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Chapter 7

Cancer is one of the leading causes of death worldwide. Despite major advances in 
the treatment of breast cancer, patients with advanced metastatic disease are, with 
rare exception, incurable by current treatment options. Throughout the process of 
cancer initiation, tumor progression and metastatic spread, cancer cells interact with 
the immune system. While some immune cells, when properly primed and activated, 
inhibit or kill cancer cells, others are hijacked by the cancer to facilitate immune 
evasion, tumor progression and metastasis1. The tumor’s fate ultimately depends 
on the balance between anti-tumor immunity and tumor-promoting inflammation.

The goal of immunotherapy is to tip this balance in favor of anti-tumor 
immunity. Immune checkpoint blockade (ICB), such as the inhibitors of PD-1 and 
CTLA-4 used predominantly in this thesis, aims to improve the priming, expansion 
and effector functions of tumor specific CD8+ T cells2. While CD8+ T cells are important 
final effector cells in anti-tumor immunity, they do not act alone. They rely on other 
immune cells for proper activation and recruitment to the tumor. Conversely, they 
are also hampered via a plethora of immunosuppressive mechanisms employed 
by the tumor itself as well as by a range of other immune cells that are present in 
the tumor microenvironment as well as the systemic immune milieu. In this thesis, 
I aimed to unravel the immune complexity behind immunotherapy response in 
primary and metastatic breast cancer. The main questions I addressed 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 we describe the complex multistep process of metastasis formation 
and examine the dual role of the immune system herein. We focus particularly 
on the interactions between cancer cells and immune cells and the reciprocal 
crosstalk among different immune cell populations. Through mechanistic insights in 
immune regulation of metastasis, we shed light on how these interactions may be 
therapeutically exploited to combat metastasis. In chapter 3 we set out to study the 
mechanisms of immune checkpoint blockade response in primary and metastatic 
breast cancer by combining immunophenotyping in breast cancer patients with 
mechanistic studies in breast cancer mouse models. We discovered an unexpected 
player in anti-tumor immunity: the eosinophil. We propose that therapeutic 
engagement of eosinophils may be a way to improve immunotherapy responses in 
the future. In chapters 4 and 5 we examined the negative regulators of anti-tumor 
immunity and immunotherapy response. Specifically, we investigated the role of 
immunosuppressive regulatory T cells (Tregs) (chapter 4) and neutrophils (chapter 
5). We demonstrate that interference with these tumor-induced immunosuppressive 
players can enhance immunotherapy efficacy in breast cancer. In chapter 6 we 
investigated whether PD1-IL2v, a new immunomodulatory agent that shows promise 
in pancreatic cancer models3-5, may be suitable for use in breast cancer by putting 
it to the test in our lowly immunogenic KEP mammary tumor model. We discovered 
that combination treatment with cisplatin is a powerful approach to induce a broad 
activation of systemic and intratumoral adaptive and innate immunity, resulting in 
effective immunotherapy responses.

In this final chapter, I discuss the key mechanisms of the response and 
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resistance to immunotherapy in breast cancer we identified in our research 
emphasizing the importance of innate - adaptive immune cell crosstalk in the tumor 
micro- and macro-environment that underlie these processes. I put our findings in 
the context of existing literature and discuss future research directions and potential 
new therapeutic strategies.

Eosinophils; a new ally in anti-tumor immunity
Through unbiased profiling of the systemic immune landscape upon ICB in patients 
with metastatic triple-negative breast cancer (TNBC) and mechanistic studies 
in clinically relevant mouse models of primary and metastatic breast cancer, we 
identified eosinophils as unexpected players in immunotherapy response (chapter 
3). Eosinophils are bone marrow derived granulocytes that have been extensively 
studied for their role in tissue homeostasis and repair, parasite clearance and the 
pathophysiology of various diseases, including allergic asthma and autoimmunity6. 
However, in the context of cancer, they had been largely overlooked. With the 
publication of some intriguing reports over the last few years, eosinophils are 
now gaining increasing attention7. Eosinophils have been shown to infiltrate many 
tumor types, albeit to varying degrees8, and are now recognized as integral parts 
of the tumor microenvironment (TME). Nevertheless, their role in cancer remains 
controversial, with opposing functions being reported depending on cancer 
type and disease stage9-18. The first indications that eosinophils may have a role 
in immunotherapy response came from correlative studies demonstrating that 
increased eosinophil counts during ICB treatment is associated with response to PD-
1, PD-L1 or CTLA-4 targeting antibodies in patients with metastatic melanoma19-21, 
non-small cell lung cancer (NSCLC)22,23 and renal cell carcinoma (RCC)24. However, 
the question remained whether eosinophils merely serve as a biomarker for or were 
causally involved in ICB response. Our data in chapter 3 add to this existing body 
of literature demonstrating that a systemic eosinophil increase is also associated 
with ICB response in patients with metastatic TNBC. Moreover, we uncovered that 
eosinophils play a critical role in immunotherapy response by promoting CD8+ T cell 
activation in the tumor. Our mechanistic studies elucidated the mechanism by which 
ICB therapy induces systemic eosinophil expansion and tumor infiltration, a process 
which is initiated by IL-5-producing CD4+ T cells upon ICB-induced activation and 
further driven by IL-33 expression upon combined cisplatin and ICB treatment. Our 
data highlight the importance of the reciprocal interactions between eosinophils 
and different T cell populations that are required for each other’s recruitment 
and activation, emphasizing the interconnectivities between innate and adaptive 
immune cells during effective immunotherapy response. In addition, we were able 
to validate the different elements of the mechanism identified in our preclinical 
models in breast cancer patient samples, underscoring the power of combining 
translational research in cancer patients with mechanistic studies in clinically relevant 
mouse models to uncover novel mechanisms of immunotherapy response. 

The mechanisms we identified draw many parallels with eosinophil 
biology in inflammatory diseases such as asthma25. CD4+ T cells are key mediators 
of eosinophil recruitment to the asthmatic lung via secretion of IL-526,27. In turn, 
eosinophils are not only effector cells of innate immunity, but they also have versatile 
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immunoregulatory functions controlling adaptive immune responses via antigen-
presentation28 and the regulation of T cell recruitment and Th1 and Th2 T cell 
polarization29-31. Through our work and that of others, we now know that eosinophils 
contribute to anti-tumor immunity through a similar variety of mechanisms, exerting 
direct tumoricidal effects14 or enhancing anti-tumor immunity via changing the 
vasculature or re-shaping the tumor immune landscape, affecting both CD8+ T 
cell recruitment and activation11-13,32. Our study in Keratin14-Cre;Cdh1F/F;Trp53F/F 
(KEP) mammary tumors demonstrated that eosinophils predominantly promote 
CD8+ T cell activation, rather than recruitment. However, we did not identify the 
precise mechanism through which eosinophils enhance CD8+ T cell activation. 
Our more recent experiments provide some tantalizing clues. Assessment of the 
expression of T cell recruiting chemokines in the TME of KEP mice revealed that CIS 
+ ICB therapy increased CXCL9 levels in the tumor compared to control-treated 
mice, which was lost upon eosinophil depletion using anti-SiglecF (Figure 1A), 
suggesting that eosinophils enhance CXCL9 production in KEP tumors. Blockade 
of CXCL9 prevented CIS + ICB induced CD8+ T cell activation (Figure 1B), without 
affecting CD8+ T cell infiltration (data not shown), suggesting that CXCL9 is involved 
in promoting CD8+ T cell activation upon CIS + ICB therapy. Whether eosinophils 
produce CXCL9 directly or indirectly by stimulating the production of CXCL9 in 
other tumor-infiltrating immune cells, remains a topic of future research (Figure 1C).

