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Abstract

Eosinophils have emerged as important mediators of successful response to
immune checkpoint blockade (ICB) treatment in breast cancer. However, in contrast
to colorectal or lung tumours, depletion of eosinophils or induction of eosinophilia in
murine models of breast cancer did not alter tumour growth. This indicates that the
breast tumour microenvironment (TME) can evade eosinophil cytotoxicity by shaping
their phenotypic and functional plasticity.

Using NT193, 4T1, and EO0771 murine models of breast cancer, the
heterogeneity of eosinophils in the TME was explored by spectral flow cytometry. This
analysis identified two novel subsets of tumour-associated eosinophils. While
eosinophils express relatively high levels of the Ly6C glycoprotein in healthy tissues,
such as bone marrow, blood and mammary fat pad, they gradually lose Ly6C
expression in the TME during tumour progression, resulting in Ly6C+ and Ly6C-
eosinophil populations. Further experiments revealed that Ly6C+ eosinophils
represent a long-lived population that naturally transitions into a Ly6C- state with
reduced cytotoxic potential.

To understand the underlying differences between these two eosinophil
subsets, both Ly6C+ and Ly6C- populations were analysed by bulk mRNA sequencing.
Ly6C+ eosinophils were more responsive to IFNy and IFNB, and upregulated
pathways associated with cytotoxicity. Indeed, stimulation of both eosinophil subsets
with IFNs enhanced their cytotoxic abilities ex vivo. Because of the proposed role of
eosinophils in mediating ICB responses and the role of IFN in regulating eosinophil
cytotoxicity, the impact of ICB and anti-IFN treatment on eosinophil subset regulation
was examined in NT193 tumours. ICB treatment led Ly6C+ eosinophils to a more

activated phenotype, while blocking IFN signalling resulted in defective degranulation.
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These data provide new evidence that eosinophils are a highly plastic
population shaped into a less active state by the progressing breast TME. While IFNs
are potent activators of eosinophil cytotoxicity, further identification of factors driving
the eosinophil transition into the Ly6C- state might help with preventing the loss of anti-

tumorigenic functions and improve immunotherapy outcomes.
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1.1 The role of the tumour microenvironment in cancer progression

1.1.1 Introduction to cancer biology

Cancer is a set of complex diseases of diverse genotypic and phenotypic origin that share
common biological features — the hallmarks of cancer. First proposed in 2000, the hallmarks
of cancer represent a set of core principles explaining how tumours grow, survive, and spread.
The initial hallmarks emphasised cancer cell-intrinsic traits, such as sustained proliferative
signalling, resistance to cell death, and evasion of growth suppressors; all tightly connected
to genetic alterations of the cancer cell'. Because cancer incidence correlates with increasing
age?, cancer was for a long time considered a genetic disease that is a result of accumulating
oncogenic mutations. Even though important, it is now recognised that the somatic mutation

theory cannot alone explain the initiation and progression of the tumours.

A combination of cancer-intrinsic and cancer-extrinsic factors is necessary for the tumour
growth. This was first demonstrated by an experiment in which injection of Rous sarcoma
oncovirus into adult chicken results in tumour growth exclusively at the site of the injection. No
additional tumours were observed unless the tissue underwent another insult in the form of
wounding, with the wounding process unlocking the tumorigenic potential of other infected
cells®. The role of the host tissue environment in cancer progression can also be demonstrated
by an experiment using the two-stage skin carcinogenesis model, in which mice lacking
proinflammatory cytokine TNFa. fail to develop tumours, despite acquiring the same mutational
burden as their wild type counterparts*°. These studies demonstrated that while acquisition of
oncogenic mutations is an essential first step, tumour outgrowth depends on additional cellular
and non-cellular factors that dictate the fate of the cancer cell. Consequently, the original set
of cancer hallmarks was expanded to reflect this increasing appreciation of cancer complexity,
with the emerging hallmarks of cancer including “avoiding immune destruction” and “tumour-

promoting inflammation™.
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As this thesis is mainly focused on understanding the role of the breast tumour
microenvironment (TME) with emphasis on the altered function of the immune system, this
introduction will first briefly discuss the main players shared across diverse TMEs, before
moving towards the specifics of breast cancer, eosinophil biology, and the role of the

extracellular matrix in cancer.

1.1.2 Tumour microenvironment — composition and dynamics

Tumours are highly organised ecosystems that consist of cancer cells and neighbouring non-
malignant cells, all embedded in extracellular matrix (ECM) and collectively forming the TME.
The cellular components of the TME include stromal cells and diverse immune cell
populations, all engaging in a complex crosstalk that dictates how the tumour cells grow,
invade other tissues and respond to therapies. These interactions can play pleiotropic roles;
while certain cell types within the TME can produce an anti-tumour response that restrains the
tumour growth, tumours are often successful in establishing a supportive niche that promotes
their immune escape and metastasis. This dynamic interplay between the host and tumour
cells makes the TME establishment an essential bottleneck that determines tumour growth’.
The heterogeneity of cellular and non-cellular TME components was recently reviewed in

depth®, and is briefly discussed within this section.

The adaptive immune system, consisting of T cell and B cell subsets, plays an important role
in anti-tumorigenic responses, with the abundance of specific subsets being associated with
different clinical outcomes. CD8+ cytotoxic T cells are an effector cell type that can recognise
and directly kill cancer cells that present tumour antigens. Higher intratumoral CD8+ T cell
density is broadly associated with improved overall survival across different cancers®'?;
however, tumours are capable of escaping the cytotoxic T cells by driving them into an
exhausted phenotype and by downregulating the MHC class | antigen presentation'". Effective
CD8+ T cell activation often depends on signals from CD4+ Th1 T cells that activate antigen-

presenting cells and provide cytokines, IFNy and TNFa, that sustain cytotoxic priming, and
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are also capable of direct anti-tumorigenic effects'?. On the other hand, CD4+ Th2 T cells
provide the TME with anti-inflammatory cytokines — IL-4 and IL-13 — supporting the immune
escape and pro-tumoral myeloid polarisation’. As discussed in the breast tumour immune
microenvironment section below, regulatory T cells (Treg) are the most immunosuppressive cell
type, with higher intratumoral T..g abundance or decreased CD8/T.4 ratios often associated
with poor outcomes and therapy resistance''®. T,y are essential for regulating T cell
responses during homeostasis and preventing autoimmunity, however, during cancer
progression, they suppress the anti-tumour innate and T cell-mediated immunity'*. Because
of the anti-tumorigenic potential of the T cell-mediated response and their suppression through
engagement of checkpoint receptors, multiple immunotherapies aiming to reactivate CD8+ T

cells have been developed'®.

B cells represent the other arm of adaptive immunity and are commonly present in the TMEs
in the form of tertiary lymphoid structures (TLSs), where they help to prime and support T cell
responses through antigen presentation'’. B lymphocytes have a dual role in the TME; B cells
can differentiate into plasma cells that produce tumour-specific antibodies and present
antigens to T cells, therefore contributing to tumour reduction. On the other hand, a subset of
regulatory B cells can present with pro-tumorigenic effects by producing immunosuppressive

cytokines'®.

Tumours are simultaneously infiltrated by a variety of innate immune cells of myeloid lineage
that through their phenotypical plasticity exert dual roles in cancer progression. Tumour-
associated macrophages (TAMs) are the most abundant myeloid cell type in the TME.
Macrophages can originate from bone marrow-derived precursors and differentiate from
recruited monocytes, or can arise from tissue-resident yolk sac-derived population'; both
exhibiting a large functional heterogeneity. The advances of single-cell RNA sequencing
technologies have explored the whole spectrum of macrophage activation in cancer®,

however, for simplicity, macrophages are commonly categorised into M1 classically activated
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pro-inflammatory and M2 anti-inflammatory phenotypes®'. M1-like macrophages produce
inflammatory cytokines, such as IL-6 and TNFa, exert a higher phagocytic and antigen-
presenting activity, and are capable of activating CD8+ T cells. Conversely, M2-like
macrophages secrete immunosuppressive cytokines, such as IL-10 and TFGp, present with
higher levels of CD206 receptor and are associated with tissue remodelling and repair?’. On
the spectrum of M1/M2 polarisation, TAMs are more closely related to the M2 phenotype that
develops under the immunosuppressive TME through IL-4/IL-13 and TGF@ signalling. TAMs,
exert pro-tumorigenic functions through promoting tumour angiogenesis, T cell inhibition, and
promote cancer metastasis by enhancing cancer cell motility??. Clinically, higher densities of
TAMs are often associated with poor patient prognosis?, and preclinical studies point to the
potential of TAMs repolarisation or depletion to improve cancer resolution?*. This shows that
while TAMs usually orchestrate pro-tumorigenic cancer cross-talk, macrophages can be used

to activate T cell responses or directly kill cancer cells, if placed within the right context.

Another myeloid cell type presenting with phenotypical and functional plasticity under the
influence of the TME is monocytes. Monocytes are recruited to the tumours from the
bloodstream via the CCR2-CCL2 axis?® and then differentiate according to local cues. Once
the monocytes infiltrate the TME, they can give rise to macrophages, monocyte-derived
dendritic cells, or myeloid-derived suppressor cells®®. While differentiation into inflammatory
dendritic cells links monocytes with anti-tumorigenic functions, under the influence of the TME,
monocytes often acquire an immunosuppressive phenotype that further hinders T cell

activation, and leads to ECM remodelling and cancer-associated angiogenesis®.

Additionally, tumours are also infiltrated by granulocytes, such as neutrophils and eosinophils.
Because eosinophils are described in more detail within section 1.3, only the role of
neutrophils in cancer is briefly discussed here. Neutrophils are the most abundant cell type in
the bloodstream and an increased neutrophil-to-lymphocyte ratio is associated with worse

patient outcomes in many solid tumours?’. Within primary tumours, neutrophils get recruited
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mainly through the CXCR2-CXCL1/CXCL2/CXCL5 axis and can exert a direct cytotoxicity
through degranulation or reactive oxygen species (ROS) production; however, they are
frequently reprogrammed by immunosuppressive signalling, such as TFG, into a tumour-
promoting phenotype that suppresses T cells, remodels the ECM and promotes cancer-related
angiogenesis®®. Similar to macrophages, although less commonly used, this neutrophil
polarisation can be simplified into N1 antitumour- and N2 protumour- phenotypes?.
Furthermore, neutrophils are an important component of (pre)metastatic niches that they

establish through promoting systemic inflammation®'

, or through neutrophil extracellular
trap formation, trapping circulating tumour cells and promote metastasis®. Targeting
recruitment of neutrophils through CXCR2 blockade results in improved CD8+ T cell
responses®, and depletion of neutrophils can reduce the metastatic dissemination in pre-

clinical models®'; therefore, blockade of neutrophil recruitment through CXCR2 is currently

under investigation in clinical studies™.

Lastly, the TME also comprises structural cells — cancer-associated fibroblasts, pericytes and
endothelial cells — that actively shape the physical scaffold and immune context in which
tumours grow. Cancer-associated fibroblasts (CAFs) are a key stromal cell type that have
many phenotypically and functionally distinct subtypes. CAFs are potent remodellers of the
ECM, and shape immune responses through secretion and sequestration of chemokines and
cytokines, or as discussed later, by forming physical barriers through ECM deposition that
exclude cytotoxic T cells and sustain immunosuppression®®. Despite CAFs being mainly
associated with tumour protective roles, paradoxically, certain subsets of myofibroblasts can
also be associated with better patient prognosis, as shown in pancreatic cancer patients and

a murine model of this disease®.

Tumour growth is also dependent on abnormal angiogenesis. In healthy tissues, blood vessels
have a continuous layer of endothelial lining, supported by surrounding pericytes and form an

intact basement membrane which collectively supports blood flow and regulates immune

20



responses®’. This structural order is disrupted during tumour growth as new vessels form
rapidly, and therefore display a leaky phenotype and poor perfusion of the tissue. These
changes cause uneven oxygen and nutrient delivery, formation of hypoxic regions, and an
immunosuppressive environment through the common upregulation of immune checkpoint
molecules®. Furthermore, the tumour-associated vasculature contributes to reduced drug
delivery and treatment resistance, and therapies that induce vascular normalisation have been

shown to improve patient outcomes®.

Resident stromal and immune cells are uniquely imprinted into their organ-specific
microenvironment at the baseline homeostatic state. Local cues, represented by diverse ECM
composition, oxygen levels, metabolites, microbiome, or hormonal influence, alter gene
expression and phenotypic profiles of cells long before the tumour onset. Therefore, it is not
surprising that tumours originating from different organs establish the immunosuppressive
TME through different mechanisms and present with different treatment resistance strategies.
Because this thesis is mainly centred around breast cancer and murine models of this disease,
the origin, treatment options, and breast cancer-specific immune microenvironment are
introduced along with the commonly used preclinical models that enable a more mechanistic

understanding of the dynamic TME interplay.
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1.2 Breast Cancer: subtypes, treatment, and immune context
Breast cancer is consistently the most commonly diagnosed cancer in women, in part owing

40,41

to the advances in screening programmes and improved diagnostic tools™*'. Despite the
advancements in diagnosis, the disease heterogeneity, together with the associated therapy
resistance, makes breast cancer the fourth leading cause of cancer-related deaths*'. Because
breast cancer carcinogenesis is driven by numerous molecular alterations, a number of
classification systems based on histology, morphology and genetic composition have been
established. Within the next sections, the broad breast cancer classifications, the current
treatment strategies addressing the disease heterogeneity, the advances in understanding the

role of immune infiltration of the tumours and the mouse models used to study breast cancer

are briefly described.

1.2.1 Clinical classification and intrinsic molecular subtypes

The healthy breast structure is organised into branching ducts that terminate in terminal duct
lobular units (TDLUs). TDLUs are composed of a luminal epithelial layer and a
basal/myoepithelial layer, both supported by an outer basal membrane*? (Figure 1.1A). During
malignant transformation, epithelial neoplastic proliferation commonly arises within the luminal
cells of the TDLUs and may progress from non-malignant hyperplasia to carcinoma in situ and
ultimately invasive carcinoma*® (Figure 1.1B). The further steps of progression to invasion are

summarised in Figure 1.1C.

While histological and morphological classification remains an essential part of the diagnostic
process, it does not capture the biological diversity that drives prognosis and treatment
response. Using genome-wide transcriptional profiling with early cDNA microarray assays,
seminal work from Perou and Sgrlie identified the intrinsic gene set — a set of genes that were
stable within paired samples of the same patient but largely variable across breast cancer

patients***°. Using this set of genes, unsupervised hierarchical clustering revealed 4 intrinsic
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breast cancer subtypes defined by their molecular portraits — Luminal A, Luminal B, human
epidermal growth factor-2 (HER2)-enriched and Basal-like subtype. Each of these subtypes
was defined by a different expression program: Luminal A strongly overexpresses estrogen
receptor (ER) signalling and luminal cytokeratins (KRT8/18/19) together with progesterone
receptor (PR) expression and is characterised by a low Ki67 proliferation index. Luminal B
retains the ER-signalling, but exhibits a lower luminal gene signature, presents with a higher
proliferation index and can be further split based on HER2 expression. HER2-enriched
subtype is characterised by strong overexpression of Erbb2 (gene encoding for HER2) and
usually presents with low expression of both ER and PR. Finally, Basal-like subtype expresses
basal epithelial cytokeratins (KRT5/6/14), is often associated with TP53 mutations and
germline BRCA-induced disease, high proliferation and commonly lacks expression of all

three hormone receptors, therefore it largely overlaps with a triple negative phenotype.

As these subtypes were reproducible across multiple breast cancer cohorts and helped with
predicting prognosis*®°, they were transformed to a more routine immunohistochemistry
(IHC) testing, based on staining of hormone receptors and Ki67. This resulted in 5 surrogate
intrinsic subtypes commonly used at the point of diagnosis®: triple negative (TNBC)/basal-like
(ER-, PR-, HER2-, high Ki67), HER-2 enriched (ER-, PR-, HER2+, high Ki67), Luminal B
HER2+ and HER2-(ER+, HER2+/-, mid-Ki67), and Luminal A (ER+, PR+, HER2-, low Ki67)

(Figure 1.1D).
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Figure 1.1. Overview of breast structure and breast cancer classification. (A) Representation of
healthy breast structure showing branching ducts terminating in terminal ductal lobular units and a
cross-sectional view of a morphological architecture of the duct. (B) Brief overview of breast
carcinogenesis starting with healthy duct structure and progressing through hyperplasia, carcinoma in
situ and resulting in invasive carcinoma overgrowing through the basal membrane. (C) Overview of
histological (preinvasive/in situ vs invasive carcinoma) and morphological (lobular versus ductal)
classification used at the point of diagnosis. Both in situ and invasive carcinomas are further classified
based on morphology as ductal or lobular. The main difference stems from the adhesive phenotype of
the cancer cells. Lobular carcinomas present with functional loss of E-cadherin that results in a
discohesive phenotype characterised by diffuse single layer growth, in contrast, ductal carcinomas,
retain expression of E-cadherin and form tumour nests that present as a tumour mass. (D) Brief
summary of immunohistochemistry-based surrogate intrinsic subtypes, distinguished by expression of
hormonal receptors and Ki67 proliferation index. Estrogen receptor (ER), progesterone receptor (PR),
human epidermal growth factor receptor 2 (HER2), proliferation index (Ki67), percentages below
individual subtypes show prevalence of disease of invasive carcinomas, gradient bars below summarise
overall trends across subtypes. Adapted from Nolan E., Lindeman G. J, and Visvader J. E (2023)* and
Harbeck et. al (2019)%". Created with BioRender.com.

1.2.2 Disease heterogeneity informs the treatment selection

Currently, surgery and radiotherapy remain key components of treatment for all breast cancer
patients, while the tumour classification by intrinsic subtypes enabled the development of more
targeted systemic therapies'*'°. Briefly, endocrine therapy, such as tamoxifen, which blocks
the estrogen receptor, is used for ER+ (luminal) disease®?; monoclonal antibodies targeting

HER2 receptor, such as trastuzumab, are effective in HER2-enriched tumours®; and
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cytotoxic/cytostatic-based chemotherapies remain the backbone of the treatment strategy for
TNBC patients lacking expression of hormone receptors® (Figure 1.2). Besides these
examples, a wide range of systemic therapies are licensed for breast cancer, including
anthracyclines (doxorubicin), alkylating agents (cyclophosphamide) and antimetabolites
(methotrexate, gemcitabine)®'. In addition, targeted therapies informed by the molecular
profiles of the subtypes have emerged, such as poly ADP-ribose polymerase (PARP)
inhibitors, for patients with BRCA1/BRCA2 mutations associated mainly with TNBC®.
Moreover, many new therapies have been developed, including CDK4/6 inhibitors for ER+

disease®, and PI3K inhibitors for PIK3CA-mutant ER+ breast cancer patients®’; however,

these are beyond the scope of this chapter.

Because TNBC is typically considered the most aggressive breast cancer subtype and lacks
the targetable ER, PR, and HER2 receptor expression, different combinations of platinum-
and taxane-based chemotherapy treatments broadly targeting cell division are being used to
improve the pathological complete response (pCR), disease-free and overall survival rates,
as reviewed by Poggio and colleagues®. Despite these advances in patient stratification for
treatment management, recurrence and treatment failure remain common, with TNBC patients
that do not achieve pCR following the neoadjuvant chemotherapy having a significantly worse
long-term prognosis®. These challenges motivated the development of treatments

reactivating the adaptive immune system through immune checkpoint blockade (ICB).

T cell-mediated immunity is regulated by inhibitory checkpoint receptors, such as CTLA-4 and
PD-1, that upon engagement with ligand restrain T cell activation. During cancer progression,
chronic antigen exposure and inflammatory cues drive overexpression of these receptors,
leading to T cell exhaustion®®. Complementary to the antigen-driven T cell exhaustion, tumour
and myeloid cells create PD-L1-rich niches that further contribute to T cell deactivation?*2*,

Therefore, blocking these interactions with antibody-based therapies is an attractive

therapeutic option for cancers as melanoma and non-small-cell lung cancer, successfully
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responding to anti-PD-1 treatment (pembrolizumab)®'®2. Pre-existing immunogenicity in the
form of higher tumour mutational burden, PD-L1 expression, or higher levels of tumour-
infiltrating lymphocytes (TILs) are predictors of better response to ICB therapies, as shown
across many solid tumours®®. Even though breast cancer is overall less immunogenic
compared to melanoma or lung cancer®, the TNBC subgroup presents with a higher
mutational burden and PD-L1 expression compared to other breast cancer subtypes®®®. For
patients with metastatic TNBC disease that expresses PD-L1, the combination of
pembrolizumab with chemotherapy improved overall survival from 16.1 to 23 months in the
latest follow-up of the phase-3 KEYNOTE-355 trial®’. Usage of pembrolizumab was recently
also approved for early high-risk TNBC patients and significantly improved overall survival at
60-month cut-off by 5%%. These results encouraged testing of ICBs in other breast cancer
subtypes that also present with higher mutational burden and express PD-L1, however, they
have not yet resulted in improved patient outcomes in HER2+ breast cancer patients®®, which

had already been greatly improved by anti-HER2 therapies.
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Figure 1.2. Overview of antibody and small molecule treatment options for breast cancer
patients. Schematic overview of major drug classes used in breast cancer. Endocrine therapies are
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targeting 1) estrogen (E2) synthesis — aromatase inhibitors, 2) binding of estrogen receptor to estrogen-
response elements — SERM, or 3) estrogen receptor degradation — SERD. The most common HER2-
targeted therapies are monoclonal antibodies against HER2 receptor that prevent HER2 dimerisation
and downstream activation of PI3K/mTOR pathway or Ras/Raf/MEK/ERK pathways.
Cytotoxic/cytostatic modulators used for TNBC patients are mostly based around taxane treatments
that block microtubule degradation and inhibit mitosis, or platinum-based therapies that induce DNA
cross-linking and DNA damage. PARP inhibitors are approved for patients with germline
BRCA1/BRCA2 mutations unable to repair double-strand DNA breaks, leading to cell death. Lastly,
three common types of ICB therapies are used: 1) inhibition of PD-1, 2) inhibition of PD-L1, both
supporting T cell reactivation or 3) CTLA-4 blockade to enhance T cell priming. A — androgens, SERM
- Selective Estrogen Receptor Modulators, SERD - Selective Estrogen Receptor Degraders, Tam -
Tamoxifen, PARP - Poly(ADP-ribose) polymerase, ICB — Immune checkpoint blockade, APC — antigen-
presenting cell. Adapted from Nolan E., Lindeman G. J, and Visvader J. E (2023)*. Created with
BioRender.com.

1.2.3 Breast tumour immune microenvironment

Although defining the intrinsic subtypes adds granularity to the breast cancer classification at
the point of diagnosis, prognosis and treatment response still vary within the individual groups.
As discussed above, immunogenicity and overall TIL infiltration improve prediction of
treatment response, yet general immune infiltration does not guarantee benefit from
immunotherapies. The initial studies addressing the inter-patient heterogeneity focused on
profiling large cohorts of patients with a multi-omics approach analysing DNA, RNA, and
protein composition of bulk tumour samples, resulting in the creation of The Cancer Genome
Atlas (TCGA) database’. Pan-cancer analysis using the TCGA database broadly defined 6
main immune subtypes based on main immune expression signatures — 1) wound healing, 2)
IFNy dominant, 3) inflammatory, 4) lymphocyte depleted, 5) immunologically quiet, and 6)
TGFB dominant — all distributed among the 5 main breast cancer subtypes and correlating
with different survival prognosis; with the inflammatory phenotype corresponding with
increased overall survival compared to other signatures®. Furthermore, CIBERSORT analysis
predicting infiltration of 22-immune cell types in almost 11 000 tumours, linked infiltration of
Tregs and M2-like macrophages with poor patient outcomes across all breast cancer
subtypes’®. These studies started to reveal the complexity of the immune microenvironment
beyond the general TIL count measurement and linked patients’ prognosis with different
immune compositions. However, the main limitation of these studies was the bulk nature of

these experiments that did not allow for deeper deconvolution of cell-cell interactions.

27



Single-cell profiling of breast tumours has revealed a phenotypical heterogeneity associated
with the TME on both transcriptomic and proteomic levels?®’3, for example, opposing the
traditional polarisation of macrophages to M1/M2 phenotypes and revealing a whole spectrum
of T cell activation®. This TME-related phenotypic plasticity likely mirrors the heterogeneity of
niches within the tumours that are regulated by different local cues and allow tumours to adapt
and resist therapies. These initial studies prompted the generation of larger datasets that could
better determine the association of diverse immune microenvironments with disease

progression.

Over the past 5 years, multiple large cohort studies building on single cell datasets defined
novel breast cancer subtypes>7%, based on a) the diverse cellular frequencies found in

»73,75

tumours, often termed “ecosystems”/“ecotypes or b) on recurrent spatial stromal and

immune structures’*’®; each of these classifications is associated with predictive or prognostic
role of disease heterogeneity and survival outcomes. Despite each study defining its own new
classification of breast cancer subtypes, several patterns can be recognised, such as subsets
of macrophages overexpressing PD-L1 and tumours dominated by an overall
immunosuppressive phenotype being associated with worse prognosis. Macrophages
overexpressing PD-L1/PD-L2 were associated with worse survival when deconvolved into
METABRIC ecotypes and negatively correlated with CD8+ and CD4+ T cells in a spatial
transcriptomic analysis’®. Moreover, of the 3 defined ecosystems based on immune
composition of tumours, the ecosystem dominated by PD-L1+ macrophages also positively
correlated with a higher frequency of Ty, exhausted T cells and was linked with more
aggressive disease’. Adding to the evidence of how immunosuppressed breast TME is
predictive of poor clinical outcomes, imaging mass cytometry-based niche analysis defined 10
distinct recurrent TME structures by detecting repeating cell—-cell neighbourhoods. While

immunosuppressed T cells and macrophages were not detected within the same structural

archetype, both “suppressed expansion” and “APC-enriched” TME structures, driven by T cell
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expansion and macrophage prevalence, respectively, were independently associated with

worse prognosis in ER+ but not ER- patients®.

In contrast to the well-defined immunosuppressive phenotypes, two TNBC studies show how
the spatially distinct neighbourhoods can predict favourable ICB response. In a randomised
neoadjuvant ICB clinical trial, the expansion of stem cell-like CD8+TCF1+ T cells and the
cancer-B cell interactions were the strongest predictive factors of positive ICB response’’.
Moreover, an in-depth spatial transcriptomic analysis of 92 TNBC patients allowed the
generation of a 30-gene tertiary lymphoid structures (TLS) signature that predicted better pCR
response in a cohort of breast cancer patients treated with neoadjuvant ICB 8. This is
particularly important as TLS appearance was predicted to have a role in responses to ICB
treatment’’. However, because TLSs are lymphoid-like structures that require spatial
identification, a spatial transcriptomic assay is essential for generating their gene signature
which cannot be generated by RNA-seq assays missing the spatial context. Furthermore,
higher expression levels of the TLS-specific signature correlated with improved progression-

free survival of metastatic melanoma and pancreatic cancer patients receiving ICB"®.

Collectively, these studies indicate that variation in prognosis and response to immune-
checkpoint blockade is shaped by both the tumour microenvironment composition and spatial
architecture, and that capturing this cross-subtype heterogeneity more in-depth than overall

TIL densities may improve patient stratification.

1.2.4 Mouse models of breast cancer

To reflect the clinical diversity of breast cancer patients, a number of in vivo systems are used
to address different aspects of tumour progression and therapy resistance. Patient-derived
xenografts preserve the intrinsic genomic and histological features of the human disease’

and are a valuable tool for drug screening and understanding mechanisms behind treatment
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resistance driven by genetic mutations®. However, to avoid tumour rejection, the patient-
derived xenografts have to be engrafted into immunodeficient hosts, therefore, their main
limitation is the lack of anti- and pro-tumorigenic modulation by the adaptive immune system.
Therefore, murine studies investigating responses to immunomodulating agents are based on
either a) genetically engineered mouse models (GEMMs) that develop spontaneous tumours

or b) syngeneic allografts of murine cancer cell lines.

The recent technological advances expanded the repertoire of breast cancer GEMMs that
closely recapitulate the tumour development and progression. This can be demonstrated on
the panel of 16 breast GEMMs, all generated on an FVB background and differing only in
tissue-specific driver mutations, mimicking the inter-patient heterogeneity®'. Screening of
circulating leukocytes in this panel of GEMMs revealed that the neutrophil expansion, clinically
associated with poor outcomes® and linked with higher metastatic potential in murine

studies®®3"

, is specifically associated with a loss of p53 in cancer cells when comparing all 16
tumour types. This observation then led to elucidation of a full cascade connecting the loss of
p53 expression by cancer cells to overexpression of Wnt ligands, causing downstream
induction of IL-18 in tumour-associated macrophages and ultimately contributing to the
systemic inflammation marked by emergent granulopoiesis®'. Furthermore, these models
were then used to elucidate the molecular mechanism behind IL-13 induced emergent

granulopoiesis with an immunosuppressive phenotype, potentially revealing a clinically

relevant target that might help with reducing metastasis®?.

While GEMMs better recapitulate the stepwise tumour progression and the long-term co-
evolution of the tumour with the host immune system, these models are often time-consuming
and expensive for routine experiments. Syngeneic models, based on engraftment of murine-
derived breast cancer cell lines into an immunocompetent host, are therefore a more
accessible option for studying breast cancer. Similar to GEMMs, both the host and the genetic

make-up of the cancer cell line dictate the tumour immune composition and response to
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therapies. While albino mice (Balb/c and FVB) are often skewed towards Th2 immune
responses, mice on C57/BI6 background present with a stronger Th1-like response®®°,
However, within a single strain, the immune response still differs depending on the cancer cell
line used. Both EMT6 and 4T1 cancer cell lines are derived from mammary tumours isolated
from the Balb/c strain, their primary growth patterns are similar, yet their metastatic potential
differs®®. Interestingly, despite both models having similar rates of early disseminated tumour
cells (DTCs), the EMT6 tumour model induces a strong anti-tumour immunity early during
tumour development that protects the tumour-bearing mice from metastatic colonisation.
However, this can be reversed either in Rag2” mice with a defective adaptive immune system,
or by transfer of granulocytic myeloid-derived suppressor cells from 4T1 tumour-bearing mice,
both experiments restoring the ability of EMT6 DTCs to form lung metastasis®®. This

underscores the importance of understanding the local and systemic responses of hosts to

different tumour models when selecting and interpreting preclinical models.

In this thesis, the main mouse model used is based on an NT193 cancer cell line that
originated from a spontaneous MMTV-NeuNT model. The MMTV-NeuNT model utilises the
mouse mammary tumour virus (MMTV) promoter that is hormonally responsive®” and links the
onset of carcinogenesis to hormonal cues in the gland®®. In the transgenic MMTV-NeuNT
model, the rat homologue of HER2 (neu/ErbB2) bears a mutation that leads to constitutive
activation of the receptor NeuNT®®, placed under the MMTV-promoter, leading to an early
tumorigenesis specifically in the mammary gland®®. Overexpression through the MMTV-
promoter strategy is also used in the commonly studied MMTV-PyMT model that depends on
the overexpression of polyomavirus middle T (PyMT) oncoprotein, also leading to
spontaneous primary and metastatic breast cancer®'. In this thesis, the orthotopic NT193
model was picked due to the already set-up genetic modification of tenascin-C (TNC) that
leads to different extracellular matrix formation, chemokine expression profile, and ultimately

establishment of more immunosuppressive (TNC+) and immunopermissive (TNC-) TME®*%,
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1.3 The role of eosinophils in tissue biology

Eosinophils are bone marrow-derived granulocytes, commonly studied in the context of allergy
and parasite infection. However, their role in the TME is being increasingly recognised®, with
the role of the TME in shaping eosinophil plasticity being a key topic of this thesis. Therefore,
within this section, the eosinophil ontogeny, their main phenotypical and functional

characteristics, together with their role in health and disease, are briefly discussed.

1.3.1 Overview of eosinophil biology

Because of the granulocytic nature of eosinophils, their functions and ontogeny were for a
long time intuitively linked to neutrophils. However, despite being granulocytes, their ontogeny
is strongly coupled with GATA-binding factor 1 (GATA-1) expressing lineages such as
basophils, erythrocytes, and megakaryocytes; while neutrophils arise from a distinct arm of

%5-97 Recent study

myelopoiesis shared also with monocytes and macrophages (Figure 1.3A)
shows that eosinophils develop through a common eosinophil/basophil/mast cell progenitor,
and upregulate IL-5 receptor-a (//5ra) only after the lineage commitment step, with /L5ra
expression marking the presence of the first recognised eosinophil progenitor®®. The finding
of ll5ra expression in the first committed eosinophil progenitor and the consecutive maturation
stages, but not in the developmental stages before the lineage commitment, fits with
observations that IL-5"" mice fail to develop eosinophilia upon stimulation®-'%°, however, they
do not lack any of the recently described eosinophil maturation stages®. Eosinophil maturation
was recently resolved to occur in 4 sequential stages®; stages | and |l are enriched for surface
expression of cKit and upregulating pathways associated with ribosome enrichment and
proliferation, stage Il is defined by downregulation of the cell proliferation gene signatures but
upregulation of genes associated with eosinophil innate immune response (Ear1, Ear2), and
stage IV is defined by the highest surface expression of CCR3, upregulation of genes

associated with myeloid cell activation and chemotaxis, but also downregulation of eosinophil

peroxidase on gene level (Epx).
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Because IL-5 is a common target of antibody-based therapies against severe asthma'”, it is
crucial to understand how it affects the survival and expansion of eosinophils, while not
affecting the eosinophil commitment step, as permanent depletion of eosinophils might lead
to defective anti-tumour immunity'®. Furthermore, expression of GATA-1, IL-5, and IL-5Ra is
used for the generation of GEMMs that help elucidate the role of eosinophils in health and

disease, through ablation, overexpression or tracking of their development (Table 1.1).
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Figure 1.3. Eosinophil ontogeny and characteristics. (A) Simplification of the haematopoietic tree.
Eosinophils develop along GATA-1 expressing lineages, separately from neutrophils. (B) Overview of
the main eosinophilic features in human and murine eosinophils. Figure A adapted from Jorssen et al®t.
Created with BioRender.com.

At steady state, eosinophils preferentially reside in mucosal barrier organs, such as the gut,
uterus, and lung, but are also present in the thymus, adipose tissue, lymph nodes, skin, and
the mammary gland® 1%, Mature eosinophils can be distinguished by a combination of surface
receptors of growth factors, cytokines, adhesion, and migration. Murine eosinophil markers
include CD11b, F4/80, Siglec-F, CCR3, and IL-5Ra. Similarly, human eosinophils can be
identified based on expression of CD11b, Siglec-8, CCR3, IL-5Ra. and CD15'"* (Figure 1.3B).
A combination of these markers is needed for conclusive eosinophil identification, as these
markers are not eosinophil exclusive, such as Siglec-F expression on both murine eosinophils

106

and alveolar macrophages'%, or CCR3 expressed on human basophils'®. CCR3 is an eotaxin

(CCL11, CCL24, CCL26) receptor essential for eosinophil recruitment and migration'®’. While
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eosinophils can migrate towards CXCL1, CCL4, CCL13, and CCL17 in vitro'®, the eotaxin-

CCRa3 axis is considered the prime mode of trafficking in vivo.

Table 1.1 Overview of the main eosinophil GEMMs

Genetic modification Mou_se Biological effect Reference
strain
Deletes the high-affinity
“double GATA” binding site in | C°/BL8J | ghecific eosinophil 106
AdbIGATA S or ; ;
the Gata1 hematopoietic lineage ablation
BALB/c
promoter
PHIL Diphtheria toxin A expression C57OBrL/6J Specific eosinophil 110
under EPX promoter BALB/C lineage ablation
Knock-in of human diphtheria Conditional eosinoohil
iPHIL toxin receptor into C57BL/6J ablation P m
the endogenous EPX locus
Loss of IL-5 signalling,
IL5-/- Germline deletion of /5 | C57BL/6) | roduced eosinophil 100
numbers in type 2
inflammation
IL-5
Null allele; premature stop in unresponsiveness,
IL5Ra-/- ’ C57BL/6J | decreased numbers of 12
exon 5 of ll5ra ; . ;
eosinophils during
disease onset
. CCL11 and CCL24
CCR3-/- Knockoutrgig(?ol'\;? (eotaxin BALB/c unresponsiveness, 13
P defective trafficking
_— . Systemic expression of
Ligation of //5 to the dominant . 114
IL5tg control region of human CD2 C57BL/6J IL-5 I_eadln_g to
eosinophilia
Knock-in of Cre recombinase Cre-lox conditional
EPX-Cre into the C57BL/6J deletion or fate 103,115

endogenous Epx locus by
homologous recombination

mapping if crossed
with reporter mice

Both human and murine eosinophils carry eosinophil-specific secondary granules containing

highly cationic proteins, such as EPX or major basic protein (MBP), but also different cytokines

and chemokines (IFNy, IL-4, IL-13, TGFB, CCL3, CCL5, CXCL10)"®. Secretion of the highly

cationic proteins into the extracellular space has an anti-tumorigenic and anti-parasitic effect,

while secretion of the cytokines has the potential to broadly contribute to immune regulation'”.

For a long time, eosinophils were considered to be a short-lived and terminally differentiated

cell type. However, it is becoming clear that despite their short half-life in circulation (approx.
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18 hours)'"®, eosinophils can be long-lived and plastic cells adapting to their local niche and

contributing to many physiological processes®.

1.3.2 Eosinophils in tissue homeostasis

Because eosinophils often infiltrate tissues at high rates during parasite infections or allergy,
this initially formed an opinion that eosinophils are a terminally differentiated proinflammatory
cell type involved in host defence and tissue damage through active degranulation. However,
even at steady state, eosinophils present a significant resident population in tissues such as
the gut, uterus or bone marrow®. This observation led to the formation of the LIAR (Local
Immunity And/or Remodelling/Repair) hypothesis''. Building on the fact that eosinophils are
often found in niches with high epithelial turnover and stem cell activity, James Lee and
colleagues hypothesised that eosinophils might act as regulators of local immune homeostasis
and tissue repair. Indeed, over the past decade, a number of studies provided evidence that
eosinophils contribute to the tissue homeostasis, regeneration and regulation of immune
responses and are capable of more than just degranulating, as recently reviewed by Arnold

and colleagues®™.

Within the gastrointestinal tract (Gl), eosinophil distribution is highly organised. Eosinophils
are sparse in the oesophagus, and their densities start to increase distally from the stomach
towards the colon, with the largest tissue resident population found in the small intestine®.

Gl resident eosinophils are essential for maintaining mucosal barrier immunity'?’

, epithelial
architecture'®, villi structure upon microbial colonization'?®, and nutrient uptake'?*'?*. These
functions are aligned with their distribution along the crypt-villus axis. In the healthy Gl tract,
eosinophils infiltrate the small intestine within the crypt niche and then migrate towards the
tips of the villi for at least 18 days, as proven by BrdU pulse-chase approach'®. This
experiment also demonstrates that eosinophils are a long-lived resident population and

explains the recently observed phenotypical and functional adaptation described on a single

cell transcriptomic level. By using an IL-5 transgenic mouse model (lI5-tg) with expanded
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eosinophil compartment, Gurtner and colleagues were the first to robustly profile bone marrow,
circulating, splenic, and GI (stomach, small intestine and colon) eosinophils'?®. Transcriptomic
analysis revealed a developmental trajectory consisting of precursor and immature eosinophil
subsets emerging from the bone marrow, altering their transcriptomic signature in circulation
and then adapting to Gl organs by acquiring basal (B-eos) and active (A-eos) phenotypes.
Most importantly, while B-eos upregulated genes related to matrix regulation and tissue
development, A-eos arose from B-eos and were exclusively present in the colon and small
intestine where they expressed immunomodulatory molecules PD-L1 and CD80'%. This study
was pivotal in understanding the plastic potential of eosinophils and led to the recent
development of a protocol for eosinophil single-cell sequencing in other tissues'?®, which might

help with understanding eosinophil adaptation to different disease states in the future.

In comparison to gut, the phenotypical, functional and spatial adaptation of eosinophils in the
lung is yet to be explored on a single cell transcriptomic level. Nevertheless, eosinophils play
an important role in healthy lung homeostasis. During postnatal development, eosinophils
appear in the lung on postnatal day 7 (P7) and their peak recruitment around P10-P14
temporally corresponds with the primary septation phase and extracellular matrix (ECM)

remodelling'®’

. While eosinophils are likely not essential for lung development, as indicated
by the viability of AdbIGATA or PHIL mice lacking eosinophils'?®, their absence causes mild
ECM alterations, such as incomplete gene switch towards mesenchymal phenotype in lungs
of adult mice'®. Furthermore, eosinophils were observed to be patrolling around the
vasculature in healthy lungs, supporting their potential contribution to immune surveillance at
baseline level'®. These lung resident eosinophils (rEos; SiglecF™, CD62L*, CD101"%) are
functionally and phenotypically distant from inflammatory eosinophils (iEos; SiglecF™",
CD62L*, CD101"9") infiltrating lungs during house dust mite—induced airway allergy.
Functionally, rEos restrain allergic sensitisation by limiting maturation of allergen-pulsed

129

dendritic cells and indirectly reducing Th2 priming following allergen exposure'=. While it was

proposed that rEos reside in lungs independently of IL-5, these results were later challenged
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by experiments showing that anti-IL-5 treatment reduced Siglec-F expression and depleted all

lung-associated eosinophil subsets'®

Although often overlooked, eosinophils co-localise with macrophages around the tips of the
terminal end buds (TEBs) of a developing murine mammary gland, where they contribute to
branching and formation of TEBs'™'. Interestingly, this resident population of eosinophils is
recruited to the mammary fat pads (MFP) based on the CCL11 gradient, with Ccl117 mice
lacking eosinophils, and therefore confirming that MFP-resident eosinophils are bone-marrow
derived and recruited from circulation''. Furthermore, it is becoming increasingly recognised
that eosinophils are highly regulated by estrogen levels. Administration of estrogen almost
completely abolished eosinophil levels in blood and MFP of healthy mice, while ovariectomy
or administration of fulvestrant (ER antagonist) led to expansion of resident MFP eosinophils
almost 4-fold'*2. Of note, despite the long-discussed macrophage-eosinophil crosstalk in
healthy MFPs'®3, macrophage levels were fluctuating the opposite way, with ovariectomy and
fulvestrant treatment reducing the macrophage proportions, compared to the increased

132 Despite the role of

eosinophil levels during these estrogen-modulating treatments
eosinophils in the development of healthy human breast tissue being unclear, eosinophils are
present in human milk'**, their levels are regulated during endocrine treatment of breast

cancer patients, and the estrogen treatment that results in eosinophil depletion leads to a

significant increase in tumour growth of murine tumours'®.

1.3.3 Eosinophil effector functions and role in inflammation

Eosinophils contribute broadly to host-defence and allergic inflammation, with the effector
functions being dependent on the nature of the stimuli. The key effector functions of
eosinophils are organised around the three types of degranulation: a) piecemeal
degranulation, b) exocytosis and c) cytolytic degranulation; each of these represents a
mechanism that leads to the release of the eosinophilic granular content into the extracellular

space'®. The main differences between these 3 degranulation processes stem from the initial
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trigger, the mechanism of granule trafficking, the granule-plasma membrane fusion step prior

to secretion, and the kinetics of the granule release (Figure 1.4A).

Piecemeal degranulation is a gradual release of selective granule proteins by secretion of
small vesicles without causing any major ruptures of the cell wall. It is typically activated by
immunomodulatory cytokines, for example, IFNy, TNFa, platelet-activating factor or eotaxin-1
(CCL11)"¥"138 Exocytosis, a less common degranulation mechanism, occurs after direct
fusion of granules with the plasma membrane, with either a) individual granules (classical
exocytosis) or b) multiple granules fused together before the secretion (compound
exocytosis)'°. It is important to notice that piecemeal degranulation and compound exocytosis
are not mutually exclusive processes and can occur within the same cell, as was reported for
eosinophils infiltrating a human gastric tumour™. In contrast, cytolytic degranulation causes
rupture of the plasma membrane and release of intact granules, resulting in a non-apoptotic
cell death™°. This process is commonly associated with eosinophil extracellular trap formation
(EEtosis), however, eosinophils can also produce extracellular DNA traps by rapid release of

mitochondrial DNA while remaining viable''

. During EEtosis, eosinophils release their
chromatin into the extracellular space, creating net-like structures together with the intact
granules, serving as a non-phagocytic defence against helminths that get trapped in the

nets'?

. Which type of degranulation dominates the eosinophil response is shaped by the
activation state of eosinophils, stimulus, and involvement of intracellular protein machinery
accommodating the fusion step; as shown in Figure 4A and reviewed in®*'*®. Even though less
efficient than macrophages or neutrophils, eosinophils are also capable of phagocytosis in
vitro™3, with case studies reporting their phagocytic activity even in human blood

eosinophils™*“.

Because eosinophil granule proteins are highly cytotoxic and cationic, degranulation is the
primary route of anti-microbial, viral and fungal activity. These activities are dependent on the

secreted proteins that are capable of a) membrane disruption (MBP, eosinophil cationic protein
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(ECP), eosinophil-derived neurotoxin (EDN)), b) degradation of viral ssRNA (EDN, ECP), c)
causing oxidative tissue damage through peroxidase mediated halogenation (EPX), or d)
through the cytotoxic properties of extracellular trap formation (Figure 1.4B)'. Furthermore,
eosinophil granules store a wide array of cytokines that are secreted upon stimulation and
shape both Th1 and Th2 immune responses'*®. Because eosinophils do not rely on de novo
synthesis of cytokines upon stimulation, they are one of the first IL-4 producing cells in

46

response to helminth infection™® and allergic challenges'’. Moreover, eosinophils also

possess cytokines related to Th1 immune responses, such as IFNy, IL-2, and TNFa, or tissue

remodelling, such as TGFR'.
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Figure 1.4. Overview of eosinophil cytotoxic properties. (A) Different stimuli lead to different types
of degranulation. Eosinophils mediated their antibacterial, antiviral, and antifungal activity through 3
different types of degranulation — gradual piecemeal degranulation, classical and compound exocytosis
releasing granule/s through fusion with plasma membrane during secretion and cytolytic degranulation
leading to cell death and formation of eosinophil extracellular traps (EEtosis). Additionally, eosinophils
are also known to be phagocytic in vitro. (B) Overview of the main cytotoxic mechanisms employed by
eosinophils and matched cationic/peroxidase proteins to the function. MBP — major basic protein, ECP
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— eosinophil cationic protein, EDN- eosinophil-derived neurotoxin, ROS — reactive oxygen species, EPX
— eosinophil peroxidase. Figure A adapted from Fettrelet et al. (2021)'*6. Created with BioRender.com.

During helminth infection, eosinophils are actively recruited by eotaxins and type-2 cytokines
(IL-5 and GM-CSF) and as mentioned above, can reduce the bacterial load through
degranulation. However, their role in the tissue is highly context- and infection-dependent. In
vivo, IL-5 transgenic mice, with constantly elevated eosinophil levels, presented with
enhanced resistance to Nippostrongylus brasiliensis infection, however, this effect did not
repeat when infected with Toxocara canis; showcasing how eosinophils can promote anti-
helminth immunity in the context of one but not another pathogen'®. The observation that
eosinophils may not always be anti-parasitic was further validated in a study using eosinophil-
deficient PHIL and AdbIGATA mouse models infected by Trichinella spiralis affecting muscles
during the final stage of the parasite’s life-cycle'. Eosinophil-deficient mice presented with
fewer muscle larvae and increased IFNy and iNOS production, suggesting that eosinophils in

certain scenarios are promoting parasite persistence by restraining Th1 immunity.

The dual role of eosinophils in bacterially driven Gl inflammation, through both, restraining
Th1 immune response but also promoting bactericidal activity through EETosis and
degranulation, was confirmed in Helicobacter pylori and Citrobacter rodentium infection
models'?°. Furthermore, in this study, eosinophils upregulated PD-L1 in an IFNy-dependent
manner, and their depletion improved bacterial clearance by Th1/Th17 immune response.
Conditional loss of IFNy receptor in eosinophil lineage phenocopied this bacterial protection,
suggesting that upstream IFNy signalling in eosinophils is limiting Th1 response in certain

120

contexts'<". Therefore, eosinophils contribute to the immune response by more than

degranulation.

Although eosinophils are not considered the main antigen-presenting cell type, some of the
eosinophil effector functions are potentially linked to antigen presentation. Interestingly, while

both murine and human eosinophils were found to express MHC-II in the context of allergen
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challenge™, in vitro assays with bone marrow-derived eosinophils testing eosinophil antigen-
presenting abilities in co-culture with OT-1 CD8+ T cells and OT-Il CD4+ T cells, suggested
that eosinophils sufficiently present antigens to T cells only through the MHC-l complex'®.
Opposite to T cell activation, eosinophils presenting with A-eos phenotype and increased
expression of PD-L1 were capable of attenuating CD4+ T cell activation'?®, supporting the

immunoregulatory role of eosinophils during tissue inflammation'#.

Finally, as previously mentioned, eosinophils are extensively studied in the context of allergy
and asthma. Asthma is a chronic inflammatory disease of the airways characterised by a
number of symptoms, including airway hyperresponsiveness and inflammation, mucus
hypersecretion, and tissue remodelling; with eosinophils being linked to each of these
heterogeneous symptoms'®'. Eosinophil counts in peripheral blood and bronchoalveolar

lavage fluid of asthmatic patients are elevated compared to healthy controls'®?1%3

, With higher
eosinophil counts correlating with disease severity'®. The essential role of eosinophils in
asthma was first revealed in murine pre-clinical models, with eosinophil deficient PHIL mice
being protected from mucus accumulation upon allergen stimulation'® and AdbIGATA mice
did not present with increased collagen deposition and airway smooth muscle thickness when
challenged with allergens’®®. These data collectively pointed to the role of eosinophils in the
structural but also functional remodelling of the airways. Even though the role of eosinophils
in asthma severity and tissue damage is closely associated with the release of their cationic
granule proteins, eosinophils were also proposed to be a source of TGFB. Eosinophils

presented with high levels of TGFp in bronchial biopsies of asthmatic patients'®

, pointing to
their role in tissue remodelling. In summary, eosinophils are central effector cells that couple
the airway hyperresponsiveness, mucus secretion, tissue damage, and airway remodelling
through diverse mechanisms. Therefore, treatment strategies reducing eosinophil numbers,

such as antibodies targeting IL-5 or IL-5Ra. leading to a rapid eosinophil depletion'"'%® help

reduce exacerbations of patients with severe asthma.
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1.3.4 Role of eosinophils in the tumour microenvironment

Eosinophils also have pleiotropic roles in the tumour microenvironment, as recently

reviewed'®

, with human studies suggesting both pro- and anti-tumorigenic function,
dependent on the cancer type'®®'®". An immune histochemistry (IHC) eosinophil staining
(EPX* cells) of 2890 mucosal (colon, lung, oesophageal, and cervical) and non-mucosal
(breast, and ovarian) tumours confirmed that eosinophils are more abundant in tumours
arising from mucosal tissues'® (Figure 1.5A). Although breast tumours were the least
eosinophil-infiltrated, eosinophils were more abundant in tumour nests than in stroma,
contrary to all other tumour types investigated'®2. However, in direct opposition to the reports
linking increased peripheral or intratumoral eosinophils to better prognosis of breast cancer

72,160,163-165

patients , increased eosinophil infiltration positively correlated with clinical stage and

tumour size exclusively in breast tumours compared to the other mucosal tumour types'®?. It
is therefore possible that eosinophils display a different prognosis based on the type of
identification (IHC vs bulkRNA-seq prediction), age, menopausal status of patients, and the

type of baseline therapy used in the studied cohort of patients.
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Figure 1.5. Dual role of eosinophils in the tumour microenvironment. (A) Eosinophil density in
mucosal and non-mucosal organs organised in descending order (gradient bar) — gut, lung, cervical,
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esophageal, ovarian, and breast cancer. Green colour indicates eosinophil correlation with good
prognosis, red colour indicates worse prognosis, blue/question mark labels cancers with no known
association of eosinophils to cancer prognosis. (B) Overview of eosinophil anti-tumorigenic and pro-
tumorigenic roles in metastatic disease. Higher infiltration of eosinophils leads to CD4+ and CD8+ T
cell recruitment and reduced metastatic growth, opposite to this cancer cancer-induced eosinophil
expansion, CCL22 eosinophil expression and Treg recruitment support immunosuppression and
metastatic growth. Treatments/mouse models that can inhibit this eosinophil-driven
immunosuppression are indicated. Created with BioRender.com.

