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Chapter 1

Breast cancer remains the leading cause of cancer-related deaths in women 
worldwide, with most deaths resulting from metastatic disease. Although survival 
rates have improved in recent years due to advances in treatment options and 
earlier detection due to screening programs, breast cancer incidence is on the 
rise and patients diagnosed with advanced metastatic disease remain, with rare 
exceptions, incurable. Breast cancer is comprised of different subtypes driven 
by heterogeneity in pathology, genomic alternations, hormone receptor status, 
and gene-expression profiles1. More recently, another factor of heterogeneity is 
recognized to be a crucial determinant of clinical behavior and response to therapy: 
the tumor microenvironment (TME). Tumors are complex ecosystems containing 
not only malignant carcinoma cells, but also a diverse range endothelial, stromal, 
and immune cells, which together comprise the TME2. During tumor initiation and 
progression, cancerous cells are in constant crosstalk with these tumor infiltrating 
non-cancerous cells. The immune system is of particular interest, as it plays a dual 
role in cancer initiation and metastatic spread.

Immune cells as guardians of homeostasis
Before considering the role of the immune system in cancer, it is important to 
realize the fundamental tasks of immune cells as guardians of homeostasis. The 
immune system is equipped to rapidly respond to numerous types of enemies, 
ranging from intracellular viruses to large parasites. The first line of defense is 
typically elicited by innate immune cells, which are essential for both protective 
immunity and tissue regeneration after the insult. These initial responders also 
play a crucial role in recruiting and activating adaptive immune cells that provide 
the second line of defense by producing targeted antigen-specific responses and 
provide immunological memory, protecting the body against future infections. 
Equally important however, is the proper resolution of the inflammatory response 
upon clearance of these pathogens to protect the integrity of the body’s tissues. In 
addition, the immune system must prevent mounting responses against harmless 
environmental antigens or autoimmune responses against self-antigens. Cancer 
draws many parallels with chronic viral infections and autoimmune diseases3,4. 
Chronic infections, autoimmunity, and cancer lead to unresolved inflammatory 
responses, which cause damage to the host tissue. The immune system uses various 
mechanisms such as upregulation of immune checkpoint molecules and expansion 
of immunoregulatory cells to limit this damage. However, the persistent presence 
of tumor antigens and the aberrant activation of the immune system in patients with 
cancer leads to a chronically inflamed but immunosuppressed state which facilitates 
cancer progression and metastasis. 

Dual role of the immune system in cancer
To mount an effective anti-tumor immune response, a complex sequence of 
interactions between multiple cell types must occur5. To initiate an anti-tumor 
T cell response, cancer cells need to release tumor antigens, which are taken 
up by professional antigen-presenting cells such as dendritic cells (DCs). Upon 
appropriate maturation signals provided by the TME, activated DCs migrate to the 
tumor-draining lymph nodes where they present the antigens on MHC-I and MHC-
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II molecules to T cells. If T cells are in turn properly activated with co-stimulatory 
signals provided by DCs and CD4+ Thelper cells, they migrate back to the tumor, where 
they can recognize cancer cells via T cell receptor (TCR)-MHC interactions, leading 
to cancer cell killing. Besides T cells, other immune cell populations may exert anti-
tumor functions. Natural Killer (NK) cells can directly kill cancer cells in absence 
of MHC-I expression on tumor cells. Moreover, depending on tumor type and 
stage, tumor-infiltrating myeloid populations, including eosinophils, neutrophils, 
and macrophages, can contribute to anti-tumor immunity, either via direct tumor 
cell killing through, amongst others, production of reactive oxygen species and 
secretion of cytokines, or indirectly, by mediating T cell and NK cell recruitment and 
activation. 

However, the mere presence of anti-tumor T cells or NK cells in the TME 
is not sufficient for tumor control. Cancer cells employ a plethora of mechanisms 
to evade anti-tumor immunity. Paradoxically, the presence of an anti-tumor 
immune response exacerbates these immune evasion tactics, with those cancer 
cells surviving that succeed to withstand the constant immune pressure in a 
process called immunoediting6. Consequently, it is frequently these immuno-
edited cells that attain the ability to escape the primary tumor and disseminate 
to distant organs. Mutational adaptation, downregulation of MHC-I expression, 
reduced IFN sensitivity, and upregulation of inhibitory ligands such as PD-L1 
that inhibit the recognition and prevent the killing of cancer cells by T cells are 
among the many cancer cell-intrinsic mechanisms of immune evasion7. However, 
an equally important mechanism of immune evasion is the establishment of an 
immunosuppressive environment that inhibits the development or effectiveness 
of the anti-tumor immune response2. Immune cells display immense diversity and 
plasticity, responding to specific environmental cues by acquiring either anti- or 
pro-tumorigenic phenotypes. Cancer cell-derived cytokines such as TGFβ and IL-
1β skew immune cells into tumor-promoting phenotypes. These tumor-educated 
immune cells, in particular tumor-associated macrophages (TAMs) and neutrophils, 
inhibit anti-tumor immunity via expression of T cell inhibitory ligands, production of 
immunosuppressive cytokines, consumption of essential amino acids from the TME, 
and production of reactive oxygen species8,9. 