CXCL9 expression in tumors was identified as the most conserved feature 
of response to checkpoint inhibition across cancer types, in addition to tumor 
mutational burden33. In patients with ER-negative breast cancer, expression of 
CXCL9 correlates to increased lymphocyte infiltration and improved overall 
survival34. Although traditionally linked to CD8+ T cell recruitment, recent studies 
point out a role for CXCL9 in T cell activation as well35. Eosinophils have been shown 
to produce, amongst others, CXCL9 upon in vitro stimulation with IFNγ and TNFα 
and eosinophil expression of these chemokines was linked to T cell recruitment 
to B16 melanoma tumors12. However, eosinophils may also indirectly stimulate 
the production of CXCL9 in the TME through some unknown intermediaries. Both 
CD103+ dendritic cells (cDC1s) and tumor-associated macrophages (TAMs) have 
been described to be critical producers of CXCL9 in the TME, required for T-cell 
infiltration and tumor control upon adoptive T cell transfer and immune checkpoint 
blockade, respectively36,37. Although adipose-tissue eosinophils are important for 
maintenance of alternatively activated (M2-like) macrophages involved in glucose 
metabolism38, in the context of cancer, eosinophils may also affect macrophage 
reprogramming towards anti-tumorigenic phenotype12. In allergic airway 
inflammation, eosinophils play a role in the activation of dendritic cells, which, in 
turn, promote T cell activation29-31. Assessment of CXCL9 protein levels in sorted 
tumor-infiltrating eosinophils and other myeloid cell populations upon CIS + ICB 
therapy in KEP mice, is required to provide a definitive answer.
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Figure 1. Eosinophils mediate T cell activation upon CIS + ICB in a CXCL9-dependent manner
(A) Assessment of T cell recruiting chemokines in tumor lysates of KEP tumors measured by LegendPlex at day 21 
after start of indicated treatment, relative to control treated. Unpaired t-test. (B) Frequency of indicated activation 
markers expressed on intratumoral CD8+ T cells upon different treatments, determined by flow cytometry (n=4-5). 
Boxes represent median and interquartile range, whiskers full range. Two-way ANOVA followed by Tukey’s multiple 
comparison test. (C) Schematic representation of the potential ways that eosinophils mediate CD8+ T cells activation 
in the tumor in an CXCL9-dependent manner. Eosinophils may (1) directly produce CXCL9 or (2) indirectly stimulate 
the production of CXCL9 in other tumor-infiltrating immune cells such as in TAMs or DCs. ns, not significant, *p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001.

Phenotypical and functional diversity of eosinophils
Eosinophils were traditionally considered terminally differentiated cells once 
they leave the bone marrow, but this notion is shifting in recent years. Given the 
opposing roles that have been reported for eosinophils in cancer9-18, it is likely that 
phenotypic and functional diversity in the eosinophil population exists, a concept 
that is now widely accepted for other tumor-infiltrating myeloid populations such as 
macrophages and neutrophils39,40. 

The concept of eosinophil heterogeneity has been explored in the context 
of inflammatory diseases41. In a mouse model of allergic airway inflammation, 
two distinct sub-populations of eosinophils with opposing functions were 
described: resident/regulatory eosinophils (defined as: SiglecFint CD62L+ CD101-

) and inflammatory eosinophils (defined as: SiglecFhigh CD62L- CD101+)42. RNA 
sequencing analysis and mechanistic studies revealed that the resident eosinophils 
were found in homeostatic as well as allergic lungs and had a regulatory function 
via inhibition of allergen loaded DCs. In contrast, the population of inflammatory 
eosinophils was only detected in allergic airway inflammation and promoted Th2-
related inflammation in the lungs42. These findings were also relevant in humans, 
where the authors identified distinct eosinophil subsets in lung tissue of healthy 
individuals and the sputa of patients with eosinophilic asthma based on differential 
surface receptor expression of Siglec8, CD62L and IL-3R42. Others have categorized 
eosinophil heterogeneity as progenitors, steady state eosinophils, and type 1 and 
type 2 activated phenotypes, based on eosinophil diversity shaped by different 
tissue microenvironments during homeostasis and disease43. Most recently, single-
cell transcriptomic profiling identified five eosinophil subpopulations - eosinophil 
precursors, immature, circulating, basal, and active eosinophils - present in various 
mouse tissues upon colitis44. Whether these eosinophil phenotypes originate from 
different eosinophil subpopulations of distinct developmental origin or reflect a 
continuum of activation states, remains a matter of contention.
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Despite these advances in our understanding of eosinophil heterogeneity in 
inflammatory diseases, our knowledge of eosinophil phenotypes in cancer remains 
scarce. The existence of both resident and inflammatory eosinophil phenotypes, 
based on SiglecF, CD62L and CD101 expression as identified in the allergic airway 
inflammation model42, was described in the lungs of mice harboring 4T1 breast 
cancer-derived metastases18. Comparison of the transcriptional profile of SiglecFhigh 
and SiglecFint eosinophils sorted from the metastasis-bearing lungs revealed 
transcriptional convergence of these two populations in comparison to circulating 
eosinophils18, arguing that the phenotype of metastasis-infiltrating eosinophils is 
predominantly instructed by the tumor. Our explorative RNA sequencing analysis 
suggested that transcriptional diversity exists in circulating eosinophils sorted 
from mice treated with CIS + ICB compared to control antibody (chapter 3). This 
observation raises the question whether immunotherapy causes the accumulation 
of eosinophils with a specific activation state or whether immunotherapy selectively 
expands a particular subpopulation of eosinophils (Figure 2A). To address this 
question, we further investigated eosinophil phenotypes upon CIS + ICB therapy by 
flow cytometry. Comparing eosinophils in the circulation of KEP tumor-bearing mice 
to tumor-free wild-type mice, we observed an increased frequency of SiglecFhigh 
eosinophils in tumor-bearing mice, which was further enhanced upon treatment with 
CIS + ICB (Figure 2B). SiglecFhigh eosinophils expressed higher levels of CD101 and 
lower CD62L compared to their SiglecFint counterparts (data not shown), in line with 
the previously described phenotype of inflammatory eosinophils42. Although CIS + 
ICB increased the proportion of SiglecFhigh eosinophils on total eosinophils, it also 
promoted the accumulation of SiglecFint eosinophils when measured as frequency of 
total immune cells (data not shown). In KEP mammary tumors, only one population 
of eosinophils could be identified based on SiglecF expression. However, whereas 
eosinophils in tumor-free mammary glands were characterized as CD62L- CD101-, 
the predominant phenotype of tumor-infiltrating eosinophils was CD62L- CD101+ 
(Figure 2C), reminiscent of the inflammatory eosinophil phenotype described in 
the asthmatic lung42. Interestingly, also in our eosinophil engagement study using 
combined ICB + rIL-33 treatment, we found increased frequency of SiglecFhigh 
eosinophils in the circulation compared to control, whereas eosinophils infiltrating 
the tumors were predominantly CD62L- CD101+ (inflammatory), regardless of 
treatment (Figure 2D, E). Whether eosinophils acquire this so-called inflammatory 
phenotype upon entering the tumor or whether inflammatory eosinophils are 
preferentially recruited to the tumor remains to be investigated (Figure 2A).