The dual functionality of eosinophils is highly dependent on the TME composition, as can be
best exemplified by a range of studies exploring the role of eosinophils in lung metastasis
(Figure 1.5B). Eosinophils exert anti-tumorigenic effects during metastatic colonisation of
lungs in murine models of breast cancer, with eosinophil-deficient AdbIGATA mice or mice
treated with eosinophil-depleting anti-Siglec-F antibody being more permissive to lung
metastasis in both E0771 and PyMT breast cancer models'®'®”. In agreement with these
results, 115tg mice with constant eosinophilia were to a large extent protected against breast

cancer metastasis'®®'%’

, suggesting an antitumorigenic role of eosinophils. However, in
contrast to these findings, eosinophils were also found to promote lung and bone
metastasis'® 1% |L-57 mice with deficient eosinophil expansion did not develop metastasis
for 28 days post intravenous Lewis lung carcinoma cell line injection, compared to WT mice'®°.
Administration of eosinophils increased the number of metastases in both WT and IL-5" mice,
with eosinophils being linked to the establishment of early immunosuppressive TME through
CCL22 — T axis'®. Collectively, these studies demonstrate that the pro- and anti-tumorigenic
roles of eosinophils are highly dependent on the different TME established by the cancer cells
(Figure 1.5B). It would be interesting to know which cancer-derived factors drive the
immunosuppressive phenotype that ultimately leads to the CCL22 expression dependent on

eosinophil presence, and whether the same set of cytokines would be capable of establishing

a more Treg-dominant breast TME in the different cancer models.

The TME exploits the intrinsic plasticity of infiltrating immune cells and actively shapes their
phenotype and function to its advantage®. While eosinophil heterogeneity is well described in

non-malignant settings; active vs basal subset in GI'? or resident vs inflammatory eosinophils
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in lungs'®; less is known about how the TME shapes eosinophil heterogeneity. In murine
models of breast cancer-induced lung metastasis, two eosinophil populations were observed
in metastasis-bearing mice, Siglec-F™and Siglec-F", with the Siglec-F™ subset also present
in healthy mice'®. Although further transcriptomic and proteomic analysis revealed major
differences between healthy and disease-associated eosinophils, no significant phenotypical
change was observed between the Siglec-F™and Siglec-F" eosinophil subsets in metastatic
lungs'®. Similarly to these findings, only one type of tumour-associated eosinophils was found
on a scRNA-seq level, in an orthotopic colon model of adenocarcinoma'™. Interestingly, all of
the adenocarcinoma infiltrating eosinophils resembled the A-eos phenotype associated with
increased IFNy responsiveness and immunomodulatory function'?, agreeing with the STAT1

66 Future

overexpression and IFNy activation of their metastatic-entrained counterparts
research is needed to explore if eosinophils can be polarised/transition to a tumour-specific

discrete subset or are adapting along a continuum of activation states.

The anti-tumorigenic role of eosinophils can be observed as both — direct cytotoxic effect on
tumour cells and indirect cytotoxicity through cross-talk of eosinophils with other TME
infiltrating cells. There is a number of studies proving a negative correlation between

eosinophils and primary or metastatic tumour growth in murine models of colorectal

102,171 166,167

cancer , metastatic breast cancer , melanoma'’?, fibrosarcoma'”®, and hepatocellular
carcinoma'’®, however, only few of these reports explore the mechanism behind eosinophil-
mediated cytotoxicity. The evidence that eosinophils can directly mediate antitumorigenic
effects comes mainly from in vitro studies in which eosinophils induce apoptosis or reduce
tumour growth of cancer cell lines in direct co-cultures''. The tumorigenic potential of
eosinophils can be further enhanced by cytokines such as IL-33, IFNy, TNFa., or CCL11"71175-
'8 For example, stimulation of IFNy leads to active degranulation of eosinophils ex vivo'?®,

179,180

has a profound effect on eosinophil transcriptome , and promotes eosinophil cytotoxicity

171

in direct co-culture with tumour cells'”’, yet a direct mechanism of how IFNy facilitates this

cytotoxicity in co-cultures with tumour cells is still unclear.
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In a mechanistic study, eosinophils gained cytotoxic activity in a contact-dependent manner
upon stimulation with 1L-33. Eosinophils incubated with IL-33 upregulated adhesion receptors
CD11b/CD18, formed stable conjugates with tumour cells and polarised their secondary
granules towards the junction with tumour cells, resulting in increased cytotoxicity (Figure
1.6A)""". This cytotoxic effect was lost if a) eosinophils were stimulated with IL-33 in a
Transwell assay that reduced their contact with the tumour cells, or b) by blocking the CD18
adhesion receptor with a monoclonal antibody, proving that eosinophils don’t just passively
degranulate after stimulation but need the physical contact to drive the cancer cell lysis'”’.
Eosinophil adhesion ability seems to be a crucial determinant of their in vitro cytotoxicity, as
stimulation of eosinophils by IL-18 also leads to overexpression of ICAM-1, LFA-1, and mild
upregulation of CD18 and correlates with enhanced apoptosis of colorectal cancer cell
line(Figure 1.6B)'®". Furthermore, IL-33 administration led to overexpression of eotaxins and
reduced tumour growth in an eosinophil-dependent manner in models of colorectal cancer and

178182 'making 1L-33 a potent activator of eosinophil migration (Figure

metastatic melanoma
1.6C)"83'®* and anti-tumorigenic potential. Future research will help with understanding how
exactly eosinophils recognise tumour cells. At the moment, the only evidence of eosinophil
specificity against cancer cell lines comes from eosinophils not being cytotoxic against a

population of human fibroblasts'®.

Eosinophil direct cytotoxicity in vivo is dependent on their abundant presence in the TME, as
shown by the tumour growth in the eosinophil-depleted or IL5tg eosinophil-enriched mouse
models'? %7171 Because eosinophil infiltration of the TME is often dependent on the CCR3-
CCL11/CCL24 gradient, tumours commonly hijack this axis to restrain eosinophils from
entering the tissue by a) transcriptionally supressing Cc/11 expression through autotaxin (ATX)
- lysophosphatidic acid (LPA) axis in pancreatic cancer models (PDAC) (Figure 1.6D)', b)
through enzymatic cleavage of CCL11 by dipeptidyl peptidase (DPP4) (Figure 1.6E)'®’, or c)
through immunosuppressive Trg activities (Figure 1.6F)'®. Conversely, inhibiting the ATX or

DPP4 activity genetically or by small molecule inhibitors restored the Cc/11 expression and
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led to an increase in intratumoral eosinophil infiltration and tumour reduction'®'”, The tumour
reduction upon the ATX- and DPP4-inhibition was directly linked to eosinophil infiltration in the
PDAC, hepatocellular carcinoma, and breast tumour models with a proposed direct
cytotoxicity of eosinophils'®'®. However, the tumour reduction following Ty depletion in
melanoma models was associated with increased eosinophil infiltration that led to eosinophil-
dependent CD8+ T cell infiltration and vessel normalization'®®. Eosinophils contributed to the
expression of T cell chemoattractants Cxc/9 and Cxcl/10 in vivo, and IFNy and TNF stimulation
of eosinophils in vitro led to their direct overexpression of Cxc/9 and Cxc/10 and enhanced
migration of CD8+ T cells in Transwell migration assays'®®. Collectively, these studies show
that eosinophils are capable of direct anti-tumorigenic activity, however, also orchestrate the
anti-tumorigenic response by contributing to T cell recruitment and activation, presenting a

novel connection between the Th1 and Th2-mediated immune responses.
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Figure 1.6. Overview of anti-tumorigenic eosinophil activities. (A) Stimulation of eosinophils ex vivo
with IFNy and IL-33 leads to increased cytotoxicity towards cancer cell lines. (B) Stimulation of
eosinophils with 1L-33 or IL-18 leads to overexpression of adhesion receptors and increased anti-
tumorigenic properties. (C) administration of IL-33 through intraperitoneal (i.p) or intravenous (i.v)
injection leads to eosinophil infiltration through CCL11/CCL24-CCR3 axis and reduction of tumour
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burden. (D) Adapted from Bhattacharyya et. al 20248, Cancer-derived autotaxin (ATX) leads to
cleavage of lysophosphatidylcholine (LPC) into lysophosphatidic acid (LPA) that suppresses production
of CCL11 and eosinophil infiltration. Deletion of Atx in cancer cells restores CCL11-CCR3 eosinophil
infiltration and leads to tumour reduction. (E) Inhibition of dipeptidyl peptidase (DPP4) that cleaves
CCL11 leads to eosinophil infiltration and inhibition of tumour growth. (F) Eosinophils mediate the anti-
tumorigenic effect of Treg depletion through vessel normalisation and CD8+ cytotoxic T cell recruitment.
(G) Radiation-induced eotaxin (CCL11, CCL24) and IL-5 production leads to eosinophil recruitment,
that is essential for infiltration of CD8+ T cells that regulate anti-tumorigenic response. Created with
BioRender.com.

In line with the studies pointing to eosinophil-mediated T cell infiltration, radiotherapy (RT)
treatment of the melanoma murine model resulted in decreased tumour growth associated
with increased infiltration of eosinophils and CD8+ T cells, and overexpression of CCL5,
CXCL9, and CXCL10, compared to non-treated tumours (Figure 1.6G)'®. Depletion of
eosinophils by anti-Siglec-F treatment diminished the anti-tumorigenic effect of RT and
reduced CD8+ T cell infiltration and IFNy-related signature. Furthermore, eosinophils
regulated activation of CD8+ T cells even in murine models of treatment-naive colorectal
cancer; eosinophil-deficient models presented with increased tumour growth and reduced T
cell activation; in agreement with this, IL5tg mice presented with a tumour reduction’®?. This
effect was further explained through the GM-CSF-IRF5 activation axis, in which loss of GM-
CSF receptor or a downstream transcription factor IRF5 specifically in the eosinophil lineage,
reproduced the eosinophil depletion phenotype and led to increased tumour growth and

defective T cell activation'?. Collectively, these data position eosinophils as important

mediators of T cell immunity in tumour settings.

1.3.5 Role of eosinophils in ICB response

Building on the recognised eosinophil-mediated T cell cytotoxicity, the early increase of
circulating eosinophils following the anti-CTLA4 (ipilimumab) ICB treatment was associated
with improved survival of melanoma patients'®. Following these results, elevated baseline
levels of eosinophils, assessed even before drug administration, were predictive of better
treatment response to ipilimumab'''%2. Eosinophil role in response to ICB also became more
apparent with the growing body of clinical trials associating higher levels of peripheral
eosinophils with increased overall survival in non-small cell lung cancer', renal cell

carcinoma'®, urothelial carcinoma’?®, and triple-negative breast cancer patients'®*'%_ |t is
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important to notice that recently, a higher eosinophil count was predictive of worse response
to ICB in head and neck squamous cell carcinoma'®’, likely to be related to higher eosinophil
counts being predictive of severe immune-related adverse events associated with ICB'%,
However, the main body of evidence supports a role for eosinophils in a successful response

to ICB.

The finding of higher peripheral eosinophil counts correlating with better responses in the
majority of ICB-treated patients prompted the question of whether eosinophils are actively
involved in tumour rejection or have a role of just predictive bystanders. In murine models of
breast cancer, eosinophils were necessary for mediating vessel normalisation and CD8+ T
cell infiltration following CTLA-4 blockade'®. Furthermore, eosinophils also had a role in
mediating the anti-tumorigenic effect achieved by a combination of anti-PD1 and anti-CTLA-4

treatment'®’, with both treatment effects being diminished by eosinophil depletion.

How ICB stimulates the eosinophil expansion/accumulation and anti-tumorigenic activity was
only recently uncovered in a combined study of metastatic TNBC patients undergoing cisplatin
and anti-PD1 treatment and a matched mouse model of the disease'®. In TNBC patients, both
peripheral and intratumoral eosinophils correlated with better treatment response and
elevated levels of IFNy-signature that is predictive of T cell activation. Furthermore,
comparison of a) isotype, b) ICB, c) cisplatin, or d) a combination of ICB and cisplatin
treatments of mice with established mammary tumours, revealed that only the combination of
ICB and cisplatin prolonged the overall survival of the mice; with this effect being associated
with almost a 5-fold increase in peripheral and intratumoral eosinophils. In the absence of
eosinophils, this effect was diminished and led to inefficient activation of CD8+ T cells. Further
mechanistic experiments revealed that while ICB is necessary to induce IL-5 expression of
CD4+ T cells in bone marrow and leads to eosinophil expansion, cisplatin treatment enhances
eosinophil infiltration of the tumours in I1L-33 dependent manner'*. This work mechanistically
links eosinophils with ICB response, however, how eosinophils contribute to CD8+ T cell

activation remains an open question.

48



1.4 The role of extracellular matrix in cancer with focus on tenascin-C

1.4.1 Overview of extracellular matrix properties in cancer

Even though the majority of cancer research is centred around the cellular composition of
tumours, a growing body of work highlights the importance of remodelled ECM for cancer

200 The ECM is a dynamic network that embeds all tissue

progression and treatment resistance
resident cells and actively shapes tissue structure and function through a set of ECM-
associated proteins and modifiers — collectively forming the matrisome. The matrisome
represents a complete list of ECM-related proteins and consists of 1) core structural proteins
— collagens, glycoproteins and proteoglycans, 2) ECM-modifiers and regulators — proteases
and cross-linkers, and 3) matrisome-associated secreted factors — growth factors, cytokines
and others®'2%2_ |n homeostasis, ECM provides a structural support, mediates cell-cell/cell-
matrix communication and spatially regulates extracellular signalling, together leading to a
control of cell adhesion, polarity, survival, and migration?®®. Following tissue injury, ECM
composition and spatial organisation are rapidly remodelled through altered deposition,
degradation, and cross-linking of matrix proteins to restore the tissue architecture. However,
if the ECM gets dysregulated, this leads to an expansion of fibrotic stroma and fibrosis®*.
Fibrotic composition prolongs injury resolution and causes chronic inflammation. Because

"205 analogous processes guide the

cancer is often referred to as a “wound that never heals
persistent wound-repair programmes that result in quantitative and qualitative changes of

ECM associated with disease progression.

Within the TME, all cellular components — tumour, stromal and immune cells — actively remodel
and interact with the ECM. These interactions are dependent on families of adhesion and
matrix receptors, most notably integrins, collagen-binding receptor tyrosine kinases
DDR1/DDR2, and glycosaminoglycan receptors such as hyaluronic acid receptor CD442%¢,
Together, these receptors couple matrix binding and mechanical properties with cytoskeletal

and transcriptional reprogramming of TME resident cell behaviour. In parallel, resident cells
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regulate the ECM by both deposition and degradation of matrix, with CAFs being the main
producers of the ECM, myeloid cells remodelling the ECM network through secretion of matrix
metalloproteinases (MMPs) and cross-linkers, and tumour cells also modifying the matrix
composition through deposition and remodelling depending on their epithelial-to-
mesenchymal transition status®”’. Together, these reciprocal processes continuously shape
TME mechanical properties (stiffness, fibre alignments), cytokine composition (growth factors,
chemokines), and vascularisation to establish a more pro-tumorigenic niche with altered

immune composition (Figure 1.7A, B).
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Figure 1.7. Overview of ECM changes during tumour progression. (A) Reciprocal relationships
between ECM deposition and degradation by stromal, immune and cancer cells. Remodelled ECM
further mediates the altered crosstalk of the TME resident cells. (B) Overview of TME altered ECM,
increased density, stiffness, and fibre alignment further contribute to disease progression with altered
ECM-chemokine binding mediating immune exclusion. Figure A adapted from Prakash and Shaked,
20242%, Created with BioRender.com.

In inflamed tissues, distinct ECM architectures guide migration and differentiation of immune
cells through mechanical and biochemical cues, directing leukocytes towards the site of tissue
damage or infection®®. In tumours, the abnormal ECM composition and density can serve as
both a permissive or restrictive barrier for leukocyte infiltration and activity. An increase in
tumour stiffness caused by the build-up of excess collagen and hyaluronan causes vascular
compression leading to tumour hypoxia, however, this can be reversed through targeting
collagen deposition that restores the vessel perfusion and drug delivery?'°. The increased
stiffness observed in tumours is also caused by collagen stabilisation through cross-linking.

Collagen cross-linking was successfully targeted, for example, through inhibition of LOX2
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enzyme in murine models of lung cancer; LOX2 inhibition led to restored anti-PD-L1 treatment
activity, increased CD8+ T cell infiltration and reduction of the T cell exhausted phenotype?'".
This study is particularly interesting as an increase of collagen deposition and cross-linking is
often induced by different treatments, such as ICB or chemotherapy?''?'?, therefore ECM
remodelling presents a potent mechanism that helps tumours escape the immune reactivation.
Furthermore, structural alignment of collagen fibres is as important as their density; cancer
cells that can align collagen fibres through DDR1 receptor-dependent mechanism produce a
physical barrier by creating longer aligned fibres and restrict T cell infiltration®'*. Lastly, the
ECM composition regulates the activation status of infiltrating immune cells, either through
engagement with ECM-related receptors or through modulating the availability and
composition of tumour secreted factors?*®2'*, Taken together, the ECM changes determine not
only whether immune cells reach tumour nests but also whether they arrive activated or
exhausted. Although these interactions were successfully targeted in vivo, less success is

seen in clinical practice®®.

Tumour stiffness and ECM deposition correlate with disease aggressiveness, invasiveness
and metastatic potential; accordingly, tumour stiffness is also associated with worse patient
prognosis in breast cancer, hepatocellular carcinoma and pancreatic cancer, with elevated
stiffness linked to worse disease-free survival and early recurrence post-surgery®'%2'5-218,
Furthermore, overexpression of 9 core matrisome genes across all cancer types was strongly
associated with worse prognosis in all studied adenocarcinomas®'®. Remodelling of ECM also
leads to resistance to chemo- and radio-therapy, either by inducing stemness of cancer cells

208 Moreover, as discussed above,

or by providing a physical protection against drug delivery
ECM-mediated lymphocyte restriction is a common mechanism of ICB resistance. Therefore,
ECM presents an attractive therapeutic target, with ongoing trials likely to provide more

information on the success of the novel anti-ECM therapies®®.

51



1.4.2 Role of tenascin-C in the TME

One of the ECM proteins that is commonly expressed in the context of tissue remodelling —
wound healing, chronic inflammation, and cancer — but mostly absent in majority of healthy
adult tissues, is tenascin-C (TNC)??. Tenascin-C is a large multifunctional glycoprotein with a
complex structure consisting of EGF-like repeats, fibronectin type Ill domains, and a C-
terminal fibrinogen-like globe (FBG) domain, mediating interactions with other stromal and
immune cells through different classes of surface receptors. These interactions allow TNC to
regulate cell adhesion, migration, and immune activation, moreover, in the context of cancer,
TNC contributes to increased proliferation and survival of cancer cells®?'. TNC is
predominantly produced by stromal cells, such as fibroblasts, endothelial cells, and pericytes
however, its expression can also be harnessed by cancer cells to promote the establishment

of an early metastatic niche???.

Increased expression of TNC is associated with worse patient outcomes, as can be

|222

demonstrated by lower lung metastasis-free survival®*? and increased recurrence rates?? in

breast cancer patients, and lower overall survival of patients with esophageal squamous cell

carcinoma, colorectal cancer, or lung carcinoma®*2%",

Functionally, TNC supports
tumorigenesis through multiple mechanisms, including promotion of cell migration and
survival, aberrant vessel formation in metastatic disease and immunosuppression. In primary
breast cancer models, TNC-rich matrix binds CXCL12 and restrains CD8+ T cells infiltration
of the tumour nests leading to an immunosuppressive phenotype, however, inhibition of
CXCR4 (CXCL12 receptor) can release CD8+ T cells and macrophages from the CXCL12-
bound stroma and reduce tumour burden®. Cancer-derived TNC was linked by some studies
to increased primary tumour growth??22° however, this phenotype was not confirmed in the
same murine breast cancer model®?**#*° or by other studies showing a pro-tumorigenic role

of TNC in metastatic formation but not primary tumour growth??23'232 Therefore, the exact

pro-tumorigenic role of TNC in primary breast tumours is yet to be fully understood.
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The contribution of tenascin-C to the formation of the metastatic TME has been more explored.
TNC was recognised among the 12 genes that are consistently upregulated by stromal cells
in both early and late metastatic niches in breast cancer-derived lung metastasis?*®. The host-
derived TNC was shown to promote metastatic colonisation of lungs in a murine model of
breast cancer, with this effect being independent of cancer-derived TNC?'. In this study, host-
derived TNC was essential for blood vessel invasion (BVI), with mice lacking Tnc expression
developing smaller metastatic lesions correlating with smaller BVIs and increased apoptotic
rates within the metastatic nests. In agreement with these findings, the ability of cancer cells
to express Tnc during the metastatic colonisation was essential for the establishment of the
early TME, however, at the later stages the stromal-derived TNC was capable of substituting
the cancer-derived TNC and supporting the tumour growth and proliferation through the Notch
and Wnt signalling®®2. Furthermore, TNC mechanistically induced cancer stemness through
TGFp signalling, explaining the increased proliferation of tumour cells in mice with wild type
Tnc expression compared to TNC-KO mice®'. The importance of TNC in metastatic
vasculature formation was further observed in a mechanistic study where deposition of
perivascular TNC triggered macrophage activation through TLR4 signalling and consequently
led to inflammatory response of endothelial cells and promotion of cancer stemness, with

blocking the TNC-TLR4 interaction interrupting this pro-metastatic loop?*?,

TNC is a potent regulator of myeloid cells in diverse disease settings. It can serve as an
endogenous macrophage activator by engaging TLR4 through its FBG domain and sustaining
chronic inflammation in murine models of rheumatoid arthritis?3*. Beyond TLR4 activation,
TNC also activates macrophage adhesion and migration through integrin signalling®®.
Furthermore, TNC regulates myeloid cell infiltration and migration by chemokine binding, such
as TNC-bound CXCL12, CCL2, or CCL26%%2°2%_|n this thesis, TNC interaction with tumour-
associated macrophages was mostly studied in the context of macrophage polarisation. In this
regard, TNC-TLR4 interaction is essential for regulating the M1/M2 phenotype; bulk RNAseq

comparative analysis of naive, TNC-stimulated, and TLR4 inhibited TNC stimulated bone
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marrow-derived macrophages confirmed the proinflammatory macrophage phenotype
induced through the TLR4 activation that is associated with production of TNFa, IL-6 and other

prO-inﬂammatory cytokin ©g232.234,237

. Furthermore, macrophage presence in the TNC-rich
perivascular niche correlated with increased levels of TNF and pro-inflammatory cytokine
milieu during late stages of breast cancer metastasis, with the TNF signalling being proposed
as the main trigger for endothelial cell remodelling®®?. Contrary to these findings, TNC was

found to polarise macrophages towards a more M2-like immunosuppressed phenotype in

murine breast TME, with this effect being specific for cancer-derived TNC?#%.

Therefore, inhibition of TNC-macrophage interaction to restore anti-tumorigenic immune
response is an attractive therapeutic target. Blocking of FBG by monoclonal antibodies
reduced primary tumour burden and improved response to anti-PD-L1 treatment through

macrophage repolarisation to a more pro-inflammatory M1-like phenotype??®

. A recent study
showed that blocking of TNC by a MAtrix REgulating Motif-mimicking peptide (MAREMO) also
resulted in reduced primary tumour growth, an effect that was caused by vessel normalisation,
restored IFNy response, and release of stromal-bound leukocytes into the tumour nests jointly
restoring the antitumorigenic immunity?*®. Although there are currently no TNC inhibitors
approved in the clinical setting, the highly restricted TNC expression in cancer can be used

for effective drug delivery, as recently reviewed®.
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1.5 Project aims and summary

As outlined throughout this introduction, cancer cells employ diverse mechanisms to escape
immune surveillance and sustain the tumour growth. One of these mechanisms was proposed
to include the ability of cancer cells to produce ECM protein TNC that suppresses macrophage
activation?® and leads to an exclusion of lymphocytes®, therefore enhancing the growth of
primary tumours. Building on these results together with the phenotypical heterogeneity of
macrophages in the TME (unpublished data, Midwood group), my initial aim was to further
investigate mechanisms by which TNC drives the macrophage diversity. However, due to the
early discovery of prevalent eosinophil population in two independent mouse models of breast
cancer, and the concurrent recognition of a) the eosinophil plasticity in healthy and diseased
tissues'?® and b) eosinophils as important players in response to ICB in breast cancer'®, the

role of eosinophils in the tumour microenvironment became a central topic of this thesis.

Eosinophils were linked to anti-tumorigenic properties in metastatic breast cancer and primary

166167171 "intriguingly, neither eosinophilia nor depletion of eosinophils

colorectal cancer models
had an effect on tumour growth in murine models of breast cancer'®?%°, This led to a
hypothesis that the breast TME might be capable of exploiting the eosinophil heterogeneity to

avoid their inherent cytotoxicity.

Based on this, the aims of this project were three-fold:
1. Characterise the phenotypic and functional heterogeneity of eosinophils in the breast
tumour microenvironment.
2. Elucidate mechanisms that could reactivate eosinophils toward a more cytotoxic state.

3. Understand the impact of TNC-modulated macrophages on eosinophil behaviour.

Therefore, Chapter 3 focuses on characterisation of eosinophil phenotypical plasticity by

utilising a complex spectral flow cytometry staining panel and unbiased dimensionality
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reduction analysis, aiming to recognise markers that define tumour-associated eosinophil
subsets. This initial analysis revealed 2 novel subsets of eosinophils that were well-conserved
across different breast cancer models and associated with disease progression. Differences
between these subsets were further functionally validated ex vivo to ensure of their biological

relevance.

Chapter 4 follows up on these findings and adds to the eosinophil characterisation by bulk
RNA sequencing of the 2 tumour-associated eosinophil subsets defined in Chapter 3. These
results revealed a potential exhaustion phenotype of eosinophils associated with later stages
of TME development and led to experiments that aimed to reactivate eosinophils to a more
cytotoxic state ex vivo and in vivo. Additionally, as described in section 1.2.2, ICB treatment is
increasingly used for the treatment of hard-to-treat metastatic but also early-stage TNBC
patients, with eosinophils being a good prognostic marker of treatment response'®*. Therefore,
baseline eosinophil density was analysed in primary and recurrent breast cancer patients with
the aim of providing a preliminary dataset that could uncover eosinophil infiltration of specific

breast cancer subtypes for future treatment stratification.

Finally, Chapter 5 aims to characterise the TNC-macrophage interaction in relation to
eosinophil biology through characterising both macrophages and eosinophils on temporal,
spatial, and functional levels. These results provide novel insights into eosinophil development

and dynamics under the influence of the breast TME.
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2.1 Mice

FVB wild-type mice were bred in-house, except for anti-Siglec-F depletion and anti-IFN
treatment experiments, on these occasions FVB/N mice were ordered from Charles River.
Balb/cAnNCrl (Balbc) and C57BL/6J (BI6) mice were purchased from Charles River for all
experiments; all animals did not undergo any experimental procedures for at least 7 days post
arrival. All mice were housed under pathogen-free conditions in individually ventilated cages.
A maximum of 7 mice were maintained per cage, and the mice had access to water and food
ad libitum. In all experiments with primary tumours, female mice were orthotopically grafted at
8-13 weeks of age. In experiments involving pulmonary metastasis, female mice aged 7-8
weeks were intravenously grafted. Schedule 1 method of exposure to increasing CO:
concentration was applied at the final time point in all animal experiments. All mouse
experiments were performed in accordance with the UK Home Office guidelines under project

license PP3609558.

2.2 Cancer cell lines

The NT193 murine breast cancer cell line, derived from a spontaneous MMTV-NeuNT primary
tumour with control (shCTL/TNC+/NT193) and conditional knockdown of tenascin-C
(shTNC/TNC-)**', was provided by Dr. Gertraud Orend. The 4T1 cell line used for the
generation of primary mammary tumours was obtained from the ATCC. E0771, E0771-
mCherry"hCD2 and 4T1-Cherry*GFP* cell lines with mCherry labelling tool*****! stably
transfected with sLP-Cherry and human CD2 receptor or GFP were a gift from Dr. llaria

Malanchi.

NT193 cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) (cat. 10566016,
Gibco) supplemented with 10% fetal bovine serum (FBS) (cat. 10500064, Gibco), 1%
Penicillin-Streptomycin (P/S) (cat. 15140122, ThermoFisher), and 10ug/ml puromycin (cat.

A1113803, Gibco). The 4T1- and E0771-derived cell lines were cultured in DMEM (cat.
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41965039, Gibco) supplemented with 10% FBS and 1% P/S. All cells were maintained at 37°C

with 5% CO; in a humidified atmosphere.

The NT193 cell line was passaged once a week at full confluence. Briefly, the cells were
washed once with PBS, incubated for 5 minutes or until detached with 0.25% Trypsin-
ethylenediaminetetraacetic acid (EDTA) (cat. 25200072, Gibco) at 37°C with 5% CO; in a
humidified atmosphere, trypsin was quenched with the NT193 cell culture media, cells were
harvested and spun down for 5 minutes at 1500rpm at room temperature, supernatant was
discarded and cells were split at 1:15 ratio into a new T-175 cell culture flask (cat. 83.3912.002,
Sarstedt) with fresh NT193 culture media. The media was changed after 3 days and on the
day of splitting. 4T1 cell line was split every 2-3 days when reaching 70% confluence; cells
were washed once with PBS, incubated for 3 minutes with 0.25% Trypsin-EDTA at room
temperature, trypsin was quenched with 4T1 cell culture media, cells were harvested and spun
down for 5 minutes at 1500rpm at room temperature, supernatant was discarded and cells
were split at 1:10 ratio into a new T-75 cell culture flask (cat. 83.3911.002, Sarstedt) with fresh
4T1 culture media. The E0771 cell line grows in suspension and was split every 2-3 days;
cells were harvested by resuspension in cell culture media, spun down for 5 minutes at
1500rpm at room temperature, supernatant was discarded, and cells were split at 1:10 ratio

into a new T-75 cell culture flask (cat. 83.3911.002, Sarstedt) with fresh E0771 culture media.

All cell lines were tested for mycoplasma with MycoAlert® Mycoplasma Detection Kit (cat.
LT07-318, Lonza) according to the manufacturer’s instructions. TNC expression of the NT193

cell line was assessed by the quantitative PCR method as described in section 2.16.

2.3 Tumour models

The NT193 cell line was used for orthotopic engraftment at full confluence, 4T1- and E0771-

derived cell lines were used at 70-80% confluence for both orthotopic and intravenous grafting.
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The NT193 and 4T1 cell lines were harvested with 0.25% Trypsin-EDTA, washed 3 times with
PBS (cat. 10010023, Gibco) and resuspended at the desired concentration in PBS. E0771
cells were harvested by ice-cold PBS, washed 3 times and resuspended in PBS. Prior to the
orthotopic injection, mice were anaesthetised with isoflurane (IsoFlo, Zoetis) and the 4™ right
mammary fat pad area was shaved and sterilised with betadine (cat. 3030440, Vidine
antiseptic solution 10% w/w). Tumour-bearing mice were housed on alpha-dry bedding to
avoid irritation of the skin during tumour development and tumour growth was monitored every
2-3 days, starting 4 days after the tumour injection until the final time point or up to reaching
the humane endpoint (12mm in any dimension). Tumour volume was calculated by the formula
V = (length x width x width)/2. Treatment-naive mice with spontaneously regressing tumour

volume were excluded from analysis.

To study primary tumour development, NT193 (5 000 000 cells), 4T1 WT (50 000 cells), and
EO0771 WT (100 000 cells) cell lines were orthotopically grafted with Micro-Fine+ 29G needles
(cat. 324892, BD) in 100ul of Phosphate Buffered Saline (PBS) (ThermoFisher, 10010023)
into the 4th right mammary fat pad of FVB, Balb/c and C57/BI6 female mice, respectively. For
induction of lung metastases, 4T1 mCherry-GFP (1000 000 cells) and E0771 mCherry-hCD2
(1000 000 cells) were intravenously grafted with Micro-Fine+ 29G needles through the tail vein

into 6-7 weeks old Balb/c and C57/BI6 mice, respectively.

For induction of lung metastasis, 4T1 and E0771 wild-type or mCherry labelled cells were
grafted at a final concentration 1x10” cells/ml in 100ul of PBS, filtered through a 70um cell
strainer (cat. CLS352350, Corning) and administered intravenously within 30 minutes after the
last filtration. Mice were monitored for loss of weight and a decrease in BCS (body condition
score) every 2 days. Intravenous injections were performed by Albertino Bonifacio and

Karolina Kaczkowska.
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2.4 Administration of cell labelling agents and treatments

For experiments in Chapter 3 that utilised SUrface SEnsing of Translation (SUnSET)
method?*? to assess translational activity in vivo, 100ul of 10mg/ml of puromycin (Gibco,
A1113803) was administered intravenously through the tail vein 30 minutes prior to tumour
harvest. The puromycin dose and incubation period were picked based on previous protocols
using O-propargyl-puromycin in vivo®®?. All puromycin injections were done by Daniel
Andrews. For experiments in Chapter 3, 5-ethynyl-2'-deoxyuridine (EdU) (cat. A10044,
ThermoFisher) was reconstituted in PBS to a concentration of 5mg/ml and 1mg per mouse
was administered intravenously 24 hours prior to harvest by Albertino Bonifacio and Karolina

Kaczkowska.

For all experiments involving treatments, mice were divided into groups based on their weight,
age, and tumour size at the start of the treatment. For the eosinophil depletion, anti-Siglec-F
antibody (cat. MAB17061-500, R&D systems) and IgG2a isotype control (cat. BEOO89,
BioXCell) were reconstituted in PBS, and 20ug per mouse was intraperitoneally injected using
BD Micro Fine Plus 0.5ml U100 30G 8mm syringes (cat. 324893, BD) every 3 days, starting
on the day of orthotopic engraftment. For the anti-PD-L1 treatment, Ultra-LEAF Purified anti-
mouse CD274 (cat. 124339, BioLegend) or Ultra-LEAF Purified Rat IgG2b antibodies (cat.
400672, BioLegend) were administered by intraperitoneal injection at a final dose of 10mg/kg,
starting on day 7. For anti-IFN treatment, combination of Ultra-LEAF Purified anti-mouse
IFNAR-1 (cat. 400198, BioLegend) and Ultra-LEA Purified anti-mouse IFN-y (cat. 505848,
BioLegend) or a control Ultra-LEA Purified Mouse IgG1, Isotype antibody (cat. 400198,
BioLegend) was administered by intraperitoneal injection in the following order: day prior to
orthotopic injection, 1.5mg of anti-IFNAR-1 antibody was used, on the day of orthotopic
engraftment 250ug of anti-IFNy was administered, from day 2 post-engraftment onwards,
every 3 days a combination of 300ug of anti-IFNAR1 and 250ug of anti-IFNy was administered

to block IFNy and IFNB signalling. For the macrophage depletion experiments in NT193
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tumours, PBS or clodronate liposomes (Liposoma) were administered at 10ul/g of mice by
intravenous injection on day 1 and day 8 post-engraftment by Dr. Andrew MacLean and

Karolina Kaczkowska.

2.5 Tissue processing

At experimental timepoint or when tumours reached 12mm in any calliper measurement, mice
were culled using the Schedule 1 method, and tumours were collected into ice-cold PBS.
Tumours and mammary fat pads were manually minced using scissors, resuspended in
tumour digestion media (Roswell Park Memorial Institute 1640 medium (RPMI), 10% FBS,
500ug/ml Liberase TM (cat. 5401127001, Roche), 100ug/ml DNAse | (cat. 11284932001,
Sigma)) and digested for 30 minutes at 37°C under gentle agitation. Following enzymatic
digestion, tumour suspensions were kept at 4°C at all times, mechanically passed through
70um cell strainers (cat. 83.3945.070, Starstedt) and washed once with FACS buffer (PBS
with 5% FBS and 10ug/ml DNAse 1) to obtain a single cell suspension. In case of apparent

cell clumps, tumours were refiltered through 70um cell strainers.

Lungs were minced by the gentleMACS OctoDissociator machine in GentleMACS C Tubes
(cat. 130-093-237, Miltenyi) in digestion media containing PBS with 0.1% collagenase | (cat.
LS004196, Worthington Biochemical) and 0.1% collagenase Il (cat. LS004182, Worthington
Biochemical). Cell suspensions were digested for 30 minutes at 37°C under gentle agitation
prior to further processing with the gentleMACS OctoDissociator. Afterwards, cells were spun
for 10 minutes at 300xg, washed with FACS buffer, passed through 70um cell strainers to
obtain a single cell suspension, treated with ACK buffer (cat. A1049201, Gibco) for 1 minute

at room temperature, and red blood cell lysis was stopped by 10ml of PBS.

For confirmation of eosinophil depletion, 25ul of blood was taken by tail vein puncture using

Jaytec Glass™ Micro-Haematocrit Tubes (cat. 12306297, FisherScientific) and resuspended
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in 25ul of 0.5 M EDTA (cat. 15575020, ThermoFisher) straight after blood collection. For
experiments comparing matched tumour and blood samples in Chapter 3, approximately
300ul of blood per mouse was collected by cardiac puncture into an EDTA-coated tube (cat.
367527, BD). All samples were treated with 5ml of ACK buffer for 10 minutes at room

temperature, and lysis was stopped by adding 10ml ice-cold PBS.

Bone marrow used for flow cytometry analysis was collected by flushing the femur bones with
5ml of cRPMI by using a 23G needle (cat. AN2325R1, Terumo). All cell suspensions were
spun down at 1500 rpm for 5 minutes, resuspended in FACS buffer and kept at 4°C for flow

cytometry staining.

2.6 Flow cytometry staining and sorting

All samples stained for flow cytometry analysis were plated into V-shaped 96-well plates at a
maximum 2x10° cells per well for tissue samples, a minimum of 50 000 cells per well was
plated for eosinophil developmental assays and IFN stimulations, and approximately 15 000
cells per condition was used in assays with FACS-sorted eosinophils that underwent
development ex vivo. All cells were incubated with TruStain FcX (cat. 101319, ThermoFisher)
in 100ul of FACS buffer at a 1:200 dilution for 15 minutes. Blocked samples were stained with
LIVE/DEAD Fixable Blue, Near-IR or Yellow Dead Cell Stain Kits (cat. L23105, L34975,
L34959, ThermoFisher) in 50ul at a 1:200 dilution in PBS for 30 minutes. For surface staining,
cells were incubated with 50ul of primary antibodies described in Table 2.1 in FACS buffer for
30 minutes. Lung samples and samples in Chapter 4 were kept unfixed to preserve better
mCherry staining of the niche, all other samples were incubated with Fixation buffer (cat.
420801, BioLegend) for 15 minutes, washed and resuspended in FACS buffer. For intracellular
staining, samples were further incubated in 1X BD Cytofix/cytoperm (cat. 51-2090KZ, BD
Biosciences) for 1 hour, washed once in 1X BD Perm/Wash 10x (cat. 51-2091KZ, BD

Biosciences) and incubated with intracellular antibodies described in Table 2.2 diluted in 1X
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Perm/Wash for 30 minutes, washed once in 1X Perm/Wash and resuspended in FACS buffer.
All incubations were done at 4°C, and cells were spun at 1600rpm for 2 minutes. All data were
acquired by LSRFortessa X-20 (BD Biosciences) or Aurora (Cytek) spectral flow cytometer
using DIVA or SpectroFlo software, respectively. Flowcytometry data was analysed with

FlowJo v10.9.0 and OMIQ (Dotmatics).

In experiments studying cell proliferation by EdU incorporation, cells were first stained for
surface antigens as described above and afterwards EdU was detected with Click-iT™ EdU
Alexa Fluor™ 647 Flow Cytometry Assay Kit (cat. C10424, ThermoFisher) following the

manufacturer’s instructions.

For fluorescence-activated cell sorting (FACS) experiments, single cell suspensions after
digest were enriched with mouse anti-CD11b (cat. 130-126-725, Miltenyi), mouse anti-Siglec-
F (cat. 130-118-513, Miltenyi), or mouse anti-CD45 (cat. 130-110-618, Miltenyi) magnetic
micro-beads using MS columns (cat. 130-042-201, Miltenyi) in combination with OctoMACS™
Separator (Miltenyi) following manufacturer’s instructions. Enriched cells were further stained
with LIVE/DEAD Fixable Blue Dead Cell Stain Kit with surface receptors as described above,
and resuspended in PBS, 2 mM EDTA, and 0.5% FBS before sorting with a 100um nozzle

size on Aria Ill. All sorting experiments were done with the help of Jonathan Webber.

The sorting strategy used for isolation of myeloid populations infiltrating 4T1 tumours is
explained in Chapter 3, section 3.2.2. The sorting strategy used for isolation of Ly6C+ and
Ly6C- tumour-associated eosinophils used for cytotoxic assays, imaging, and stimulations in
Chapters 3 and 4, is described in Figure 2.1. The sorting strategy used for isolation of bone
marrow-derived eosinophils on day 18 of cell culture, described below in section 2.7, is shown
in Figure 2.2. The sorting strategy used for isolation of tumour-associated Ly6C+ and Ly6C-

eosinophils, joint with tumour-associated macrophages that were all directly sorted into RLT
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buffer and used for bulk RNA-sequencing is shown in Figure 2.3; this analysis is associated

with the bulk RNA-sequencing data in Chapter 4 (eosinophils) and Chapter 5 (macrophages).
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Figure 2.1. FACS sorting of tumour-associated eosinophils. Whole tumour lysates were
enriched by mouse anti-Siglec-F magnetic micro-beads using MS columns in combination with
OctoMACS™ Separator following manufacturer’s instructions, as described above.
Afterwards, cells were stained with Live/dead cell stain kit and surface receptors, to enable
getting of single cell, alive, Siglec-F+ cells. Eosinophils were further distinguished based on
their expression of Ly6C.
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Figure 2.2. FACS sorting of bone marrow-derived eosinophils. Bone marrow-derived
eosinophils were collected on day 18, cells were stained with Live/dead cell stain kit and
surface receptors, to enable getting of single cell, alive, Siglec-F+ cells. Eosinophils were
further distinguished based on their expression of Ly6C and CCR3.
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Figure 2.3. FACS sorting of tumour-associated eosinophils and macrophages for bulk
RNA-sequencing. (A) Whole tumour lysates were enriched by mouse anti-CD11b magnetic
micro-beads using MS columns in combination with OctoMACS™ Separator following
manufacturer’s instructions, as described above. Afterwards, cells were stained with Live/dead
cell stain kit and surface receptors, to enable getting of single cell, alive, CD45+, CD11b+ cells.
(B) Eosinophils were gated based on their Siglec-F surface expression and further split into
Ly6C+ and Ly6C- population. (C) Siglec-F-, Ly6G- population of cells that excluded
granulocytes, was further gated for Ly6C- cells to exclude monocytes. Afterwards, a population
of F4/80+ cells was isolated as macrophages.

2.7 Cell culture

The immortalised Hoxb8 macrophage cell line was a gift from Prof. Irina Udalova. Hoxb8 cells
contain a Hoxb8-ER construct (estrogen-binding domain fused to homeobox B8) that inhibits
myeloid differentiation and keeps cells in their progenitor state in the presence of estrogen**.
Hoxb8 progenitors were cultured in suspension below 1x10° cells/ml confluence in RPMI (cat.
R8758-1L, Sigma) supplemented with 10% FBS, 1% P/S, 30uM beta-Mercaptoethanol (cat.
31350010, ThermoFisher), 10uM estradiol (cat. E2758, Sigma) and 10mg/ml murine GM-CSF
(cat. AF-315-03-50UG, Peprotech). Confluence was assessed every 2 days; cells were
stained by resuspension in trypan blue (cat. T8154-100ML, Sigma) at a 1:1 ratio (cell

suspension to trypan blue), applied onto EVE Cell Counting C-Slide (cat. NE-EVS-50, EVE)
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and analysed by automatic cell counter Countess 3 (Thermofisher). Cells were split 1:10 when
they reached confluence 1x10° cells/ml into a new flask; briefly cell suspension was spun for
5 minutes at 1500rpm at room temperature, supernatant was discarded, cells were
resuspended in Hoxb8 cell culture media and split into a fresh T-75 flask. For utilization of
SUNSET assay in vitro, Hoxb8 progenitors were cultured in presence of estrogen at all times,
2x10°8 cells in 2ml were plated into a 6-well plate (cat. 353046, Falcon), pre-stimulated with
10ug/ml of cycloheximide (cat. 239763-M, Sigma) to block protein translation or equal volume
of DMSO for 15 minutes and afterwards incubated with 10ug/ml puromycin for 15 minutes.
Afterwards, cells were washed twice with PBS before proceeding with flow cytometry staining.

All incubation steps were performed at 37°C with 5% CO- in a humidified atmosphere.

For bone-marrow derived cultures, femur and tibia of 8-14 weeks old mice were flushed with
RPMI (cat. 11875093, ThermoFisher) using a 23G needle (cat. AN2325R1, Terumo), spun at
500xg for 5 minutes, treated with ACK buffer for 2 minutes at room temperature and washed

with 5ml of RPMI before filtering through a 70um cell strainer.

To culture bone marrow-derived macrophages (BMDMs), bone marrow cell suspension
prepared above was cultured on non-tissue culture treated plates (cat. CLS431301, Corning)
in RPMI supplemented with 10% FBS, 1% P/S, 1% sodium pyruvate (cat. 11360070, Gibco),
10% 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (1 M) (cat. 15630080,
Gibco) and 50ng/ml macrophage colony-stimulating factor (cat. 300-25, Peprotech) for 7 days,
and one third of fresh media was added on day 5 of culture. For tenascin-C stimulations with
FBG domain (purification performed by Linda Mies), BMDMs were harvested by resuspension
with ice-cold PBS on day 5, 1x10° cells were plated into 6-well plates (cat. 353 046, Falcon),
rested for 1 day, washed with PBS and stimulated with 1uM FBG domain of tenascin-C or 1uM

FBG domain incubated at 90°C for 15 minutes (heat-denatured) in RPMI supplemented with
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0.5% FBS, 1% P/S (starvation media) for 24 hours. Afterwards, conditioned media was

collected, spun at 1000xg for 10 minutes and used for migration assays.

To obtain eosinophils from primary murine bone marrow cells, cells were cultured as previously
described?®®. Freshly isolated bone marrow cells were cultured in RPMI 1640 supplemented
with 20% FBS, 25 mM HEPES, 1% P/S, 2 mM glutamine (cat. 25030-024, Gibco), 1x NEAA
(cat. 11140-035, Gibco), and 1 mM sodium pyruvate (cat. 11360070, Gibco) (eosinophil media)
for 4 days supplemented with 100ng/ml mSCF (cat. 250-03, PeproTech) and
100 ng/ml mFLT3-Ligand (cat. 250-31L, PeproTech), and 10ng/ml IL-5 (cat. 215-15,
PeproTech) from day 4 onwards. Half of the media was replaced every 2 days; during all media
replacements, eosinophils were spun at 300xg for 7 minutes. On days 4 and 8, cells were
plated into a new flask to minimise the culture of adherent cells. Cell culture was kept at 1x10°
cells/ml confluence; cell density was assessed every 2 days by resuspension of cells in trypan
blue (cat. T8154-100ML, Sigma) at a 1:1 ratio (cell suspension to trypan blue), applied into
EVE Cell Counting C-Slide (cat. NE-EVS-50, EVE) and analysed by automatic cell counter
Countess 3 (Thermofisher). In experiments with bone marrow-derived eosinophils, both BI6
male and female mice were used. Culture of eosinophils from FVB mice resulted in
comparable eosinophil populations when assessed by Ly6C and CCR3 expression, analysed
by flow cytometry, however, much lower yields were gained compared to BI6 mice, as

previously reported®+®

, and therefore FVB mice were not used for further experiments.

In experiments studying chronic eosinophil stimulations in Chapter 4, 1x10° eosinophils were
harvested on day 10 and cultured for 4 days in 96-well flat-bottom plates (cat. 353072, Falcon)
in eosinophil media supplemented with IL-5 and cultured with 10ng/ml of IFN-y (cat. 575304,
BioLegend), IL-4 (cat. 214-14, PeproTech), IL-13 (cat. 210-13, PeproTech) or IL-33 (cat. 210-
33, PeproTech) with half of the media topped up on day 12. For acute 24-hour stimulations,
1x10° eosinophils were plated and incubated with 10ng/ml IFNy or IFN-B (cat. 581304,

BioLegend) as described above.
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2.8 mCherry in vitro labelling

Labelling efficiency of sLP-mCherry transfected cells was tested in vitro as previously
described®*', by both a) conditioned media labelling and b) direct co-culture with 4T1 mCherry-
GFP cells. Briefly, 4T1 mCherry-GFP cells were cultured to 80% confluency and incubated
with fresh 4T1 media for 2 days. Media was afterwards collected, spun down at 800xg for 15
minutes and the supernatant was further used for experiments with mCherry conditioned
media. Labelling efficacy of mCherry conditioned media was tested with HEK293 cells.
HEK293 cell line was maintained in DMEM (cat. D6429, Sigma) supplemented with 10% FBS
and 1% P/S at 80% confluency and cultured with the conditioned media for 2 days to allow
the mCherry penetration of cells. In parallel with the conditioned media labelling assay,
mCherry labelling was also examined in direct co-culture experiments; 4T1 mCherry-GFP cells
were cultured with HEK293 cell line at a 2:1 ratio at 1x10° cells/ml density for 2 days in a 6-
well plate (cat. 353 046, Falcon). Afterwards, both 1) HEK293 cells cultured with conditioned
media and b) HEK293 cells cultured with 4T1 mCherry-GFP cells were harvested by
incubation with 0.25% Trypsin-EDTA for 3 minutes at 37°C with 5% CO., washed with PBS
and stained with LIVE/DEAD Fixable Blue or Near-IR Dead Cell Stain Kits (cat. L23105,
L34975, ThermoFisher) at 1:200 dilution in PBS for 30 minutes. All samples were acquired on
the Aurora (Cytek) spectral flow cytometer without any fixation, and all live cells were analysed
for mCherry and GFP expression. For unmixing purposes, 4T1 WT and HEK293 cells without
mCherry were used as negative controls to extract the intrinsic autofluorescence of both cell

lines.