Moreover, tumors affect the immune system far beyond the TME3. Again, a 
duality in the role of the immune system exists. On the one hand, systemic immunity 
is required to mount effective anti-tumor responses, especially to prevent metastatic 
spread10. Conversely, tumors secrete mediators that signal to the bone marrow to 
influence hematopoiesis, skewing immune cell development towards increased 
myelopoiesis and polarization of immunosuppressive cells3, and preparing distant 
organs for arrival of metastatic cells by inducing (pre-)metastatic niche formation11. 
A high neutrophil-to-lymphocyte ratio in the circulation is associated with poor 
survival across solid tumor types12. Similarly, increased levels of regulatory T cells 
(Tregs) have been found in the circulation of breast cancer patients13,14, and their 
ex vivo immunosuppressive capacity is a predictor for cancer recurrence15. Tumor-
educated immune cells may further promote metastasis by additional means that 
go beyond the suppression of anti-tumor immunity, aiding extravasation, cancer cell 
survival, setting up of a favorable (pre-)metastatic niche, supporting extravasation 



624769-L-sub01-bw-Blomberg624769-L-sub01-bw-Blomberg624769-L-sub01-bw-Blomberg624769-L-sub01-bw-Blomberg
Processed on: 4-12-2023Processed on: 4-12-2023Processed on: 4-12-2023Processed on: 4-12-2023 PDF page: 10PDF page: 10PDF page: 10PDF page: 10

10

Chapter 1

and the outgrowth of a metastatic lesion2. The tumor’s fate is ultimately determined 
by the balance between anti-tumor immunity and tumor-promoting inflammation 
and immunosuppression. Understanding the mechanisms that govern the interplay 
between cancer and the immune system underlying these processes is crucial to 
develop new therapies and improve patient outcomes.

Immunotherapy for breast cancer
The goal of immunotherapy is to tip the balance in favor of anti-tumor immunity. 
Immune checkpoint blockade (ICB) aims to improve the priming, expansion, and 
effector functions of anti-tumor T cells to mount an effective anti-tumor immune 
response. The introduction of CTLA-4 blockade in 2011, followed by the addition 
of PD-1 blockade a few years later, drastically improved survival of patients 
with unresectable metastatic melanoma, a patient cohort that was previously 
untreatable16,17. This major success quickly revolutionized the treatment landscape 
for patients with other metastatic cancers. In addition to metastatic melanoma, 
checkpoint inhibitors are now approved for the treatment of many other cancer 
types including metastatic PD-L1+ triple-negative breast cancer (TNBC), non-small 
cell lung cancer, renal cell carcinoma, gastric cancer and head and neck squamous 
cell carcinoma, and all metastatic solid tumors with high microsatellite instability or 
deficiency in DNA mismatch repair18,19. 

Notwithstanding its successes, the reality is that only a small proportion 
of patients shows durable responses to immune checkpoint inhibitors20, and the 
efficacy is much lower against less immunogenic cancer types such as breast 
cancer21. Indeed, durable responses to ICB as monotherapy are only achieved 
in around 5% of patients with metastatic breast cancer22 and are mainly limited 
to TNBC23. Although response rates are improved by selecting patients on PD-
L1+ tumors24, most metastatic breast cancer patients fail to respond to ICB as 
monotherapy, emphasizing the need to better understand the mechanisms 
governing immunotherapy response and resistance. 