Our inability to selectively deplete one of these eosinophil sub-
populations/activation states, hampers our mechanistic understanding of their 
functional significance. However, we hypothesize that these phenotypic alterations 
are important for the anti-tumoral function of eosinophils upon immunotherapy. 
Evidence to support this notion comes from an intriguing study by Carretero and 
colleagues. They found that the effectiveness of adoptive T cell transfer of OT-I 
T cells in MO4 melanoma model relied on co-transfer with IFNγ+TNFα-activated 
eosinophils, but co-transfer with non-activated eosinophils was ineffective, 
demonstrating that eosinophil activation state is essential for their function. Our 
explorative RNA sequencing analysis also suggested that CIS + ICB combination 
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therapy promotes transcriptional changes indicative of IFNγ-induced activation. 
IFNγ is a known activator of eosinophils in different inflammatory diseases45 and 
was shown to directly enhance the cytotoxicity of eosinophils towards colorectal 
cancer cells15. Similarly, IL-33 has been shown to activate eosinophils, promoting 
eosinophil cytotoxicity of tumor cells via enhanced degranulation14. Recently, it was 
shown that combined IL-33 and IFNγ induced accumulation of activated eosinophils 
with bactericidal and T cell regulatory functions in the inflamed colon44. It will be 
important to further characterize eosinophils at a molecular and phenotypic level 
in clinically relevant mouse models and cancer patients upon ICB treatment to 
evaluate whether a specific activation state can be linked to ICB response.

How might we tackle this question? Eosinophils are notoriously difficult 
to analyze using RNA sequencing techniques due to their low RNA content and 
high expression of RNAses, which are detrimental for RNA quality, complicating 
the phenotypic assessment of eosinophils. As eosinophil research in cancer is 
gaining popularity, development of new techniques and increased sensitivity 
of current sequencing methods are expected to provide more insights. This is 
exemplified by the recent paper of Gurtner and colleagues describing a pipeline 
for successful single-cell RNA sequencing of mouse eosinophils in a colitis model. 
This involved the use IL-5-overexpressing mice to increase eosinophil numbers, 
the pooling of samples of 3-4 mice per condition, and using an anti-SiglecF based 
bead-isolation instead of fluorescence-activated cell sorting strategy for eosinophil 
isolation to reduce shear stress and prevent consequent degranulation, release of 
RNAses and transcript degradation44. Whether this strategy is sufficient to isolate 
a pure population of eosinophils from tumors remains to be tested as subsets of 
intratumoral neutrophils express SiglecF as well46. Alternatively, other techniques 
such as proteomics may be more practically feasible and may shed more light on 
the functional state of this elusive cell population in cancer.
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Figure 2. Assessment of eosinophil phenotypes upon immunotherapeutic strategies
(A) Schematic representation of how ICB (+/- CIS) may affect eosinophil phenotype in the circulation and tumor. ICB (+/- 
CIS) may lead to (1) the expansion of both regulatory and inflammatory eosinophils subsets of distinct developmental 
origin, but only inflammatory eosinophils are recruited to the tumor, (2) the selective expansion of inflammatory 
eosinophils, leading to their enhanced recruitment to the tumor, or (3) the expansion and tumor recruitment of 
eosinophils in a particular ICB-induced activation state. (B) Frequency of SiglecFhigh eosinophils in the blood of tumor-
free wild-type or tumor-bearing KEP mice treated as indicated, analyzed by flow cytometry at tumor-related endpoint 
(n=5-14). (C) Frequency of CD62L- CD101+ eosinophils infiltrating the mammary gland of tumor-free wild-type or 
mammary tumors of KEP mice treated as indicated, analyzed by flow cytometry at tumor-related endpoint (n=5-7).

Legend continues on the next page
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(D) Frequency of SiglecFhigh eosinophils in the blood of mice bearing orthotopically transplanted KEP tumors, 
treated as indicated, analyzed by flow cytometry at tumor-related endpoint (n=8-10). (E) Frequency of CD62L- 
CD101+ eosinophils infiltrating in orthotopically transplanted KEP tumors of mice treated as indicated, analyzed 
by flow cytometry at tumor-related endpoint (n=8-10). All data are mean ±S.E.M., statistical analysis by 
One-way ANOVA with Tukey’s correction. ns, not significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001

Eosinophil engagement to improve immunotherapy efficacy
We uncovered a mechanism by which ICB-activated IL-5-producing CD4+ T cells 
instigate eosinophil development in the bone marrow leading to the systemic 
expansion of eosinophils. Additional induction of IL-33 upon combined cisplatin and 
ICB triggered intratumoral eosinophil infiltration, where eosinophils contribute to 
anti-tumor immune response by promoting CD8+ T cell activation. We proposed that 
engagement of eosinophils may enhance therapeutic efficacy of immunotherapy in 
absence of chemotherapy. The correlation we observed between IL-33 expression 
and the presence of an eosinophil signature in metastatic lesions of breast cancer 
patients who respond to ICB, combined with our experimental study demonstrating 
that the effectiveness of ICB can be enhanced by inducing eosinophil mobilization 
through systemic administration of recombinant IL-33, indicates that IL-33 could be 
an attractive engager of eosinophils in breast cancer patients upon ICB. Nevertheless, 
the systemic administration of rIL-33 as performed in chapter 3 induced only a 
modest therapeutic benefit over ICB, leaving space for improving the use of rIL-33 
and the assessment of additional eosinophil engagement strategies. Moreover, as 
outlined above, it will be critical to assess whether these engagement strategies 
induce the ‘right’ kind of eosinophil activation to contribute to anti-tumor immunity. 
 IL-33 is an alarmin, best known for its function to amplify the inflammatory 
response by recruiting eosinophils and other type 2 immune cells to sites of 
inflammation and tissue damage47. IL-33 is involved in eosinophil recruitment as 
well as activation14. However, when contemplating the use of IL-33 for eosinophil 
engagement, one must consider the pleiotropic functions of IL-3348, some of which 
may counteract its beneficial effect on eosinophils. Importantly, IL-33 has been 
shown to instruct the expansion and immunosuppressive function of Tregs, thereby 
contributing to cancer progression49,50. Promisingly, previous studies in our lab 
have shown that Treg accumulation in KEP mice is independent of IL-3351 and we 
observed no differences in Treg expansion or activation upon systemic recombinant 
IL-33 delivery (chapter 3). In a model of gut helminth infection, it was demonstrated 
that the cellular context in which IL-33 is expressed matters for its activity52. Broad 
release of IL-33 from damaged epithelial cells was linked to ILC2-meditated 
helminth clearance, while dendritic cell-derived IL-33 induced immunosuppressive 
Tregs and impaired worm clearance. Careful assessment of the cellular source of IL-
33 upon immunotherapy in mouse models as well as breast cancer patient samples 
may provide further clues how to optimally deliver IL-33 during immunotherapy, for 
instance via intratumoral injections.

