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Abstract

The nature of the tumour microenvironment (TME) is thought to influence the ability
of tumour-specific T cells, induced naturally or by immunotherapy, to control tumour

growth.

This study tested the hypothesis that the composition of the TME prior to
immunotherapy influences treatment success. To address this, the carcinogen 3-
methylcholantrene was used to induce fibrosarcomas in Foxp3°™® mice, where Foxp3*
cells can be depleted by administering diphtheria toxin. Depletion of Foxp3* regulatory
T cells (Tregs) broadly resulted in two groups; responders, characterised by large
numbers of tumour infiltrating lymphocytes (TILs) and control of tumour growth and non-
responders, characterised by fewer TILs and a reduced capacity to control tumour

growth.

To further identify features distinguishing responders and non-responders, an
unbiased comparison of the transcriptomes of responders and non-responders revealed
an inverse relationship between extracellular matrix (ECM) and T cell infiltrate.
Responding tumours were T cell rich and ECM poor, whilst the inverse was observed in
non-responders. Further experiments revealed that the ECM does not prevent induction
of a successful response, but that loss of ECM is a consequence of an effective
response. This may be due to transcriptional changes in tumour cells as a result of

immune-driven tumour cell senescence.

Other changes to the TME comprised development of an organised lymphatic
network in responder but not non-responder tumours and tumour cell intrinsic changes.
Non-responder tumour cells exhibited a stem cell-like gene expression profile and
superior sphere-formation capacity, while such features were significantly reduced in
responder tumours. Metastatic capacity of non-responder tumours was also suggested
by the presence of fibroblast-like cells in draining and non-draining lymph nodes in all

non-responder mice.

These findings define an extended role for an effective immune response in
widescale remodelling of the TME to favour loss of ECM, elimination of cancer stem cells

and propagation of adaptive immunity.
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Chapter 1

Introduction






1.1. Cancer Biology

The term cancer incorporates a large group of diseases, all characterised by the
abnormal growth of transformed cells, that can affect almost any part of the body. Cancer
is a leading cause of mortality and morbidity worldwide, being responsible for at least 9.6
million deaths in 2018 only (World Health Organisation). There are more than 990 cancer
diagnoses per day in the United Kingdom alone, and it is estimated that 1 in 2 people

will be diagnosed with cancer at some point during their lifetime (Cancer Research UK).

A higher frequency of errors in DNA repair processes is observed in ageing cells
and when normal cells are exposed to genotoxic agents, such as carcinogens or ultra-
violet radiation. These alterations induce accumulation of somatic mutations in the
progeny of dividing cells, allowing them to acquire a selective growth advantage, which
culminates in proliferation of malignant cells (Greaves and Maley, 2012, Blanpain, 2013).
During its progression, a cancer remains dynamic and continues to evolve, culminating
in a molecularly heterogenous bulk of cells. This heterogeneity can be the consequence
of genetic, transcriptomic, epigenetic, and/or phenotypic changes (Dagogo-Jack and
Shaw, 2018). Phenotypic and functional heterogeneity can be present in the same organ
and/or between patients. Inter-tumour heterogeneity is the basis of tumour subtype
classification, which is characterised by their molecular profile, morphology and the
expression of certain markers. Intra-tumour heterogeneity is defined by the variation
within individual tumours, since distinct tumour cells can exhibit different properties and
markers (Visvader, 2011). It is therefore important to understand how tumours evolve in
order to select the most appropriate therapeutic approach. Several theories have been
proposed to explain tumour initiation and progression; these include the Knudson two-
hit hypothesis (Knudson, 1971), the clonal evolution model (Nowell, 1976), multistep
mutation model (Fearon and Vogelstein, 1990), and the cancer stem cell (CSC) theory
(Bonnet and Dick, 1997). From these, three main models can explain tumour progression
in most cancer types: the CSC model, the clonal evolution model, and the

interconversion model (Figure 1.1).

The clonal evolution model is centred on the genetic instability of cancer cells. This
model is based on the premise that tumours initiate with a single somatic mutation
forming a neoplastic cell, and continuous mutagenesis gives rise to a neoplasm with
cellular diversity. The dominant cells in these tumours are those best fitted for survival
and proliferation (Cross et al., 2016). Studies performed to assess the mutational
spectrum of tumours have demonstrated that their genomic landscape is complex and
heterogenous, presenting alterations that range from point mutations to large structural

variants (Weir et al., 2007, Kan et al., 2010, Imielinski et al., 2012). TRACERXx (TRAcking
3



non-small cell lung Cancer Evolution through therapy (Rx)) is a prospective study in
primary non-small cell lung cancer that aims to define the genomic landscape of these
tumours and understand the impact of clonal heterogeneity in therapeutic and survival
outcome (Jamal-Hanjani et al., 2014). For this, the TRACERXx consortium established
methods to investigate the dynamics of genetic intra-tumour heterogeneity within
individual tumours overtime, by multiregional and longitudinal tumour sampling and
sequencing (Jamal-Hanjani et al., 2014). The results from the first 100 patients showed
that chromosomal instability is a significant driver of parallel evolution and is associated
with poor outcome (Jamal-Hanjani et al., 2017). In the same study, Jamal-Hanjani and
colleagues also demonstrated that there is an early clonal genome doubling, followed by
widespread subclonal diversification. Months later, McGranahan and colleagues showed
that 40% of the cancers analysed presented human leukocyte antigen (HLA) loss of
heterozygosity, which was associated with high subclonal neoantigen burden
(McGranahan et al., 2017). When immune infiltration was analysed, it was shown that
the immune microenvironment exerts a strong selection pressure in early stages of

disease, promoting multiple routes to immune evasion (Rosenthal et al., 2019).

