alone™3.

Immune-related endocrine disorders were the most common adverse events observed.
Specifically, 41% of the patients developed hypothyroidism, which, though usually easy to
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manage, is a permanent condition, and 13% developed adrenal insufficiency, a serious
long-term toxicity. Comparable neoadjuvant ICl-only studies with nivolumab + low-dose
ipilimumab in head and neck squamous carcinoma, colorectal cancer, urothelial carcinoma
and melanoma reported hypothyroidism in 4-8% of patients®'"'* and adrenal insufficiency
in 0-8% of patients®'"'%. However, the recent largest phase Il trial (stage lll melanoma,
n=423) reports substantial higher rates of endocrinopathies with 23.6% hypothyroidism
and 9.9% adrenal gland insufficiency®. Importantly, for cancer types with poor prognosis
such as stage Il melanoma, high toxicity rates might be acceptable, while this is different
for patient populations with more favorable outcomes. The higher rates of hypothyroidism
and adrenal insufficiencies in BELLINI compared to these studies could stem from different
patient demographics. Patients with TNBC are typically female and relatively young,
potentially contributing to different systemic immunity and adverse event incidence®. In
BELLINI, we reported all immune-mediated adverse events during the first year of follow-up,
with 4/6 patients developing adrenal insufficiency >100 days since inclusion. Trials with
shorter reporting periods may miss these late events, leading to underreported delayed
toxicity, especially in centers not specialized in evaluating ICl regimens. When focusing on
patients with similar demographics and disease, we still observe a higher rate of endocrine
adverse events in BELLINI compared to neoadjuvant trials for TNBC evaluating ICl plus
chemotherapy. The KEYNOTE-522 trial reported thyroid dysfunction in 22% of patients
treated with anti-PD1 plus chemotherapy'. Adrenal insufficiency/hypophysitis was reported
for 4.5% of patients in the KEYNOTE-522 study. A recent study with an oncolytic virus without
chemotherapy found that 3/6 breast cancer patients developed hypothyroidism, which is
more in line with our observations. The lower hypothyroidism rate in the KEYNOTE-522
compared to the oncolytic virus study?® and BELLINI could suggest that chemotherapy results
in partial blunting of the immune response. Lastly, the preselection of patients with higher
TILs in BELLINI may have resulted in patients that are more likely to develop immune-related
adverse events due to a different systemic immunity. We also cannot rule out the influence
of chemotherapy given after ICl, where steroids are used as antiemetics. Our cohort sizes
are too small to compare toxicities induced by 4-week nivolumab versus 4-week nivo-ipi
versus 6-week nivo-ipi. However, in the latter group, we observed more non-endocrinopathies
such as colitis, hepatitis, and pneumonitis, while endocrinopathies were already remarkably
high with nivolumab monotherapy. This potentially signifies that neoadjuvant ICl without
chemotherapy could result in a higher rate of hypothyroidism in breast cancer patients. Of
note, it was demonstrated that immunotherapy-related thyroid dysfunction and other
immune-related adverse events are associated with improved survival in multiple cancer
types*414243 Nevertheless, upfront prediction of risk of immunotherapy-related toxicity for
individual patients is a large unmet clinical need and the burden of adverse events should
be evaluated in light of the prognosis of each patient*.
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The advantage of WOO studies like BELLINI is the opportunity to evaluate promising
drugs and drug combinations in an efficient manner and to analyze pre- and post-treatment
tumor material that can provide insights into the therapy effects. Our primary endpoint,
immune activation defined as doubling of CD8+ T cells and/or IFNG expression, was reached
in 17/30 patients (57%). Although both cohorts reached the >30% immune activation rate,
allowing cohort expansion, we observed more doubling of CD8+ T cells in patients with low
pretreatment levels of these features. This could be due to the biopsy timing with deep
responses at 4 weeks in tumors with high endogenous CD8+ T cells and/or a ‘saturation’ of
CD8+ T cells in patients with high pretreatment values. In contrast to CD8+ T cells, IFNG
counts may double even with high pretreatment values, however, they could also be impacted
by decreased antigen availability in case of tumor regression. This suggests that different
biomarker approaches could apply to inflamed and non-inflamed tumors. Recent insights
from the developments of personalized neoadjuvant immunotherapy in melanoma indicate
that patients with high pre-existing IFNG levels or a significant increase in IFNG signature
upon treatment were most likely to benefit45. The disadvantage of WOO designs with short
scheduled treatments is the non-guaranteed benefit for participating patients. Also,
information on established endpoints such as pCR rate is needed before a novel treatment
approach will be tested in larger trials. For this reason, the adaptive BELLINI trial allowed
opening of new cohorts with established endpoints to bring therapies to the next step.
Although allowed by the protocol and statistical analysis plan, reporting only stage | data of
a Simon'’s 2-stage design comes with the risk of false-positive findings. Similarly to the cohorts
A and B, cohort C also reached the threshold of sufficient responders to expand into stage
Il. However, given the relatively high rate of endocrinopathies, which are chronic, cohort C
was not expanded to stage Il. In this view, testing novel anti-CTLA4-targeting antibodies, such
as botensilimab46, intentionally designed to overcome the limitations of conventional ICI
such as persisting endocrinopathies could be interesting for breast cancer patients.

When analyzing pretreatment tumor characteristics in high-TIL tumors only (cohort C),
we found that the inflammatory phenotype and markers were still discriminative between
responders and non-responders and remarkably similar to the clinical responders and non-
responders in cohorts A+B. In cohort C, pathological complete responders had higher
inflammatory gene expression profiles pretreatment, including signatures for IFNG response,
checkpoint molecules, exhausted CD8+ T cells and immunogenic cell death. This suggests
that, even in patients with high TILs, the profiling of baseline inflammatory status may
facilitate early identification of (non)responders and should be considered in addition to TILs.

The recent publication of the tumor-specific T cell signatures3#3 enabled us to identify
and follow tumor-specific CD8+ T cells in a clinical trial setting. Importantly, using these
signatures as a proxy for the tumor reactivity, we demonstrate for the first time that the
presence of tumor-specific CD8+ T cells pretreatment is linked to ICl response.
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Additionally, we observed decreased fractions of Tregs in clinical responders compared
to non-responders after treatment, in line with prior reports on the role of Tregs in resistance
to ICI47. In a resistant mouse tumor model, anti-PDL1 therapy led to Treg activation, and
Tregs were shown to be activated in the single-cell data of NSCLC and basal cell carcinoma
patients not responding to anti-PD(L)1 ICI*. In this recent study, ICI treatment induced higher
expression of genes involved in Treg-mediated immune suppression (PDCD1, CTLA4, CD38)
and cell cycle (MKI67) in Tregs from the tumors of non-responders®. Together, these findings
demonstrate that Treg cells might play a critical role in resistance to ICI.

To date, data on combining anti-PD(L)1 with low-dose anti-CTLA4 was lacking in early-
stage breast cancer. Due to the non-comparative design and the small sample size, our data
on the potential additive effect of ipilimumab should be considered exploratory. At the
single-cell level, the addition of ipilimumab resulted in lower fold change in Tregs in the TME
upon treatment. We also observed a correlation between higher levels of activated Tregs
post-treatment and the lack of response or in some cases even slight increase in tumor
volume on MRI. This suggests that activated Tregs play a role in resistance to immune
checkpoint blockade and that depleting activated Tregs could be a promising strategy for
TNBC patients unresponsive to anti-PD1-based treatments. Of note, we cannot exclude that
the lack of response or the increase of tumor volume observed by imaging was in part due
to pseudoprogression. A growing body of literature analyzing anti-CTLA4 using in-vivo
models indicates that anti-CTLA4 can deplete Tregs48. However, whether anti-CTLA4 can
deplete Tregs in human tumors remains a matter of debate49. A recent study by van der
Leun et al. in head and neck squamous cell carcinoma also demonstrated an increase in
transitional CD8+ T cells and a decrease in CD137+ Tregs in responders after treatment with
anti-PD1 and anti-CTLA4 therapy®’, indicating that this might be a consistent pattern across
multiple tumor types.

After the results of the landmark trials in early stage TNBC that added PD1 blockade to
standard neoadjuvant chemotherapy'3>'52, our current data provide a rationale to further
explore the following observations. First, we observed complete and near-complete
pathological responses after only six weeks of treatment with ICl in patients with high TILs.
This suggests that a subgroup of TNBC could be treated with chemo-free regimens if further
research powered for long-term outcome analysis will confirm our results. More research
is needed on the optimal selection strategy and treatment regimen, especially in view of
the observed high endocrinopathy rate. It is tempting to speculate whether extending the
six-week treatment period could result in higher pCR rates and thereby reach responses
similar to outcomes obtained with chemo+10. This can only be done if accompanied toxicity
would not increase. However, it remains unknown whether pCR after immunotherapy has
the same prognostic value as pCR after chemotherapy. Therefore, larger trials are needed
to validate the pCR rate after short-term ICl alone and to determine if this results in excellent
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survival rates, as seen in other cancers®**. Moreover, pCR might not be the optimal endpoint
since KEYNOTE-522 and GeparNUEVO have indicated that the benefit of PD1-blockade is
not exclusively seen in patients with pCR>"*. Second, our exploratory clinical and translational
data suggest that combination ICl is feasible and could potentially enhance the effects of
PD1 blockade. However, the benefit-risk ratio of such combinations should always be
carefully monitored. Third, establishing the feasibility of patient inclusion based on TIL opens
the door for more immune biomarker-driven trials, which is particularly important in
diseases like TNBC that include both inflamed and non-inflamed subtypes. The potential
integration of additional inflammation analyses, for example, using IFNG gene expression
on top of TILs as suggested by our data, may optimize patient selection, increase pCR rates
for ICl-only approaches and could help treatment personalization in the future. Lastly, a
substantial fraction of patients achieved ctDNA clearance after short-term ICl. Given the
strong prognostic value of early ctDNA decrease, as shown by the I-SPY trial®, future studies
are needed to investigate the feasibility and reliability of TILs-informed patient inclusion
and the potential of ctDNA-informed therapy adjustments.
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<444 Extended Data Fig. 1 IHC CD8 +T cell analysis. A. CONSORT Flow Diagram. Consort diagram
of patients eligible, recruited, numbers followed up and included in analysis. *max 15 patients per
cohort analyzed for primary end point. B. H&E-stained image, corresponding to CD8/PD-1 stained tissue
under C. C. Representative example of a CD8/PD-1 double-stained tissue (haematoxylin = blue, PD-1 =
yellow, CD8 = purple). D. Representative example of the performance of the Al-based tumor cell classifier
Tumor classification (red) and nontumor cells (green). E. Example of cell segmentation and tumor
phenotype assignment. Cell with purple border = CD8+ cell, yellow border = PD-1+ cell, orange border
= PD-1+ CD8+ cell. F. Corresponding distance analysis in the same tissue area as under D and E. The
grey lines represent the shortest distance from a tumor cell to its nearest CD8 + T cell. G. Proportions
of patients reaching immune activation stratified according to TIL levels at inclusion in cohorts A and
B. 10 patients had 5-10% TILs, 10 patients 11-49% TILs and 10 patients had 50% or more TILs. H.
Pretreatment and post-treatment MRI images of patient #3 with a pathological complete response
(pCR) at surgery after ICl only (cT2NO, ypTONO). Figure A was created with BioRender.com. In A-B, one
biopsy was analyzed per patient.
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Extended Data Fig. 2 Baseline tumor microenvironment features and genomic profile of cohorts
A and B. A. PD-1 + CD8 + T cell density in pretreatment biopsies of patients with and without who did
and did not experience clinical response in cohorts A and B. n=31 patients. B. PD-1+ cell density in
pretreatment biopsies of patients with and without who did and did not experience clinical response
in cohorts A and B. n =31 patients. C. Tumor mutational burden (TMB) in pretreatment biopsies of
patients with and without clinical response in cohorts A and B. n =30 patients. Boxplots display a
minimum (Q0), a maximum (Q4), a median (Q2) and the interquartile range. Data were analyzed by a
two-sided Mann-Whitney test. D. Oncoplot of TMB (mutations per megabase (Mb)) and top mutated
genes in cohorts A and B. E. Proportions of Lehmann et al. subtypes33 in patients with and without
clinical response in cohorts A and B. MSL, mesenchymal stem-like; LAR, luminal androgen receptor.
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Interferon response and immune infiltration <444 Extended Data Fig. 3 Gene signatures in pretreatment biopsies associated with

clinical response in cohorts A and B. A-L. Gene set expression scores in pretreatment biopsies

7 of patients with and without clinical response in cohorts A and B. n =28 patients. A. Expanded

—— ) immune signature from Ayers et al.56 B. Imnmunogenic cell death signature57. C. Hallmark IFNA

’ ? response gene set. D. Hallmark inflammatory response gene set. E. cGAS-STING pathway gene

set58. F. Effector CD8 + T cell gene set59. G. Exhausted T cell gene set59. H. Checkpoint molecules

£ gene set59. I. Naive T cell gene set60. J. Tertiary lymphoid structures gene set61. K. Hallmark

TGF-beta signaling gene set. L. Hallmark Notch signaling. In A-L, boxplots display a minimum

(Q0), a maximum (Q4), a median (Q2) and the interquartile range. P values were derived using
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A B . C D == “ 444 Extended Data Fig. 4 Single-cell RNA-Seq pretreatment tumor microenvironment
‘ v : I e profile of the cohorts A and B. A-Q. UMAP representations of the marker gene expression in

g 2 s the dataset. A. CD8A. B. CD4. C. CD40LG D. FOXP3 E. MKI67 F. IL7R. G. SELL. H. CCR7. I. PDCD1.
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* ” : ’ representation of the T cell clonality in the dataset. S. UMAP representation of the T cell clone

convergence in the dataset. T. UMAP representation of the T cell clonal expansion in the dataset.
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: ‘ [ X e . patients based on single-cell RNA-Seq data in relation to the change in tumor volume after

. P . b : treatment based on RECIST 1.1 in cohorts A and B. V. Fractions of Tfh cells relative to all T cells
.3 B . ¢ . in pretreatment biopsies of patients based on single-cell RNA-Seq data in relation to the change

! in tumor volume after treatment based on RECIST 1.1 in cohorts A and B. W. Fractions of different
T cell clusters relative to all T cells based on single-cell RNA-Seq data in pretreatment biopsies of

TMAPT UMAPT UMAPT UMAPT

| J - K s L patients who had low (5-10%,), intermediate (11-49%) and high (>=50%) presence of tumor-
* : ’ : “ infiltrating lymphocytes before treatment in cohorts A and B. In U-V, correlation was estimated
- [ s - with Spearman’s rank correlation coefficient, two-sided, with 95% confidence interval for the
» i < - regression estimate.

M UMAPT N UMAPT o UMAPT P UMAPT
GzvB GZMH GZMK ENTPD1

UMAP2

UMAPT UMAPT UMAPT

ITGAE Clonality Convergency Clonal expansion

umap2
H
3
APz

UMAPT

UMAPT UMAPT UMAPY

NN CD4+ & CD8+ IFIT+
W CD4+ HSP+
mmm CD4+ISG+ CCR7+
mmm CD4+ naive
m= D4+ memory
== CD8+ TRM
CD8+ effector
m=m D8+ poliferating
CD8+ tumor-specific
mmm CD56OrightNK & 6T
= CD564IMNK& y5T
= Tfh
- Treg

Cell population fraction

o
=

Intermediate High
Pre-treatment abundance of TIL

174 175



CHAPTER 6 THE BELLINI TRIAL

Extended Data Table 1. Full list of adverse events.
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Extended Data Fig. 5 Gating strategy used for the flow cytometry data analysis and activated
and non-activated Tregs in cohorts A and B. A. Gating strategy used for the flow cytometry data
analysis. B. Spearman correlation between fraction of activated Tregs and the change in tumor size on
MRI (%). C. Spearman correlation between fraction of non-activated Tregs and the change in tumor
size on MRI (%). Activated Tregs were defined as activated by the expression of CD137. D-E. Fold change
in activated (D) and non-activated (E) Tregs after anti-PD-1 or anti-PD-1/anti-CTLA4 therapy. n =22
patients. In B-C, correlation was estimated with Spearman’s rank correlation coefficient, two-sided,
with 95% confidence interval for the regression estimate. In D-E, boxplots display a minimum (Q0), a
maximum (Q4), a median (Q2) and the interquartile range. P values were derived using a two-sided
Mann-Whitney test.
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Extended Data Table 2. Antibody overview

Human flow cytometry antibodies

Antigen Fluorochrome Clone Dilution Company Catalogue
number

CcD3 PE Cy5 UCHT1 1:200 BD Bioscience 555334
CDh4 BV421 RPA-T4 1:100 BD Bioscience 562424
CD8 BUV805 SK1 1:200 BD Bioscience 612754
Panyé TCR PE 11F2 1:100 BD Bioscience 555717
vé1 FITC TS8.2 1:100 Thermofisher TCR2730
v62 BUV395 B6 1:100 BD Bioscience 748582
FoxP3 PE Cy5.5 FIK-16s 1:50 Thermofisher 35-5773-82
CCR7 APC R700 150503 1:50 BD Bioscience 565868
CD45RA BUV737 HI100 1:400 BD Bioscience 612846
CD25 AF647 BC96 1:100 BioLegend 302618
PD-1 APC Cy7 EH12.2H7 1:100 BioLegend 329922
CTLA-4 PE CF594 BNI3 1:200 BD Bioscience 562742
IL-17 PerCP Cy5.5 N49-653 1:50 BD Bioscience 560799
IFNy BV785 4S.B3 1:200 BioLegend 502542
TNFa PE Cy7 Mab11 1:400 BioLegend 502930
CcD27 BV786 L128 1:100 BD Bioscience 563327
TIGIT PerCP Cy5.5 A151536 1:100 BioLegend 372718
Ki-67 PE Cy7 B56 1:50 BD Bioscience 561283
CTLA-4 PE CF594 PE/Dazzle594 1:200 BioLegend 369616
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Summary

Immune checkpoint blockade (ICB) has heralded a new era in cancer therapy. Research into
the mechanisms underlying response to ICB has predominantly focused on T cells, however
effective immune responses require tightly regulated crosstalk between innate and adaptive
immune cells. Here, we combine unbiased analysis of blood and tumors from metastatic
breast cancer patients treated with ICB with mechanistic studies in mouse models of breast
cancer. We observe an increase in systemic and intratumoral eosinophils in patients and
mice responding to ICB treatment. Mechanistically, ICB increased IL-5 production by CD4*
T cells, stimulating elevated eosinophil production from the bone marrow, leading to
systemic eosinophil expansion. Additional induction of IL-33 by ICB-cisplatin combination
or recombinant IL-33 promotes intratumoral eosinophil infiltration and eosinophil-
dependent CD8* T cell activation to enhance ICB response. This work demonstrates the
critical role of eosinophils in ICB response and provides proof-of-principle for eosinophil
engagement to enhance ICB efficacy.

Keywords
Eosinophils, breast cancer, immune checkpoint blockade, myeloid cells, IL-5, CD4* T cells,
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Introduction

Immune checkpoint blockade (ICB) has emerged in the last decade as an effective strategy
for the treatment of multiple cancer types. However, in metastatic breast cancer, durable
responses are only seen in approximately 5% of the patients and are mainly limited to
triple-negative breast cancer (TNBC)'2. Whilst response rates can be increased by selecting
patients with PD-L1-positive tumors or by combining ICB with chemotherapy*4, most breast
cancer patients do not benefit from ICB. A better understanding of the mechanisms that
underlie response to ICB is crucial for the rational design of novel immunomodulatory
strategies.

Research into the mechanisms of response to ICB has predominantly focused on T cells,
however, an effective immune response requires tightly regulated crosstalk between
adaptive and innate immune cells®. One innate immune cell type gaining increasing attention
in the context of anti-tumor immunity is the eosinophil®’. Eosinophils are bone marrow-
derived granulocytes involved in tissue homeostasis and repair, parasite clearance and the
pathophysiology of various diseases, including allergic asthma and autoimmunity?®. In the
context of cancer, opposing functions of eosinophils have been reported depending on
cancer type and disease stage®8. Recently, eosinophils have emerged as unexpected players
in an effective response to ICB. Increased eosinophil levels during ICB treatment correlate
with response to PD-1, PD-L1 or CTLA-4 targeting antibodies in patients with metastatic
melanoma’'?', non-small cell lung cancer (NSCLC)??*?* and renal cell carcinoma (RCC)*.
Whether eosinophils are associated with response to ICB in patients with less immunogenic
cancer types, such as breast cancer, remains to be elucidated. Moreover, it is critical to
assess whether eosinophils merely serve as a biomarker or are causally involved in ICB
response. Preclinical studies point towards a functional involvement of eosinophils in anti-
tumor immunity''* and eosinophils were also recently reported to promote intratumoral
vessel normalization and anti-tumor immunity upon CTLA-4 blockade?. Nonetheless, their
role in ICB response remains poorly understood. Furthermore, the mechanisms leading to
eosinophil accumulation and recruitment to the tumor upon ICB are still unknown.

In this study, we combined unbiased analyses of the systemic immune landscape upon
ICB in patients with metastatic TNBC with in-depth mechanistic studies in spontaneous
mouse models of primary and metastatic breast cancer (Figure 1A), which mimic the poorly
immunogenic and highly immunosuppressive characteristics of human breast cancer??’.
We uncover a critical role for eosinophils during ICB response and elucidate the mechanisms
that lead to systemic eosinophil expansion and tumor infiltration.

187



A [ 1. Parallel profiling mouse and human responses to ICB ]
Baseline Pre nivolumab On nivolumab ?*\\ &
After 3 cycles ==
. . . A el [Te—m—|| TEIZES = e
& Joood | ] Bioos J Bt 4
-] Y ¥ i
1 Biopey | Blopey Y Biopsy. ("
metastasis | | metastasis metastasis =t Lt
Two-week e
Anti-PD1 (nivolumab)
induction (ol Flow cytometry fresh blood Phenotyping blood and tissues mice
2. Mechanistic studies T 5 4. Proof of principle to
N [ ] [ 3. Validation in patients ] [ {mprove ICB
mors
i Endpoint or clinicall -
Responsive phase Endpoint of clinically oy
disease -
9 8 combination
F g Cisplatin H
S E +ICB 5 P
T =
el E= r— Time post reament
I } } Intervention studies RNA-Seq tumors Engagement experiments
B
X . c Flow cytometry fresh blood
Baseline vs. on nivolumab N
08 - o 0.0026 049
Eosinophils  CD1¢"DCs L™ H
[ T T >
20% FDR theshold z
g 4
06 £
8 e
B 05 g
2 r r T T
o 04 Baseline  On Baseline  On
o nivolumab nivolumab
E Log,median 15,70 1642 16.00 16.21
T 03 N o1 17 38 38
5
2 02
D Diagnostic hemocytometer counts
o1 Responders Non-responders
. <0.0001 030
PRE _—
00 § 1.
- ™ - o
00 05 10 T 08
Difference in median log, fold change responders and non-responders 2 06
z
s
S o4
3
g o
0. = =
Baseline On Baseline On
nivolumab nivolumab
Median  0.09 018 0.10 011
N 27 27 63 63
E F
Progression-free survival Overall survival
100
123 HR 051 (95% 0.31 - 0.82) 90 HR 0.52 (95% 0.30 - 0.89)
5 Log-rank p =0.004 5 Log-rank p = 0.02
EHR —a— Fold change in eosinophils on nivolumablbaseline < 2 e 70 —=— Fold change in eosinophils on nivolumablbaseline <2
@ 60 — Fold change in eosinophils on nivolumab/baseline = 2 @ 60 —=— Fold change in eosinophils on nivolumab/baseline = 2
5 50 5 50
2 40 2 40
g ® E
g 20 g 20
T 10 o 10
T T T T T T T T T T 1 T T T T T T T T T T 1
0 25 50 75 100 125 150 175 200 225 250 0 25 50 75 100 125 150 175 200 225 250
Time (weeks) Time (weeks)

No.atrisk 0 2 50 7 100 125 180 175 200 225 No.atrisk 0 2 50 75 100 125 150 175 200 226
Fold change <2 64 1 4 1 1 1 1 1 1 1 Foldchange <2 64 39 2 3 4 2 2 1 1 1
Fold change=2 26 i 6 5 3 1 1 1 1 Fold change 22 26 20 12 10 8 6 3 3 1

Figure 1. ICB response in metastatic TNBC patients is associated with systemic eosinophil
expansion. (A) Schematic overview of study design. Created with Biorender.com. (B) Volcano plot
depicting the difference in median log, fold change from baseline to on-nivolumab between
responding and non-responding patients with metastatic TNBC (TONIC-trial, NCT02499367) and
adjusted p-values for systemic immune cell populations (cells/ml) analyzed by flow cytometry.
(C-D) Paired analysis of circulating eosinophils at baseline versus on-nivolumab by flow cytometry
(log, transformed cells/ml) (C) and by hemocytometer analysis (D). Wilcoxon Signed-Rank test.
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(E-F) Kaplan-Meier curve of progression-free survival (E) or overall survival (F) of patients according
to the fold change in eosinophils (baseline to on-nivolumab) lower than 2 or equal to/higher than
2. Log-rank and univariate hazard ratios by Cox regression (fold change lower than 2 as reference
category). See also Figures S1-S3 and Tables $1-S2.

Results

Increase in circulating eosinophils in patients responding to ICB

To assess response-related changes in the systemic immune landscape of patients with
metastatic breast cancer, we set up an immunomonitoring pipeline of fresh blood by high-
dimensional flow cytometry (Figure 1A). We profiled patients with metastatic TNBC treated
with anti-PD-1 (nivolumab) enrolled in a phase Il clinical trial (TONIC-trial, n=111, Figure
S1A-B; characteristics in Table S1-S2)%. Patients were treated with nivolumab alone or with
nivolumab following a two-week induction period with either low dose chemotherapy,
irradiation or a two-week waiting period (Figure S1A). Blood samples were analyzed by flow
cytometry at baseline (before induction treatment), after induction treatment (pre-
nivolumab) and after three cycles of nivolumab (on-nivolumab). Extensive analysis of
individual timepoints did not reveal predictive immune cell populations that could distinguish
responders from non-responders (Figure S1C-E). However, when analyzing the dynamics
of immune cell populations upon ICB treatment by comparing baseline to on-nivolumab,
we identified three differentially regulated immune cell populations associated with

response: CD1c* dendritic cells (DCs), regulatory T cells (T__) and eosinophils (Figure 1B &

regs:

S1F). We observed a decrease in CD1c* DCs in non-responding patients (Figure S2A). In

contrast, eosinophils and T___were increased upon ICB specifically in responders (Figure

1C & S2B-C). The same threegpopulations emerged when we compared the pre-nivolumab
(post-induction) to on-nivolumab timepoints, indicating that the induction treatments did
not significantly change the dynamics of these immune populations (Figure S2D-F). In light
of recent reports of systemic eosinophil expansion correlating with ICB response in several
tumor types'®?, we further investigated the increase in eosinophils associated with response
to ICB.

To validate our results in a technically independent manner we evaluated circulating
eosinophil counts using routine hemocytometer analysis (Figure S1B for sample overlap
with flow cytometry samples). We confirmed circulating eosinophils significantly increase
in responders on-nivolumab, both compared to baseline and pre-nivolumab (Figure 1D &
S2G-H). Importantly, patients with increased circulating eosinophils upon treatment had
longer progression-free survival (Figure 1E & S2I) and overall survival (Figure 1F & S2J),
underscoring the clinical relevance of an eosinophil increase in ICB response.