2.9 Cytotoxic assay

For eosinophil cytotoxic assays with unstimulated tumour sorted Ly6C+ and Ly6C- eosinophils
(Figure 2.1), eosinophils were mixed with NT193 tumour cells at a 1:1 ratio and cultured in 96-
well flat-bottom plates for 3 days. For eosinophil cytotoxic assays with unstimulated bone

marrow-derived eosinophils, sorted CCR3+ Ly6C+ and CCR3+ Ly6C- eosinophils (Figure 2.2)
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were mixed with E0771 tumour cells at a 1:1 ratio and cultured in 96-well flat-bottom plates for
1 day. Because the yields of sorted eosinophils differed between individual mice and individual
experiments, the absolute cell numbers were always different, however, the absolute cell
density would never be below 20 000 cells or exceed 200 000 cells in total, in any of the

assays.

In assays using tumour-associated eosinophils stimulated with cytokines, sorted Ly6C+ and
Ly6C- cells (Figure 2.1) were spun down in 96-well V-shaped plate for 2 minutes at 1600rpm,
resuspended in eosinophil media supplemented with 10ng/ml of IL-5, or with IL-5
supplemented with IFNy (10ng/ml) (cat. 575304, BioLegend) and IFNB (10ng/ml) (cat. 581304,
BioLegend) and incubated in 96-well flat-bottom plates for 24 hours at 37°C with 5% CO; in
humidified atmosphere. Cells were afterwards collected, washed once in a 96-well V-shaped
plate with PBS, and cultured at a 1:1 ratio with NT193 tumour cells in a 96-well flat-bottom
plate for 3 days. In assays using bone marrow-derived eosinophils stimulated with cytokines,
sorted CCR3+ Ly6C+ and CCR3+ Ly6C- cells (Figure 2.2) were spun down in 96-well V-
shaped plate for 2 minutes at 1600rpm, resuspended in eosinophil media supplemented with
10ng/ml of IL-5, or with IL-5 supplemented with a) IFNy (10ng/ml) (cat. 575304, BioLegend)
or b) IFNB (10ng/ml) (cat. 581304, BioLegend) and incubated in 96-well flat-bottom plates for
24 hours at 37°C with 5% CO; in humidified atmosphere. Cells were afterwards collected,
washed once in a 96-well V-shaped plate with PBS, and cultured at a 1:1 ratio in a 96-well flat-

bottom plate with EO771 tumour cells for 24 hours.

All cytotoxic assays were stopped by the collection of cells into a separate 96-well V-shaped
plate. Afterwards, the 96-well flat-bottom plate with attached ancer cells would be washed
once with PBS, incubated with 0.25% Trypsin-EDTA for 2 minutes at 37°C with 5% CO. in a
humidified atmosphere, and the trypsin was quenched with complete DMEM (DMEM +

10%FBS). During all washing steps, supernatants were collected and merged with the cells
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collected in the first step into the 96-well V-shaped plate. Cells were spun down in the 96-well
V-shaped plate for 2 minutes at 1600rpm, blocked with 1:200 Fc-block, and stained with
Live/dead cell stain kit together with surface receptor Siglec-F, as described in section 2.6.
Stained cells were washed once with 1X Annexin-V binding buffer (cat. 422201, BioLegend),
and stained with Annexin-V (cat. 640920, BioLegend) reconstituted in 1X Annexin-V binding
buffer at a 1:60 dilution for 15 minutes at room temperature in the dark. Afterwards, cells were
washed once more, resuspended in 1X Annexin-V binding buffer and acquired without fixation.
SiglecF- cells were considered as tumour cells and were further analysed for Annexin-V and

Live/dead staining, with double positive cells labelled as apoptotic.

2.10 Transwell migration assay

For eosinophil migration assays, bone marrow-derived eosinophils were harvested at day 14,
washed with PBS and resuspended at 250 000 cells/100ul in starvation media (RPMI
supplemented with 0.5% FBS, 1% P/S). Migration assay was set-up in 24-well plate (cat. 353
047, Falcon) with 5um pore-size tissue culture inserts (cat. 83.3932.500, Sarstedt), 100ul of
eosinophils were gently applied to the top chamber above the 600ul conditioned media in the
bottom chamber for 3 hours at 37°C. Conditioned media was prepared as described in section
2.6, with BMDM s stimulation by active or heat-denatured FBG domain. After 3 hours the tissue
culture insert with the cells remaining in the top chamber was discarded and the cells that
migrated to the bottom chamber of the migration assay were analysed by either Incucyte S3
Live-Cell Analysis System automatic density measurement or resuspended in 1:1 ratio with
trypan blue (cat. T8154-100ML, Sigma), applied into EVE Cell Counting C-Slide (cat. NE-EVS-

50, EVE), and analysed by automatic cell counter Countess 3 (Thermofisher).

2.11 Adhesion assay
For eosinophil adhesion assays, 96-well plate (cat. 353 072, Falcon) was coated with

100ul/well of full length TNC (1uM; purification done by Linda Mies), FBG domain (10uM;
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purification done by Linda Mies), or MAPTrix TNC peptide (10uM; cat. 168312K-2.5MG,
Merck) diluted in 0.01% PBS-Tween (cat. P1379, Sigma) at 4°C overnight. Afterwards, the
supernatant was aspirated to discard the peptides, wells were washed 3 times with 1x PBS,
blocked with 200ul/well 1% BSA (cat. A7906-100g, Sigma) in PBS for 3 hours at 37°C, and
washed 3 times with 1x PBS. Bone marrow-derived eosinophils grown in suspension were
collected on day 14, washed in 1x PBS, resuspended to a concentration of 100 000 cells/100ul
in 1x HBSS (cat. 14065-056, Gibco) and 50ul of cell suspension was applied to the prepared
plate for 2 hours at 37°C. Non-adherent cells were removed by gently tapping the plate upside-
down, wells were carefully washed with 200ul of 1xPBS and spun for 5 minutes at 40xg
upside-down. Afterwards, cell density was estimated by Incucyte SX5 (Sartorius) by Anja

Schwenzer or Leia Worthington.

2.12 Immunofluorescent imaging

Harvested murine tumours were fixed in PFA-based fixative Antigenfix (cat. P0014, DiaPath)
for 12-24 hours at 4°C. Tumours were afterwards washed twice with PBS for 1 hour at 4°C
and dehydrated in 30% sucrose (cat. S9378-5KG, Sigma) for 24-48 hours. Following
dehydration, tumours were embedded in Tissue-Tek® OCT compound (cat. 16-004004,
Tissue-Tek) and snap frozen using methanol with dry ice. OCT blocks were sectioned using
Leica CM3050 S Cryostat, sections of 5-10um were mounted on positively charged VWR
SuperFrost Plus, Adhesion Slides (cat. 631-0108, Avantor) and stored at -80°C. For
immunofluorescent staining, sections were incubated for 5 minutes at room temperature,
rehydrated with PBS for 5 minutes, washed 3 times with PBS for 5 minutes to remove OCT
and incubated with PBS with 2% FBS, 0.1% Triton X-100 (cat. X100, Sigma), 5% donkey
serum (cat. D9663, Sigma) (blocking solution) and 1:200 dilution of TruStain FcX for 4 hours
in a humid chamber at room temperature. Blocked samples were incubated with primary
antibodies as described in table 2.3 diluted in blocking solution over night at 4°C. Primary

antibodies were washed 3 times for 5 minutes with blocking buffer and incubated with
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secondary antibodies diluted in blocking solution at room temperature for 4 hours in humid
chamber, sections were covered by parafilm (cat. HS234526B, Merck) to avoid drying of the
tissue. After the final staining, sections were washed 3 times for 5 minutes with PBS. In
experiments with nuclear staining, sections were stained with 1 ug/mL DAPI (cat. D3571,
ThermoFisher) for 15 minutes at room temperature and washed 3 times with PBS for 15
minutes. Samples were mounted using FluorSave reagent (cat. 345789, Millipore) and imaged
on ZEISS Axioscan 7 slide scanner unless stated otherwise. All images were analysed using

QuPath v0.5.0.

2.13 DAB chromogenic staining

Tumour sections from breast cancer patients were received from Oxford Centre for
Histopathology Research (REC reference 23/A034) and Breast Cancer Now Tissue Bank
(REC Reference 23/EE/0229). All formalin-fixed paraffin-embedded sections were of 5um
thickness and mounted on positively charged microscopy slides (cat. 631-0108, VWR). Prior
to staining, sections were deparaffinized by immersion in xylene (cat. 247642, Sigma) for 10
minutes and a decreasing gradient of absolute ethanol (cat. 32221, Sigma) (95%, 70%, and
50%). Following deparaffinization, slides were washed with deionised water, rehydrated in 1x
Tris Buffer Saline (TBS) (cat. sc-24951, Santa Cruz) with 0.05% Tween20 (cat. P2287, Sigma)
and permeabilised for intracellular staining by incubation in 1x TBS with 0.3% Triton X100 (cat.
X100RS, Sigma) for 15 minutes. Antigen retrieval steps were optimised for eosinophil
peroxidase staining as described in Chapter 4. The final protocol used for

immunohistochemistry staining of breast cancer samples is described below.

First, citrate antigen retrieval solution pH 6 (cat. S169984-2, Agilent Technologies) was brought
to 80°C in a NxGen Decloaking Chamber (pressure chamber) and slides were immersed in
the solution for a total of 20 minutes while the pressure chamber reached and maintained

110°C for 5 minutes. Slides were then removed from the pressure chamber, left to adjust to
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room temperature in citrate buffer and washed once with 1x TBS. Endogenous horseradish
peroxidases and alkaline phosphatases were blocked by incubation with 3% peroxide (cat.
216763, Sigma) for 15 minutes. Samples were washed with 1x TBS and blocked in 1x TBS
supplemented with 5% bovine serum albumin (cat. A9418, Sigma), and 5% horse serum (cat.
H0146, Sigma) (blocking buffer) for 1 hour in a humid chamber. Sections were further blocked
with the avidin/biotin blocking kit (cat. SP-2001, Vector Laboratories) following the
manufacturer’s instructions. Primary antibody staining was done in blocking buffer with a
1:1000 dilution of mouse anti-EPX antibody (MM25-82.2.1, provided by Dr. Elizabeth
Jacobsen) overnight at 4°C in a humid chamber. Sections were washed 3 times with 1x TBS
and samples were incubated with biotinylated Horse Anti-Mouse IgG Antibody (cat. BA-2000-
1.5, Vector Laboratories) at a 1:500 dilution in blocking buffer for 1 hour. Afterwards, samples
were washed 3 times in 1x TBS and processed with VECTASTAIN® ABC-HRP Kit, Peroxidase
ABC complex (cat. PK-4000, Vector) following the manufacturer’s protocol and washed 3
times with 1x TBS, prior to incubation with DAB substrate kit (cat. SK-4100, Vector
Laboratories) for a maximum of 20 minutes. For contrast staining, samples were stained with
freshly filtered Mayer's Haematoxylin (cat. MHS1, Sigma) and washed for a minimum of 3
times in deionised water to remove any excess Haematoxylin stain. Slides were dehydrated
using an increasing gradient of ethanol once (50%, 70%, 95%) and xylene buffer twice for 10

minutes.

Slides were mounted using Sakura Tissue-Tek Glas Automated Glass Coverslipper and
imaged on ZEISS Axioscan 7 slide scanner. In Chapter 4, for optimisation of EPX and MBP,
sections were imaged using a Zeiss LSM 880 confocal microscope. All washing steps were

done for 5 minutes at room temperature unless stated otherwise.
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2.14 Cytospin imaging

For Cytospin imaging, up to 100 000 cells in 100ul were cytospun with Shandon Cytospin 3
Cytocentrifuge at 300xg for 3 minutes, with Scientific CytoSep Filter Papers for Shandon
Cytospin Centrifuges (cat. 22-045-305, ThermoFisher) onto a positively charged slide (cat.
631-0108, VWR). Exact numbers varied across the experiments and were limited by the
number of sorted cells. The absolute number of cells cytospun would never be lower than 20
000 cells or exceed 100 000 cells, and the absolute volume would always be 100 ul, despite

the different cell densities.

Slides were left to air dry for 15 minutes, fixed with ice-cold Fixation buffer for 15 minutes,
washed and left to air dry overnight. Haematoxylin and eosin staining was performed by the
Histopathology facility using an autostainer Sakura TissueTek DRS. Briefly, slides were fixed
in methanol (cat. 322415, Sigma) for 5 seconds, air dried, stained with Harris Hameatoxylin
(cat. 3801560E, Leica) for 11 minutes, washed, incubated with acid alcohol (0.1% hydrochloric
acid (cat. 10763124, FisherScientific), 70% absolute ethanol in distilled water) for 40 seconds
to remove excess Haematoxylin, washed, and incubated with ammoniated water (0.3%
ammonia solution (cat. 87766.290, VWR) in tap water) to enhance contrast staining. Slides
were then washed in tap water and stained in eosin (cat. RBC-0100.00A, CellPath) for 2.5
minutes, prior to 3 washes with tap water and dehydration in 100% ethanol (3 times, 1 minute)
and xylene (2 times, 1 minute). Dehydrated slides were cover-slipped using an automatic
Sakura Tissue-Tek Glas Automated Glass Coverslipper and imaged on ZEISS Axioscan 7

slide scanner.
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2.15 Antibodies

Table 2.1Flow cytometry surface antibodies

Fluorochrome Marker Clone Manufacturer Cat. No. Dilution (1:x)
BUV395 CX3CR1 ZM-50 BD Biosciences 567821 100
APC-Cy7 CCR3 JO73E5 BioLegend 144528 100
BUV737 CCR5 C34-3448 BD Biosciences 749670 100

PerCP-Cy5.5 CD11b M1/70 BioLegend 101227 200
AF594 CD11c N418 BioLegend 117346 200
BV605 CD206 C068C2 BioLegend 141721 200
BV421 CD3 17A2 BioLegend 100227 200

BUV805 CDh44 IM7 BD Biosciences 741921 200
AF700 CD45 30-F11 BioLegend 103127 200
APC CD64 X54-5/7 BiolLegend 139305 200
PE-Cy7 CD64 X54-5/7 BioLegend 139313 200
FITC CD69 H1.2F3 BioLegend 104505 200
PE CD86 A17199A BioLegend 159203 200
FITC CXCR2 SA044G4 BioLegend 149309 200

Pacific blue F4/80 BMS8 BioLegend 123124 100

PE-Cy5 hCD2 RPA-2.10 ThermoFisher 15-0029-42 200
BUV563 IL33r (ST2) U29-93 BD Biosciences 749324 100
PE-Cy7 IL33r (ST2) DIH4 BioLegend 146609 200
PE-Cy7 IL5Ra DIH37 BioLegend 153407 100
APC Ly6C HK1.4 BioLegend 128015 200
BV785 Ly6C HK1.4 BioLegend 128041 200
BV650 Ly6G 1A8 BioLegend 127641 200
FITC MHC-l (H-2Kd/H-2Dd)|  34-1-2S BioLegend 114706 200
BV510 MHC-II (I-A/I-E) M5/114.15.2 BiolLegend 107635 200
APC MHC-II (I-A/I-E) M5/114.15.2 BioLegend 107613 200
PE-Fire640 PD-L1 B7-H1 BioLegend 124345 200
PE Siglec-F E50-2440 BD Biosciences 562068 200
FITC Siglec-F S17007L BioLegend 155503 200
PE-Dazzle 594 Siglec-F S17007L BioLegend 155529 200
APC Siglec-F S17007L BioLegend 155508 200
Blue Live/dead fixable dye ThermoFisher L23105 400
Yellow Live/dead fixable dye ThermoFisher L34967 400
Near IR Live/dead fixable dye ThermoFisher L34975 400
Table 2.2 Flow cytometry intracellular antibodies
Fluorochrome Marker Clone Manufacturer Cat. No. Dilution (1:x)
AF488 anti-Puromycin 2A4 BioLegend 381505 200
AF647 EdU Click-iT ThermoFisher C10419 50
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Table 2.3 Imnmunofluorescent staining antibodies

Reactivi M fact
Type Fluorochrome Marker Host eatc i Clone anutacture Cat.No. Dilution (1:x)
% r
. . Mouse/ .
Primary unconjugated TNC Rat 1gG1 H MTn-12 Invtirogen | MA1-26778 150
uman
Primary AF647 CD68 Rat 1gG2a Mouse FA-11 BioLegend 137003 100
BD
Primary PE Siglec-F Rat 1gG2a Mouse | E50-2440 . 562068 100
Biosciences
Primary AF647 CD31 Rat 1gG2a Mouse MEC13.3 BioLegend 102515 400
Primary BV421 LyeC Rat 1gG2c Mouse HK1.4 BiolLegend 128031 50
. . Major Basic .
Primary unconjugated . MouselgG1l | Human BMK-13 Bio-Rad MCA5751 50
Protein (MBP)
Eosinophil
Primary unconjugated peroxidase Rabbit Human | Polyclonal Abcam ab238506 100
(EPX)
ti-Rat 1gG
Secondary FITC (AF488) an l(HfL) g Donkey Rat Polyclonal | BioLegend A-21208 400
Secondary AF647 anti-Mouse 1gG Goat Mouse | Polyclonal | Invitrogen A-21235 400
Secondary AF647 anti-Rabbit 1gG Goat Rabbit | Polyclonal | Invitrogen A-21244 400
Primary AF647 Isotype Ctrl Rat 1gG2a RTK2758 BioLegend 400526 400
Primary PE Isotype Ctrl Rat 1gG2a RTK2758 BioLegend 400507 100
Primary BV421 Isotype Ctrl Rat I1gG2c RTK4174 BiolLegend 400725 50
2.16 gPCR

Eosinophils, macrophages, monocytes and neutrophils were FACS sorted as described in
section 2.6, using the gating strategy described in Chapter 3, section 3.2.2. Sorted cells were
collected directly into RNeasy lysis buffer (RLT) (cat. 79216, Qiagen), frozen on dry ice and
stored at -80 °C. The NT193 cells were collected during cell passaging as described in section
2.2, washed once with PBS, 1x10° cells of shCTL or shTNC phenotype were lysed in 350ul of
RLT buffer by resuspension, frozen on dry ice and stored at -80 °C. RNA was isolated from
RLT lysates with RNeasy Micro kit (cat. 74004, Qiagen) following Qiagen protocol. RNA was
then reverse transcribed using High-Capacity RNA-to-cDNA Kit (cat. 4387-406,
ThermoFisher) following the manufacturer’s protocol to generate complementary DNA
(cDNA). The resulting cDNA was diluted 1:5 in nuclease-free water (New England BioLabs,
cat. no. B1500S) and used for real-time quantitative PCR (RT-gPCR) with TagMan Fast
Advanced Master Mix (ThermoFisher, cat. no. 4444557) and individual probes. Gene
expression was measured using TagMan probes for tenascin-c (cat. 4331182, assay ID:
Mm00495662_m1, ThermoFisher), eosinophil peroxidase 4331182, ID:

(cat. assay
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Mm00514768_m1, ThermoFisher), GAPDH (cat. 4331182, assay ID: Mm99999915 g1,
ThermoFisher), or Hprt (cat. 4331182, assay ID: Mm00446968_m1, ThermoFisher). gPCR
reactions were run on a ViiA 7 Real-Time PCR System (ThermoFisher) and analysed using
Design&Analysis 2 software (Applied Biosystems). Relative expression was calculated as a
percentage of the housekeeping gene, as indicated, using the comparative Ct method:

2 (Ct(reference) _Ct(target) % 100.

2.17 bulk RNA sequencing

Eosinophils (20 000 cells per condition — Ly6C+ and Ly6C-) and macrophages (200 000 cells)
were FACS sorted from NT193 tumours as described above and collected into RLT (cat.
79216, Qiagen) with 1% B-mercaptoethanol (cat. M6250, Sigma). Samples were snap frozen
on dry ice and RNA extraction, library preparation, sequencing, quality control and read
processing were performed by Azenta Life Sciences using an ultra-low input RNA-seq
workflow for eosinophils and a standard bulk RNA-seq pipeline for macrophages. Sequencing
was conducted on the lllumina (2x150 bp, ~20 million paired-end reads per sample). Reads
were trimmed with Trimmomatic (v0.36) and quality-checked with FastQC. Alignment to
the Mus musculus reference genome (GRCm38, available on ENSEMBL) was performed
using STAR aligner (v2.5.2b). Gene-level read counts were generated with featureCounts

(Subread v1.5.2) using exon-overlapping, uniquely mapped reads.

All subsequent analyses were conducted in R version 4.4.0 within RStudio. Gene expression
analysis was performed on raw counts. Lowly expressed genes were filtered out by removing
genes with a total count of <400 across all samples. Ensembl gene identifiers were mapped
to mouse gene symbols using the org.Mm.eg.db package (v3.19.1) via the AnnotationDbi
package (v1.66.0). Genes lacking annotations were excluded. Differential gene expression
analysis was performed using DESeq2 (v1.44.0), with tumour identity included as a covariate
to account for paired samples, with the primary comparison being between Ly6C+ and Ly6C-
eosinophils. Log2 fold changes and Benjamini-Hochberg adjusted p-values (padj) were
calculated using the Wald test. Genes with padj < 0.05 were considered significantly

differentially expressed.

78



Variance-stabilising transformation (VST) was applied to the DESeq2 object for dimensionality
reduction and visualisation. Principal component analysis (PCA) was performed using
plotPCA from DESeq2 and visualised with ggplot2 (v3.5.2). Volcano plots were generated with
the EnhancedVolcano package (v1.22.0). For visualisation, the top 20 differentially expressed
genes (DEGs) were selected based on descending padj values. Transformed expression
values were z-score scaled across genes, and heatmaps were plotted using pheatmap
(v1.0.13). Fold changes were also calculated per tumour to compare Ly6C+ versus Ly6C-
eosinophils within individual tumours. Gene set enrichment analysis (GSEA) was conducted
using the clusterProfiler package (v4.12.6). Genes were ranked by log, fold change and
mapped to Entrez IDs. The gseGO function was used to identify enriched Gene Ontology (GO)
terms across biological process, molecular function, and cellular component categories
altogether, with significance defined as padj < 0.05. For selected GO terms of interest, core
enrichment genes were extracted and annotated. Heatmaps of these gene sets were
generated using z-score-scaled expression values. The ggVennDiagram package (v1.5.2)
was used to visualise overlaps in core enrichment genes across functionally related GO terms

identified by GSEA.

In Chapter 5, publicly available gene expression data®*? (GSE184299) were obtained from the
Gene Expression Omnibus (GEO) using the GEOquery package (v2.70.0). Expression data
were derived from the Affymetrix Mouse430A_2 array platform and annotated using Ensembl
gene symbols via the biomaRt package (v2.60.1). Probe-level data were mapped to gene
symbols, and probes without gene annotations were removed. Differential gene expression
analysis was performed using the limma package (v3.60.6), and heatmaps were generated

with pheatmap to visualise z-score transformed expression profiles.

2.18 Data analysis
Unless otherwise specified, statistical analysis was performed using GraphPad Prism v10.5.
One-way or two-way ANOVA using Holm-Sidak correction, or unpaired Student’s t-test were

applied as indicated in figure legends. Statistical significance was set at p-value < 0.05.
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3.1 Introduction

Over the past decade, single cell RNA sequencing (scRNA-seq) has helped reveal the
transcriptional heterogeneity of myeloid cells in the breast tumour microenvironment
(TME)*"248_ However, validating these findings on the protein level presents a significant
challenge, as protein expression often does not correspond to the transcriptomic data?*%°,
Building on analysis of a scRNA-seq data set that identified 5 distinct subsets of tumour-
associated macrophages previously generated in the Midwood lab (unpublished data), we
hypothesised that the TME keeps one subset of macrophages in a non-differentiated,
translationally rich state, which helps the tumour to avoid immune recognition. Therefore, this
chapter first introduces the SUnSET assay?*? used for validating these results by assessing
the translational activity of cells in an in vitro and in vivo setting. However, technical aspects
of these experiments led us to discover that a) eosinophils non-specifically bind antibodies

used for intracellular staining and b) eosinophils represent a prevalent myeloid population in

some murine models of breast cancer.

This chapter therefore further focuses on the role of eosinophils in the breast TME and
explores their phenotypical and functional heterogeneity. Eosinophils, granulocytes mostly
studied in the context of allergy and parasite infections, recently emerged as important players
in a favourable response to immune checkpoint blockade in both breast cancer patients and
mouse models of the disease'®. However, their role across different cancer types and
treatment-naive murine tumours is less clear. While depletion of eosinophils in models of colon
cancer or lung metastasis correlates with enhanced tumour growth and spread'®?'%, depletion
of eosinophils in orthotopic or subcutaneous models such as breast or melanoma had no effect
on tumour growth'8+188.19 Additionally, induction of eosinophilia in murine models of breast
cancer did not affect tumour size®®°, in contrast to tumour-burden reduction in both colon

102,167

cancer and lung metastases How breast tumours escape eosinophil-mediated

cytotoxicity remains unclear.
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Three orthotopic murine models of breast cancer were used to explore eosinophil phenotype
by spectral flow cytometry. This analysis revealed a) that eosinophils can represent up to 30%
of all CD45+ immune cells in the NT193 model and b) the presence of 2 distinct eosinophil
subsets, clearly distinguished by Ly6C expression. While up to 90% of eosinophils expressed
Ly6C glycoprotein at early stages of tumour development, at the final time point of tumour
growth, eosinophils downregulated Ly6C in all studied models. Furthermore, in NT193
tumours, an increased proportion of Ly6C+ eosinophils correlated with lower tumour volumes.
Additionally, the Ly6C+ subset of eosinophils was more cytotoxic than the Ly6C- subset ex
vivo. Lastly, depletion of eosinophils throughout the entire NT193 tumour development
enhances tumour growth. Together, these data indicate that the breast TME is capable of
altering eosinophil phenotype in a way that compromises their cytotoxic abilities late during

tumour development.

Ly6C expression was also investigated as a marker of eosinophil development. To achieve
this, | cultured bone marrow-derived eosinophils in vitro and observed a novel pathway of how
eosinophils naturally progress through different stages defined by Ly6C and CCR3
expression, pointing to Ly6C as a potentially important developmental marker of eosinophils,

beyond its well-established expression by monocytes.

Collectively, these data provide new evidence that eosinophils are a highly plastic population

of granulocytes that are shaped into a less active state by the progressing breast TME and

this functional change is associated with downregulation of Ly6C.
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3.2 Results

3.2.1 Optimisation of the SUnNSET assay to study translational differences of myeloid
cells

Our first aim was to study the role of tumour-associated macrophages by using the NT193
murine model of breast cancer, as previously described??®. Briefly, the NT193 cancer cell line
was derived from spontaneous MMTV-NeuNT mammary tumours that developed in FVB/N
female mice genetically engineered to express a constitutively active form of the Erbb2
oncogene (NeuNT) under the control of the mouse mammary tumour virus (MMTV) promoter,
leading to cancer growth that represents a model of human HER2-positive breast cancer.
NT193 cancer cells were orthotopically grafted into the mammary fat pad of FVB mice, myeloid
cells (CD45+, CD11b+, CD3-) infiltrating NT193 tumours were isolated by fluorescence-
activated cell sorting method (FACS), and analysed by scRNA-seq. Previous analysis of this
dataset revealed 5 phenotypically different subsets of macrophages, a cluster of dendritic cells
and a cluster of myeloid-derived suppressor cells (data generated and analysed by A.
Gammage, Figure 3.1A-C). Building on this work, | aimed to validate a macrophage cluster 1
(Mac1), proposed to be enriched in ribosomal gene expression (Figure 3.1B) and serving as

a root cluster for other macrophage subsets based on the pseudo-time analysis (Figure 3.1C).

To validate the increased levels of ribosomal gene expression on a protein level, we
hypothesised that the Mac1 cluster has a higher level of transcriptional activity represented by
increased protein synthesis. For quantification of protein synthesis of the Mac1 subset at a
single cell level, we chose to use the surface sensing of translation (SUNSET) assay?*. This
assay uses puromycin, an aminoacyl t-RNA analogue, that is incorporated into the C-terminus
of nascent proteins and can be detected by intracellular antibody-based fluorescent staining
(Figure 3.1D). To validate the specificity of the SUnSET assay, the immortalised Hoxb8
macrophage progenitor cell line was used as previously described?**. Hoxb8 cells were pulsed
with puromycin in the presence or absence of pre-treatment with translation inhibitor

cycloheximide (CHX), and compared to cells cultured without either CHX or puromycin (Figure
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3.1E). As expected, flow cytometry analysis of intracellular puromycin staining of cells pulsed

with puromycin in the absence of the translation inhibitor CHX had the highest fluorescence

intensity of puromycin staining. Pre-treatment of Hoxb8 cells with the translation inhibitor CHX

prior to puromycin pulsing showed reduced puromycin staining compared to cells not treated

with CHX. Finally, cells that were not treated with either puromycin or CHX but were stained

with the anti-puromycin antibody presented with background puromycin staining, lower than

both puromycin-pulsed and CHX-pre-treated puromycin-pulsed cells (Figure 3.1F). These

results suggested that a) CHX effectively blocked translation prior to the puromycin pulse and

b) that puromycin labelling specifically detected puromycin-labelled proteins with a minimal

background staining in translationally inhibited or puromycin-free cells.
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Figure 3.1. Optimising the SUnSET assay to assess the translational rate of cells in vitro. (A-C)
The NT193 cancer cell line was orthotopically grafted into the 4" mammary fat pad of FVB female mice,
tumours were harvested on day 18 and myeloid cells (CD11b+ CD3-) were isolated by fluorescence-
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activated cell sorting and underwent single cell RNA sequencing (scRNA-seq). All single cell
sequencing data and analysis were generated and performed by A. Gammage. (A) Uniform Manifold
Approximation and Projection (UMAP) visualisation of tumour-associated myeloid clusters analysed by
scRNA-seq. Macrophages (Mac1-Mac5), dendritic cells (DC), and myeloid-derived suppressor cells
(MDSC). (B) Violin plots visualising z-scored expression of the top 3 macrophage cluster 1 (Mac1)
discriminating markers. (C) Diffusion map analysis visualising macrophage pseudotemporal
macrophage ordering using the first 3 diffusion map components (DC1-DC3). (D) Schematic of the
surface sensing of translation (SUnSET) experimental approach detecting translation activity of cells
through puromycin incorporation into nascent proteins and antibody detection. Puromycin (P) is an
aminoacyl t-RNA analogue that is incorporated into the C-terminus of nascent proteins, terminates the
translation and leads to the release of truncated protein labelled with puromycin. Puromycin-labelled
proteins can be detected by intracellular antibody-based fluorescent staining and analysed by flow
cytometry. (E) Overview of the experimental set-up designed to test the specificity of puromycin activity
and detection. Hoxb8 cells were plated at 1x10°/ml cell density and were a) pulsed with puromycin for
15 minutes, b) pre-treated with translation inhibitor cycloheximide (CHX) for 15 minutes and then pulsed
with puromycin for 15 minutes, or c) left untreated for 30 minutes. All conditions were then analysed by
intracellular anti-puromycin flow cytometry staining. (F) Flow cytometry histogram plot of puromycin
staining fluorescent intensity detected in puromycin pulsed cells (orange), cells pretreated with CHX
and afterwards pulsed with puromycin (pink), or puromycin untreated cells (blue). Flow cytometry
staining of CHX pre-treated cells is representative of one experiment. Flow cytometry staining of
puromycin-pulsed and puromycin-free cells is representative of 3 independent experiments.

Following these results, the suitability of the SUnSET assay for quantification of translational
activity in vivo was tested in tumour-bearing mice. The NT193 cell line was orthotopically
grafted in FVB mice, mice were pulsed with puromycin by tail vein injection and puromycin
incorporation into nascent proteins of tumour-infiltrating lymphocytes (TILs) was analysed by
flow cytometry using staining described in Appendix Table 3.1 (Figure 3.2.A). Because CHX
is highly toxic, it was not used in vivo as a negative control in this set of experiments. Instead,
tumours of mice that were not injected with puromycin were used as a negative control
(puromycin-free), and were stained exactly as tumours from puromycin-injected mice,

including the intracellular staining with the anti-puromycin antibody.

All viable TILs (CD45+) were subsampled (Figure 3.2.B) and analysed by a non-linear
dimension reduction method, t-Distributed Stochastic Neighbour Embedding (t-SNE),
optimised for large cytometry datasets (opt-SNE)®'. The puromycin staining was excluded
from the parameter selection used for the opt-SNE analysis to avoid any clustering bias
towards cells with increased protein synthesis and allowed pooling of puromycin-free and
puromycin-pulsed mice. Using the CD45+ compartment pooled from puromycin-free and

puromycin-pulsed mice for the opt-SNE analysis revealed distinct subsets of TILs (Figure
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3.2C). Heatmap analysis of puromycin staining showed diverse levels of puromycin
incorporation into nascent proteins across CD45+ cells in puromycin-treated mice (Figure
3.2.D). As expected, intracellular puromycin staining of the CD45+ compartment of mice not
treated with puromycin did not detect any puromycin in most of the immune cells. However, a
distinct subset of TILs in the puromycin-free mice was labelled with the anti-puromycin
antibody (Figure 3.2.E). Furthermore, this cluster of cells differed from other TILs by high
surface expression of myeloid marker CD11b (Figure 3.2F). These results suggested that
while the SUnSET assay detects puromycin incorporation into proteins in cell culture with high
accuracy, detecting puromycin in vivo is less specific and might be prone to non-specifically
labelling myeloid cells, as even cells without the puromycin pulse were actively being labelled

by the anti-puromycin antibody.
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Figure 3.2. Optimising the SUnSET assay to assess the translational rate of cells in vivo. (A)
Overview of the experimental set-up. The NT193 cancer cell line was grafted into the 4" mammary fat
pad of FVB female mice, on day 18, tumour-bearing mice were pulsed with puromycin or left untreated
(puromycin-free), and puromycin incorporation into nascent proteins was assessed by intracellular flow
cytometry staining. (B) Representative flow cytometry plot for the gating of tumour-infiltrating
lymphocytes (TILs). (C-F) opt-SNE analysis of TILs pooled from puromycin pulsed (n = 4) and
puromycin-free mice (n = 8). opt-SNE analysis was informed by the set of myeloid markers described
in Appendix Table 3.1, puromycin staining was excluded from parameter selection to avoid clustering
bias towards cells with higher protein synthesis and to allow pooling of puromycin-pulsed and
puromycin-free mice. Opt-SNE analysis was performed using OMIQ software. (C) Density plot showing
cell distribution using opt-SNE components 1 and 2. (D) Heatmap analysis of the opt-SNE map showing
different intensities of puromycin staining of TILs in mice pulsed with puromycin. (E) Heatmap analysis
of the opt-SNE map showing different intensities of puromycin staining of TILs in puromycin-free mice.
(F) Heatmap analysis of the opt-SNE map showing different intensities of CD11b staining of TILs in
puromycin-free mice. Data are representative of 2 independent experiments.
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Physical properties of puromycin+ cells were further compared to all puromycin- myeloid cells,
revealing the increased granularity by side scatter area (SSC-A) of the puromycin+ population
(Figure 3.3.A and B). Tumour infiltrating lymphocytes were therefore stained with Siglec-F, a
canonical eosinophil marker, to investigate if puromycin+ cells could be a population of
eosinophils, granulocytes known to be expressing CD11b and F4/80. Siglec-F staining co-
stained puromycin+ cells and clearly separated them from the puromycin- population (Figure
3.3.C). These results led to the conclusion that eosinophils might be an overlooked myeloid

population in the NT193 model.
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Figure 3.3. Identification of eosinophils in NT193 tumours. FVB female mice were grafted into the
4" mammary fat pad with the NT193 cancer cell line, and tumours were analysed on day 18 post-
engraftment (n = 6). (A) Flow cytometry gating strategy for identification of puromycin+ myeloid cells.
(B) Density plot with overlay of puromycin+ (orange) and puromycin- (blue) myeloid cells comparing
their physical granularity (SSC-A) and size (FSC-A). (C) Contour plot overlay of puromycin+ (orange)
and puromycin- (blue) myeloid population showing distinct expression of Siglec-F, analysed by flow
cytometry. Data are representative of 2 independent experiments.

3.2.2 Eosinophil validation in murine models of breast cancer

Following the unexpected finding of such a high eosinophil infiltration in the NT193 tumours
grafted in FVB mice, eosinophil (CD45+, CD11b+, Siglec-F+, Ly6G-) infiltration was further
investigated in two other well-studied syngeneic murine models of breast cancer — the 4T1
cancer cell line derived from the Balb/c mouse background and the EQ771 cancer cell line
derived from the C57/BI6 background mouse. Both of these orthotopic models representing
triple-negative breast cancer were selected based on their previous extensive usage in the
literature?®>2%%, Eosinophils represented on average 30% of all TILs (CD45+) in the NT193
tumours, 10% in the 4T1 tumours grafted in Balb/c mice, and up to 2% in the E0771 tumours

grafted in C57/BI6 mice (Figure 3.4 A). Because wild-type 4T1 tumours were previously
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reported to bear only up to 1% of eosinophils relative to all TILs'®, their cellular identity was
further confirmed by morphology, gene expression and a combination of surface proteins

expression.

Eosinophils (CD11b+, Siglec-F+), monocytes (CD11b+, Siglec-F-, Ly6G-, Ly6C+),
macrophages (CD11b+, Siglec-F-, Ly6G-, Ly6C-low), and neutrophils (CD11b+, Siglec-F-,
Ly6G+, Ly6C-int) were isolated from 4T1 tumours by fluorescence-activated cell sorting
method (FACS sorting) (Figure 3.4.B). Haemoxylin and Eosin (H&E) staining using Cytospin
prepared sorted samples confirmed the well-established eosinophil morphology, ring-shaped
nucleus and bright eosin staining'®, exclusively in the eosinophil population (Figure 3.4.C).
H&E staining also showed the typical bi-lobular nucleus of neutrophils and separated both
granulocytic populations from monocytes and macrophages. As expected, the real-time gPCR
(RT-gPCR) analysis of these sorted populations confirmed higher expression of eosinophil
peroxidase (EPX) in the Siglec-F+ eosinophils compared to the other sorted myeloid

populations (Figure 3.4.D).

Surface levels of Siglec-F, IL5Ra and CCR3 were compared among the myeloid populations
to understand if the relatively high eosinophil infiltration is a result of a false positive

104

identification. Siglec-F is a receptor expressed on eosinophils™, alveolar and peritoneal

* and a small subset of long-lived Siglec-F+ neutrophils in the TME?®

macrophages®
Interleukin 5 receptor (IL5Ra) is an eosinophil marker that is essential for eosinophil
expansion, however, it is not restricted to the eosinophil lineage and can also be found on B
cells®*®. CCR3 is a receptor that binds eotaxins (CCL11, CCL24, and CCL26) and is expressed
on eosinophils, however, it can also be present on Th2 lymphocytes, mast cells and
basophils''*?°7:2%®¢ |n agreement with the H&E staining and qPCR analysis, the eosinophil
population has a unique phenotype presenting with statistically significant increased

expression of Siglec-F and IL5Ra compared to all myeloid subsets, and CCR3 expression

significantly higher than neutrophils and macrophages (Figure 3.4. E). While monocytes
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presented with higher expression of CCR3, the absence of Siglec-F and IL5Ra expression
clearly distinguished them from eosinophils. Expression of Siglec-F, IL5Ra, and CCR3 was
then compared on the myeloid populations infiltrating the NT193 tumours. While Siglec-F and
CCR3 receptors were significantly upregulated on eosinophils compared to neutrophils,
macrophages, and monocytes, surface expression of IL5Ra was equal among all myeloid

populations in the NT193 model (Figure 3.4F).

These data indicate that a) the population of Siglec-F+ eosinophils | observed is not a false

positive result, and b) that eosinophils are an easy to miss population of TILs that might be

more prevalent in murine models of breast cancer than previously thought.
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Figure 3.4. Validation of eosinophil infiltration in murine breast cancer models and confirmation
of their distinct phenotype from other myeloid cell types. (A) Infiltration of eosinophils at the final
time point in NT193 (n=12) (day18), 4T1 (n=9) (day 17-20), and E0771 (n=8) (day18-22) orthotopic
mammary tumours engrafted into the 4" mammary fat pad of FVB, Balb/c, and C57/BL6 females,
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respectively. (B) Sorting strategy applied to isolate macrophages (CD45+, CD11b+, Siglec-F-, Ly6C-,
Ly6G-), monocytes (CD45+, CD11b+, Siglec-F-, Ly6C+, Ly6G-), neutrophils (CD45+, CD11b+, Siglec-
F-, Ly6C", Ly6G+) and eosinophils (CD45+, CD11b+, Siglec-F+) from 4 pooled 4T1 tumours on day
14. (C) Haematoxylin and eosin staining of sorted myeloid populations after Cytospin preparation. Cells
are representative of 1x10° cytospun cells. (D) RT-gPCR analysis of EPX from the sorted myeloid
populations. Data represent 2 technical repeats of 4 pooled mice for each myeloid population. (E)
Comparison of median fluorescent intensities (MFIs) of well-established eosinophil markers on the
myeloid population described above. MFIs presented are analysed from each of the four 4T1 tumours
before pooling. (F) Comparison of MFIs of well-established eosinophil markers on the myeloid
population infiltrating NT193 tumours on day 18 (n=5). Data show individual values and mean + SD and
were analysed by two-way ANOVA using Holm-Sidak’s multiple comparisons test for comparison of two
or more groups. Statistical significance is displayed on figures as follows: *p < 0.05, **p < 0.01,
***p<0.001, ****p<0.0001. No statistical analysis was performed on the RT-qPCR data as the data
represent only 2 technical repeats from 4 pooled tumours.

3.2.3 Phenotypical and functional heterogeneity of eosinophils in the NT193 model

Eosinophils are bone marrow-derived granulocytes, mostly studied in the context of lung and
colon tissue biology, where they are most abundant. They were thought to be terminally
differentiated and fully mature once they emerge from bone marrow'®, however, recent data
show that they are a plastic cell type and are adapting to their local tissue niche on both gene
and protein expression levels'®. Eosinophils are known to play a role in the healthy mammary
gland where they promote the development of the ductal tree'', and their role in breast cancer
is being increasingly studied'®>'®*. Despite this, how and if eosinophils adapt to their niche in

the mammary fat pad and the breast TME during cancer progression is not known.

To understand eosinophil heterogeneity, the NT193 model was used for explorative analysis
due to the naturally higher levels of tumour-infiltrating eosinophils (Figure 3.4A). A
multiparameter spectral flow cytometry approach assessing the surface expression of myeloid
markers was used to avoid issues with sequencing of eosinophils that contain a low amount
of MRNA and high levels of RNases and were previously missed in the single cell sequencing
of myeloid cells infiltrating NT193 tumours (Figure 3.1A). It is important to notice that these
experiments were performed before the publication of the stress-free protocol optimised for

single cell sequencing of murine eosinophils'?.

NT193 tumours were harvested on day 18 post-engraftment and the population of eosinophils

(CD45+, CD11b+, F4/80+, Siglec-F+, Ly6G-) pooled from 6 tumours was pre-gated for
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subsequent analysis (Figure 3.5A). Eosinophils were further analysed by opt-SNE analysis
informed by a set of lineage markers of myeloid populations (Siglec-F, CD11b, F4/80, Ly6G,
Ly6C), eosinophil chemokine/alarmin receptors (CCR3, IL33r, CCR5), maturation and
activation markers (IL5Ra, CD11c) and antigen-presenting marker (MHC-II), detailed in
Appendix Table 3.2. opt-SNE visualisation suggested the presence of 2 eosinophil populations
(Figure 3.5B). Individual myeloid markers were then overlaid on the opt-SNE map and
heatmaps were individually scaled to demonstrate the different levels of myeloid receptor
expression (Figure 3.5C). The canonical eosinophil markers — Siglec-F, F4/80, and CD11b
were ubiquitously expressed on all eosinophils, together with the CD11c receptor, previously

linked to eosinophil activation®*®

. While CCR5 and IL33r were almost non-detectable, heatmap
analysis of IL5Ra, CCR3 and MHC-II revealed overlapping patterns of expression. Most
notably, Ly6C expression has split the eosinophil population into 2 subsets, suggesting the

existence of Ly6C+ and Ly6C- eosinophil populations (Figure 3.5C).

Eosinophil expression of Ly6C was further investigated by density plots to better understand
the separation between Ly6C+ and Ly6C- eosinophils. Additionally, the Ly6C phenotype of
tumour-associated eosinophils (TAE) was compared between tumours harvested on day 7
(early tumours) and day 18 (late tumours). Ly6C+ eosinophils represented over 95% of all TAE
in the early NT193 tumours, however, only 60% in the late tumours in which a clear separation
between Ly6C+ and Ly6C- subsets was observed (Figure 3.5D). This drop in prevalence of

Ly6C+ eosinophils in late tumours was statistically significant (Figure 3.5E).

To explore if the Ly6C downregulation is a conserved mechanism of eosinophils adapting to
the progressing TME, Ly6C expression in early and late EO771 and 4T1 orthotopic tumours
was assessed. Similarly to the NT193 tumour model, more than 90% of TAE in the early E0771
tumours were Ly6C+, and the Ly6C+ TAE population decreased to 70% in late TME (Figure
3.5F). While Ly6C+ eosinophils followed the same trend in 4T1 tumours, their baseline level

of Ly6C expression in early tumours was only around 50% (Figure 3.5E). This led to a
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hypothesis that Ly6C downregulation is a TME-regulated mechanism that might have wider

implications on eosinophil functionality.
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Figure 3.5. Exploring heterogeneity of tumour-infiltrating eosinophils by spectral flow cytometry.
(A) Gating strategy used to identify myeloid cells (Live, CD45+, CD11b+, F4/80+) and follow-up gating
for eosinophils (Live, CD45+, CD11b+, F4/80+, Siglec-F+, Ly6G-) in NT193 tumours. (B) opt-SNE high-
dimensional analysis of eosinophils concatenated from 6 NT193 tumours on day 18 performed using
OMIQ software. opt-SNE analysis was informed by the expression of 11 myeloid markers detailed in
Appendix Table 3.2 and data were acquired using Cytek Aurora. (C) Heatmap analysis overlayed on
opt-SNE density plots, each coloured-continuous plot represents expression of 1 myeloid marker, each
marker is scaled individually, as shown on the adjacent scale bars. (D) Flow cytometry analysis of
NT193 infiltrating eosinophils, identifying Ly6C+ and Ly6C- population on days 7 and 18 of tumour
development. Data are representative of 6 tumours per condition. (E-G) Proportion of Ly6C+ eosinophils
to total eosinophils in NT193 (Nday7=7, Nday18=13), EO771 (Nday7 = 4, Nday18-22 = 4) and 4T1 tumours (Nday4
= 3, Nday20=5) on day 7 and day 18-20. NT193 data are representative of 3 independent experiments,
EQ771 data are representative of 2 independent experiments, 4T1 experiment performed once on
indicated time points and repeated with harvest days 7 and 14. Data show individual values and mean
+ SD and were analysed by an unpaired Student's t-test. Statistical significance is displayed on figures
as follows: *p < 0.05, **p < 0.01, ***p<0.001, ****p<0.0001.
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To understand if and how tumour-infiltrating eosinophils play a role in the TME development,
the relationship between total eosinophil infiltration and tumour weight on day 18 post-
engraftment was analysed by simple linear regression and a correlation with a squared
correlation coefficient (R?) of 0.013 was observed (Figure 3.6A), showing no linear relationship
between these two variables. However, the simple linear regression analysis of the proportion
of Ly6C+ eosinophils and tumour weight showed a statistically significant negative correlation
(Figure 3.6B). These results suggested that while the total level of eosinophils is not indicative
of tumour weight on day 18, the proportion of Ly6C+ eosinophils negatively correlates with

tumour weight, pointing to a potential anti-tumorigenic effect of this population.

To investigate anti-tumorigenic properties of Ly6C+ and Ly6C- eosinophils, these populations
were FACS sorted from NT193 tumours on day 18 and characterised by the following
analyses. Firstly, H&E staining of both populations revealed similar morphology of the nucleus
(Figure 3.6C). However, the maximum optical density of eosin was significantly increased in
Ly6C+ eosinophils (Figure 3.6D) compared to equal levels of haematoxylin staining in both
populations (Figure 3.6E). Eosin stains the cytoplasm of cells by non-specifically binding to all
proteins. Due to the high granule content of basic peroxidases, eosinophils are typically
stained with eosin more than other cell types. This staining is, however, diminished in
degranulating eosinophils with lower granule content®®. Therefore, the increased eosin
staining in the Ly6C+ but not the Ly6C- population of eosinophils suggested an increased
granularity and cytotoxic potential. The granularity difference between the two eosinophil
subsets was further investigated by comparing side-scatter (SSC) flow cytometry
measurements. Ly6C+ eosinophils had increased SSC compared to their Ly6C- counterparts
matched within the same tumour (Figure 3.6F). Furthermore, Ly6C+ eosinophils had also
increased expression of CD63 degranulation marker (Figure 3.6G), but their levels of CD11b
integrin were not significantly changed compared to Ly6C- eosinophils (Figure 3.6H). These
data indicated that Ly6C+ eosinophils could present a more active degranulating population

with enhanced cytotoxic properties.
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Cytotoxic abilities of the sorted eosinophils were further tested in direct co-cultures with NT193
cells and a combination of apoptotic annexin-V and fixable live/dead staining was used to
evaluate cell death of the NT193 cells. Co-culture of NT193 cells with Ly6C+ eosinophils
resulted in 12% of annexin-V+ apoptotic NT193 cells, which was a slight but statistically
significant increase compared to 7% of apoptotic cells detected in co-culture with Ly6C-

eosinophils (Figure 3.6l).