Interestingly, the use of IL-33 to induce anti-tumor immunity is gaining 
popularity for reasons beyond its potential effect on eosinophils. It has been 
reported that IL-33 directly affects CD8+ T cells, promoting their expansion and 
maintenance of stemness phenotype during chronic viral infections53. Moreover, 
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treatment with aCTLA-4 or aPD-1 was demonstrated to induce IL-33 expression in 
MC-38 colon cancer cells which enhanced the accumulation and effector functions 
of tumor CD8+ T cells and DCs, which was required for the anti-tumor efficacy of 
ICB54. Adoptive transfer of OT-I T cells engineered to secrete an IL-2 variant and 
IL-33 provoked a T cell state with superior effector functions, leading to tumor 
regression of B16-OVA tumors55. The secretion of IL-33 was critical, but its effects 
were shown to be T cell extrinsic, thus likely mediated through reprogramming 
of the TME. Unfortunately, the authors did not assess which components of the 
TME may be responsible. Similarly, co-expression of IL-2 superkine and IL-33 in 
CAR T cells improved anti-tumor responses in multiple solid tumor models, via 
the induction of broad innate and adaptive immune cell activation in the TME56. 
In our study in chapter 3, we cannot exclude additional roles for IL-33 beyond 
eosinophil engagement, such as direct CD8+ T cell or DC activation upon CIS + ICB. 
Nevertheless, our data demonstrate that IL-33 is an attractive approach to engage 
eosinophils and enhance immunotherapy efficacy, but further studies are needed to 
evaluate whether IL-33 in combination with ICB can be used to engage eosinophils 
safely and specifically in cancer patients.

Which other strategies may be used to engage eosinophils to improve 
ICB responses? An attractive approach is the inhibition of dipeptidyl peptidase 4 
(DPP4). DDP4 is a ubiquitously expressed serine protease involved in the truncation 
and degradation of certain chemokines, thereby regulating their biological activity. 
DDP4 inhibitors are FDA-approved for the treatment of diabetes type 2 and work 
via blocking the degradation of insulinotropic hormones such as GLP-157. However, 
among DPP4’s targets is also CCL11, an eotaxin that is essential for eosinophil 
trafficking to sites of inflammation via engagement of its receptor CCR3 expressed 
on eosinophils58. Blockade of DPP4 was shown to increase the recruitment of 
eosinophils in a CCL11-CCR3 dependent manner in a rat skin inflammation model57. 
In the hepatocellular carcinoma and breast cancer models, DDP4 inhibition not only 
stabilized CCL11 expression in the tumor, but also induced an increase in intratumoral 
IL-33 levels. These changes led to increased eosinophil infiltration in the tumor and 
IL-33-dependent eosinophil-mediated tumor cell cytotoxicity14. DDP4 inhibitors are 
approved for the treatment of type 2 diabetes mellitus with good safety profiles59, 
which could accelerate their clinical implementation for cancer patients. However, 
it is crucial to evaluate the expression pattern of DPP4 in tumor tissues of cancer 
patients as well as consider the potential off-target effects on other chemokines 
involved in cancer. 

Given the essential role for eosinophils in fighting parasites and other 
extracellular pathogens6, it is enticing to consider whether eosinophils can be 
engaged to combat cancer with parasite-derived molecules. Interestingly, with 
improved control of parasitic infections in developed countries, came a simultaneous 
increase in the incidence and mortality of cancer60. This raised the intriguing 
hypothesis that parasitic infections may somehow interfere with cancers, either by 
directly inhibiting tumor growth or by educating the immune system in favor of anti-
tumor immunity61.  Experimental studies have demonstrated the potential anticancer 
properties of certain parasites, including Trypanosoma cruzi, Toxoplasma gondii, 
Toxocara canis, Acantamoeba castellani, and Plasmodium yoelii61. The mechanisms 
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underlying the tumor resistance induced by parasites are not fully understood, 
however, it is believed that various mechanisms, including the presentation of 
common antigens and activation of innate or acquired immunity may be involved. 
Some parasites are known to produce mucin-type O-glycans that are also present 
in cancer cells, indicating the existence of shared antigens between parasites and 
cancers62. It has been suggested that Trichinella spiralis infection enhances anti-
tumor immunity via induction of eosinophils capable of direct tumoricidal activity63. 
Whether this strategy can be employed in combination with ICB remains to be 
investigated. Similarly, treatment with fungal-derived β-glucans has been shown 
to enhance anti-tumor immunity via activation of inflammatory monocytes64 or 
reprogramming of neutrophils65, but whether β-glucans affect eosinophils and can 
enhance immunotherapy efficacy is currently unknown. While the idea that parasite-
derived agents may have potential in engaging eosinophils to improve cancer 
immunotherapy outcome is fascinating, more research is needed to understand the 
mechanisms involved, and to determine the safety and efficacy of these treatments 
in patients.

Lastly, our studies concerning the adverse role of Tregs (chapter 4) and 
neutrophils (chapter 5) in cancer immunotherapy response revealed remarkable 
interconnectivity between these immunosuppressive cell types and eosinophils. 
Short-term neutrophil depletion using anti-Ly6G during ICB therapy in KEP mice 
induced a relative increase in eosinophils in the circulation. More strikingly, Treg-
depletion, independent from ICB therapy, induced massive eosinophil infiltration 
into the tumor. These data indicate that targeting the immune suppressive network 
might be a viable strategy to engage eosinophils and promote CD8+ T cell activation 
concurrently. Whether the eosinophil accumulation observed upon Treg-depletion in 
KEP mice is similarly driven by the IL-5-IL-33-axis and whether these eosinophils 
are activated into an anti-tumorigenic state, is currently unknown. Investigation of 
cytokine and chemokine expression in tumor lysates isolated from mice treated with 
ICB + Treg-targeting may reveal additional factors that drive eosinophil recruitment 
to the tumor that can be exploited therapeutically.

Eosinophils, allergies, and immunotherapy response
Allergic reactions stem from hyperactivity of the immune system, whereas cancers 
induce a chronic inflammatory, yet immunosuppressed state. As such, the relationship 
between cancer and allergy has long since fascinated researchers. Although cancer 
prevalence in general is not clearly linked to a history of allergy, some intriguing 
relationships have been found for subtypes of cancer66. For instance, the risk of 
pancreatic, colon and brain cancer is reduced among allergic patients, regardless of 
the type of allergy they have67-69. These observations suggest that allergies enhance 
systemic immunosurveillance, protecting certain tissues from cancer incidence. In 
other organs however, allergies have been shown to contribute to inflammation-
induced carcinogenesis, which is particularly apparent in tissues exposed to many 
carcinogens as well as allergens such as the lungs66,68,70. 

Eosinophils play a central role in the pathophysiology of certain allergies6. 
Conceptually, this raises some intriguing questions regarding the role of eosinophils 
in allergic responses and cancer. In the current age of immunotherapy for cancer, a 
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new question arises: how may allergies affect immunotherapy efficacy? Given our 
findings in chapter 3 that eosinophils are essential for ICB responses and induced 
via an IL-5-dependent manner similar as during allergic inflammation26,27, it is 
tempting to speculate that eosinophilic allergies may enhance anti-tumor immune 
responses. There is some evidence to suggest this may be the case. In addition to 
their increased frequency during allergies, eosinophils have been shown to have 
increased cytotoxic ability under allergic conditions71 and eosinophils from allergic 
donors showed enhanced cytotoxicity towards colorectal cancer cells compared 
to those of healthy donors72. However, most of these studies are based on in vitro 
experiments and the contributions of other allergic mediators such as mast cells 
were not considered. 