The CSC model suggests that tumours are organised in a hierarchical manner, in
which only a small subset of cells, the CSCs, have the potential for tumour initiation and
maintenance. The irreversible loss of tumorigenicity, which gives origin to transient,
terminally differentiated non-stem cancer cells, is determined by hierarchical
mechanisms, such as asymmetrical cell division. This model can also explain tumour
heterogeneity, as well as therapy resistance, minimal residual disease, and tumour
recurrence (Vermeulen et al., 2012, Kreso and Dick, 2014). Despite the fact that the
model has been best studied in the context of haematological cancers, (Fearon et al.,
1986), there is evidence of a CSC hierarchy in many solid tumours, such as
neuroblastoma (Shimada et al., 1984), breast (Al-Hajj et al., 2003), brain (Singh et al.,
2004), colon (Dalerba et al., 2007), pancreatic (Li et al., 2007) and ovarian (Zhang et al.,
2008) cancers.

Finally, the interconversion model combines elements of both models, and relies
on the ability of tumorigenic cells to interconvert between proliferative and quiescent
states. This has already been observed in leukaemia, a typical CSC model where some
tumorigenic cells undergo clonal evolution and/or interconvert between different states
of malignancy, and in melanoma, which has high levels of tumorigenic cells which can
either propagate by clonal evolution or interconvert between highly proliferative and
quiescent states (Shackleton, 2010, van Neerven et al., 2016). This model also includes

the role of stromal cells in maintaining a pool of stem-like cells (Vermeulen et al., 2012).
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Figure 1.1|Models of cancer propagation.

In the CSC model, tumorigenic cells (red) give rise to more cells with tumorigenic potential and
non-tumorigenic cells (yellow, blue and green) in an irreversible (red arrows) hierarchical manner.
Circular arrows represent the self-renewal capacity of cells. In the clonal evolution model, different
cells have tumorigenic potential but only some acquire extra genetic mutations (red flash) gaining
advantage in disease-propagating potential. In the interconversion model, cells can interconvert
(two-way arrows) between actively malignant and quiescent states. These models are not
mutually exclusive, which results in the lack of a predominant model of cancer propagation (large
central arrows). Adapted from Shackleton, 2010.



In a seminal review article published in 2000, Hanahan and Weinberg proposed
six hallmarks of cancer which are essential to allow cells to progress to a neoplastic state
and to enable tumour growth and metastatic dissemination (Hanahan and Weinberg,
2000). In 2011, the authors published an updated review to include two emerging
hallmarks and two enabling characteristics of the process of cancer development
(Hanahan and Weinberg, 2011). The final model includes eight different hallmarks of
cancer and two enabling characteristics, as represented in Figure 1.2. Some of the
hallmarks represent characteristics that are intrinsic to the cancer cell, such as sustained
proliferation, cell death resistance, deregulation of cellular metabolism and replicative
immortality, and others represent traits that are associated with the environment around
cancer cells, known as tumour microenvironment (TME); these include tumour
angiogenesis and formation of distant metastasis. One of the two enabling
characteristics is the genomic instability in cancer cells, which drives random mutations
allowing other hallmarks to arise. The other one is the tumour promoting inflammation
that is driven by cells of the immune system, which aids in tumour progression (Hanahan
and Weinberg, 2000, Hanahan and Weinberg, 2011).
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Figure 1.2|The hallmarks of cancer.

The diagram incorporates the ten hallmarks of cancer proposed by Hanahan and Weinberg.
These are traits that either cancer cells acquire as they progress to malignancy, or tumours
require in order to form a TME supportive of tumour progression. Characteristics inside a circle
represent hallmarks, characteristics inside a square represent enabling features of cancer.
Adapted from Hanahan and Weinberg, 2000 and Hanahan and Weinberg, 2011.



1.2. Tumour microenvironment

As discussed by Hanahan and Weinberg, cancers should be considered as
complex organs and not just masses of tumour cells as was initially thought (Hanahan
and Weinberg, 2011). Neighbouring cells can be recruited and transformed by malignant
cells throughout tumorigenesis, and it is the interaction between transformed and non-
transformed cells that creates the TME (Balkwill et al., 2012). The idea that tumour cells
interact with a specific organ microenvironment dates back to 1889, when Stephen Paget
proposed the “seed and soil” hypothesis to explain the non-random pattern of
metastasis. After analysing several autopsy records, Paget hypothesised that
metastases formation was not due to chance, but that certain tumour cells, which he
named the “seed”, exhibit specific affinity for the environment of certain organs, which
form the “soil” (Paget, 1889). Almost 40 years later, James Ewing proposed that the
lymphatic and circulatory systems direct cancer cells to the metastatic site (Ewing, 1928).
A key refinement of Paget’s hypothesis was described in 2003, when Fidler proposed
that the metastatic process is selective for cells that successfully survive migration to the
distal organ, and that the interaction of these cells with the new microenvironment

determines the success of metastatic cell proliferation (Fidler, 2003).