To evaluate whether increased eosinophils during ICB response extend beyond breast
cancer, NSCLC?»%3, RCC* and melanoma'®?', we investigated eosinophil counts in patients
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treated with ICB in other phase Il clinical trials at the Netherlands Cancer Institute. Comparing
patients responding to ICB with non-responders, we observed a significantly higher fold
change in circulating eosinophils in patients with advanced NSCLC (Figure S3A,B; PEMBRO-
RT trial?®) and in patients with early stage mismatch repair-proficient (pMMR) colon cancer
(CC) (Figure S3C,D; NICHE-trial*?). No statistically significant difference in paired eosinophil
counts could be seen upon ICB in patients with mismatch repair-deficient (dMMR) cancers
(Figure S3E,G; NICHE-trial and dMMR cohort DRUP-trial*®3"), suggesting that an eosinophil
increase might be less relevant in highly immunogenic tumors. In summary, we demonstrate
that eosinophils accumulate systemically upon ICB response in three independent cohorts
of patients with metastatic TNBC, metastatic NSCLC or early-stage pMMR CC, emphasizing
that systemic eosinophil expansion is a common feature of ICB response across multiple
cancer types.

Increase of intratumoral eosinophil-related gene expression correlates with response
to ICB and increased CD8* T cell signatures

To assess whether eosinophils accumulate intratumorally upon ICB, we evaluated the
expression of SIGLEC8 in paired metastases obtained at baseline and during nivolumab
treatment of TNBC patients (TONIC-trial, NanoString I0360 panel, sample availability Figure
S1B). SIGLEC8 is a marker expressed at high levels on human eosinophils and mast cells
and to a lower degree on basophils®?. We detected a statistically significant increase in
SIGLEC8 upon ICB in tumors from responders but not in non-responders (Figure 2A). To
complement this analysis, we applied an eosinophil signature containing genes highly
expressed by eosinophils to the RNA-sequencing dataset (Table S3). Intratumoral expression
of these genes increased upon ICB in responders but not in non-responders (Figure 2B).
Using this signature, we assessed whether elevation in intratumoral eosinophils is
accompanied by an intratumoral increase in (activated) CD8* T cells, as shown for metastatic
melanoma'. We applied a widely used T cell inflamed gene signature®, an IFNg signature
and a structural CD8* T cell signature consisting of genes related to the CD8* T cell receptor
complex (Table S3). We observed a significant correlation between increased expression
upon ICB of eosinophil-related genes and all three T cell-related gene signatures in metastatic
lesions of responders, and not in non-responders (Figure 2C-H). Together, our results
indicate that response to ICB associates with an increase in circulating eosinophils and an
increase of eosinophil-related genes in the tumor microenvironment. This increase in
eosinophil-related genes correlates with increased CD8* T cell related genes, suggesting a
potential connection between eosinophils and CD8* T cell activation during an effective ICB
response.
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ICB synergizes with cisplatin and induces eosinophil accumulation in spontaneous
primary and metastatic breast cancer models
Our clinical observations raise the question whether eosinophil expansion is a bystander
effect of ICB response, or whether eosinophils are functionally involved. To probe the
causality between eosinophil dynamics and outcome after ICB in breast cancer, we used
the Keratin14-cre;Cdh17;Trp537F (KEP) mouse model for de novo mammary tumorigenesis®*
(Figure 3A) and the KEP-based mastectomy model for spontaneous multi-organ metastatic
disease® (Figure 3B & S4A,B). KEP mice bearing established mammary tumors did not
respond to blockade of PD-1 and CTLA-4 (referred to as ICB; Figure 3C). Similarly, metastasis-
bearing mice did not respond to ICB alone (Figure 3D), recapitulating the poor response to
ICB observed in metastatic breast cancer patients. Platinum-based drugs synergize with ICB
in preclinical models®*3” due to their beneficial immunomodulatory effects®#3?, in line with
improved response rates when ICB is combined with chemotherapy in metastatic TNBC
patients>*. While combining cisplatin with either anti-PD-1 or anti-CTLA-4 was insufficient
to improve the survival benefit provided by cisplatin (Figure S4C), the combination of cisplatin
with anti-PD-1 and anti-CTLA-4 (CIS+ICB) resulted in extension of survival of KEP mice (Figure
3C) and led to durable responses in mice bearing established metastases (Figure 3D). The
therapeutic synergy between CIS+ICB was characterized by a systemic increase in effector
CD44+CD62L T cells and increased expression of activation markers and cytokines, such as
IFNy and TNFa by both CD4* and CD8* T cells (Figure S4D,E). Depletion of CD8* T cells
abrogated the synergistic effect observed upon CIS+ICB in mammary tumor-bearing KEP
mice (Figure 3C), confirming a critical role of CD8* T cells as effector cells in CIS+ICB therapy.
In addition to increased T cell activation, in-depth profiling of the immune landscape
of primary tumors, metastases, and blood by flow cytometry of both models revealed that
only eosinophils consistently increased in frequency upon CIS+ICB therapy (Figure 3E-H).
Whilst ICB induced accumulation of circulating eosinophils (Figure 3E,F), increased eosinophil
infiltration in primary tumors and metastatic lesions was only observed when ICB was
combined with cisplatin (Figure G,H). Additionally, we observed an increase in eosinophils
in the tumor-draining lymph node (TDLN) and spleen of KEP mice treated with CIS+ICB
(Figure S4F). Immunohistochemical staining for Major Basic Protein (MBP), a granular protein
specifically expressed by eosinophils, confirmed that the increase in eosinophils in primary
KEP tumors was only achieved upon CIS+ICB (Figure S4G).
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Figure 3. ICB synergizes with cisplatin and induces eosinophil expansion in mouse models.
(A-B) Experimental set-up of transgenic KEP model (A) and KEP-based metastasis model (B)
including treatment schemes.(C) Kaplan-Meier survival curves of KEP mice treated as indicated
(untreated, No Tx, n=12; ICB, n=14, 1 censored; CIS+Ctrl Ab, n=17, 2 censored; CIS+ICB, n=18, 5
censored; CIS+ICB+anti-CD8, n=12, 4 censored). Tumor-related endpoint was defined as cumulative
tumor burden of 225 mm?. (D) Kaplan-Meier survival curves of metastasis-bearing mice treated
as indicated (control antibody, Ctrl Ab, n=13, 1 censored; ICB, n=15, 5 censored; CIS+Ctrl Ab, n=15,
3 censored; CIS+ICB, n=16, 7 censored). Metastasis-related endpoint was defined as mice
displaying signs of respiratory distress caused by metastatic disease or when lymph node
metastasis reached the size of 225mm?. Censored events are mice sacrificed for weight loss (C&D)
or local recurrence of the mastectomized tumor (D). Log-rank (Mantel Cox) test. (E-F) Frequency
of immune cell populations in the blood of KEP mice at tumor-related endpoint (E) or metastasis-
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bearing mice at metastasis-related endpoint (F) as determined by flow cytometry. (G-H) Frequency
of immune cell populations in the primary tumor of KEP mice at tumor-related endpoint (G) or
metastatic lesions of mice at metastasis-related endpoint (H) as determined by flow cytometry.
Eosinophils were defined CD11b*Ly6G""SiglecF*SSC"¢" in blood and CD11b*Ly6G""SiglecF F4/80™
in tumor. Mean +S.E.M.. 1-way ANOVA or Kruskal-Wallis followed by Dunnett's or Dunn’s multiple
comparisons test, comparing each group against control-treated mice. *p<0.05, **p<0.01,
*#*+%p<0.001, ****p<0.0001. See also Figure S4.

The administration of anti-SiglecF alone did not affect KEP tumor growth (Figure S5H).
Strikingly, depletion of eosinophils abrogated the synergistic effect observed between
CIS+ICB, while depletion of eosinophils had no effect on therapeutic benefit of cisplatin
alone (Figure 4B-D). Similarly, depletion of eosinophils completely abrogated the synergistic
effect of CIS+ICB in metastasis-bearing mice but had no effect on the efficacy of cisplatin
alone (Figure 4E). These findings reveal a causal role for eosinophils in the synergistic effect
of CIS+ICB therapy, both in primary and metastatic breast cancer models.

Because the synergistic effect of CIS+ICB is dependent on both CD8" T cells and
eosinophils, we hypothesized that eosinophils play a role in inducing intratumoral CD8* T
cell infiltration or activation. It was previously shown that eosinophils can promote T cell
activation and recruitment into tumors'"'318254%, and we observed an association between
intratumoral eosinophils and CD8* T cells in responding patients with advanced breast
cancer (Fig 2C-H). To test this hypothesis, we analyzed the immune landscape of KEP tumors
during the responsive phase of therapy. Intratumoral CD8 counts increased upon treatment
with cisplatin compared to control antibody but did not further increase upon addition of
ICB. Importantly, CD8 counts were not dependent on the presence of eosinophils (Figure
4F). Instead, eosinophil depletion completely reverted the increased activation of
intratumoral CD8* T cells induced by CIS+ICB, most notably in terms of CD44 expression
and IFNy production (Figure 4G,H). These data demonstrate that eosinophils are essential
for increased intratumoral CD8* T cell activation during CIS+ICB therapy.

Additionally, CD4 and FOXP3 cell counts increased upon cisplatin treatment compared
to control, but did not change further upon CIS+ICB and was independent of eosinophil
presence (Figure S51,)). While CIS+ICB also increased the intratumoral frequency of effector
CD44+ CD4* T cells, this was independent of eosinophils (Figure S5K-N), demonstrating that
eosinophils specifically affect intratumoral CD8* T cell activation. Interestingly, we also
observed a higher frequency of CD44* and IFNy* CD8* T cells in the TDLN upon CIS+ICB that
was abrogated upon eosinophil depletion (Figure S50). In contrast, the frequency of CD44*
CD4"T cells or CD44"T,___in TDLN was not increased by combination treatment nor affected
by eosinophil depletion (Figure S5P,Q). Collectively, these observations show that eosinophils
are critical for the therapeutic action of CIS+ICB, by facilitating CD8* T cell activation in the
tumor and TDLN.
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Figure 4. Eosinophils are critical for ICB-cisplatin response via CD8* T cell activation. (A)
Representative dot plots showing eosinophil levels in blood of KEP mice 14 days after start of
indicated treatments. Mean frequency of eosinophils as percentage of CD45* cells +S.E.M. is
displayed. (B) Individual (light) and average (dark) tumor growth curves of KEP mice treated as
indicated. (C) Average growth curve +S.E.M. of the aforementioned treatment groups. 2-way ANOVA
followed by Dunnett’s multiple comparisons test. (D) Kaplan-Meier survival curves of KEP mice
treated as indicated (CIS+Ctrl Ab, same curve as in Figure 3C); CIS+anti-SiglecF, n=8, 2 censored;
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intratumoral CD8* T cells upon different treatments, determined by flow cytometry (n=4-5). Boxes
represent median and interquartile range; whiskers full range. 2-way ANOVA followed by Tukey’s
multiple comparison test. (H) Data of (G) was normalized to the frequency observed in control
mice. Log transformed data is presented. ns, not significant, *p<0.05, **p<0.01, ***p<0.0017,
**+*%p<0.0001. See also Figure S5.

IL-5 is required for ICB-induced eosinophil accumulation and therapeutic benefit

To investigate how ICB mediates the systemic eosinophil increase, we analyzed metastasis-
bearing mice at different timepoints during the metastatic cascade and treatment. The
eosinophil frequency in the blood increased after 7 days of ICB treatment and was
maintained at high levels until at least 21 days (Figure S6A). Concomitantly, we observed an
increase in eosinophils in the bone marrow (Figure 5A) and an increase of Lin'Scal-
CD34*cKit"CD125*Gr1- cells, which have been previously described as eosinophil progenitors
(Figure 5B & S6B)*. Furthermore, both immature (cKit™CCR3"%) and fully mature (cKit CCR3*)
eosinophils increased in the bone marrow upon ICB (Figure 5C-E), while all other
hematopoietic progenitor and immune cell populations remained unaffected (Figure S6C).
Altogether, these observations suggest that the systemic increase of eosinophils induced
by ICB is caused by increased eosinophil production in the bone marrow.

To assess which systemic factors induced by ICB could promote eosinophil production
in the bone marrow, followed by systemic eosinophil accumulation, we measured the
expression of a panel of cytokines in the plasma of metastatic mice. Strikingly, the only
significantly increased cytokine upon ICB was IL-5 (Figure 5F & S6D), which is a major
eosinophil regulator®. To investigate whether ICB treatment in human tumors induces IL-5
upregulation, we made use of the patient-derived tumor fragment (PDTF) platform#. This
platform allows interrogation of the early immunological response of human tumor tissues
upon ex vivo ICB treatment (aPD1 and combined aPD1+aCTLA4). Importantly, the observed
ex vivo response (defined as previously described“¢) correlates with the clinical response
of the patient®. We assessed the protein levels of IL-5 upon ex vivo ICB stimulation in tumors
of patients with different tumor types. We observed an increase in IL-5 expression specifically
in tumors that showed an immunological response to ex vivo ICB (PDTF-R) as compared to
non-responding tumors (PDTF-NR), both upon aPD1 alone and combined aPD1+aCTLA4
treatment (Figure 5G & Table S4), demonstrating that IL-5 can be induced in human tumors
by ICB.

To assess whether IL-5 drives eosinophil expansion upon ICB in metastasis-bearing
mice, we blocked IL-5 using a neutralizing antibody. Indeed, the number of eosinophils in
bone marrow, blood, and (pre-)metastatic lungs was drastically reduced (Figure 5H-J).
Importantly, ICB did not promote an eosinophil increase after IL-5 blockade in any of the
organs analyzed, indicating that ICB-induced eosinophils are IL-5 dependent. In line with
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our observations in metastasis-bearing mice, serum IL-5 levels were similarly increased in
tumor-bearing KEP mice during the responsive phase of CIS+ICB therapy (Figure 5K). IL-5
blockade during CIS+ICB therapy in KEP mice reduced eosinophil levels both systemically
and intratumorally (Figure 5L,M), without affecting other myeloid cells (Figure S6E,F).
Importantly, anti-IL-5 treatment abolished the therapeutic benefit induced by CIS+ICB (Figure
5N), phenocopying the effect of anti-SiglecF-induced eosinophil depletion (Figure 4D).
Collectively, these findings demonstrate that IL-5 is a key driver of eosinophil accumulation
and therapeutic benefit of CIS+ICB therapy.

Figure 5. CD4* T cell-derived IL-5 is required for ICB-induced eosinophil expansion and
therapeutic benefit. (A-E) KEP metastasis-bearing mice were treated as indicated (Ctrl Ab, n=10-
13; ICB, n=10-13) and sacrificed 10 days after start of treatment. Frequency of total eosinophils
(Live LinnCD127-CD11b*CD115SiglecF*) (A), Live Lin"Sca1-CD34*cKit™CD125*Gr1- eosinophil
progenitors (B), representative dot plot (C) and quantification of cKit"CCR3"" (D) and cKit CCR3*
(E) eosinophils in bone marrow as determined by flow cytometry. (F) Relative expression of the
indicated cytokines in the plasma of mice treated as described above (Ctrl Ab n=9, ICB n=10),
determined by LEGENDplex, and normalized to Ctrl Ab-treated mice. (G) Fold change in IL-5
secretion by PDTF treated ex vivo with aPD-1+aCTLA-4 (left) or aPD-1 (right) compared to untreated
condition, measured by LEGENDplex, comparing PDTF-R (responders) and PDTF-NR (non-
responders), defined as described previously*4. Tumor samples were collected from surgical
material of patients with various tumor types (see STAR Methods and Table S4). (H-J) Metastasis-
bearing mice were treated with [gG2a and IgG1 control antibodies (Ctrl Abs, n=14), ICB+IgG1
(n=14), IgG2a+anti-IL-5 (n=11) or ICB+anti-IL-5 (n=12) and analyzed 10 days after start of
treatment. Number of eosinophils in bone marrow (H), blood (1) and lungs (J) determined by flow
cytometry. Lung eosinophils were defined as CD45*CD11b*Ly6G SiglecFF4/80™. (K) IL-5 levels in
serum of tumor-bearing KEP mice analyzed 21 days after start of indicated treatments measured
by ELISA. (L-M) Frequency of eosinophils in the blood (L) and tumor (M) of KEP mice treated as
indicated and analyzed at tumor-related endpoint as determined by flow cytometry (n=4-5). Data
from CIS+Ctrl Ab and CIS+ICB are the same mice as in Figure 3G. (N) Kaplan-Meier survival curves
of KEP mice treated as indicated (CIS+Ctrl Ab, same curve as in Figure 3C; CIS+ICB, same curve
as in Figure 3C; CIS+ICB+anti-IL-5, n=12, 3 censored). Log-rank (Mantel-Cox) test. (O) Number of
eosinophils in blood of wild-type (wt) or Rag1 k.o. mice with KEP-derived orthotopic mammary
tumors, treated as indicated (Ctrl Ab, wt n=10, Rag1 k.o. n=10; ICB, wt=10, Rag1 k.o. n=10),
analyzed by flow cytometry when tumors reached an area of 144 mm?. (P) IL5 gene expression
in CD4*CD25 T cells sorted from blood of metastasis-bearing mice treated indicated (Ctrl Ab n=4,
ICB n=4), determined by RT-qPCR. Relative expression to Ctrl Ab-treated mice is shown. (Q-R)
Metastasis-bearing mice were treated with isotype control antibodies (Ctrl Ab, n=13-25), ICB
(n=13-21), Ctrl Ab+anti-CD4 (n=14) or ICB+anti-CD4 (n=13) and sacrificed 10 days after start of
the treatment. (Q) Plasma IL-5 levels, measured by ELISA. (R) Number of eosinophils in the blood,
as determined by flow cytometry. Pooled data of two independent experiments. (S) IL5 gene
expression determined by RT-qPCR in CD4* T cells sorted from PBMCs at baseline and after one
cycle of nivolumab metastatic TNBC patients treated in the control arm of the TONIC trial (n=6).
(T) Fold change in frequency of IL-5* CD4* T cells among total CD4* T cells from TNBC patients
(n=7) treated ex vivo with aPD1 compared to untreated condition, measured by intracellular flow
cytometry. All data are mean +S.E.M, statistical analysis by unpaired t-test or Mann-Whitney,
unless differently indicated. ns, not significant, *p<0.05, **p<0.01, ***p<0.001, ****p<000.1.
See also Figure S6 and Table S4. 444
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IL-5 producing CD4" T cells drive eosinophil production and systemic expansion upon ICB
IL-5 can be produced by various cell types, principally CD4* T cells, type 2 innate lymphoid
cells (ILC2) and other innate immune cells, such as mast cells and eosinophils*. To evaluate
whether adaptive or innate immune cells are needed to induce eosinophils upon ICB, we
treated KEP tumor-bearing wild-type and Rag-7-deficient mice, which lack mature Band T
cells but retain ILC2s and myeloid cells, with ICB or control antibody. Importantly, ICB failed
to induce an increase in eosinophils in tumor-bearing Rag-1-deficient mice (Figure 50),
indicating that adaptive immune cells trigger eosinophil expansion upon ICB. Based on
these findings, we hypothesized that CD4* T cells are the main source of IL-5 upon ICB, and
thus cause eosinophilia. Indeed, we observed increased expression of /L-5 mRNA in
circulating CD4*CD25 T cells upon ICB in metastasis-bearing mice (Figure 5P). Depletion of
CD4* T cells reduced plasma IL-5 levels and the number of eosinophils in bone marrow and
blood of metastasis-bearing mice (Figure 5Q,R & S6G), suggesting a role for CD4* T cells in
eosinophil homeostasis. Importantly, in the absence of CD4* T cells, there was reduced
induction of IL-5 by ICB (Figure 5Q). Notably, ICB treatment still induced a slight but significant
increase of serum IL-5 in CD4* T cell-depleted mice compared to controls (Figure 5Q & S6G)
suggesting other sources of IL-5, such as ILC2s, mast cells and eosinophils may produce the
residual IL-5. Importantly, in line with the reduced induction of IL-5 upon ICB in the absence
of CD4* T cells, systemic eosinophil numbers did not increase upon ICB in CD4* T cell-
depleted mice (Figure 5R & S6H). In addition to mature bone marrow eosinophils, the
frequency of Lin'Sca1-CD34*cKit"™CD125*Gr1- eosinophil progenitors did not increase upon
ICB after CD4* T cell depletion (Figure S6l). These data demonstrate that CD4* T cells are
required for the ICB-induced increase in systemic IL-5 levels, eosinophil production in the
bone marrow and systemic eosinophil accumulation. Importantly, CD4* T cell depletion also
reduced the number of circulating eosinophils in metastasis-bearing mice treated with
CIS+ICB (Figure S6)), confirming that CD4* T cells are required for eosinophil increase not
only upon ICB treatment alone, but also during CIS+ICB. To exclude the potential contribution
of T, IN ICB-induced eosinophilia, we used KEP tumor-bearing Foxp3°™¢? mice allowing
(Figure S6K,L)¥. Upon T, depletion, blood

regs reg

specific depletion of FOXP3 expressing T
eosinophil numbers during ICB were further increased compared to Treg—proficient mice
(Figure S6M), indicating that T
hamper ICB-induced eosinophilia.

g 40 not facilitate ICB-induced eosinophil expansion, but

To address whether CD4* T cells are a source of IL-5 in TNBC patients, we utilized
peripheral blood mononuclear cells (PBMCs) isolated from patients of the TONIC trial treated
with ICB without induction treatment at baseline and after one cycle of nivolumab and
performed RT-qPCR for /L-5 mRNA in sorted CD4* T cells. 5 out of 6 patients had an increase
in IL-5 transcript in CD4* T cells upon nivolumab treatment compared to baseline (Figure
5S). To further demonstrate that CD4* T cells produce IL-5 protein in response to nivolumab,
we stimulated PBMCs from TNBC patients with nivolumab for 48 hours and analyzed
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intracellular IL-5 in CD4* T cells by flow cytometry. These data show a statistically significant
fold change in IL-5* CD4* T cells upon nivolumab stimulation (Figure 5T), demonstrating that
aPD-1 induces IL-5 expression in circulating CD4* T cells of TNBC patients. Collectively, our
data demonstrate that IL-5 producing CD4* T cells drive eosinophil expansion upon ICB.

IL-33 drives eosinophil recruitment to the TME and is required for the therapeutic
benefit of CIS+ICB

Although ICB alone leads to systemic eosinophil accumulation, eosinophil recruitment to
the tumor and their subsequent contribution to therapeutic benefit was only observed upon
CIS+ICB combination therapy in our pre-clinical models (Figure 3). We therefore asked which
eosinophil-recruiting or activating factors trigger the intratumoral accumulation of
eosinophils upon CIS+ICB. Analysis of a broad panel of eosinophil-related cytokines and
chemokines revealed that IL-33 was specifically increased upon CIS+ICB in the plasma of
metastasis-bearing mice at the responsive phase of therapy (Figure 6A). Similarly, IL-33
levels were increased in tumor lysates and serum of KEP tumor-bearing mice treated with
CIS+ICB (Figure 6B & S7A). Importantly, in patients with metastatic TNBC responding to ICB
we observed a strong positive correlation between the eosinophil gene signature and /L-33
expression in metastatic lesions which was not observed in non-responders, suggesting a
link between /L-33 expression and eosinophil infiltration in the TME (Figure 6C). Of note, in
both patients and mice, cisplatin alone was not sufficient to induce a statistically significant
increase in IL-33 levels (Figure 6B & S7A,B). IL-33 is an alarmin that amplifies immune
responses during inflammation. IL-33 directly promotes eosinophil activation, adhesion
and survival® %°, and IL-33 contributes to several eosinophilic disorders®'. In the cancer
context, IL-33 has been associated with both pro- and anti-tumor functions'#52%3, To assess
the functional role of IL-33 in intratumoral eosinophil accumulation, we made use of the
IL-33-TRAP fusion protein, a high-affinity IL-33 antagonist®. In line with our earlier
observation that IL-5 is responsible for ICB-induced systemic eosinophilia (Figure 5), IL-33
neutralization did not affect systemic eosinophil accumulation during CIS+ICB (Figure 6D).
However, intratumoral eosinophil infiltration was abrogated upon IL-33 blockade (Figure
6E), indicating that IL-33 is required, directly or indirectly, for eosinophil recruitment to the
tumor. IL-33-TRAP also prevented the intratumoral CIS+ICB-induced CD8* T cell activation
without affecting other immune populations (Figure 6F & S7C,D), phenocopying the effect
of eosinophil depletion (Figure 4). Importantly, IL-33-TRAP blocked the therapeutic benefit
provided by CIS+ICB (Figure 6G). In summary, these data demonstrate that IL-33 is required
for eosinophil infiltration in the tumor, CD8* T cell activation, and therapeutic benefit
observed upon ICS+ICB. These preclinical findings are supported by our clinical observation
that increased intratumoral eosinophil infiltration is strongly correlated to IL-33 expression
as well as to CD8* T cells in the TME of TNBC patients responding to ICB (Figure 2C-H & 6C).
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Figure 6. IL-33 drives intratumoral eosinophil infiltration and is required for the therapeutic
benefit of CIS+ICB. (A) Relative expression of the indicated cytokines in plasma of metastasis-bearing
mice treated as described before (Ctrl Ab n=9 (same data as in Figure 5F), ICB n=10 (same data as in
Figure 5F), CIS+Ctrl Ab n=9, CIS+ICB n=13), determined by LEGENDplex. Data is normalized to Ctrl Ab-
treated mice. 1-way ANOVA or Kruskal-Wallis followed by Dunnett’s or Dunn’s multiple comparisons
test, comparing each treatment against control-treated mice, for each cytokine. (B) IL-33 levels in tumor
lysates of end-stage tumors as determined by LEGENDplex (n=9-10). 1-way ANOVA followed by Dunnett's
multiple comparisons test, comparing each group against untreated. (C) Correlation between the fold
change (baseline to on-nivolumab) in eosinophil gene signature (described in Figure 2B) and the fold
change (baseline to on-nivolumab) in IL33 in RNA-seq analysis of paired biopsies from responding (left)
and non-responding (right) patients with metastatic TNBC. Graph characteristics as in Figure 2. (D-E)
Frequency of eosinophils in the circulation (D) and tumor (E) of KEP mice analyzed 21 days after start
of treatment determined by flow cytometry (n=6-9). Mean +S.E.M., Mann-Whitney. (F) Frequency of
indicated activation markers expressed on intratumoral CD8" T cells , determined by flow cytometry
(n=5-9). Data from CIS+Ctrl Ab and CIS+ICB are same mice as Figure 4G. Boxes represent median and
interquartile range; whiskers full range. 2-way ANOVA followed by Tukey’s multiple comparison test.
(G) Average tumor growth size +S.E.M. of KEP mice treated as indicated (CIS+Ctrl Ab n = 23, CIS+ICB
n=32), CIS+ICB+IL33-TRAP n = 12). Unpaired t-test. ns, not significant, *p<0.05, **p<0.01, ***p<0.007,
*#4+*%n<000.1. See also Figure S7A-D.

Figure 7. Recombinant IL-33 therapy engages eosinophils and enhances ICB response . (A-C) Mice
bearing orthotopically transplanted KEP tumors were treated as indicated (Ctrl Ab+PBS, n=10; ICB+PBS,
n=15; Ctrl Ab+rIL-33, n=15; ICB+rIL-33, n=15). Frequency of eosinophils in the circulation (A), bone
marrow (B), and tumor (C) were analyzed in the responsive phase of therapy, determined by flow
cytometry. Mean +S.E.M., t-test. (D) Frequency of indicated activation markers expressed on intratumoral
CD8* T cells in responsive phase of therapy, determined by flow cytometry (n=5-7). Boxes represent
median and interquartile range; whiskers full range. 2-way ANOVA followed by Tukey’s multiple
comparison test. (E) Area under curve (AUC) of growth curves was determined up to day 14 after start
of treatment. Mean +S.E.M., 1-way ANOVA. (F) Kaplan-Meier survival curves showing tumor-related
survival. Log-rank (Mantel-Cox) test. ns, not significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
See also Figure S7E-F. 444
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Recombinant IL-33 engages eosinophils and enhances response to ICB

In light of our finding that IL-33 drives eosinophil infiltration into the tumor, we hypothesized
that deliberate induction of intratumoral accumulation of ICB-educated eosinophils by
recombinant IL-33 (rIL-33) might represent a viable strategy to enhance the therapeutic
benefit of ICB in breast cancer, in absence of chemotherapy. Treatment of mice bearing
orthotopically transplanted KEP tumors with rIL-33 alone or in combination with ICB resulted
in increased eosinophils in the blood and bone marrow, as well as increased intratumoral
eosinophil infiltration (Figure 7A-C). However, only the combination of ICB and rlIL-33
increased CD8* T cell activation, and most notably increased the frequency of effector CD44*
and PD-1* CD8" T cells (Figure 7D), without altering other immune populations (Figure S7E-F).
Importantly, IL-33-mediated engagement of eosinophils during ICB and the resulting CD8*
T cell activation was accompanied by improved tumor control and extension of survival
(Figure 7E-F). Collectively, these data provide proof-of-principle that riL-33 can engage
eosinophils and represents a viable strategy to enhance response to ICB in breast cancer.