Evaluation of the associations between eosinophils, allergy and cancer 
immunotherapy response is complex as assessment of the allergic status of cancer 
patients undergoing immunotherapy oftentimes relies on self-reporting and 
apparent allergic symptoms may be confounded by symptoms of other diseases66. 
Moreover, the widespread use of anti-inflammatory drugs to mitigate allergic 
symptoms may be a confounder too, as these drugs can have implications for 
immunotherapy efficacy in unexpected ways. For instance, a retrospective analysis 
demonstrated that patients who took antihistamines during immunotherapy for 
the treatment of metastatic melanoma or lung cancer had improved survival73. 
Mechanistically, this was mediated via histamine expression by cancer cells and 
histamine receptor H1 expression on TAMs, which induced their M2-like pro-
tumorigenic polarization, which in turn caused T cell dysfunction in the TME. To 
assess the relationship between eosinophils, allergy and immunotherapy response, 
more research is needed on the molecular level in in vivo tumor models as well as 
cancer patients. These studies should take into account the potential organ-specific 
differences outlined above and carefully consider the role of other mediators of 
allergies such as mast cells and neutrophils, which may have opposing functions in 
immunotherapy response compared to eosinophils.

Simultaneous boosting of anti-tumor immunity and dampening tumor-
promoting inflammation and immunosuppression
In this thesis I argue that simultaneous boosting of anti-tumor immunity and 
dampening of tumor-promoting inflammation and immunosuppression can improve 
responses to immunotherapy, circumventing the need for chemotherapy. This 
concept was explored in chapter 4 and 5. 

Immunosuppression in the TME comes in many shapes and forms, ranging 
from cellular components to soluble mediators and physiological properties 
of tumors. Expression of T cell inhibitory ligands such as PD-L174, production 
of immunosuppressive cytokines such as IL-10 and TGFβ75,76, consumption of 
essential nutrients77,78, induction of hypoxia79 and release of reactive oxygen 
species80 are among the many immunosuppressive mechanisms in the TME. These 
immunosuppressive mechanisms are employed by cancer cells themselves, but 
equally, if not more important, are the contributions of tumor-infiltrating immune 
cells81. For instance, PD-L1 expression on tumor-infiltrating myeloid cells was 
shown to be a more significant determinant for anti-PD-L1 therapy-mediated tumor 
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regression than PD-L1 expression on cancer cells74, highlighting the dominant 
role of myeloid-derived immunosuppression in the TME. A major contributor to 
immunosuppression in the TME are TAMs, which have been extensively studied by 
our group and others82-84. In this thesis, we focused on two other key orchestrators 
of tumor-induced immunosuppression: regulatory T cells85 (chapter 4) and 
neutrophils86 (chapter 5). 

Tumor-induced inflammation and immunosuppression reaches far beyond 
the TME. This is particularly evident for neutrophils, whose increased development 
in the bone marrow and consequent systemic expansion and immunosuppressive 
polarization have been particularly implicated in metastasis formation87-93. 
Conversely, the role of Tregs in cancer and immunotherapy response has been 
predominantly studied in the primary tumor setting in models intrinsically sensitive 
to ICB94-99. Our lab has previously shown that KEP tumors drive the systemic 
expansion of activated, immunosuppressive Tregs that promote metastatic spread 
to the lymph nodes, but not the lung, through local suppression of NK cells100. 
Our data in chapter 4 confirmed this finding as none of the mice treated with 
Treg-depletion developed lymph node metastasis. Others have suggested that 
neutrophils are more immunosuppressive to T and NK cells in the lungs compared 
to other organs, driving breast cancer metastasis to the lungs92. These observations 
emphasize that organ specific differences in the immunosuppressive network exist, 
which have consequences for metastatic spread and response to immunotherapy. 
Reversely, the location of metastases may also impact response to immunotherapy. 
For instance, presence of liver metastasis has been correlated to reduced response 
to PD-1/PD-L1 blockade in metastatic TNBC patients101,102. In mouse models, it was 
shown that liver metastasis-associated macrophages eliminate activated CD8+ T 
cells via apoptosis induction, reducing immunotherapy efficacy103. 

Appreciation for the importance of systemic immunity is gaining traction 
in the immunotherapy field104. Indeed, in chapter 3 and 6 we demonstrate that 
effective anti-tumor response to combined cisplatin + aPD-1/CTLA-4 or cisplatin 
+ muPD1-IL2v was characterized by not only intratumoral immune activation 
but also systemic activation in the blood and tumor-draining lymph nodes. In 
cancer patients, it was shown that surgical removal of the regional lymph nodes 
negatively correlates with response to ICB105. In mouse models, resection of the 
tumor-draining lymph nodes prevented immunotherapy-induced tumor control 
by decreasing immune cell infiltration in the tumor106. Another study showed that 
upon immunotherapy, initial immune activation was observed both within the 
tumor and throughout peripheral tissues. However, during the process of tumor 
rejection, only immune cells in the periphery continued to undergo cell division. 
This coordinated response across different tissues was necessary for the eradication 
of tumors in several immunotherapy models, underscoring the importance of 
systemic immunity in mounting effective immunotherapy responses107. Thus, to 
further improve our understanding of the requirements of immunotherapy efficacy, 
we must take a holistic approach by assessing the systemic immune landscape as 
well as the tumor microenvironment, keeping potential organ-specific differences in 
the immunosuppressive network in mind.
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Regulatory T cells; the puppet master of the immunosuppressed TME
Tregs are essential safe guardians of immune homeostasis, preventing autoimmunity 
and excessive responses to pathogens108. Tregs can make up a substantial proportion 
of tumor-infiltrating lymphocytes depending on the cancer type109. In addition, 
increased ratio of Tregs versus effector T cells in tumor tissue has been correlated 
to worse clinical outcome in many solid cancer types110. Interestingly, correlations 
between Tregs and prognosis in breast cancer patients seem to vary per breast cancer 
subtype. In hormone receptor (HR)-positive breast cancer, high intratumoral Tregs 

have been correlated to poor prognosis111, whereas Tregs have been correlated to 
favorable prognosis in HR-negative breast cancer and TNBC85. In TNBC, increased 
Tregs in the tumor was strongly correlated with increased infiltration of other 
lymphocytes including CD8+ and CD4+ T cells112,113, suggesting that the association 
of Tregs with favorable prognosis is more reflective of a general increase in T cell 
infiltration in TNBC. This breast cancer subtype has a higher mutational burden, 
more T cell inflamed TME, and shows the highest response rate to ICB114-116. 