Combining immunotherapy with chemotherapy has further increased 
response rates in breast cancer patients25 and led to the FDA approval of 
pembrolizumab (aPD-1) plus chemotherapy as first-line treatment for patients 
with PD-L1+ metastatic TNBC. More recently, the successes of neoadjuvant ICB in 
melanoma and mismatch repair deficient colorectal cancers26,27 have spurred the 
clinical implementation of neoadjuvant ICB in other cancer types including breast 
cancer28-30. In the Keynote-522 trial in early-phase TNBC patients, neoadjuvant 
pembrolizumab and chemotherapy not only induced high rate of pathological 
complete responses (pCR), but also improved event-free survival, leading to FDA 
approval of this treatment regimen29,31. The Gepar-Nuevo trial found only a modest 
increase in pCR rate upon durvalumab (aPD-L1) plus chemotherapy in early-
stage TNBC patients, yet these patients had similar event-free survival as those 
in the Keynote-522 trial32, highlighting that the absence of a pCR in the primary 
tumor does not exclude prevention of metastatic disease. The latter observation 
exemplifies that we are still far from completely understanding what mechanisms 
govern response to immunotherapy.

Breast tumors have relatively low number of mutations and low level of 
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neoantigen expression33,34. TNBC is considered the most immunogenic breast 
cancer subtype, characterized by the highest tumor mutational burden, most 
extensive lymphocyte infiltration, and increased PD-L1 expression35-37. These 
three features have been identified as biomarkers for immunotherapy response in 
recent years, however, our understanding of the biology behind immunotherapy 
response remains rather limited. Research into the mechanisms of ICB response 
has predominantly focused on T cells. However, effective immune responses rely 
on tightly regulated crosstalk between innate and adaptive immune cells5. Indeed, 
growing evidence suggests that a major barrier to successful cancer immunotherapy 
is the tumor microenvironment, where, as outlined above, chronic inflammation 
and immunosuppression limit the development or effectiveness of anti-tumor 
immunity. Moreover, mounting an effective anti-tumor immune response requires 
coordinated responses across different tissues10,38, particularly in the context of 
metastatic disease. Therefore, to improve our mechanistic understanding of the 
biology behind immunotherapy response and resistance in breast cancer, it will be 
critical to take a holistic approach, studying the crosstalk between innate – adaptive 
immune cells in the tumor micro- and macro-environment.

Modeling immunotherapy responses in breast cancer
The complexity of the cancer – immune crosstalk during cancer progression and 
metastasis and upon immunotherapy, and the lack of accurate tumor models 
that capture all the features of the metastatic cascade, make research in this field 
challenging. In this thesis, I argue that the genetically engineered mouse models 
are a valuable tool to study the mechanisms of immunotherapy response. Although 
these model systems are slow and costly, and our inability to manipulate them easily 
limits the mechanistic studies we can perform, the mechanisms we do uncover 
oftentimes hold strong translational relevance due to the high fidelity of the chronic 
inflammation and immunosuppression present in the tumor micro- and macro-
environment39.

In this thesis, we predominantly make use of the lowly immunogenic 
Keratin14-Cre;Cdh1F/F;Trp53F/F (KEP) mouse model of de novo mammary 
tumorigenesis, in which spontaneous invasive lobular carcinomas develop around 
6-8 months age in concert with tumor-induced chronic inflammation which typifies 
cancer patients40,41. In addition, we use the KEP-based mastectomy model for 
multi-organ metastatic disease, which faithfully recapitulates the steps of the 
metastatic cascade42. KEP tumors and KEP-derived metastases are characterized 
by a highly immunosuppressive tumor microenvironment, which is dominated by 
macrophages43 as well as infiltrated by immunosuppressive neutrophils41,44 and 
Tregs

45, recapitulating the tumor immune landscape of breast cancer patients46,47. 
Using these two models allows the side-by-side comparison of the mechanisms of 
response and resistance to immunotherapy in primary and metastatic breast cancer. 
As described in the following chapters, KEP tumors and KEP-derived metastases 
are resistant to immune checkpoint blockade strategies such as combined anti-
PD-1 + anti-CTLA-4 therapy when used as monotherapy, but anti-tumor immune 
responses can be unleashed by combining immunotherapy with chemotherapy, 
thus resembling the clinical experience in breast cancer patients outlined above22,24. 
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These features make these models excellent tools to address the research questions 
I aimed to answer in this thesis. 

Scope of thesis
As outlined above, the immunotherapy field is rapidly progressing, and 
immunotherapy has now become part of standard patient care. However, our 
mechanistic understanding of the parameters driving response and resistance to 
immunotherapy is lagging behind. In this thesis, I aimed to unravel the complex 
mechanisms of immunotherapy response and resistance in primary and metastatic 
breast cancer focusing on the interconnectivity between innate and adaptive 
immune cells in the tumor micro- and macro-environment. The main questions I 
address in this thesis are:

1) What are the cellular determinants for response and resistance to 
immunotherapy in breast cancer? 