Discussion
In this study, we take a translational approach by combining longitudinal analysis of fresh
blood and tumor biopsy samples of a patient cohort with functional experiments in clinically
relevant mouse models to identify the IL-5 and IL-33-eosinophil axis as crucial mediator of
ICB response in breast cancer. The effect of ICB on myeloid cells and the influence of myeloid
cells on ICB response is often overlooked. We here show that an ICB-induced increase in
systemic IL-5, driven by CD4* T cells, pushes myelopoiesis towards increased eosinophil
production resulting in systemic eosinophil accumulation. Here, parallels can be drawn with
allergic conditions in which CD4* T cells and eosinophils have a pathogenic function. In
patients with allergic asthma, CD4* T cells play a major role in the pathophysiology driving
eosinophil expansion via IL-5 production*>. How ICB triggers this mechanism in the cancer
context is not fully elucidated, but we demonstrated that CD4* T cells of TNBC patients
upregulate IL-5 in vivo and in vitro upon stimulation with nivolumab/aPD-1, indicating that
ICB can directly stimulate CD4* T cells to secrete IL-5. A role for PD-1/PD-L1 signaling in
controlling IL-5 secretion from CD4* T cells has previously been proposed in the context of
allergy, where in vitro exposure of human allergen-specific CD4* T cells to PD-1 blockade
stimulated their production of IL-5, among other cytokines®®. Altogether, we demonstrate
that ICB-activated CD4* T cells use a similar mechanism via IL-5 to drive eosinophil
accumulation in cancer patients and preclinical models.

Although neutrophils and basophils also derive from common-myeloid progenitors
(CMP), express IL5R and can respond to IL-5 in certain inflammatory conditions®”®, IL-5 is
the central cytokine specific to eosinophil development in the bone marrow*. [L-33 is also

204

implicated in eosinophil development, capable of inducing IL-5 and upregulating IL-5Ra on
eosinophil progenitors®. Interestingly, we observe that ICB, in absence of chemotherapy,
increases IL-5 expression but not IL-33, indicating that ICB-induced IL-5 is not dependent
on IL-33. This is further supported by our observation that systemic eosinophil abundance
was unchanged upon IL-33 blockade during CIS+ICB, confirming that IL-5 is the main driver
of eosinophil production in the bone marrow and systemic eosinophil accumulation upon
ICB.

We demonstrate that ICB can be sufficient to induce systemic eosinophil increase, but
in the majority of patients and in our mouse models (which do not respond to ICB alone),
this is not enough to achieve intratumoral eosinophil infiltration. We uncover that induction
of IL-33 is needed to overcome this threshold and enable eosinophil infiltration into the
tumor. IL-33 can either directly affect eosinophil activation and recruitment, as has been
shown for eosinophils in inflammatory diseases*, or indirectly by acting on other cells of
the tumor microenvironment, for instance by promoting chemokine expression in tumor
cells™. IL-33 can be passively released by epithelial cells upon cellular damage®' or actively
secreted by immune cells during infection® and tumor cells themselves®. Importantly, in
our mouse models cisplatin alone was not sufficient to increase IL-33 expression, indicating
that cell damage induced by chemotherapy is not the sole driver of increased IL-33. By
combining CIS+ICB we were able overcome this threshold and kick start the IL-33 aspect of
the cascade in our mouse models. Future research is warranted to understand which other
therapeutic modalities besides cisplatin may induce intratumoral IL-33 and whether these
depend on cancer cell-intrinsic features or context-dependent mechanisms remains to be
elucidated. For example, in patients the net-biological effect of IL-33 is influenced by levels
of soluble ST2 (also known as /LTRLT), which acts as a decoy receptor for IL-33, and for which
different genetic variants exist in humans®. Thus, adding layers of complexity to the
regulation of the identified immune axis.

Identifying the source of IL-33 and deciphering how its production is regulated during
ICB would be important to further harness its full therapeutic potential to synergize with ICB.

The synergy between rIL-33 and ICB has been studied in highly immunogenic models®>¢®,
but not, to our knowledge, in poorly immunogenic breast cancer models. Our observation
that IL-33 expression correlates with an eosinophil signature in metastases of breast cancer
patients that respond to ICB and our preclinical proof-of-principle study demonstrating that
rIL-33 mobilizes eosinophils to improve ICB response, indicate that IL-33 represents an
attractive engager of eosinophils in breast cancer patients during ICB. However, IL-33 is
reported to have pleiotropic functions®’. The systemic administration of rIL-33, as performed
in this study, induced an effective but modest anti-tumor response, especially in comparison
with CIS+ICB, likely because of the direct anti-tumor effect and additional immunomodulatory
properties of cisplatin®®. Further studies are needed to evaluate whether IL-33 in
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combination with ICB could be used to specifically engage eosinophils in patients, for
instance by local IL-33 administration, although, in the context of multi-organ metastatic
disease, local administration of rlL-33 would be challenging.

It has been suggested that ICB-induced eosinophils may exert direct tumoricidal effects
or enhance anti-tumor immunity by changing the tumor vasculature or reshaping the
immune landscape®. Eosinophils can facilitate recruitment of CD8* T cells by expression of
T cell chemoattractants'?* or promote T cell activation in the tumor'. We demonstrate that
eosinophils enhance CD8* T cell activation, rather than their recruitment, in mammary
tumors responding to CIS+ICB. In line with our findings in mouse models, we observed that
increased expression of an eosinophil gene signature correlated with increased CD8* T cell
and IFNy gene signatures in metastatic lesions of breast cancer patients responding to ICB.
This suggests that in TNBC patients, eosinophils also contribute to ICB response via activation
of CD8" T cells, as was previously proposed for melanoma patients'. It remains to be
determined whether eosinophils exert this function directly, for example by producing T
cell stimulating cytokines or chemokines, or indirectly via activation of for instance dendritic
cells, as has been described during allergic inflammation”>-72,

In our study, the treatment of mice and patients differed. In our mouse models, cisplatin
and dual ICB was needed to induce responses, while patients were treated with ICB alone
or preluded by a brief induction treatment. Despite these differences in dosage regime and
type of ICB therapy, we strikingly uncovered the same phenomena of increased eosinophils
in response to ICB, indicating that the mechanism described in this study is a general feature
of effective ICB response. This is supported by our observation that response to ICB leads
to eosinophil accumulation in several cancer types and by a recent small series of 14 TNBC
patients in which an eosinophil increase was observed upon response to anti-PD-L1 and
paclitaxel”®. Additionally, we validated in patients the different elements of the mechanism
identified in our preclinical models. We observed that circulating CD4* T cells of TNBC
patients upregulate IL-5 expression upon nivolumab treatment in vivo and in vitro. Moreover,
our data demonstrating that IL-5 is secreted in tumors that show an immunological response
upon ex vivo ICB stimulation with either aPD-1 or combined aPD-1+aCTLA-4, further
strengthen our conclusion that IL-5 induction is a common mechanism across different
tumor types and ICB regimens with or without chemotherapy.

Finally, it has been suggested that increased eosinophil counts upon ICB could be used
as an early predictive biomarker for response’®24. Although we see expansion of these cells
upon response to ICB in patients with metastatic TNBC, NSCLC and early-stage pMMR CC,
on-treatment response biomarkers are rarely used in oncology due to widely available
imaging methods for response assessment. Moreover, eosinophil expansion was not
restricted to responders, but was also observed in a proportion of non-responders as
previously reported, limiting its potential for clinical decision making'?4. Therefore, increased
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eosinophils upon ICB response, combined with our preclinical proof of their causal role in
ICB response, should be considered as an important lead for the development of novel
immunomodulatory strategies to engage eosinophils rather than a biomarker.

In conclusion, this study highlights that combining translational research on clinical
trials with mechanistic research in preclinical models is a powerful strategy to unravel novel
mechanisms of ICB response. Our findings emphasize that successful anti-tumor immune
responses are not only reliant on T cells, but that crosstalk with myeloid cells is critical for
an effective response to ICB, providing new avenues for future research in immuno-
oncology.
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STAR Methods

RESOURCE AVAILABILITY

Lead contact

Requests for further information and resources of this study should be directed to Karin
de Visser (k.d.visser@nki.nl)

Materials availability
This study did not generate new unique reagents.

Data and code availability

* RNA-sequencing data on mouse eosinophils generated in this study has been deposited
at Gene Expression Omnibus (GEO) under accession number GSE210895 and are publicly
available from the date of publication. RNA-sequencing data on tumor biopsies of TNBC
patients treated in the TONIC-trial stage 1 are deposited at the European Genome-
phenome Archive (EGA) under accession number EGAS0001003535 and will be made
available from the corresponding author on reasonable request. NanoString data from
TONIC-trial stage 1 and RNAseq data of TNBC patients treated in TONIC-trial stage 2
reported in the paper are not deposited in a public repository pending ongoing work but
can be made available from the corresponding authors upon reasonable request. All
human data requests will be reviewed by the Institutional Review Board (IRB) of the NKI
and applying researchers have to sign a data transfer agreement after IRB approval
before the data can be released.

e This paper does not report original code.

* Any additional information required to re-analyze the data reported in this paper is
available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Preclinical models

The transgenic Keratin14-cre;Cdh 1%, Trp537F(KEP) model for primary mammary tumorigenesis
34 (FVB/N genetic background), KEP-based orthotopic mammary tumor model and the KEP-
based model for spontaneous breast cancer metastasis > were used as previously described
2627 Female KEP mice were monitored twice per week for spontaneous tumor formation by
palpation starting at the age of 3.5 months. KEP mice develop palpable tumors between 6-8
months of age3. The perpendicular diameters of the tumors were measured using a caliper
and tumor area was calculated accordingly. Female FVB/N mice of 8-12 weeks of age were
obtained from Janvier Labs. Rag7 k.o. in FVB/N genetic background were a gift from L.
Coussens’. Cdh17,;Trp537;Foxp3P™¢* mice” in FVB background were generated by the
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Animal Modeling Facility (AMF) of the Netherlands Cancer Institute. All mice were kept in
individually ventilated cages at the animal laboratory facility of the NKI. Food and water
were provided ad libitum. All animal experiments were approved by the Animal Ethics
Committee of the NKI and performed in compliance with the national and European
guidelines for animal care and use.

Clinical trial procedures

Trial procedures were performed as described previously in the respective publications 23",
All patients included in stage 1 2 and stage 2 of the TONIC-trial (NCT02499367) were included
in the current analysis. In stage 1, 70 patients were included in the TONIC-trial, of which 67
patients received nivolumab and were available for efficacy and translational analysis, as
previously described 6. An additional 47 patients were included in stage 2 of the trial, of
which 44 patients received nivolumab and were available for efficacy and translational
analysis. From these 111 patients (Table S1), paired flow cytometry on fresh blood (baseline,
after two-week induction period and after 3 cycles of nivolumab) was performed on 55
patients and paired routine eosinophil counts were available for 90 patients (sample
availability in Table S2 and Figure S1b). Progression-free survival was measured as time
between date of randomization and date of progression according to iRECIST or date of
death. Overall survival was measured as time between first date of nivolumab and date of
last follow-up or date of death. Data was cut-off at 1 March 2021.

Patients with metastatic NSCLC were treated in the PEMBRO-RT trial (NCT02492568)%
at the NKI (paired data for n=40 from the total of 55 patients treated at the NKI and the total
of 76 patients included in the trial), in which patients were randomized to pembrolizumab
with or without upfront radiation #°. To investigate eosinophil dynamics in patients with
metastatic AIMMR tumors, we made use of patients treated with nivolumab in the NKI within
the dMMR cohort (paired data for n=9 of the total 11 patients treated at the NKI and the
total of 30 patients included in the cohort) of the DRUP-trial (NCT02925234) 3. Finally,
patients with early-stage colon cancer (either dAMMR (n=21) or pMMR (n=17)) were treated
in the NICHE-trial, in which patients are treated with neo-adjuvant ipilimumab (1mg/kg) and
nivolumab (3mg/kg), with or without additional celecoxib in pMMR patients (NCT03026140)%°.
In the patients with metastatic disease, response was defined as complete response (CR),
partial response (PR) and stable disease (SD) of at least 24 weeks, defined according to
RECIST1.1 76, Best overall response in the TONIC-trial was measured according to iRECIST”.
Response in the NICHE-trial was defined as any pathological response (>10% tumor
regression), assessed on surgical material after neo-adjuvant treatment. All clinical study
protocols were approved by the medical-ethical committee of the NKI and conducted in
accordance with the ICH Harmonized Tripartite Guideline for Good Clinical Practice and the
principles of the Declaration of Helsinki. All patients provided written informed consent to
participate in the clinical trial.
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METHOD DETAILS

Preclinical intervention studies

In the spontaneous KEP model, all treatments started when tumor area reached 50mm?.
For the KEP-based orthotopic mammary tumor model, mammary tumor pieces of 1Tmm?
size derived from KEP mice were orthotopically transplanted into the mammary glands of
female FVB/N mice. In this model, treatments started when tumor area reached 25 mm2.
For the survival experiments and endpoint analysis mice were sacrificed when the cumulative
tumor burden reached 225mm?2. KEP mice were sacrificed 21 days after initiation treatment
to analyze the ‘responsive phase’ or at a tumor size of 150mm? for the KEP-based orthotopic
mammary tumor model. Cisplatin (Accord Healthcare Limited) was injected intravenously
once every two weeks at 5mg/kg, for a maximum of 4 cycles. Anti-mouse PD-1 (RMP1-14,
BioXCell), anti-mouse CTLA-4 (9D9, BioXCell) or control (2A3, BioXCell) antibodies were each
given intraperitoneally at 100pg per mouse, twice per week. Anti-CD8 (2.43, BioXCell) or
anti-CD4 (GK1.5, BioXCell) antibody were given intraperitoneally at 200pg per mouse, twice
per week. Anti-mouse SiglecF (238047, R&D systems) and control antibody (2A3, BioXCell)
were administered intraperitoneally at 20pg per mouse, three times a week. Anti-IL-5 (TRFKS5,
BioXCell) and control antibody (HRPN, BioXCell) were given intraperitoneally at 500ug per
mouse, twice per week. Recombinant mouse IL-33 (Biolegend) was given intraperitoneally
at 0,4 pg per mouse, three times a week. IL-33-TRAP (provided by Rudi Beyaert laboratory,
VIB, Belgium) was given intraperitoneally at 50pg per mouse daily. For the T__depletion in
Foxp3-GFP-DTR mice, DT (Diptheria toxin from Corynebacterium diphteriae) was given
intraperitoneally at 25pg/kg, at day 0 and day 4 after start of treatment. All antibody
treatments continued until the experimental endpoint was reached.

For metastasis experiments, mammary tumor pieces of Tmm? size derived from KEP
mice were orthotopically transplanted into the mammary glands. Mammary tumors were
surgically removed when they reached the size of 100mm?2. In the metastasis experiments,
all treatments started 15 days after mastectomy, when all mice have established metastasis
in the lung and/or lymph node, and treatments continued until the experimental endpoint.
All treatments were performed as described above. For survival experiments, mice were
sacrificed when they developed signs of distress caused by metastatic disease (respiratory
distress) or when lymph node metastasis reached the size of 225mm?2. For analysis of
‘responsive phase’, metastasis-bearing mice were sacrificed 10 days after start of treatment
for Ctrl Ab and ICB groups and 21 days for CIS+Ctrl Ab and CIS+ICB groups.

Flow cytometry analysis

Tumors and organs from KEP mice and FVB/N mice with metastatic breast cancer were
collected in ice-cold PBS. Blood was withdrawn by tail vein or heart puncture and collected
in K,EDTA-containing tubes (BD Microtainer Blood Collection Tubes). Tumor tissues and
lungs were mechanically minced using the Mcllwain tissue chopper (Mickle Laboratory
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Engineering) and enzymatically digested at 37°C in DMEM medium containing 3mg/ml
collagenase type A (Roche) plus 25pg/ml of DNase | (Sigma) for 45 min or in 100pg/mL
Liberase TM (Roche) for 30 min, respectively. Half of the lymph nodes and spleen were
enzymatically digested in RPMI medium containing 3mg/ml collagenase type IV (ThermoFisher
Scientific), 2mM CaCl,, 2% FCS and 25pug/mL DNase | for 30 min at 37°C and used to stain
for myeloid cell populations. The other half was directly processed into single cell
suspensions and used for lymphoid cell panels. All digestion reactions were stopped by
adding cold DMEM medium containing 10% FCS. For the analysis of bone marrow, tibia and
femurs were flushed with PBS and processed as the other organs. Single-cell suspensions
were obtained by mashing through 70um filter and resuspended in PBS containing 0.5%
BSA (Roche) and 2mM EDTA (Lonza). Blood, spleen, lungs and bone marrow samples were
treated for 5 min at room temperature with NH, lysis buffer to remove erythrocytes.

For flow cytometry analysis of patient sample preparations, peripheral blood was
collected in an K,EDTA vacutainer (BD) and processed and analyzed within 24 hours. Red
blood cells were lysed (lysis buffer: dH,0, NH,Cl, NaHCCO,, EDTA) and cells were resuspended
in PBS containing 0.5% BSA and 2mM EDTA. To obtain absolute white blood cell counts per
mL of human blood, the total post-lysis cell count was obtained using the NucleoCounter
NC-200 (Chemometec) Automated cell counter was divided by the total volume (mL) of
blood.

For intracellular cytokine staining, cells were stimulated ex vivo with 50ng/ml PMA, 1TuM
ionomycin and Golgi-Plug (1:1000; BD) for 3h at 37°C in IMDM medium supplemented with
8% FCS, 100 IU/ml Penicillin-Streptomycin (Roche) and 0.5% 3-mercaptoethanol. For surface
antigen staining, cells were first incubated with rat anti-mouse CD16/CD32 antibody (1:100;
Mouse Fc Block, BD Bioscience) or human FcR Blocking Reagent (1:100 Miltenyi) for 15 min
at 4°C and then incubated with fluorochrome-conjugated antibodies for 30 min at 4°C, in
the dark. For intracellular antigen staining, cells were fixed with Fixation/Permeabilization
solution 1X (Foxp3/Transcription Factor Staining Buffer Set, eBioscience) for 30 min at 4°C
and stained with fluorochrome-conjugated antibodies in Permeabilization buffer 1X
(eBioscience) for 30 min at room temperature. Viability was assessed by staining with either
7AAD staining solution (1:20; eBioscience), Zombie Red Fixable Viability Kit (1:800 BioLegend)
or with Fixable Viability Dye APC-eFluor780 (1:1000; eBioscience). Data acquisition was
performed on BD LSRII flow cytometer using Diva software (BD Biosciences) and data analysis
was performed using FlowJo software version 10.6.2. All used flow cytometry antibodies can
be found in Key Resources Table. Gating strategies are displayed in Figure S8 & 9.

Immunohistochemistry

KEP tumors were fixed for 24h in 10% neutral buffered formalin, embedded in paraffin and
sectioned at 4um. CD4, CD8, FOXP3 and Ly6G stainings were performed by the Experimental
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Animal Pathology facility of the NKI. Antibodies are listed in Key Resources Table. For MBP
staining, sections were deparaffinized in xylene for 20 min, rehydrated, and incubated with
3% H,0, for 10 min at room temperature. Antigen retrieval was performed using Pepsin
solution (ThermoFischer Scientific) for 10 min at room temperature. As blocking solution
PBS with 2.5% BSA and 10% normal goat serum was used for 30 min at room temperature.
Sections were incubated with rat anti-mouse MBP antibody (1:350, clone MT-14.7.3, Lee
Laboratory, Mayo Clinic) diluted in 0.5X blocking solution, overnight at 4°C. Biotinylated goat
anti-rat IgG antibody (1:300, Southern Biotech) was used as secondary antibody. Streptavidin-
HRP and DAB solution (DAKO) were used following manufacturer’s instructions. Sections
were counterstained with hematoxylin solution. Slides were scanned using Aperio ScanScope
and analyzed with Aperio ImageScope software version 12.4.3 (Aperio, Vista).

RNA-sequencing of mouse eosinophils

For the transcriptomic analysis, a minimum of 35000 eosinophils (CD11b* Ly6G'ow SSChigh
F4/80%) were sorted from the blood in RLT buffer containing 1% 3-ME, using a BD FACSAria™
Fusion Cell Sorter. RNA was isolated following RNeasy Mini Kit (Qiagen) protocol, using 80%
ethanol instead of RPE buffer. Smart-seq2 library preparation was performed as previously
described?, using 2100 Bioanalyzer System (Agilent) for quality control. Only samples with
RIN = 7 were used for RNA-sequencing analysis. The strand-specific reads (65bp single-end)
were sequenced with the HiSeq 2500 System (lllumina). Demultiplexing of the reads was
performed with lllumina’s bcl2fastq software and demultiplexed reads were aligned against
the mouse reference genome (build 38) using HISAT2. HISAT2 was supplied with known set
of gene models (Ensembl version 87). Qlucore Omics Explorer (Qlucore AB, Lund, Sweden)
software was used to calculate and visualize differentially expressed genes (p<0,05) and
sample variation, after having discarded genes with fewer then 30 mapped reads in at least
9 samples and performed data normalization by TMM method. Gene set enrichment analysis
(GSEA) was performed using the GSEA program version 4.0.3 (Broad Institute). Hallmarks
gene sets from Molecular Signatures Database v7.2 were used. Mouse gene symbols were
remapped to human orthologues using Mouse_Gene_Symbol_Remapping_Human_
Orthologs_MSigDB.v7.2.chip annotation file.

Cytokine analysis

For the analysis of cytokines and chemokines expression in mouse plasma, serum or tumor
lysate, custom-made Legend Plex bead-based immunoassay (Biolegend) was used, according
to manufacturer instructions. 50 pg of total protein from lysed tissues was used for
measurements. Data acquisition was performed on LSRFortessa (BD Biosciences) flow
cytometer using Diva software (BD Biosciences) and analyzed using LEGENDplex™ Data
Analysis Software Suite (Biolegend). In addition, mouse IL-5 ELISA detection kit (BioLegend)
was used, according to manufacturer instructions.
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Routine eosinophil counts in patient cohorts
Eosinophil counts were measured with a XN-2000 Hematology Analyzer of Sysmex at the
diagnostic Clinical Chemistry Department. The variation coefficient was below 10%.

RNA extraction and NanoString gene expression analysis

RNA was isolated from freshly frozen sections of biopsies as previously described 2. For
each patient, sequential biopsies were taken from the same metastatic lesion, however per
patient, the site of the metastatic lesion was different (predominantly, but not only, lymph
nodes, recurrent lesion in breast, liver, skin). mRNA expression was measured with the
nCounter technology provided by NanoString Technologies as previously described 2.
NanoString mRNA counts were available for patients included in stage 1 of the TONIC-trial
(paired metastatic biopsies pre-nivolumab and on-nivolumab n = 26).

RNA-sequencing on patient tumor biopsies

The RNA-sequencing data was aligned to the reference genome GRCh38 with STAR (version
2.7.1a) 7 with two-pass mode option set to “Basic”. For comparison between patients, a
median of ratios normalization was performed with Deseq2 R package (version 1.24.0, %)
and for within-patient comparisons TPM normalization was used. Data was analyzed using
Python 3.7.6, with pandas (version 1.0.1,%%2) and NumPy (version 1.18.1,2% packages. Plots
were created using Matplotlib (version 3.1.3, #) and Seaborn (version 0.10.0,%), statistical
annotation was added using statannot (version 0.2.2,%). All gene-signatures are listed in
Table S3. Mean normalized expression values of individual genes were taken as a signature
score. A fold change of the signature score baseline vs. on-nivolumab was taken for each
signature. RNA-sequencing on paired metastatic lesions (baseline and on-nivolumab) was
available for 48 patients, included in both stages of the trial.

RT-qPCR

Human CD3* CD4* T cells were sorted from TONIC patient PBMCs into RLT buffer containing
1% B-ME, using a BD FACSAria™ Fusion Cell Sorter. RNA was isolated following RNeasy Micro
Kit (Qiagen) protocol. RNA was converted to cDNA with an AMV reverse transcriptase using
Oligo(dT) primers (Invitrogen). For mouse CD4*CD25 T cells, RNA was converted to cDNA
using High-capacity cDNA reverse transcription kit (ThermoFisher Scientific), following kit
instructions. cDNA (20 ng per well) was analyzed by SYBR green real-time PCR with 500 nM
primers using a LightCycler 480 thermocycler (Roche). Gapdh was used as a reference gene.
Primer sequences used for each gene are listed in the Key Resources Table. Fold change in
expression was calculated using 2 -(4ctx - average(ACt.control)
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Human PBMC stimulation

PBMCs were isolated at baseline from patients with metastatic TNBC in the control arm of
the TONIC trial. Patient PBMCs were seeded at a density of 500,000 cells per well in 96-well
plates in DMEM (Sigma), 10% FBS (Sigma), 1 mM sodium pyruvate (Sigma), 1x MEM
nonessential amino acids (Sigma), 1x Glutamax, 100 ng/ml penicillin/streptomycin, 50 nM
2-mercaptoethanol (Sigma). Cells were stimulated with a suboptimal concentration of 0.5pg/
ml plate bound anti-CD3 (OKT3, BioLegend) and 2pg/ml anti-CD28 (28.2, eBioscience) for
48 hours. Anti-PD1 (Nivolumab,10pg/ml) was added where indicated. GolgiPlug was added
to each well for the final 4 hours of stimulation and cells were analyzed by flow cytometry
as described above.

PDTF culture and stimulation

PDTF cultures were performed as described previously*. Briefly, tumor samples were
collected from surgical material of patients with renal cell carcinoma (anti-PD1+anti-CTLA-4
treated n=1 & anti-PD1 treated n=2), ovarian cancer (n=4 & n=1), melanoma (n=7 & n=5),
non-small cell lung cancer (n=1 & n=3), and colorectal cancer (n=0 & n=1). Patient
characteristics were described previously for samples stimulated with aPD-1 & aCTLA-4 4
and listed in Supplementary Table 4 for samples stimulated with aPD-1. Definition of
responder and non-responder PDTFs were described previously 44¢. Samples were cut in
fragments of 1-2 mm3 and embedded in an artificial extracellular matrix in a 96-well plate.
PDTF cultures were stimulated with medium supplemented with either anti-PD1 alone
(nivolumab, Bristol-Myers Squibb) at 10 pyg/ml or anti-PD-1 plus anti-CTLA4 (ipilimumab,
Bristol-Myers Squibb) at 10 pg/ml where indicated. After 48 hours of culture at 37°C,
supernatants were collected and IL-5 levels were measured using the LEGENDplex Human
Th Cytokine (BioLegend), according to the manufacturer’s protocol.