It is important to realize that Tregs may be direct targets for ICB therapy, 
as the expression of immune checkpoint molecules such as PD-1 and CTLA-4 is 
not limited to CD8+ T cells but is also found on intratumoral Tregs

117-119. Indeed, in 
chapter 4 we found that aPD-1/CTLA-4 therapy inadvertently activates and expands 
immunosuppressive Tregs in mammary tumor models. Also in breast cancer patients, 
we found indications that Treg levels are elevated upon ICB therapy in the tumor 
and circulation. These observations are in line with previous studies showing that 
both anti-PD-1 and anti-CTLA-4-based antibody therapies can induce the activation 
and proliferation of Tregs

120-122 and are consistent with clinical observations that 
expression balance of PD-1 on intratumoral Tregs over CD8+ T cells correlates with 
non-responsiveness to PD-1 therapy in patients with melanoma, NSCLC, and gastric 
cancer119. We also found that the expression of PD-1 and CTLA-4 was highest on 
tumor Tregs across all breast cancer models currently used in the lab (chapter 4 
and data not shown). Nevertheless, not all models were resistant to ICB therapy, 
suggesting that simply determining the expression balance of PD-1 on Tregs over 
CD8+ T cells may be insufficient to predict ICB responses in breast cancer. Other 
factors including differences in T cell infiltration, myeloid cell infiltration and PD-L1 
expression on myeloid cells, are expected to contribute as well. Interestingly, in 
our studies chapter 6 we observed hyperprogression of KEP tumors upon aPD-1 
therapy using the Fc-modified anti-PD-1 antibody we used as a control reagent 
for muPD1-IL2v obtained from Roche. Hyperprogression upon aPD-1 therapy 
is observed quite frequently in cancer patients123,124 and was linked to expansion 
of PD-1+ Tregs in gastric cancer patients123. As studying the efficacy of this PD-1-
targeting antibody was not the primary interest of our study, we did not perform 
any follow-up experiments on this finding. However, it would be interesting to 
assess in more detail whether activation of PD-1+ Tregs may have contributed to the 
hyperprogression we observed. 

Moreover, it is currently unclear whether Tregs are directly stimulated by aPD-
1/aCTLA-4 therapy, resulting in increased proliferation and immunosuppressive 
function123,125, or whether the Treg expansion observed upon ICB therapy is a 
result of the upregulation of immunoregulatory feedback mechanisms following 
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an ongoing CD8+ T cell response122. Nevertheless, investigating the molecular 
mechanisms underlying the induction of Tregs by ICB could provide valuable insights 
for the development of immunotherapeutic approaches that specifically activate 
conventional T cells, but not Tregs. Besides PD-1 and CTLA-4, Tregs have been 
shown to express other immune checkpoints for which agonistic or antagonistic 
antibodies are in clinical development including TIGIT, LAG3, TIM3, and 4-1BB126-

129. The expression levels of immune checkpoints on Tregs versus conventional 
CD4+ and CD8+ T cells should be taken into account when treating patients with 
immune checkpoint inhibitors and considered during the development of new 
immunomodulatory drugs, particularly in patients with high Treg infiltration in the 
tumor. Efforts to selectively activate CD8+ T cells over Tregs should be made. We 
investigate one such approach in chapter 6, which will be discussed in more detail 
in a paragraph below.

The ICB-induced accumulation and activation of Tregs we observed in mammary 
tumor-bearing mice, affected both intratumoral and systemic immunosuppression. 
The potency of Tregs in controlling the intratumoral immune landscape was quite 
astonishing. Short-term Treg-depletion during neoadjuvant ICB caused a drastic re-
wiring of the TME with increased CD8+ T cells, CD4+ T cells, and eosinophils, while 
decreasing conventional dendritic cells type 2 (cDC2s) and neutrophils. In addition, 
we observed strong upregulation of MHC-II on inflammatory monocytes and TAMs. 
A recent study in KrasLSL-G12D/WT;Trp53F/F lung adenocarcinoma model found similar 
interconnectivities between Tregs and many other tumor-infiltrating cells. Responses 
to DT-mediated Treg-depletion became apparent in fibroblasts, endothelial cells and 
myeloid cells as early as 48 hours after Treg-depletion, before any notable changes 
in T cell activation could be observed130. It is currently unclear what the exact 
interconnections are between Tregs and all these cell populations. Do Tregs suppress 
these populations directly or does the lifting of immunosuppressive network induce 
a cascade of events, leading indirectly to reprogramming of several other immune 
parameters associated with anti-tumor immunity?

Unlike previous studies involving tumor cell lines with higher 
immunogenicity94-97, we observed no therapeutic benefit of Treg-targeting alone. 
Moreover, the anti-tumoral effects of combined ICB + Treg-depletion were only evident 
in the metastatic context, not in primary tumors. This suggests the existence of 
additional obstacles to anti-tumor immunity in primary KEP tumors that are unrelated 
to Tregs. A likely explanation is the remaining presence of other immunosuppressive 
cell types such as macrophages131. Previous studies have highlighted the reciprocal 
interactions between Tregs and TAMs132,133, emphasizing the crosstalk between these 
two immunosuppressive subsets and the existence of compensatory mechanisms 
driving resistance to immunotherapies. Another possible explanation lies in the 
broad upregulation of PD-L1 on intratumoral myeloid cells we observed upon Treg-
depletion, indicative of negative feedback mechanisms in place to limit immune 
activation. Although PD-L1 positivity at baseline is associated with response to 
ICB strategies74, upregulation of PD-L1 during ICB therapy is also described as an 
acquired resistance mechanism limiting therapy efficacy5. Upregulation for PD-L1 in 
the tumor has local effects limiting anti-tumor immunity but can also protect distal 
metastases from systemic immunity107. 
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Despite being insufficient to control primary tumor growth, we hypothesized 
that the broad pro-inflammatory changes in the TME induced by Treg-depletion, may 
have contributed to the development of a robust anti-metastatic immune response 
in combination with ICB. Indeed, combined ICB and Treg-depletion induced a 
systemic increase in CD8+ T cells, CD4+CD8+ T cells, NK cells, and eosinophils. 
Moreover, combination therapy led to durable CD8+ T cell activation, and increased 
CD8+ T cell counts were detectable in metastatic lesions more than 7 weeks after 
cessation of neoadjuvant therapy. We have investigated the cellular dependency of 
therapeutic benefit of ICB + Treg-depletion on CD8+ T cells and NK cells. Whereas 
NK cell-depletion had no effect, we demonstrated that CD8+ T cells are the main, 
but not sole driver of anti-metastatic response. As discussed above, Treg-depletion 
also induced systemic expansion and tumor infiltration of eosinophils. Would we 
lose the anti-metastatic effect of ICB and Treg-targeting upon eosinophil depletion? 
Moreover, the functional role of CD4+ T cells in the anti-tumor immune response 
upon ICB and Treg-depletion could be considered more closely. Upon neoadjuvant 
ICB and Treg-depletion, we observed a decrease in cDC2s in the tumor as well as 
strong increase in CD4+ T cell accumulation and activation. These findings are in 
line with a previous study that showed how Treg-depletion induces the migration 
of cDC2s from the tumor to the TDLNs, where they gained increased ability to 
prime and activate CD4+ T cells in absence of Tregs, leading to CD4+ T cell-mediated 
rejection of the B16 melanoma tumors134. As we kept the mice alive after mastectomy 
to monitor metastasis formation, we could not analyse the TDLNs, and thus we do 
not know whether the observed decrease in tumor cDC2 levels is due to increased 
migration to the TDLN in our model. Assessing whether CD4+ T cells may play a 
role in the observed anti-metastatic response would be of interest for future studies.