Together, this indicates that Ly6C+ eosinophils compared to Ly6C- eosinophils represent a
more granular eosinophil population with better cytotoxic abilities, and that under the influence
of the breast TME, eosinophils may differentiate into a Ly6C- state that is less cytotoxic. If this

transition is specific to the primary breast TME was further investigated.
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Figure 3.6. Ly6C+ eosinophils represent a more granular phenotype with better cytotoxic
properties. (A and B) Correlation between NT193 tumour weight on day 18 and relative proportion of
total eosinophils of CD45+ cells (A) and relative proportion of Ly6C+ eosinophils to total eosinophils
(B). Data are pooled from 4 independent experiments and show individual values of 27 tumours
harvested on day 18. Simple linear regression was performed in GraphPad Prism; the reported R?
corresponds to the Pearson correlation. (C) Haematoxylin and eosin (H&E) staining of cytospun Ly6C+
and Ly6C- eosinophils sorted from tumour harvested on day 18. (D-E) Analysis of the eosin (D) and
haematoxylin (E) intensity of the H&E stained Ly6C+ eosinophils (n = 106) and Ly6C- (n = 108).
Haematoxylin and eosin vector stains were automatically deconvoluted by QuPath, before extracting
the maximal optical density measurements of individual cells. Data are representative of 2 experiments,
in each experiment Ly6C+ or Ly6C- eosinophils were pooled from 3 NT193 tumours after sorting. (F-H)
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Flow cytometry analysis of tumour-associated eosinophils. Comparison of side scatter (F), CD63
expression (G), and CD11b expression (H) between Ly6C+ and Ly6C- eosinophils on day 18 of NT193
tumour growth (n = 5). (I) NT193 tumour cells were co-cultured with sorted Ly6C+ or Ly6C- sorted
tumour-associated eosinophils used as individual biological replicates (n=12), stained by Annexin-V
and analysed by flow cytometry. Comparison of proportion of Annexin-V+ NT193 cells to all NT193 cells
after direct co-culture with Ly6C+ and Ly6C- eosinophils. Annexin-V staining data are representative of
3 pooled experiments; mice were harvested between days 12-18. All data are representative of at least
2 biological experiments and show individual values and mean or mean + SD and were analysed by
unpaired Student's t-test. Statistical significance is displayed on figures as follows: *p < 0.05, **p < 0.01,
***p<0.001, ****p<0.0001.

3.2.4 Studying eosinophil heterogeneity in the lung metastatic niche

To investigate the effect of the metastatic environment on the balance between proportions of
Ly6C+ and Ly6C- eosinophils, a murine model of breast cancer-derived lung metastasis was
selected. Eosinophils represent 3% of the CD45+ immune cell population in healthy murine
lungs'?’, which allows comparison with metastasis-associated eosinophils during disease
progression. Additionally, eosinophils are known to have an anti-tumorigenic role in breast

7 and adapt their phenotype in metastatic lungs'®.

cancer lung metastasis formation'®
Therefore, the E0771 and 4T1-mCherry GFP breast cancer cell lines with high metastatic
potential were injected into the circulation through the tail vein to induce pulmonary

metastases and the eosinophil phenotype from diseased animals was compared with that in

healthy mice.

Flow cytometry analysis revealed that Ly6C+ eosinophils represented 80% of all eosinophils
in the healthy lungs of C57/BI6 mice, and these levels were decreased by 20% in mice bearing
EO0771 metastases (Figure 3.7A). Ly6C+ eosinophils accounted for 40% of all eosinophils in
the lungs of healthy Balb/c mice and their proportion decreased by 20% in Balb/c mice bearing
4T1 metastases (Figure 3.7B). To understand whether a decrease in the proportion of Ly6C+
eosinophils is associated with disease severity, similarly to higher proportions of Ly6C+
eosinophils associated with lower NT193 tumour weight (Figure 3.6B), the proportion of Ly6C+
eosinophils was correlated with proportions of 4T1 cancer cells and analysed by simple linear
regression. The proportion of the 4T1 cancer cells to all acquired cells was used as an indicator

of disease severity and the 4T1 cancer cells were identified based on their expression of both
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mCherry and GFP. The higher proportions of Ly6C+ eosinophils of total eosinophils negatively
correlated with increased proportions of 4T1 cancer cells (GFP+ mCherry+) as a proportion of

total cells (Figure 3.7C).

To investigate if Ly6C- eosinophils are more prevalent specifically in the metastatic niche
compared to the unaffected distant lung, a mCherry niche labelling model was used as
previously described?®. Briefly, by using cancer cells expressing a lipid-permeable mCherry
vector that is actively secreted and permeabilizes neighbouring cells, up to 5 layers of
neighbouring cells can be detected and distinguished from distant lung post-harvest by flow
cytometry?*? (Figure 3.7D). The labelling efficiency of the 4T1 cells was first assessed in vitro,
HEK293 fibroblasts were used as a receiving “neighbouring” cell line to repeat the same

conditions as recommended?*’

. mCherry and GFP expression were first confirmed in the 4T1
mCherry-GFP cell line by flow cytometry (Figure 3.7E). Afterwards, HEK293 cells in direct co-
culture with 4T1 mCherry-GFP or cultured with conditioned media derived from this cell line
were compared to wild-type non-labelled HEK293s. This analysis confirmed that 4T1
mCherry-GFP cells do label HEK293 cells in direct co-culture, as 2 populations were
observed, 1) the original 4T1 cells expressing both mCherry and GFP and 2) GFP negative
HEK293 cells with an increased level of mCherry (Figure 3.7E). While a small increase in

mCherry positivity was observed in the culture of HEK293 cells with conditioned media

compared to wild-type HEK293s, this was lower than in direct co-culture.

Labelling efficiency was further investigated in vivo by harvesting lungs 7 days post tail vein
engraftment of 4T1 mCherry-GFP cells and staining with the panel detailed in Appendix Table
3.3. As expected, 3 populations of viable cells were observed when analysing mCherry GFP
signal in lungs; 1) mCherry+ GFP+ cancer cells, 2) mCherry+ GFP- niche cells, and 3)
mCherry- GFP- cells of distant lung (Figure 3.7F). Following this analysis, all CD45+ immune
cells were analysed and a clear eosinophil population (CD45+, CD11b+, Siglec-F+, CD64-)

was identified. Afterwards, mCherry presence specifically in the eosinophil population was
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compared between mice with 4T1 WT and 4T1 mCherry-GFP metastases (Figure 3.7G).
These results did not reveal any clear mCherry+ eosinophil population present in the niche.
An identical analysis was performed on alveolar macrophages, a cell type reported to be
abundant in metastatic TME?®'. Up to 70% of alveolar macrophages (CD45+, Siglec-F+,
CD11b+, CD64+) were labelled by mCherry in mice grafted with 4T1 mCherry-GFP cells

compared to 4T1 WT cells (Figure 3.7 H).

The absence of eosinophils in the mCherry+ metastatic niche is in contradiction with the
reports showing that eosinophils were located in lung metastatic lesions when investigated by
histopathology'®. However, the absence of labelling of eosinophils by the mCherry vector
could be explained by the study showing that not all cells might receive the lipid-permeable
mCherry vector with the same efficiency®*'. These results suggest that while the mCherry
labelling model is a powerful tool for exploring the metastatic niche, eosinophils were not
detected in the metastatic niche based on the labelling by the mCherry lipid vector. Additional
in vitro experiments of eosinophils cultured with the mCherry-conditioned media would be

necessary to understand why eosinophils were not labelled with mCherry in metastatic lungs.

Overall, these data suggest that reduction of Ly6C+ eosinophil proportions as a response to
cancer progression is a conserved mechanism in primary and lung metastatic models of breast
cancer. Furthermore, higher proportions of Ly6C+ eosinophils might be indicative of better
prognosis in both the NT193 primary tumour model and the 4T1 metastatic lung model.
However, | was not able to identify eosinophil infiltration in the metastatic niche and more
experiments would be needed to investigate if eosinophils locate outside of the metastatic

niche or are labelled by the mCherry vector to a lesser extent.
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Figure 3.7. Investigating the kinetics of Ly6C+ and Ly6C- eosinophils in the 4T1 and E0771 breast
cancer lung metastases models. (A and B) BI6 and Balb/c female mice were injected with EQ771
(1000 000 cells) and 4T1 mCherry-GFP cells (1 500 000 cells), respectively. Metastatic lungs were
harvested on day 14 and day 7 as indicated on the plots, analysed by spectral flow cytometry and the
proportion of Ly6C+ eosinophils to all eosinophils was compared between diseased and healthy animals
of the same strain. (neie=3, Nday14=3), (NBabic=4, Nday7=7). (C) Correlation between tumour cells
(mCherry+ GFP+) of 4T1 lung metastasis (orange, nday7=4), healthy lungs (blue, neawc=3), and
percentage of Ly6C+ eosinophils. Data are representative of one experiment. (D) Schematics of the
mCherry labelling system adapted from (Ombrato et al., 2019). mCherry is linked to lipid-soluble vector
(sLP-mCherry) that is being secreted from the 4T1 mCherry-GFP cells and is capable of permeabilising
neighbouring cells in vitro and labelling tumour niche in vivo. (E) Flow cytometry analysis of mCherry
and GFP signal in HEK293 cells 1) cultured in conditioned media derived from 4T1 mCherry-GFP cells
(green), 2) in direct co-culture with 4T1 mCherry-GFP (orange) or 3) on their own (blue) compared with
4) 4T1 mCherry-GFP (red) cell line by flow cytometry. Data are representative of one repeat, and two
replicates per condition. (F-H) 4T1 mCherry-GFP cancer cells were intravenously engrafted into Balb/c
female mice and lungs were harvested and analysed by flow cytometry 7 days after (naay7=7). (F) Flow
cytometry analysis of sSLP-mCherry and GFP signal in 4T1 metastatic lungs distinguished tumour niche
(red) from tumour cells (green) and distal lung (grey). (G-H) Uptake of sLP-mCherry by eosinophils
(Siglec-F+, CD11b+, CD64-) (G) and alveolar macrophages (Siglec-F+, CD11b+, CD64+) (H) in
comparison with mice bearing metastasis of 4T1 wild-type cell line. Alveolar macrophages were
identified as a myeloid population expressing both Siglec-F and CD64, eosinophils were gated as
myeloid cells with expression of Siglec-F but absence of CD64 expression. Data show individual values
and mean = SD and were analysed by an unpaired Student's t-test. Statistical significance is displayed
on figures as follows: *p < 0.05.
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3.2.5 Ly6C+ eosinophils transition into Ly6C- state

Next, the relationship between Ly6C+ and Ly6C- eosinophil subsets was investigated.
Eosinophils are a bone marrow-derived population of granulocytes, originating from Gata1+
progenitors that give rise to erythroid cells, megakaryocytes, basophils, mast cells and
eosinophils®. Eosinophils undergo 4 stages of maturation in the bone marrow, each stage
associated with increasing expression of CCR3, the receptor essential for binding eotaxins.
Afterwards, mature CCR3+ eosinophils migrate through circulation to distant tissues based on
the local eotaxin gradient and internalise CCR3 after entering the tissue as a response to

%2263 recently demonstrated in a model of skin cancer®®. To better

eotaxin exposure
understand the dynamics of the 2 eosinophil subsets in NT193 tumours, Ly6C and CCR3
expression of eosinophils was investigated in the mammary fat pad of healthy mice, and bone
marrow, blood, and tumours on day 7 and day 18 of NT193 tumour-bearing mice. Because
Ly6C is not a marker commonly associated with eosinophils, eosinophils were compared to
monocytes (Ly6C"", Ly6G-, Siglec-F- population), neutrophils (Ly6C™, Ly6G+, Siglec-F-) and
all immune cells (CD45+ lymphocytes) to understand the Ly6C expression differences in

broader context of tissue biology (Figure 3.8A), with gating strategies used to identify these

individual populations, described in Figure S1.

Mammary fat pad (MFP) was analysed to investigate the Ly6C expression on tissue resident
eosinophils, which represent a minor resident population®®. As expected, tissue resident
eosinophils in MFPs of healthy FVB female mice express low levels of CCR3 compared to
eosinophils in bone marrow or blood. Even though MFP resident eosinophils express less
Ly6C than monocytes or neutrophils, the contour plot indicates that the majority of this
population is Ly6C+ compared to the rest of the lymphocytes (Figure 3.8A). Eosinophils were
further analysed from the bone marrow of mice bearing tumours for 18 days; all bone marrow
eosinophils had a baseline level of Ly6C expression comparable to neutrophils, and previously

described populations of immature (CCR3-) and mature (CCR3+) eosinophils were
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observed®®® (Figure 3.8A). Subsequently, mature CCR3+ eosinophils emerging from the
bone marrow were identified in blood, where all eosinophils expressed ubiquitous levels of
Ly6C, above some of the lymphocytes (CD45+) but below monocytes or neutrophils and
remained CCR3+ (Figure 3.8A). To this point, these data suggest that eosinophils are
predominantly Ly6C+ in the mammary fat pad, bone marrow and blood of healthy and tumour-

bearing animals.

Therefore, Ly6C and CCR3 expression was investigated on eosinophils infiltrating NT193
tumours on day 7 and day 18. In agreement with eosinophils internalising CCR3 as a response

to migrating towards inflamed tissue?%2%

, surface expression of CCR3 on TAE was reduced
on both day 7 and day 18 post-engraftment compared to the blood and bone marrow of
matched animals. As described above in section 3.2.3 (Figure 3.5E), eosinophils are
predominantly Ly6C+ in early tumours, however, they downregulate Ly6C expression and up
to 50% of eosinophils become Ly6C- by day 18 post-engraftment in tumours (Figure 3.8A).
Additionally, eosinophil prevalence as a proportion of all immune cells (CD45+) or all acquired
single cells was compared in MFP, bone marrow, blood and tumours. Eosinophils represented
a minor immune and resident population in MFP, bone marrow or blood and were
accumulating in tumours over time, with the highest levels of eosinophils identified in tumours

on day 18 (Figure 3.8 B and C). These data pointed to the possibility of Ly6C+ eosinophils

infiltrating tumours early on day 7 and then transitioning into the Ly6C- state.

To understand whether the Ly6C+ population of eosinophils detected in tumours on day 7
represents the circulating population present in the vasculature at the time of harvest, co-
localisation of eosinophils (Siglec-F) and vasculature (CD31) was compared between day 7
and day 18 by confocal imaging (Figure 3.8D). While some Siglec-F+ cells directly co-localised
with the CD31 staining, most of the tumour-infiltrating Ly6C+ eosinophils identified on day 7

and day 18 were located outside of the vasculature.
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Overall, because a) eosinophil ontogeny occurs in the bone marrow, b) eosinophils express
high levels of Ly6C in blood of tumour bearing mice and in tumours at early stages, c)
eosinophils accumulate in tumours over time, and d) both Ly6C+ and Ly6C- eosinophils are
residing in the tissue outside of the vasculature, these data suggest that Ly6C+ eosinophils

might be transitioning into Ly6C- state after entering tumours.
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Figure 3.8. Ly6C+ eosinophils transition into the Ly6C- state after entering NT193 tumours. (A)
Flow cytometry analysis comparing Ly6C and CCR3 expression between eosinophils (CD11b+,
SiglecF+, Ly6G-), neutrophils (CD11b+, SiglecF-, Ly6G+), monocytes (CD11b+, Siglec-F-, Ly6G-, MHC-
[I°" Ly6C+) and all immune cells (CD45+) in healthy mammary fat pads (MFP), bone marrow (BM) and
blood of FVB mice orthotopically engrafted with NT193 cancer cell line, and early (day7 TME) and late
NT193 tumours (day18 TME). (B and C) Quantification of total eosinophil population as a proportion of
immune cells (CD45+) (B) or all acquired single cells (C). (A-C, nwrp = 6, NeM=9, Nbicod = 12, Nday7TME =
14, neay1sTMe = 24). Data are representative of at least 2 experiments for blood (harvested between day
14 to day 18), and at least 3 experiments for tumour-associated eosinophils infiltrating NT193 tumours
on day 7 or day 18. (D) Immunofluorescent staining of Siglec-F+ eosinophils (cyan) and CD31+
vasculature (magenta) of NT193 tumours on the indicated days. Scale bar = 50 um. Data are
representative of two experiments, and represent analysis of 4 individual tumours on day 7 and day 18,
a full section was acquired by Axio Slide scanner.

To further understand the potential of Ly6C+ eosinophils to give rise to the Ly6C- population,
NT193 tumour infiltrating eosinophils were isolated on day 7, kept in culture with interleukin-5
(IL-5), and the expression of Ly6C and CCR3 was analysed 1-, 2-, 4-, and 8-days post-
isolation (Figure 3.9A). IL-5 is a cytokine essential for eosinophil survival and expansion®’.

Therefore, IL-5 was used in all ex vivo cultures to keep eosinophils viable and capable of
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differentiation. As described above, eosinophils freshly isolated from early tumours
internalised CCR3 and over 90% of them expressed the Ly6C receptor as measured by flow
cytometry. However, after only 1 day in culture with IL-5, 80% of these eosinophils re-
expressed CCR3 on the surface, and 4 days after isolation from tumours, over 95% of
eosinophils were CCR3+ (Figure 3.9B). More importantly, Ly6C+ viable eosinophils
spontaneously differentiated into the Ly6C- population and this transition represented a 20%
decrease of the Ly6C+ population on day 4 and almost 30% on day 8 post-isolation (Figure
3.9C). To prove that in culture with IL-5, only Ly6C+ eosinophils have the potential to
differentiate into the Ly6C- population and this transition does not happen both ways, both
Ly6C+ and Ly6C- populations were FACS sorted from late NT193 tumours and kept in culture
for a maximum of 4 days (Figure 3.9D). Within 2 days post-sorting, 40% of Ly6C+ eosinophils
differentiated to the Ly6C- population, however, Ly6C- eosinophils remained in the Ly6C- state

throughout the whole ex vivo culture experiment.
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Figure 3.9. Ex vivo culture of Ly6C+ and Ly6C- eosinophils. (A) Overview of the experimental plan,
NT193 tumours were harvested on day 7, digested and magnetic cell separation (MACS) was used to
enrich Siglec-F+ cells. Siglec-F+ cells were afterwards cultured up to 8 days with IL-5 and analysed by
flow cytometry on days 1, 2, 4 and 8 of culture. (B) Contour plots showing eosinophil (Siglec-F+, Ly6G-
) expression of Ly6C and CCR3 after MACS enrichment on the day of harvest and on day 1 and day 4
of ex vivo culture, as indicated on the plots. (C) Relative proportion of Ly6C+ eosinophils gated on all
eosinophils (n = 4). (D) Overview of the experimental plan, NT193 tumours were harvested on day 18,
digested and FACS sorted for Siglec-F+ Ly6C+ and Ly6C- eosinophils. Both populations were
afterwards cultured up to 4 days with IL-5 and analysed by flow cytometry on days 1, 2, and 4 of culture.
(E) Relative proportion of Ly6C+ eosinophils gated on all eosinophils sorted as Ly6C+ or Ly6C-. (n = 3).
Data are representative of two independent experiments, show individual values and median and were
analysed by 2-way ANOVA. Statistical significance is displayed on figures as follows: *p < 0.05, **p <
0.01, **p<0.001, ****p<0.0001.

102



These results made me hypothesise that the loss of Ly6C is not only a consequence of the
TME deactivation, but possibly a mechanism by which eosinophils undergo a terminal
differentiation after entering a tissue that is capable of providing them with an IL-5-rich

condition.

3.2.6 Role of Ly6C glycoprotein in eosinophil development

Knowing that Ly6C expression on eosinophils is associated with enhanced cytotoxic activity
and possibly a differentiation status in the TME of primary and metastatic breast cancer, |
further wanted to investigate if Ly6C expression defines eosinophil subsets maturing in a
controlled ex vivo setting. Eosinophils can be derived from bone marrow progenitors with a
well-established protocol?*®. Briefly, following isolation of bone marrow from C57/BI6 mice,
progenitor cells are expanded for 4 days in the presence of murine stem cell factor (mSCF)
and FMS-related tyrosine kinase 3 ligand (FItI3) and afterwards eosinophil differentiation is
driven by IL-5 for at least 10 days (Figure 3.10A). Following this protocol, Siglec-F expression
was investigated every 2 days and over 95% of viable cells were Siglec-F+ after exposure to

IL-5 for 10 days (Figure 3.10B).

Surface expression of Ly6C and CCR3 was analysed by flow cytometry every 2 days from day
8 onwards of ex vivo culture. Day 8 was selected as the first day to assess the surface
expression of Ly6C and CCR3 on eosinophils, as they represented at least 10% of all viable
cells at this time point. This analysis revealed that while eosinophils are defined by
homogenous expression of Siglec-F (Figure 3.10C), the population of eosinophils is
heterogeneous and actively transitioning through different Ly6C and CCR3 defined states.
Eosinophils on day 8 were all CCR3-, however, split into 2 subsets based on their Ly6C
positivity — CCR3- Ly6C- and CCR3- Ly6C+. On day 10, the appearance of a Ly6C+ CCR3+
population was observed and the time course analysis revealed that between day 12 and day

14, this subset became the most abundant. Afterwards, from day 14 onwards, the CCR3+
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Ly6C- eosinophil population was increasingly more prevalent. While the original protocol
suggests culturing eosinophils only up to day 14, continuous culture for 4 extra days showed
that all eosinophils became CCR3+, and were divided into CCR3+ Ly6C+ and CCR3+ Ly6C-

populations (Figure 3.10D and E).

To better understand the continuity of bone marrow-derived eosinophil development, the
CCR3- Ly6C+, CCR3+ Ly6C+, and CCR3+ Ly6C- populations were FACS sorted and cultured
in the presence of IL-5. After 2 days in the presence of IL-5, over 95% of the CCR3- Ly6C+
eosinophil population transitioned to the CCR3+ Ly6C+ state (Figures 3.10F and G).
Furthermore, the population of CCR3+ Ly6C+ eosinophils was gradually transitioning to the
CCR3+ Ly6C- state over 10 days, with over 60% of the parental CCR3+ Ly6C+ eosinophils
fully transitioned on day 10 (Figure 3.10G). In contrast to the populations of CCR3- Ly6C+ and
CCR3+ Ly6C+ eosinophils, the sorted population of CCR3+ Ly6C- eosinophils remained

unchanged over the whole 10 days of IL-5 culture (Figure 3.10G).

These results were used to propose a model in which eosinophils in ex vivo culture undergo
3 steps of maturation: 1) from CCR3- Ly6C- population to CCR3- Ly6C+, 2) from CCR3- Ly6C+
to CCR3+ Ly6C+, and 3) downregulation of Ly6C by the CCR3+ Ly6C+ population, resulting
in CCR3+ Ly6C- eosinophils subset (Figure 3.10H). To further confirm that all eosinophils
eventually lose their Ly6C expression and remain in the terminally differentiated CCR3+ Ly6C-
state, eosinophil differentiation was continued until day 30, double the time previously reported

by others?*®

. As expected, all CCR3+ Ly6C+ eosinophils gradually lost the expression of Ly6C
(Figure 3.101). Supportive of the fact that the CCR3+ Ly6C- population might represent the
terminal stage of eosinophil development was the decreasing viability from day 27 onwards

(Figure 3.10J).
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Figure 3.10. Role of Ly6C and CCR3 expression in eosinophil development in vitro. (A) Overview
of the bone marrow-derived eosinophil culture from C57/BI6 mice. Bone marrow cells were first cultured
with FItI3 and mSCF for 4 days and then differentiated into eosinophils with IL-5 until day 18. (B) Relative
proportion of eosinophils (Siglec-F+) in cell culture analysed by flow cytometry on the indicated days.
Data are representative of 2 independent experiments (n = 3). (C) Representative density plot showing
the gating strategy used to identify eosinophils based on Siglec-F expression. (D) Representative flow
cytometry plots showing different expressions of Ly6C and CCR3 receptors on a population of Siglec-
F+ eosinophils on the indicated days. (E) Time course analysis of the proportion of the Ly6C- CCR3-,
Ly6C+ CCR3-, Ly6C+ CCR3+, and Ly6C- CCR3+ eosinophils analysed by flow cytometry every 2 days
from day 8 onwards. (F) Flow cytometry contour plot showing Ly6C and CCR3 expression of sorted
Ly6C+ CCRS3- cells on day of sorting (red) and after 2 days in culture with IL-5 (green), (G) with
quantification of Ly6C+ CCR3- and Ly6C+ CCR3+ populations on day 0 and day 2 of culture; and
quantification of CCR3+ Ly6C+ and CCR3+ Ly6C- (purple) eosinophils on day 0, day 2, day 4 and day
10 post sorting of CCR3+ Ly6C+ and CCR3+ Ly6C- as indicated. Data are representative of two
independent experiments (n = 3). (H) Schematic overview of the proposed eosinophil differentiation
model ex vivo, defined by Ly6C and CCR3 expression. (I) Representative flow cytometry plots showing
different expressions of Ly6C and CCRS3 receptors on a population of Siglec-F+ eosinophils on the
indicated days. (J) Viability of eosinophils throughout the ex vivo differentiation experiment (n=3). Data
are representative of 2 independent experiments and show individual values + median.
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3.2.7 Investigating anti-tumorigenic properties of bone marrow-derived eosinophils

Following the results pointing at eosinophil heterogeneity when differentiated ex vivo, |
hypothesised that CCR3+ eosinophil subsets could be representative of the tumour-infiltrating
eosinophil population. The CCR3+ population of the bone marrow-derived eosinophils was
selected as it is a fully mature population that would be the most representative of the mature
tissue resident eosinophils that internalised the CCR3 receptor upon the tumour infiltration. To
investigate the cytotoxic potential of these 2 subsets, CCR3+ Ly6C+ (Ly6C+) and CCR3+
Ly6C- (Ly6C-) eosinophils were differentiated from the bone marrow for 18 days, FACS sorted,
characterised by H&E staining and used in a direct co-culture with E0771 mCherry-hCD2

cancer cell line of BI6 background (Figure 3.11A).

Firstly, eosinophil subsets present in bone marrow-derived eosinophil culture were
characterised by histopathology and flow cytometry. Both, Ly6C+ and Ly6C- sorted
eosinophils had similar nuclear morphology, however, Ly6C+ eosinophils were more granular
and had a higher intensity of eosin stain (Figure 3.11B). Eosinophil maturity, granularity and
activation of the three eosinophil subsets on day 18 were investigated by flow cytometry. While
CCR3+ Ly6C- eosinophils presented with the highest expression of Siglec-F (Figure 3.11C),
suggesting their terminal differentiation and maturity, CCR3+ Ly6C+ eosinophils were the most
granular of the 3 studied populations (Figure 3.11D) and expressed higher levels of
degranulation marker CD63 than CCR3+ Ly6C- eosinophils (Figure 3.11E). CCR3- Ly6C+
eosinophils were not used for the cell killing assays because based on the studied markers,
they represented a more immature population that would not be representative of the tumour-

associated eosinophils.

To optimise the cell killing assays, EOQ771 cells were first co-cultured with unsorted eosinophil
population at following eosinophil to E0771 ratios — 0:1, 1:1, 5:1. Annexin-V flow cytometry
read-out has clearly separated Annexin-V+ apoptotic EO771 cells stained by fixable live/dead

dye in all conditions (Figure 3.11F), and eosinophils induced apoptosis at both 1:1 and 5:1
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ratios compared to EQ771 cells cultured without eosinophils (Figure 3.11G). The lower ratio of
1:1 was used with sorted eosinophils to enable more biological and technical repeats with
sorted cells. The fold change difference of apoptotic dead E0771 cells analysed in Ly6C+ co-
cultures was approximately 3-fold higher than from co-cultures with Ly6C- eosinophils (Figure
3.11H). These results suggested that Ly6C+ and Ly6C- eosinophils are a good substitute for

studying cytotoxic properties of Ly6C-related phenotype outside of tumours.
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Figure 3.11. Direct co-culture of eosinophils with the E0771 tumour cell line results in increased
apoptosis of cancer cells. (A) Overview of the experimental approach. Bone marrow-derived
eosinophils from C57/BI6 mice were cultured for 18 days and FACS sorted into CCR3+ Ly6C+ and
CCR3+ and Ly6C- populations that were directly co-cultured with EO771 cancer cells for 24 hours and
analysed by Annexin-V and fixable live/dead staining. (B) Haematoxylin and eosin (H&E) staining of
cytospun Ly6C+ and Ly6C- eosinophils sorted on day 18. The image is representative of 10x10° cells
cytospun for each subset. (C-E) Flow cytometry analysis of ex vivo cultured eosinophils on day 18.
Comparison of Siglec-F expression (C), side-scatter intensity (D), and CD63 expression (E) between

107



Ly6C+ and Ly6C- eosinophils on day 18 of cell culture (n = 3). (F) Representative flow cytometry plot
showing Annexin-V and fixable live/dead staining that distinguishes the apoptotic E0771 cancer cell
population. (G) Optimisation of cell killing assay with unsorted eosinophils on day 14 of in vitro culture
(n = 4). Different ratios of eosinophils to EQ771 cells were tested and the relative proportion of annexin-
V+ Live/dead stained EQ771 population was quantified. (H) Proportion of EO771 apoptotic cells after 24
hours of co-culture with no eosinophils or FACS-sorted Ly6C+ or Ly6C- BM-derived eosinophils. Data
are representative of 2 independent experiments. E0771 n=4, Ly6C+ n=3, Ly6C- n=3. Data show
individual values + median and were analysed by 2-way ANOVA for comparison of 2 and more groups.
Data show individual values + median and were analysed by Student's t-test. Statistical significance is
displayed on figures as follows: *p < 0.05, **p < 0.01, ***p<0.001, ****p<0.0001.

3.2.8 Eosinophil depletion in the NT193 model enhances tumour growth

Given the evidence that Ly6C+ eosinophils are present in NT193 tumours from day 7 onwards,
are more cytotoxic than Ly6C- eosinophils, and represent 60% of total TAE on day 18, their
function was further investigated in vivo. FVB mice were grafted with the NT193 cell line and
eosinophils were depleted by anti-Siglec-F antibody on the day of engraftment. Afterwards,
anti-Siglec-F treatment or 1gG2a isotype control was administered 3 times per week to
maintain eosinophil reduction. Eosinophil depletion was confirmed in blood on day 0, 7 and at
the final harvest on day 14 in both blood and tumours by flow cytometry (Figure 3.12A). To
confirm depletion of eosinophils in blood, expression of CCR3 was used instead of Siglec-F,
to avoid potential internalisation of Siglec-F in response to the treatment (Figure 3.12B).
Eosinophil levels were significantly reduced on day 7 and day 14 in mice treated with anti-
Siglec-F (Figures 3.12C and D). Because eosinophils internalise the CCR3 receptor in the
TME, the combination of CCR3 and low expression of MHC-II was used when analysing the
myeloid population (CD45+, CD11b+, F4/80+) (Figure 3.12E). Eosinophils were significantly
reduced in the TME of the anti-Siglec-F- compared to isotype- treated mice (Figure 3.12F) and
eosinophil depletion resulted in increased tumour weight on day 14 (Figure 3.12G) and

enhanced tumour growth (Figure 3.12H).
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Figure 3.12. Depletion of eosinophils in NT193 tumours does not alter tumour growth. (A)
Overview of experimental plan. FVB mice bearing orthotopic NT193 tumours were treated with anti-
Siglec-F or IgG2a (n = 6) antibodies 3 times a week and eosinophil depletion was confirmed throughout
the experiment by blood sampling and at the final time point in tumours. (B) Representative flow
cytometry plot comparing eosinophil gating in the blood of anti-Siglec-F and IgG2a (Isotype) treated
mice. (C) Quantification of relative eosinophil proportions in the blood of eosinophil-depleted (a-SigF,
n=7) and control (Iso, n=6) animals on the indicated days. (D) Quantification of relative eosinophil
proportions in the blood of a-SigF and Iso animals on day 14. (E) Representative flow cytometry plot
comparing eosinophil gating in tumours. Alternative markers such as CCR3 and low levels of MHC-II
were used to identify eosinophils independently of Siglec-F expression. (F) Quantification of relative
eosinophil (CD11b+, CCR3+, MHC-ll-low) proportions in tumours of Iso (n=6) and a-SigF (n=7) mice
on day 14. (G) Tumour volumes of Iso (n=16) and a-SigF (n=15) mice on day 14. Data are pooled from
3 independent experiments. (H) Tumour growth curves of Iso and a-SigF mice, data represent mean +
SEM. Data are representative of 3 experiments, show individual values + median unless otherwise
stated, and were analysed by Student's t-test. Statistical significance is displayed on figures as follows:
*p < 0.05, **p < 0.01, ***p<0.001, ****p<0.0001.
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3.3 Technical discussion

The initial aim of this chapter was to study the translational activity of tumour-associated
macrophages in NT193 tumours. To do this, we chose to first optimise the SUnSET assay?*?
based on puromycin incorporation into nascent proteins. This method has several advantages
compared to other methods used for studying translational activity, 1) puromycin is a non-
radioactive labelled substrate with an equivalent incorporation rate to radioactively labelled
amino acids, 2) it provides easily accessible flow cytometry read-outs, and 3) is an affordable
alternative to O-propargyl-puromycin (OP-Puro), an analogue of puromycin detectable by
Click-chemistry that can be used for both fluorescent labelling and purification of nascent
proteins®*. Because of the similarities with the OP-Puro, the low toxicity and the initial in vitro
tests showing the high specificity of the intracellular staining by anti-puromycin antibody

(Figure 3.1F), | used the SUnSET assay to study protein synthesis in NT193 tumours.

These experiments, however, detected a subset of tumour-infiltrating lymphocytes (TILs)
specifically labelled by anti-puromycin antibody in mice that were not injected with puromycin
(Figure 3.2). At first, the non-specific binding of anti-puromycin antibody led us to speculate
whether these cells might be an artefact caused by the presence of puromycin used in the
media during the culture of NT193 cells. However, the puromycin staining of myeloid cells was
still present even after withdrawing puromycin from the NT193 culture prior to engraftment
(Figure 3.13). Therefore, a more detailed characterisation of this cell cluster led to the
identification of a previously missed eosinophil population. Technical challenges of studying

this cell type and explanations for non-specific antibody staining are discussed below.

110



A . B C
NT193 + no puromycin NT193 + puromycin
4.2M _| puromycin- puromycin+ 42M _| puromycin- puromycin+ Y 60 ns
4 637 36.3% 4 59.1% 40.9% g
3.1M— 3.1M—] 8 " o
- . + = 40
_ 4 T3
< ] < 7 e ] o
— — >
Q 2.1mM7] Q 21M7] g
7] 7] <
7 7 20 54
- - a (&)
1.0M—] 1.0M— —
i ] o
- i X 0
— — - r 1
0.0 ] 0.0 L]
-10° o0 10° 10° 106 410* o 10° 108 106 R &0
Alexa Fluor 488-A | puromycin Alexa Fluor 488-A | puromycin QOQ ,b"Q
x &
P Q
<N A3
S

Figure 3.13. Withdrawal of puromycin from NT193 tumour cells in culture does not alter
puromycin staining of tumour-associated myeloid cells. NT193 cancer cells were cultured in the
presence of puromycin as previously reported??8, or puromycin was withdrawn from the culture
immediately after the cells were thawed. Afterwards, 5x10% NT193 cells cultured in the presence or
absence of puromycin were grafted into the 4" mammary fat pad of FVB/N female mice, tumours were
monitored, harvested on day 18 and processed for intracellular puromycin staining. (A, B)
Representative flow cytometry plot of intracellular puromycin staining of tumour-associated myeloid
cells in tumours generated with NT193 cancer cells cultured in the absence (NT193 + no puromycin, n
= 5) or presence (NT193 + puromycin, n = 5) of puromycin. (C) Quantification of the relative proportion
of puromycin+ cells of CD45+ immune cells in NT193 + no puromycin and NT193+ puromycin
generated tumours. Data are representative of one experiment. Data show individual values + mean
with SD and were analysed by Student's t-test. Statistical significance is displayed on figures as follows:
*p < 0.05, **p < 0.01, ***p<0.001, ****p<0.0001.

3.3.1 Technical challenges of studying eosinophils

Eosinophils are a population of granulocytes that are often missed or overlooked in many
tissues, tumour microenvironment included, due to technical caveats as previously
summarized?®®. The first encountered challenge of working with eosinophils in this chapter is
the non-specific staining with intracellular antibodies. Even though not mentioned in the
results, | observed that eosinophils are non-specifically stained even with 5-ethynyl 2'-
deoxyuridine (EdU) click-chemistry staining based on the biorthogonal azide-alkyne reaction
(Figure 3.14). Both of these staining methods, antibody or click chemistry-based, require
permeabilisation of the cytoplasmic membrane, which is likely to result in permeabilisation of
the membrane of eosinophilic granules. Eosinophils carry cationic protein-rich granules that
maintain an acidic pH of around 5.12%°, enabling the canonical staining with negatively charged

eosin dye. It is possible that the pH is altering the affinity of antibodies which afterwards non-
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specifically label the granules. This, however, does not explain the high background of click-

chemistry-based staining.

It was previously shown that heparin reduced the background of intracellular antibody staining
in mass cytometry experiments, due to the reduction of negatively charged metal-based

interactions?’°

. The charge-based interactions might also be present in flow cytometry staining,
as a group of Alexa Fluor (AF) fluorochromes is known to be negatively charged. The negative
charge of AF-conjugated antibodies might be enhancing their affinity towards the acidic

granules. All intracellular staining performed in this chapter was done with either AF488 or

AF647 which might have affected the click chemistry reaction.
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Figure 3.14. Non-specific staining of eosinophils by EdU click-reaction kit. FVB mice bearing
NT193 tumours were intravenously injected with 1mg of EdU to understand eosinophil proliferation in
bone marrow and tumours. Healthy mice not injected with EAU were used as controls to determine EdU
background staining. (A) Representative flow cytometry plot comparing EdU signal in eosinophils of
healthy mice (n =3) and EdU pulsed mice (n =3) in eosinophils and (B) neutrophils in the bone marrow.
Data are representative of one experiment.
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Another caveat of studying eosinophils is their low amount of mMRNA and high levels of RNases
stored in the granules, making it difficult to capture their transcriptomic signature. This explains
why eosinophils were absent from the scRNA-seq dataset of CD11b+ myeloid cells previously
generated in the Midwood lab. Furthermore, eosinophils are not present in any of the current
datasets looking at myeloid cells in orthotopic breast tumours?”' and are absent even in murine

272 1t is important to notice that

tissues where their presence is well established, such as lungs
new protocols are being developed to obtain high-quality RNA that allows sequencing of

eosinophils at single cell level'?.
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As eosinophils express low levels of Ly6G receptor, a well-established neutrophil marker, and
neutrophils express low levels of Siglec-F, the main eosinophil marker, | wanted to confirm that
these two populations are distinct. In this chapter, | used real-time gPCR to compare levels of
eosinophil peroxidase on the transcriptional level (Figure 3.4D). Because neutrophils are of
low abundance in NT193 tumours at late stages of tumour growth, | used the 4T1 model for
sorting of myeloid populations to obtain enough cells of both, eosinophil and neutrophil
populations, needed for RNA processing. Because analysis of granulocytes is affected by the
low RNA levels and transcriptional activity, | optimised the gPCR protocol in the following way,
1) all myeloid populations were sorted directly into RNA lysis buffer (RLT) to minimise loss of
cells after sorting, 2) RLT was enriched with 1% beta-mercaptoethanol to denature RNases,
3) RNA was isolated with RNeasy Micro Kit suitable for isolating small amounts of RNA, and
4) carrier RNA was added to the samples before isolation to improve RNA recovery. In further
sorting experiments, MACS enrichment steps were used to reduce sorting time and avoid

pooling of tumours.

MACS enrichment steps were also utilised to enrich eosinophils through Siglec-F magnetic
beads prior to sorting tumour-associated eosinophils used in cell killing assays. As previously
reported, eosinophils are prone to degranulation as a response to physical stress'?, therefore,
the FACS sorting strategy was adjusted to obtain viable eosinophils with minimal impact on
their functionality. First, | used the 100 um nozzle for FACS sorting, the largest available at our
facility, with a low sheath pressure to reduce microfluidic pressure. Second, eosinophils were
collected into complete RPMI media containing IL-5 to increase their long-term viability. Third,
all isolated eosinophils were spun down at a lower g-force for longer times to prevent any
additional cell damage and degranulation. While all of these steps allowed us to sort highly
viable eosinophils capable of cell killing, | noticed that the overall cell killing capability is higher
in eosinophils sorted from cell culture when compared to TAE. It is possible that the tumour

digestion causes additional stress that stuns eosinophils’ cytotoxicity. Because reducing the
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time of digestion would result in much lower cellular yield, cell killing assays were prolonged

to 3 days, to allow eosinophils to recover from the tissue processing.

3.3.2 Utilisation of the mCherry niche-labelling model for eosinophil labelling

Eosinophils were previously associated with anti-tumorigenic properties in the context of
breast cancer lung metastasis in murine models''%’. To fully explore how the metastatic
niche affects eosinophil phenotype, the mCherry niche labelling strategy was used (Figure
3.7)3%241 Even though eosinophils were previously reported to be present in the metastatic

lesions by histopathology techniques'®®'®’

, | was not able to detect eosinophils by flow
cytometry in the mCherry niche. In contrast, there was a clear population of alveolar
macrophages used as a positive control. As mentioned in the original protocol®*!, not all cell
types are equally efficient in receiving the lipid-soluble mCherry (sLP-mCherry) vector. It is
therefore possible that eosinophils are not an efficient recipient cell type. Alternatively, if the

sLP-mCherry vector permeabilizes eosinophils and reaches the eosinophil granules, mCherry

fluorescent intensity is likely to decrease?”>.

Additionally, it was recently shown that macrophages are labelled by mCherry protein
expressed by cancer cells even in the absence of the lipid-soluble linker attached to the
mCherry protein. These results suggest that more technical controls are necessary to
understand the extent of mCherry uptake by phagocytic cells®. In this chapter, CD64+
macrophages were the most abundant population identified in the metastatic niche. However,
non-myeloid lymphocytes labelled by mCherry also presented with an expression of
phagocytic receptor CD64. It is unclear if this signal was a result of CD64 surface expression
or an artefact of cellular interactions in situ. There is therefore a possibility that the mCherry
niche labelling might be enhanced by mCherry+ macrophage fragments attached to
neighbouring cells, as the effect of macrophage fragmentation was already observed and

described in other tissues**. More technical controls and imaging techniques would be
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necessary to understand the extent of potential macrophage fragmentation artefacts in these

experiments.

3.3.3 Limitations of eosinophil depletion through antibody targeted treatment

To understand how eosinophils contribute to pro- or anti-tumorigenic properties of the NT193
TME, tumour growth of eosinophil-depleted mice was compared to the control isotype-treated
group (Figure 3.12). A treatment strategy using an anti-Siglec-F antibody used for selective
depletion of eosinophils in FVB mice with spontaneous tumours'® was adopted. As previously
reported, the treatment with the anti-Siglec-F antibody might lead to internalisation of Siglec-
F receptors, and incomplete depletion of eosinophils and subsequent false-positive reporting
of absence of Siglec-F+ cells?”*. Therefore, alternative gating strategies were used to identify
eosinophils without the potential bias of staining for Siglec-F (Figures 3.12B and E). CCR3
expression, high granularity and low levels of MHC-II expression were used to analyse blood
and tumours, with a clear eosinophil population identified in control mice but not the mice
treated with anti-Siglec-F antibody. Additionally, eosinophil-deficient mouse models were
considered?”®. However, all of the currently available strains are on C57/BI6 or Balb/c
background and back-crossing these strains with FVB mice would be necessary for at least

10 generations. This was not possible in the time available within this project.
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3.4 Biological discussion

Eosinophils (Siglec-F+, F4/80+ myeloid population) represented up to 30% of all tumour-
infiltrating lymphocytes (TILs) in NT193 orthotopic mammary tumours grafted in FVB mice
(Figure 3.4A). This population was previously unrecognised in the NT193 model and all F4/80+
cells were attributed to macrophages when analysed by immunofluorescent staining®2282%,
This issue is not restricted to the NT193 model, with F4/80 being commonly used as a sole

276277 or MACS isolations of macrophages?®’®. Therefore,

marker of macrophages for imaging
the usage of additional markers to define macrophages should be considered when using the
NT193 or other murine breast cancer models in the future. How eosinophil presence might

influence the previously described macrophage findings in the NT193 tumour model is further

studied in Chapter 5.

Because eosinophils are otherwise reported to be a rare type of TlLs, mouse models

51 25,170 5240

overexpressing IL- or intraperitoneal injections of IL- are being used in order to
induce eosinophil infiltration and enable their further study. However, the NT193 model has a
naturally high level of eosinophils and thus represents a great tool for studying eosinophils in
wild-type animals without affecting other parts of immune responses through unphysiological
levels of IL-5. Whether the NT193 tumours possess higher levels of IL-5 compared to the 4T1
or EO771 tumours was not investigated; however, IL-5 levels could be assessed by Enzyme-

Linked Immunosorbent Assay (ELISA) of tumour supernatants in future experiments.

Following the surprising finding of eosinophil infiltration in NT193 tumours, eosinophil
presence was investigated in 2 other well-established murine breast cancer models — E0771
and 4T1 on C57/BI6 and Balb/c background, respectively. As expected, eosinophils represent
up to 3% of all TILs in E0771 tumours 18-22 days post engraftment (Figure 3.4A)'*°. These
findings also fit well with the C57/BI6 mouse model known to be skewed towards stronger Th1

immune responses®®. However, eosinophils represented around 10% of all TILs in 4T1
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tumours (Figure 3.4A). While this is not matched with the published data reporting eosinophils
below 1% of all TILs'®, similar levels were previously reported in a publicly available thesis®*°.
Because of these discrepancies with the literature and neutrophils are known to express
Siglec-F, eosinophil cell identity was confirmed in 4T1 tumours by comparison of eosinophil
peroxidase expression to mRNA levels, surface expression of canonical eosinophil markers
and morphology of other myeloid cell types to confirm their cell identity (Figure 3.4). These
data collectively prove that eosinophils are an overlooked population in certain orthotopically

engrafted mammary tumours.

3.4.1 Selection of Ly6C marker to define eosinophil subpopulations

Despite known eosinophil infiltration in breast tumours, there is currently no available dataset
describing their phenotypical adaptation on transcriptomic or translational levels in this
disease. Ly6C glycoprotein, commonly used as a marker of monocytes or short-lived CD4+ T
cells, has clearly defined 2 populations of eosinophils in NT193 tumours, using spectral flow
cytometry (Figure 3.5C and D). Ly6C receptor, encoded by Ly6c71 and Ly6c2 genes, is a
member of the lymphocyte antigen-6 family (Ly6) of GPl-anchored proteins, with currently no
known human ortholog®®. The functional role of Ly6C on cell types defined by its expression
is currently unknown, even though Ly6C expression was suggested to be regulated by type |
and |l interferons and IL-27 on CD4 and CD8 T-cells?*°. Eosinophil plasticity was recently
investigated in the context of colorectal cancer, and two eosinophil subsets matched in murine
and human scRNA-seq analysis were described, both differing from control eosinophils by
their response to interferon gamma (IFNy)'°. However, in that study, eosinophils were
analysed by scRNA-seq without pre-sorting for Siglec-F+ cells as part of all CD45+ cells.
Further transcriptomic analysis of this data set revealed that even though Ccr3 expression
was recognised to be upregulated in the cluster that was assigned eosinophil identity, Siglecf
or Adgre1 (F4/80) gene transcripts were not detectable. Therefore, Ly6c1 and Ly6c2 gene

expression was not further investigated in this dataset.
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Ly6C surface expression, or Ly6¢c1 and Ly6¢c2 gene expression can be observed in publicly
available datasets focusing on eosinophil biology, however, it was previously not used as a
cluster-defining marker. Ly6c2 is in the top 100 markers for immature and progenitor
eosinophils present in the bone marrow and blood of IL5-Tg mice'®®. In a recent study,
eosinophilopoiesis occurring in murine bone marrow was described to consist of 4 maturation
stages. Ly6C protein is one of the 6 most overexpressed surface receptors during stage Il and
Il of eosinophilopoiesis, and is detected among the top gene markers for stage |l
maturation®®. Furthermore, in a systematic review analysing publicly available bulk RNAseq
data of tissue-resident eosinophils from bone marrow, lung, and gastrointestinal tract together
with bone marrow-derived cultured eosinophils, the Ly6C2 gene is detected as differentially
expressed in each comparison performed, with the highest expression recorded in cultured

and tissue-resident bone marrow eosinophils?®'

. Overall, Ly6C expression on both mRNA and
protein levels in eosinophils is well documented and under homeostatic conditions seems to

be regulated during eosinophil differentiation.

While other eosinophil markers important for eosinophil survival and migration, such as CCR3
or IL-5Ra, were investigated by flow cytometry (Figure 3.5C), the levels of their expression
were not usable for distinguishing different eosinophil subsets. Therefore, this work further
focused on understanding the regulation and functional differences between Ly6C+ and Ly6C-

eosinophils in the TME.

3.4.2 Ly6C is an important marker for eosinophil maturity/differentiation

Ly6C+ eosinophils represent 95% of all eosinophils at an early time point of tumour
development and this subset was reduced to around 50-70% 18 days post-engraftment in both
NT193 and E0771 tumours (Figure 3.5 E and F). As discussed above, Ly6C was previously
linked with eosinophil differentiation. Therefore, | hypothesised that the Ly6C- population

appearing at later stages of tumour development is derived from Ly6C+ eosinophils infiltrating
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the tumours early on. In favour of this hypothesis, eosinophils in the bone marrow and blood
of the corresponding mice on day 18 of tumour development were exclusively Ly6C+. As the
half-life of eosinophils in circulation can be as short as 3 hours?® and all circulating eosinophils
were found to be Ly6C+, it is unlikely that Ly6C- eosinophils are infiltrating tumours straight
from circulation on day 18 of tumour growth. Furthermore, even though there is a minor tissue-
resident population of eosinophils in mammary fat pads expressing relatively high levels of
Ly6C compared to other lymphocytes (Figure 3.8A), eosinophils are not known to be
proliferating out of bone marrow and therefore resident eosinophils are a minor contribution to
the eosinophilic population observed during tumour progression. Additionally, the isolation of
Ly6C+ tumour-infiltrating eosinophils and their culture under homeostatic IL-5-rich conditions
led to the downregulation of Ly6C (Figure 3.9). It is important to notice that IL-5 shares a

3283

common B-chain receptor with GM-CSF and IL- and therefore IL-5 might not be an

exclusive factor supporting this transition in tissue.