QUANTIFICATIONS AND STATISTICAL ANALYSIS

Statistical analysis was performed in GraphPad Prism (version 8.4.3) or SPSS Statistics
(version 24). All statistical tests were two-sided. All p-values are uncorrected for multiple
testing unless stated otherwise. For heatmaps of human flow cytometry data (Figure S1C-F),
log, transformed cell count/mL or log, transformed fold change were depicted, centered
around the median for each population (row) separately. Hierarchical clustering was
performed on populations and patients based on 1 minus Pearson correlation and Euclidian
distance respectively. Complete-linkage was used for both cell populations and patients. To
assess dynamics in each cell population analyzed by flow cytometry between baseline and
on-nivolumab, the median log, fold change from baseline to on-nivolumab (log,(on-
nivolumab) - log,(pre-nivolumab) was plotted against Benjamini-Hochberg corrected
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p-values (Figure 1B). For dynamics in each cell population analyzed by flow cytometry
between pre-nivolumab and on-nivolumab, linear modeling was performed (similar to a
2-way ANOVA) to predict log, fold changes between pre-nivolumab and on-nivolumab counts
/ mL based on response and induction treatment: Log,-fold_change ~ response + induction_
treatment. This model assumes that the response and induction treatment have an additive
and independent effect on log fold changes. For each population responders were contrasted
from non-responders. For Figure S2D, the regression coefficients associated with response
for each population (x-axis) against the associated (Benjamini-Hochberg corrected) p-values
(Wald-test) were plotted. The uncorrected (Wald-test) p-values associated with different
induction treatments were estimated. For each population we performed a Shapiro-Wilk
normality test on the regression residue to see if the normality assumption was violated.

ADDITIONAL RESOURCES

This paper included flow cytometry and hemocytometer data of blood samples and RNAseq
data of tumor biopsies from patients with metastatic TNBC treated in the Netherlands
Cancer Institute in the TONIC-trial (NCT02499367). This paper also included hemocytometer
data on blood samples generated in the Netherlands Cancer Institute from patients with
metastatic NSCLC treated in the PEMBRO-RT trial (NCT02492568), patients with metastatic
dMMR tumors treated in the DRUP-trial (NCT02925234), and patients with early-stage colon
cancer treated in the NICHE-trial (NCT03026140). Data were kindly provided by the principal
investigators of the clinical trials. Further information on the clinical trial procedures and
links to clinical publications can be found in the Methods section on clinical trial procedure
and Key Resources Table.

KEY RESOURCES TABLE
The Key Resources Table is available in the online version of the paper.
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<444 Figure S1. Systemic immune cell landscape of patients treated in the TONIC trial
at baseline, after induction therapy and on nivolumab, related to Figure 1. (A) TONIC-trial
design (NCT02499367). Patients with metastatic triple-negative breast cancer were randomized
to 1 of 4 induction treatment arms (irradiation, cyclophosphamide, cisplatin or doxorubicin) or
a two-week waiting period all followed by nivolumab (3mg per kg every 2 weeks) in stage 1 of the
trial (19). In stage 2 of the trial, patients were randomized between doxorubicin induction for two
weeks followed by nivolumab or immediate start of nivolumab treatment (no induction). 111
patients received at least one cycle of nivolumab (baseline characteristics in Table S1). Blood
samples and biopsies were taken at baseline, after 2 weeks of induction treatment and after 3
cycles of nivolumab. Response was determined by iRECIST. (B) Venn diagrams showing the relation
in TONIC-trial sample availability between the different analyses. The left panel demonstrates the
overlap between availability of paired flow cytometry on fresh blood and paired hemocytometer
eosinophil counts from baseline to on-nivo. For 3 patients pre-nivo flow cytometry or
hemocytometer data were unavailable due to logistical reasons. The right panel demonstrates
overlap between tumor samples available for gene expression analysis by NanoString (pre-nivo
- on-nivo) and/or RNA-sequencing (baseline - on-nivo). NanoString analysis was performed on
TONIC stage 1 samples, RNA-sequencing on TONIC stage 1 and stage 2. For 4 patients there was
only pre-nivo RNA and no baseline RNA available. (C-E) Heatmaps depicting flow cytometry
analysis of immune populations at baseline (C), pre-nivo (after induction) (D) and on-nivo (E).
Colors in the heatmap correspond to log, transformed cells/mL and are centered to the median
for each population (row) separately. (F) Heatmap representing the log, fold change of systemic
immune cell populations (cells/ml) assessed by flow cytometry from baseline to on-nivo, centered
around the median for each immune cell population (row) separately. For (C-F), hierarchical
clustering was performed on cell populations and patients based on 1 minus Pearson correlation
and Euclidian distance respectively. Complete-linkage was used for both cell populations and
patients.

219



Table S1: Baseline characteristics of all patients receiving at least one dose of nivolumab in the TONIC-trial

(stage 1 and 2), related to Figure 1. Table S3: List of gene signatures used for human RNA-seq analysis, related to Figure 2.

Total population Gene signature Genes
(n=111) Eosinophil gene signature SIGLEC8®, RNASE2%, RNASE®S, IL5RA%, CCR3°
Median age, years (range) 52 (29-74) Expanded T cell signature®  CD3D, IDO1, CIITA, CD3E, CCL5, GZMK, CD2, HLA-DRA, CXCL13, IL2RG,

WHO performance status, n (%) NKG7, HLA-E, CXCR6, LAG3, TAGAP, CXCL10, STAT1, GZMB

0 70 63% Structural CD8* T cell CD3D*', CD3E*', CD3G®', CD8A%?, CD8B°?, TRA®', TRBC1°!, TRBC2*', CD247°'
1 a1 37% signature
gBRCA1/2, n (%) IFNy gene signature IDO1, CXCL9, CXCL10, HLA-DRA, STATT, IFNG
Mutation 6 5%
Wildtype 78 70%
Unknown 27 24%
Location of metastasis, n (%) Table S4. Patient characteristics of tumors included in PDTF analysis treated with aPD-1 alone. Related
Lymph node only 10 9% to Figure 5.
Visceral metastasis 79 71% Patient ID Tumor type Tumor site Ex vivo response to aPD-1
Other metastasis 22 20% -
. . o CRC003 Colorectal cancer Primary Yes
No. of prior therapies for metastatic disease, n (%)
0 29 26% 0V013-3 Ovarian cancer Peritoneal metastasis Yes
1 56 50% LUO19 Non-small cell lung cancer ~ Primary Yes
23 26 23% AKB803 Melanoma Lymph node metastasis Yes
Previous neoadjuvant or adjuvant therapy, n (%) 96 86% MELO21 Melanoma Lung metastasis Yes
Previous chemotherapy exposure, n (%) MELO25.1 Vel L h nod tastasi N
Taxane 101 91% - elanoma ymph node metastasis o
Anthracycline 95 86% LU027-2 Non-small cell lung cancer Primary No
Platinum 60 54% MELO32 Melanoma Metastasis muscle No
Capecitabine 60 54% REO15 Renal cell carcinoma Primary No
0
LDH level, n (%) RE028 Renal cell carcinoma Primary No
< ULN 70 63% )
< 2% ULN 2 37% MELO072 Melanoma Lymph node metastasis No
ULN = upper limit of normal (= 250 U/L). LU032 Non-small cell lung cancer Primary No
MELO77 Melanoma Abdominal metastasis No
LU028 Non-small cell lung cancer  Primary No

Table S2: Sample availability in the TONIC-trial (stage 1 and 2), related to Figure 1

# of patients

All included patients 111
Routine eosinophil counts

Paired baseline - on-nivo 90
Paired pre-nivo - on-nivo 87
Flow cytometry fresh blood

Paired baseline - on-nivo 55
Paired pre-nivo - on-nivo 52

RNA-sequencing data
Paired baseline - on-nivo 48

NanoString gene expression (TONIC stage 1 only)
Paired pre-nivo - on-nivo 26
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Figure s2. Systemic reduction of CD1c* dendritic cells and expansion of T, _and eosinophils
during immune checkpoint blockade response is independent of induction treatment in
TONIC trial, related to Figure 1. (A-B) Paired flow cytometry analysis of systemic CD1c* DCs
(log2 transformed cells/ml) (A) and Tregs (log2 transformed cells/ml) (B) comparing baseline to
on-nivo in responders and non-responders, treated in the TONIC-trial. Paired data are available
for 55 patients (A) and (B). Statistics by Wilcoxon Signed-Rank. (C) Fold change in systemic
eosinophils (log2 transformed cells/ml by flow cytometry) from baseline to on-nivo in responders
and non-responders, treated in the TONIC-trial. Paired data is available for 55 patients. Statistics
by Mann-Whitney, median with interquartile range (IQR). (D) Volcano plot depicting the linear
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regression coefficient on the effect of response by changes in immune populations analyzed by
flow cytometry (pre-nivo to on-nivo; x-axis) and Benjamini-Hochberg corrected p-values (y-axis),
while respecting additive influence of induction treatment (linear modeling). The regression
coefficients associated with response for each population (x-axis) against the associated
(Benjamini-Hochberg corrected) p-values (Wald-test) were plotted. (E) Induction treatment effect
on eosinophil dynamics as determined by flow cytometry shown as median count and interquartile
range, statistical analysis was performed using Wilcoxon Signed-Rank test comparing baseline
to on-nivo in responders and non-responders. (F) Paired flow cytometry analysis of eosinophils
(log2 transformed cells/ml) comparing pre-nivo to on-nivo in responders and non-responders,
treated in the TONIC-trial. Paired data was available for 52 patients. Statistics by Wilcoxon Signed-
Rank. (G) Fold change in systemic eosinophils assessed by hemocytometer from baseline to on-nivo
in responders and non-responders. Paired data is available for 90 patients. Statistics by Mann-
Whitney, median with interquartile range (IQR). (H) Paired hemocytometer analysis of systemic
eosinophils comparing pre-nivo to on-nivo in responders and non-responders. Paired data is
available for 87 patients. Statistics by Wilcoxon Signed-Rank. (I-J) Kaplan-Meier curve of
progression-free survival (I) or overall survival (J) of patients divided between a fold change in
eosinophils (pre-nivo to on nivo) lower than 2 or equal to/higher than 2. Statistics with log-rank
and univariate hazard ratios by Cox regression (fold change lower than 2 as reference category).
Data was cut-off at 1 March 2021.
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Figure S3. Systemic eosinophil accumulation after ICB and association with therapy
response in different cancer types, related to Figure 1. (A) Fold change of eosinophil counts
after two cycles of pembrolizumab in patients with metastatic non-small lung cancer (NSCLC)
treated with pembrolizumab (200 mg, q3w) with or without upfront radiation (NCT02492568)%.
Paired data was available for 40 patients. (B) Paired analysis of absolute eosinophil counts in
blood between baseline and two cycles of pembrolizumab in responding and non-responding
patients with metastatic NSCLC. (C) Fold change of eosinophil counts after one cycle of ipilimumab/
nivolumab treatment and baseline in patients with early-stage colon cancer, either mismatch
repair-proficient (oMMR) or mismatch repair deficient (dMMR), treated with neo-adjuvant
nivolumab (day 1 and day 15, 3 mg/kg) and ipilimumab (day 1, 1 mg/kg) in the NICHE-trial
(NCT03026140)*. Response was defined as a pathological response (<90% tumor rest). Eosinophils
were measured after 1 cycle of ipilimumab/nivolumab and after 1 additional cycle of nivo. All
patients with early-stage dMMR colon cancer had a pathological response. Paired data was
available for 21 patients. (D-E) Paired analysis of absolute eosinophil counts in blood between
baseline and on treatment in responding and non-responding patients with mismatch repair-
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proficient (pMMR) (D) and mismatch repair deficient (dAMMR) (E) early-stage colon cancer, treated
with two cycles of neo-adjuvant nivolumab and ipilimumab in the NICHE-trial. (F) Fold change of
eosinophil counts after two or three cycles of nivolumab treatment in patients with metastatic
dMMR tumors, treated with nivolumab (240 mg, g2w) in the dMMR cohort of the Drug Rediscovery
Protocol (NCT02925234)3'. 7 patients with colorectal cancer (6 patients with paired data), 1 patient
with urothelial cell cancer (no paired data), 1 patient with cervical cancer, 1 patient with breast
cancer and 1 patient with endometrial cancer were included in this cohort. (G) Paired analysis
of absolute eosinophil counts between baseline and two or three cycles of nivolumab in responding
and non-responding patients with metastatic dMMR tumors, treated with nivolumab in the dMMR
cohort of the Drug Rediscovery Protocol. Response was defined as complete response (CR), partial
response (PR) or stable disease (SD) for 24 weeks or longer according to RECIST1.1 for (A-B and
F-G). For (A,C,F), median and interquartile ranges are displayed; statistics by Mann-Whitney. For
(B-E & G), statistics by Wilcoxon-signed-rank. Dashed lines indicate the threshold (0.1 x10° cells/L)
of the hemocytometer counts reported in the patient records, counts below this threshold were
replaced with a value of 0.09 x10° cells/L.
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Figure S4. ICB and cisplatin induces systemic T-cell activation and eosinophil expansion in
pre-clinical models of mammary tumorigenesis and advanced metastatic breast cancer,
related to Figure 3. (A-B) MRI images displaying the lung and axillary lymph nodes (A) and H&E
staining of right axillary lymph node (= primary tumor draining lymph node) and lungs (B) of
mice bearing KEP-derived metastases 15 days after mastectomy. Scale bars represent Tmm (left)
and 2.5mm (right). Orange arrows indicate lung metastatic nodules and pink arrows indicate a
lymph node affected by metastatic disease. (C) Kaplan-Meier survival curves of KEP mice treated
as indicated (CIS + Ctrl Ab, n=22, 3 censored, CIS + anti-CTLA-4, n=12, 1 censored, or CIS + anti-
PD-1, n=17, 3 censored). Log-rank (Mantel-Cox) test. (D) Fold change compared to Ctrl Ab-treated
mice of CD8" (left) and CD4* CD25 (right) T cells expressing the indicated activation markers
expressed in blood at metastasis-related endpoint (n=4-7), determined by flow cytometry. Log
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transformed data are presented. Mean +S.E.M., 1-way ANOVA followed by Dunnett's multiple
comparisons test. (E) Frequency of effector CD8* (left), effector CD4* CD25 (middle) T cells and
IFNg* and TNFa* double positive CD8* T cells (right) in blood of KEP mice at tumor-related endpoint
(n=4-5), determined by flow cytometry. Mean +S.E.M., 1-way ANOVA followed by Dunnett’s multiple
comparisons test. (F) Frequency of eosinophils (defined as: CD11b* Ly6G"*" F4/80™ SiglecF*) in the
TDLN (left) and spleen (right) of KEP mice at tumor-related endpoint as determined by flow
cytometry (n=4-6). Mean +S.E.M., 1-way ANOVA followed by Dunnett's multiple comparisons test.
(G) Representative image and quantification of immunohistochemical staining for major basic
protein (MBP) of KEP tumors at tumor-related endpoint demonstrating eosinophil distribution in
intratumoral, periphery and border regions. Intratumoral areas were defined as more than
700um distant from the border of the tumor tissue; tumor periphery was defined as areas between
200um and 700um from the border of tumor tissue; border areas were defined as areas spanning
from 200um inside the tumor tissue to 300um into the surrounding non-tumoral tissue. Scale
bar represents 100um. Each dot represents the average of 4-5 different tumor areas of 0.5mm?
per mouse. Mean +S.E.M., Kruskal-Wallis test. (H) Volcano plot demonstrating differentially
expressed genes between eosinophils sorted from the blood of mice treated with Ctrl Ab or CIS +
ICB in responsive phase of therapy. Genes contributing to the “Hallmark_Interferon_gamma_
response” and “Hallmark_oxidative_phosphorylation” gene-sets are highlighted. (I) Gene sets
derived from the Molecular Signatures Database Hallmark Gene Set Collection enriched in mice
treated with CIS + ICB (blue) or Ctrl Ab (orange) (FDR q < 0,25). The Normalized Enrichment Scores
(NES) of the top 10 enriched gene sets are shown, ordered based on ascending g-value. (J)
Enrichment plot for the gene-set “Hallmark_Interferon_gamma_response” upregulated in
eosinophils treated with CIS + ICB. (K) Enrichment plot for the gene-set “Hallmark_oxidative_
phosphorylation” upregulated in eosinophils treated with Ctrl Ab. ns, not significant *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001.
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Tumor Blood Lung Stk oxpression o <444« Figure S5. Depletion of eosinophils using anti-SiglecF antibody does not promote
| Crmbmasger ST L, mowbmmiSger CD4* T cell or T, activation in the tumor and tumor-draining lymph node during combined
- ICB and cisplatin treatment, related to Figure 4. (A-C) Frequency of indicated immune cells in
the tumor (A), blood (B), and lungs (C) of treated KEP mice at tumor-related endpoint as determined
by flow cytometry (n=4-10). Mean +S.E.M., Mann-Whitney. (D) Mean Fluorescence Intensity (MFI)
of SiglecF expression on eosinophils, total neutrophils or SiglecF* neutrophils of KEP mice at
R Y v PR S F—— tumor-related endpoint (n=4), measured by flow cytometry in indicated tissues. Mean +S.E.M.,
& & & & & LN o Eitis T s S et Multiple unpaired t-tests followed by Holm-Sidak for multiple comparison. (E) Quantification of
IHC staining for Ly6G* cells per FOV in the tumor and lung of treated KEP mice at tumor-related
Lo ep Sorder Periphery tratumorl Tumor growth endpoint (n=6-10 mice, the average of 5 FOVs per mouse). (F) Quantification of IHC staining for
_* p=od = LN R . MBP* cells per mm? in the tumor and lung of treated KEP mice at tumor-related endpoint (n=4-5
mice). (G) Quantification of IHC staining for MBP of KEP tumors at tumor-related endpoint
demonstrating eosinophil distribution in intratumoral (left), periphery (middle) and border regions
(right), defined and analyzed as described in Figure S4G. Data of CIS + Ctrl Ab and CIS + ICB groups
are the same as displayed in Figure S4G. Mean +S.E.M., Mann-Whitney. (H) Growth curve of
Ry 0 2 4 6 8 1012 14 16 18 mammary tumors in KEP mice treated with control antibody (n=7) or anti-SiglecF (n=3). (I-Q) KEP
x & S Time after it aton teatment (¢24%) mice were sacrificed 21 days after start of treatment (responsive phase). Untreated KEP mice were
& S & analyzed 21 days after they reached a tumor area of 50 mm?, or when the tumors reached an
| K M area of 225 mm?. (I-J) Number of tumor-infiltrating CD4* (I) and FOXP3* (J) cells in ‘responsive

Tumor GD4 Tumer CD4" T cefls ) Tumor CD4" T cells . phase’ of treatment, quantified by IHC (n=5-7 mice per group. For each mouse, the average of

K

o & 5-9 FOVs +S.E.M is displayed). Student’s t-test. (K-L) Frequency of tumor-infiltrating CD4*CD25" T

& &ZZ Q@\;“‘e cells (K) and regulatory T cells (L) expressing the indicated activation markers as determined by

coes flow cytometry, measured 21 days after initiation of indicated treatments (n=5). (M-N) Data of

cotste (K-L) was normalized to the frequency observed in control mice. Log transformed data is presented.

(O-Q) Frequency of CD8" T cells (0), CD4*CD25 T cells (P) and regulatory T cells (Q) expressing the

indicated activation markers as determined by flow cytometry in the TDLN, measured 21 days

after initiation of indicated treatments (n=5). Boxes represent median and interquartile range;

whiskers represent full range. 2-way ANOVA followed by Tukey's multiple comparison test. *p<0.05,
**p<0.01, ¥**p<0.001, ****p<0.0001.
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<444« Figure S6. Dynamics and properties of ICB-induced eosinophils in mice with KEP-
derived metastatic disease or mammary tumors, related to Figure 5. (A) Frequency of
eosinophils in blood of mice with KEP-derived metastatic disease treated as described in Figure
3E, as determined by flow cytometry at the indicated time-points (Ctrl Ab n=3-11, ICB n=3-11). (B)
Gating strategy for the identification of Lin"Sca1-CD34*cKit™CD125*Gr1-eosinophil progenitors in
the bone marrow. (C) Frequency of indicated cell types in the bone marrow of mice with KEP-
derived metastatic disease treated as indicated, as determined by flow cytometry (Ctrl Ab n=13,
ICB n=13). LT-HSC, long-term hematopoietic stem cell; MPP, multipotent progenitor; CMP, common
myeloid progenitor; GMP, granulocyte-monocyte progenitor; CDP, common dendritic cell
progenitor; MDP, macrophage-dendritic cell progenitors. Multiple unpaired t-tests followed by
Holm-Sidak for multiple comparison. (D) Absolute quantification of IL-5 levels in plasma of mice
with KEP-derived metastatic disease treated as indicated (Ctrl Ab n=9, ICB n=10) as measured by
Legend Plex. The mice shown here are the same used for the analysis of Figure 5F. (E) Frequency
of indicated immune cell populations in tumors of treated KEP mice at tumor-related endpoint,
as determined by flow cytometry (n=4-5). The mice shown here are the same used for the analysis
of Figure 5K-N. T-way ANOVA. (F) Frequency of SiglecF+ neutrophils in primary tumor of treated
KEP mice at tumor-related endpoint, as determined by flow cytometry (n=4-5). (G) Number of
CD4 T cells (gated as: CD3*CD8CD25 cells) in the blood of mice with KEP-derived metastatic
disease treated as described in Figure 5R, as determined by flow cytometry. Pooled data of two
independent experiments. (H-) Frequency of total eosinophils (H) and LinScal
CD34*cKit"CD125*Gr1- eosinophil progenitors (1) in the bone marrow of mice with KEP-derived
metastatic disease treated as described in Figure 5R, as determined by flow cytometry (n=13-14).
(/) Number of eosinophils in the blood of KEP-metastasis-bearing mice treated with CIS+ICB (n=5)
or CIS+ICB+anti-CD4 (n=5) and analyzed on day 10 after start of treatment. (K) Experimental
set-up and treatment scheme for the depletion of T .. in mice with KEP-derived orthotopic
mammary tumors. (L) Representative dot plots showing T, levels in the blood of mice at the
experimental endpoint. Average frequency of T,__as percentage of CD4* cells +S.E.M. are displayed.
DT, diphtheria toxin. (M) Number of eosinophifs in blood of mice treated as described in (H) (ICB
+ PBS, n=6, ICB + DT n=7), as determined by flow cytometry. All data are mean +S.E.M, unpaired
t-test, unless indicated otherwise. ns, not significant, *p<0.05, **p<0.01, ****p<000.1.
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Figure S7. ICB and rIL-33 specifically promote the expansion and activation of eosinophils
in mice with mammary tumors, related to Figure 6 and 7. (A) IL-33 levels in serum determined
by Legend Plex of KEP mice at tumor-related endpoint treated as indicated (n=5-8). (B) Eosinophil
gene signature (left) and IL33 gene expression (right) from RNA-seq analysis of metastatic lesions
of TNBC patients treated in the cisplatin arm of the TONIC trial. (C-D) Frequency of indicated
immune cell populations in the blood (C) and primary tumor (D) as determined by flow cytometry
of KEP mice treated as described in Figure 6D-F (n=5-8). (E-F) Frequency of indicated immune cell
populations in the blood (n=8-10) (E) and primary tumor (n=5-7) (F) determined by flow cytometry
of mice bearing orthotopically transplanted KEP tumors in responsive phase of therapy (i.e. tumor
area of 150mm?) and treated as described in Figure 7. Statistical analysis performed by 1-way
ANOVA or Kruskal-Wallis followed by Dunnett's or Dunn’s multiple comparisons test, comparing
each group against control mice, for each immune population. All data are mean +S.E.M., *p<0.05,
**p<0.01, ***p<0.001.

Figure S8. Gating strategy for flow cytometry analysis of human peripheral blood immune
populations, related to STAR Methods. (A) Myeloid panel gating strategy identifying eosinophils
(lineage-, high side scatter, CD66b+, CD16-), neutrophils (lineage-, high side scatter, CD66b+,
CD16+), basophils (lineage-, low side scatter, CD66b-, HLA-DR-, FceRla+), plasmacytoid DCs
(lineage-, low side scatter, CD66b-, HLA-DR+, CD303+, CD123+), CD141high DCs (lineage-, low side
scatter, CD66b-, HLA-DR+, CD33+, CD141+), CD14+ monocytes (lineage-, CD66b-, HLA-DR+, CD33+,
CD14+), CD14dim monocytes (lineage-, CD66b-, HLA-DR+, CD33+, CD14dim, CD16+), CD1c+ DCs
(lineage-, CD66b-, HLA-DR+, CD33+, CD14-, CD16-, CD1c+, FceRla+) and CD1c- DCs (lineage-,
CD66b-, HLA-DR+, CD33+, CD14-, CD16-, CD1c-, FceRla-). (B) T cell panel gating strategy to identify
vd1 gd T cells (CD3+, vd1+, pan gd TCR+), vd2 gd T cells (CD3+, vd2+), CD8 T cells (CD3+, vd1-, pan
gd TCR-, vd2-, CD8+, CD4-), conventional CD4 T cells (CD3+, vd1-, pan gd TCR-, vd2-, CD8-, CD4+,
FoxP3-) and Tregs (CD3+, vd1-, pan gd TCR-, vd2-, CD8-, CD4+, FoxP3+, CD25high). (C) Gating
strategy to identify B cell subsets identifying double negative B cells (CD19+, CD27-, IgD-), naive
B cells (CD19+, CD27-, IgD+), non-switched memory B cells (CD19+, CD27+, IgD+), lgM-only memory
B cells (CD19+, CD27+, IgD-, IgM+), switched memory B cells (CD19+, CD27+, IgD-, IgM-, CD38-/+),
and plasmacells/blasts (CD19+, CD27+, IgD-, IgM-, CD38high). dd 2

232

ssCA

FSCW

;oo ‘ :

FreRla

Eosinophils
Neutrophils
Basophils
Plasmacytoid DCs
CcD141"e"DCs

Enlinke. R0,

ssc-a 0

cD33

6.
7
8.
9.

HLADR " HiaDR

CD141 (BDCA-3)
'l coite

CD14* monocytes =
CD149™ monocytes S E
CD1c*DCs g :
CD1c-DCs g

L2 1

SSC-A

 Panyi TCR

Live/dead

w1
Fow3 .