From our data in chapter 4 and that of others, it is clear that Tregs play a 
central role in limiting anti-tumor immunity and immunotherapy responses, making 
them attractive targets for improving the efficacy of immunotherapy. However, it is 
important to maintain the balance between anti-tumor immunity and prevention of 
autoimmune reactions and immune-related adverse events. The major challenge in 
advancing Treg-targeting to clinical implementation is to safely target Tregs in cancer 
patients. Efforts should focus on approaches that specifically deplete intratumoral 
Tregs or that only partially deplete Tregs. Several approaches are being investigated, 
including the repurposing of existing drugs such as gemcetibine135 and discovering 
new targets like OX-40, CD25, and CCR495,108,123. A highly promising target is the 
chemokine receptor CCR8. CCR8 expression is predominantly found on a highly 
immunosuppressive subset of intratumoral Tregs across various cancer types136, 
including breast cancer patients137. Preclinical studies using cancer cell line inoculation 
models including EMT6 and 4T1 breast cancer models, have demonstrated that 
anti-CCR8 therapy can selectively reduce intratumoral Tregs, leading to tumor 
control as well as improved responses to aPD-1 therapy, with minimal autoimmune-
related side effects97,138,139. Whether anti-CCR8 can enhance responses to ICB in 
spontaneous cancer models, such as the KEP model, which better simulate the 
inflamed and immunosuppressed conditions observed in cancer patients, remains 
to be investigated. Currently, anti-CCR8 antibodies are being tested in early-
phase clinical trials. Future research should continue to explore strategies to safely 
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target Tregs in cancer patients, with the ultimate goal of improving the efficacy of 
immunotherapy while reducing the incidence of immune-related adverse events.

Neutrophils; a formidable opponent of dynamic nature
Despite gaining increasing attention in recent years, controversy regarding the role 
of neutrophils in immunotherapy response remains. This controversy is likely related 
to the neutrophil heterogeneity and plasticity in phenotype and function, which 
appears to depend on tumor type, tumor stage and type of immunotherapy that is 
used. Our lack of understanding the impact of neutrophils on cancer immunotherapy 
also sprouts from the limited tools for targeting neutrophils efficiently140,141. This, in 
turn, relates back to the highly dynamic and plastic nature of this abundant myeloid 
immune cell population. It is estimated that 107 neutrophils are produced in mice 
per day, and in humans this number increases to a staggering 1011 neutrophils 
daily. During cancer progression, granulopoiesis is pushed to its limits, leading to 
the release of more immature neutrophils with altered phenotypes and functions. 
Perhaps is it not surprising that depleting neutrophils against this flood of new 
production is like shoveling sand against the tide. Previous research in our lab 
indicates a clear pro-tumorigenic and immunosuppressive function for neutrophils 
in KEP mammary tumors and metastases87,88. Our data of chapter 5 demonstrate 
that neutrophils also counteract immunotherapy efficacy by suppressing CD8+ T 
cell activation in the TME, highlighting that neutrophil modulating strategies may 
improve responses to immunotherapeutic strategies in breast cancer patients. How 
might we safely and efficiently target such a dynamic myeloid population in cancer 
patients? 

Depleting neutrophils from cancer patients could increase their susceptibility 
to severe infections142, therefore approaches that prevent neutrophil recruitment to 
the TME are under intensive investigation. Targeting of CXCR2 has been shown 
to inhibit cancer-induced neutrophilia and improve responses to immunotherapy 
in preclinical cancer models143,144. However, not all neutrophils express CXCR2 or 
rely on CXCR2 for their recruitment. For instance, immature neutrophils, which 
are abundant in preclinical tumor models and cancer patients87,145, express lower 
levels of CXCR2 than fully mature neutrophils146. Moreover, the long-term effects 
of manipulating the recruitment of a dynamic myeloid population need to be 
carefully evaluated. For instance, retention of monocytes in the bone marrow by 
CCL2 neutralization inhibited metastasis formation in spontaneous breast and 
pancreatic cancer models147,148. However, cessation of anti-CCL2 treatment in 
patients caused a compensatory influx of monocytes into metastatic sites and 
resulted in increased mortality149. Additionally, compensatory mechanisms may 
exist between the different arms of the immunosuppressive network. Targeting one 
immunosuppressive cell type may lead to the recruitment of another that takes 
over its function84,150. Indeed, a compensatory influx of neutrophils was observed 
after TAM depletion in transplantable mouse models of melanoma, lung, colon 
and breast cancer151,152. CSF-1R inhibition was found to have an unexpected pro-
metastatic effect by indirectly reducing NK cell numbers via removal of TAM derived 
IL-15 survival signal for NK cells153. These studies underscore how challenging it 
can be to target the dynamic interactions between cancer cells and immune cells, 
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particularly within the myeloid compartment.
 Another complicating factor is the observation that neutrophils, or particular 
subsets of neutrophils, may contribute to anti-tumor immunity and immunotherapy 
responses in certain instances. Although the bulk of experimental evidence points 
towards pro-tumorigenic and immune suppressive role for neutrophils154,155, some 
studies have shown that neutrophils can contribute to anti-tumor immunity156,157. 
A recent study in the orthotopically transplanted KP lung adenocarcinoma model 
revealed that successful immunotherapy using a CD40 agonist resulted in an 
increase in neutrophil infiltration in the tumor, which contributed to tumor control157. 
This occurred through the selective expansion of the CD62Lhigh SiglecFlow neutrophil 
subset, which had anti-tumorigenic properties, while the immunosuppressive 
SiglecFhigh neutrophil subset remained unchanged. However, aPD1/CTLA-4 therapy, 
which did not provide therapeutic benefit in the KP model, did not result in the 
same phenomenon. This is in line with our own findings in mice bearing KEP tumors 
or metastases, which showed that neutrophil infiltration and SiglecF expression 
were unaffected by unsuccessful aPD-1/aCTLA-4 therapy (chapter 5). These results 
suggest that neutrophils can have different effects on immunotherapy response 
depending on the type of checkpoint inhibitors used and whether an initial anti-
tumor T cell response is achieved. 

Instead of targeting the entire neutrophil population, efforts to reprogram 
neutrophils from a pro-tumorigenic to anti-tumorigenic state is a preferred strategy. 
We have previously identified several of the upstream mediators that induce 
neutrophil expansion and polarization in KEP mice, including G-CSF, IL-17, and IL-
1β87. The cancer field can make use of antagonists that are in clinical development 
for inflammatory diseases, some of which are indeed already FDA approved. 
Combining ICB with anti-IL-1β is of particular interest as we have previously shown 
that IL-1β production by tumor-infiltration macrophages is an early event in the 
cascade promoting the emergence of immunosuppressive neutrophils in KEP 
mice87,158. Anti-IL-1β treatment normalized the level and phenotype of neutrophils 
in primary tumor-bearing KEP mice87. Our preliminary data suggest that addition 
of anti-IL-1β to neoadjuvant + adjuvant ICB therapy may improve anti-metastatic 
responses when compared to ICB monotherapy, despite having only minimal effect 
on reducing circulating neutrophil levels (Figure 3). We are currently repeating this 
experiment with an independent tumor donor and higher dosing frequency of anti-
IL-1β to strengthen these findings. 