2) How can we rationally exploit these mechanisms to improve immunotherapy 
response in breast cancer?

In chapter 2, I describe immune regulation of metastasis, highlighting how immune 
cells affect every step of the metastatic cascade from primary tumor growth, invasion 
and intravasation, survival in the circulation, (pre-)metastatic niche formation, 
extravasation, and colonization. I introduce the major players in anti-tumor immunity, 
tumor-induced inflammation and immunosuppression, and describe how these 
immune cells with opposing functions can be influenced by immunotherapy. I focus 
on the complex crosstalk between the cancer and immune system and describe 
the interconnectivity of different immune cell types that in turn dictate the tumor’s 
fate. I postulate that through gaining mechanistic insights in immune control of 
metastasis, we can identify novel therapeutic opportunities to combat metastasis. 

In chapter 3 we aim to dissect the mechanisms of immune checkpoint 
blockade response in breast cancer by combining unbiased analyses of the systemic 
immune landscape upon ICB therapy in patients with metastatic breast cancer with 
mechanistic studies in the spontaneous mouse models for primary and metastatic 
breast cancer introduced above. We uncover a critical role for eosinophils during 
ICB response and elucidate the molecular mechanisms that lead to eosinophil 
differentiation, systemic expansion, and tumor infiltration. Our data provide proof-of-
principle that therapeutic engagement of eosinophils may improve immunotherapy 
responses in breast cancer.

In chapters 4 and 5 we examine the negative regulators of anti-tumor 
immunity and immunotherapy response in breast cancer. Chapter 4 describes 
how regulatory T cells, which express the same immune checkpoint molecules as 
CD8+ T cells, are unintended targets for immunotherapy. Combined aPD-1/CTLA-4 
therapy promoted Treg proliferation and activation, limiting its efficacy. Depletion 
of Tregs during neoadjuvant ICB changed the TME into a state favorable for ICB 
response and induced persistent and robust systemic CD8+ T cell activation. While 
neoadjuvant ICB and Treg-depletion did not affect primary tumor growth, it prolonged 
metastasis-related survival after primary tumor resection. These data emphasize that 
neoadjuvant ICB can be empowered by simultaneous targeting of Tregs, extending 
metastasis-related survival independent of a primary tumor response.
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In chapter 5 we describe how tumor progression and metastatic spread 

induces the expansion and polarization of immunosuppressive neutrophils. We 
observed that ICB combined with neutrophil depletion provides modest, but 
significant survival benefit against primary tumors via promoting CD8+ T cell 
activation. Considering that neutrophil depletion was only effective for about a 
week, our data emphasize the dominant immunosuppressive function of neutrophils 
in the TME, where they pose a barrier for ICB response. Our data suggest that 
neutrophil modulating strategies may improve responses to immunotherapeutic 
strategies in breast cancer.
 In chapter 6 we investigate a new immunomodulatory agent, a PD-1-
targeted IL-2 variant (PD1-IL2v), that showed encouraging results in preclinical 
pancreatic cancer models expressing strong tumor antigens48-50. We set out to put 
murinized (mu)PD1-IL2v to the test in our lowly immunogenic, immunotherapy-
resistant breast cancer mouse model. Although muPD1-IL2v therapy in KEP 
mice reproduced many of the favorable changes in T cells that were previously 
reported48-50, it failed to control mammary tumor growth, emphasizing that other 
immunosuppressive features were still in place limiting its efficacy. Combining 
muPD1-IL2v with the chemotherapeutic cisplatin additionally induced, amongst 
others, anti-tumor polarization of macrophages and unleashed anti-tumor immunity 
to improve tumor control and survival. Our data highlight that combining muPD1-
IL2v therapy with cisplatin is a powerful approach to induce broad activation of 
systemic and intratumoral adaptive and innate immunity, resulting in effective 
immunotherapy responses in KEP mice.
 The mechanisms of immunotherapy response and resistance that we 
identified in chapter 3 – 6 are discussed in chapter 7 of this thesis. I discuss the 
importance of innate – adaptive immune cell crosstalk in tumor micro- and macro-
environment that dictates immunotherapy response. I put these concepts into a 
broader perspective, discuss future research directions and highlight potential new 
therapeutic strategies that may enhance immunotherapy efficacy in breast cancer 
patients in the future.
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