(3]

SSC-A

w31 ya T cells

Va2 ya T cells
CD8* T cells
Conventional CD4* T cells

b o N

o sscA

ooz

R N

Double negative B cells

Naive B cells

Non-switched memory B cells
Igh-only switched memory B cells
Switched memory B cells
Plasmacells/blasts

233



SSC-A
FsCH Y

PO T A O 1

ioF 11

SSC-A

i i1
ssoa ¥
i b1

FSC-A

FSC-A

CD45-BUV563

SSC-A

[ T R T I

Ly6C-eFa50 ¥

SSC-A v
[

¥ Ly6C-eFas0

4

CD11b-BV786

SSC-A

P T I I ]

SSC-A

CD45-BUV563

Ly6G-AF700

CD11b-BV786

FSC-H

LI I

SSC-A

MHC-I-FITC v

LI

CD3e + CD19-APC-8F780

1. Beells
2. Neutrophils
3. Eosinophils
4. Ly8C™" monocytes

CD45-BUV563

v

MHC-II-FITC

¥

SiglecF-BV605 v

Ly6C-eF450

v

. A

CD3e + CD19-APC-eF780

F4/80-BUV395

F4/80-BUV395

1. Beells
2. Eosinophils

3. Neutrophils

4. Ly8C™" monocytes
5.

5 -
2.
™
3
e .
3
8 .
>
l F4/80-BUV395
P 1, -
B & Q.
g <
G - 8.
g a
=z o,
CD11¢c-BUV737

6. CD103'cDC1
7. CD11b*cDC2

Ly6G-AF700

Ly6C-eF450

SSC-A
FSC-H ¥

i1

i

SSC-A

L |

Fixablo viabilty dye-APC-eF780

CD45-BUV563

 NKpAGFITC

CD3e-BV421

CD62L-AF700

CD4-BV786

—
v

_ CD4-BV786

v
CDB62L-AF700)

CD62L-AF700

: %D%
«

CD44-BV605

CD25-PE

CD44-BV605

CD44-BV605

CD11b-BV786

1. NK cells
2. CD8" T cells

a. Naive

b. Central memory

c. Effector memory
3. CD4 T cells

a. Naive

4. Regulatory T cells
a. Naive
b. Memory
c. Effector

FSC-H v

P T

1. CD8" Tcells
2. CD4'T cells
3. Regulatory T cells

234

v

L)

SSC-A

CD4-BV786

v

-

CD4-BV786

. 2 3

CD3e-BV421

CD8-BUV395

FOXP3-AF647

<444 Figure S9. Gating strategy for flow cytometry to identify immune cell populations
in mouse blood and tumor, related to STAR Methods. (A-B) Myeloid panel gating strategy for
blood (A) and tumor (B) samples identifying B cells (CD45+, CD19+, MHC-II+), neutrophils (CD45+,
CD3-, CD19-, CD11b+, Ly6g+), eosinophils (in blood: CD45+, CD3-, CD19-, Ly6g-, CD11b+, SSC-Ahigh,
SiglecF+; in tumor: CD45+, CD3-, CD19-, CD11b+, SiglecF+, F4/80int), Ly6chigh monocytes (CD45+,
CD3-, CD19-, Ly6g-, SiglecF-, CD11b+, Ly6chigh), macrophages (in tumor:, CD45+, CD3-, CD19-,
SiglecF-, Ly6g-, Ly6c-, CD11b+, F4/80high), CD103+ cDCT (in tumor: CD45+, CD3-, CD19-, F4/80-,
CD11c+, MHC-II+ CD11blow, CD103+) and CD11b+ cDC2 (in tumor: CD45+, CD3-, CD19-, F4/80-,
CD11c+, MHC-II+, CD103-, CD11b+).

(C-D) Lymphoid panel gating strategy in blood analyzed unfixed (C) and fixed (D) identifying NK
cells (unfixed: CD45+, CD3-, NKp46+), naive CD8+ T cells (unfixed: CD45+, NKp46-, CD4-, CD3+,
CD8+; CD44-, CD62L+), central memory CD8+ T cells (unfixed: CD45+, NKp46-, CD4-, CD3+, CD8+,
CD44+, CD62L+), effector memory CD8+ T cells (unfixed: CD45+, NKp46-, CD4-, CD3+, CD8+, CD44+,
CD62L-), total CD8+ T cells (fixed: CD45+, CD4-, CD3+, CD8+), naive CD4+ T cells (unfixed: CD45+,
NKp46-, CD8-, CD25-, CD3 +, CD4+, CD44-, CD62L+), memory CD4+ T cells (unfixed: CD45+, NKp46-
, CD8-, CD25-, CD3+, CD4+, CD44+, CD62L+), effector CD4+ T cells (unfixed: CD45+, NKp46-, CD8-
, CD25-, CD3+, CD4+, CD44+, CD62L-), total CD4+ T cells (fixed: CD45+, CD8-, FOXP3-, CD3+, CD4+),
naive Tregs (unfixed: CD45+, NKp46-, CD8-, CD25+, CD3+, CD4+, CD44-, CD62L+), memory Tregs
(unfixed: CD45+, NKp46-, CD8-, CD25+, CD3+, CD4+, CD44+, CD62L+), effector Tregs (unfixed:
CD45+, NKp46-, CD8-, CD25+, CD3+, CD4+, CD44+, CD62L-) and total Tregs (fixed: CD45+, CD8-,
FOXP3+, CD3+, CD4+).
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CHAPTER 8

Abstract

Background

Usual vulvar intraepithelial neoplasia (uVIN) is a premalignancy caused by persistent
infection with high-risk types of human papillomavirus (HPV), mainly type 16. Even though
different treatment modalities are available (e.g., surgical excision, laser evaporation or
topical application of imiquimod), these treatments can be mutilating, patients often have
recurrences and 2-8% of patients develop vulvar carcinoma. Therefore, immunotherapeutic
strategies targeting the pivotal oncogenic HPV proteins E6 and E7 are being explored to
repress carcinogenesis.

Method

In this phase I/1l clinical trial, 14 patients with HPV16+ uVIN were treated with a genetically
enhanced DNA vaccine targeting E6 and E7. Safety, clinical responses and immunogenicity
were assessed. Patients received four intradermal HPV-16 E6/E7 DNA tattoo vaccinations,
with a 2-week interval, alternating between both upper legs. Biopsies of the uVIN lesions
were taken at screening and +3 months after last vaccination. Digital photography of the
vulva was performed at every check-up until 12 months of follow-up for measurement of
the lesions. HPV16-specific T-cell responses were measured in blood over time in ex vivo
reactivity assays.

Results

Vaccinations were well tolerated, although one grade 3 suspected unexpected serious
adverse reaction (SUSAR) was observed. Clinical responses were observed in 6/14 (43%)
patients, with 2 complete responses (CR) and 4 partial responses (PR). 5/14 patients showed
HPV-specific T-cell responses in blood, measured in ex vivo reactivity assays. Notably, all 5
patients with HPV-specific T-cell responses had a clinical response.

Conclusions

Our results indicate that HPV-16 E6/E7 DNA tattoo vaccination is a biologically active and
safe treatment strategy in patients with uVIN, and suggest that T-cell reactivity against the
HPV oncogenes is associated with clinical benefit.

Trial registration number: NTR4607

Keywords
HPV-16, E6, E7, DNA tattoo vaccination, uVIN, phase I/l clinical trial, immune monitoring.
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CHAPTER 8

Introduction

Usual vulvar intraepithelial neoplasia (uVIN), also known as vulvar high-grade squamous
intraepithelial lesions (VHSIL), is a premalignant chronic skin disorder of the vulva and
associated with a persistent infection with high risk types of HPV, mainly HPV type 16'3.
Spontaneous regression is rare, restricted to 1-2% of women, and progression to vulvar
cancer is observed in 2-8% of cases*®. Current treatment strategies are laser ablation, local
excision or topical treatment with the toll-like receptor (TLR) 7-ligand imiquimod. Since
patients frequently suffer from recurrent disease, different sequential therapies are often
applied over the years>7°. Multiple surgical treatments can however be mutilating, and
induce psychosexual dysfunction'® . Also, topical treatment with imiquimod is associated
with side effects such as pruritus and pain'. In order to avoid the need for debilitating
treatments, and prevent relapses and potential malignant transformation, new therapeutic
strategies should be explored with a final goal to eradicate transformed, oncoprotein E6
and E7 expressing epithelial cells.

Infection with high-risk genotypes of HPV leads to the expression of the oncogenic HPV
proteins E6 and E7. Together, E6 and E7 drive cellular immortalization and maintain the
transformed phenotype during tumor progression'*'. The E6 and E7 oncoproteins are
continuously expressed in transformed cells, consequently enabling presentation of E6 and
E7 epitopes by the transformed cells and creating the opportunity for T-cell recognition.
Notably, patients with persistent uVIN often have dysfunctional HPV16-specific T-cell
responses'®®, suggesting that immune stimulating therapies that induce or enhance
functional HPV16-specific T-cell responses may lead to clinical benefit.

In line with this notion, several HPV-vaccination studies targeting E6 and/or E7 have
been performed with some promising immunological and clinical responses, confirming
the suitability of the target proteins. Strategies that have been studied included genetic
vaccines (DNA/RNA/virus/bacterial), protein-based, peptide-based or dendritic cell-based
vaccines'®?2, To date, these vaccines have not found their way to clinical practice because
of little efficacy, high production costs, or cumbersome production processes like dendritic
cell-based vaccines which requires a personalized cell product. Also upscaling the cell
expansion protocol for adoptive transfer can be complicated and troublesome.

DNA vaccination forms an attractive approach for the induction of cellular immune
responses, as these vaccines are easy to produce, very stable, relatively cheap and do not
suffer from the drawback of pre-existing immunity or induction of anti-vector immunity, as
is the case for most viral vectors?* 24, Since subcutaneous administration with adjuvant of
peptide-based therapeutic HPV-vaccines can cause significant adverse events (such as local
skin swelling)?' we focused on improving the administration route and optimization of
immunogenicity of the vaccine. Therefore, we developed a DNA vaccination strategy based
on DNA tattoo vaccination, which demonstrated a 10-100 fold increase in vaccine specific
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T-cell responses as compared to classical intramuscular DNA vaccination when tested in
non-human primates?.

Recently, we performed for the first time a phase | clinical trial using the E7 directed
DNA vaccine Tetanus Toxin Fragment C (TTFC)-E7SH, which was delivered using the tattooing
technique in patients with uVIN?6. This DNA vaccine was well tolerated and the tattoo-
induced skin damage was completely reversible. However, no induction of E7 directed CD8*
responses nor clinical responses could be observed?®.

The aim of the current study is to improve the immunological response and monitor
clinical outcome in patients with uVIN. Therefore we developed a novel DNA vaccine that
can be administered by DNA tattoo vaccination?. Since targeting both E6 and E7 has been
reported to have a synergistic effect on HPV infection control?® 2%, both oncogenes are
targeted in this new format. With the combined novel DNA vaccines sig-HELP-E6SH-KDEL
and sig-HELP-E7SH-KDEL (further referred to as HPV-16 E6/E7 DNA tattoo vaccine), we aim
to increase the immunogenicity towards E6 and E7 by inducing CD4* helper T cells and
including signals for enhanced endoplasmic reticulum targeting and retention. Here, we
describe the results of a phase I/1l clinical trial in which we evaluated the toxicity, clinical
response and immunogenicity of this HPV-16 E6/E7 DNA tattoo vaccination in patients with
uVIN.

Materials & Methods

Patients

Fourteen female patients with histology and PCR proven HPV16+ uVIN lesions were included
between January 2017 and December 2019. Patients needed to have adequate bone marrow
function, renal function and liver function. Exclusion criteria were pregnancy/lactation, active
infectious disease, autoimmune disease or immunodeficiency. Other exclusion criteria were
use of oral anticoagulant drugs or an indication of severe cardiac, respiratory or metabolic
disease. Furthermore, patients could not participate if the uVIN was treated with another
modality within 6 weeks prior to enrolment, if patients were treated before with therapeutic
HPV vaccines, or if patients participated in a study with another investigational drug (for
different indications than uVIN) within 30 days prior to enrolment. Patient characteristics
are shown in table 1.

The study was approved by the Central Committee on Research Involving Human
Subjects (In Dutch: Centrale Commissie Mensgebonden Onderzoek; CCMO) in The Hague,
the Netherlands (Number NL46637.000.13) and registered at trialregister.nl (NTR4607). All
study protocols were conducted in accordance with the ICH Harmonised Tripartite Guideline
for Good Clinical Practice and the principles of the Declaration of Helsinki. All patients
provided written informed consent before enrolment.
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Table 1: Baseline characteristics of the study population. uVIN, usual vulvar intraepithelial neoplasia; LE, local excision.
All patients were diagnosed with HPV type 16, but patient #10 had a co-infection with HPV type 56 and patient #13
had a co-infection with HPV type 40.

Patient Age  Multi/ Symptoms Smoker Previous First Lesion
no. unifocal treatment(s) diagnosis  size
uVIN (cm?)
1 51 Uni Pruritis No Laser, LE (2x), 2012 1,4
imiquimod
2 64 Multi Pruritis Former smoker Laser, imiquimod 2015 1.3
(stopped in 2016)
55 Multi Pruritis Smoker None 2017 0,6
4 37 Multi None Former smoker LE 2013 3,5
(stopped in 2017)
5 65 Uni Pain Former smoker None 2017 3,5
(stopped in 1998)
6 69 Uni None Former smoker Laser (2x), 1996 0,9
imiquimod
7 46 Multi None Smoker LE (3x) 2010 3,7
8 45 Uni None Former smoker Imiquimod 2018 3,8
(stopped in 2018)
9 41 Multi Pruritis Smoker Laser (3x), LE (3x), 2005 36
imiquimod (3x)
10 50 Multi Pruritis Smoker LE (3x), laser (6x), 1993 6,8
imiquimod
1M 46 Multi None Smoker Laser (2x), 2016 1,7
imiquimod
12 61 Multi Pruritis, Former smoker Laser, LE, 2003 3,5
pain (stopped in 1995) imiquimod
13 29 Multi None Smoker Imiquimod 2019 0,7
14 36 Multi Pruritis, Smoker Laser 2017 2,0
pain

Vaccine composition

The HPV-16 E6/E7 DNA vaccine comprises of sig-HELP-E6SH-KDEL and sig-HELP-E7SH-KDEL,
which are plasmid DNA constructs of 4814 and 5240 base pairs respectively (Figure 1a). In
this plasmid, the Cytomegalovirus (CMV) promoter drives the continuous expression of
E6SH and E7SH. To prevent toxicity and protect against the transforming properties of E6
and E7, coding sequences were rearranged (‘shuffled’). To prevent loss of potential
immunogenic epitopes, sequences flanking the positions where the coding sequence was
cut, were added 3’ from the coding regions (Figure 1b). The HPV-16 E6/E7 DNA vaccine
includes three CD4 helper sequences: antigenic epitopes of the Negative Factor (NEF) protein
from Human immunodeficiency virus (HIV) (39bp)%, the P30 epitope derived from Tetanus
Toxin (63bp)** and the universal synthetic, non-natural pan HLA DR epitope PADRE (39bp)>'.

248

HPV-16 E6/E7 DNA TATTOO VACCINATION STUDY

a
s Qv previscesn ) o g
[ ) MR D RRAEHI) [

b

e >0 3

c d e

aa 24/25  59/60 92/93

Figure 1: pUMC3 sig-HELP-E6SH-KDEL and pUMVC3 sig-HELP-E7SH-KDEL plasmids used in
this trial and administered by tattoo vaccination. a) schematic representation of the
therapeutic region of the plasmid, including 3 helper sequences: Synthetic epitope PADRE (39bp),
NEF from HIV (39bp) and P30 from Tetanus Toxin (63bp) for CD4 help. Sig and KDEL for improved
ER targeting and retention, resulting in better antigen uptake by DCs, enhanced processing and
presentation. b) To prevent toxicity, E6 and E7 coding sequences were shuffled. Splice sites are
added at the back of the construct so no potential immunogenic epitopes are lost. ¢) Picture of
the patients’ skin immediately after vaccination with HPV-16 E6/E7 tattoo vaccination. d) Picture
of the skin two weeks after vaccination. e) Picture of the skin 6 months after last vaccination,
demonstrating hardly any visible tissue scar remains.

By only inserting the relevant CD4 epitopes, and not the full protein domains, the risk of
antigenic competition and skewing of the CD8* T cell response towards the helper epitopes
was minimized. The C-terminal KDEL amino acid sequence was included to achieve
endoplasmic reticulum targeting and retention, resulting in higher immunogenicity?*32.
For the manufacturing of both vaccines, a standard Good Manufacturing Practice (GMP)
production process was followed as described earlier®. Resulting DNA vaccines were
formulated as a lyophilized powder for solution for intradermal injection, using sucrose as
stabilizer®. Just before administration, 1 mg of sig-HELP-E6SH-KDEL was reconstituted with
0.4 ml Water for Injection and mixed with 1 mg reconstituted sig-HELP-E7SH-KDEL to obtain
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2 mg of the combined HPV-16 E6/E7 DNA tattoo vaccine at a concentration of 5mg/ml. For
each of the four subsequent vaccinations, 2 mg of the combined HPV-16 E6/E7 DNA tattoo
vaccine was used.

Study design

This was a single center, non-randomized phase I/l study, consisting of two cohorts. In the
first cohort, 5 patients were treated, followed by an interim analysis that assessed vaccine
immunogenicity. Since the criteria for continuation after interim analysis were met (a 2-fold
increase in the T cell response compared to baseline in 22 out of 5 patients), an additional
9 patients were enrolled. Patients in both cohorts were treated identically. The primary
objective of this trial was to study the systemic HPV-specific immune response of patients
with HPV16+ uVIN that received the HPV-16 E6/E7 DNA tattoo vaccine. Secondary objectives
were the safety and clinical responses. However, to improve the readability of the paper,
we will first discuss our clinical findings, followed by the immunogenicity data.

The HPV-16 E6/E7 DNA tattoo vaccine was applied topically on the skin of the upper
legs (close to a regional lymph node area) on days 0, 14, 28 and 42 and administered into
the skin using a permanent make-up tattoo device (Derm.MT GmbH, Berlin, Germany).
Patients received 2 mg of vaccine injected over a skin surface of 16 cm2. Prior to tattoo
vaccination the skin area was treated with an epilating cream (Veet; Reckitt Benckiser
Healthcare B.V., Hoofddorp, The Netherlands). Vaccination at day 28 was administered to
the same area as vaccination at day 0, and vaccination at day 42 was administered to the
same area as vaccination at day 14. Patients were observed during one hour after tattooing.
Peripheral blood mononuclear cell (PBMC) isolation was performed at day 0 and day 28
before vaccine administration, and at follow-up on day 56 and day 84. A biopsy of the uVIN
was taken before treatment and 3 months after the last vaccination. Patients were seen for
follow-up after 3, 6, 9 and 12 months after last vaccination with evaluation of the vulvar
lesions including photography and measurement of the size of the lesion(s).

Safety & toxicity

The Common Terminology Criteria for Adverse Events (CTCAE) version 4.03 was used for
the assessment of adverse events. All patients that received at least one vaccine dose were
included in the evaluation of safety. Vital signs were measured at baseline and at all visiting
days. Hematology and biochemistry tests were performed before inclusion, and at day 0,
day 28, day 56 and day 84. Unacceptable toxicity was defined as an adverse event of the
following types for which the relation to the study treatment was likely or not assessable:
non-hematological toxicity of grade 3 or higher, hematological toxicity grade 4, neutropenia
grade 3 plus fever, or non-reversible neurotoxicity of grade >2. In case unacceptable toxicity
occurred in more than 30% of patients, the study would be discontinued. Local toxicity was
scored as CTCAE ‘injection site reaction’.
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Clinical responses

Lesions were examined and the size was measured bi-dimensionally by an experienced
gynecologist and another member of the study team. Drawings were made on a vulvoscopy
form in the medical record. Furthermore, the lesions were monitored by digital photography.
The total area (in mm?) of the lesions was determined using Image]. A complete response
(CR) was defined as a complete disappearance of the lesion(s) and a partial response (PR)
defined as at least 50% regression of the lesion. A patient was classified as a Non Responder
(NR) if lesion size was reduced by less than 50% compared to the original lesion size, or in
case of progressive disease.

Immune monitoring

To assess systemic induction of HPV E6 and E7 specific T cells, PBMCs were collected at
baseline (day 0) and at day 28, 56, and 84 after the first HPV-16 E6/E7 DNA tattoo vaccination.
PBMCs were isolated from fresh heparinized blood samples by Ficoll density-gradient
centrifugation and cryopreserved until further use.

Presence and magnitude of HPV E6 and E7 specific T-cell responses was determined
by co-culture of T cells with autologous antigen presenting cells (APCs) loaded with long
overlapping peptides for 6 hours (adapted protocol based on method described by Samuels
et al.?). To obtain peptide loaded APCs, PBMCs were thawed and plated in 24 well plates at
a concentration of 0.3-1.5 *1076 cells/mLin T cell mixed media (20% Roswell Park Memorial
Institute (RPMI)/ 80% AIM- V medium) without serum. Monocytes were separated by plate
adherence, and the non-adherent cells were harvested to be used as T cell input in the co-
culture. Monocytes were peptide loaded in T cell mixed media with 800 U/ml GM-CSF
(Invitrogen/Thermo Fisher Scientific, California, USA) with 5 different peptide pools. Long
overlapping peptides covering the entire E6 protein were split over pool 1 and 2, long
overlapping peptides covering the entire E7 protein were combined in pool 3. Pool 4
consisted of all epitopes that arose as a consequence of shuffling E6 and E7 proteins. The
full amino acid sequences of the long overlapping peptides from these 4 pools are listed in
Supplementary Table 1. Pool 5 consisted of a set of 32 viral epitopes covering multiple HLA-
alleles, and served as a positive control to assess immune competence (ICE peptide pool,
U-CyTech biosciences, Utrecht, The Netherlands). Because these were short peptides that
could be directly presented without processing, the ICE peptide pool was loaded onto the
APCs for only 1.5 hrs prior to the start of co-cultures. An unloaded APC condition was taken
along in order to determine the background reactivity. Five hours after peptide loading,
monocytes were cultured overnight in the presence of 25 pg/ml poly(l:C) (InvivoGen,
California, USA), to generate monocyte-derived APCs. The previously harvested non-adherent
T cells were rested overnight in T cell mixed media without serum or cytokines. After
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overnight incubation, peptide loaded APCs were washed and T cells were added, alongside
the CD107a antibody. After 1 hour, 0.7 pl/ml Golgistop and 1 pl/ml Golgiplug was added to
each well (BD Biosciences, USA), and cultures were continued for an additional 5 hours.
Subsequently, T cells were harvested and stained for surface markers and intracellular
cytokines and analyzed by multiparametric flow cytometry (antibody panel listed in
Supplementary Table 2). Acquisition of cells was performed using an LSR Il flowcytometer
(BD Biosciences). FCS files were analyzed using FlowJo software (Flowjo_v10.6.1).

Immunological responses were assessed by measuring intracellular cytokine production
(interferon gamma (IFNy), tumor necrosis factor alpha (TNFa) and interleukin 2 (IL-2)) and
the degranulation marker CD107a (LAMP-1). Gates were placed based on the negative
population with the highest MFI and consistent for stimulated and unstimulated conditions.
Patients were considered an immunological responder when the frequency of positive cells
for one or more readout molecules exceeded that of the unloaded APC control by at least
a factor two at any time point. In addition, the magnitude of the response should be greater
than 0.1% from respectively the CD4*- or CD8* T-cell parent population. A T-cell response
was considered vaccine induced, when the response was not yet present at baseline.

Blood counts by hemocytometer

Routine blood counts were measured with a hemocytometer at the Clinical Chemistry
Department at the Netherlands Cancer Institute. Blood was analyzed on the Xn2000 system
(Sysmex). Lymphocyte, neutrophil, eosinophil and monocyte counts were extracted and
analyzed from the patient records by the involved study team.

Statistical analysis

For sample size calculation, an optimal Simons two-stage design was implemented, aimed
to exclude an immunological response rate of 30% and targeting a response rate of 60%.
With alpha = 0.1 and power = 80%, five patients had to be enrolled in the first stage and the
vaccine-induced immune response had to be observed in at least two patients to continue
to the next stage (second cohort of n=9).

Patients were included in the evaluation of HPV-specific immune responses if they had
received at least two doses of the vaccine, and if blood samples were drawn at baseline and
at least two during therapy. Fishers exact test was used to test whether responding patients
had significantly more immunological responses ex vivo compared to non-responding
patients.

Blood counts were compared between responders (CR and PR) and non-responders
using the non-parametric two-tailed Mann-Whitney U test. Paired analysis of the same
patient over two time points was performed using the Wilcoxon signed rank test. P-value <
0.05 is * and p-value < 0.01 is **.
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Table 2: Overview of treatment-related adverse events. Grades according to the Common Terminology Criteria for
Adverse Events (CTCAE) v4.03.

Toxicity Grade Related No. of patients
Steven Johnsons Syndrome 3 Unlikely 1
Pruritus 1 Definitely 5
Injection site reaction 1 Definitely 3
Fatigue 1 Possibly 3
Flu like symptoms 1 Possibly 3
Dizziness 1 Possibly 2
Dysgeusia 1 Possibly 2
Local infection after skin biopsy 1 Definitely 1
Hot flushes 1 Possibly 1
Pain of skin 1 Possibly 1
Results

Safety and toxicity

13 patients received all four vaccinations and 1 patient received only two vaccinations due
to adverse reactions. All adverse events are listed in table 2. The patient (patient #12) who
had to discontinue vaccination was diagnosed (by biopsy of a skin eruption) with a Stevens-
Johnson syndrome grade 3, two weeks after the second vaccination. Although she presented
with similar symptoms earlier that year during imiquimod treatment and before she received
the first vaccination, an effect of the vaccination could not be excluded, and this event was
therefore reported as a suspected unexpected serious adverse reaction (SUSAR). This patient
fully recovered from the SUSAR, within 4 months after last vaccination all skin lesions had
disappeared. Other patients did not have treatment-related adverse events higher than
grade 1 (table 2). Pruritus at the injection site after vaccination was the most commonly
observed adverse event (36%). A picture of the injected skin immediately after vaccination,
2 weeks after vaccination and 6 months after vaccination is shown in Figure 1 c-e.

Observation of clinical responses after HPV-vaccination in patients with uVIN lesions
In the first cohort we included 5 patients. In this cohort a complete response was observed
in 2 patients and a partial response was seen in 1 patient (Figure 2). Both complete responses
were seen after 6 months of follow-up and the partial responses after 3 months. The uVIN
lesions did not recur after a complete response had been observed for the duration of
follow-up (12 months after the last vaccination). Patient #3 showed no clinical response and
was treated with laser evaporation 2 years after vaccination. Patient #5 showed no response
and started with imiquimod treatment 3 months after the last vaccination. Clinical responses
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after the start of new treatments were not taken into account in this study. In the second
cohort, 9 patients were included. In this second cohort 3 patients showed a durable partial
response during follow-up. An example of a patient showing a partial response is shown in
Figure 2a-b. The biopsies of the vulva at 3 months follow-up showed uVIN in all of the
vaccinated patients. This correlates with the clinical observation that complete responses
were first seen at 6 months after vaccination. Six patients showed no clinical response. One
patient (patient #11) was diagnosed with micro-invasive vulvar cancer after 6 months of
follow-up for which a local excision was performed. Patient #10 underwent laser treatment.
Patient #12 underwent laser excision after 84 days of follow-up. Patient #14 showed no
response. An overview of all clinical responses is given in Figure 2c-d. In Figure 2e the pre-
treatment size of the lesions per group (NR, PR, CR) is illustrated. The patients with the
biggest lesion size (#9 and #10), were both non-responders. These two patients also had
received most previous treatments before inclusion in this study, as shown in Table 1.
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Figure 2: clinical response data of cohort 1 and 2 a) uVIN lesions visible at screening visit. b)
Partial response of uVIN lesions visible at follow-up +12 months after vaccination with HPV-16
E6/E7 tattoo vaccination. c) Overview of uVIN lesion size changes (as percentage change compared
with baseline) during follow-up. d) Waterfall plot showing percentage change of uVIN lesion at
last follow-up compared with baseline lesion size (= lesion size at screening). e) Lesion size before
therapy per response category. Complete responders are depicted in green, partial responders
in orange and non-responders in red.
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Phenotypic characterization of systemic T cells

Patient PBMCs from baseline samples, as well as from ~day 28, ~ 56, and ~ 84 after primary
vaccination were subjected to basic phenotypic characterization, as determined by
multiparameter flow cytometry (see Supplementary Figure 1 for gating strategy).
Programmed cell death protein 1 (PD-1) expression on systemic T cells was overall low
(<0,4%) and did not show any directionality in terms of response prediction or evaluation
(see Supplementary Figure 2a). We also did not uncover an increase in PD-1 expression in
CD4* and CD8"* T cells upon vaccination. The absence of PD-1 expression on circulating T
cells does not necessarily reflect expression levels of PD-1 on T cells infiltrating the uVIN
lesions. No differences between responders and non-responders could be found in the
differentiation state of T cells based on the surface marker expression of CD45RA and CCR7
(see Supplementary Figure 2b).