Tracking the development of eosinophils derived from bone marrow progenitors has revealed
that Ly6C is not only an important differentiation marker in TME but that in combination with
the CCR3 receptor distinguishes 4 different stages of eosinophilopoiesis ex vivo (Figure 3.10).
These results are of particular importance as the well-established protocol for bone marrow-
derived eosinophil culture leading to these results was used to draw conclusions based on a
number of assays such as 1) response of eosinophils to cytokines analysed by bulk RNA
sequencing'®®, 2) studying effect of gene knockouts on eosinophil development®®*, and 3)

tracking eosinophil migration post in vivo transfer?®®

— all using Siglec-F+ cells as a
homogenous population on day 14 of culture. However, Siglec-F+ cells on day 14 consist of
four eosinophil subsets, differing by their granularity and presumably with different migration
abilities based on the diverse expression of the CCR3 eotaxin receptor. Altogether, this is likely
to impact the results of these assays in an unpredictable manner, and further characterisation

of these clusters and their responses to cytokine stimulation is described in more detail in

Chapter 4.
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Finally, data in this chapter suggest that the lungs of mice bearing breast cancer metastasis
induced by E0771 and 4T1 also present with reduced levels of Ly6C+ eosinophils, with
preliminary data linking this phenotype to more advanced disease. However, analysis of the
bulk RNAseq dataset of eosinophils isolated from healthy and PyMT metastatic lungs of
C57/BI6 wild-type mice did not confirm differential expression of Ly6c1 or Ly6c2 between these
2 conditions'®®. Therefore, a thorough analysis with more biological replicates in each of these
tumour models inducing lung metastasis would be needed to understand the adaptation of

eosinophils to the metastatic TME.

3.4.3 Loss of cytotoxic properties in Ly6C- eosinophils

Eosinophil infiltration did not correlate with tumour sizes in the NT193 model (Figure 3.6A),
however, higher infiltration of Ly6C+ eosinophils is linked with smaller tumour weights (Figure
3.6B). Ly6C+ eosinophils sorted from late tumours were also more granular and cytotoxic in
direct co-cultures with the NT193 cancer cell line (Figure 3.6 C-J). However, lower granularity
and cytotoxicity of Ly6C-eosinophils might not be directly indicative of the eosinophil role in
tumour progression in all cases. The TME of subcutaneous MC38 colon cancer also shapes
eosinophils into a less degranulated phenotype, when compared with circulating eosinophils
from the same C57/BI6 mice'®, but in this model, depletion of eosinophils resulted in greater
tumour sizes. Therefore, decreased granularity might also be interpreted as capturing
eosinophils that had already degranulated in the TME and contributed to the anti-tumorigenic
response. It would be interesting to know the Ly6C status of eosinophils in the MC38 tumours
and whether they are also transitioning into the Ly6C- state or maintain the proposed active

Ly6C+ phenotype during the whole study.

Supporting the hypothesis of tumour-infiltrating eosinophils being directly cytotoxic in our in

vivo model is also the fact that systemic depletion of eosinophils in FVB mice bearing NT193
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tumours resulted in increased tumour weight (Figure 3.12G, H). As mentioned before,
eosinophil depletion was not previously not observed to alter the tumour growth in other
murine models of primary breast cancer'8*18.1% |t js possible that this is due to the lower
eosinophil prevalence in the orthotopic 4T1 and EO0771 models or the spontaneous KEP
model; however depletion of highly prevalent eosinophil population in NT193 tumours pointed
to eosinophil cytotoxicity. In the experiment with the NT193 model, eosinophils were depleted
on the day of the tumour engraftment, therefore, tumours developed in the absence of all
eosinophils, predominantly Ly6C+ cytotoxic eosinophils representing up to 95% of all
eosinophils until day 7. It is therefore possible that TME actively shapes eosinophils into a less
active Ly6C- state and evades the eosinophil cytotoxicity even in eosinophil-rich tumours.
However, testing of eosinophil depletion treatment during late stages of development was not
possible as tumours were reaching the humane endpoint on day 18 when Ly6C- eosinophils

were becoming more prevalent.

In agreement with the ex vivo cell killing assays from the NT193 tumours, Ly6C+ bone marrow-
derived eosinophils of C57/BI6 mice were more granular and cytotoxic than the Ly6C-
eosinophils (Figure 3.11). While this experiment does not recapitulate the complexity of the
TME-shaped eosinophils, it provides evidence that in a controlled environment, Ly6C-
eosinophils derived from the Ly6C+ subset are losing their cytotoxic properties. These data
collectively suggest that breast TME actively shapes eosinophils into a less active state
incapable of cell killing and that Ly6C might be one of the markers indicating the functional
change of these eosinophil subsets. To further investigate how breast TME shapes eosinophils
on a functional level, a comparison of the cytotoxicity of circulating to the tumour-infiltrating
eosinophils would be necessary. However, such an experiment was not performed as

eosinophils represent a minor population in the blood of all tested models using wild-type mice.
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To more comprehensively compare these 2 newly described subsets with eosinophil
phenotypes reported in the literature, a detailed characterisation of Ly6C+ and Ly6C-

eosinophils was performed and is described in Chapter 4.
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3.5 Appendix

Appendix Table 3.1 Flow cytometry panel used for the SUnSET in vivo experiments

Fluorochrome Marker Clone Manufacturer Cat. No. Dilution (1:x)
Blue I‘.|ve/dead ThermoFisher L23105 400
fixable dye
Pacific blue F4/80 BMS8 BiolLegend 123124 100
BV510 MHC-II M5/114.15.2 BioLegend 107635 200
BV605 CD206 C068C2 BioLegend 141721 200
BV650 CD86 GL-1 BioLegend 105035 200
BV785 Ly6C HK1.4 BioLegend 128041 200
PerCP-Cy5.5 CD11b M1/70 BioLegend 101227 200
AF488 Puromycin 12D10 Sigma-Aldrich MABE-343 200
PE CD11c N418 BioLegend 117307 200
PE-Dazzle 594 CD4 GK1.5 BioLegend 100455 200
APC MHC-I 34-1-2S BioLegend 114713 200
AF700 CD45 30-F11 BioLegend 103127 200
Appendix Table 3.2 Flow cytometry panel used for eosinophil opt-SNE analysis
Fluorochrome Marker Clone Manufacturer Cat. No. Dilution (1:x)
BUV395 CX3CR1 ZM-50 BD Biosciences 567821 100
Blue Live/dead ThermoFisher 123105 400
fixable dye
BUV563 IL33r (ST2) U29-93 BD Biosciences 749324 100
BUV737 CCR5 C34-3448 BD Biosciences 749670 100
BUV805 CD44 IM7 BD Biosciences 741921 200
Pacific blue F4/80 BMS8 BiolLegend 123124 100
BV510 MHC-II M5/114.15.2 BiolLegend 107635 200
BV605 CD206 C068C2 BioLegend 141721 200
BV650 Ly6G 1A8 BioLegend 127641 200
BV785 Ly6C HK1.4 BioLegend 128041 200
FITC CXCR2 SA044G4 BioLegend 149309 200
PerCP-Cy5.5 CD11b M1/70 BiolLegend 101227 200
PE CD86 A17199A BiolLegend 159203 200
AF594 CD11c N418 BiolLegend 117346 200
PE-Cy7 IL5Ra DIH37 BiolLegend 153407 100
APC Siglec-F S17007L BiolLegend 155508 200
AF700 CD45 30-F11 BiolLegend 103127 200
APC-Cy7 CCR3 JO73E5 BiolLegend 144528 100
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Appendix Table 3.3 Flow cytometry panel used for mCherry-niche labelling experiments in vivo

Fluorochrome Marker Clone Manufacturer Cat. No.  Dilution (1:x)
Blue I._ive/dead ThermoFisher L23105 400
fixable dye
BUV563 IL33r (ST2) U29-93 BD Biosciences 749324 100
BUV737 CCR5 C34-3448 | BD Biosciences 749670 100
BUV805 CD44 M7 BD Biosciences 741921 200
Pacific blue F4/80 BMS BiolLegend 123124 100
BV510 MHC-II M5/114.15.2| BiolLegend 107635 200
BV605 CD206 C068C2 BioLegend 141721 200
BV650 Ly6G 1A8 BioLegend 127641 200
BV785 Ly6C HK1.4 BioLegend 128041 200
GFP tumour
PerCP-Cy5.5 CD11b M1/70 BioLegend 101227 200
PE Siglec-F E50-2440 | BD Biosciences 552126 200
mCherry tumour/niche
PE-Cy7 CD64 X54-5/7.1 BioLegend 139313 200
AF700 CD45 30-F11 BioLegend 103127 200
APC-Cy7 CCR3 JO73E5 BioLegend 144528 100
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Figure S1. Gating strategies used to analyse flow cytometry data. Myeloid populations in following
tissues were analysed (A) mammary fat pad, (B) bone marrow, (C) blood, (D) tumours on both day 7

and day 18.
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4.1 Introduction

The spectral flow cytometry analysis of tumour-associated eosinophils in Chapter 3 revealed
two subsets of eosinophils distinguished by the expression of the Ly6C glycoprotein. Ly6C+
eosinophils infiltrated tumours early during tumour development and presented with a more
cytotoxic phenotype, while Ly6C- eosinophils differentiated from the Ly6C+ subset in the
progressing tumour microenvironment (TME) and lost their anti-tumorigenic properties. It is
currently known that 1) eosinophils are highly plastic cells adapting their phenotype to the local
tissue niche'?®, and 2) direct eosinophil cytotoxicity towards cancer cells can be enhanced by
various stimuli, such as IFNy'"". How different eosinophil subsets respond to the progressing
TME milieu and how these interactions shape eosinophil cytotoxicity remains unclear. The first
part of this chapter is therefore focused on gaining a deeper understanding of differences
between Ly6C+ and Ly6C- eosinophils and identifying potential drivers of the enhanced

eosinophil cytotoxicity in the Ly6C+ subset.

To this end, both Ly6C+ and Ly6C- eosinophils were analysed by bulk RNA-sequencing and
analysis of the transcriptomic dataset revealed responsiveness to interferons (IFNs) among
the most upregulated pathways in Ly6C+ eosinophils. Following these results, the next part of
this chapter focuses on validating these findings. A series of experiments utilising ex vivo IFN
stimulation of tumour-associated and bone marrow (BM)-derived eosinophils 1) confirmed the
enhanced responsiveness of Ly6C+ eosinophils to interferons, 2) characterised the broader
effects of IFNs on both subsets of eosinophils and 3) suggested that IFN stimulation enhances
cytotoxic activity of Ly6C- tumour-associated eosinophils and both Ly6C+ and Ly6C- BM-
derived eosinophils. Therefore, | next sought to examine how and if IFNs regulate the

dynamics and phenotype of these two eosinophil states in vivo.

Because immune checkpoint blockade (ICB) treatment is known to induce IFN-rich TME
during a successful response phase?®, eosinophils play an important role in response to
ICB'®, and Ly6C+ eosinophils are responsive to IFNs, this raises multiple questions: a) does

eosinophil cytotoxicity depend on IFNs in vivo, b) does the absence or abundance of IFNs
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shift proportions of Ly6C+ eosinophils and c) how does successful ICB response affect
eosinophil phenotype? To answer some of these questions, the second part of this chapter is
aimed at regulating levels of IFNs in TME by using the NT193 murine model of breast cancer.
First, IFNs were neutralised (anti-IFN) during the whole NT193 tumour growth and the effect
on eosinophils was examined by flow cytometry and ex vivo cytotoxic assays, which
suggested reduced cytotoxic abilities of eosinophils in the anti-IFN treated mice. Afterwards,
the tumour-associated eosinophil phenotype was characterised after successful ICB
treatment. Although the ratio of Ly6C+ eosinophils did not change, Ly6C+ eosinophils

presented with an increased degranulation and activation marker phenotype.

Lastly, the relevance of these eosinophil findings for human diseases was examined. Despite
the evidence that an eosinophil gene signature correlates with improved overall survival in

135160 a study using histological detection of eosinophils in tumour

breast cancer patients
microarrays (TMAs) of 576 treatment naive patients reported low eosinophil infiltration'?,
Understanding this discrepancy is particularly important, as eosinophils play a role in

B'841%9 and radiotherapy'®® treatment response in human and murine studies.

maintaining IC
To understand if TMA-based studies might be underestimating eosinophil presence, full
tumour sections of a small group of 48 breast cancer patients were analysed with anti-
eosinophil peroxidase immunohistochemistry staining. This analysis revealed that TNBC
patients with local recurrence had a higher density of eosinophils compared to the primary

tumours, with the eosinophil accumulation occurring at the periphery of the tumours, partially

explaining why eosinophils can be easily missed in other studies analysing TMAs.

In summary, this chapter provides a more comprehensive understanding of the Ly6C+ and
Ly6C- eosinophil subset differences, reveals a specific interferon signalling in Ly6C+
eosinophils and points to the potential of activating eosinophil cytotoxicity during ICB
treatment. Additionally, the data in this chapter provide new evidence of eosinophil infiltration

in locally recurrent TNBC patients.
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4.2 Results

4.2.1 Bulk RNA sequencing of tumour-associated eosinophils reveals an IFN-
responsive signature in the Ly6C+ subset

The first aim of this chapter was to complement the phenotypic and functional characterisation
of tumour-associated eosinophils (TAE) described in Chapter 3 by exploring the transcriptional
differences between Ly6C+ and Ly6C- subsets of eosinophils. Therefore, both subsets of TAE
(CD11b+, Siglec-F+, Ly6G-) were FACS sorted from NT193 tumours on day 18 post-
engraftment and examined by an ultra-low input RNA sequencing (bulk RNA-seq) method,
suitable for capturing mRNA signatures of a small number of cells with low yield of mRNA
(Figure 4.1A and B). Principal component analysis of the bulk RNA-seq results revealed a
clear separation between Ly6C+ and Ly6C- eosinophils (Figure 4.1C). Furthermore,
differential gene expression analysis (DESeq2) of these two eosinophil subsets identified 112
differently expressed genes (DEGs) (logFC > 1, p-value < 0.05). Of these DEGs, 37 were
downregulated and 75 were upregulated in Ly6C+ eosinophils compared to the Ly6C- subset
(Figure 4.1D, Appendix Table 4.1). Notably, the Ly6c2 gene was among the most significantly
upregulated genes in Ly6C+ eosinophils, validating the increased expression of Ly6C

observed by flow cytometry (Figure 4.1D).

Even though both eosinophil subsets were FACS sorted as CD11b+, Siglec-F+, Ly6G-
ensuring of the high purity of eosinophils, potential contamination on the transcriptional level
by other cell types was investigated by comparing normalised gene counts of a manually
curated gene panel focused on different cell identities (Appendix Table 4.2). As expected,
genes associated with eosinophils (Siglecf, Ccr3, Adgre1 (F4/80), ltgam (CD11b)) were all
highly expressed across all eosinophil samples (Figure 4.2E). In comparison, genes
commonly associated with macrophages (Cd68, Mrc1, Cd86), monocytes (Cx3cr1, Ccr2),
dendritic cells (FIt3, Siglech), neutrophils (Cd177, S100a8, S100a9), lymphocytes (Cd3e,
Cd79a), and stromal cells (Pdgfra, Pdgfrb, Pecam1) were detected at low levels (Figure 4.2E).

Although there is a moderate expression of Cd68 and Mrc1 markers, the strong expression of
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Siglecf and Ccr3, and the absence of the macrophage/monocyte lineage marker Cx3cr1

confirms the high purity of the sorted eosinophil population.

Interestingly, /l5ra, the receptor of IL5, which is essential for eosinophil survival?®’ and a
common marker for identifying eosinophils in transcriptomic datasets'?, was present at lower
levels compared to Siglecf, based on normalised counts. However, further analysis confirmed
its expression above 2000 normalised counts, a level well above typical low-expression
thresholds used in RNA-seq analyses and indicative of a robustly expressed gene.
Additionally, genes encoding eosinophil granule proteins were excluded from this analysis as
their mMRNA expression is known to be uncoupled from the protein levels®'%, as later

discussed in section 4.3.2.

Overall, these results confirmed eosinophil identity of all sequenced samples at the
transcriptomic level, validated the high Ly6C expression observed by flow cytometry in the
Ly6C+ eosinophil subset, and pointed to robust transcriptional differences between Ly6C+ and

Ly6C- eosinophils.
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Figure 4.1. bulk RNA sequencing analysis of NT193 tumour-associated Ly6C+ and Ly6C-
eosinophils. (A) Overview of the experimental set-up. The NT193 cancer cell line was grafted into the
4™ mammary fat pad of FVB female mice; on day 18, tumours (n = 3) were harvested, and Siglec-F+

130



CD11b+ eosinophils were sorted based on their expression of Ly6C receptor. Ly6C+ and Ly6C- sorted
eosinophils were then processed and analysed by bulk RNA sequencing. (B) Representative image of
the gating strategy applied to sort Ly6C+ and Ly6C- eosinophils. (C) Visualisation of principal
components (PC) 1 and 2 of PCA analysis performed on all sequenced samples after DESeq2
normalisation. Each point represents an individual sample, colour-coded by experimental condition as
indicated - Ly6C+ (red) and Ly6C- (blue). (D) Volcano plot of differentially expressed genes between
Ly6C+ and Ly6C- eosinophils. Each point represents a gene; all genes are plotted by fold change (log,)
against statistical significance (-log,, adjusted p-value). Significantly upregulated genes in Ly6C+
eosinophils are marked in red, significantly downregulated genes are marked in blue. (E) Heatmap of
normalised gene expression in both eosinophil subsets. Rows represent individual samples and
columns represent genes. Expression levels are colour-coded according to a custom palette.

To understand the gene expression differences in a broader functional context, the bulk RNA-
seq dataset was further analysed by gene set enrichment analysis (GSEA) using the gene
ontology (GO) resource. GSEA analysis identified “response to type Il interferon (IFNy)” and
“response to interferon-beta (IFNB)” as the two most significantly upregulated pathways in
Ly6C+ eosinophils compared to the Ly6C- subset (Figure 4.2A, Appendix Tables 4.3 and 4.4).
Furthermore, this analysis has also identified pathways related to cytotoxicity, such as “killing
of cells of another organism” and “disruption of cells in another organism” among the most
overrepresented pathways in Ly6C+ eosinophils (Appendix Table 4.5). This is in line with the

increased cytotoxic properties of Ly6C+ eosinophils characterised in Chapter 3 (Figure 3.6J).

Genes driving these pathway annotations were further investigated to understand the potential
overlaps of these gene signatures. For this purpose, DEGs recognised in the three most up-
and down-regulated pathways in Ly6C+ eosinophils were extracted (Figure S3), and the
number of shared genes was assessed. The comparison revealed that genes associated with
the response to IFNy, IFNB and cytotoxic pathways (“killing of cells of another organism” and
“disruption of cell in another organism”) were mostly distinct, with only 3 genes (Gbp2, Gbp2b,
Gbp3) being shared between all of these gene sets (Figure 4.2B). In contrast, genes involved
in mesonephric epithelium, ureteric bud, and renal tubule development, overrepresented in
Ly6C- eosinophils, showed substantial overlap (Figure 4.2C, Appendix Tables 4.6,4.7), with
an absolute match observed between gene sets of "mesonephric epithelium development’
and “ureteric bud development’ pathways (Appendix Table 4.7). Because pathways related to

the tubule development consisted of a low number of genes and were not directly related to
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the TME eosinophil biology, the further analysis focused on the IFN-related pathways and their

potential relevance to eosinophil cytotoxicity of the Ly6C+ phenotype.
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Figure 4.2. Gene set enrichment analysis based on the GO resource. The NT193 cancer cell line
was grafted into the 4" mammary fat pad of FVB female mice on day 18, tumours (n=3) were harvested,
and Siglec-F+ CD11b+ eosinophils were sorted based on their Ly6C surface expression. Ly6C+ and
Ly6C- sorted eosinophils were then processed and analysed by bulk RNA sequencing. (A) Gene Set
Enrichment Analysis (GSEA) using Gene Ontology (GO) database was performed using ranked gene
expression data. Genes were ranked by differential expression and converted to Entrez IDs before
enrichment testing across all GO categories (Biological process, Molecular function, and Cellular
component). Enriched pathways were identified based on normalised enrichment scores (NES) and
adjusted p-values (adjusted p-value < 0.05). The dot plot displays the top significantly enriched GO
terms for upregulated (NES>0) and downregulated (NES<0) gene sets in Ly6C+ eosinophils, dot size
represents the number of genes in each pathway and dot colour intensity indicates statistical
significance (adjusted p-value). (B and C) Venn diagrams comparing gene overlaps of the three most
upregulated (B) and downregulated (C) pathways in Ly6C+ eosinophils.

4.2.2 Validation of bulk RNA sequencing data

Following the DEG and GO-based GSEA analyses, | aimed to validate the identified key
transcriptomic changes at the protein level. To do this, | first compared an expression of two
receptors that were present in both the transcriptomic dataset and the flow cytometry panel

detailed in Table 3.2.

I11rl1 gene, which encodes the IL-33 receptor (IL33r), was identified to be overexpressed in
Ly6C- eosinophils based on normalised counts (p-value = 0.08) (Figure 4.3A). Therefore, IL-
33r expression was analysed on NT193 infiltrating eosinophils by flow cytometry. First, Ly6C+

and Ly6C- eosinophils were identified as described in Chapter 3, section 3.2.3. [133r+
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eosinophils were gated based on Fluorescence minus one (FMO) control, and the proportion
of Ly6C- IL33r+ eosinophils to the parental Ly6C- population was compared with the proportion
of Ly6C+ IL33r- eosinophils to the parental Ly6C+ population (Figure 4.3B). In line with the
transcriptomic data, Ly6C- IL33r+ population was significantly more prevalent compared to

the Ly6C+ IL33r+ subset.

In contrast, to validate a receptor overexpressed on Ly6C+ eosinophils, major
histocompatibility complex class Il (MHC Il) was selected as it was present in both bulk RNA-
seq data and flow cytometry analysis. H2-Aa and H2-Eb1, which encode the MHC II, were
both overexpressed in Ly6C+ eosinophils, with H2-Aa overexpression being statistically
significant (Figures 4.3D and E). Consistent with these findings, flow cytometry analysis of
MHC-II+ eosinophil subsets identified based on FMO controls (Figure 4.3F) showed a higher
prevalence of Ly6C+ MHC-II+ eosinophils compared to the Ly6C- MHC-II+ subset, both gated
on their respective parental populations (Figure 4.3G). These data collectively suggest that
the transcriptional differences are reflected on a protein level to a certain extent, beyond the

Ly6C overexpression used for FACS sorting.
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Figure 4.3. Validation of bulk RNA sequencing data on the protein level. The NT193 cancer cell
line was grafted into the 4™ mammary fat pad of FVB female mice, on day 18, tumours were harvested
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and Siglec-F+ CD11b+ eosinophils were sorted based on their Ly6C surface expression. Ly6C+ and
Ly6C- sorted eosinophils were then processed and analysed by bulk RNA sequencing (n = 3) or flow
cytometry (n = 5). (A) Normalised counts for //1r/1 (IL-33 receptor) extracted from bulk RNA-seq dataset
of Ly6C+ and Ly6C- eosinophils. (B) Representative gating strategy for identifying IL33r+ eosinophils
by flow cytometry based on IL-33R fluorescence minus one (FMO) staining. (C) Comparison of the
prevalence of IL33r+ Ly6C+ and IL33r+ Ly6C- eosinophils identified by flow cytometry. (D and E)
Normalised counts for H2-Aa (D) and H2-Eb1 (E), both encoding MHC-II, extracted from bulk RNA-seq
data of Ly6C+ and Ly6C- eosinophils. (F) Representative gating strategy for identifying MHC-I1+
eosinophils by flow cytometry using MHC-II FMO staining. (G) Comparison of the prevalence of MHC-
[+ Ly6C+ and MHC-II+ Ly6C- eosinophils identified by flow cytometry. Separate NT193 tumours were
used for flow cytometry validation (n = 5); flow cytometry data are representative of 3 independent
experiments. Data show individual values and were analysed by a two-tailed paired Student’s t-test.

To further validate the upregulation of interferon (IFN) signalling pathways in Ly6C+
eosinophils, both Ly6C+ and Ly6C- eosinophils were FACS-sorted from NT193 tumours on
day 18 post-engraftment, stimulated ex vivo with IFNy or IFN@ in the presence of IL-5, and
compared to control tumour eosinophils cultured in the presence of IL-5 exclusively (Figure
4.4A). Because the expression of PD-L1 receptor is known to be regulated by IFNs through
the JAK-STAT signalling pathway®®, PD-L1 was selected as a main marker of IFN
responsiveness in this assay. Following stimulation with IFNy or IFNB, Ly6C+ eosinophils
showed a significantly greater fold increase of PD-L1 expression compared to the Ly6C-
eosinophils (Figure 4.4 B and C). MFI of IFNy receptor (IFNGR2) and receptor for IFNB
(IFNAR1) were assessed by flow cytometry, however, low MFI signal for both was detected at

baseline (Figure S4A), indicating their potential internalisation.

These data are in line with the observed increased responsiveness of Ly6C+ eosinophils to
IFNs and further validate the transcriptomic dataset on a protein level. Therefore, the
downstream analyses in this chapter focus on understanding the broader effects of IFN
stimulation of both subsets and investigating the potential link to increased cytotoxic properties

of Ly6C+ eosinophils.
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Figure 4.4. Measuring response of Ly6C+ and Ly6C- eosinophils by PD-L1 expression. (A) Overview of the
experimental plan. FVB mice were orthotopically grafted with the NT193 cell line, tumours (n =5) were harvested
on day 18 post-engraftment and Ly6C+ and Ly6C- eosinophils were isolated by FACS sorting. Both subsets of
eosinophils were afterwards incubated with IFNy or IFNB in the presence of IL-5, or cultured in the absence of
IFNs in the presence of only IL-5. All treatment groups were analysed with flow cytometry. (B, C) Fold change
difference of PD-L1 expression of Ly6C+ and Ly6C- eosinophils treated with IFNy (B) or IFNB (C) to matched Ly6C+
and Ly6C- eosinophils cultured in the absence of IFNs (IL-5 controls). Data show individual values and mean + SD
and were analysed by two-tailed unpaired Student’s t-test. Statistical significance is displayed on figures as
follows: *p < 0.05, **p < 0.01, ***p<0.001, ****p<0.0001. Data are representative of 2 independent
experiments.

4.2.3 IFN stimulation of eosinophils ex vivo leads to re-expression of Ly6C and
degranulation

To investigate the effects of IFNs on eosinophil activation, Ly6C+ and Ly6C- eosinophils
infiltrating NT193 tumours were FACS-sorted, and IL-5 cultured eosinophils were left
untreated or treated with IFNy or IFN(, as described in section 4.2.2 (Figure 4.4A). Cells were
analysed by flow cytometry (Figure 4.4A) using a panel of markers previously associated with

eosinophil activation, maturity and IFN signalling.

Briefly, granularity (SSC-A) was assessed as a proxy for degranulation, with reduced
granularity interpreted as a result of active degranulation in the presence of IFNs and therefore
suggesting increased cytotoxicity. CD63, also known as LAMP-3 is a transmembrane protein
involved in vesicular transport. Detection of CD63 by surface staining indicates release of
granules with membrane-bound CD63 and, therefore, was included as a second marker of
eosinophil degranulation®®. Siglec-F was included as a marker of maturity®®'%%; however, as
Siglec-F is also an apoptotic marker, it is possible that stimulation by IFNs might also lead to
its internalisation. Lastly, CCR3, Ly6C, MHC-I, MHC-Il, and PD-L1 were used as indirect
markers of IFN responsiveness; CCR3 was previously shown to be internalised following IFN

signalling®®. In contrast, Ly6C is known to be upregulated upon IFNy stimulation on certain
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cell types, such as T-cells’® and MHC-I, MHC-Il and PD-L1 are also known to be induced by

288,291,292

IFN signalling

Stimulation of FACS-sorted eosinophils with either IFNy or IFNB reduced the viability of both
eosinophil subsets to a similar extent (Figure 4.5A), indicating an IFN sensitivity of TAE ex
vivo. Viable eosinophils were further analysed and a significant decrease in granularity of
Ly6C+ eosinophils was observed following IFNy but not IFNB exposure (Figure 4.5B). In
contrast to this, IFNs did not affect the granularity of Ly6C- eosinophils (Figure 4.5B). These
results suggested potential degranulation of Ly6C+ eosinophils upon IFNy stimulation,

therefore, levels of CD63 were further investigated.

Ly6C+ and Ly6C- eosinophils stimulated with either IFNy or IFN@ presented with a reduced
median fluorescence intensity of CD63 compared to control IL-5 treated eosinophils (Figure
4.5C). The combination of a) lower granularity suggesting degranulation caused by IFNy and
b) the diminished presence of CD63 on the surface, suggests a potential decoupling of the
surface CD63 presence and release of the granules in this context. It is also possible that IFNy
causes cytolytic degranulation. However, these eosinophils would not be viable and, therefore,
would be mostly excluded from this analysis. Additionally, the Siglec-F signal was reduced in
both subsets following IFNy but not IFNB stimulation (Figure 4.5D). Whether this reflects
internalisation or a downregulation would have to be further investigated by qPCR to
understand the relevance of this change. Internalisation of receptors could also be
investigated by intracellular flow cytometry staining, however, this experiment was not

performed due to the non-specific intracellular staining problems discussed in section 3.3.1.

In agreement with the literature, CCR3 was downregulated in both eosinophil subsets
following IFNy and IFNB stimulation (Figure 4.5E). Furthermore, Ly6C expression was
upregulated in response to both IFNs, with the overexpression being more dominant after

IFNB stimulation (Figure 4.5F). Finally, as discussed previously, interferons are potent
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inducers of MHC-I, MHC-II and PD-L1 expression. As expected, all three of these receptors

were significantly upregulated following both IFNy and IFN stimulation (Figure 4.5G-I).

As mentioned above, IFN stimulation led Ly6C- eosinophils towards re-expression of the Ly6C
glycoprotein (Figure 4.5F). Therefore, differences in Ly6C expression between these two
subsets were further investigated to understand if IFNs have the potential to reverse the Ly6C-

eosinophils back to a more “Ly6C+ —like” state.
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Figure 4.5. Effect of IFN stimulation on Ly6C+ and Ly6C- tumour-associated eosinophils ex vivo.
FVB mice were orthotopically grafted with the NT193 cell line, tumours (n =5) were harvested on day
18 post-engraftment and Ly6C+ and Ly6C- eosinophils were isolated by FACS sorting. Both subsets of
eosinophils were afterwards incubated with IFNy or IFNB in the presence of IL-5, or cultured in the
absence of IFNs in the presence of only IL-5. All treatment groups were analysed with flow cytometry.
(A-F) Comparison of Ly6C+ and Ly6C- eosinophils after incubation with IL-5 (grey), IL-5+ IFNy (+IFNy,
yellow), and IL-5 + IFNB (+IFNB, green), as indicated. (A) Proportion of viable eosinophils to total cell
population. (B) Median side-scatter values of viable eosinophils. Median fluorescence intensity of (C)
CD63, (D) Siglec-F, (E) CCR3, (F) Ly6C, (G) MHC-I, (H) MHC-II, and (I) PD-L1 on viable eosinophils.
Data show individual values and mean + SD and were analysed by one-way ANOVA test using Holm-
Sidak correction for comparison of IFN treatments to IL-5 control group, or two-way ANOVA using Holm-
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Sidak correction for comparison of viability between all groups. Statistical significance is displayed on
figures as follows: *p < 0.05, **p < 0.01, ***p<0.001, ****p<0.0001. Data are representative of 2
independent experiments.

To understand the extent of Ly6C overexpression upon the IFN stimulation of both Ly6C+ and
Ly6C- eosinophils, both subsets were FACS sorted from NT193 tumours on day 18 and Ly6C
surface distribution was analysed by comparing density plots of a) Ly6C+ eosinophils cultured
in presence of IL-5, and with addition of IFNy or IFNB (Figure 4.6A), and b) Ly6C- eosinophils

cultured in presence of IL-5, and with addition of IFNy or IFNf (Figure 4.6B).

This analysis revealed that following the stimulation with either of the IFNs, a subpopulation
of the Ly6C- eosinophils re-expressed Ly6C receptor to levels comparable with native Ly6C+
eosinophils (Figure 4.6B). Whether these eosinophils with newly re-expressed Ly6C receptor
(Ly6C+"") were phenotypically different from cells that remained Ly6C- was unclear.
Therefore, Ly6C- and Ly6C+"" eosinophils were gated as two separate populations (Figure
4.6B). Afterwards, granularity, CD63, and MHC-II surface expression were compared between
these two newly gated subsets, as these markers were previously shown to be upregulated in
the native Ly6C+ eosinophils compared to Ly6C- TAE (Figure 3.6F&G, Figure 4.3G).
However, this analysis showed that following the IFN stimulation with either of the IFNs, the
Ly6C+"" subset of eosinophils did not differ from Ly6C- eosinophils in terms of granularity

(Figure 4.6C), CD63 (Figure 4.6D), or MHC-II expression (Figure 4.6E).

In summary, while IFNs impact eosinophil viability and induce phenotypic changes related to
activation, based on the selected markers, the re-expression of Ly6C on its own does not
directly lead to recapitulation of the Ly6C+ phenotype. Further experiments are needed with
sorted tumour-associated eosinophils, focused on the potential effect of IFN stimulation on

cytotoxic properties.
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Figure 4.6. Re-expression of Ly6C after IFN stimulation does not translate into a native Ly6C+
phenotype. FVB mice were orthotopically grafted with the NT193 cell line, tumours (n =5) were
harvested on day 18 post-engraftment and Ly6C+ and Ly6C- eosinophils were isolated by FACS sorting.
Both subsets of eosinophils were afterwards incubated with IFNy or IFN in the presence of IL-5, or
cultured in the absence of IFNs in the presence of IL-5 only for comparison. All treatment groups were
analysed by flow cytometry. (A, B) Representative density plots showing Ly6C expression of sorted (A)
Ly6C+ eosinophils and (B) Ly6C- eosinophils under the three culture conditions. (C-E) Comparison of
Ly6C- eosinophils that remained Ly6C- after stimulation with IFNs and Ly6C- eosinophils that re-
expressed Ly6C receptor after IFN stimulation (Ly6C+"" labelled as Ly6C- --> Ly6C+). Comparison of
(C) granularity (SSC-A), and expression of (D) CD63, and (E) MHC-II between Ly6C- and Ly6C+"e¥
subsets after stimulation with IFNy or IFN( as indicated. Data show individual values, are representative
of 2 independent experiments, and were analysed by a two-tailed paired Student’s t-test; statistical
significance is displayed above the figures.

4.2.4 Bone marrow-derived eosinophils as a model to study IFN responses

In Chapter 3, | have established a model of bone marrow (BM)-derived eosinophils that
resemble the Ly6C+ and Ly6C- tumour-associated eosinophils in terms of increased
granularity, CD63 expression and cytotoxicity of the Ly6C+ CCR3+ BM-derived eosinophil
subset. Following the transcriptomic and proteomic signatures pointing to the higher IFN
responsiveness of Ly6C+ eosinophils infiltrating NT193 tumours, my next aim was to

understand if BM-derived eosinophils are capable of recapitulating this phenotype. Therefore,
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BM progenitors were cultured in the presence of FtI3 and mSCF for 4 days and then further
cultured in the presence of IL-5 to allow their maturation until day 18. Afterwards, CCR3+
Ly6C+ and CCR3+ Ly6C- BM-derived eosinophils were FACS sorted and stimulated with a)
IFNy and IL-5, b) IFNB and IL-5, or c) cultured in the presence of IL-5 alone, and analysed by
flow cytometry (Figure 4.7A). Identically to section 4.2.2, expression of PD-L1 was used as a
measurement of response to IFNs. This analysis confirmed that following the stimulation with
either of the IFNs (Figure 4.7B, C), CCR3+ Ly6C+ eosinophils upregulate expression of PD-
L1 to a greater extent than CCR3+ Ly6C- eosinophils, when compared to eosinophils cultured

with IL-5 alone.

The overall fold change difference of PD-L1 expression in bone marrow-derived eosinophils
stimulated with either of the IFNs is visibly higher (up to 100-fold with Ly6C+ eosinophils
stimulated with IFNy), compared to the FACS-sorted TAE (Figure 4.4). This is due to the very
low baseline MFI signal for PD-L1 expression of the naive bone marrow eosinophils,
compared to the TAE eosinophils sorted from the immunosuppressed TME that present with
higher baseline PD-L1 expression and therefore the fold change difference to IFNy and IFN
stimulated eosinophils was lower. Furthermore, expression of IFNGR2 on CCR3+ Ly6C+ and
CCR3+ Ly6C- eosinophils was compared by flow cytometry (Figure S4B). Although CCR3+
Ly6C- presented with slightly increased IFNGR2 MFI, the overall MFI levels were comparable
with the FMO controls. Similarly to the TAE eosinophils (Figure S4A), this could be a result of
internalisation of the IFNGR2 upon engagement. Expression of IFNAR1 was not assessed,

however, it could be interesting to investigate in the future.
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Figure 4.7. Measuring response of Ly6C+ and Ly6C- BM-derived eosinophils by PD-L1
expression. (A) Schematic of experiment, bone marrow cells of C57/BI6 male mice (n = 4) were first
cultured with FItI3 and mSCF for 4 days, then differentiated into eosinophils with IL-5 until day 18 and
CCR3+ Ly6C+ and CCR3+ Ly6C- eosinophils were FACS sorted. Both subsets of eosinophils were
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afterwards incubated with IFNy or IFN in the presence of IL-5, or cultured in the absence of IFNs in
the presence of only IL-5. All treatment groups were analysed by flow cytometry. (B, C) Fold change
difference of PD-L1 expression of Ly6C+ and Ly6C- eosinophils treated with IFNy (B) or IFNB (C) to
matched Ly6C+ and Ly6C- eosinophils cultured in the absence of IFNs (IL-5 controls). Data show
individual values and mean + SD and were analysed by two-tailed unpaired Student’s t-test. Statistical
significance is displayed on figures as follows: *p < 0.05, **p < 0.01, ***p<0.001, ****p<0.0001. Data are
representative of 2 independent experiments.

To further understand if IFNs cause similar phenotypical changes on BM-derived eosinophils,
viability, granularity, CD63, Siglec-F, CCR3, MHC-I, MHC-II, and PD-L1 expression were
compared by flow cytometry following the IFN stimulation. As expected, both IFNy and IFNf
reduced the eosinophil viability by approximately 10% (Figure 4.8A). The viability of Ly6C+
eosinophils was lower compared to the Ly6C- subset cultured with IL-5; this was observed in
3 independent experiments and is in contrast with the viability of Ly6C+ and Ly6C- eosinophils
sorted from tumours (Figure 4.5A). It is unclear why Ly6C+ eosinophils were less viable; one
explanation could be that they carry more granular content and therefore are more prone to

degranulation during the FACS sorting.

Stimulation of CCR3+ Ly6C+ eosinophils with IFNy led to reduced granularity, while no
difference was observed with IFN[, or upon stimulation of Ly6C- eosinophils with either of the
IFNs (Figure 4.8B). Furthermore, as previously observed with sorted TAEs, lower granularity
was not matched to an increase in surface CD63. Both CCR3+ Ly6C+ and CCR3+ Ly6C-
eosinophils presented with lower CD63, Siglec-F, and CCR3 expression after stimulation with
either IFNy or IFNB (Figure 4.8C-E). In contrast, MHC-I, MHC-Il and PD-L1 were all
overexpressed on both Ly6C+ and Ly6C- subsets following either IFNy or IFNB stimulation

(Figure 4.8F-H).

To understand if BM-derived eosinophils also re-express Ly6C receptor as a response to IFN
stimulation, Ly6C distribution was compared on a) CCR3+ Ly6C+ eosinophils cultured in the
presence of IL-5, and with addition of IFNy or IFNB (Figure 4.8l), and b) CCR3+ Ly6C-

eosinophils cultured in the presence of IL-5, and with addition of IFNy or IFN (Figure 4.8J).
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This analysis led to the conclusion that while CCR3+ Ly6C- eosinophils do re-express Ly6C

receptor following the IFN stimulation, this is to a lesser extent compared to Ly6C- IFN

stimulated tumour-associated eosinophils (Figure 4.6B).

CD63
100 100 £ 1300000 2 1200000 £ 100007 gy
0 seokk 0 2 c c
s s = 5 1150000 S sooo kX
£ 8o ¥k £ 80 8 1200000 ] ]
3 —_— ] c c c
S H 8 3 8
H ns o g 8 1100000 g 6000
° - o
S 60 ) S 1100000 S S
i < i i 1050000 T 4000
o o c c c
= S e g 3
40 40 E 1000000 & 1000000 2 2000
VIR VIRCIR
W x«\‘ x«w\ 4 x\"é x«\*
Ly6C+ Ly6C+
D Siglec-F . E CCR3
2> Siglec-F 2>
‘g 400000 %’ 500000 %' o000 CCR3 ‘g 120000 sk
S c skeokk c Sfedkesksk -
g H g £ *ok
® < 450000 £ 1000007 ek < 1000004 —
8 350000 3 il ] — 8
£ e e c
3 S ns S 90000 @
H @ 400000 - @ *¥%k @ 80000
g 4 2 30000 £
S 300000 S S 3
L= iL 350000 20000 iL 60000
c c £ <
S ® 8 8
£ S
S 250000 % 300000 2 60000 2 40000
= RJOPR = LY = s o = o OO
WV
VS VS VES VES
F Ly6C+ Ly6C- G Lyé6C- LVSCI:I
MHC | MHC I MHC I PD-L1
%’ %’ 30000 c %’ 60000 c %' 80000 c %‘
g 5 5 5 S soopo- _*HHX
E E Fx E ek E 70000 kwkk 2 S
- - = 50000 . - gl
8 8 20000 8 * 8 S 60000
2 2 koK 2 £ gooood Ik g
g g $ 40000 3 3
7] 0 7] 0
g 2 £ £ 50000 £ 40000
S S 10000 I S S
t t ': t 40000 t 20000
k] S S S k]
H g o © 20000 2 30000 g o
= VRGN = IRCY = VRO = PR PR = S O 0
\\'X\Q\*x(\* \\«x«\*‘«\* \\/x\Q\*x{(\* \V*\Q\**{(‘\ \V*\Q\X‘\Q\*
Ly6C+ Ly6C- Ly6C+ Ly6C- Ly6C+
Ly6C+ ILS Ly6C+ IFNg Ly6C+ IFNb
Lyec- Ly6C+ 3
105_§ 1%} 105—5
105‘§ 10"; 105‘§
B 1111101111111 1 1 e e (1111011101 1 11 e e O (M 11111011111 e m 111 e 1)
4104 o 10* 10° 108 -10* o 10* 10° 108 -10* o 10 105 108
J Ly6C- IL5 Ly6C- IFNg Ly6C- IFNb
. Ly6C+ Ly6C+ . Ly6C+
1054 0.61%| 108 14% | 106 9.3%
10° 10° 1055
. E
§ 10‘_ |IIIIIIIIHIIIIIIIII TT |I||l|| LRI B 10‘_ |II||II|IHII|I|III| TTTm T T TTT 10‘ |II||I|IIHIIII|III| TTTm T T TTT
5 410° o 10° 108 106 -10° o 10* 108 10° -10* o 10 10° 108
Ly6C

Median Fluorescence Intensity

Median Fluorescence Intensity

CD63 \

4000
3000
2000
1000
[}
S O »
\\'x«k\ x«w\
Ly6C-
PD-L1
80000 ¥k
Aok
60000
40000
20000
0
VRO
Ly6C-

Figure 4.8. Effect of IFN stimulation on Ly6C+ and Ly6C- bone marrow-derived eosinophils ex
vivo. Bone marrow cells of C57/BI6 male mice (n = 4) were first cultured with FItI3 and mSCF for 4
days, then differentiated into eosinophils with IL-5 until day 18 and CCR3+ Ly6C+ and CCR3+ Ly6C-
eosinophils were FACS sorted. Both subsets of eosinophils were afterwards incubated with IFNy or
IFNB in the presence of IL-5, or cultured in the absence of IFNs in the presence of only IL-5. All treatment
groups were analysed with flow cytometry. (A-E) Comparison of Ly6C+ and Ly6C- eosinophils after
incubation with IL-5 (gray), IL-5+ IFNy (+IFNy, yellow), and IL-5 + IFNB (+IFN, green), as indicated.
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(A) Proportion of viable eosinophils to total cell population. (B) Median side-scatter values of viable
eosinophils. Median fluorescence intensity of (C) CD63, (D) Siglec-F, (E) CCR3, (F) MHC-I, (G) MHC-
II, and (H) PD-L1 on viable eosinophils. (I, J) Representative density plots showing Ly6C expression of
sorted (I) Ly6C+ eosinophils and (J) Ly6C- eosinophils under the three culture conditions, as indicated.
Data show individual values and mean + SD and were analysed by one-way ANOVA test using Holm-
Sidak correction for comparison of IFN treatments to the IL-5 control group. Statistical significance is
displayed on figures as follows: *p < 0.05, **p < 0.01, ***p<0.001, ****p<0.0001. Data are representative
of at least 2 independent experiments.

These data collectively prove that both Ly6C+ and Ly6C- subsets of eosinophils isolated from
NT193 tumours or bone marrow culture respond to IFNy and IFNB ex vivo. In both of these
models, Ly6C+ eosinophils are more responsive to IFNs, and present with a more
degranulated phenotype following the IFNy stimulation. IFNy stimulation of peritoneal
eosinophils was previously associated with enhanced cytotoxic properties towards cancer
cells'. Therefore, my next aim was to test whether IFNy and/or IFNB stimulation helps
improve cytotoxicity of tumour-associated or BM-derived eosinophils in direct co-culture with

cancer cell lines.

4.2.5 IFN stimulation enhanced eosinophil cytotoxicity

To test the effect of IFN stimulation on eosinophil cytotoxicity, Ly6C+ and Ly6C- eosinophils
were sorted from NT193 tumours, cultured in the presence of IL-5 and with the addition of
IFNy and IFN or in the absence of IFNs, used in direct co-culture with the NT193 cell line
and apoptosis of NT193 cells was assessed by Annexin-V staining (Figure 4.9A). The NT193
cell line was used because it is of the same genetic background as tumour-associated
eosinophils. While IFN stimulation did not increase cytotoxicity of Ly6C+ eosinophils compared
to IL-5-treated control (Figure 4.9B), Ly6C- eosinophils treated with IFNs were more cytotoxic

compared to Ly6C- eosinophils cultured in the presence of IL-5 alone (Figure 4.9C).

To test the effect of IFN stimulation on eosinophil cytotoxicity of bone marrow-derived
eosinophils, CCR3+ Ly6C+ and CCR3+ Ly6C- eosinophils were sorted on day 18 of bone
marrow culture, cultured with IL-5 in the presence of a) IFNy, b) IFNB, or C) absence of both
IFNs, and afterwards used in a direct co-culture assay with the E0O771 cell line, and apoptosis

of EO771 cells was assessed by Annexin-V staining (Figure 4.9D). The E0771 cell line was
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used because it is of the same genetic background as bone marrow-derived eosinophils. To
control for the baseline apoptosis rate of this cell line, E0771 cells were stained with Annexin-
V in the absence of any eosinophils or IFNs in the culture. As expected, unstimulated CCR3+
Ly6C+ eosinophils were cytotoxic against the EO771 cell line, but no significant increase of
apoptosis of cancer cells was detected when co-cultured with CCR3+ Ly6C- eosinophils.
Furthermore, cytotoxicity of the CCR3+ Ly6C- eosinophils stimulated with either IFNy or IFN[3
was restored to a level matching the unstimulated CCR3+ Ly6C+ eosinophils. Cytotoxicity of
CCR3+ Ly6C+ eosinophils was significantly increased when stimulated with both IFNy and
IFNB compared to unstimulated eosinophils, however, this effect was more pronounced with

IFNB stimulated eosinophils (Figures 4.9 E and F).

In summary, in line with the published literature, IFNy enhanced the anti-tumorigenic activity
of eosinophils ex vivo. Moreover, these results provide evidence that IFNf may be a more
potent activator of eosinophil cytotoxicity than IFNy, which was previously not investigated.
Even though this effect was not as potent when using eosinophils isolated from NT193
tumours. Possible explanations for this difference are discussed in section 4.4.1. Briefly,
eosinophils sorted from tumours were responsive to IFNs on a phenotypical level, however,
their viability was significantly lower compared to BM-derived eosinophils and this has likely
impacted their cytotoxic properties. Therefore, the impact of altered IFN signalling on tumour-

associated eosinophils was investigated in vivo using different treatment regimens.
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Figure 4.9. IFN stimulation of eosinophils ex vivo results in increased cell killing properties of
Ly6C- eosinophils. (A) Schematics of the experimental approach. Tumour-associated Ly6C+ and
Ly6C- eosinophils sorted from NT193 tumours (n = 5) 18 days post-engraftment were cultured in the
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presence of IL5 with IFNy and IFNB (+IFN) or only IL5 and afterwards used in direct co-culture with the
NT193 cell line for 3 days. NT193 cells were stained with Annexin-V and analysed by flow cytometry to
detect apoptosis. (B, C) Comparison of apoptotic Annexin-V+ NT193 cells after co-culture with control
or IFN treated Ly6C+ eosinophils (B) and Ly6C- eosinophils (C). Data show individual values and mean
+ SD and were analysed by two-tailed unpaired Student’s t-test. (D) Schematics of the experimental
approach. Bone marrow-derived eosinophils (n = 8) were in culture for 18 days prior to FACS sorting of
CCR3+ Ly6C+ and CCR3+ Ly6C- eosinophils. Both subsets were afterwards cultured in the presence
of IL-5 (no IFN), or IL-5 supplemented with IFNY or IFN for 24 hours, and afterwards used in direct co-
culture with the EQ771 cell line for 1 day. EO771 cells were stained by Annexin-V and analysed by flow
cytometry to detect apoptosis. (E, F) Comparison of apoptotic Annexin-V+ EQ771 cells cultured without
eosinophils, Ly6C+ eosinophils (E), or Ly6C- eosinophils (F) stimulated with no IFN, IFNy (+IFNg), or
IFNB (+IFNb). Data show individual values and mean + SD and were analysed by one-way ANOVA test
using Holm-Sidak correction for comparison of IFN treatments to the IL-5 control group. Data of tumour-
associated eosinophils are representative of one experiment; data of bone marrow-derived eosinophils
are pooled from 2 independent experiments. Statistical significance is displayed on figures as follows:
*p < 0.05, **p < 0.01, ***p<0.001, ****p<0.0001.

4.2.6 Blocking of IFN during tumour development leads to reduced eosinophil
cytotoxic activity ex vivo

To understand if the Ly6C expression or cytotoxicity of eosinophils depends on the presence
of IFNy or IFNB in the tumour microenvironment, NT193 tumours were treated with a
combination of anti-IFNy and anti-IFNAR1 antibodies to block IFNy and IFN@ signalling, or
with an equal amount of isotype control (Figure 4.10A). As previously reported?**?**  blocking
IFN signalling resulted in increased tumour weight on day 12 post-engraftment (Figure 4.10B).
These results were expected as IFNs are essential for initiating and sustaining anti-tumour
immunity by promoting antigen presentation and innate immune activation. However, the
absence of IFN signalling did not result in differences in proportions of Ly6C+ eosinophils

(Figure 4.10C).