Interest in anti-IL-1β as a cancer therapeutic was sparked by a serendipitous 
finding. A retrospective analysis of a phase III cardiovascular study using anti-IL-
1β showed significantly reduced lung cancer incidence159. This observation spurred 
several clinical trials to evaluate the safety and tolerability of combining anti-IL-
1β with aPD-1 in lung cancer patients. Although the first press releases of these 
CANOPY-studies stated that the trial did not meet its primary endpoints, the 
data suggest that certain subgroups of patients may benefit from this treatment 
combination. Unfortunately, no data has been released on neutrophil frequencies 
or related mediators from these trials. Identifying which cancer patient subgroups 
are expected to benefit from neutrophil-targeting strategies will be important going 
forward. Moreover, it will be important to monitor neutrophil levels during anti-
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IL-1β + aPD-1 therapy in these patients, as a drawback of utilizing a therapy that 
blocks a single cytokine is that the effectiveness of the treatment may be reduced 
due to functional redundancy among cytokines or compensatory effects from other 
cytokines160.

Figure 3. Effect of anti-IL-1β during neoadjuvant ICB in KEP-based metastasis model
(A) Experimental set-up of KEP-based mastectomy model for spontaneous multi-organ metastatic disease and treatment 
scheme. Treatments were initiated in the neo-adjuvant setting and continued after primary tumor resection until mice 
developed clinically overt metastatic disease. (B) Absolute neutrophil counts (CD11b+ Ly6Cint GR1high) in the blood of 
mice treated as indicated, analyzed by flow cytometry at indicated timepoint, (n=2-9). Mean ± SEM, Unpaired t-test. 
(C) Kaplan-Meier survival curves of metastasis-bearing mice treated with Ctrl Ab (n=15, 5 censored), anti-IL-1β (n=14, 3 
censored), ICB (n=14, 4 censored), ICB + aIL-1β (n=12, 4 censored), or ICB + aIL-1β + aCD8 (n=14, 3 censored). Log-
rank (Mantel-Cox) test. (D) Incidence of mice with metastases in the lungs, axillary TDLN (Ax. LN) or caudal lymph node 
in mice treated as indicated. Mice sacrificed for metastasis-unrelated causes were excluded from the analysis. Fisher’s 
Exact Test. (E) Percentage of mice free of metastasis 100 days after mastectomy. Fisher’s Exact Test. ns, not significant, 
*p<0.05, **p<0.01, ***p<0.001, ****p<000.1.

Exploring new immunotherapeutic strategies for breast cancer
Hundreds of clinical trials are currently testing different combinations of 
immunotherapeutic strategies in breast cancer patients, sometimes obtaining 
encouraging results, sometimes not. Clinical implementation seems to be 
outpacing our mechanistic understanding of which subgroups of patients may 
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respond and which combination therapies should be rationally explored. As new 
immunotherapeutic strategies are developed, it will be important to assess the 
mechanisms of response to these new therapeutics in clinically relevant mouse 
models to identify possible resistance mechanisms and combination partners that 
may overcome these hurdles. In chapter 3 – 5 we identified various ways to improve 
the established immunotherapy approach of combined anti-PD-1 + anti-CTLA-4 
(ICB), either by combining with chemotherapeutic agent cisplatin or engagement of 
eosinophils, or via simultaneous targeting of tumor-induced immunosuppression. In 
chapter 6 we investigated a new immunotherapy approach, which combines an old 
interest of the immune oncology field with a new one: PD1-IL2v, a newly developed 
immuno-modulatory agent that aims to deliver an IL-2 variant, engineered to 
preferentially bind the IL2Rβγ subunit expressed on CD8+ T cells and NK cells over 
IL2Rα-expressing Tregs and endothelial cells, specifically to PD-1+ tumor-reactive CD8+ 
T cells using a PD-1-targeted antibody. Murinized (mu)PD1-IL2v showed promising 
results in pancreatic cancer models expressing strong tumor antigens3-5, but had not 
yet been tested in lowly immunogenic and sparsely T cell infiltrated cancer models 
such as breast cancer. Thus, we set out to put muPD1-IL2v to the test in our highly 
immunosuppressed KEP mammary tumor model. 

The most striking observation coming out of this study was that muPD1-
IL2v monotherapy elicited a strong increase in tumor infiltration of CD8+ T cells 
with a less-differentiated phenotype, increased ability to proliferate and produce 
IFNγ and TNFα, similar to what had been reported in the pancreatic cancer 
models3-5, yet these changes were to no avail. muPD1-IL2v monotherapy did not 
improve tumor control or survival of KEP mice. Although KEP tumors are certainly 
lowly immunogenic compared to other tumor models, the complete absence of 
recognizable tumor antigens is an unlikely explanation for the resistance to muPD1-
IL2v monotherapy, given that we can induce anti-tumor/anti-metastasis control in 
absence of chemotherapy when ICB is combined with Treg-targeting (chapter 3) or 
neutrophil-targeting (chapter 4) or when eosinophils are engaged by recombinant 
IL-33 therapy (chapter 2). Thus, a more likely explanation seems that the remaining 
immunosuppressive cell populations, including Tregs, neutrophils, and macrophages, 
play a dominate role the TME limiting anti-tumor immunity.

Like our experience with aPD-1/CTLA-4 therapy in chapter 3, combining 
muPD1-IL2v with cisplatin induced synergistic anti-tumor control. Cisplatin may 
be required to release additional tumor antigens or to sensitize tumors to T cell 
killing. Another explanation may lie in our observation that combined cisplatin and 
muPD1-IL2v induces a broader intratumoral and systemic engagement of anti-tumor 
immunity beyond the effect that also muPD1-IL2v monotherapy induced in CD8+ 
T cells. Indeed, CIS + muPD1-IL2v provoked the additional systemic expansion 
of NK cells, CD4+ T cells and eosinophils and caused reprogramming of tumor-
infiltrating macrophages to an anti-tumorigenic phenotype, possibly contributing to 
anti-tumor immunity via increase antigen presentation or direct tumoricidal activity. 
Our preliminary studies identified that CD8+ T cells are the main drivers of the anti-
tumor response. Intriguingly, NK cell depletion during CIS + muPD1-IL2v did not 
affect its therapeutic benefit, but instead prevented the therapy induced weight 
loss, suggesting NK cells contribute to treatment induced toxicity rather than tumor 
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control. The functional involvement of increased CD4+ T cells, eosinophils and TAMs 
remains to be evaluated in future studies. Next steps may also involve evaluating 
whether reducing the frequency of cisplatin dosing may prevent treatment-related 
toxicity while retaining therapeutic benefit of combined CIS + muPD1-IL2v. Overall, 
our data highlight that combining PD1-IL2v with cisplatin is a powerful approach to 
improve response against lowly immunogenic, immunosuppressed KEP mammary 
tumors.

Concluding remarks
Our research demonstrates that combining unbiased profiling of patient samples 
with mechanistic studies in clinically relevant mouse models is a powerful approach 
to uncover new mechanisms of immunotherapy response and resistance. Our data 
emphasize that to further understand and improve immunotherapy for breast cancer 
patients, a shift in perspective of immunotherapy from its traditional emphasis on T 
cells to a more encompassing view of tumor immunity as an interconnected system, 
will be needed. By taking such a holistic approach, looking at the crosstalk between 
innate and adaptive immunity both in the tumor micro- and macro-environment, we 
identified several key players and their interconnectivities in anti-tumor immunity 
and tumor-induced immunosuppression that may be therapeutically exploited to 
improve immunotherapy responses for breast cancer patients. 
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