Systemic HPV-16 specific T-cell responses

The same PBMCs used for phenotypic characterization of T cells were also used to monitor
systemic immune responses against the HPV16 E6 and E7 oncoproteins. A patient was
considered an immunological responder if the percentage of positive CD4* and/or CD8* T
cells for one or more of the measured molecules (IFNy, TNFq, IL-2 and CD107a) was greater
than 0.1% and at least two times higher than the background. Furthermore, a response was
considered vaccine induced when it was not yet present at baseline. To illustrate an ex vivo
immune response, expression of IFNy in CD4* and CD8*T cells in the presence or absence
of stimulation with peptide-loaded APCs from an immunological responder (patient #8) are
displayed in Figure 3a. T-cell responses against E6-1, E6-2 and E7 peptide pool compared
to unloaded APCs of all immunological responders are presented in Figure 3b. Table 3
provides an overview of the CD4* and CD8* T-cell responses against E6-1, E6-2 and E7 peptide
pools from all patients, depicted as the fold change over the unloaded APC background.

The peak of the immunological response in blood was mostly detected at day 56; two
weeks after the boost vaccination. From the 14 patients treated in this study, five showed
an ex vivo immunological response (36% immunological response rate). Four of these
immunological responses were not detected at baseline, and one response showed a
substantial increase after vaccination (Figure 3b, patient #7 IFNy). Furthermore, 4 out of 5
of these responses could still be detected at day 84, over a month after the last vaccination
that was given at day 42 (namely in patient #1, #2, #7 and #8).

The effector molecule measured in the response varied between patients, but IFNy was
the dominant effector molecule (4/5). Interestingly, both CD4* and CD8* T-cell reactivity
against all peptide pools was observed (Figure 3b). In all immunological responders (5/5)
the response could be detected in both the CD4* and CD8* T cell compartments. A Boolean
gating strategy was applied to distinguish single, double and triple producing T cells
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(combinations of IFNy, TNFa and IL2), with or without co-expression of degranulation marker
CD107a in responding patients. T cells predominantly produced one cytokine (Supplementary
Figure 3), indicating suboptimal functionality of the T cells343>. Time course graphs showing
the IFNy, TNFa, IL-2 and CD107a responses against E6-1, E6-2 and E7 peptide pool of all
patients (including the non-responders), can be found in Supplementary Figure 4.

As described in the method section, E6 and E7 coding sequences needed to be shuffled
for safety reasons. To assess the immunogenicity of the junction sites of the shuffled
proteins, all possible epitopes covering those regions were taken along in a separate pool
during the ex vivo immune reactivity assays. In Supplementary Figure 5, reactivity from CD4*
and CD8* T cells against the shuffle points is depicted at day 0 and day 56. CD8* T cells from
patient #1 and patient #8 (both responders) produced IFNy upon stimulation with the shuffle
point peptide pool. For patient #8, shuffle point reactivity seemed vaccine induced and for
patient #1 the reactivity was also found in the baseline samples, possibly indicating cross
reactivity towards another epitope. The magnitude of the response against the shuffle points
was occasionally higher than the magnitude of the response against E6 and E7 epitopes.
We do not know the exact reason for this, although we could speculate that this is due to
differences in antigen processing and/or presentation between patients. In general, we do
not see common reactivity against the shuffle point epitopes and it is important to note
that no “on target, of lesion” toxicity was observed in any of the patients.

Reactivity against the ICE peptide pool consisting of 32 viral epitopes covering multiple
HLA-alleles was tested to assess differences in immune competence between responding
and non-responding patients (see Supplementary Figure 6). In total, CD8" T cells from
baseline samples of 9/14 patients produced cytokines upon culturing with ICE peptide loaded
APCs and no CD4 reactivity was measured against the ICE peptide pool (see Supplementary
Figure 6). As a positive control we took along 4 healthy donors, which were all responsive
towards the ICE peptide pool (see Supplementary Figure 6). Also, all patient samples
produced high amounts of cytokines after PMA/ionomycin stimulation (data not shown).

Correlation between T-cell reactivity against the HPV oncogenes and clinical benefit
Notably, all patients who showed ex vivo HPV E6 or E7 specific T-cell responses also
experienced clinical benefit from the vaccine (Figure 3c). In contrast, such HPV E6 or E7
specific T-cell responses were completely absent in clinical non-responders (0/8). For 1 out
of 6 patients that showed a clinical response, no ex vivo immune reactivity could be
determined (Table 3 and Supplementary Figure 4, patient #13 ). Collectively, these findings
demonstrate that there is a strong correlation between the induction of immune reactivity
and clinical response (Fischer's exact test, p=0.003).
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Figure 3: ex vivo reactivity data. a) Example of an immunological responder (patient #8) at
day 56, in which you can appreciate a cloud of IFNy producing CD4 and CD8 cells, that also meets
the fold increase over background requirement. b) Time course of all immunological responders.
T cell responses against E6-1, E6-2 and E7 peptide pool are depicted. The dashed line represents
the ‘no peptide’ control to visualize background reactivity. Time courses of IFNy, TNFa, IL-2 and
CD107a production for all patients are displayed in Supplementary Figure 4. c) Venn diagram
visualizing the overlap between clinical responders (6/14) and immunological responders (5/14)
(Fishers exact test, p=0.003).
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Table 3: overview of immunological responses against E6 and E7 peptide pools.

Patient Ex vivo Clinical E6-1 E6-2 E7
response response IFNy  TNFa 1.2 CD107a IFNy TNFa L2 CD107a IFNy TNFa 1.2 CD107a
Yes CR CcD4 DO <0,1% 1,1 <0,1% 0,4 <0,1% 1,8 1,3 0,4 <0,1% 1,2 1,2 0,4
D56 <0,1% 0,4 0,4 0,7 3,4 0,5 0,3 0,9 2,0 0,6 1,4 0,7
1 CD8 bo <0,1% n.d. nd <0,1% <0,1% n.d. nd.  <0,1% 1,5 n.d. nd.  <0,1%
D56 <0,1% nd. <0,1% <0,1% 87 nd. <0,1% <0,1%] 38 nd. 20 0,0
Yes CR CD4 Do <0,1% <0,1% <0,1% <0,1% <0,1% <0,1% <0,1%  <0,1%] 0,8 <0,1% <0,1% <0,1%
D56 0,7 <0,1% <0,1% 15,9 2,3 <0,1% <0,1% 39,9 4,9 <0,1% <0,1% <0,1%
2 CcD8 Do 0,9 <0,1% <0,1% <0,1% <0,1% <0,1% <0,1%  <0,1%| <0,1% <0,1% <0,1% 0,2
D56 0,8 <0,1% <0,1% 9,5 1,7 <0,1% <0,1% 5,9 34 <0,1% <0,1% 6,3|
No NR CD4 Do <0,1% <0,1% <0,1% <0,1% <0,1% <0,1% 1,1 <0,1% <0,1% <0,1% 1,0 <0,
D56 <0,1% <0,1% 1,0 <0,1% <0,1% <0,1% 0,9 <0,1%| <0,1% <0,1% 1,0  <0,1%
3 CcD8 DO 1,2 <0,1% 0,6 0,8 0,9 <0,1% 1,0 1,2 0,7 <0,1% 1,0 0,8
D56 <0,1% <0,1% 1,0 1,7] <0,1% <0,1% 1,0 1,0l <0,1% <0,1% 1,0 0,9
Yes PR CD4 Do <0,1% <0,1% <0,1% <0,1% <0,1% <0,1% <0,1% <0,1%| <0,1% <0,1% <0,1% <0,1%
D56 10,1 <0,1% 1,6 1,9 6,4 <0,1% 0,9 1,2] <0,1% <0,1% 4,0 <0,1%
4 CcD8 bo <0,1% <0,1% <0,1% <0,1% <0,1% <0,1% 1,2 1,2] <0,1% <0,1% 1,1 0,9
D56 24,2 <0,1% 3,6 1,0 124 n.d. 2,8 1,1 <0,1% <0,1% 2,1 1,0
No NR CD4 Do <0,1% <0,1% <0,1% 0,9 <0,1% <0,1% <0,1% 0,9] <0,1% <0,1% <0,1%  <0,1%
D56 <0,1% <0,1% <0,1% 1,2l <0,1% <0,1% <0,1% 0,9 <0,1% <0,1% <0,1% 0,7
5 CD8 DO <0,1% <0,1% <0,1% <0,1% <0,1% <0,1% <0,1% <0,1%| <0,1% <0,1% <0,1%  <O,1'
D56 <0,1% <0,1% <0,1% <0,1% <0,1% <0,1% <0,1% <0,1%| <0,1% <0,1% <0,1%  <0,1%
No NR CD4 DO <0,1% <0,1% <0,1% <0,1% <0,1% <0,1% <0,1% <0,1%| <0,1% <0,1% <0,1%  <0,1%
D56 <0,1% <0,1% <0,1% <0,1% <0,1% <0,1% <0,1% <0,1%| <0,1% <0,1% <0,1%  <0,1%
6 CcD8 Do <0,1% <0,1% <0,1% <0,1% <0,1% <0,1% <0,1% <0,1%| <0,1% <0,1% <0,1% <0,1%
D56 <0,1% <0,1% <0,1%  <0,1% <0,1% <0,1% <0,1%  <0,1%| <0,1% <0,1% <0,1% <0,1
Yes, PR CD4 Do <0,1% <0,1% 52 <0,1% <0,1% <0,1% 6,0 <0,1%| <0,1% <0,1% 2,4 <0,1%
Vaccine enhanced, D56 22,1 <0,1% <0,1%  <0,1% 27,3 <0,1% <0,1% <0,1% 19,8 <0,1% <0,1%  <O0,1%
7 not induced CcD8 Do 13,8 <0,1% <0,1% 1,2 53 <0,1% <0,1% 0,8 <0,1% <0,1% <0,1% 0,9
D56 64 <0,1% <0,1% 0,7] 7,0 <0,1% <0,1% 1,7 6,3 <0,1% <0,1% 0,8
Yes PR CD4 Do <0,1% <0,1% <0,1% 1,4 <0,1% <0,1% <0,1% 1,71 <0,1% <0,1% <0,1% 1,4
D56 <0,1% <0,1% 218 1,5 3,2 <0,1% 1,9 1,8 <0,1% <0,1% 14 1,0
8 CcD8 Do <0,1% <0,1% <0,1% 0,8 1,7 <0,1% <0,1% 0,9 0,7 <0,1% <0,1% 1,3
D56 0,9 <0,1% 2,6 1,4 43 <0,1% 2,9 1,2 1,1 <0,1% <0,1% 1,0
No NR CD4 Do <0,1% <0,1% <0,1% <0,1% <0,1% <0,1% <0,1% <0,1%| <0,1% <0,1% <0,1% <0,1%
D56 <0,1% <0,1% <0,1% 1,00 <0,1% <0,1% <0,1%  <0,1%| <0,1% <0,1% <0,1%  <0,1'
9 CD8 Do <0,1% <0,1% <0,1% <0,1% <0,1% <0,1% <0,1% <0,1%| <0,1% <0,1% <0,1%  <0,1%
D56 <0,1% <0,1% <0,1%  <0,1% <0,1% <0,1% <0,1% 0,9 <0,1% <0,1% <0,1%  <0,1%
No NR CD4 Do <0,1% <0,1% <0,1% 0,6 <0,1% 1,1 <0,1% 1,1 <0,1% <0,1% <0,1% 0,7
D56 <0,1% <0,1% <0,1% <0,1% <0,1% <0,1% <0,1% 1,2| <0,1% <0,1% <0,1%  <0,1%
10 CcD8 DO <0,1% <0,1% <0,1% 0,7 <0,1% <0,1% <0,1% 1,2l <0,1% <0,1% <0,1% 0,8
D56 <0,1% <0,1% <0,1% 1,2 <0,1% <0,1% <0,1% 0,9 <0,1% <0,1% <0,1% 1]
No NR CcDa Do <0,1% <0,1% 1,7 <0,1% <0,1% <0,1% 0,7 <0,1%| <0,1% <0,1% 1,0 1,9
D56 <0,1% <0,1% <0,1% 1,00 <0,1% <0,1% 0,9 1,0l <0,1% <0,1% 0,6 0,9
1 CD8 Do <0,1% <0,1% <0,1% 0,9 1,1 <0,1% <0,1% 1,0 1,1 <0,1% <0,1% 1,
D56 1,1 <0,1% <0,1% 0,9 1,2 <0,1% <0,1% 0,9 1,1 <0,1% <0,1% 1,0
No NR CD4 Do <0,1% <0,1% <0,1% 0,9 <0,1% <0,1% 1,0 0,9] <0,1% <0,1% 1,7 0,7
D56 <0,1% <0,1% <0,1% 1,2l <0,1% <0,1% 1,4 1,6( <0,1% <0,1% 1,0 1,3
12 CD8 Do <0,1% <0,1% <0,1% 1,00 <0,1% <0,1% <0,1% 1,1 <0,1% <0,1% <0,1%  <0,1%
D56 0,7 <0,1% <0,1% 0,9 0,7 <0,1% 18 0,9 0,5 <0,1% <0,1% 0,9
No PR CD4 Do <0,1% <0,1% <0,1% 1,8 <0,1% <0,1% <0,1% 1,8 <0,1% <0,1% <0,1%  <O,1
1 D56 <0,1% <0,1% <0,1% 1,9 <0,1% <0,1% <0,1% 1,7 <0,1% <0,1% <0,1%  <0,1%
3 CcD8 Do <0,1% <0,1% <0,1% 0,71 <0,1% 1,0 <0,1% 1,00 <0,1% <0,1% <0,1%  <0,1%4
D56 <0,1% 0,8 <0,1% 0,7] <0,1% 0,6 <0,1% 0,9 <0,1% <0,1% <0,1% 1,2
No NR CD4 Do <0,1% <0,1% <0,1% <0,1% <0,1% <0,1% <0,1% <0,1%| <0,1% <0,1% <0,1% <0,1%
D56 <0,1% <0,1% <0,1% 1,9 <0,1% <0,1% <0,1% 1,2 <0,1% <0,1% <0,1%  <0,1'
14 CD8 Do <0,1% <0,1% 0,6 0,8 <0,1% <0,1% 1,0 0,7 <0,1% <0,1% <0,1%  <0,1%
D56 <0,1% <0,1% <0,1% 0,8 <0,1% <0,1% <0,1% 0,9 <0,1% <0,1% 1,1 0,6

Numbers represent the fold change over background (unloaded APCs). n.d.: no positive cells detected. Fold changes
greater than two are highlighted in green. <0.1% indicates that the fraction of positive cells was less than 0.1% from
its parent (CD4* or CD8* T cells). CR = complete response, PR = partial response and NR = no response.
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Lymphocyte counts in relation to clinical response

Regular blood cell counts were established at matching time points with the PBMC isolation
for ex vivo reactivity assays. At baseline, no statistically significant differences in number of
circulating lymphocytes, neutrophils, monocytes and eosinophils could be found between
responding and non-responding patients (shown in Figure 4). During the vaccinations at
day 28, as well as at the peak of the response at day 56, lymphocyte counts were significantly
higher in responding patients than in non-responding patients (Figure 4a). Systemic
neutrophil to lymphocyte ratio was decreased at the peak of the response compared to
baseline in responding patients. No significant change in neutrophil to lymphocyte ratio
over time was found in non-responding patients (Figure 4c). The number of circulating
neutrophils, monocytes and eosinophils remained similar for responders and non-
responders and unaltered compared to baseline levels (Figure 4 b, d, e).
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Figure 4: Systemic blood counts reveal differences between responders and non-responders
during- and post vaccination a) Significantly reduced number of circulating lymphocytes in
non-responding patients, compared to responding patients. Two tailed Mann-Whitney test D28
p=0,015, D56 p=0,048. b) No statistically significant differences detected between responding
and non-responding patients at any time point in neutrophils. ¢) Responding patients show a
decreased Neutrophil to Lymphocyte ratio at the peak the immune response compared to
baseline. No significant changes in Neutrophil to Lymphocyte ratio in non-responding patients.
Wilcoxon matched-pairs signed rank test p=0,0469. No statistically significant differences detected
between responding and non-responding patients at any time point in circulating d) monocytes
and e) eosinophils.
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Discussion and Conclusion

Despite a variety of treatment modalities for patients suffering from uVIN, these patients
are often confronted with recurrent disease and are at risk to progress to invasive disease.
In this study, we have used a therapeutic HPV-16 E6/E7 DNA tattoo vaccine comprising of
sig-HELP-E6SH-KDEL and sig-HELP-E7SH-KDEL. In mice, this DNA vaccine has shown to be
much more immunogenic than the variants with other helper cassettes (such as TTFC) that
were previously used in the clinic®* 32, This is the first clinical trial using this optimized DNA
vaccine targeting the HPV oncoproteins E6 and E7 in patients with uVIN.

Several HPV-vaccination studies targeting E6 and/or E7 have been performed with
varying results. Intramuscular TA-CIN (fusion protein HPV16 E6E7L2) administration preceded
by local imiquimod application has been studied, with a clinical response rate of 63% in
patients with uVIN, but all patients in this study displayed moderate (n=5, 26%), or severe
(n=14, 74%) side effects?. TA-HPV, a recombinant vaccinia virus, encoding modified HPV 16
and 18 E6 and E7, has also been successfully applied in uVIN and vaginal intraepithelial
neoplasia patients. This was resulting in both a potent clinical responses (8/18 and 5/12
respectively) and immunological responses (13/18 and 6/10 respectively)'® . However, the
use of live vaccinia virus limits the broad application of this therapy. In trials investigating
subcutaneously administered HPV16 E6 and E7 synthetic long peptides (SLP), clinical
responses were observed after 12 months in 52-79% of women with uVIN?"37. However,
grade 1 and grade 2 side effects were reported at very high frequencies and were probably
linked to the use of the Montanide ISA51. In our trial, no adverse events higher than grade
1 were reported, (apart from one patient with a grade 3 SUSAR that was probably unrelated
as symptoms had occurred before the first vaccination) and at much lower frequencies,
suggesting that HPV-16 E6/E7 DNA tattoo vaccination is safe to use. This difference in toxicity
and tolerability can likely be explained by the fact that we used the tattoo technique, and no
adjuvant or other initial treatment modality such as imiquimod was used in our trial. Since
subcutaneous administration of a therapeutic HPV peptide vaccine with adjuvant can cause
significant adverse events (such as local skin swelling), we focused on improving the
administration route and optimization of immunogenicity of the vaccine.

Our data indicate a 43% clinical response rate. A clinically durable and ongoing complete
response was seen in 14% of the patients. Partial responses were observed in 29% of
patients and were ongoing at the time of most recent follow-up. Importantly, unlike other
treatment modalities (e.g., laser ablation, surgical excision or imiquimod application) in
which up to one-third of patients show a recurrence®3¢, none of the responders in our study
had recurrences or increasing lesion size over time. A likely explanation for this difference
is that our vaccination strategy targets the cause of the disease, i.e. HPV16 E6 and E7
expressing cells, and this is underlined by the fact that 83% of the responding patients
showed a clear E6/E7 specific T-cell response in their blood. However, recurrences often
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occur over one year after treatment in this patient group and follow-up period in this study
was only 12 months. Future studies have to point out whether the recurrence of uVIN is
maintained more than a year after therapeutic HPV-vaccination. Furthermore, no HPV-
testing at the end of follow-up was performed, which would be interesting to incorporate
in follow-up studies to confirm the successful clearance of the virus at the uVIN lesions after
vaccination.

Although responses were durable in our study, complete response rates were still low
(2/14). Therefore we would like to advocate the combination of our vaccine with for instance
immune checkpoint inhibitors such as (locally administrated) anti PD-(L)1 or TLR_agonists,
such as poly (I:C) (TLR3 agonist) or Imiquimod (TLR7 agonist). Besides this, it might be
beneficial for patients with large uVIN lesions to first decrease lesion size (e.g. by laser or
topical therapy), before administering our vaccine, because patients with largest uVIN lesion
size at baseline did not show any response to vaccination in this trial. However, since the
sample size in this study was quite small, future studies have to reveal whether this effect
will still be observed. Interestingly though, Kenter et al. also reported that lesions were
smaller in the CR group after E6 and E7 synthetic long-peptide vaccination in uVIN patients?".

Systemic immunological HPV-specific T-cell responses were found in both the CD4* as
well as the CD8* compartment. These responses were either vaccine induced (4/5) or vaccine
enhanced (1/5). Interestingly, 5 out of 6 patients with complete or partial responses showed
systemic HPV-specific T-cell responses in ex vivo assays. Likewise, patients without a clinical
response, did not show an HPV-specific T-cell response ex vivo. Previous HPV targeting
vaccines, in the same patient group, observed a similar relationship. Both Kenter et al. and
Van Poelgeest et al. reported a correlation between (the magnitude of) the ex vivo response
and the clinical outcome of the patients after vaccination with HPV16 E6 and E7 synthetic
long peptides?"3” However, in a study evaluating the effect of a TA-HPV vaccine against E6
and E7, ex vivo responsiveness to the vaccine vector was confirmed in all patients, there was
no relation with clinical benefit®. The differences between clinical and immunological
responses between our study and previous studies could be explained by a different study
design, different vaccine, different patient group and a different technique used to identify
ex vivo immune responses.

At baseline, the number of circulating lymphocytes, neutrophils, monocytes and
eosinophils did not differ statistically significant between responders and non-responders.
Upon treatment, non-responders had statistically significant fewer circulating lymphocytes
than responders, which could potentially be a reflection of a less competent immune system.

Future experiments will tell whether responders will have relatively higher numbers of
VIN lesion infiltrating lymphocytes compared to non-responders, and what potential
immunosuppressive mechanisms in the lesions might have hampered a T-cell response in
the non-responding patients.
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Follow-up studies should be performed to determine the effects of this vaccination
strategy in a larger cohort of patients with uVIN, as well as patients with other intraepithelial
neoplasia caused by HPV 16, such as anal intraepithelial neoplasia (AIN), penile intraepithelial
neoplasia (PeIN) and cervical intraepithelial neoplasia (CIN). HPV-16 and HPV-18 CIN2/3
patients have already shown to respond to other types of DNA vaccination targeting E6 and
E7 proteins®.

In conclusion, we found in this phase I/1l clinical trial that HPV-16 E6/E7 DNA tattoo
vaccination for the treatment of HPV16 positive uVIN is a safe and immunologically effective
strategy. Interestingly, in 5 out of 6 clinically responding patients, E6/E7 specific CD4* and
CD8* T cell reactivity could be detected in blood samples. Such responses were not observed
in patients without a clinical response. Therefore, HPV-16 E6/E7 DNA tattoo could possibly
be a clinically meaningful treatment strategy in patients with uVIN.
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Supplementary Material

Supplementary table 1: Overview of peptide pools used in the ex vivo reactivity screens, and the amino acid sequence

of each peptide.
Peptide Pool Peptide Number Amino Acid Sequence
Pool 1: E6-1 1 MHQKRTAMFQDPQERPRKLPQL
2 DPQERPRKLPQLCTELQTTIHD
3 QLCTELQTTIHDIILECVYCKQ
4 HDIILECVYCKQQLLRREVYDF
5 KQQLLRREVYDFAFRDLCIVYR
6 DFAFRDLCIVYRDGNPYAVCDK
7 YRDGNPYAVCDKCLKFYSKISE
8 DKCLKFYSKISEYRHYCYSLYG
Pool 2: E6-2 9 SEYRHYCYSLYGTTLEQQYNKP
10 YGTTLEQQYNKPLCDLLIRCIN
11 KPLCDLLIRCINCQKPLCPEEK
12 INCQKPLCPEEKQRHLDKKQRF
13 EKQRHLDKKQRFHNIRGRWTGR
14 RFHNIRGRWTGRCMSCCRSSRT
15 GRWTGRCMSCCRSSRTRRETQL
Pool 3: E7 16 MHGDTPTLHEYMLDLQPETTDL
17 YMLDLQPETTDLYCYEQLNDSS
18 DLYCYEQLNDSSEEEDEIDGPA
19 SSEEEDEIDGPAGQAEPDRAHY
20 PAGQAEPDRAHYNIVTFCCKCD
21 HYNIVTFCCKCDSTLRLCVQST
22 CDSTLRLCVQSTHVDIRTLEDL
23 STHVDIRTLEDLLMGTLGIVCP
24 RTLEDLLMGTLGIVCPICSQKP
Pool 4: Potential epitopes that may have arisenas 25 TDLYCICSQKPKCDSTLRL
a consequence of shuffling the protein domains. 26 GTLGIVCPYEQLNDSS
27 YNIVTFCCQPETTDLY
28 HDIILECVNCQKPLCP
29 GRWTGRCMKCLKFYSK
30 CDLLIRCIYCKQQLLR
31 GNPYAVCDSCCRSSRT
32 RTRRETQLQLCTELQT
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Supplementary table 2: Antibody panel used for ex vivo reactivity screens.

Target + Fluorochrome Clone Details Vendor
CD3-APC-H7 Clone SK7 Mouse IgG1 BD Biosciences
CD14-Pacific Blue Clone Tuk4 Mouse IgG2a Invitrogen
CD16-Pacific Blue Clone 3G8 Mouse IgG1 Invitrogen
CD19-Pacific Blue Clone SJ25-C1 Mouse IgG1 Invitrogen
CD4-PE Clone S3.5 Mouse IgG2a Invitrogen
CD8-PerCP-Cy5.5 Clone SK1 Mouse IgG1 BioLegend
CCR7-PE-CF594 Clone 150503 Mouse IgG2a BD Biosciences
CD45RA-PE-Cy5.5 Clone MEM-56 Mouse IgG2b Invitrogen
PD-1-eVolve 655 Clone J105 Mouse IgG1 eBiosciences
IFNy-FITC Clone B27 Mouse IgG1 BD Biosciences
IL-2-APC Clone MQ1-17H12 Rat 1gG2a BD Biosciences
TNFa-PE-Cy7 Clone MAb11 Mouse IgG1 BD Biosciences
CD107a-Alexa Fluor 700 Clone H4A3 Mouse IgG1 BD Biosciences

Fixable Violet Dead Cell Stain
Kit, 405 nm

Fluorescent reactive dye +
DMSO

Invitrogen
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Supplementary figure 1: Gating strategy example of phenotypic characterization and cytokine
production of CD4 and CD8 T cells.

Supplementary figure 2: Phenotypic characterization of circulating T cells. a) Frequency of PD-1
positive CD4 and CD8 T cells over time. b) Differentiation state of CD4 and CD8 T cells defined by
CD45RA and CCR7 surface marker expression. CD45RA+ CCR7+: naive T cells, CD45RA- CCR7+:
central memory T cells, CD45RA- CCR7-: effector memory T cells and CD45RA+ CCR7-: effector T
cells. Responding patients are colored red and non-responding patients are colored blue. »»p
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(LAMP-1), determined using Boolean gating. Depicted are immunologically responding patients
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Supplementary figure 4: Time course graphs showing the IFNy, TNFa, IL-2 and CD107a responses
against E6-1, E6-2 and E7 peptide pool for each patient. No peptides indicate that T cells were
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Supplementary figure 5: Reactivity against the peptides that arose as a consequence of shuffling
the E6 and E7 coding sequences. Boxes highlight responding patients.
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CHAPTER ¢

Translational Research: Bridging the Gap Between the Lab and Clinic

In the modern landscape of biomedical science, a significant gap often exists between clinical
practice and fundamental research. Clinical trials are pivotal for validating new interventions,
ensuring their safety and efficacy. However, these trials often provide limited mechanistic
insight, leaving many unanswered questions about how and why certain treatments work
or do not work. Translational research—the crucial link between basic science and clinical
application—plays a vital role in bridging this gap. It is particularly important in the context
of immuno-oncology, where understanding the complex interplay between the immune
system and cancer can lead to extremely durable remissions.