To further investigate if blocking of IFNs had a phenotypical impact on eosinophils, a set of
markers known to be regulated by IFNy or IFNB was assessed by flow cytometry and Ly6C+
and Ly6C- eosinophils were compared between isotype and anti-IFN treated tumours. In anti-
IFN treated tumours, MHC-I, MHC-Il and PD-L1 expression was downregulated (Figure
4.10D-F), suggesting a successful blocking of the IFN signalling. Next, the effect of the IFN
depletion on eosinophil degranulation was assessed by comparing granularity and CD63
expression. While no differences in granularity were observed during the first experiment

(Figure 4.10G), during the second experimental repeat, eosinophils presented with a more
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granular phenotype in IFN-blocked tumours (Figure 4.10H). Two experimental repeats are
shown only for parameters that differed between the two experiments (Figures 4.10 G and H).
At the same time, no differences were observed in the expression of CD63 in either of these

experiments (Figure 4.10I).

Lastly, the effect on Siglec-F, CCR3 and Ly6C expression was examined, as data in sections
4.2.3 and 4.2.4 suggest that the presence of IFNs causes downregulation of Siglec-F and
CCR3 and upregulation of Ly6C. However, the absence of IFN signalling did not affect the
expression of these receptors on either of the eosinophil subsets (Figure 4.10 J-L).
Interestingly, | have noticed that in the anti-IFN treated tumours, Ly6C- eosinophils strongly
overexpress the CD45 receptor compared to Ly6C- eosinophils from control tumours (Figure
4.10M). CD45 is a protein tyrosine phosphatase receptor present on all leukocytes, with known
inhibitory function of interferon-induced JAK-STAT signalling in mast cells*®*. Therefore, this

raises a question of the role of CD45 in eosinophil interferon regulation.

Because the blocking of IFN signalling through antibody depletion and receptor blocking
broadly affects all cells present in the TME and system response, the enhanced tumour growth
could not be directly linked with altered eosinophil phenotype. To partially address this
limitation, Ly6C+ and Ly6C- eosinophils were FACS sorted from the control isotype-treated
and anti-IFN blocked tumours and their cytotoxic properties were assessed ex vivo after a
direct co-culture with NT193 cells by Annexin-V staining (Figure 4.10N). Ly6C+ eosinophils
sorted from isotype-treated tumours were significantly more cytotoxic compared to Ly6C+
eosinophils isolated from anti-IFN-treated tumours, or Ly6C- eosinophils isolated from both

control and anti-IFN treated tumours (Figure 4.10 O).

In summary, these results suggested that while depletion of IFNy or IFNf signalling does not
affect the transition of Ly6C+ eosinophils to the Ly6C- state, the absence of IFNs in the TME

might lead to less degranulation and a reduction of their cytotoxic potential ex vivo. Therefore,
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how eosinophils change their phenotype in IFN-rich TME upon response to ICB was further

investigated.
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Figure 4.10. In vivo blocking of IFNs leads to reduced cell activation of eosinophils. (A) FVB mice
were orthotopically grafted with the NT193 cell line into the 4" mammary fat pad and treated every 3
days with anti-IFNAR1 and anti-IFNy antibodies (anti-IFNs) or isotype control (Iso), until reaching the
humane end-point on day 12. (B, C) Tumour weight (B) and proportion of Ly6C+ eosinophils of total
eosinophil population (C) of mice treated with isotype control (n = 9) and anti-IFNs (n = 11). Data are
pooled from 2 independent experiments and show individual values and mean * SD. Data were
analysed by a two-tailed unpaired Student’s t-test. (D-M) Comparison of MHC-I (D), MHC-II (E), and
PD-L1 (F) expression, granularity in two independent experiments (G, H), CD63 (1), Siglec-F (J), CCR3
(K), Ly6C (L), and CD45 (M) expression on Ly6C+ and Ly6C- eosinophils treated with isotype control
(IsO, Nexpt = 3, Nexp2 = 6) or anti-IFNs (a-IFNs, nexp1 = 6, nNexp2 = 5). Data are representative of 2
independent experiments, except for granularity, for which both experimental repeats are shown.
Measurements shown only in one experimental repeat are representative of both experiments. Data
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show individual values and mean + SD and were analysed by one-way ANOVA test using Holm-Sidak
correction for comparison of anti-IFN treatments to the Isotype control group. (N) Schematics of the
experimental approach. Ly6C+ and Ly6C- tumour-associated eosinophils were FACS sorted on day 12
from Isotype treated (n = 3) or anti-IFN (n = 3) treated mice, used in direct co-culture with NT193 cells
for 3 days and NT193 cells were stained with Annexin-V to determine levels of apoptosis. (O)
Comparison of Annexin-V+ NT193 cells cultured with Ly6C+ or Ly6C- eosinophils from Isotype or anti-
IFN (a-IFN) treated mice. Data show individual values and mean + SD and were analysed by one-way
ANOVA test using Holm-Sidak correction for comparison of Ly6C+ isotype treated eosinophils to other
experimental conditions. Statistical significance is displayed on figures as follows: *p < 0.05, **p < 0.01,
***p<0.001, ****p<0.0001.

4.2.7 Anti-PD-L1 treatment of NT193 tumours leads Ly6C+ eosinophil to degranulation

Eosinophils play an important role in mediating the response to immune checkpoint blockade
(ICB)™®*"9_ | have therefore hypothesised that during a successful response to ICB, which is
well-known to be associated with T-cell activation and an increase of IFN signature'®,
eosinophils themselves present with a more activated phenotype. To investigate how
eosinophils adapt to the ICB-responsive TME, and if this potentially IFN-rich TME leads to
increased eosinophil activation, NT193 tumour-bearing mice with established tumours on day
7 were ftreated with anti-PD-L1 antibody and the phenotype of the tumour-associated

eosinophils was investigated by flow cytometry.

ICB treatment successfully induced regression of NT193 tumours (Figure 4.11A) and reduced
the tumour weight on day 18 post-engraftment (Figure 4.11B) compared to the control cohort.
Response to the ICB was not associated with differences in the proportion of Ly6C+ tumour-
infiltrating eosinophils (Figure 4.11C). To understand if anti-PD-L1 treatment induced “IFN-like”
phenotype in eosinophils that would be similar to eosinophils stimulated with IFNs ex vivo,
expression of MHC-I and MHC-II was compared between ICB and control mice. Indeed, both
subsets of eosinophils that were present in the ICB-treated tumours overexpressed MHC-I
and MHC-II, with Ly6C+ eosinophils showing a greater increase in the expression (Figures
4.11D and E). Additionally, expression of Siglec-F was significantly downregulated on Ly6C+
eosinophils during ICB response (Figure 4.11F). These results recapitulated the eosinophil
phenotype observed with IFNy and IFNB stimulation ex vivo and therefore suggested an
increased presence of IFNs in the ICB-treated tumours. However, a direct assessment of the
IFN levels by enzyme-linked immunosorbent assay (ELISA) would be needed. These assays

are currently being optimised, as discussed in section 4.3.3.
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Afterwards, granularity and CD63 expression on eosinophils were compared between the
control and ICB-treated tumours as markers of active degranulation. Granularity of both
subsets was reduced following the ICB response (Figure 4.11G), however, only Ly6C+
eosinophils presented with increased surface CD63 (Figure 4.11H). These results point to the
possibility that ICB drives Ly6C+ eosinophils towards a more actively degranulating
phenotype. Therefore, eosinophils were FACS sorted from isotype and ICB-treated tumours
and cultured with the NT193 cell line to assess their potential to induce apoptosis ex vivo.
However, no differences in apoptosis of NT193 cells were detected when comparing Ly6C+

or Ly6C- eosinophils from ICB or Isotype-treated tumours (Figure 4.111).

Overall, NT193 tumours are responsive to ICB, as previously reported?®, and Ly6C+
eosinophils in the responsive immunogenic TME present with a more actively degranulating
phenotype, suggesting their increased cytotoxicity. However, to understand if the observed
change of eosinophil phenotype during ICB response is caused directly by IFNs, this
experiment would have to be complemented with data from mice simultaneously treated by

ICB and anti-IFNs. This experiment was not conducted within the timeframe of this project.
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Figure 4.11. anti-PD-L1 treatment results in tumour regression and a more degranulated
eosinophil phenotype. FVB mice were orthotopically grafted with the NT193 cell line into the 4™
mammary fat pad and treated every 3 days with anti-PD-L1 or IgG2b isotype control antibodies up to
day 18. (A) Tumour growth curve of mice treated with anti-PD-L1 (n = 6) or Isotype control (n = 5). Data
show mean + SEM and are representative of 2 independent experiments. (B, C) Tumour weight (B)
and proportion of Ly6C+ eosinophils of total eosinophil population (C) of mice treated with isotype (n =
9) or anti-PD-L1 (n = 10). Data are pooled from 2 independent experiments, show individual values and
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mean + SD, and were analysed by a two-tailed unpaired Student’s t-test. (D-G) Comparison of MHC-I
(D), MHC-II (E), Siglec-F (F) expression, granularity (SSC-A) (G), and CD63 expression (H) on Ly6C+
and Ly6C- eosinophils treated with isotype control (Iso, n = 4) or anti-PD-L1 (a-IFNs, n = 4). Data are
representative of 2 independent experiments, show individual values and mean = SD, and were
analysed by one-way ANOVA test using Holm-Sidak correction for comparison of anti-PD-L1 treated
eosinophils to the Isotype control group. CD63 expression was investigated in only one experimental
repeat and a second experiment to confirm this result is planned. (I) Ly6C+ and Ly6C- tumour-
associated eosinophils were FACS sorted on day 18 from isotype (n = 5) or anti-PD-L1 (n = 3) treated
mice, used in direct co-culture with NT193 cells for 3 days and NT193 cells were stained with Annexin-
V to determine levels of apoptosis. Data are representative of a single experiment, show individual
values and mean + SD, and were analysed by one-way ANOVA test using Holm-Sidak correction for
comparison of anti-PD-L1 treated eosinophils to the Isotype control group. Statistical significance is
displayed on figures as follows: *p < 0.05, **p < 0.01, ***p<0.001, ****p<0.0001, or above the figure.

4.2.8 Recurrent triple-negative breast cancer patients have higher levels of tumour-
infiltrating eosinophils
Immunotherapy is a promising avenue for treating triple-negative breast cancer (TNBC), yet

6768 Recent studies identified increased levels of

patient response remains variable
eosinophils during responses to immune checkpoint blockade (ICB) in TNBC patients, with a
lack of eosinophils diminishing the anti-tumorigenic effect of ICB in murine models'®*. How
eosinophils infiltrate treatment-naive breast tumours and whether a baseline increase of
eosinophil infiltration could stratify patient responses to therapy is unknown. Current studies
investigating eosinophil infiltration in primary breast cancer are mainly based on analysis of
tumour microarrays (TMAs) and report an overall low density of eosinophils compared to many
other tumour types'®2. Limitations of these approaches are discussed in section 4.3.5. Briefly,
TMAs are a suitable tool for high-throughput screening and capturing inter-patient
heterogeneity but due to the limited size of the cores, they are not suitable for studying the

heterogeneity within individual tumours. Therefore, the final aim of this chapter was to analyse

eosinophil infiltration in breast cancer patients using whole tumour sections.

To investigate if eosinophils are infiltrating primary breast tumours at a higher frequency than
previously thought, full tumour sections were stained with anti-EPX antibody. The optimisation
of anti-EPX antibody staining is discussed in section 4.3.5. The first analysed cohort consisted
of 21 breast cancer patients received from the Oxford Biobank (REC reference 23/A034).

These patients were evenly distributed among the 3 breast cancer subtypes, 6 HER2+, 7 ER+
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and 8 TNBC patients (Figure 4.12A). Eosinophils were identified in all stained HER2+, ER+
and TNBC tumours at low density, except for 2 patients with increased eosinophil prevalence
(Figure 4.12B). Overall, 18 patients were treatment-naive with primary tumours, and 3 TNBC
patients had locally recurrent disease, 2 of whom had the increased eosinophil infiltration.
Eosinophils in these recurrent TNBC tumours were located at the tumour periphery, mostly in
the tumour stroma (Figures 4.12C-E). However, no additional information in terms of previous
radiotherapy or surgery could be assessed from the data acquired from the Oxford biobank.
The accuracy of EPX staining was validated on colon samples (section 4.3.5, Figure 4.15),
however, to confirm the accuracy of EPX staining in breast tumours, sequential tumour
sections of both eosinophil-rich tumours were stained with isotype controls. This staining did
not show any non-specific IHC staining in eosinophil-rich areas and therefore further validated

the specificity of the anti-EPX staining in breast tissue (Figure 4.12.F).

Overall, anti-EPX IHC staining of a small cohort of 21 breast cancer patients identified TNBC
patients with local recurrence as a potential group with higher infiltration of eosinophils.
Recurrent and metastatic TNBC is a hard-to-treat disease, with these patients often being
eligible for ICB therapy. Because increased eosinophil infiltration was linked to better
responses to ICB, it would be interesting to know whether increased baseline presence of

eosinophils could help with the stratification of TNBC patients prior to treatment.
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Figure 4.12. Eosinophil infiltration in a cohort of breast cancer patients obtained from Oxford
Biobank. (A) Full sections obtained from 21 breast cancer patients with tumours at the primary site (6
HER2+, 7ER+, 8 ftriple negative (TNBC)) were stained by anti-EPX (eosinophil peroxidase)
immunohistochemical staining (IHC) and analysed by QuPath. (B) Comparison of eosinophil densities.
Locally recurrent TNBC patients are labelled in red. Each point represents an individual patient; breast
cancer type is indicated. (C) Representative image of the anti-EPX IHC staining with contrast
haematoxylin stain. Dashed lines represent tissue annotation. Cancerous tissue was annotated based
on abnormal tissue structure and cell morphology, differing from the healthy breast tissue containing
adipocytes. Annotations were consulted with a pathologist. Scale bar = 1mm. (D) Selected
representative area of tumour periphery with eosinophil infiltration in tumour stroma (S) compared to no
eosinophil detection in tumour nests (T) or healthy adjacent adipose tissue (A). Dashed lines represent
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tissue annotation based on cell morphology; annotations were consulted with a pathologist. Scale bar
= 100um (E-F) Eosinophil detection by IHC staining with anti-EPX antibody (positive cells stained with
DAB (brown)) (E) and serial section from the same patient stained with 1IgG2 isotype (F). Scale bar =
50um. Arrows indicated an EPX+ eosinophil

Following these preliminary results, a larger cohort obtained from Breast Cancer Now (REC
reference 23/EE/0229) was stained with anti-EPX antibody, to test if locally recurrent TNBC
patients have a higher likelihood of eosinophil infiltration. This cohort consisted of 5 HER2+, 5
ER+, and 5 TNBC patients with primary tumours and 13 TNBC patients with local recurrence,
of whom 6 underwent radiotherapy and 7 were radiotherapy-naive (Figure 4.13 A). Of these
patients, two cases were excluded, one HER2+ tumour was excluded because there was no
tumour tissue detected, and one recurrent TNBC tumour was removed because of a high
background staining and therefore was not reliable for eosinophil detection. Analysis of the
anti-EPX staining in this cohort of patients revealed that 4 out of 11 locally recurrent TNBC
patients presented with eosinophil infiltration above 5 eosinophils/mm?. In comparison, only
one patient of either the TNBC or ER+ patient cohort with a primary tumour had eosinophil
infiltration above the 5 eosinophils/mm? threshold (Figure 4.13B). Furthermore, analysis of
recurrent TNBC patients obtained from Breast Cancer Now biobank allowed for comparison
of patients previously treated with radiotherapy to radiotherapy-naive, with the radiotherapy-

naive tumours presenting with a higher eosinophil count (Figure 4.13C).

Because of similar infiltration patterns, quality of tissue and IHC staining, patients from both
Oxford Biobank and Breast Cancer Now cohorts were analysed together to empower the
statistical analysis. This confirmed that locally recurrent TNBC patients had significantly
elevated eosinophil infiltration compared to TNBC patients with primary tumours, ER+ and

HER2+ breast cancer patients (Figure 4.13D).

In summary, analysis of samples obtained from two independent breast cancer biobanks

suggested that TNBC patients with local recurrence might present with increased eosinophil
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infiltration. To confirm these results and their potential relevance for breast cancer patients, a

larger cohort of patients with more detailed clinical information would be needed.

A Breast cancer now biobank . i
Full section IHC QuPath analysis
staining
)
A
oe \./ eol A
& % & = e -
o ® ; ® NS
Y
N /a2
5 HER+, 4 ER+, 5 TNBC TNBC local recurrence
patients 6 RT treated, 7 RT-naive
patients
B C D
Breast Cancer Now Recurrent TNBC 20 0.0253 5C Now
209 20- __oom0
0.0465 00441 °

o
1

-
o
1
o
o
-
o
1

]
]

eosinophils/mm?
-
o
1
eosinophils/mm?
-
o
1
eosinophils/mm?
g

o
° © ° 5= Oo
54 o o 54 ° o
(o] o
o o Y
o—_@_@_c.?.n_#e_ ol 8%xe P ol o800 ceR® Bone fmZZ

< O * x RT non-RT
(<) y v

Figure 4.13. Eosinophil infiltration is elevated in locally recurrent TNBC tumours. (A) Full sections
obtained from 27 breast cancer patients with tumours at the primary site (5 HER2+, 4ER+, 5 triple
negative (TNBC), 13 locally recurrent TNBC — 7 treated with radiotherapy (RT), 6 RT-naive) were
stained by anti-EPX (eosinophil peroxidase) immunohistochemical staining (IHC) and analysed by
QuPath. (B) Comparison of eosinophil densities. (C) Comparison of eosinophil densities of locally
recurrent TNBC patients previously treated with RT compared to RT-naive patients. All samples were
obtained from Breast Cancer Now biobank. (D) Comparison of eosinophil densities merged from Oxford
Biobank (orange) and Breast Cancer Now cohort (black).
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4.3 Technical discussion

4.3.1 Technical challenges of eosinophil sequencing and their transcriptomic analysis
This chapter builds on the initial bulk RNA sequencing (bulk RNA-seq) analysis that revealed
increased responsiveness of Ly6C+ tumour-associated eosinophils to interferons (IFN).
However, studying the transcriptomic signature of eosinophils presents several challenges,
such as the overall low yield of mMRNA and high RNase activity, already discussed in section
3.3.1. While eosinophils were already successfully studied by single cell RNA-seq (scRNA-
seq)'?>'% in this chapter bulk RNA-seq was prioritised over scRNA-seq for a number of

reasons.

First, the two eosinophil subsets were clearly distinguished by Ly6C surface expression prior
to sequencing. How this difference in surface expression would relate to mRNA levels of Ly6C
was unclear. Therefore, the main concern was that while scRNA-seq is a powerful tool to
explore eosinophil heterogeneity, it might not be sensitive enough to recognise different levels
of Ly6c1 or Ly6c2 expression. In that case, this dataset would not be relatable to the already

defined eosinophil subsets, impairing the downstream validation and analysis.

Second, bulk RNA-seq offers a greater sequencing depth per sample, enabling the detection
of lowly expressed genes. This is especially important when sequencing eosinophils, due to
their low mRNA levels. Therefore, using a bulk RNA-seq pipeline allowed for ultra-low input
amplification and more robust sequencing results. As a result of this approach, genes
encoding all essential eosinophil lineage markers, such as Siglecf, Adgre1 (F4/80), and Ccr3
were detected, suggesting a high eosinophil purity. Detection of these transcripts is not always

possible in the publicly available scRNA-seq datasets focused on murine eosinophils'”.

Last, the current successful scRNA-seq protocol requires a minimum of 60 000 cells post-

126

enrichment with anti-Siglec-F magnetic beads'=. In this experiment, eosinophils were
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enriched using CD45 magnetic beads as part of a shared sorting pipeline for tumour-
associated macrophages sequenced in Chapter 5. This approach resulted in a lower yield of
eosinophils, within a range of 10 000 — 50 000 cells due to the sorting time constraints. To
minimise any further losses, eosinophils were sorted straight into RLT with 3-mercaptoethanol.
This would not be compatible with the scRNA-seq pipeline. However, it would be interesting
to know if unbiased scRNA-seq would also reveal these two subsets of eosinophils and
potentially help with elucidating the mechanism behind the transition of Ly6C+ to Ly6C-
eosinophil subset through pseudo-time analysis. Furthermore, scRNA-seq could reveal an

additional heterogeneity within the Ly6C+ and Ly6C- eosinophil subsets.

4.3.2 Validation of bulk RNA sequencing

To confirm the identity and purity of sorted Ly6C+ and Ly6C- eosinophils, the expression of
canonical eosinophil lineage markers was compared to markers of other cell types. This
analysis, described in section 4.2.1, showed an increased expression of eosinophil surface
markers, however, consistently low expression of granule protein genes, including major basic
protein (Prg2), eosinophil peroxidase (Epx), and eosinophil cationic protein 1 (Ear1), despite
their well-known abundance at the protein level. This phenomenon is consistent with other
published datasets and highlights the known discrepancy between the transcriptomic and
proteomic profiles of eosinophils, likely due to post-transcriptional regulation and pre-

98,125 Low

packaged granules formed during eosinophil maturation in the bone marrow
abundance of eosinophil cationic proteins on the gene level was also linked to eosinophil
maturity'?®, despite this, genes encoding granule proteins are part of the leukocyte signature
matrix used by CIBERSORT to detect eosinophils®*®. Moreover, Epx was used as a part of 3
3-gene signature in a recent review comparing overall survival based on eosinophil

160

presence ™. Whether or not Epx or other eosinophil cationic proteins are reliable eosinophil

markers when analysing transcriptomic datasets should be further considered.
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Being aware of the discrepancies between mRNA and protein expression, the results of the
bulk RNA-sequencing were validated through manually selected surface protein markers
(Figure 4.3) or ex vivo stimulations (Figure 4.4), both analysed by flow cytometry. However, it
would be interesting to see if an unbiased analysis of the proteome of the Ly6C+ and Ly6C-
eosinophil subset by mass spectrometry would also validate some of the identified enriched
gene sets. For example, Ly6C+ eosinophils were observed to be more granular through flow
cytometry and H&E staining and upregulated pathways related to cell killing. Knowing if this
difference translates into enrichment of eosinophil granule proteins could further complement

the analysis.

4.3.3 Limitations of studying IFN effect on eosinophil cytotoxicity

Because of the increased IFN responsiveness of Ly6C+ eosinophils, | examined the effect of
IFNy and IFNB stimulation on tumour-associated and bone marrow-derived eosinophils
through a series of ex vivo experiments. The aims of these experiments were three-fold: 1)
validate IFN responsiveness based on PD-L1 expression, 2) characterise the effect on a
broader set of surface markers and granularity, and 3) study the effect of IFN stimulation on
eosinophil cytotoxic potential. However, in all ex vivo assays, stimulation with both types of
interferons resulted in decreased viability (Figures 4.5A, 4.8A). While this does not affect flow
cytometry analysis of receptor expression of live cells in the first two aims, the decreased
viability might be affecting the physical properties, such as granularity, of early apoptotic but

still viable eosinophils (Figures 4.5B and 4.8B) and their cytotoxic properties.

Considering that following the IFN stimulation the viability of Ly6C+ and Ly6C- tumour-
associated eosinophils was reduced 1.5-fold and 2-fold, respectively, and the rate of NT193
cell line apoptosis was unchanged or slightly increased after co-culture with the stimulated
eosinophils, this points to a possibility that the remaining eosinophils at lower density were

significantly more cytotoxic. While a similar trend of reduced viability was observed on the
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bone marrow-derived eosinophil population, the impact on eosinophil viability was less

pronounced, which enabled more direct comparison of the cytotoxic effects.

It is important to notice that IFNs were found to be directly cytotoxic towards cancer cell lines
in some studies®7?%, but not in others'”". To prevent direct IFN interference with the cytotoxic
assays, stimulated eosinophils were washed prior to co-culture with cancer cell lines, however,
it is possible that traces of IFNs could still be present in the culture. No data exploring the
direct cytotoxic effect of IFNs on NT193 or E0771 cell lines were found in the literature.
Therefore, further experiments testing the cytotoxicity of different IFN concentrations on
cancer cell lines might help with understanding the extent of this issue with the NT193 and

EO0771 cell lines used in this chapter.

Additionally, due to limited eosinophil yield from tumours, direct comparisons between IFNy
and IFN stimulation in tumour-associated eosinophils could not be tested independently.
Instead, both Ly6C+ and Ly6C- eosinophils were stimulated with a 1:1 mixture of IFNy and
IFNB at a total concentration of 20ng/ml. However, this might have further affected the
eosinophil viability as bone marrow-derived eosinophils were stimulated with a lower

concentration of IFNs separately (10ng/ml).

Overall, the viability of sorted tumour-associated eosinophils is lower compared to sorted
bone-marrow-derived eosinophils, even prior to IFN stimulation (Figures 4.5A, 4.8A). This is
likely due to the enzymatic and mechanical digestion of tumours, necessary to isolate
eosinophils from a single cell suspension. This partially explains why tumour-associated
eosinophils appeared less cytotoxic than bone marrow-derived eosinophils in assays used in
section 4.2.5. Because these technical limitations cannot be overcome, bone marrow-derived

eosinophils represent a better model to study the effects of eosinophil cytotoxicity ex vivo.
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4.3.4 Limitations of studying IFN blocking in an in vivo setting

To complement the ex vivo finding of IFNs enhancing eosinophil cytotoxicity and possibly Ly6C
expression, | sought to examine the effect of IFNs on eosinophil phenotype in vivo. To do this,
two antibody-based methods were used to alter eosinophil phenotype infiltrating NT193
tumours: 1) neutralisation of IFNy and simultaneous blocking of IFNAR1 (anti-IFN), and 2)
immune checkpoint blockade treatment with anti-PD-L1 antibody known to result in
endogenous IFNs expression®®. Both anti-IFN and anti-PD-L1 treatment regimens affected
eosinophil phenotype in terms of MHC-I, MHC-II, PD-L1 expression, or granularity (Figures
4.10 and 4.11). However, while neutralisation of IFNs clearly links this altered phenotype to
the absence of IFN signalling in the TME, it is less clear how anti-PD-L1 treatment altered
IFNy and IFN levels. Therefore, | have tried to quantify IFN levels in tumour lysates by ELISA.
However, both IFNs were below the detection threshold. This is likely due to the short half-life
of interferons and their degradation during the 30 minutes enzymatic digestion at 37°C. To
optimise the IFN detection, tumour lysates will be taken after the mechanical mincing of
tumours before the enzymatic digestion, to decrease the IFN degradation. In immediate terms,
for validation of successful IFN depletion or induction, a decrease or increase in MHC-I and

MHC-II expression was used, respectively.

While both anti-IFN and anti-PD-L1 treatments showed that a proportion of Ly6C+ eosinophils
is not regulated by IFNs, the main limitation is that these treatments do not target eosinophils
specifically but remodel the whole TME. IFNs have a major effect on the overall
immunogenicity of the TME, with a well-established role in regulating antigen presentation®®,
activation of the myeloid compartment®', and having a direct cytotoxic effect against cancer
cells®®2. Therefore, changes in the tumour growth are not directly linkable to the altered
eosinophil phenotype. To isolate the specific contribution of IFN signalling in eosinophils on
the TME and tumour growth, we would need to generate a mouse model with conditional

IFNGR2 or IFNAR1 knockout under Epx promoter, to specifically deplete IFNy or IFN
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signalling in eosinophils. This approach was considered, however, all currently available
eosinophil mouse models are on the C57/BI6 background, and therefore, any generated model
would have to be backcrossed for at least 10 generations to the FVB background. This was

not feasible within the timeline of this project.

Lastly, to evaluate functional consequences of altered eosinophil phenotypes related to anti-
IFN and anti-PD-L1 treatments in NT193 tumours, | used ex vivo cytotoxicity assays. As
discussed above in section 4.3.3, these assays present multiple technical challenges,
especially when conducted with tumour-sorted eosinophils. One additional limitation is the
sorting of potentially activated granulocytes that have already degranulated in the tissue and
therefore might not have the cytotoxic potential ex vivo. It is difficult to estimate what could be
the extent of this limitation; however, it would explain why the difference between Ly6C+ and
Ly6C- eosinophil cytotoxicity is smaller when sorting tumour-associated eosinophils compared
to BM-derived eosinophils, or eosinophils from ICB IFN-rich TME compared to eosinophils
from isotype-treated mice. To avoid using the ex vivo apoptotic assay, an alternative assay
detecting cell death in situ could be used. For example, co-staining of frozen sections with
anti-Siglec-F antibody and terminal deoxynucleotidyl transferase dUTP Nick End Labelling
(TUNEL) kit or antibodies against cleaved caspase-3 to detect late and early apoptosis could
reveal increased cell death in close proximity to eosinophils, suggesting their increased

cytotoxicity.

4.3.5 Optimisation of eosinophil staining in human tissue

Eosinophils are vastly understudied in human disease, mostly because of their absence in
scRNA-seq datasets and also the low abundance of their signature in bulk RNA transcriptomic
studies®®. Therefore, eosinophil infiltration in breast tumours was recently assessed by
immunohistochemistry staining of 576 TMAs, with this analysis pointing to an overall low

infiltration in breast tumours'®?. However, TMAs represent only a limited area of the tumour (1-
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2 mm?), are often taken from the tumour core and therefore do not capture the intra-tumoral
heterogeneity. For this reason, we aimed to investigate eosinophil infiltration in full sections

obtained from 42 breast cancer patients.

Because the well-established Giemsa staining method used for the detection of eosinophils
based on their protein-rich granules might be impacted by eosinophil degranulation in the
tissue, | first needed to optimise a robust staining method that would be highly specific. All
optimisation steps were performed on a healthy colon with steady levels of eosinophils. First,
| tried immunofluorescent (IF) staining with an antibody against major basic protein (MBP) and
eosinophil peroxidase (EPX), previously reported to be a useful marker for eosinophils in the
colon''2° (Figure S5). However, in my hands, this staining was not specific for eosinophils
and a fluorescent signal was detected even on isotype-stained controls (Figure S5). This is
likely caused by a) incomplete antigen processing that did not reveal the eosinophilic granule
epitopes or b) the presence of highly autofluorescent macrophages reported in colon

samples®®.

To address these issues, different antigen processing methods combined with
immunohistochemistry (IHC) staining were optimised. First, IHC EPX staining of samples
retrieved with heat-induced antigen retrieval using a citrate solution (pH = 6) was compared
to samples treated with Tris (pH = 9) or samples that did not undergo any antigen retrieval

(Figure 4.14).
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A No antigen retrieval B Tris pH9 C Citrate pH6

Figure 4.14 Optimisation of antigen retrieval for EPX immunohistochemistry chromogenic
staining. Healthy human colon slides underwent (A) no antigen retrieval, or heat-induced antigen
retrieval with (B) Tris pH9, or (C) citrate pH6. Afterwards, slides were stained with the
immunohistological protocol for anti-EPX staining and imaged on Zeiss Axio Scan?.

Based on these results, citrate solution was selected for further assays due to the higher
signal-to-noise ratio of eosinophils and more specific detection of eosinophils. Isotype staining
with IgG2 antibody further validated the high specificity of the anti-EPX staining in the healthy

colon samples (Figure 4.15).

A Isotype control B EPX staining

Figure 4.15 Validation of EPX staining specificity on human colon samples. Healthy human colon
slides underwent heat-induced antigen retrieval with citrate pH6. Afterwards, slides were stained with
the immunohistological protocol for (A) 1gG2a and (B) anti-EPX staining and imaged on Leica
microscope.

While IHC detection of eosinophils with anti-EPX staining was optimised and validated, this

method also presents technical limitations. First, for amplification of signal, secondary
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antibody with horse radish peroxidase (HRP) was used, as HRP enables strong signal
amplification by catalysing a colourimetric reaction of chromogenic substrate DAB in the
presence of hydrogen peroxide. However, this reaction can be catalysed by a number of
peroxidases including cell-endogenous ones. Even though all samples were pretreated with
hydrogen peroxide prior to staining to quench their activity, some cells retained their intrinsic

peroxidase activity and were recognised even in isotype-treated sections (Figure 4.16A).

As this staining was non-specific for the EPX antigen, these areas were manually curated to
remove these cells. Furthermore, all cells annotated as positive based on a DAB threshold set
up in QuPath software were manually curated to exclude any tissue artefacts (Figure 4.16B).
Additionally, tissue sections that were of poor quality, likely destroyed by treatment, were also

excluded from further analysis (Figure 4.16C, D).

Figure 4.16. Limitations of the immune histochemistry anti-EPX staining. Full sections obtained
from breast cancer patients were stained with anti-EPX or control IgG2 immunohistochemistry staining
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and analysed by QuPath (A) Comparison of anti-EPX and control IgG2 staining on 2 serial sections
from the identical donor. Arrow points at the cell type identified in both staining conditions. Scale bar =
50 um. (B) QuPath cell annotation of the anti-EPX IHC stained section (negative cells — blue, positive
cells — red, arrow pointing at non-nucleated DAB-positive staining). Scale bar = 20 ym. (C-D)
Representative image of a tissue not analysable with QuPath cell annotations. (C) Scale bar = 2mm.
(D) Scale bar =400 pm.

Overall, the IHC anti-EPX presented a robust method to reliably detect eosinophils with high
accuracy. However, macrophage and mast cell markers could be tested to exclude the
possibility that the DAB staining is a result of endogenous peroxidases. Additionally, these
sections could be further stained by a Giemsa staining that could confirm eosinophil identity

independently of antigen staining.
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4.4 Biological discussion

4.4.1 How do IFNs enhance eosinophil cytotoxicity?

Eosinophils, bone marrow-derived granulocytes, dynamically adapt their phenotype to their
local niche. A growing body of literature describes their functional heterogeneity across
different organs and disease states, including cancer®'%°, Tumour-associated eosinophils
were recently found to be responsive to IFNy in murine models of colorectal cancer (CRC)'"°.
Furthermore, IFNy stimulation of splenic eosinophils ex vivo resulted in increased apoptosis
of CRC cell lines'"". Additionally, only 90-minute incubation of active eosinophils with IFNy led
to their degranulation ex vivo'?®, pointing to the strong effect of IFNs on eosinophil biology. In
this chapter, Ly6C+ eosinophils represent a more cytotoxic eosinophil subset with increased
responsiveness to IFNy and IFNB. This led to the hypothesis that their IFN responsiveness

potentiates the increased cytotoxicity of the Ly6C+ subset, likely through direct degranulation.

Indeed, ex vivo, BM-derived Ly6C+ eosinophils had enhanced cytotoxic properties following
IFN stimulation. However, IFN stimulation also led to increased cytotoxicity of Ly6C- BM-
derived and tumour-associated eosinophils (TAE), even though they were less responsive to
IFNs (Figure 4.9). These data are in line with the previously described enhanced cytotoxicity
upon IFNy stimulation'", but also suggest that Ly6C- eosinophils are capable of increasing
their cytotoxicity in the ex vivo setting with unlimited access to IFNSs. It is possible that Ly6C-
eosinophils present with a less responsive IFN phenotype not due to their differentiation or
exhaustion state, but simply due to the inaccessibility of IFNs in their local niche. As the Ly6C+
eosinophils transition to the Ly6C- state during the exponential tumour growth phase, it may
be that the more established pro-tumorigenic TME has lower levels of type | cytokines and
this further impacts the immune suppression of the newly transitioned Ly6C- eosinophils. This

points at the complexity of the spatial and temporal eosinophil regulation in vivo.
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To test whether Ly6C+ or Ly6C- eosinophils have different co-localisation patterns with IFNs
in murine models of breast cancer, | have attempted to optimise an immunofluorescent
staining with Ly6C and Siglec-F that would help to spatially distinguish these 2 subsets. For
this experiment, early tumours containing eosinophils predominantly of Ly6C+ phenotype
were picked as a positive control. However, due to the high expression of Ly6C by monocytes,
this staining is technically challenging, and only very few eosinophils were specifically stained
with the Ly6C antibody at the exposure time that distinguishes them from monocytes (Figure

4.17).

A

Siglec-F

Merge

Figure 4.17. Immuno-fluorescent staining of NT193 tumours with Siglec-F and Ly6C antibodies.
Tumours harvested at day 7 were fixed with PFA-based fixative, dehydrated in sucrose and frozen in
OCT, prior to cryosectioning and staining with immunofluorescent antibodies. Day 7 tumours were
imaged with (A) longer exposure times to capture lower intensity of Ly6C staining on eosinophils and
(B) shorter exposure times capturing only eosinophils with the highest Ly6C expression. Scale = 10um.
Ex vivo, IFNy stimulation but not IFNB stimulation, led to decreased granularity of Ly6C+
eosinophils (Figures 4.5 and 4.8). This suggests that Ly6C+ eosinophils are actively
degranulating upon IFNy signalling. However, it is important to notice that this change in
granularity was not associated with increased expression of CD63, a common marker of
piecemeal degranulation®®®. Together with the fact that IFN stimulation decreases eosinophil
viability, the decreased granularity in the absence of surface expression of CD63 might be
caused by cytolytic degranulation that results in cell death due to cell wall rupture. Results of

these assays are therefore inconclusive and to prove the active degranulation of Ly6C+

eosinophils ex vivo upon IFNy signalling, additional ELISA assays detecting eosinophil
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peroxidase or major basic protein in the supernatant of IFN-stimulated eosinophils would be

needed.

In one of the experimental repeats, blocking of IFNy and IFNB signalling in vivo led to a
significant increase in granularity of both Ly6C+ and Ly6C- TAE with no differences in CD63
expression, suggesting a blocked eosinophil degranulation. In contrast, treatment of NT193
tumours with anti-PD-L1 ICB therapy, commonly associated with IFN-rich TME, led to a
significant decrease in granularity of both TAE subsets and overexpression of CD63 only by
the Ly6C+ eosinophil subset. This suggests an activation and more pronounced degranulating
phenotype of Ly6C+ eosinophils during ICB response. Therefore, these experiments
collectively point to the importance of interferons regulating eosinophil degranulation and also
present a potentially new mechanism by which eosinophils might contribute to treatment

response during ICB treatment'®,

It is also important to comment on the fact that while stimulation with either of the IFNs
enhanced the eosinophil cytotoxicity ex vivo, IFNB stimulation did not affect the eosinophil
granularity. This suggests that IFN signalling activated different pathways leading to the anti-
tumorigenic effect. As discussed in the introduction section 1.3.4, overexpression of adhesion
receptors CD11b, CD18, LFA-1, and ICAM-1 on bone marrow-derived eosinophils was

177.181  Moreover, IFNs can

previously linked to increased eosinophil-mediated cytotoxicity
induce adhesion of leukocytes, such as monocytes®®. Therefore, this raises a question of
whether IFNs increased eosinophil cytotoxicity in the direct co-culture assays (Figure 4.9)
through their enhanced attachment to the cancer cells. However, the flow cytometry analysis
data obtained from the IFNy and IFN stimulation of bone marrow-derived eosinophils suggest
that Ly6C+ eosinophils downregulate CD11b receptor in response to both IFNs, and Ly6C-

eosinophils downregulate CD11b only in response to IFNy (Figure S6); therefore, suggesting

a decrease in eosinophil adhesion upon IFN stimulation. These data are however limited, as
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expression of the other adhesion surface proteins should be investigated in future

experiments.

4.4.2 Do IFNs regulate eosinophils beyond degranulation?

Currently, most evidence describing eosinophil heterogeneity originates from studies on the
gut and lungs, due to the increased eosinophil prevalence at mucosal sites®. Two populations
of gut-resident eosinophils were observed at baseline level - active immunomodulatory (A-
Eos) and basal (B-Eos) eosinophils involved in tissue remodelling. A-Eos express higher
levels of PD-L1, are involved in immune regulation and were shown to have an important role

in regulating a murine model of colitis'?®

. Although ex vivo studies clearly point to different
eosinophil regulation by Th1 (IFNy — inflammatory phenotype similar to eosinophils present in
colitis) and Th2 cytokines (IL-4, IL-33 — regulation of T cell differentiation and leukocyte cell-
cell adhesion phenotype similar to eosinophils in asthma)'?>'%'8 in vivo, A-Eos are jointly
regulated by both IL-33 and IFNy. IL-33 is essential for A-Eos development and IFNy increases
their immunoregulatory properties'®. Together, these findings highlight that eosinophil
functional heterogeneity arises from the integration of both Th1- and Th2-derived signals,
rather than being driven by a single cytokine pathway.

125180 expression of

In line with the previously performed IFNy stimulation of eosinophils
immunomodulatory receptors, such as MHC-I, MHC-Il and PD-L1 on eosinophils, was
dependent on IFN signalling. Moreover, MHC-I and MHC-II expression was more affected on
Ly6C+ eosinophils than Ly6C- eosinophils during ICB and anti-IFN treatment; even though
this difference was not statistically significant, the data point at a clear trend with ICB-treated
Ly6C+ eosinophils consistently upregulating MHC-I and MHC-II and anti-IFN treated Ly6C+
eosinophils downregulating expression of these receptors (Figure S7). These data however

need further repeats to prove the biological relevance. Despite IFN-induced Ly6C expression

ex vivo (Figure 4.6), blocking or enhancement of IFNs in vivo did not alter the ratio of
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Ly6C+/Ly6C- subsets in the tumours or had a minor effect. To understand if a prolonged IFN
signalling has the potential to impact eosinophil development in a controlled setting, BM-
derived eosinophils were cultured with IFNy for 4 days until day 14 and eosinophil distribution
between the 4 eosinophil development stages described in Chapter 3 was investigated.
However, only a minor statistically non-significant shift towards CCR3+ Ly6C- eosinophils was
observed, with results likely to be impacted by the decreased viability (Figure 4.18). This
shows that while IFNs are regulating eosinophil phenotype, they are not able to act as a single

factor affecting their transition.
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Figure 4.18. IFNy stimulation of BM-derived eosinophils. (A) Overview of the experimental
approach; bone marrow cells of C57/BI6 male mice (n = 3) were first cultured with FItI3 and mSCF for
4 days, then differentiated into eosinophils with IL-5 until day 14. Orange arrow indicates beginning of
IFNy treatment, black arrows indicate timepoints when eosinophils were investigated by flow cytometry.
(B) Comparison of eosinophil development in the presence (red) or absence (blue) of IFNy on the
indicated days.

Following the reports of strong Th2 polarization of eosinophils by IL-4 and IL-33 and the
importance of IL-33 for A-Eos development'®'7° | hypothesised that transition to the Ly6C-
state could be impacted by Th2 cytokines. BM-derived eosinophils were incubated with I1L-4,
IL-13 or IL-33 from day 10 to day 14 and proportions of CCR3- Ly6C+, CCR3+ Ly6C+ and
CCR3+ Ly6C- eosinophils were compared to IL-5 treated control. However, only minor effects
were observed, suggesting IL-33 could be enhancing a shift towards the Ly6C- subset (Figure
4.19). This further shows that the transition to Ly6C- eosinophils is a complex process, beyond

the classic Th1/Th2 polarisation of eosinophils.
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To further test if Ly6C- transition is accommodated by a combination of cytokines, it would be
important to first understand the differences in the cytokine milieu of day 7 and day 18 tumours.
This could be tested for example with the Olink cytokine profiling platform, which can analyse
up to 45 different targets from tumour lysates. A smaller LEGEND-plex pre-defined panel
based on flowcytometry read-out could also be used as a more affordable approach, testing

a combination of Th1 and Th2 cytokines.
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Figure 4.19. Impact of Th2 cytokines on BM-derived eosinophil development. (A) Overview of the
experimental approach; bone marrow cells of C57/BI6 male mice (n = 3) were first cultured with FItI3
and mSCF for 4 days, then differentiated into eosinophils with IL-5 until day 14. The green arrow
indicates the beginning of IL-4, IL-13, or IL-33 treatment, the black arrow indicates the time point when
eosinophils were investigated by flow cytometry. (B) Comparison of eosinophil development in the
presence of IL-5 compared to Th2 cytokines on day 14.

Lastly, eosinophils were previously shown to play an anti-tumorigenic role through activation
of T cells in syngeneic models of CRC'? or during ICB response in spontaneous models of
breast cancer'®*. While this chapter is focused on studying direct eosinophil cytotoxicity, it
would be important to understand if and how eosinophils contribute to T cell activation in these
experiments, in light of their increased MHC-I, MHC-Il and PD-L1 receptors in response to
IFNs. This could be further explored through eosinophil depletion during anti-IFN or ICB
treatment of NT193-bearing mice, and the prevalence of activated T cells would be compared

to eosinophil-containing WT tumours.

The potential eosinophil-T cell crosstalk could also be studied in vitro, by comparing antigen-

presenting abilities of Ly6C+ and Ly6C- bone marrow-derived eosinophils in combination with
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OT-l or OT-II T cells, with both eosinophils and T cells being derived from the C57/BI6 genetic
background. It would be important to understand how pronounced the effect of eosinophil
depletion on tumour growth during ICB treatment might be, as eosinophils are not the main
antigen-presenting cell type in TME. Because eosinophil deletion during the combination of
chemotherapy and anti-PD-1 treatment was observed to reduce T cell activation, it would be
interesting if a similar effect would be observed in the NT193 model treated with the anti-PD-

L1 antibody.

4.4.3 IFN stimulation leads to downregulation of Siglec-F expression

One of the most conserved IFN-dependent phenotypes in this chapter is the different
regulation of the Siglec-F receptor. In both, BM-derived eosinophils and TAE ex vivo models,
stimulation with either IFNy or IFNB led to Siglec-F downregulation. Additionally, ICB
treatment, potentially associated with IFN-rich TME, led to Siglec-F downregulation (Figure
4.11). On the other hand, during the neutralisation of IFN signalling through IFNy neutralisation
and IFNAR1 blockade in vivo, eosinophils presented with a slight but statistically non-
significant increase of Siglec-F (Figure 4.10). Altogether, the data in this chapter suggest that

surface expression of Siglec-F is affected by IFNs.

Siglec-F is a sialic-acid binding receptor that upon interaction with its ligands induces
eosinophil apoptosis®®. Because of the Siglec-F ability to induce apoptosis upon antibody or
ligand-mediated cross-linking, Siglec-F plays an important role in a negative feedback loop.
SiglecF” mice partially lose the ability to induce eosinophil apoptosis through Siglec-F and
therefore present with bone marrow, blood and lung eosinophilia during nasal OVA
sensitisation®*. Publicly available transcriptomic datasets comparing IL-5 and IFNy stimulated
eosinophils are inconsistent, peritoneal eosinophils isolated from IL5Tg mice significantly
downregulated Siglec-F expression following IFNy stimulation'’; however, no differences in

Siglec-F expression were observed after IFNy stimulation of BM-derived eosinophils'®. It
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would therefore be interesting to know whether Siglec-F downregulation in IFN-stimulation
assays presented in this chapter is caused by receptor internalisation or systemic gene
downregulation. Either of these options could present a mechanism that protects eosinophils
from excessive cell death upon IFNy stimulation. This could explain how eosinophils survive

in an IFN-rich TME environment during ICB response.

4.4.4 Could Ly6C- eosinophils be pro-tumorigenic?

Cytotoxic potential of Ly6C+ eosinophils and reactivation of Ly6C- eosinophils is the main
focus of this chapter. Despite this, the possibility that Ly6C- eosinophils that are exclusively
present during late stages of the TME development might have an important role beyond the
suggested reduced cytotoxicity should not be omitted. Indeed, the GSEA-GO analysis in
section 4.2.1 did not reveal any major pro-tumorigenic pathways associated with Ly6C-
eosinophils, but broadly described gene sets associated with epithelial development,
suggesting involvement of tissue remodelling pathways (Figure 4.2). To test if Ly6C- subset of
eosinophils could be more skewed towards a pro-tumorigenic phenotype, the bulk RNA-seq

dataset was revisited.

Additional GSEA analysis was performed with the KEGG database, which is more focused on
signalling pathways®”. This analysis revealed upregulation of Wnt signalling in Ly6C-
eosinophils (Figure 4.20A). While abnormal Wnt signalling is a well-established driver of
cancer proliferation and growth®®, its role in tumour-associated myeloid cells is less clear.
Closer analysis of the gene transcripts associated with Wnt signalling in Ly6C- eosinophils
revealed overexpression of three Wnt ligands associated with non-canonical Wnt signalling,
Whntbb, Wnt7b, and Wnt11 (Figure 4.20B, Appendix Table 4.8). Of these, Wnt11 was highly
expressed, with an average of over 5500 normalised counts in Ly6C- eosinophils. Wnt11 is a
secreted ligand that was previously associated with cell proliferation and migration®®®, and was

recently shown to mediate T-cell exclusion in murine models of liver metastasis®'°. Therefore,
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it would be interesting to investigate if Ly6C- eosinophils are also capable of expressing Wnt11

protein and remodelling their local niche by secreting this pro-tumorigenic factor.
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Figure 4.20. KEGG based GSEA analysis. The NT193 cancer cell line was grafted into the 4"
mammary fat pad of FVB female mice; on day 18 tumours (n=3) were harvested and Siglec-F+ CD11b+
eosinophils were sorted based on their Ly6C surface expression. Ly6C+ and Ly6C- sorted eosinophils
were then processed and analysed by bulk RNA sequencing and analysed by GSEA using the KEGG
database. (A) Heat map of GSEA-KEGG recognised pathways. (B) Gene sets of the top 3 upregulated
pathways in Ly6C- eosinophils were extracted and visualised by heatmaps. Heatmaps display fold
change (FC) differences between Ly6C+ and Ly6C- eosinophils. Data were further normalised by z-
scoring across all samples for visualisation. FC differences are colour-coded according to a custom
palette; genes overexpressed in Ly6C+ eosinophils have FC > 0.

4.4.5 Can eosinophils help with TNBC patient stratification for ICB?

As previously discussed, eosinophils reside in mucosal tissues with higher frequency
compared to non-mucosal organs; therefore, their infiltration in patients with lung or colorectal
cancer is well documented'®2. Infiltration of eosinophils in melanoma or breast cancer is
reported to be rare'®?, with some studies suggesting a complete absence of eosinophils in
invasive breast cancer’''. Despite this, both human and murine studies suggests that an
increase in eosinophil infiltration during ICB treatment is associated with better therapy
response'8+18919312 Eyrthermore, an increase in the eosinophilic gene signature at baseline
in both breast cancer and melanoma patients predicted better overall survival'**'®°_ Altogether,
this strongly suggests that eosinophils are a good prognostic factor in breast cancer patients
and are likely more than just bystanders. However, their presence is often missed in the
analysis of TMAs, as discussed in section 4.3.5, and as shown later in Chapter 5, eosinophils

can be excluded and reside at tumour periphery. Therefore, full tumour sections containing

both tumour core and edge were stained with anti-EPX to evaluate eosinophil densities.
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In line with the literature, eosinophils are indeed a rare infiltrating cell type in most breast
tumours. However, the preliminary analysis in this chapter has revealed that TNBC patients
with local recurrence are more likely to present with higher eosinophil levels. In contrast to
previously reported data'®?, these eosinophils were mostly residing in the stroma at the tumour
periphery rather than tumour nests. The overall eosinophil infiltration, even in patients that
were recognised as “eosinophil-rich”, is still relatively low compared to other cell types.
Furthermore, eosinophils are not found to be evenly scattered across the tumours, they usually
reside in distinct niches at the periphery and are present more closely together. Quantitative
analysis of their infiltration patterns should be done to evaluate their spatial proximity to each

other and the proximity to the tumour edge.