Clinical trials assess treatment efficacy through outcomes like safety, toxicity, tumor
volume, and survival but often fail to reveal the biological mechanisms behind their success
or failure. For example, immunotherapy has revolutionized cancer treatment, yet responses
vary dramatically among patients. Some exhibit long-term remission, while others experience
primary resistance or relapse. Without deeper mechanistic insight into immune cell behavior,
tumor microenvironment dynamics, and genetic mutations, it remains challenging to predict
which patients will benefit most. This limited understanding can impede the development
of personalized treatment strategies. While a therapy may demonstrate clinical efficacy,
understanding the specific immune pathways it targets is essential for refining its application,
reducing side effects, and enhancing patient outcomes. Here, the importance of fundamental
and translational research becomes clear.

Moreover, translational research takes discoveries from the lab—such as insights into
immune cell signaling or tumor-immune interactions—and applies them to develop new
treatment strategies. For instance, experiments using genetically engineered mouse models
have revealed key details about the mechanisms of immune cell activation and suppression
in the tumor microenvironment'. These findings can inspire new clinical trials. In immuno-
oncology, fundamental and translational research has been instrumental in advancing
therapies such as immune checkpoint inhibitors. By understanding the mechanisms of
immune evasion employed by tumors, researchers have identified novel targets for
intervention, leading to next-generation immunotherapies that can potentially overcome
resistance. This coupling of mechanistic insights with clinical observations allows for a more
personalized treatment approach, helping explain the varied responses seen in patients
and identifying new avenues for therapeutic development. An example of this “from bench
to bedside and back again” principle is described in this thesis in Chapter 7, where
fundamental research both informs and is informed by clinical trial outcomes®.

Mechanistic research clarifies how and why treatments work, enabling the development
of targeted, effective therapies with fewer side effects. In the context of cancer
immunotherapy, this might involve tailoring treatments based on an individual's unique
immune landscape, tumor genetics, or environmental factors. By unraveling the mechanisms
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and regulation of neutrophil migration in cancer for example, researchers can identify
potential therapeutic targets. Modulating neutrophil migration may offer new strategies to
manipulate the tumor microenvironment, enhance anti-tumor immune responses, and
ultimately impact cancer progression and treatment outcomes.

To fully unlock the potential of translational research, strong collaborations between
clinical and fundamental researchers are essential. Interdisciplinary teams combining clinical
insight with deep mechanistic expertise can accelerate the development of novel treatment
strategies. Furthermore, feedback loops between the clinic and the lab are crucial—clinical
observations must inform fundamental research, and laboratory discoveries must be rapidly
integrated into clinical trials. Fostering strong collaborations between clinical and
fundamental scientists, has proven to be essential to keep advancing cancer immunotherapy.
This thesis was shaped in such a collaborative work environment, serving as a testament
to how strong partnerships can drive significant advancements in both scientific progress
and the patient care of the future.

The influence of breast cancer subtype and disease stage on the circulating immune
landscape

Cancer dysregulates intratumoral innate-adaptive immune cell crosstalk>¢, but how the
systemic immune landscape is altered during breast cancer progression remains largely
unknown. Understanding these systemic immune modifications is crucial for uncovering
mechanisms driving tumor growth, metastasis formation, and treatment resistance. A
deeper insight into circulating immune alterations is essential for developing more precise
and effective immunotherapeutic strategies. In Chapters 3 and 4, we investigated the
circulating immune compartment in breast cancer patients compared to healthy donors
(HDs) to determine how different stages of disease progression shape systemic immunity.
We found that more advanced disease stages were associated with greater immune
dysregulation, particularly characterized by immunosuppressive shifts. For example, we
observed increases in neutrophils and (non-)classical monocytes, both described to be linked
to poor prognosis and known to inhibit anti-tumor immune responses’'. Transcriptional
and proteomic analysis, alongside ex vivo functionality assays, of freshly isolated peripheral
neutrophils revealed increased migratory capacity, higher abundance of granule proteins,
and elevated ROS production in patients with mTNBC compared to HDs. The increased
migratory capacity of neutrophils was already evident in patients with stage I-lll TNBC. This
means that neutrophils in patients with TNBC are not only more abundant, but are also
phenotypically and functionally aberrant. Furthermore, we reported a reduction in CD8+
and CD4+ T cells and differentiated B cells. These changes could be partly driven by prior
treatment, which we described for the triple negative subtype in Chapter 4. These findings
align with previous reports that the immune system becomes progressively compromised
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as the tumor grows and metastasizes, allowing the cancer to evade immune surveillance>'"7.

In addition, we explored the relationship between breast cancer subtypes and the
circulating immune compartment. We hypothesized that distinct immune profiles would
correlate with specific tumor subtypes, potentially providing insights into prognosis and
therapeutic opportunities. Although we identified some subtype-specificimmune changes,
the influence of tumor subtype on the circulating immune compartment was less
pronounced than expected. This may be partly due to the heterogeneity within subtypes,
as some ER+ tumors exhibit basal-like transcriptional profiles and share characteristics with
TNBC. In addition, also tumor-extrinsic factors may contribute to shaping the systemic
immune landscape. This was well illustrated by the natural variation in immune profiles
among HDs, which could be influenced by factors such as germline genetics, lifestyle,
pathogenic infections, microbiome composition, and hormonal fluctuations. The relatively
modest subtype-specific differences in circulating immune profiles suggest that disease
stage may play a more pivotal role in systemic immune alterations than the tumor’s
molecular characteristics. While the systemic immune profiles provide valuable insights, it
seems to be less related to breast cancer subtype than anticipated. This raises an important
question for future research: should the focus shift toward tumor-intrinsic factors, such as
mutations and gene expression profiles instead of focusing on the molecular tumor subtype?

The Role of Tumor Genetics in Shaping Inmune Responses and Therapeutic Outcomes

Cancer cell intrinsic features, like the genetic makeup of the tumor, are increasingly
recognized as a critical determinant of its behavior, immunogenicity, and therapeutic
response’®?, Genomic and molecular studies have identified tumor-specific alterations,
including mutations, copy number variations, and epigenetic modifications, that drive cancer
progression and influence tumor-immune interactions. Mutations in TP53, KRAS, or PIK3CA
can affect antigen presentation and immune cell recruitment to the tumor microenvironment
(TME)*-%. Similarly, epigenetic changes, such as DNA methylation and histone modifications,
modulate the expression of immune checkpoint molecules and cytokines, shaping immune
evasion strategies??6, Systemic immune changes, including T cell dysfunction and
dysregulated cytokine levels, are integral to cancer progression, but understanding tumor-
intrinsic factors enhances insights into the immune contexture of the TME. After all, the
presence of tumor-specific neoantigens, arising from somatic mutations, can strongly dictate
the tumor’'s immunogenic potential. Tumors with a high mutational burden or mismatch
repair deficiencies often exhibit robust T cell infiltration and improved responses to
checkpoint inhibitors?-3°. Conversely, tumors with low immunogenicity, such as those with
PTEN loss or Wnt/B-catenin pathway activation, are linked to immune exclusion and therapy
resistance®'34. By focusing on the genetic landscape of tumors, researchers and clinicians
may be able to identify actionable biomarkers and therapeutic targets. Genomic profiling
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facilitates the development of precision medicine strategies, such as the use of PARP
inhibitors in BRCA-mutant cancers or immune checkpoint inhibitors in tumors with high
microsatellite instability. This tailored approach enables more precise treatment by
exploiting tumor-intrinsic vulnerabilities.

In essence, integrating systemic immune modulation with tumor-specific genetic and
molecular analyses offers a comprehensive understanding of cancer immunobiology.
Systemic immune changes play essential roles in cancer progression, while tumor-intrinsic
features, including mutations and gene expression profiles, shape the tumor
microenvironment and guide therapeutic strategies. Our data show that in breast cancer,
tumor molecular subtypes only have a modest impact on the circulating immune
compartment compared to disease stage. However, the tumor’'s genetic landscape remains
critical for advancing personalized therapies that integrate systemic and localized approaches
to improve clinical outcomes.

Exploring Inmune Cell States in mTNBC: Methodological Insights
Chapter 5 highlights the challenges and insights associated with analyzing systemic immune
dysregulation in mTNBC using single-cell RNA-sequencing and matched TCR/BCR sequencing.
Despite extensive analysis, no significant transcriptional differences or unique cell states
were identified between patients with mTNBC and HDs, likely due to limited sample size and
substantial inter-individual variability. Even though not disease-specific, the identification of
eight distinct neutrophil states highlights the potential for further exploration of neutrophil
diversity in cancer. This is particularly relevant given the clear differences observed in our
bulk RNA sequencing data between neutrophils isolated from patients with mTNBC and HDs.
Key methodological insights derived from the experiments described in this chapter,
include the benefits of leveraging barcoded antibodies to minimize batch effects, accurately
retain low-RNA content cells like neutrophils, and enhance doublet removal. These
approaches provide a framework for improving data quality and capturing underrepresented
cell populations in future studies. To address the limitations encountered, future research
should prioritize increased sample sizes and improved sequencing depth for neutrophils
by targeted pre-processing of immune cell populations. Purifying neutrophils and integrating
transcriptomic data with functional studies could yield critical insights into the role of
neutrophil states in MTNBC. These refinements hold promise for uncovering immune
dysregulation in cancer and advancing strategies for immune modulation in oncology.

Targeting Neutrophils: Harnessing Plasticity in Cancer Immunotherapy

Despite the growing attention directed toward neutrophils in recent years, their role in
modulating cancer progression and immunotherapy responses remains a topic of
considerable debate3>3. This ongoing controversy is largely attributable to the remarkable
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heterogeneity and plasticity of neutrophils, which exhibit diverse phenotypes and functions
depending on factors such as tumor subtype, disease stage, and the type of therapy
employed®”3°. The dynamic and context-dependent nature of neutrophils complicates efforts
to define their exact role in either promoting or hindering therapeutic efficacy. Moreover,
our understanding of their contribution to cancer progression and immunotherapy response
is further hampered by the scarcity of robust tools for selectively and effectively targeting
neutrophils in preclinical mouse models“2. Although the studies are not always entirely
unambiguous, accumulating data suggests that neutrophils in (breast) cancer predominantly
exhibit a pro-tumorigenic functionality®®. Previous research from our lab and others
demonstrated that tumor-induced neutrophils promote mammary tumor progression and
metastatic spread in mice2>4+#6, In line with this, patients with TNBC with increased
neutrophil-to-lymphocyte ratio (NLR) have a worse clinical prognosis'?. Our data of Chapter
4 demonstrate that neutrophils were the most profoundly and significantly increased
immune cell type in the circulation of patients with mTNBC compared to HDs. This triggers
the question whether it is possible to target neutrophils in cancer patients.

Reducing Neutrophil Migration

Since neutrophils are an indispensable part of the body’s first line of defense against
pathogenic infections, simply depleting a substantial proportion of the neutrophils in
circulation is not a viable option. Therefore, one particular line of research is directed
towards interfering with neutrophil recruitment to the TME: neutrophil migration. Data
presented in Chapter 4 further support that targeting neutrophil migration might be an
interesting approach, because we showed that neutrophils from patients with mTNBC
exhibit increased migratory capacity compared to those from healthy donors#. Given the
central role of CXCR2 in guiding neutrophil migration to sites of inflammation and the TME,
it has emerged as a promising therapeutic target. CXCR2 antagonists aim to reduce
neutrophil migration, without compromising their systemic availability and functionality*®4°.
Preclinical studies in mouse models have shown that CXCR2 inhibition reduces neutrophil
infiltration into tumors, decreasing their pro-tumorigenic activities, such as promoting
angiogenesis and facilitating metastasis. For instance, Steele et al. demonstrated that
pharmacological inhibition of CXCR2 in murine pancreatic cancer reduced tumor growth
and metastasis by limiting neutrophil infiltration and enhancing T cell responses®°. Similarly,
in breast cancer models, inhibiting CXCR2 limited neutrophil recruitment and improved the
efficacy of immune checkpoint inhibitors®'. In human studies, CXCR1/2 antagonists, such as
reparixin, have shown promise in early-phase trials. Reparixin, investigated in HER2-negative
metastatic breast cancer, demonstrated safety, tolerability, and a 30% overall response rate
with durable responses lasting over 12 months®2. The CXCR2 antagonist navarixin, combined
with pembrolizumab, failed to show efficacy in advanced cancers like prostate, colorectal,
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or lung cancer®. Another trial with the CXCR2 inhibitor AZD5069 and enzalutamide in
metastatic castration-resistant prostate cancer (CRPC) was well tolerated and reduced
neutrophil and myeloid cell infiltration, with some patients experiencing durable benefits>.
These findings support targeting myeloid chemotaxis in metastatic CRPC and other cancers,
but varied trial results highlight the need for further clinical evaluation to identify optimal
patient populations.

Reducing Pro-Tumorigenic Inflammation

Beyond inhibition of neutrophil migration, targeting inflammatory mediators that mobilize
neutrophils from the bone marrow has emerged as another promising approach to
modulate neutrophil biology in cancer. IL-13 and other tumor-derived pro-inflammatory
mediators (G-CSF, IL-6) signal to the bone marrow, altering hematopoiesis and increasing
myeloid cells, especially neutrophils>204435%¢_|n the CANTOS trial (NCT01327846)%, a
monoclonal antibody targeting IL-1B called canakinumab was investigated in over 10,000
participants, primarily for cardiovascular outcomes. Unexpectedly, IL-1( inhibition reduced
lung cancer incidence and mortality, prompting further trials®. However, initial adjuvant
trials failed to meet efficacy goals®®*®'. Since systemic inflammation and neutrophilia are
more pronounced in metastatic disease, IL-13 targeting may be more effective in advanced
cancer. Another IL-1a/f inhibitor called anakinra has until now only been studied in clinical
trials for patients with non-cancer inflammatory diseases like rheumatoid arthritis,
hidradenitis suppurativa and COVID-19 with a favorable safety profile®>%. Its safety in cancer-
related contexts requires additional clinical studies to fully evaluate and confirm potential
long-term risks and benefits. In a mouse model of lung adenocarcinoma, blocking IL-13
slowed tumor progression, and targeting both IL-1a and IL-13 using anakinra prevented
tumor initiation. The study suggests that targeting IL-1a and IL-1(3 with anakinra could help
disrupt tumor growth and progression®. Further research is needed to confirm the benefits
of targeting IL-Ta and/or IL-1B in larger clinical cohorts and to determine the optimal timing
for treatment, including its potential use as a preventative strategy in high-risk patient
groups.

Harnessing Neutrophil Plasticity: From Tumor Promotion to Suppression

Another, potentially even more challenging yet promising line of research focusses on the
phenotype conversion of neutrophils, turning them from a pro-tumorigenic into an anti-
tumorigenic cell type®. Neutrophils have the potential to eliminate target cells through
phagocytosis and directly kill cancer cells through the release of granules and via a process
called antibody-dependent cellular cytotoxicity (ADCC)%. Neutrophil biology is influenced
by a variety of factors such as cytokine signals like TGF-B and IFN-B. Studies suggest that
TGF-B inhibition promotes anti-tumorigenic properties of neutrophils, enhancing anti-tumor
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immunity and IFN- supplementation can repolarize pro-tumoral neutrophils into a more
anti-tumor state®®7%7'. However, this classification of pro- and anti-tumorigenic neutrophils
may oversimplify neutrophil diversity, as phenotypic plasticity exists within both mature
and immature neutrophils. Recent studies also show that neutrophils can be influenced by
immunotherapies, such as checkpoint inhibitors or tyrosine kinase inhibitors, which may
alter their tumor-promoting or tumor-suppressing functions’?’3. The exact origin of the
phenotypic changes observed in neutrophils—whether occurring in fully matured cells or
during the differentiation of progenitors—remains under investigation®. The growing
understanding of neutrophil plasticity highlights their potential as therapeutic targets, with
manipulation of their polarization offering promising strategies to enhance anti-tumor
immunity.

Immune Profiling in Clinical Trials: Advancing Immunotherapy Treatment

Over the past decade, immunotherapy has revolutionized cancer treatment by targeting
the immune system. While much research has focused on local immune responses within
the TME, effective antitumor immunity requires ongoing coordination with the peripheral
immune system’*. In Chapters 6, the potential of short-term immune checkpoint blockade
(ICB) was explored, to induce immune activation in patients with early-stage TNBC (BELLINI
trial). The aim was to explore the potential of treating non-metastatic TNBC patients with
neoadjuvant ICB in the absence of chemotherapy. The translational research project
described in chapter 7 aims to identify factors associated with the response to PD-1
blockade in patients with mTNBC (TONIC trial). | focused on the role of the circulating
immune compartment in relation to ICB treatment in breast cancer. My primary objective
was to identify baseline immune profiles that could serve as predictive biomarkers for
treatment response. Specifically, we sought to determine whether particular (combinations
of) immune cell populations in the blood could predict the efficacy of ICB therapy. However,
after extensive analysis, we were unable to identify any reliable predictive biomarkers in
blood that could be associated with treatment outcomes. This negative finding highlights
the complexity of the immune response to ICB and suggests that predictive markers may
reside in other compartments, such as the tumor microenvironment (TME) and/or lymph
nodes, or be more dependent on dynamic changes during treatment.

Eosinophils in Cancer Inmunotherapy: Enhancing ICB Response

In addition to baseline profiling, we examined the effects of ICB on the broader immune
landscape during treatment. Notably, we observed a significant increase in circulating
eosinophils upon ICB treatment in patients with TNBC who responded to ICB, a phenomenon
absent in non-responders (Chapter 7). This discovery prompted further investigation into
the role of eosinophils in the context of anti-tumor immunity. Mechanistic studies using
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genetically engineered mouse models that develop spontaneous mammary tumors provided
critical insights. We demonstrated that CD4+ T cell-derived IL-5 drives systemic eosinophil
expansion, enabling their infiltration into the TME upon interleukin 33 (IL-33) induction.
Within the TME, eosinophils actively contribute to an anti-tumor immune response by
supporting CD8+ T cell-mediated tumor control (Chapter 7). This demonstrates that
eosinophils are not merely passive bystanders but are actively involved in the anti-tumor
immune response, contributing to the success of ICB in a subset of patients. Also in other
cancer types like melanoma, eosinophil accumulation has been shown to positively correlate
to ICB treatment outcomes’®.

The identification of eosinophils as key players in the immune response to tumors
opens up new avenues for improving the efficacy of ICB. The fact that an increase in
eosinophils upon ICB treatment is associated with response suggests that strategies aimed
at modulating eosinophil activity in the TME could further enhance therapeutic outcomes.
Future research efforts are therefore directed toward elucidating the precise mechanisms
by which eosinophils contribute to the therapeutic benefits of ICB. A deeper understanding
of how eosinophils interact with other immune cells, such as T helper cells, and how they
influence the tumor milieu will be critical for developing new therapeutic approaches.

One of the key questions for future research is whether non-responders to ICB can be
converted into responders by actively engaging eosinophils. This will require innovative
strategies to recruit and activate eosinophils within the tumor. One potential approach is
the use of intra-tumoral delivery of cytokines such as IL-33, which is known to attract and
activate eosinophils. By enhancing eosinophil recruitment and activation in the TME, we
may be able to convert immunologically “cold” tumors into “hot” tumors, thus improving
the response to ICB. In summary, while circulating biomarkers for ICB response remain
elusive, the role of eosinophils within the TME offers a promising new direction for improving
cancer immunotherapy outcomes.

Exploring Chemotherapy-Free Immunotherapy in TNBC

To better understand how ICB can be leveraged in the treatment of early-stage TNBC, novel
approaches are being explored. The aim was to explore the potential of treating early-stage
TNBC patients with neoadjuvant ICB in the absence of chemotherapy. Chapter 6 of this
thesis discusses the BELLINI trial (trial registration number NCT03815890)’¢, which explored
the prospects of short-term ICB to induce immune activation in patients with early-stage
TNBC. Three cohorts are described in this trial. In cohort A, patients received 4 weeks of
anti-PD-1 therapy, while cohort B involved 4 weeks of anti-PD-1 combined with anti-CTLA4.
In these two window-of-opportunity cohorts, patients could continue their treatment with
standard of care neoadjuvant chemotherapy followed by surgery. High baseline levels of
tumor-infiltrating lymphocytes (TILs) were found to correlate with treatment response. This
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finding prompted the opening of cohort C, which enrolled patients with high TIL levels
(=50%). These patients received 6 weeks of neoadjuvant anti-PD-1 + anti-CTLA4, followed
by surgery. The primary endpoint for cohorts A and B was immune activation, defined as a
twofold increase of intra-tumoral CD8+ T cells or interferon-gamma gene expression.
However, achieving this endpoint was more challenging in patients with an already high
baseline TIL-score. After all, it is easier to go from 2% to 4% TIL than from 45% to 90%, and
moreover, some patients already had a TIL score of 90% at the start of treatment, making
further doubling impossible. Consequently, the primary endpoint for cohort C was adjusted
to pathological complete response (pCR). Immune activation was observed in 53% (8/15) of
patients in cohort A and 60% (9/15) in cohort B. In cohort C, 53% (8/15) of patients exhibited
a major pathological response (<10% viable tumor at resection), with 33% (5/15) achieving
a pCR. These results suggest that short-term ICB can induce immune activation and
contribute to meaningful pathological responses even without chemotherapy in a substantial
subset of patients with early-stage TNBC.

To gain a deeper understanding of immunotherapy response in early-stage TNBC, we
performed spatial analyses and conducted in-depth comparisons between clinical
responders and non-responders. These analyses included bulk RNA sequencing across all
cohorts, as well as single-cell RNA-sequencing and TCR-sequencing in cohorts A and B, both
pre- and post-treatment. Spatial analysis revealed that responders had shorter distances
between tumor cells and the nearest CD8+ T cells, along with a higher density of double-
positive CD8+PD-1+ cells and PD-1+ cells. Unsupervised sub-clustering of T cells from our
single-cell RNA-sequencing dataset revealed multiple subpopulations, including a distinct
CD8T cell cluster with multiple previously described features of tumor-specific T cells. This
cluster exhibited the highest clonality among all subclusters and showed the strongest
enrichment of previously reported anti-tumor CD8 T cell signatures derived from functional
tumor recognition experiments’”78. Single-cell RNA-sequencing revealed that higher pre-
treatment levels of tumor-reactive CD8+ T cells and follicular helper T cells, correlated with
treatment response, while elevated post-treatment regulatory T cells were linked to non-
response. Flow cytometry of fresh blood samples showed an increase in Ki-67+ cells within
the PD-1+ conventional CD4+ T cell population in responders compared to non-responders,
with a similar trend observed for CD8+ T cells. This proliferative activity of PD-1+CD4+ T cells
in the blood was also traced to the tumor, where responders had higher levels of Ki-67+
TFH cells—the CD4+ T cell cluster with the highest PDCD1 expression in tumor single-cell
RNA-sequencing data. Notably, PD-1+ proliferating CD8+ T cells did not differ significantly
between responders and non-responders, suggesting a special role for proliferating CD4+
T cells both systemically and within the tumor microenvironment. The observed proliferation
of PD-1+ CD4+ T cells in responders, could suggest a potential role for the CD4-B cell axis
in shaping the anti-tumor immune response. Given that Tfh cells are essential for B cell
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activation and germinal center formation’®, they may contribute to the development of
tertiary lymphoid structures (TLS), which have been strongly correlated with clinical benefit
in multiple cancer types®®2. However, while this association is compelling, direct evidence
linking the proliferation of PD-1+ CD4+ T cells to TLS formation and improved treatment
outcomes remains to be established.

Our findings described in Chapter 6 suggest that neoadjuvant immunotherapy, without
chemotherapy, shows promising efficacy and could be a viable approach for patients with
early-stage TNBC, particularly those with high levels of stromal TILs. Reducing the reliance
on chemotherapy in a subset of patients is an important goal given the commonly
experienced side-effects like gastrointestinal and neurological side effects, dermatologic
and hair changes, fatigue, and the detrimental effect that chemotherapy has on the host
immune system, but a careful evaluation of the potential benefits and risks of administering
ICB in the neoadjuvant setting is essential. Long-term immune-related adverse events, such
as adrenal gland insufficiencies or diabetes, could outweigh the anticipated benefits in
early-stage disease. Therefore, it must be established whether the toxicities associated with
ICB are indeed less severe than those induced by chemotherapy. If so, stromal TIL scores
could serve as a promising biomarker to identify patients who may benefit from less
aggressive treatment while maintaining excellent outcomes, paving the way for more
personalized and less toxic therapeutic strategies.

Immunomonitoring HPV-specific T cell responses in blood
Breast cancer arises from genetic mutations that drive uncontrolled cell growth. However,
some cancers are caused by viral infections, which in turn also introduce changes into the
host DNA. One of the most well-known oncogenic viruses is human papillomavirus (HPV).
HPV produces the oncoproteins E6 and E7, which inactivate the tumor-suppressor proteins
p53 and RB, respectively. This disruption allows cells to evade apoptosis and bypass cell
cycle regulation, leading to malignant transformation. HPV is linked to several cancers,
including cervical and vulvar cancer. Vulvar intraepithelial neoplasia (VIN), the pre-malignant
stage of vulvar cancer, is often associated with HPV. Despite being detectable due to viral
epitopes, spontaneous regression of HPV-induced VIN is rare and progression to vulvar
cancer is observed in 2-8% of cases®®, Current treatments for VIN, including surgery and
topical therapies, can have uncomfortable side effects and high recurrence rates, severely
impacting women'’s quality of life. Therefore, immunotherapeutic strategies targeting the
crucial oncogenic HPV proteins E6 and E7 are being explored as a potential approach to
eliminate VIN lesions.

In Chapter 8, the clinical and translational results of the N16SIG trial were presented
(trial registration number: NTR4607)%, focusing on the efficacy of an HPV E6/E7 vaccine for
patients with HPV-induced VIN lesions. Clinical responses were observed in 6 out of 14
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patients (43%), with 2 complete responses and 4 partial responses. Interestingly, 5 of these
14 patients exhibited HPV-specific T-cell responses in the blood, as measured by ex vivo
reactivity assays. Notably, all five patients with detectable HPV-specific T-cell responses had
a corresponding clinical response, suggesting a strong correlation between immunological
activity and clinical benefit.

To further investigate the reasons behind the lack of clinical benefit in the non-
responders, tumor-infiltrating lymphocytes (TILs) were analyzed in both baseline and post-
vaccination (day 56) tissue samples of the VIN lesions. The goal was to understand whether
the presence or absence of TILs could explain the differential response to the vaccine.
However, there was no statistically significant difference in TIL scores between responders
and non-responders, either at baseline or after treatment (Figure 1a). This finding suggested
that TIL levels alone might not be sufficient to predict clinical outcomes in patients receiving
the HPV E6/E7 vaccine. Surprisingly, a statistically significant increase in TILs was observed
between baseline and post-treatment samples in non-responders (Figure 1b). This increase
was absent in the responding patients (Figure 1b). This observation raised several questions,
particularly about the nature of the infiltrating immune cells. Since the increase in TILs did
not correspond with clinical benefit, it is possible that the immune cells were not
predominantly cytotoxic T cells, which would be expected to contribute to tumor control.
Instead, the infiltrating cells might have included regulatory T cells or other
immunosuppressive cell types that could dampen the anti-tumor immune response. In
addition to quantifying stromal TILs, neutrophils and eosinophils were also assessed based
on their morphology in the HE slide. No statistically significant differences were found in
neutrophil and eosinophil counts between responders and non-responders, either at
baseline or post-vaccination (Figure 1 ¢, e). Furthermore, we did not observe a statistically
significant increase or decrease in neutrophils or eosinophils in VIN lesions during treatment
(Figure 1d, f).

Unfortunately, due to limitations in biopsy material, we were unable to conduct
additional analyses, such as immunohistochemistry (IHC), high-dimensional imaging mass
cytometry, or spatial transcriptomics. These techniques would have been valuable for
identifying the specific immune cell populations present in the tumor microenvironment
and determining whether immunosuppressive mechanisms were at play in the non-
responding patients. Such insights could have provided guidance for future combination
therapies aimed at increasing the response rate, potentially by adding immune checkpoint
inhibitors or other agents that could counteract immunosuppression.