Because the increased tissue eosinophil levels were specifically observed in patients with
local recurrence, this raises a question of whether eosinophils are infiltrating tumours of these
patients due to a chronic wound response after radiotherapy. There are many vascular and
fibrotic effects in radiotherapy-treated tissue. However, it may simply be that these are more
aggressive tumours anyway. To test if this eosinophil infiltration is unique for TNBC patients,
a) more TNBC patients with local recurrence would have to be analysed, and b) patients with

local recurrence of other breast cancer subtypes should be compared.

Lastly, eosinophil upregulation during response to ICB is a good prognostic factor for both
TNBC and melanoma patients'®*3'2. TNBC is the most aggressive breast cancer subtype,
which is hard to treat with standard chemotherapy and therefore these patients can greatly
benefit from ICB. However, ICB works for some but not all patients. It would be interesting to
know whether baseline increased eosinophil infiltration could help identify patients with higher

chances of responding to ICB.
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4.5 Appendix

Appendix Table 4.1. List of DEGs between sorted tumour-associated Ly6C+ and Ly6C-
eosinophils, organized by log2FoldChange

Genename  baseMean log2FoldChange pvalue padj Genename  baseMean og2FoldChang  pvalue padj
Cd300e 172.849026 8.525470146 2.54E-09 3.08E-06 Actnd 12188.2235 -1.0468341 0.00010078 0.01586498
Siglech 64.1476281 8.440396293 3.52E-07 0.0002019 Card 742.262267 -1.5213007 0.00013551 0.01903151

17r 74.4980805 8.412987711 0.00018961 0.0241043 Ccn3 2230.16342 -1.6027335 0.00032484 0.03574566
Slc8al 126.847065 7.70536741 1.44E-06 0.00062596 Clca3a2 2344.5138 -2.1777425 0.00038239 0.04039894
Csn2 648.756766  7.141574797 2.00E-21 2.18E-17 Colllal 1711.34365 -2.3222828 0.00013681 0.01903151
Htr7 78.5576898  6.740648532 8.16E-06  0.00246994 Kenk5 356.501303 -2.6270277 0.00010808 0.0163524
Penk 88.8794055 6.740356392 3.70E-06  0.00136928 Acox2 450.412035 -2.6729279 0.00048439 0.04676001
Zfpal 80.5535067 6.723329583 9.11E-05 0.01460865 Pcx 557.50816 -2.6905065 5.89E-09 6.42E-06

Sectmlb  135.346161 6.716844447 4.90E-07 0.00026713 Large2 322.266997 -2.741585 4.76E-05 0.00942952
Ifitlbl1l 73.6960911 6.509376957 2.45E-06  0.00099041 Lamc2 666.520182 -2.8108215 0.00027993 0.03210098
Zfp850 95.1917341 6.222089322 2.51E-05 0.00595504 Spag5 175.327293 -3.0076701 2.23E-05 0.00539918
Mmp19 140.07228 6.180044153 1.08E-09 2.23E-06 Ncald 497.235131 -3.2159613 1.74€-07 0.0001239
Napb 72.9258738 5.525319743 2.83E-05 0.00655801 Ptprk 537.70497 -3.3330241 1.50E-11 4.09E-08
Slc7a2 84.9403762 5.202836362 0.0002987 0.03354674 Syne3 94.1316727 -3.3748594 0.00039235 0.04039894
1133 308.570171 5.187998771 1.87E-08 1.85E-05 Myh14 453.294077 -3.3943197 0.0001499 0.02041212
Amigo3 77.6085079 4.975451914  0.00033394 0.03637901 Boc 595.269265 -3.5905873 0.00039309 0.04039894
Fam185a 97.1681254 4.574408754 0.00031433 0.0349418 Pcdh18 243.115675 -3.7684042 0.00028936 0.03283623
Ly6c2 3616.81403 4.413101765 8.88E-18 4.83E-14 Rem2 106.375991 -3.7767965 0.00051537 0.04839998
Mefv 225.771489 4.03927638 0.00013801 0.01903151 Dsc2 325.608456 -4.2770188 1.33E-05 0.00353736
Hbb-b1 296.406773 3.8732438 6.22E-07 0.00032273 Nat8f4 133.386463 -4.8048254 0.00024484 0.02868033
Fbnl 120.178731 3.759708295 3.77E-06  0.00136928 Ccserl 69.2829241 -4.8189993 5.56E-05 0.01043403
Enpp2 145.230759 3.647863633 0.00038911 0.04039894 Cand2 97.5954164 -4.8304637 0.00048503 0.04676001
Ubd 365.725584 3.64725926 0.00049464 0.04726827 Hunk 179.306934 -5.2458291 4.96E-05 0.00960222
Hba-al 1286.88922 3.523236369 1.43E-09 2.23E-06 Fzd9 82.4891333 -5.4344183 0.00010194 0.01586498
Cd209a 1023.65759  3.246153438 4.89E-08 4.40E-05 Osbpl10 81.2773891 -6.0037766 0.00012976 0.01859966
Chil3 863.5951 3.192853503 1.93E-07 0.0001239 Bbox1 74.9099284 -6.1838749 9.63E-06 0.00283516
Ly6i 635.989794  3.080235756 1.40E-09 2.23E-06 Unc80 75.851571 -6.3546703 8.14E-05 0.01363895
Ralgps2 199.96867 3.060431488 1.23E-05 0.00343169 Adamts7  156.575708 -6.9118379 2.20E-06 0.00092122
Thbs2 329.07946 2.648925026 0.0003768 0.04024342 Dmpl 646.83927 -7.0324172 3.55E-14 1.29E-10
Cer7 218.01222 2.423291986 6.32E-05 0.01129017 Atp10b 135.815546 -7.1599502 1.43E-06  0.00062596
Ms4dadc 1619.56189 2.39151335 2.20E-09 2.99E-06 Sh3tc2 155.510863 -7.285191 2.56E-07 0.00015498
Cd40 718.206321 2.358288534 6.56E-08 5.10E-05 Atp2c2 69.614551 -7.423522  0.0001925 0.0241043
Cd209e 487.304071  2.139100892 0.0002207 0.02701453 Col25a1 68.09878 -7.5964661 6.26E-05 0.01129017
Jaml 270.504156  2.114018471 0.0004039 0.04112228 Al429214 67.4341591 -7.8228074 6.77E-05 0.01172449
Tnip3 249.259886 2.007131342 0.00050663 0.04799355 Glt28d2 78.4912141 -7.8358312 1.75E-05  0.00443468
Tirl 610.85433 1.987099515 0.0002144 0.02654185 Clca2 64.69101 -7.9831303 1.29E-06  0.00061062
Scimp 639.549502 1.87607717 0.0004733 0.04645165 Nebl 66.3839125 -9.2740512 5.25E-08 4.40E-05
Ccl5 553.360198 1.851994355 0.00022877 0.02769158
Vav2 315.802744 1.813169112 0.00036656 0.03953718
Gm6377 762.67317 1.710664386 6.78E-05 0.01172449
Serpina3f 802.834953 1.660603638 1.33E-05 0.00353736
Sponl 1140.03143 1.645058809 0.00010581 0.01623536
Ms4ab6c 1778.51967 1.629130443 1.08E-05 0.00309038
Clec4al 1079.35656 1.591742 4.21E05 0.00864891
Ccer2 3300.5313 1.555835693 1.93E-07 0.0001239
Ms4a6b 1624.96394 1.54632207 5.95E-05 0.0109937
Cd72 1613.15578 1.489569897 3.68E-05 0.00802098
Ptpro 831.438295 1.479586052 0.00024065 0.02849644
Ciita 1282.76884 1.478523145 7.22E-06  0.00236969
Msdabd 3456.16342  1.457722467 7.40E-06  0.00236969
1121r 1009.87488 1.456505972 3.84E-05 0.00809487
BC028528 753.001782 1.442298634 0.00018978 0.0241043
Ms4ada 2724.76695  1.425959936 3.21E-05 0.00728626
P2ry6 1349.30822 1.404840018 5.02E-05 0.00960222
H2-DMbl 4834.48193 1.395225358 1.87E-05 0.00463393
Ly6a 5187.54316 1.389075156 3.86E-05 0.00809487
Oas3 849.502844  1.377804432 0.00023261 0.02784714
Otulinl 2388.93678 1.363193686 3.64E-06 0.00136928
Clec7a 2753.74026  1.322279125 6.04E-06  0.00212243
H2-DMb2  3983.11765 1.307651528 4.42E05 0.00891661
H2-Ab1 171122.571 1.305401041 3.67E-05 0.00802098
Tifab 1114.38566 1.276110749 0.00015721 0.0211437
Clec4a3 3590.18595 1.273235924 1.59E-05 0.00412502
Ctss 32695.508 1.249361165 7.07E-05 0.0120319
Cxcl16 5815.15768  1.244440438 0.00017541 0.0233033
H2-Aa 79763.8045 1.220719029 0.00012252 0.01779583
Cd74 239070.713  1.202586527 0.0001145 0.01708763
Plbd1 4939.99232  1.196631262 7.31E-06  0.00236969
Ctsc 23167.7158 1.189110242 9.53E-07 0.00047176
Ms4a7 6318.82034 1.17868046 0.00019114 0.0241043
Clec10a 3169.0866 1.172196255 0.00046491 0.04604304
Sdc3 5438.88309 1.147046056 7.75E-06  0.00241203

Axl 5708.69733  1.085086451 0.0001778 0.02333742
Mgl2 3794.44015 1.083634245 0.00012062 0.01775697
Ap2a2  2987.12531 1.023758419  0.00045653 0.04562764
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Appendix Table 4.2. List of lineage markers used to validate eosinophil purity.

Gene name Protein Name Primary Cell Type(s)
Adgrel F4/80 Macrophages, eosinophils
Itgam CD11b Myeloid cells
Siglecf Siglec-F Eosinophils, alveolar macrophages
Cer3 CCR3 Eosinophils
lI5ra IL-5Ra Eosinophils
Cx3crl CX3CR1 Monocytes, macrophages
Cd86 CD86 Macrophages
Cd68 CD68 Macrophages, monocytes
Ccr2 CCR2 Inflammatory monocytes
Mrcl CD206 M2 macrophages,
Fit3 FLT3 Dendritic progenitors
Cd177 CDb177 Neutrophils
$100a8 S100A8 Neutrophils, monocytes
$100a9 S100A9 Neutrophils, monocytes
Siglech Siglec-H Dendritic cells
Cd3e CD3e T cells
Cd79a CD79a B cells
Pdgfra PDGFRa Fibroblasts
Pdgfrb PDGFRB Pericytes, fibroblasts
Pecaml CD31 Endothelial cells
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Appendix Table 4.3. List of genes associated with response to IFNy in GSEA-GO analysis,

organised by log2FoldChange

Gene log2FoldChange baseMean pvalue padj

Mefv 4.03927638 225.771489 0.00013801 0.01903151
Ubd 3.64725926 365.725584 0.00049464 0.04726827
Gbp5 2.483774211 149.556922 0.00077847 0.06145416
Pparg 2.107173847 212.842236 0.0058259 0.21465079
Ccl17 2.067054206 127.805699 0.01182979 0.33267055
Ccl22 1.988033143 167.556986 0.03750274 0.59817702
Ccl5 1.851994355 553.360198 0.00022877 0.02769158
Kynu 1.76375872 71.374136 0.06529011 0.75804496
H2-Eb1 1.59252504 1416.48128 0.00101138 0.07132814
Ciita 1.478523145 1282.76884 7.2167E-06 0.00236969
Gbp4 1.424109928 925.632302 0.00275198 0.13698337
Ccl24 1.396817973 1010.16846 0.00104987 0.07193267
H2-Ab1 1.305401041 171122.571 3.6741E-05 0.00802098
Rab7b 1.268899395 709.317768 0.01375331 0.36428313
Cxcl16 1.244440438 5815.15768 0.00017541 0.0233033
H2-Aa 1.220719029 79763.8045 0.00012252 0.01779583
Rab12 1.210563777 149.972959 0.13950712 0.99077403
Ifitm6 1.203802547 77.5360709 0.20465006 0.99985668
Cd74 1.202586527 239070.713 0.0001145 0.01708763
Tir2 1.173589836 1260.34725 0.00085454 0.0655586
Ccl12 1.1711968 2358.47965 0.00377211 0.1625519
Irf8 1.108255786 2633.77586 0.0021572 0.11760805
Gbpl0 1.093402779 174.504425 0.17767503 0.99985668
Dapk3 1.011748861 409.799229 0.15799483 0.99985668
Ccl2 0.986277434 2369.71152 0.00689424 0.23885163
Gbp2b 0.90267656 2159.10415 0.00596118 0.21655081
Ccl8 0.900387002 51924.0093 0.01829855 0.41428029
Jak2 0.884804195 999.688722 0.06886941 0.7779074
Gbp8 0.86604874 1221.9425 0.02314703 0.46439002
Stxbp1l 0.852668436 249.927728 0.12488059 0.96060871
Ccl25 0.849442608 77.6713453 0.40201703 0.99985668
Bst2 0.711384429 1212.77176 0.04815991 0.66580462
Ccl7 0.706512907 6556.76433 0.03622809 0.58730481
Gbp3 0.70299528 1749.16161 0.02814227 0.5091738
Mrcl 0.674865634 4080.48215 0.01623991 0.39402583
Rab11fip5 0.673163814 1033.25275 0.05267174 0.69197504
Ifitm2 0.672885388 3793.22062 0.08313146 0.84010583
Gbp2 0.645823097 5798.89894 0.04140989 0.63312138
Vim 0.64330812 4307.46949 0.02285475 0.46107349
Argl 0.592386497 1246.76106 0.17087361 0.99985668
Irgm1 0.591370069 4573.36852 0.051672 0.68731961
Ifitm3 0.582666701 7078.90745 0.13457233 0.98360438
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Appendix Table 4.4. List of genes associated with response to IFN in GSEA-GO analysis,

organised by log2FoldChange

Gene log2FoldChange baseMean pvalue padj

Gm4841 3.108243655 80.7543329 0.03130333 0.53535086
F830016B0O8Rik 2.644866461 182.373676 0.03719653 0.59678785
Gm5431 2.493496954 260.314267 0.02282118 0.46107349
Ikbke 1.46269251 344.269695 0.00943723 0.29168439
Ifi213 1.388211012 65.383883 0.20277393 0.99985668
Ifi211 1.294909202 70.658928 0.21746889 0.99985668
Ifi202b 1.269913474 713.01086 0.00377507 0.1625519
Ifi208 1.203962065 140.75893 0.11311591 0.92652987
Ifitm6 1.203802547 77.5360709 0.20465006 0.99985668
Ifi203 1.12744975 474.049454 0.02695865 0.49538053
Oaslg 1.088811123 444.196152 0.03068733 0.52924818
ligpl 1.033634557 2960.44569 0.00188306 0.10629032
Ifi204 1.011382586 524.396903 0.07878729 0.81977917
Ifi214 0.924562839 174.449619 0.14840451 0.99985668
Gbp2b 0.90267656 2159.10415 0.00596118 0.21655081
Ifit3 0.867352627 865.23926 0.0322774 0.54771025
Ifi207 0.862441177 1197.21083 0.04317176 0.64196739
ligplc 0.751504741 350.031368 0.15791924 0.99985668
Bst2 0.711384429 1212.77176 0.04815991 0.66580462
Gbp3 0.70299528 1749.16161 0.02814227 0.5091738
Ifi47 0.702141381 2487.46483 0.01733936 0.40276116
Oasla 0.696609903 1731.14276 0.04531133 0.65200195
Ifitm2 0.672885388 3793.22062 0.08313146 0.84010583
Ifi209 0.660309843 1588.23437 0.02986161 0.52122408
Gbp2 0.645823097 5798.89894 0.04140989 0.63312138
Irgm1 0.591370069 4573.36852 0.051672 0.68731961
Ifitm3 0.582666701 7078.90745 0.13457233 0.98360438
Aim2 0.513639182 302.841009 0.39539959 0.99985668
Tgtp2 0.479676626 2318.30234 0.22969331 0.99985668
Stingl 0.403993686 2558.11618 0.17315203 0.99985668
Oaslb 0.380891374 67.2890065 0.6943274 0.99985668
Statl 0.380324741 10028.6809 0.21459492 0.99985668
Irgm2 0.377100064 1480.83141 0.36647005 0.99985668
Ifitm1 0.351306642 85.7287935 0.72136572 0.99985668
Ifnarl 0.348268119 2247.14324 0.31821509 0.99985668
Ifi205 0.345485501 86.6270277 0.69392069 0.99985668
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Appendix Table 4.5. List of genes associated with cell killing, in GSEA-GO analysis, organised
by log2FoldChange

Gene log2FoldChange baseMean pvalue padj

7r 8.412987711 74.4980805 0.00018961 0.0241043
Gbp5 2.483774211 149.556922 0.00077847 0.06145416
Ccl17 2.067054206 127.805699 0.01182979 0.33267055
Ccl22 1.988033143 167.556986 0.03750274 0.59817702
Kirb1b 1.778418354 115.836117 0.03848417 0.60848557
Rasgrpl 1.686371908 364.970327 0.00158534 0.09526435
Cxcl9 1.585186303 820.112725 0.00366311 0.16193437
Havcr2 1.493352627 559.826279 0.00265235 0.13377166
Fcgrl 1.485810585 1339.691 0.00093989 0.06871943
1118 1.438604336 124.463293 0.08109796 0.83456246
Cdid1 1.370641186 334.336652 0.06179523 0.73734633
Clec7a 1.322279125 2753.74026 6.0396E-06 0.00212243
Gzma 1.299285124 82.096641 0.41476663 0.99985668
Cxcl13 1.29040408 357.20353 0.02701083 0.49538053
H2-Ea 1.261792768 1569.96809 0.00062841 0.05657805
Ccr5 1.256996771 966.077209 0.00066515 0.05796927
Cx3crl 1.194782934 1191.91993 0.00250005 0.1278662
Ctsc 1.189110242 23167.7158 9.5271E-07 0.00047176
Fcgrd 1.149936182 496.697872 0.03249104 0.54933397
Kirkl 1.048758865 641.312162 0.00968805 0.29563474
Lyz2 0.998222186 112188.145 0.00076171 0.06145416
Ccl2 0.986277434 2369.71152 0.00689424 0.23885163
c3 0.973365829 6282.53237 0.00026821 0.03108388
Cxcl12 0.95969922 393.360011 0.16497348 0.99985668
Cxcl10 0.952386495 1349.32331 0.00350759 0.15843733
Dnasell3 0.951137563 878.672138 0.01366617 0.36400806
Gbp2b 0.90267656 2159.10415 0.00596118 0.21655081
Ccl8 0.900387002 51924.0093 0.01829855 0.41428029
Serpinb9 0.896299226 323.649341 0.08258459 0.83846833
Ccl25 0.849442608 77.6713453 0.40201703 0.99985668
Lampl 0.796254155 17762.3728 0.0074877 0.24975921
Hfe 0.763949716 2156.17529 0.03252436 0.54933397
Gbp3 0.70299528 1749.16161 0.02814227 0.5091738
H2-T24 0.69477185 1557.68191 0.1067356 0.90213013
Cadm1 0.685610149 620.723584 0.09419726 0.86551826
Lyzl 0.675714447 1380.88803 0.05246475 0.69140796
Ripk3 0.669143009 519.686829 0.16496743 0.99985668
H2-M2 0.667980946 1544.44844 0.11351599 0.92910831
Aplgl 0.655596235 1428.30974 0.09758053 0.86992004
Gbp2 0.645823097 5798.89894 0.04140989 0.63312138
Cd2 0.640601311 192.344798 0.32346652 0.99985668
Slamf6 0.622233391 351.406696 0.23466568 0.99985668
Argl 0.592386497 1246.76106 0.17087361 0.99985668
Nkg7 0.580731461 383.928979 0.38983319 0.99985668
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Appendix Table 4.6. List of genes associated with renal tubule development, in GSEA-GO

analysis, organised by log2FoldChange

Gene log2FoldChange  baseMean pvalue padj

Sox8 -4.508433936 88.5077489 0.0026042 0.13213711
Hs3st3al -2.941348513 92.5953789 0.05933548 0.72710991
Prom1l -2.636992282 90.8137025 0.06995664 0.78056154
Pricklel -2.579346802 158.058326 0.01884585 0.422516
Lgr5 -2.550690786 62.4895704 0.278258 0.99985668
Lgrd -2.26444038 82.5657682 0.10982115 0.91257939
Pbx1 -1.938234689 150.860269 0.0368381 0.59366011
Npnt -1.835665259 794.169346 0.02000064 0.43496774
Heyl -1.460564231 176.896781 0.10128083 0.88480622
Hs3st3b1 -1.400327504 420.826929 0.02000307 0.43496774
DIl1 -1.348018861 147.995786 0.30508399 0.99985668
Agt -1.323329221 82.6989381 0.25265584 0.99985668
Ttc8 -1.243058326 99.9309426 0.24076045 0.99985668
Sox9 -1.240584237 453.371245 0.07545001 0.79943307
Irx3 -1.209349426 189.578478 0.18889192 0.99985668
Lama5 -1.072924141 301.602246 0.07541767 0.79943307
Wnt7b -1.057644488 270.321874 0.20201806 0.99985668
Ptchl -1.037547201 72.3801187 0.39324475 0.99985668
Agpl -0.933136728 517.898864 0.18354289 0.99985668
Lzts2 -0.892156601 528.592936 0.16974661 0.99985668
Col4al -0.802229875 2431.39197 0.5601615 0.99985668
Gata3 -0.668266726 691.881704 0.29380709 0.99985668
Irx2 -0.656853979 179.181546 0.4542003 0.99985668
Bcl2 -0.644176758 317.396142 0.27843662 0.99985668
Smad4 -0.642316984 651.032017 0.12243342 0.95827724
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Appendix Table 4.7. List of genes associated with mesonephric epithelium and ureteric bud
development, in GSEA-GO analysis, organised by log2FoldChange

Gene log2FoldChange baseMean pvalue padj

Sox8 -4.508433936 88.5077489 0.0026042 0.13213711
Hs3st3al -2.941348513 92.5953789 0.05933548 0.72710991
Fgfr2 -2.65293425 178.32094 0.01476679 0.3746239
Crif1 -2.57405094 140.984197 0.04448794 0.6470649
Lgrd -2.26444038 82.5657682 0.10982115 0.91257939
Pbx1 -1.938234689 150.860269 0.0368381 0.59366011
Npnt -1.835665259 794.169346 0.02000064 0.43496774
Sfrpl -1.71662669 503.388529 0.00824604 0.26499227
Heyl -1.460564231 176.896781 0.10128083 0.88480622
Hs3st3b1 -1.400327504 420.826929 0.02000307 0.43496774
Agt -1.323329221 82.6989381 0.25265584 0.99985668
Sox9 -1.240584237 453.371245 0.07545001 0.79943307
Bmp7 -1.184529502 78.3163951 0.20393291 0.99985668
Epcam -1.125372469 5450.77236 0.04636487 0.65597257
Smad3 -1.110483769 1225.02538 0.00087693 0.06601565
Lama5 -1.072924141 301.602246 0.07541767 0.79943307
Ptchl -1.037547201 72.3801187 0.39324475 0.99985668
Lzts2 -0.892156601 528.592936 0.16974661 0.99985668
Gata3 -0.668266726 691.881704 0.29380709 0.99985668
Fgfrl -0.649688637 9446.91144 0.05129726 0.68484358
Bcl2 -0.644176758 317.396142 0.27843662 0.99985668
Smad4 -0.642316984 651.032017 0.12243342 0.95827724
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Appendix Table 4.8 List of genes associated with the top 3 KEGG pathways upregulated in

Ly6C- eosinophils
Gene log2FoldChange baseMean pvalue padj Pathway
Lama3 -9.03894771 133.7778 0.01833 0.41428 ECM-receptor interaction
Dmp1l -7.032417223 646.8393 3.55E-14 1.29E-10 ECM-receptor interaction
Fzd9 -5.434418256 82.48913 0.000102 0.015865 Hippo signaling pathway; Wnt signaling pathway
Comp -3.218679213 395.4339 0.002159 0.117608 ECM-receptorinteraction
Tle2 -3.104290081 74.60271 0.001689 0.09794 Wnt signaling pathway
Lamc2 -2.810821463 666.5202 0.00028 0.032101 ECM-receptor interaction
Col9al -2.631932408 2840.689 0.035928 0.584184 ECM-receptorinteraction
Pricklel -2.579346802 158.0583 0.018846 0.422516 Wnt signaling pathway
Lgr5 -2.550690786 62.48957 0.278258 0.999857 Wnt signaling pathway
Ajuba -2.282776014 92.57062 0.10998 0.913206 Hippo signaling pathway
Lgrd -2.26444038 82.56577 0.109821 0.912579 Wnt signaling pathway
Col9a3 -2.227180958 1216.964 0.002404 0.125157 ECM-receptor interaction
Itgb4 -2.125216965 604.4859 0.005847 0.214651 ECM-receptor interaction
Pard3 -2.018354093 118.6509 0.043858 0.64564 Hippo signaling pathway
Itga3 -1.997871503 315.1846 0.017006 0.400578 ECM-receptor interaction
Wwcl -1.865931 139.1285 0.026462 0.49027 Hippo signaling pathway
Npnt -1.835665259 794.1693 0.020001 0.434968 ECM-receptorinteraction
Mcc -1.806136105 94.19986 0.096541 0.869568 Wnt signaling pathway
Mapk8 -1.734356338 161.2407 0.014899 0.374624 Wnt signaling pathway
Sfrpl -1.71662669 503.3885 0.008246 0.264992 Wnt signaling pathway
Lamb2 -1.689512225 409.164 0.013126 0.357524 ECM-receptorinteraction
Col9a2 -1.610200155 560.4166 0.02909 0.514959 ECM-receptor interaction
Nkd2 -1.401003744 560.6063 0.047856 0.664864 Hippo signaling pathway; Wnt signaling pathway
Hspg2 -1.38988722 115.8029 0.252606 0.999857 ECM-receptor interaction
Tgfb3 -1.365357746 1605.253 0.011126 0.319461 Hippo signaling pathway
Gpcd -1.287764236 413.2231 0.160714 0.999857 Wnt signaling pathway
Tle6 -1.246097359 104.0094 0.130292 0.975457 Wnt signaling pathway
Bmp7 -1.184529502 78.3164 0.203933 0.999857 Hippo signaling pathway
Wnt5b -1.157959383 203.3197 0.126428 0.967207 Hippo signaling pathway; Wnt signaling pathway
Frmd6 -1.150503678 320.9803 0.061962 0.737721 Hippo signaling pathway
Smad3 -1.110483769 1225.025 0.000877 0.066016 Hippo signaling pathway; Wnt signaling pathway
Lgré -1.110290503 324.3719 0.121476 0.958277 Wnt signaling pathway
Fzd6 -1.104655985 280.4937 0.134783 0.983604 Hippo signaling pathway; Wnt signaling pathway
Lama5 -1.072924141 301.6022 0.075418 0.799433 ECM-receptorinteraction
Wnt7b -1.057644488 270.3219 0.202018 0.999857 Hippo signaling pathway; Wnt signaling pathway
Cdhl -1.04233659 1895.562 0.057995 0.720478 Hippo signaling pathway
Wntl1l -1.024993363 5703.981 0.001112 0.074297 Hippo signaling pathway; Wnt signaling pathway
Tefb2 -0.967009038 128.919 0.264977 0.999857 Hippo signaling pathway
Vangll -0.960771485 288.5269 0.263471 0.999857 Wnt signaling pathway
Itga8 -0.954685544 529.6165 0.100477 0.882025 ECM-receptor interaction
Dagl -0.938890987 1902.35 0.01815 0.413542 ECM-receptorinteraction
Fzd5 -0.916083652 84.16903 0.31542 0.999857 Hippo signaling pathway; Wnt signaling pathway
Lzts2 -0.892156601 528.5929 0.169747 0.999857 Wnt signaling pathway
Col4as -0.883696643 409.3655 0.171811 0.999857 ECM-receptorinteraction
Sdcl -0.880448761 513.8985 0.204906 0.999857 ECM-receptor interaction
Fzd4 -0.872328892 95.52638 0.343389 0.999857 Hippo signaling pathway; Wnt signaling pathway
Patj -0.858362846 339.9209 0.180022 0.999857 Hippo signaling pathway
Col4dal -0.802229875 2431.392 0.560161 0.999857 ECM-receptor interaction
Sirtl -0.773233092 308.8329 0.164692 0.999857 Wnt signaling pathway
Tead2 -0.768923577 130.9701 0.290352 0.999857 Hippo signaling pathway
Thl1lx -0.719593507 865.2986 0.154717 0.999857 Wnt signaling pathway
Fzd1 -0.678740736 105.0864 0.565871 0.999857 Hippo signaling pathway; Wnt signaling pathway
Ligl2 -0.653182661 288.6929 0.237365 0.999857 Hippo signaling pathway
Ccndl -0.645998772 1155.011 0.143216 0.999857 Hippo signaling pathway; Wnt signaling pathway
Smad4 -0.642316984 651.032 0.122433 0.958277 Hippo signaling pathway; Wnt signaling pathway
Nf2 -0.597380214 1247.983 0.073008 0.79229 Hippo signaling pathway
Btrc -0.586768758 479.0764 0.22108 0.999857 Hippo signaling pathway; Wnt signaling pathway
Prkci -0.563248602 659.4133 0.281221 0.999857 Hippo signaling pathway
Ppp3cc -0.557264892 313.9434 0.347531 0.999857 Wnt signaling pathway
Bmprla -0.553877855 165.7714 0.542511 0.999857 Hippo signaling pathway
Palsl -0.546567208 434.9485 0.22393 0.999857 Hippo signaling pathway
Chd8 -0.543666558 655.0519 0.217903 0.999857 Wnt signaling pathway
Ligl1 -0.534519826 964.727 0.125179 0.96171 Hippo signaling pathway
Tcf712 -0.505424751 602.5596 0.250784 0.999857 Hippo signaling pathway; Wnt signaling pathway
Ctbp2 -0.496503599 623.2585 0.306992 0.999857 Wnt signaling pathway
Ryk -0.482345519 314.5314 0.420289 0.999857 Wnt signaling pathway
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Figure S3. Heatmaps of genes extracted from the GSEA-GO analysis. The NT193 cancer cell line

was grafted into the 4" mammary fat pad of FVB female mice, on day 18 tumours (n

3) were harvested

and Siglec-F+ CD11b+ eosinophils were sorted based on their Ly6C surface expression. Ly6C+ and
Ly6C- sorted eosinophils were then processed and analysed by bulk RNA sequencing and analysed by
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GSEA-GO. Gene sets of top 3 up (A-C) and down (D-F) regulated pathways in Ly6C+ eosinophils were
extracted and visualised by heatmaps. Heatmaps display fold change (FC) differences between Ly6C+
and Ly6C- eosinophils. Data were further normalised by z-scoring across all samples for visualisation.
FC differences are colour-coded according to a custom palette; genes overexpressed in Ly6C+
eosinophils have FC > 0.
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Figure S4. Flow cytometry analysis of IFNGR2 and IFNAR1 on tumour-associated and bone
marrow-derived eosinophils. (A) The NT193 cancer cell line was grafted into the 4" mammary fat
pad of FVB female mice, on day 18, tumours were analysed by flow cytometry and the median
fluorescence intensity of IFNy receptor 2 (IFNGR2) and IFN-alpha receptor 1 (IFNAR1) was compared
between Ly6C+ eosinophils, Ly6C- eosinophils (n =6) and fluorescence minus one control on all
eosinophils (n = 2). (B) Bone marrow cells of C57/BI6 male mice (n = 4) were first cultured with FItI3
and mSCF for 4 days, then differentiated into eosinophils with IL-5 until day 18 and and the median
fluorescence intensity of IFNy receptor 2 (IFNGR2) was compared between Ly6C+ eosinophils, Ly6C-
eosinophils (n =4) and fluorescence minus one control on all eosinophils (n =3).

A Mouse IgG Isotype B MBP 1/50 C EPX 1/100

Figure S5. Comparison of immunofluorescent staining with IgG isotype control and two
eosinophil markers on healthy colon. Healthy colon samples underwent heat-induced antigen
retrieval with citrate and tris incubation and were stained with 1gG isotype (A), anti-major basic protein
(MBP) (B), and anti-eosinophil peroxidase (EPX) (C) antibodies and visualised with the confocal
microscope Zeiss 880. Scale = 50um.
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Figure S6. Effect of IFN stimulation on CD11b expression of Ly6C+ and Ly6C- bone marrow-
derived eosinophils ex vivo. Bone marrow cells of C57/BI6 male mice (n = 3) were first cultured with
FItI3 and mSCF for 4 days, then differentiated into eosinophils with IL-5 until day 18 and CCR3+ Ly6C+
and CCR3+ Ly6C- eosinophils were FACS sorted. Both subsets of eosinophils were afterwards
incubated with IFNy or IFN in the presence of IL-5, or cultured in the absence of IFNs in the presence
of only IL-5. All treatment groups were analysed with flow cytometry. (A, B) Comparison of CD11b
expression of Ly6C+ and Ly6C- eosinophils after incubation with IL-5 (gray), IL-5+ IFNy (+IFNy, yellow),
and IL-5 + IFNB (+IFNB, green), as indicated. Data show mean + SEM and are representative of 2
independent experiments, and were analysed by a two-tailed paired Student's t-test. Statistical
significance is displayed on figures as follows: **p < 0.01, ***p<0.001, ****p<0.0001.
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Figure S7. MFI fold change differences of Ly6C+ to Ly6C- eosinophils in control and treated
tumours. (A) FVB mice were orthotopically grafted with the NT193 cell line into the 4" mammary fat
pad and treated every 3 days with anti-PD-L1 or IgG2b isotype control antibodies up to day 18.
Foldchange of MHC-I and MHC-II median fluorescence intensity on Ly6C+/Ly6C- eosinophils in WT (n
=4)and ICB (n = 4) treated tumours. (B) FVB mice were orthotopically grafted with the NT193 cell line
into the 4" mammary fat pad and treated every 3 days with anti-IFNAR1 and anti-IFNy antibodies (anti-
IFNs) or isotype control (Iso), until reaching the humane end-point on day 12. Foldchange of MHC-II
and PD-L1 median fluorescence intensity on Ly6C+/Ly6C- eosinophils in WT (n = 3) and a-IFN (n = 5)
treated tumours. Data show mean + SEM and are representative of 1 experiment, and were analysed
by two-tailed paired Student’s t-test. Statistical significance is displayed on figures as follows: *p < 0.05,
or p-value above the plot.
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5.1 Introduction

Eosinophils represent a prevalent myeloid population in NT193 tumours, as described in
Chapter 3. Intriguingly, the NT193 cancer cell line with genetically engineered low or high
expression levels of extracellular matrix protein tenascin-C (TNC) was previously used to
examine the effects of cancer-derived TNC on macrophage polarisation®?®, metastatic blood
vessel formation®*!, and formation of a distinct tumour microenvironment (TME) resulting in a
T-cell exclusion during breast cancer progression®. Therefore, this chapter uses the NT193
model with high (TNC+) and low (TNC-) levels of cancer-derived TNC to further understand
eosinophil behaviour in the altered TME. The analysis of the myeloid compartment of TNC+
and TNC- tumours revealed that eosinophils are a major myeloid population exclusively in
TNC+ tumours with wild-type levels of TNC. Moreover, comparison of early and late tumours
revealed that while macrophages and eosinophils were excluded towards the tumour
periphery in early tumours, eosinophils were more efficient in penetrating TNC+ tumours at
the final time point. Although this phenotype was not associated with any differences in the
tumour growth, the NT193 TNC-dependent model was used to explore why eosinophils

infiltrated the TNC+ tumours at higher rates.

Following these initial findings and the fact that tumour-associated macrophages (TAMs) were
previously proposed to be differentially polarised towards a more M2-like state in NT193
tumours with altered TNC?%, TAMs of both TNC+ and TNC- tumours were analysed by bulk
RNAseq analysis. These results a) confirmed the altered phenotype of TAMs infiltrating these
two distinct TMEs and b) revealed that TAMs infiltrating TNC+ tumours upregulated genes
associated with granulocyte chemotaxis, including overexpression of Ccl24, eotaxin-2, a
chemokine responsible for eosinophil migration'®®. Because TNC is a known activator of
TLR4?** and TNC stimulation of bone marrow-derived macrophages (BMDM) was previously
linked to Ccl24 expression®?, further analysis focused on understanding if and how TNC

supports macrophage-eosinophil crosstalk in vitro and in vivo. To this end, | was able to
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confirm that eosinophils and macrophages co-localised on TNC tracks and that in vitro
stimulation of BMDMs with the tenascin-C domain binding TLR4 led to an increased eosinophil

migration.

To investigate the potential macrophage-eosinophil cross-talk in vivo, TNC+ tumours were
treated with clodronate liposomes, a treatment strategy used for the depletion of phagocytic
cells and leading to a reduction of tumour growth. This treatment reduced TAM level by 33%
one day after the last clodronate administration and caused eosinophil reduction in one
experimental repeat. However, because of the systemic effect of clodronate liposome on the

spleen and the incomplete macrophage depletion, these experiments were discontinued.

Overall, this chapter presents new findings on the TNC-dependent NT193 model, pointing to
eosinophils as one of the major myeloid populations impacted by the knockdown of cancer-
derived TNC. Furthermore, these results provide new insights into TNC macrophage
activation, pointing to a possible mechanism by which TNC supports macrophage-eosinophil
crosstalk in vitro and in vivo. Finally, while clodronate liposome treatment did not result in
complete macrophage depletion, observations during these experiments raise a question of
the potential systemic side effects of this treatment and underline the importance of biological
controls to ensure the specificity of liposome uptake and depletion of the macrophage

population.
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5.2 Results
5.2.1 Effect of TNC knockdown in cancer cells on TME formation revisited

Tenascin-C (TNC) is a large extracellular matrix protein mostly absent in healthy adult tissues
but upregulated during tissue injury, inflammation and pathological conditions such as

315

313314 or cancer?®?!, where it is predominantly produced by stromal cells®'°.

rheumatoid arthritis
In cancer, TNC was found to be expressed by both stromal and cancer cells, with cancer-
derived TNC being an important factor of lung colonisation during the establishment of
metastatic breast cancer???. Furthermore, TNC is a known activator of TLR4 signalling, leading
to proinflammatory macrophage polarisation?**. TLR4-TNC signalling was associated with the
promotion of metastatic niche by activation of perivascular macrophages in lungs®*?, and in a
primary model of breast cancer, only cancer-derived TNC and not host-derived TNC was
proposed to polarise macrophages to a pro-tumorigenic M2-like state, enhancing the growth
of NT193 TNC+ tumours?®®. Given that a) TNC polarises macrophages towards a more pro-
tumorigenic phenotype in NT193 tumours®?, b) the unexpected finding of the tumour-
associated eosinophils infiltration in NT193 tumours, described in Chapter 3, and c) the
growing evidence of macrophage-eosinophil crosstalk during infection and cancer
progression'’%*® | revisited the NT193 TNC-dependent breast cancer model to understand
how and if the cancer-derived TNC shapes macrophage-eosinophil crosstalk in the tumour

microenvironment (TME).

As previously described, the NT193 cell line was derived from a spontaneous tumour of a
transgenic MMTV-NeuNT FVB mouse with an active form of ErbB2 (NeuNT) driving the
tumorigenesis®'’. The NT193 cell line was genetically manipulated to downregulate TNC
expression (shTNC/TNC-) by using shRNA interfering with Tnc. As a control, NT193 cells were
transfected with a non-targeting shRNA, resulting in native levels of TNC expression
(shCTL/TNC+)?". Both shTNC and shCTL NT193 cell lines were provided by Dr. Gertraud

Orend. NT193 cells were orthotopically engrafted into the 4™ mammary fat pad of wild-type
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FVB female mice and tumours were analysed by flow cytometry and immunofluorescent
imaging (Figure 5.1A). Prior to engraftment, downregulation of Thc expression was confirmed
by gPCR analysis of TNC+ and TNC- cancer cells (Figure 5.1B). Tumours were harvested on
day 7 and day 18 and infiltration of eosinophils (CD11b+, Siglec-F+, Ly6G-), neutrophils
(CD11b+, Siglec-F-, Ly6G+), monocytes (CD11b+, Siglec-F-, Ly6G-, Ly6C+), and
macrophages (CD11b+, Siglec-F-, Ly6G-, Ly6C-) was assessed by flow cytometry (Figure

5.1C).

While no difference in TAMs infiltrating TNC+ and TNC- tumours was observed during early
tumour development on day 7, TNC- tumours presented with increased macrophage levels on
day 18 (Figure 5.1D). In contrast, monocytes were present in TNC+ tumours on day 7
significantly more, however, no difference in monocyte infiltration was observed on day 18
(Figure 5.1E). As the difference in macrophage infiltration during late tumour development was
not previously reported, the macrophage phenotype was further investigated. TNC- TAMs
were previously assigned a CD206+, CD86"Y, MHCI"°, MHCII phenotype??. | did not observe
a statistically significant increase in MHC-II in TAMs infiltrating TNC- tumours, and increased
expression of CD206 in TNC+ TAMs was observed in some but not all experimental repeats
(Figure S8A). However, CD86 expression was consistently increased on TNC- TAMs across

all experimental repeats, in agreement with the literature®?® (Figure S8B).

No statistically significant differences were observed when comparing neutrophil infiltration on
either day 7 or day 18 post-engraftment in TNC+ and TNC- tumours (Figure 5.1F). As
described in Chapter 3, CD45+ compartment of TNC+ tumours consisted of up to 30% of
tumour-associated eosinophils on day 18, however, this was not observed in TNC- tumours,
or in either of the phenotypes on day 7-post engraftment (Figure 5.1G). These results
suggested that eosinophil infiltration is directly or indirectly supported by the TME formed

during the late TNC+ tumour development.
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Figure 5.1. Eosinophil infiltration in the NT193 model is reduced in shTNC tumours. (A) Overview
of the experimental set-up. The NT193 cancer cell line derived from spontaneous MMTV-NeuNT was
transfected with shRNA interfering with Tnc expression (shTNC cells/ TNC-) or a control non-specific
shRNA (shCTL cells/TNC+). TNC+ or TNC- NT193 cells were orthotopically grafted into
immunocompetent FVB mice and tumours were analysed by imaging and flow cytometry on days 7 and
18 post-engraftment. (B) Relative Tnc expression in TNC+ and TNC- cancer cell lines, presented as
percentage of Hprt expression (ntnc+ = 4, nne- = 4). Data show individual values and mean + SD, are
pooled from 2 independent experiments, and were analysed by Student's t-test. (C) Representative
gating strategy used for flow cytometry identification of tumour-associated eosinophils (TAE), tumour-
associated neutrophils (TAN), monocytes (Mono), and tumour-associated macrophages (TAM). (D-G)
Comparison of macrophages (D), monocytes (E), eosinophils (F), and neutrophils (G) on indicated days
in TNC+ (red) and TNC- (blue) tumours, (nTnc+day7 = 7, NTNC-day7 = 6, NTNC+day1s = 12, NTNC-day18 = 12).
Data show individual values and mean, day 7 data are pooled from 2 independent experiments, day 18
data are pooled from 4 independent experiments, each experiment containing 3 mice per group and all
experiments showed the same trend. Data were analysed by a two-way ANOVA test using Sidak
correction. Statistical significance is displayed on figures as follows: *p < 0.05, **p < 0.01, ***p<0.001,
****p<0.0001.

Previously, macrophage infiltration in NT193 TNC+ and TNC- tumours was investigated
through F4/80 immunofluorescent staining, revealing no significant differences in macrophage
distribution in treatment naive mice?®. Considering that eosinophils present a significant
F4/80+ population, these findings were revisited. To understand if the temporal regulation of
macrophages and eosinophils in TNC+ and TNC- tumours is associated with differences in
spatial distribution, NT193 tumours were further characterised by anti-Siglec-F (eosinophil)
and anti-CD68 (macrophage) immunofluorescent staining (Figure 5.2A) on day 7 and day 18.
Interestingly, while both eosinophils and macrophages were mostly excluded towards the
tumour edge during early tumour development (Figures 5.2B and C), eosinophils were found
to be more evenly distributed in the TNC+ tumours on day 18 (Figure 5.2B). This was
previously unreported and points to an interesting phenotype in which eosinophils are capable

of penetrating the tumour core in TNC+ tumours.
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Figure 5.2. Eosinophils are spatially excluded within shTNC NT193 tumours. NT193 cancer cell
line derived from spontaneous MMTV-NeuNT was transfected with shRNA interfering with Tnc
expression (shTNC cells/ TNC-) or a control non-specific ShRNA (shCTL cells/TNC+). TNC+ or TNC-
NT193 cells were orthotopically grafted into immunocompetent FVB mice and tumours were analysed
by immunofluorescent imaging on days 7 and 18 post-engraftment. Tumours were cryosectioned to
5um thickness, stained with DAPI (nuclear stain), Siglec-F (eosinophils), and CD68 (macrophages) and
imaged with Zeiss Axioscan7. All analysis was performed in QuPath software. (A) Representative image
of TNC+ and TNC- tumour on day 18 post-engraftment. (B) Quantification of eosinophil distance from
the tumour edge in TNC+ (red) and TNC- (blue) tumour on the indicated day. (C) Quantification of
macrophage distance from the tumour edge in TNC+ (red) and TNC- (blue) tumour on the indicated
day. Data representative of 3 tumours per each condition, plots (B) and (C) are representative of 3
pooled tumours per condition. Scale = 250um.

Because of the increased eosinophil infiltration in TNC+ tumours (Figure 5.1G), their proposed
anti-tumorigenic activity in NT193 TNC+ tumours (Figure 3.12), and the more even distribution
of eosinophils at late stages of TNC+ tumour development, | next wanted to understand if this
might be connected to the previously observed enhanced tumour growth of TNC+ tumours.
Eight independent experiments focused on the comparison of TNC+ and TNC- tumour growth

were performed. First, approximately 10 million NT193 cells in 50ul of PBS of either TNC+ or
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TNC- phenotype were orthotopically grafted in FVB mice and no statistically significant

difference in tumour volume at the final time point was observed (Figure 5.2A).

As this method was technically challenging, in the next set of experiments, 5 million NT193
cells in 100ul of PBS of either TNC+ or TNC- phenotype were orthotopically grafted in FVB
mice. This approach resulted in similar findings, no statistically significant difference between
tumours generated with TNC+ and TNC- NT193 cell line was observed (Figure 5.2B). It is
important to note that only tumours that did not show signs of regression were included in this
analysis, which resulted in a lower number of mice per cohort. Removal of regressing tumours
was performed in all treatment naive mice as both TNC+ and TNC- tumours were regressing
at different rates depending on the experimental repeat (Figure S9). Importantly, on average,

neither of the phenotypes was observed to regress more (Figure 5.3C).
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Figure 5.3. Knockdown of TNC in cancer cells does not impact primary tumour growth. The
NT193 cancer cell line derived from spontaneous MMTV-NeuNT was transfected with shRNA interfering
with Tnc expression (shTNC cells/ TNC-) or a control non-specific ShRNA (shCTL cells/TNC+). TNC+
or TNC- NT193 cells were orthotopically grafted into immunocompetent FVB mice and tumours were
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harvested on day when they reached a human endpoint. (A) Approximately 10 million of NT193 cells in
50ul was orthotopically engrafted. Comparison of tumour volume of TNC+ and TNC- at a final time point
in all experimental repeats, as indicated (NTnc+, expt = 6, NTNG-, exp1 = 5; NTNG+, exp2 = 3, NTNC-, exp2 = 2, NTNC+,
exp3 = 3, NTNC-, exp3 = 3). (B) 5 million NT193 cells in 100ul were orthotopically engrafted. Comparison of
tumour volume of TNC+ and TNC- on day 18 in all experimental repeats, as indicated (nTnc+, exps = 4,
NTNC-, exp4 = D; NTNC+, exps5 = 4, NTNC-, exp5 = 3, NTNC+, exp6 = 3, NTNC-, exp6 = 3; NTNC+, exp? = D, NTNC-, exp7 = 4; NTNC+,
exp8 = 4, NTNC-, exps = B). (C) Summary of regressing TNC+ and TNC- tumours in experiments 4-8. Data
show individual values and mean, and were analysed by Student's t-test. Statistical significance is
displayed on figures as follows: ns = p > 0.05.

Overall, these results show that the formation of TME by the TNC+ NT193 cancer cells leads
to increased levels of tumour-associated eosinophils that are able to penetrate through the
tumour edge more efficiently compared to TNC- tumours. Furthermore, macrophage infiltration
was also altered, with a slight, but statistically significant, increase observed in TNC- tumours,
with TNC- macrophages being more CD86+. While | was not able to confirm the TNC-
dependent growth, | have further used the NT193 model to better understand how eosinophils

infiltrate orthoptic tumours.

5.2.2 Tumour-associated macrophages overexpress eotaxin-2 in TNC+ tumours
Because TNC is capable of macrophage activation in different disease contexts®#2*
polarisation of macrophages infiltrating TNC+ and TNC- tumours was further investigated in
an unbiased manner. NT193 shCTL or shTNC cells were orthotopically engrafted in wild-type
FVB female mice, and tumour-associated macrophages (CD11b+, F4/80+, Siglec-F-, Ly6G-,
Ly6C-) were FACS sorted from both TNC+ and TNC- tumours and examined by bulk RNAseq
(Figure 5.4A). Principal component analysis of the bulk RNAseq experiment revealed a clear
separation between TNC+ and TNC- TAMs (Figure 4.1B). Furthermore, differential gene
expression analysis (DESeq2) of the TNC+ and TNC- TAMs identified 361 differently
expressed genes (DEGs) (logFC > 1, p-value < 0.05). Of these DEGs, 167 were
downregulated and 194 were upregulated in TNC+ TAMs compared to TNC- TAMs (Figure
4.1C). Notably, the Ccl24 gene transcript, encoding eotaxin-2, was among the most
significantly upregulated genes in TNC+ TAMs. These results showed that macrophages
present with a different phenotype in TNC+ and TNC- tumours, as confirmed by comparison

of the top 40 DEGs (Figure S10A).
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Further gene set enrichment analysis (GSEA) using the gene ontology (GO) resource revealed
chemotaxis as the 4" most upregulated pathway in macrophages sorted from TNC+ tumours
(Figure 5.4D), with a set of gene transcripts directly associated with granulocyte chemotaxis,
including Ccl24 (Figure 5.4E). Furthermore, normalised expression of Ccl24 positively
correlated with eosinophil infiltration in TNC+, but not in TNC- tumours (Figure 5.4F). These
results collectively point at the possibility that macrophages in the TME containing cancer-

derived TNC are capable of enhancing eosinophil infiltration.