The results of the N16SIG trial highlight the complexity of immune responses in cancer
patients and the need for deeper biological understanding to inform therapeutic strategies.
While the HPV E6/E7 vaccine showed promising clinical activity in a subset of patients, it is
clear that not all patients respond, and understanding the reasons behind this variability is
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Figure 1: (a-b) Percentage of lymphocytes infiltrating the stroma of the VIN lesions, comparing
(a) responders and non-responders at baseline and post treatment and (b) dynamic changes
over time in responders and non-responders. (c-d) Neutrophil counts/mm? in VIN lesions,
comparing (c) responders and non-responders at baseline and post treatment and (d) dynamic
changes over time in responders and non-responders. (e-f) Eosinophil counts/mm? in VIN lesions,
comparing (e) responders and non-responders at baseline and post treatment and (f) dynamic
changes over time in responders and non-responders.
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crucial. In this context, the importance of obtaining and storing sufficient patient material
for translational research cannot be overstated. By ensuring adequate tissue and blood
samples are available, future studies can perform comprehensive analyses to uncover the
mechanisms underlying both response and resistance.

Looking forward, therapeutic cancer vaccines targeting HPV epitopes hold significant
potential. If these new treatment options prove to be long-term successful in HPV-related
pre-malignancies such as vulvar intraepithelial neoplasia (VIN), they could potentially be
extended to other HPV-induced conditions, including penile intraepithelial neoplasia (PIN)
and anal intraepithelial neoplasia (AIN). Furthermore, their use might extend beyond pre-
malignancies to encompass localized and advanced HPV-induced cancers, representing a
significant breakthrough in the management of HPV-associated diseases. This progress
could translate into improved outcomes and quality of life for patients globally. Additionally,
combining these vaccines with other immune-modulating therapies, such as checkpoint
inhibitors, may further enhance clinical outcomes by overcoming immunosuppressive
mechanisms, particularly in non-responders.

Integrating vaccines with other immune-modulatory drugs may provide more durable
responses for a broader range of patients®. This potential is becoming increasingly evident
in various HPV-induced malignancies, where vaccines can counteract immune suppression
and bolster anti-tumor immune responses. For instance, the phase Il study NCT02426892
demonstrated encouraging results with the ISA101 synthetic long peptide vaccine combined
with nivolumab, an anti-PD-1 checkpoint inhibitor. This combination achieved a 33%
response rate (8 out of 24 patients) and a median survival of 17.5 months in individuals with
incurable HPV-16-positive cancers, including oropharyngeal, cervical, and anal malignancies®'.
These findings highlight the promise of therapeutic vaccines to synergize with checkpoint
blockade therapies, effectively targeting the immune-evasive mechanisms of HPV-driven
tumors. Ongoing investigations continue to explore these synergies. Basket trials such as
NCT04432597, NCT03439085, and NCT04287868 are currently evaluating therapeutic HPV
vaccines in combination with diverse immunotherapy agents, targeting patients with locally
advanced or metastatic HPV-positive cancers. These studies hold the potential to refine
combination strategies and enhance the clinical efficacy of HPV vaccines. Moving forward,
identifying optimal combinations, treatment sequences, and patient selection criteria will
be crucial in translating these approaches into routine clinical practice. With continued
research and innovation, the integration of therapeutic HPV vaccines into multimodal
regimens may reshape the treatment landscape for HPV-related cancers.

Future Directions and Considerations for Improvement

There remain several promising avenues for advancing our research, particularly in
enhancing our understanding of the interplay between the circulatory immune system and
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the tumor microenvironment (TME). One critical next step would be to establish a direct
link between systemic immune profiles and the TME, utilizing paired tumor and blood
samples from the same patient. This would allow for a more comprehensive understanding
of how systemic immune dynamics reflect or influence the local tumor environment or vice
versa. While this approach was initially explored in my study on mTNBC, practical challenges
impeded its full implementation. In The Netherlands, the majority of mTNBC patients
undergo neoadjuvant chemotherapy, and as a result, the tumor samples | received post-
treatment were not suitable for assessing intra-tumoral immune profiles. To effectively
correlate the TME with systemic immune profiles, it is crucial to use pre-chemotherapy
biopsies. Fortunately, the required approvals from the Medical Ethics Committee (METC)
have recently been achieved, simplifying the process for subsequent researchers to carry
out such studies. Analyzing matched blood and tumor samples can reveal important
immunological shifts. For example, previous studies on a limited set of paired samples have
demonstrated that a decline in memory B cells in the blood corresponds with an
accumulation of class-switched memory B cells in the tumor®2. This approach would provide
valuable insights into how immune characteristics within the blood mirror those within the
TME, uncovering a wealth of scientific knowledge and potentially offering novel biomarkers
for treatment response.

Another important research focus is the long-term impact of various chemotherapy
regimens on the peripheral immune composition in cancer patients. Recent findings show
sustained lymphocyte depletion up to a year after chemotherapy for early breast cancer,
similar to what we found in Chapter 4, highlighting potential long-term immune
suppression®. While immediate immune effects post-treatment are well-documented, the
prolonged influence of various chemotherapeutic regimens on both innate and adaptive
immune compartments remains insufficiently explored. This line of research would involve
the collection and analysis of fresh blood samples, which would enable the creation of
comprehensive immune profiles that capture both adaptive and innate immune responses.
By categorizing patients according to the types of chemotherapy received—such as taxanes,
anthracyclines, and platinum-based agents—we could determine the specific immune
alterations induced by each class of drugs. | recommend complementing these immune
profiling efforts with functional assays to assess the key functional aspects of immune cells,
such as cytotoxicity, antigen presentation, cytokine production, and several functional assays
on neutrophils described in Chapters 2 and 4. Such a holistic approach would provide a
deeper understanding of how different chemotherapy regimens influence immune
competence, offering valuable insights into the interplay between chemotherapy and
potential immune responses. This knowledge could be instrumental in guiding more tailored
decision-making regarding chemotherapy and immunotherapy treatment strategies.
Moreover, these insights would be crucial not only for refining current treatment protocols
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to optimize patient outcomes but also for identifying specific patient populations that may
derive the greatest benefit from combination therapies involving both chemotherapy and
immunotherapy.

Concluding Remarks

Scientific progress is both purposeful and beautiful, driven by humanity’'s deep-seated
curiosity to explore and understand the world. It reflects our innate desire to ask questions,
seek answers, and expand the boundaries of knowledge. This pursuit is valuable in its own
right, as each discovery adds to the intricate mosaic of human understanding and inspires
future exploration. Beyond its intrinsic worth, scientific progress has a profound impact on
our lives, especially in medicine. In breast cancer research, the quest to understand the
disease’s complexities has led to groundbreaking advancements that directly benefit
patients. Insights into cancer subtypes, molecular mechanisms, and immune interactions
have paved the way for innovative treatments such as immunotherapies and targeted
therapies. These developments not only improve survival but also offer patients renewed
hope and a better quality of life. It is my hope, that science may continue to serve a dual
purpose: satisfying human curiosity while creating tools that can change lives. It is through
this harmony of exploration and application that science achieves its fullest potential.
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APPENDICES

English summary

Cancer presents a major global health burden, with a lifetime risk of approximately one in
five individuals and mortality affecting about one in nine men and one in twelve women. In
the Netherlands, the incidence is even higher, with one in two individuals expected to
develop cancer. Among all cancer types, breast cancer is the most common malignancy in
women worldwide and the leading cause of cancer-related death in women, underscoring
the urgent need to deepen our understanding of breast cancer biology and to develop more
effective therapeutic strategies.

Over the past decades, immunotherapy has emerged as a transformative approach in
cancer treatment. Immune checkpoint inhibitors targeting CTLA-4 and PD-(L)1 have shown
remarkable efficacy in melanoma, lung cancer, and renal cell carcinoma. Historically, breast
cancer was considered relatively unresponsive to immunotherapy due to its low mutational
burden and limited immune infiltration. However, it has become increasingly evident that
breast cancer is immunologically heterogeneous, with tumor microenvironments ranging
from immune-desert to immune-infiltrated phenotypes based on the presence of tumor-
infiltrating lymphocytes (TILs). This diversity opens new opportunities for immunotherapy,
particularly for specific subtypes and disease stages.

Neutrophils play a pivotal role in orchestrating tumor-induced systemic inflammation
and are increasingly recognized for their involvement in both the initiation and progression
of cancer. A key feature of neutrophil biology is their migratory capacity, which enables
them to extravasate and infiltrate tumors and other tissues, where they execute essential
effector functions. Unraveling the mechanisms of neutrophil motility and migration is crucial
for understanding immune responses and inflammatory processes and highlights their
contribution to cancer progression. In chapter 2, a comprehensive protocol was described
to assess the direct ex vivo motility and migration of freshly isolated human neutrophils,
offering valuable insights into their behavior.

To study the effect of molecular subtype and disease stage on the systemic immune
landscape in breast cancer, a comprehensive immune profiling study was conducted using
multiparameter flow cytometry on freshly collected blood samples from a large cohort of
breast cancer patients across various subtypes and disease stages, compared to healthy
donors (HDs). The use of fresh samples allowed the inclusion of short-lived granulocyte
populations, such as neutrophils and eosinophils, which are typically lost in cryopreserved
material. The data described in chapter 3 revealed that patients with early-stage breast
cancer exhibited elevated levels of neutrophils, classical monocytes, and CD1c— dendritic
cells (DCs) compared to HDs. In metastatic disease, neutrophils and classical monocytes
remained elevated, and non-classical monocytes were also increased. In contrast, memory
B cells, plasmablast-like cells, conventional CD4+ T cells, and Tregs were reduced in patients
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with metastatic disease, suggesting that systemic immune dysregulation becomes more
pronounced with disease progression. Further stratification by molecular subtype showed
that these immune alterations were also subtype-specific. In early-stage HR+ breast cancer,
neutrophils, classical monocytes, and CD1c— DCs were increased, whereas HER2+ early-stage
tumors showed no significant deviations from HDs. TNBC patients in early-stage disease
exhibited increased levels of non-classical monocytes and V62 y& T cells. In the metastatic
setting, HR+ disease was associated with elevated neutrophils and non-classical monocytes
and decreased Tregs. HER2+ disease showed reductions in plasmablast-like cells,
conventional CD4+ T cells, and Tregs. The most pronounced immune alterations were
observed in metastatic TNBC, characterized by increased neutrophils and classical monocytes
and decreased levels of multiple adaptive immune subsets.

In chapter 4, we investigated the immune alterations found in patients with TNBC in
more detail. It turned out that neutrophils were not only more abundant in mTNBC
compared to HDs, but also altered on a transcriptional and functional level. Transcriptional,
proteomic, and functional analyses revealed that neutrophils from patients with mTNBC
exhibited enhanced migratory capacity, elevated granule protein content, and increased
ROS production. The data described in chapters 3 and 4 demonstrated that immune
dysregulation in breast cancer is influenced by both disease stage and subtype, with the
most extensive changes occurring in TNBC. Together, these results point to an opportunity
to mitigate systemic immune dysregulation in breast cancer through new immune-based
therapies and underscore the importance of considering both disease stage and subtype
in therapeutic strategies.

In chapter 5, we explore the transcriptional differences in the systemic immune
landscape of patients with mTNBC and HDs using single-cell RNA-sequencing of fresh whole
blood, complemented by matched TCR- and BCR-sequencing to assess lymphocyte clonality
and diversity. We identified multiple transcriptional states within neutrophils, suggesting
greater heterogeneity within this cell type than traditionally recognized. However, given the
high interindividual variability among the five HDs and five mTNBC patients, the limited
group sizes likely hindered the identification of clear discriminating differences between
the two groups.

The second part of the thesis, described in chapters 6, 7, and 8, focused on translational
research and immunomonitoring embedded in clinical trials. These studies assessed
treatment-induced changes in the immune system and the dynamics of immune responses
during immunotherapy, with the goal of identifying biomarkers and mechanisms of response
or resistance.

Chapter 6 described the BELLINI trial, a window-of-opportunity phase Il study that
evaluated short-term immune checkpoint inhibition (ICl; anti-PD-1 + anti-CTLA-4) in patients
with non-metastatic TNBC. The primary aim was to assess whether immune activation could
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be achieved in the absence of chemotherapy. In the first two cohorts (n=15 each), patients
received standard chemotherapy and surgery immediately after short-term ICl. We
investigated whether this brief immunotherapy exposure could stimulate immune activation
within the tumor. Our analyses showed that patients with a high percentage of TILs
responded particularly well. These findings led to a third cohort enrolling patients with >50%
TILs to assess the potential of ICl (anti-PD-1 + anti-CTLA-4) as a stand-alone treatment. In
this cohort, patients underwent surgery directly after six weeks of immunotherapy, without
chemotherapy. A major pathological response (=90% tumor cell eradication) was observed
in 53% of patients, with a pathological complete response (pCR) achieved in 33%. Immune
monitoring by flow cytometry revealed increased frequencies of proliferating (Ki-67*) PD-1*
conventional CD4* T cells in responders, with similar trends in CD8* T cells. These results
demonstrated that ICl alone can induce robust immune activation in early-stage TNBC and
support further exploration of chemotherapy-free immunotherapeutic strategies. In
summary, short-course anti-PD-1 + anti-CTLA-4 before surgery can induce immune activation
in ~60% of early TNBC cases, and among highly infiltrated tumors (TIL = 50%) yields a pCR
rate of ~33%—offering a potential chemotherapy-sparing approach worth exploring further.

Chapter 7 focused on identifying mechanisms of response to PD-1 blockade in patients
with metastatic TNBC. While most studies have emphasized the role of T cells in ICl response,
effective antitumor immunity relies on coordinated crosstalk between innate and adaptive
immune cells. Using immune profiling of paired blood samples and tumor biopsies, we
observed that responders exhibited increased eosinophils both systemically and within the
tumor microenvironment—an effect absent in non-responders. These findings were
supported by mechanistic studies in mouse models of primary and metastatic breast cancer,
which confirmed a functional role for eosinophils in mediating ICl responses. Mechanistically,
ICl enhanced IL-5 production by CD4* T cells, driving eosinophil expansion from the bone
marrow. Additionally, the combination of ICI with cisplatin, or administration of recombinant
IL-33, promoted IL-33 induction, leading to increased intratumoral eosinophil infiltration
and eosinophil-dependent activation of CD8* T cells. These results revealed a novel
mechanism by which eosinophils contribute to effective antitumor immunity and
demonstrated that their therapeutic engagement may enhance ICl efficacy in breast cancer.
Together, this work underscores the importance of innate-adaptive immune interactions
in shaping ICl responses and provides proof-of-principle for eosinophil-targeting strategies
in mMTNBC.

Chapter 8 described a phase I/1l clinical trial in which a genetically enhanced HPV-16
E6/E7 DNA tattoo vaccine was evaluated in 14 patients with HPV16-positive usual vulvar
intraepithelial neoplasia (uVIN), a premalignant condition with a risk of progression to vulvar
carcinoma. The study aimed to assess safety, immunogenicity, and clinical efficacy. Patients
received four intradermal vaccinations at two-week intervals using a tattoo device,
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alternating between both upper legs. Clinical responses were evaluated through lesion
measurements by digital photography up to 12 months post-treatment, and immune
responses were assessed via ex vivo T-cell reactivity assays using peripheral blood samples.
The vaccine was generally well tolerated; one patient experienced a grade 3 suspected
unexpected serious adverse reaction. Clinical responses were observed in 6 of 14 patients
(43%), including 2 complete and 4 partial responses. HPV-specific T-cell responses were
detected in 5 of 14 patients (36%), all of whom showed clinical benefit. This correlation
suggests a potential link between systemic T-cell reactivity and lesion regression. This study
demonstrated that HPV-16 E6/E7 DNA tattoo vaccination is biologically active and safe in
patients with uVIN. The findings support the potential of therapeutic vaccination as a non-
invasive immunotherapeutic approach for virus-induced premalignant disease and provide
a rationale for further clinical investigation.

In conclusion, this thesis provided a comprehensive analysis of how breast cancer
subtype and disease stage influence systemic immunity. It also presented translational
insights from clinical trials that aimed to modulate and monitor immune responses during
immunotherapy. The findings underscore the potential of immunotherapy in breast cancer,
particularly TNBC, and highlight the importance of integrating immune profiling into clinical
strategies to enhance patient selection and monitor treatment effects, with the ultimate
goal of developing more effective therapeutic approaches.
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Nederlandse samenvatting

Kanker vormt wereldwijd een groot probleem voor de volksgezondheid, met een levenslange
kans van ongeveer één op de vijf mensen om de ziekte te ontwikkelen. In Nederland ligt de
incidentie zelfs hoger: één op de twee mensen krijgt ooit kanker. Ongeveer één op de negen
mannen, en één op de twaalf vrouwen overlijdt aan kanker. Van alle kankersoorten komt
borstkanker het meest voor bij vrouwen wereldwijd en in Nederland. Borstkanker is ook de
belangrijkste oorzaak van kanker gerelateerde sterfte onder vrouwen. Dit benadrukt de
noodzaak om ons begrip van de biologie van borstkanker te verdiepen en effectievere
behandelingsstrategieén te ontwikkelen.

In de afgelopen decennia is gebleken dat immuuntherapie een baanbrekende
behandelmethode kan zijn. Immuuncheckpointremmers gericht tegen CTLA-4 en PD-(L)1
hebben indrukwekkende resultaten laten zien bij onder andere melanoom, longkanker en
niercelcarcinoom. Borstkanker werd traditioneel beschouwd als weinig gevoelig voor
immuuntherapie vanwege het lage aantal mutaties en de beperkte infiltratie van
immuuncellen in de tumor. Inmiddels is duidelijk geworden dat borstkanker immunologisch
heterogeen is en dat het aantal tumor infiltrerende lymfocyten (TILs) erg kan verschillen
tussen mensen. Deze diversiteit opent nieuwe mogelijkheden voor immuuntherapie, in het
bijzonder bij bepaalde subtypes en stadia van de ziekte.

Eén bepaalde immuuncel, de neutrofiel, speelt een centrale rol in door tumoren
geinduceerde systemische ontsteking. Neutrofielen worden steeds meer erkend als
belangrijke actoren in zowel het ontstaan, als de progressie van kanker. Een essentiéle
eigenschap van neutrofielen is hun migratievermogen, waarmee zij vanuit de bloedbaan
weefsels, waaronder tumoren, kunnen binnendringen om daar effectorfuncties uit te
voeren. In hoofdstuk 2 wordt een uitgebreid protocol beschreven om ex vivo migratie van
vers geisoleerde humane neutrofielen te meten, wat waardevolle inzichten biedt in hun
gedrag.

Om het effect van het stadium en het subtype van borst kanker op het systemische
immuunlandschap te bestuderen, werd een uitgebreide immuunprofilering uitgevoerd met
multiparameter flowcytometrie op vers verzamelde bloedmonsters van een grote groep
patiénten met verschillende subtypes en ziektestadia, en vergeleken met het immuunprofiel
van gezonde donoren (HDs). Het gebruik van verse monsters maakte analyse van kortlevende
granulocyten, zoals neutrofielen en eosinofielen mogelijk; cellen die vrijwel geheel verloren
gaan in ingevroren materiaal. De resultaten beschreven in hoofdstuk 3 laten zien dat
patiénten met vroeg-stadium borstkanker verhoogde niveaus van neutrofielen, klassieke
monocyten en CD1c- dendritische cellen (DCs) vertonen ten opzichte van HDs. Bij
gemetastaseerde ziekte bleven neutrofielen en klassieke monocyten verhoogd, en waren
ook niet-klassieke monocyten toegenomen. Tegelijkertijd waren geheugen B-cellen,
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plasmablasten, conventionele CD4+ T-cellen en Tregs verlaagd bij deze patiénten, wat wijst
op toenemende immuundisregulatie naarmate de ziekte vordert. Verdere uitsplitsing per
borstkanker subtype toonde subtype-specifieke verschillen aan: bij vroeg-stadium HR+
borstkanker waren neutrofielen, klassieke monocyten en CD1c- DCs verhoogd terwijl HER2+
tumoren geen significante afwijkingen ten opzichte van HDs vertoonde. Het systemische
immuun profiel van patiénten met niet-gemetastaseerde TNBC werd gekenmerkt door
verhoogde niet-klassieke monocyten en V62 y& T-cellen. In de gemetastaseerde setting was
HR+ ziekte geassocieerd met verhoogde neutrofielen en niet-klassieke monocyten en
verlaagde Tregs. HER2+ ziekte toonde verlaging van plasmablasten, conventionele CD4+
T-cellen en Tregs. De meest uitgesproken afwijkingen werden gezien bij gemetastaseerd
TNBC, met verhoogde neutrofielen en klassieke monocyten en verlaagde niveaus van diverse
adaptieve immuuncellen.

In hoofdstuk 4 werd dieper ingegaan op TNBC. Het bleek dat patiénten met mTNBC
niet alleen meer neutrofielen hadden dan HDs, maar dat deze neutrofielen ook functioneel
en transcriptioneel anders waren. Experimenten die het transcriptoom, het proteoom en
de functionaliteit in kaart brachten, toonden aan dat neutrofielen van patiénten met mTNBC
een verhoogd migratievermogen, hogere expressie van granulaire eiwitten en verhoogde
productie van reactieve zuurstofsoorten (ROS) vertoonden. De gegevens uit hoofdstukken
3 en 4 tonen aan dat immuun disregulatie bij borstkanker wordt beinvloed door zowel
subtype als ziektestadium, met de meest uitgesproken veranderingen bij TNBC. Deze
bevindingen bieden aanknopingspunten voor het ontwikkelen van therapieén die de
systemische verstoringen van het immuun systeem als gevolg van de kanker tegengaan, en
onderstrepen het belang van subtype- en stadiumspecifieke benaderingen.

In hoofdstuk 5 onderzochten we de verschillen in transcriptionele activiteit van
circulerende immuun cellen van patiénten met mTNBC en HDs met behulp van single-cell
RNA-sequencing van vers volbloed, aangevuld met matchende TCR- en BCR-sequencing om
de klonaliteit en diversiteit van lymfocyten te beoordelen. We hebben meerdere
transcriptiestaten binnen neutrofielen geidentificeerd, wat wijst op een grotere heterogeniteit
binnen dit celtype dan traditioneel wordt aangenomen. Gezien de grote interindividuele
variabiliteit tussen de vijf HDs en vijf patiénten met mTNBC, heeft de beperkte groepsomvang
waarschijnlijk het identificeren van duidelijke onderscheidende verschillen tussen de twee
groepen verhinderd.

Het tweede deel van dit proefschrift, beschreven in hoofdstukken 6, 7 en 8, richtte
zich op translationeel onderzoek en immunomonitoring binnen klinische studies. Deze
onderzoeken evalueerden veranderingen in het immuunsysteem tijdens behandeling en
de dynamiek van immuunresponsen bij immuuntherapie, met als doel het identificeren van
biomarkers en mechanismen van respons of immunosuppressie.

Hoofdstuk 6 beschrijft de BELLINI-studie, een fase Il klinische studie waarin kortdurende
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immuuntherapie (anti-PD-1 + anti-CTLA-4) werd onderzocht bij patiénten met niet-
gemetastaseerd TNBC. In de eerste twee cohorten (n=15 elk) kregen patiénten kortdurende
immuuntherapie gevolgd door standaard behandeling (chemotherapie en chirurgie). Onze
analyses toonden aan dat patiénten met een hoog percentage TILs bijzonder goed
reageerden. Deze bevindingen leidden tot de opening van een derde cohort waarin alleen
patiénten zaten met >50% TILs. In dit derde cohort (ook n=15) werden de patiénten direct
geopereerd na de immuuntherapie, zonder chemotherapie. Een majeure pathologische
respons (=90% tumorcel-eradicatie) werd gezien bij 53% van de patiénten, en een
pathologisch complete respons (pCR) bij 33%. Flowcytometrie analyses op verse
bloedsamples van de patiénten voor en tijdens hun behandeling, liet zien dat responderende
patiénten verhoogde niveaus van delende (Ki-67*) PD-1* conventionele CD4* T-cellen hadden,
met een vergelijkbare trend bij CD8* T-cellen. Deze resultaten tonen aan datimmuuntherapie
op zichzelf robuuste immuunactivatie kan induceren bij vroeg-stadium TNBC. Samengevat
kan een korte kuur met nivolumab + ipilimumab vé6r chirurgie immuunactivatie induceren
in ~60% van de vroege TNBC-gevallen, en bij sterk geinfiltreerde tumoren (TIL = 50%) een
pCR opleveren in ~33%, wat een potentieel chemotherapiesparend behandelschema
vertegenwoordigt.

In hoofdstuk 7 werd onderzocht welke immuunkenmerken geassocieerd zijn met
respons op PD-1-blokkade bij patiénten met mTNBC. Hoewel eerder onderzoek vooral
gericht was op T-cellen, blijkt effectieve anti-tumorimmuniteit afhankelijk van interactie
tussen het aangeboren en adaptieve immuunsysteem. Immuunprofilering van gekoppelde
bloedmonsters en tumorbiopten liet zien dat responders een toename vertoonden van
eosinofielen, zowel systemisch als in de tumor; een effect dat bij non-responders ontbrak.
Diversen proeven in relevante muismodellen bevestigden de functionele rol van eosinofielen
in de respons op immunotherapie. Immuuntherapie bleek de IL-5-productie door CD4*
T-cellen te verhogen, wat eosinofielenexpansie vanuit het beenmerg stimuleerde. Toevoeging
van cisplatine of recombinant IL-33 verhoogde bovendien de IL-33-spiegels, wat leidde tot
verhoogde intratumorale eosinofieleninfiltratie en eosinofiel-afhankelijke activatie van CD8*
T-cellen. Deze resultaten onthullen een nieuw mechanisme waarbij eosinofielen bijdragen
aan de effectiviteit van immuuntherapie en onderbouwen het potentieel van eosinofiel
gerichte therapieén bij borstkanker.

In hoofdstuk 8 werd een fase I/ll-studie beschreven waarin een genetisch
geoptimaliseerd HPV-16 E6/E7 DNA-tatoeagevaccin werd getest bij 14 patiénten met HPV16-
positieve usual vulvaire intra-epitheliale neoplasie (uVIN), een premaligne aandoening met
risico op progressie naar carcinoom. Patiénten ontvingen vier intradermale vaccinaties met
twee weken tussenpozen, afwisselend in beide bovenbenen, toegediend via een
tatoeageapparaat. Klinische respons werd geévalueerd aan de hand van digitale fotografie
tot 12 maanden na behandeling. T-celresponsen werden bepaald in ex vivo assays op
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perifere bloedmonsters. De vaccinatie werd goed verdragen; één patiént kreeg een ernstige
onverwachte bijwerking (graad 3). In totaal vertoonden 6 van de 14 patiénten (43%) een
klinische respons (2 compleet, 4 partieel). HPV-specifieke T-celresponsen werden gemeten
bij 5 patiénten (36%), allemaal met klinisch voordeel. Deze studie toont aan dat HPV-16 E6/
E7 DNA-vaccinatie biologisch actief en veilig is bij uVIN en ondersteunt het potentieel van
therapeutische vaccinatie als niet-invasieve immuuntherapie voor virus-geinduceerde
premaligne aandoeningen.

Concluderend biedt dit proefschrift een uitgebreid overzicht van hoe borstkankersubtype
en ziektefase het immuunsysteem beinvloeden. Daarnaast worden translationele inzichten
gepresenteerd uit klinische studies die gericht waren op het moduleren en monitoren van
immuunreacties tijdens immuuntherapie. De bevindingen benadrukken het potentieel van
immuuntherapie bij borstkanker, vooral bij TNBC, en onderstrepen het belang van
geintegreerde immuunprofilering voor betere patiéntselectie en effectmeting, met als
uiteindelijk doel effectievere behandelingen te ontwikkelen.
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