Even though some of the chemokines regulated between TAM subsets are traditionally

318(

associated with neutrophil chemotaxis®'® (Cxcl1, Cxcl2), eosinophils were previously observed

1% Therefore, differences in chemokine receptors on

to migrate towards mKC (CXCL1) in vitro
eosinophils infiltrating TNC+ and TNC- tumours were further explored to understand the

capacity of eosinophils to sense these chemokines.
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Figure 5.4. Tumour-associated macrophages in shTNC tumours downregulate eotaxin-2. (A)
Overview of the experimental set-up. The NT193 cancer cell line derived from spontaneous MMTV-
NeuNT was transfected with shRNA interfering with the Thc expression (shTNC cells/ TNC-) or a control
non-specific ShRNA (shCTL cells/TNC+). TNC+ or TNC- NT193 cells were orthotopically grafted into
immunocompetent FVB mice, tumours were harvested on day 18 post-engraftment, F4/80+, Siglec-F-,
Ly6C- macrophages were FACS sorted and analysed by bulk RNAseq. (B) Visualisation of principal
components (PC) 1 and 2 of PCA analysis performed on all sequenced samples after DESeq2
normalisation. Each point represents an individual sample, colour-coded by experimental condition as
indicated - TNC+ (red) and TNC- (blue). (C) Volcano plot of differentially expressed genes between
TNC+ associated macrophages and TNC- tumour-associated macrophages. Each point represents a
gene; all genes are plotted by fold change (log,) against statistical significance (—log,, adjusted p-
value). Significantly upregulated genes in TNC+ associated macrophages are marked in red,
significantly downregulated genes are marked in blue. Eotaxin2 (Ccl24) is highlighted. (D) Gene Set
Enrichment Analysis (GSEA) using the Gene Ontology (GO) database was performed using ranked
gene expression data. Genes were ranked by differential expression and converted to Entrez IDs before
enrichment testing across all GO categories (Biological process, Molecular function, and Cellular
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component). Enriched pathways were identified based on normalised enrichment scores (NES) and
adjusted p-values (adjusted p-value < 0.05). The dot plot displays the top significantly enriched GO
terms for upregulated (NES>0) and downregulated (NES<0) gene sets in TNC+ TAMs, dot size
represents the number of genes in each pathway and dot colour intensity indicates statistical
significance (adjusted p-value). (E) Heatmap of normalised gene expression of genes associated with
granulocyte chemotaxis in TNC+ (red) and TNC- (blue) associated macrophages. Rows represent
individual samples and columns represent genes. Expression levels are colour-coded according to a
custom palette. (F) Correlation of normalised Ccl24 expression by TNC+ (red) and TNC- (blue)
associated macrophages and % of eosinophils in matched tumours analysed by flow cytometry. Data
are analysed by simple linear regression.

As mentioned above, eosinophils were previously observed to migrate towards CXCL1 in vitro
migration assays, and eosinophil migration is commonly regulated by CCL11 and CCL24%'¢,
Therefore, to test whether the increased expression of Cc/24 and Cxcl1 by TNC+ TAMs is
matched with increased responsiveness of tumour-infiltrating eosinophils, expression of a)
CCRS3 receptor for eotaxins (CCL11, CCL24, and CCL26) and b) CXCR2 receptor for CXCL1
and CXCL2 chemokines, was compared on tumour-associated eosinophils infiltrating TNC+
and TNC- early and late tumours. Interestingly, no differences in CCR3 median fluorescence
intensity were observed on day 7, however, TNC+ associated eosinophils overexpressed
CCR3 on day 18, pointing to a possible increased responsiveness to CCL24+ macrophages
(Figure 5.5A). This fits with the observation that eosinophils accumulate in the TNC+ tumours
at late stages, while on day 7 no differences in eosinophil levels between TNC+ and TNC-

tumours were observed (Figure 5.1G).

Analysis of CXCR2 expression did reveal possible overexpression on TNC+ associated
eosinophils on day 18, however, the absolute values were very close to the fluorescence
minus one (FMO) control for the CXCR2 antibody (Figure 5.5B). Therefore, CXCR2
expression was further investigated on TNC+ and TNC- tumour-infiltrating and compared to
both FMO control and isotype control on both eosinophils and neutrophils (Figure 5.5C and
D); neutrophils were chosen for comparison as they are known to express CXCR2 receptor®'®,
These results suggested that the low levels of CXCR2 observed on eosinophils were most
likely a technical artefact, as no clear CXCR2+ eosinophil population was observed on

eosinophils compared to the isotype control (Figure 5.5C); however, neutrophils presented
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with a clear expression of CXCR2 receptor compared to both FMO and isotype controls

(Figure 5.5D).

These results show that the observed increase in tumour-infiltrating eosinophils in NT193
tumours might be partially supported by overexpression of the CCR3 receptor on TNC+

eosinophils, however, these eosinophils are unlikely to be migrating based on the CXCL1 or

CXCL2 axis.
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Figure 5.5. Eosinophils overexpress CCR3 in TNC+ NT193 tumours. The NT193 cancer cell line
derived from spontaneous MMTV-NeuNT was transfected with shRNA interfering with Tnc expression
(shTNC cells/ TNC-) or a control non-specific shRNA (shCTL cells/TNC+). TNC+ or TNC- NT193 cells
were orthotopically grafted into immunocompetent FVB mice and tumours were analysed by flow
cytometry on days 7 and 18 post-engraftment. (A) Comparison of CCR3 median fluorescence intensity
on eosinophils infiltrating TNC+ and TNC- tumours on the indicated time points. (B) Comparison of
CXCR2 median fluorescence intensity on eosinophils infiltrating TNC+ and TNC- tumours on the
indicated time points. (C) Representative density plot of CXCR2 expression of eosinophils in TNC+ and
TNC- tumours with 2 controls: fluorescence minus one (FMO) and CXCR2 isotype control. (D)
Representative density plot of CXCR2 expression of neutrophils in TNC+ and TNC- tumours with 2
controls: fluorescence minus one (FMO) and CXCR2 isotype control.
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To further investigate the potential macrophage-eosinophil crosstalk mediated by TNC
activation, the spatial distribution of macrophages and eosinophils in relation to TNC tracks in
both TNC+ and TNC- tumours on day 7 and day 18 was analysed by immunofluorescent
imaging. These experiments revealed a co-localisation of macrophages and eosinophils in
proximity to TNC tracks in both TNC+ and TNC- tumours (Figure 5.6A, B). Further analysis of
eosinophil and macrophage distribution revealed that eosinophils in TNC+ tumours were more
likely to reside on TNC track than in TNC- tumours by day 18 (Figure 5.6C), but no differences
in macrophage-TNC distance were observed on either of the days (Figure 5.6D). However,
most eosinophils in both tumour types were located in the tumour stroma, and therefore, the
eosinophil-TNC distance analysis was influenced by the increased infiltration of eosinophils in
the TNC+ tumour type, making them statistically more likely to reside closer to any type of

matrix track.
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Figure 5.6. Eosinophils co-localise with macrophages on TNC tracks. The NT193 cancer cell line
derived from spontaneous MMTV-NeuNT was transfected with shRNA interfering with Tnc expression
(shTNC cells/ TNC-) or a control non-specific ShRNA (shCTL cells/TNC+). TNC+ or TNC- NT193 cells
were orthotopically grafted into immunocompetent FVB mice and tumours were analysed by
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immunofluorescent imaging on days 7 and 18 post-engraftment. Tumours were cryosectioned to 5um
thickness, stained with DAPI (nuclear stain), Siglec-F (eosinophils), CD68 (macrophages), and
tenascin-C (TNC) and imaged with Zeiss Axioscan?. All analysis was performed in QuPath software.
(A, B) Representative images of TNC+ (A) and TNC- (B) tumour on day 18 post-engraftment. (C, D)
Comparison of eosinophil (C) and macrophage (D) distance to the nearest TNC track on day 7 (blue)
and day 18 (orange), in TNC+ and TNC- tumours. Data representative of 3 tumours per each condition,
plot (B) summarises data of 3 pooled tumours per condition; all tumours were checked separately to
ensure representativeness of the analysis. Scale = 100um.

Overall, these results showed that macrophages in TNC+ tumours upregulate genes related
to granulocyte chemotaxis, and Ccl24, eotaxin-2, is among the most upregulated genes
compared to TNC- TAMs. Macrophages co-localise with eosinophils on TNC tracks in both
tumours, however, only TNC+ tumours present with increased levels of infiltrating
eosinophils. Therefore, | next wanted to understand if macrophages are directly polarised

towards Ccl24+ phenotype by TNC, or the overall changes in the TME.

5.2.3 TNC-TLR4 interaction drives eotaxin production in macrophages

As previously reported, TNC stimulates expression of secreted cytokines, such as Cc/3, Ccl4,
Ccl5, Ccl24, and Cxcl1, through TLR4 activation of macrophages. These findings originate
from a study where unstimulated bone marrow-derived macrophages (BMDMs) were
compared to TNC-activated BMDMs, and BMDMs treated with TLR4 inhibitor prior to TNC
activation®? (Figure 5.7A). This dataset was reanalysed to investigate if other cytokines
supporting eosinophil chemotaxis, activation or survival are expressed following the TLR4
activation. Analysis confirmed overexpression of Ccl3, Ccl4, and Ccl24 but showed no effect
of TNC stimulation on eotaxin-1 (Ccl11) or /133, whilst a slight but not significant increase in /I5

was observed(Figure 5.7B).
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Figure 5.7. Tenascin-c stimulates expression of eotaxin-2 in bone marrow-derived macrophages.
(A) Overview of the experimental set-up, as described by Hongu and colleagues. Bone marrow-derived
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macrophages of Balb/c mice were stimulated with TNC for 6 hours, treated with TLR4 inhibitor for 1
hour prior to TNC stimulation, or left unstimulated (n=3, per condition). Microarray data were accessed
using GSE156354. (B) Heatmap of normalized expression of selected CCR3 (Ccl/11, Ccl5, Ccl24),
CCRS5 (Ccl3, Ccl4), ST2/1133r (/133), CXCR2 (Cxcl1), and IL5ra (/15) ligands. Rows represent individual
genes and columns represent samples. Expression levels are colour-coded according to a custom
palette. Samples are colour-coded based on treatment as follows: untreated (Ctl, blue), TNC-stimulated
(TNC, red), TNC-stimulation of TLR4-inhibited BMDMs (TNC+TLR4i, orange).

Next, | wanted to investigate if stimulation of bone marrow-derived macrophages (BMDMs) by TNC
affects the migration of eosinophils in vitro. For this reason, the C-terminal domain of TNC, the
fibrinogen-like globe (FBG) domain, known to activate TLR4 signalling in macrophages?3#32° was picked
for BMDM activation. Supportive of the TNC-TLR4 activation dataset, FBG increased mRNA expression
of Ccl5, Ccl24, and Ccl26 in human-derived macrophages (Figure 5.8A, data generated by A.
Schwenzer). Therefore, BMDMs were serum starved overnight, stimulated with native FBG domain or
heat-denatured FBG (dFBG) for 24 hours, and afterwards, conditioned media was used in a transwell
migration assay with donor-matched bone marrow-derived eosinophils on day 14 (Figure 5.8B). This

experiment revealed that FBG stimulation of BMDMs supports eosinophil migration in vitro, compared

to dFBG (Figure 5.8C)
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Figure 5.8 FBG stimulation of bone marrow-derived macrophages enhances eosinophil
migration. (A) Data generated and analysed by Anja Schwenzer. PBMCs were isolated from 6 donors,
differentiated into macrophages and afterwards stimulated with 1uM FBG domain activating TLR4
signalling for 4 and 24 hours. Log fold2 change difference of FBG stimulated to unstimulated controls
were compared for Ccl5, Ccl24, Ccl26, 1133, 15, and Ccl11 gene transcripts. (B) Overview of
experimental set-up. Bone marrow cells were isolated from C57/BI6 mice (n = 4), and cells from each
mouse were split into 2 cell culture experiments to generate donor-matched bone marrow-derived
macrophages and eosinophils. Macrophages were serum starved overnight, stimulated with either FBG
+ polymyxin B (FBG) or heat-denatured FBG domain + polymyxin (dFBG) for 24 hours and the
conditioned medium was collected. Conditioned media was added to the bottom well in a transwell
migration assay with bone marrow-derived eosinophils added to the top well. Built-in Incucyte density
analysis was used to compare the FBG and dFBG conditions. (C) Relative confluence of migrated
eosinophils normalised to paired dFBG control. Data show individual values, are representative of 2
independent experiments and were analysed by a paired Student's t-test. Statistical significance is
displayed in the form of a p-value above the data.
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These experiments led to a hypothesis that TNC in the TME may directly polarise tumour-
associated macrophages, which leads to increased expression of chemokines, such as Ccl24,
and increased infiltration of eosinophils in TNC+ tumours. Therefore, further experiments were

focused on testing this TNC-macrophage-eosinophil crosstalk in vivo.

5.2.4 Effects of early macrophage depletion in TNC+ NT193 model of breast cancer

Macrophages in TNC+ tumours were previously associated with a pro-tumorigenic phenotype,
as clodronate liposome treatment effectively reduced the tumour growth??®. Clodronate, a
bisphosphonate, is a hydrophilic molecule that, when encapsulated in a liposome, can be
selectively uptaken by phagocytic cells and causes apoptosis after being metabolised into a
cytotoxic ATP analogue®?'. However, clodronate not encapsulated in a liposome is not
cytotoxic and does not easily permeabilize membranes on its own; this proves the specificity
of the clodronate liposome cytotoxicity exclusively towards phagocytic cells®??. Therefore,
NT193 tumours were treated with clodronate liposomes or control PBS liposomes, as
previously described®?® (Figure 5.9A), to understand if macrophage depletion stops eosinophil

infiltration.

In line with previous observations, clodronate liposome treatment significantly reduced the
tumour growth compared to the PBS liposome-treated cohort (Figure 5.9B). Furthermore,
clodronate treatment resulted in statistically significant eosinophil depletion on day 17,
however, no reduction of macrophages was observed at day 17 of this first experiment (Figure
5.9C). Therefore, this experiment was repeated and the efficacy of clodronate treatment was

investigated on day 9, one day after the last clodronate injection.

On day 9, macrophages presented 18% of all CD45+ tumour infiltrating lymphocytes (TILs) in
PBS liposome-treated and 11.5% of all TILs in clodronate liposome-treated mice; representing
a 36% decrease in TAM population in the clodronate-treated group (Figure 5.9D). No other

myeloid population was observed to be affected on day 9 (Figure S11). While all macrophages
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re-infiltrated the tumours by day 17, no difference in eosinophil infiltration was observed at the
final time point (Figure 5.9E). Results of this experiment are, however, inconclusive as 3 mice
had to be removed from both the PBS liposome and the clodronate liposome-treated groups
due to tail necrosis. Therefore, these experiments were underpowered to study the effect of

clodronate liposome treatment on eosinophil infiltration of NT193 tumours.

Despite the lack of complete macrophage depletion at day 9, clodronate effectively reduced
tumour growth in both experimental repeats. Clodronate prevented splenomegaly associated
with cancer onset on day 9, and spleens of clodronate-treated mice were visibly altered and
appeared to be depleted of red blood cells on day 17 (Figure 5.9F). This raises a question of
whether the TAM depletion or rather the systemic response of the organism to the clodronate

treatment is responsible for the reduced tumour growth.
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Figure 5.9. Treatment with clodronate liposomes causes a minor reduction of macrophages. (A)
Overview of the experimental set-up. TNC+ NT193 cancer cells were orthotopically engrafted into
immunocompetent wild-type FVB female mice. Tumours were treated with clodronate or PBS liposomes
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on day 1 and day 8 post-engraftment, were harvested on day 17 and analysed by flow cytometry. (B)
Tumour growth curve of mice treated with PBS or CLO liposomes. (ntnc+pes = 6, NTnc+, cLo = 6). Data
are representative of 2 repeats. Arrows indicate the administration of liposomes. (C-E) Flow cytometry
analysis of macrophage and eosinophil infiltration in two experimental repeats, on the indicated days.
(F) Comparison of spleen size and general morphology between PBS and CLO treated mice on the
indicated time point. Scale = 1cm. Data show individual values and mean, were analysed student t-test
and statistical significance is displayed on figures as follows: *p < 0.05.

Because NT193 tumours were often spontaneously regressing, the clodronate treatment did
not completely deplete macrophages, and had a systemic off-site effect on the spleen, these
experiments were discontinued. Potential future avenues that could explore the macrophage-

eosinophil crosstalk are discussed in section 5.3.1.
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5.3 Technical discussion

5.3.1 Usage of clodronate liposomes for macrophage depletion

One of the aims of this chapter was to confirm that macrophages support eosinophil infiltration
of TNC+ tumours. For this purpose, a protocol using clodronate liposome treatment was

adapted®®

, as the uptake of clodronate liposomes by phagocytic cells is a commonly used
method for depletion of macrophages®'3?2. However, like every treatment, the usage of
clodronate liposomes comes with several technical and biological challenges, as described

more in more detail below.

First, macrophages are not the only phagocytic cells being depleted by clodronate liposomes,
this includes monocytes and dendritic cells**3. However, recently published data strongly
suggest that even neutrophils are capable of engulfing the liposomes with high efficiency?®
(Figure 5.11). Second, liposomes are often administered systemically through intraperitoneal
or intravenous injections, leading to depletion of phagocytic cells at distant sites, such as the
bone marrow and spleen®*. As tumours are known to affect distant organs during cancer
progression, for example through emergent myelopoiesis®, anti-tumorigenic effects of
clodronate might not be directly associated with depletion of tumour-associated myeloid cells.
Third, as macrophages are known to affect angiogenesis and the attraction of other cell types
to the TME, the broad changes observed in the TME following the clodronate treatment are
usually attributed to the absence of macrophages. However, some of these findings could be
challenged, as more technical controls would be necessary to understand the extent of
liposome uptake by individual cell types with individual protocols targeting different tissue
resident/infiltrating macrophages. Finally, TAMs heterogeneity is well well-established

247,248,325

phenomenon , with some studies suggesting that certain subsets of macrophages,

325

such as Lyve1+ TAMs>, are more efficient in phagocytosing liposomes than other TAMs.

Overall, while clodronate is a broadly used treatment in a number of studies investigating the
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role of macrophages, the effects observed during these experiments need to be carefully

interpreted and presented with appropriate technical and biological controls.

The clodronate treatment regimen used in this chapter did affect NT193 TAMs levels only short
term, as macrophages fully re-infiltrated tumours by day 17. If these experiments were
repeated, more frequent, 3-times a week administration would be used to deplete
macrophages with higher efficiency. Alternatively, macrophages could be more specifically
targeted through anti-CSF-1R antibody treatment, previously observed to successfully deplete
TAMs®?_ In contrast to clodronate liposome treatment, administration of anti-CSF-1R antibody
was not observed to prolong overall survival®’® or impact the tumour growth of established

" in murine cancer models on its own. Therefore, it would be interesting to

tumours®?
understand if anti-CSF-1R could have an impact on the TNC+ NT193 model with increased

levels of eosinophils and macrophages polarised towards an M2-like phenotype.

5.3.2 Limitations of transwell migration assays

The transwell migration assay was used to investigate whether macrophage activation with
TNC leads to increased eosinophil migration. While this mechanism is supported by a bulk
RNAseq dataset?®?, and the overall increased migration of eosinophils towards conditioned
media of TNC-stimulated BMDMSs, these experiments would benefit from several controls.
First, protein levels of CCL11, CCL24 and CCL26 could be assessed in the macrophage
conditioned media to confirm overexpression and secretion of these eotaxins upon TNC
stimulation. Second, the fold change differences are statistically significant, however, the
biological effect is less than 2-fold in most cases (Figure 5.8). Therefore, optimisation of the
transwell migration assay in terms of incubation time and number of eosinophils in the upper
chamber should be tested to confirm that the observed biological phenotype is relevant. Lastly,
eosinophils used in these migration assays were cultured from bone marrow progenitors for
14 days, as described in Chapter 3. This means that the eosinophil population used in these

experiments was heterogeneous in terms of Ly6C and CCR3 (eotaxin receptor) expression.
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Preferably, these bone marrow-derived eosinophils would be FACS sorted and migration of
individual populations would be tested, however, the sorting would affect the eosinophil

viability and lower the total number of cells available for these assays, therefore eosinophils

were used in bulk.
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5.4 Biological discussion

5.4.1 How does clodronate liposome treatment reduce tumour burden?

Treatment of wild-type FVB tumour-bearing mice with clodronate liposomes during the early
TME formation significantly reduced tumour burden, even though macrophages re-infiltrated
the NT193 tumours of FVB mice by the final time point (Figures 5.9, 5.11). Similar results were

observed in early experiments testing clodronate liposome effects??

, with 2 injections of
clodronate liposomes at day 8 and 12 being able to reduce the tumour growth of murine F9
teratocarcinoma by day 14. While there is no doubt that macrophages are being depleted by
clodronate liposomes when administered at high frequency®??, even clodronate liposome

treatment that does not result in significant TAM depletion (Figure 5.9) or depletes only specific

TAM populations®?® is capable of reducing the tumour burden.

Enlargement of the spleen, splenomegaly, is commonly observed during cancer

progression®328

. In agreement with these findings, the NT193 tumour model induced
splenomegaly in FVB during tumour progression (Figure S12A, B). The observed
splenomegaly was reversed in mice treated with clodronate liposomes (Figures S12C, D).
Moreover, clodronate treatment led to a gross difference in spleen morphology suggesting a
reduction of red blood cells (Figure 5.9F). This is supported by reports showing that
administration of clodronate liposomes led to reduced erythropoiesis in the spleen during 4T1
tumour progression, and both splenectomy and clodronate administration reduced 4T1 tumour

burden3?®

. While these effects were attributed to macrophage depletion, this publication does
not include data on splenic macrophage levels in PBS or CLO treated tumours. However, in
the murine model of encephalitis, intravenous administration of clodronate liposomes
significantly reduced red blood cells and their proliferation in bone marrow®®, proving that

clodronate treatment affects even non-phagocytic cells. Overall, this suggests that the tumour

reduction observed in the NT193 model used in this chapter might be associated with the

208



profound effect of clodronate treatment on the spleen. To test if red blood cells in spleen and
bone marrow in the NT193 model are getting similarly impacted as in previous reports3233°,
EdU proliferation assay together with Ter119 marker used to identify cells of erythroid lineage

could be analysed by flow cytometry.

More importantly, as previously discussed, treatment of tumour-bearing mice with clodronate
liposome to prove pro-tumorigenic properties of TAMs has to be accompanied by appropriate
controls proving efficiency of TAM depletion with every tested protocol, as usage of clodronate
liposomes results in tumour reduction even in the presence of TAMs and therefore can lead
to misleading conclusions. In future experiments, fluorescently labelled DIL liposomes could
be injected into a separate cohort of mice to identify the population of cells with the highest
uptake of liposomes. This experiment could further lead to phenotypical characterization of

the macrophage subset that is being depleted during the clodronate liposome treatment.

5.4.2 Impact of TNC on eosinophil biology

Results of this chapter build on the well-studied macrophage activation by TNC and further
focus on how this interaction might support eosinophil migration. However, not only
macrophages are being impacted by TNC in the tumours, but also eosinophils reside on the
TNC matrix tracks (Figure 5.6). It was previously suggested that TNC blocks IL-5 driven
maturation of bone marrow-derived eosinophils in vitro®*'. These co-culture experiments were
performed with MAPTrix TNC peptide (M- VAEIDGIEL motif) that has specificity for binding of
integrin a9p1. To test whether bone marrow-derived eosinophils respond to this peptide, a
small pilot adhesion assay was performed, suggesting a minor but statistically not significant
increase in adhesion of bone marrow-derived eosinophils towards MAPTrix protein compared
to the BSA-blocked, TNC coated or FBG coated wells (Figure S13A). It would be therefore
interesting to investigate if the MAPTTrix peptide but also other functional domains of TNC are

affecting either adhesion or the Ly6C-CCR3 eosinophil development in vitro. These
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experiments might also help with understanding how eosinophils progress to the Ly6C-

phenotype at late stages of tumour progression.

Furthermore, murine studies of lung development show that TNC deposition strongly
corresponds with eosinophil accumulation during postnatal alveolar septation. Additionally,
TNC” mice presented with significantly decreased eosinophil infiltration during lung
development compared to their wild-type counterparts'?’. It is yet unclear how TNC impacts
the eosinophil infiltration, however, bulk RNA sequencing together with flow cytometry analysis
comparing a) naive bone marrow-derived eosinophils with b) Matrigel stimulated and c)
Matrigel enriched with TNC, pointed at TNC-enriched matrices enhancing eosinophil viability
and regulation of immune responses'?’. To understand if tumour-associated eosinophils in the
NT193 model are equipped to respond to TNC, set of TNC receptors previously reviewed by
Midwood and colleagues??, was extracted from the bulk RNAseq dataset of Ly6C+ and Ly6C-
eosinophils. No differences between Ly6C+ and Ly6C- eosinophils were observed, however,
CD44, integrin beta 1 and integrin beta 3, all involved in adhesion to TNC, were highly
expressed based on their normalized count expression (baseMean > 5000) (Figure S13B).
These data collectively imply that TNC-rich matrices can promote eosinophil survival and
adhesion, fitting with the eosinophil localization on TNC tracks and the increased eosinophil

levels in TNC+ tumours.

Investigating the TNC-eosinophil interaction was out of the scope of this thesis, however,
future experiments targeting TNC in vivo could help with investigating how extracellular matrix
contributes to eosinophil plasticity. For example, a recent study shows how matrix regulating
motif-mimicking peptide blocks TNC pro-tumorigenic properties and leads to increased IFNy
signature and release of lymphocytes, such as F4/80+ cells, off the TNC tracks in the NT193

model?®

. As a significant part of this thesis discusses how F4/80+ eosinophils can be mistaken
for F4/80+ macrophages, it would be interesting to know if eosinophil distribution is also being

affected within this TNC-blocking experiment.
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5.4.3 Macrophage-eosinophil or eosinophil-macrophage crosstalk?

Current literature describes the link between 1) TNC and macrophage activation3*3%°, 2) TNC

127,331

and eosinophil interaction , and 3) the macrophage-eosinophil crosstalk in different

disease contexts'’%316

, with a very recent study describing the anti-tumorigenic role of
peritumoral macrophages by recruiting eosinophils in murine breast tumours®*2. However, how
these interactions integrate within a complex TME remains unexplored. This chapter aims to
connect these findings by describing how tumour-associated macrophages within TNC+
tumours acquire a CCL24+ phenotype that correlates with increased levels of tumour-
infiltrating eosinophils. The functional axis between TNC, macrophages, and eosinophils is
supported by an in vitro BMDM stimulation and eosinophil migration assay. However,
macrophages in both TNC+ and TNC- tumours reside on TNC tracks in close proximity to
eosinophils. This raises a key question: why do only TNC+ TAMs overexpress Ccl24, leading
to increased eosinophil migration? One potential explanation could stem from the intrinsic
properties of the NT193 cells that have a broadly altered cytokine profile following the TNC
knockdown®. The importance of the cancer cell secreted factors on the set-up of the early
TME was recently demonstrated, with the early TME being decisive for stromal and myeloid
compartment polarisation at late stages of the tumour development?®. Therefore,
understanding this temporal and spatial dynamic in the broader context of cytokine differences
could help clarify how matrix components like TNC regulate communication between

macrophages and eosinophils in cancer.

In this chapter, | focused on how macrophages might be affecting eosinophils, however, it is
also important to consider how eosinophils affect macrophages. Eosinophils infiltrating
colorectal tumours were linked to decreased levels of pro-metastatic macrophages by
inhibiting their differentiation into the Spp1+ subset'°. Opposite to these finidngs, TNC+
macrophages presented with increased Spp7 expression and a wound healing phenotype

(Figures 5.4, S10) despite the accumulation of eosinophils. It would be interesting to know if
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eosinophils in progressing TME adapt a more M2-like phenotype themselves and support
macrophages in their wound healing response. Of particular interest could be the IL-4 axis,
important for the maintenance of M2-like dermal macrophages®'®. To understand how
eosinophils affect macrophages in TNC+ and TNC- tumours, TNC- infiltrating eosinophils
could be sequenced similarly to TNC+ tumours infiltrating eosinophils in Chapter 3 and
matched receptor-ligand analysis with tumour-associated macrophages could reveal how this

communication is being shaped in distinct TMEs.

Despite the NT193 model being an interesting tool to study the eosinophil plasticity and
macrophage-eosinophil crosstalk, the main disadvantage is that there is no difference in the
tumour growth. Because TNC+ tumours are known to respond to immunotherapy (Chapter 4),
it would also be interesting to know if TNC- tumours, which present with fewer Ly6C+
eosinophils at the final timepoint (Figure S14), also respond to ICB. Differences in treatment
response of TNC+ and TNC- tumours could make the macrophage-eosinophil axis an

interesting target.
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Figure S8. Macrophage polarisation in TNC+ and TNC- NT193 tumours. The NT193 cancer cell line
derived from spontaneous MMTV-NeuNT was transfected with shRNA interfering with Tnc expression
(shTNC cells/ TNC-) or a control non-specific ShRNA (shCTL cells/TNC+). TNC+ or TNC- NT193 cells
were orthotopically grafted into immunocompetent FVB mice and tumours were analysed by flow
cytometry on day 18 post-engraftment. (A) Comparison of MHC-Il AND CD206 median fluorescence
intensity on eosinophils infiltrating TNC+ and TNC- tumours in two experimental repeats. (B)
Comparison of CD86 median fluorescence intensity on eosinophils infiltrating TNC+ and TNC- tumours
in two experimental repeats. Data show individual values, and were analysed by Student's t-test.
Statistical significance is displayed on figures as follows: *p < 0.05.
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Figure S9. NT193 TNC+ and TNC- tumours are prone to spontaneous regression. The NT193
cancer cell line derived from spontaneous MMTV-NeuNT was transfected with shRNA interfering with
Tnc expression (shTNC cells/ TNC-) or a control non-specific shRNA (shCTL cells/TNC+). TNC+ or
TNC- NT193 cells were orthotopically grafted into immunocompetent FVB mice and tumours were
monitored 3 times a week. (A) Comparison of the number of mice engrafted with TNC+ NT193 cells
with progressing (red) and regressing (blue) tumour phenotype on day 18. (B) Comparison of the number
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of mice engrafted with TNC- NT193 cells with progressing (red) and regressing (blue) tumour phenotype on day

18.
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Figure $10. Polarisation of tumour-associated macrophages in TNC+ and TNC- NT193 tumours.
The NT193 cancer cell line derived from spontaneous MMTV-NeuNT was transfected with shRNA
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Day 9

interfering with Tnc expression (shTNC cells/ TNC-) or a control non-specific shRNA (shCTL
cells/TNC+). TNC+ or TNC- NT193 cells were orthotopically grafted into immunocompetent FVB mice,
tumours were harvested on day 18 post-engraftment, F4/80+, Siglec-F-, Ly6C- macrophages were
FACS sorted and analysed by bulk RNAseq. (A) Heatmap of normalised gene expression of top 40
most significantly differentially expressed genes in TNC+ (red, n = 3) and TNC- (blue, n = 3) associated
macrophages. Rows represent individual genes and columns represent samples. Expression levels are
colour-coded according to a custom palette. (B) Heatmap of normalised gene expression of genes
associated with wound healing in TNC+ (red) and TNC- (blue) associated macrophages. Rows
represent individual genes and columns represent samples. Expression levels are colour-coded
according to a custom palette.
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Figure S11. Systemic clodronate treatment of NT193 mice causes spleen reduction on day 17.
TNC+ NT193 cancer cells were orthotopically engrafted into immunocompetent wild-type FVB female
mice. Tumours were treated with clodronate (CLO) or PBS liposomes on day 1 and day 8 post-
engraftment, were harvested on day 9 and analysed by flow cytometry. (A) Comparison of all CD45+
cells as gated on live cells, and macrophages, eosinophils, monocytes, and neutrophils as a proportion
of the CD45+ compartment between PBS and CLO treated mice on day 9. Data show individual values,
are representative of one experimental repeat and were analysed by Student's t-test. Statistical
significance is displayed on figures as follows: *p < 0.05.
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Figure S12. Comparison of spleen weight during tumour progression and clodronate treatment.
(A) TNC+ or TNC- NT193 cancer cells were orthotopically engrafted into immunocompetent wild-type
FVB mice. Tumour weights were compared on the indicated days. (B) TNC+ tumours were treated with
clodronate (CLO) or PBS liposomes as described in Figures 5.9. Comparison of spleen weights of
NT193 bearing mice. Data show individual values, are representative of one experimental repeat and
were analysed by student t-test. Statistical significance is displayed on figures as follows: *p < 0.05, **p
< 0.01, ***p<0.001, ****p<0.0001.
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Figure S13. Eosinophil interactions with TNC. (A) Comparison of adhesion of bone marrow-derived
eosinophils on day 14 to different matrices (n =4). (B) The NT193 cancer cell line was grafted into the
4™ mammary fat pad of FVB female mice, on day 18 tumours (n = 3) were harvested and Siglec-F+
CD11b+ eosinophils were sorted based on their expression of Ly6C receptor. Ly6C+ and Ly6C- sorted
eosinophils were then processed and analysed by bulk RNA sequencing. The table summarises
expression data of available eosinophil receptors interacting with TNC.
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Figure S14. Ly6C+ eosinophils in TNC+ and TNC- NT193 tumours. (A) Overview of the
experimental set-up. NT193 cancer cell line derived from spontaneous MMTV-NeuNT was transfected
with shRNA interfering with Tnc expression (shTNC cells/ TNC-) or a control non-specific shRNA (shCTL
cells/TNC+). TNC+ or TNC- NT193 cells were orthotopically grafted into immunocompetent FVB mice
and tumours were analysed by flow cytometry on days 7 and 18 post-engraftment. (B) Comparison of
Ly6C+ eosinophils between TNC+ and TNC- NT193 tumours on the indicated time points, (nTnc+day7 =
7, NTNC-day7 = 6, NTNC+day1s = 12, NTNc-day1s = 12). Data show individual values, are pooled from two
experimental repeats and were analysed using two-way ANOVA. Statistical significance is displayed on
figures as follows: *p < 0.05, **p < 0.01, ***p<0.001, ****p<0.0001.
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6.1 Conclusions

The tumour microenvironment (TME) is a complex ecosystem that plays a key role in shaping
the behaviour and plasticity of immune cells. Among the many cells influenced by the TME,
eosinophils have emerged as intriguing but understudied players; traditionally known for their
role in allergy and helminth infections'”, yet increasingly linked to anti-tumour
responses'?2166.167.171 ‘Notably, their presence was associated with a successful response to
immune checkpoint blockade (ICB) therapy in both breast cancer patients and murine models

of the disease'™*. However, their role in treatment-naive breast cancer models is

Iimited184,188,199,240 102,166

compared to models of lung or colon cancer , pointing to their
deactivation by the breast TME. Therefore, using the murine models of breast cancer, this
work aimed to explore how progressing TME shapes eosinophil phenotypical and functional

heterogeneity to evade their anti-tumorigenic properties.

6.1.1 Tumour microenvironment deactivates eosinophils to Ly6C- state

Spectral flow cytometry analysis of tumour-infiltrating eosinophils, detailed in Chapter 3,
identified two tumour-associated eosinophil populations distinguished by expression of Ly6C
receptor, with Ly6C- eosinophils appearing at late stages of tumour development. Because
Ly6C+ eosinophils were 1) exclusively present in bone marrow and blood of naive and tumour-
bearing mice, 2) the first eosinophilic population to infiltrate tumours, and 3) had the potential
to transition to the Ly6C- subset ex vivo, the Ly6C+ population was considered a root cluster

for the Ly6C- subset.

In line with this conclusion, bone marrow-derived eosinophils mimicked the Ly6C+ to Ly6C-
transition in the final stages of their development. It is important to note that the expression of
both Ly6C and CCR3 receptors clearly defined 4 stages of eosinophil maturation ex vivo,
presenting a novel model for studying eosinophils. Both tumour-associated and bone marrow-
derived Ly6C+ eosinophils were more cytotoxic and degranulating than their Ly6C-

counterparts. Furthermore, bulk RNA-seq of Ly6C+ and Ly6C- eosinophils revealed increased
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responsiveness of Ly6C+ eosinophils to both IFNy and IFNB, while Ly6C- eosinophils
overexpressed Wnt ligands and signalling. Given that a) systemic depletion of eosinophils
during NT193 tumour development led to enhanced tumour growth, and b) 70% of eosinophils
presented with a Ly6C+ more cytotoxic phenotype even at late stages of tumour development,
this led to the conclusion that eosinophil infiltration in the NT193 tumour has an overall anti-
tumorigenic role. While this is in contrast with eosinophil depletion not causing a significant
difference in other orthotopic tumour models'®'891%° it could be hypothesised that NT193
tumours with significantly elevated levels of eosinophils present a new model for studying
eosinophil cytotoxicity at steady state. Collectively, these data provide evidence that the TME
deactivates eosinophils towards a less active Ly6C- state in situ, without systemic

reprogramming of bone marrow progenitors (Figure 6.1).
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Figure 6.1. Progressing tumour microenvironment deactivates Ly6C+ eosinophils. Ly6C+ CCR3+
eosinophils emerge from bone marrow, infiltrate tumours through vasculature and present with a more
cytotoxic phenotype at early stages of tumour development. While only Ly6C+ eosinophils are present
in bone marrow and blood of tumour-bearing mice during late stages of tumour progression, the
proportion of Ly6C+ IFN responsive population decreases under the influence of tumour
microenvironment, giving rise to Ly6C- eosinophils with lower granularity, less cytotoxic potential ex
vivo and upregulated expression of Wnt ligands, further supporting tumour growth and progression.

6.1.2 IFNs support eosinophil cytotoxicity

Bulk RNA-seq analysis in Chapter 4 showed that Ly6C+ eosinophils are more responsive to
IFNy and IFNB, compared to Ly6C- eosinophils. Validation of these results ex vivo confirmed
the increased responsiveness of Ly6C+ eosinophils in both tumour-associated and bone
marrow-derived eosinophils. These results were of particular interest as a) IFNy was shown

to induce degranulation of active eosinophils'®®, b) IFNy stimulation leads to increased
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cytotoxicity towards cancer cell lines'”", and c) eosinophils play an important role in mediating
ICB response'®, but their phenotype during the ICB-induced regression is uncharacterized.
Results in this thesis further prove that IFNy and IFNB stimulation of both Ly6C+ and Ly6C-
eosinophils enhances their cytotoxic abilities. Furthermore, IFNs vastly increased the
expression of major histocompatibility complexes | & Il and PD-L1 expression, overall leading
them towards a more activated phenotype. However, only Ly6C+ eosinophils significantly
decrease their granularity upon IFNy stimulation, and actively degranulate during ICB
response. While IFNs have a major effect on eosinophil phenotype in vivo and ex vivo, the
Ly6C+/Ly6C- ratio of tumour-infiltrating eosinophils is independent of IFN levels, as shown

through IFN-blocking experiment or anti-PD-L1 treatment of NT193 tumours.

Together, these data create a more complex picture of eosinophil functional plasticity in the
tumour microenvironment, where interferon-driven activation enhances cytotoxicity ex vivo
and antigen presentation across both Ly6C+ and Ly6C- subsets both in vivo and ex vivo; yet
only Ly6C+ eosinophils undergo significant phenotypic changes such as active degranulation
in response to IFNy and immune checkpoint blockade, further suggesting their role in an anti-

tumorigenic response (Figure 6.2).
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Figure 6.2. Proposed effect of IFNs on eosinophil degranulation in vivo during anti-PD-L1
therapy. Eosinophils emerge from the bone marrow, enter the circulation and infiltrate the tumour in
their Ly6C+ state, however, they transition to Ly6C- state, marked with lesser responsiveness to IFNy
and IFNB (IFNs), under the influence of progressing TME. During anti-PD-L1 treatment that reactivates
T-cell responses and is in general, well known to lead to T-cell IFN expression'®, Ly6C+ eosinophils
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actively degranulate. This leads to a hypothesis that due to the increased IFN responsiveness, Ly6C+
eosinophils actively degranulate during anti-PD-L1 response in response to IFN-enriched TME.

6.1.3 Can tumours hijack eosinophil cytotoxicity to form a pro-tumorigenic niche?

IFNy has a profound effect on the eosinophil transcriptomic signature'®'®, however, these
changes can be attenuated in the presence of apoptotic cells'®. Furthermore, engulfment of
apoptotic cells by non-stimulated eosinophils led to broad transcriptomic changes,
enhancement of Th2 polarisation and upregulation of pathways involved in wound healing and
cell migration. Even though previously unnoticed, Ly6c2 is among the top 10 most highly
expressed genes in unstimulated eosinophils, however, its expression decreased almost 6-

fold following the apoptotic cell co-culture'”®

. Considering the proposed increased cytotoxicity
of Ly6C+ eosinophils and their elevated responsiveness to IFNs, it is possible that Ly6C+ cells
reside in close proximity to apoptotic cells that might, in reverse, tune down the IFN response
and enhance eosinophil transition into the Ly6C- subset. This could present a mechanism
similar to the well-established polarisation of efferocytic macrophages to a more pro-resolving
phenotype during inflammation®®®, with very recent studies providing evidence on how
efferocytosis reprograms tumour-associated macrophages to enhance cancer

progression33433%

. If this was the case for eosinophils, this would present an elegant positive
feedback loop between Ly6C+ eosinophil-induced cytotoxicity and their transition to a less

IFN-responsive Ly6C- state, enabling the tumour progression (Figure 6.3).
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Figure 6.3. Proposed model of apoptotic cells downregulating eosinophil IFN response. Ly6C+
eosinophil-mediated cytotoxicity induces cancer apoptosis in their close spatial proximity. Eosinophils
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might be sensing apoptotic cells in their local niche and this could lead to downregulation of their IFN
responsiveness and possibly downregulation of the Ly6C receptor. It is important to note that down-
tuning of IFN responsiveness and transition to Ly6C- phenotype might be in a correlative rather than a
causative relationship in this apoptotic sensing hypothesis.

6.1.4 Tenascin-C—macrophage interaction supports eosinophil chemotaxis

Characterisation of the myeloid immune landscape of TME formed by a) wild-type NT193
cancer cells expressing tenascin-C (TNC+) compared to b) TNC-knockdown (TNC-) NT193
cell line, revealed increased infiltration of eosinophils in the TNC+ TME. Because TNC
expression was previously associated with polarisation of tumour-associated macrophages
(TAMSs) in primary??® and metastatic®®* breast cancer, TAMs of both TNC+ and TNC- tumours
were further analysed by bulk RNA-sequencing. These results revealed eotaxin-2 (Ccl24)
among the most overexpressed genes in TNC+ TAMs. Moreover, analysis of publicly available
datasets and a dataset generated in the Midwood lab showed that TNC interaction with
macrophages through TIr4 receptor leads to increased Ccl24 expression in a controlled
setting. These results were complemented with a transwell migration assay, further
demonstrating this functional link between TNC-macrophage interaction and increased

migration of eosinophils towards TNC-stimulated macrophages.

Together, these data suggest that TNC-macrophage interaction enhances eosinophil
infiltration in the TNC+ TME. As TNC is a known pro-tumorigenic factor in metastatic niche
formation®??, knockdown of TNC reduced metastatic outgrowth?? and blocking of TNC induced
IFN signalling and immune reactivation®®, it would be intuitive to think that TNC-mediated
macrophage-eosinophil crosstalk should be pro-tumorigenic. However, data in Chapter 5 are
inconclusive in this sense and lead to open questions such as a) what is the role of
macrophage-eosinophil crosstalk in the TME formation but also b) how does TNC shape
eosinophil phenotype and activation (Figure 6.4). It could be hypothesised that while TNC-
macrophage crosstalk has the well-described pro-tumorigenic effect, eosinophil infiltration at
least partially compensates this effect during the early stages of TME development through

222
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eosinophils have an anti-tumorigenic role in metastatic models of breast cancer , it would

be interesting to investigate if and how this interaction occurs during metastatic progression.
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Figure 6.4. Summary of TNC-macrophage-eosinophil crosstalk in TNC+ NT193 tumours. Tumour-associated
macrophages (TAMs) overexpress eotaxin-2 Ccl24, compared to TNC- TAMs. Overexpression of Ccl24
is associated with increased proportions of eosinophils in TNC+ tumours. Mechanistically, TNC or Tir4-
binding domains of TNC lead to overexpression of Ccl24, and enhanced migration of eosinophils in
transwell assays. However, the complexity of macrophage-eosinophil communication or the direct
impact of TNC on eosinophil phenotype and function remains elusive.

6.2 Clinical relevance

Eosinophils represent a minor myeloid population within most breast tumours, however, data
in Chapter 4 reveal an increased eosinophil presence in patients with locally recurrent triple-
negative breast cancer (TNBC). This observation might be of clinical relevance, as increased
intratumoral eosinophil signature and elevated levels of circulating eosinophils were
associated with improved responses to ICB therapy of metastatic TNBC patients'®*. While ICB
in combination with chemotherapy is improving overall and event-free survival of early TNBC

336339 there is an absence of biomarkers that would help predict treatment response

patients
and limit overtreatment. Because eosinophils were already linked with better patients’

outcomes'®*, and eosinophil staining in Chapter 4 suggests eosinophil exclusion to the tumour
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periphery, it might be of interest to understand if a subgroup of recurrent TNBC patients might
present with increased tumour-associated eosinophils at baseline, predicting their better
response to ICB. Indeed, to confirm this hypothesis, it would require extensive confirmation of
the very preliminary results presented in section 4.2.8. In case these results were confirmed,
further patients’ characterisation might reveal other clinical factors predisposing locally

recurrent TNBC patients to increased eosinophil infiltration.

One of the major limitations of the work presented in this thesis is the translatability of the
Ly6C+ and Ly6C- eosinophil subsets findings to human datasets, as the Ly6C protein is
exclusively a murine marker. Notably, during the write-up of this thesis, Ly6C was proposed
as a marker distinguishing two types of neutrophils; with Ly6C- neutrophils emerging later
during tumour progression, restricted to the vasculature, and more efficiently causing

340

neutrophil extracellular traps, causing downstream tumour necrosis®*". As presented in this

%40 while Ly6C could not be used to validate these findings in humans, the transcriptomic

study
signature of these neutrophils was matched to a specific subset of circulating neutrophils of
TNBC patients. Because both Ly6C+ and Ly6C- eosinophil populations described in this thesis
are tumour-associated, and there is currently no available single-cell transcriptomic dataset of
eosinophils infiltrating breast tumours, this type of validation was not feasible. Nevertheless, if
analogous eosinophil subsets can be identified in human breast tumours through

transcriptomic or spatial profiling, this might have potentially prognostic or predictive value for

breast cancer patients.

6.3 Future work

The work presented in Chapters 3 and 4 demonstrates that the TME progressively deactivates
eosinophils by driving their transition from Ly6C+ to Ly6C- subset with reduced IFN
responsiveness. Furthermore, IFN stimulation enhances eosinophil cytotoxicity, with
preliminary data suggesting direct eosinophil degranulation in response to IFNy and during

ICB response. While these results provide novel insights into eosinophil plasticity, additional
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experiments are required to elucidate the mechanism by which eosinophils transition to Ly6C-

state and to validate the proposed eosinophil degranulation in response to IFNy.

6.3.1 Ongoing and near future work

a) Transcription factor analysis of Ly6C+ and Ly6C- eosinophils

Transcription factor (TF) analysis will be inferred from the existing bulk RNA-seq dataset of
tumour-associated Ly6C+ and Ly6C- eosinophils using the Discriminant Regulon Expression
Analysis (DoRothEA) database, in combination with the Virtual Inference of Protein-activity by
Enriched Regulon analysis (VIPER) algorithm, providing a list of differentially regulated TFs.
Complementary to this analysis, bone marrow-derived CCR3+ eosinophils were FACS-sorted
into Ly6C+, Ly6C™, Ly6C- populations and sent off for bulk RNA-sequencing. These samples
will undergo identical TF activity analysis to identify the most conserved regulatory patterns
associated with the eosinophil transition to the Ly6C- state. Depending on the number of
candidate TFs identified, the current literature on TF regulation of eosinophil maturation, and
the availability of TFs small molecule inhibitors, a few of these candidates might be selected

for further investigation.

b) Assessment of IFNy and IFNB concentration in progressing and ICB treated tumours

Eosinophil phenotype during ICB treatment mimicked the phenotype of eosinophils stimulated
with IFNy or IFNB ex vivo. While this, in combination with the well-known ICB effects, was
used as a proxy for concluding anti-PD-L1 treatment-induced IFN-rich environment, IFNy and
IFNB levels should be directly assessed by analysing tumour supernatants collected during
these experiments. Once these ELISA assays are optimised, it could also be informative to

know whether IFN levels differ during early and late stages of NT193 development.

c) Confirmation of IFN-mediated degranulation
To validate that IFNy stimulation leads to eosinophil degranulation, supernatant from

eosinophil cultures after the stimulation should be collected, and eosinophil peroxidase or
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major basic protein, two main eosinophil cationic granule proteins, could be assessed by
commercially available ELISA kits. These results could be particularly valuable in validating

the mechanism by which IFNs induce cytotoxicity.

6.3.2 Medium-term future work

In the medium term (3-6 months), sections of day 7 and day 18 NT193 tumours will be stained
for signs of early and late apoptosis, through TUNEL assay, Caspase-3 or Annexin-V staining.
These staining protocols, even though well published, might present a technical challenge in
terms of optimal tissue fixation, biological and technical controls needed and staining protocol
optimisation. If eosinophils localise within apoptotic niches, effects of apoptotic cancer cells
will be tested in ex vivo assays by a) transition rate to Ly6C- state and b) IFN responsiveness.
Furthermore, it was recently shown that macrophages adjust their response depending on the
type of apoptotic cell they encounter**'. It would therefore be interesting if eosinophils are
capable of distinguishing between apoptotic cancer cells and possibly apoptotic immune cells,

such as Ly6C- eosinophils with decreased viability.

Second, depending on the results of TF analysis, top candidates implicated in eosinophil
transition might be tested through the use of small molecule inhibitors during ex vivo bone
marrow development. This model is well equipped to enable us to robustly study how TF
inhibitors added to the culture at different concentrations and at different exposure times affect
the transition of Ly6C+ eosinophils to Ly6C- state. Depending on the TF candidates, results of
these assays and availability of small molecule inhibitors, pilot in vivo experiments might be

considered to attempt to stop the eosinophil transition in the NT193 tumours.

6.3.3 Long-term project outlooks
This project uncovered a well-conserved transition of Ly6C+ to Ly6C- eosinophils in the
progressing TME, suggesting possible mechanisms of how eosinophils contribute to anti-

tumorigenic response during ICB treatment, but also explored alternative ways of eosinophil
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recruitment to tumours. These results, therefore, lead to several possible avenues that could

be further investigated, such as:
e What guides eosinophil transition into the Ly6C-state? Could this transition be
therapeutically targeted to maintain eosinophil activation?

e How do eosinophils contribute to and regulate their local niche in treatment naive

disease and during ICB response?

¢ How does different extracellular matrix composition regulate eosinophil functional and

phenotypical heterogeneity?
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