The TME is crucial in tumour initiation and progression, since alterations in tissue
organisation and homeostasis often precede tumour formation, and the altered
microenvironment favours proliferation of malignant cells over normal cells due to
selective pressure. Changes in the TME also affects the way tumours respond to
therapies, especially those targeting extracellular signalling pathways, such as growth

factor receptor pathways (Polyak et al., 2009).

Studying the individual components of the TME will be critical for understanding
tumour biology and hence for devising effective interventions. Component parts include
malignant cells (both cancer cells and CSCs), cells of the immune system, tumour
vasculature and lymphatics, stromal cells, such as cancer associated fibroblasts (CAFs),
and extracellular matrix (ECM). Each of these components will be described in the
following subsections. The role of the immune system in cancer progression will be

described in more detail later.



1.2.1. Cancer stem cells

CSCs are defined by their ability to efficiently initiate new tumours when inoculated
into tissue, and by sharing the expression of markers with normal tissue-specific stem
cells (Hanahan and Weinberg, 2011, van Niekerk et al., 2017). The discovery of this
phenotype allowed for the identification of CSCs in most cancers. The tumorigenicity
associated with their tumour-initiating capacity also indicates that CSCs are involved in
crucial processes of tumour development, cell proliferation and metastatic dissemination
(Chang, 2016).

CSCs are usually resistant to chemotherapy and radiotherapy, which, due to their
self-renewal capacity and consequent immortality, accounts for lack of complete
response to these treatments (Chang, 2016). This self-renewal is regulated by symmetric
and asymmetric divisions during cell proliferation; a feature shared by normal stem cells.
If a symmetric division occurs, two daughter cells are formed which are identical to the
parent cell, however, an asymmetric division will originate one cell with stem cell
potential, and a second cell destined for terminal differentiation. In tumorigenesis there
is often a dysregulation in the asymmetric divisions, favouring an increased formation of

cells with stem potential (van Neerven et al., 2016).

CSCs can also arise from normal cancer cells via the process of epithelial-
mesenchymal transition (EMT). EMT is the process by which epithelial cells undergo
changes such as loss of polarity, transitioning the cells into a mesenchymal phenotype.
This is associated with an increased capacity for migration and invasion, as well as
resistance to apoptosis (Kalluri and Weinberg, 2009). There are three different subtypes
of EMT which are associated with their biological context: type 1 is related to embryo
formation and early development, type 2 is associated with tissue regeneration and
wound healing, and type 3 occurs in tumour cells that have already suffered genetic or
epigenetic alterations (Chang, 2016). EMT can be induced by either endogenous
expression of transcription factors associated with EMT (e.g. Twist and Snail) or by
exposure to particular cytokines (e.g. transforming growth factor beta, TGF-f). Signalling
pathways often associated with stemness are also linked to EMT induction; these include
Notch, Hedgehog, TGF-f and Wnt (Singh and Settleman, 2010).

Immune escape, described in detail later, is critical for tumour progression, and the
immunosuppressive capacity of CSCs plays a fundamental role in this process. They
can evade the immune system through different mechanisms, such as downregulation
of major histocompatibility complex (MHC) class | molecules, (Di Tomaso et al., 2010,
Schatton et al., 2010, Morrison et al., 2018), downregulation of genes involved in antigen
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processing and presentation (Di Tomaso et al., 2010, Sultan et al., 2018), and low
expression of Toll-like receptor 4 (TLR4) (Alvarado et al., 2017). CSCs can also remodel
the surrounding TME by secreting immunosuppressive molecules such as TGF-f3, which
inhibits immune cell proliferation and interleukin (IL)-4, which attenuates anti-tumour
response. These cytokines promote the recruitment of other immunosuppressive cells
(e.g. tumour associated macrophages (TAMs)) to the TME, creating a positive feedback
loop (Yamashina et al., 2014, Zhou et al., 2015).

Even though CSCs are very plastic and highly resistant to conventional
chemotherapy and radiotherapy, there are therapies available which are directed at
these cells. An observation made in leukemic cells where the use of all-trans retinoic
acid blocked the differentiation of CSCs, inspired the emergence of new therapies
(Nowak et al., 2009). These vary from inhibition of key stem cell signalling pathways, to
ablation using antibody-drug conjugates, epigenetic therapy and targeting of CSCs in
quiescence (Batlle and Clevers, 2017). However, since the microenvironment involving
CSCs is so important for their development, as long as they have a permissive
environment, CSCs will proliferate and thrive (Cabarcas et al., 2011, Aponte and
Caicedo, 2017, Lau et al., 2017). It has been suggested therefore that CSC targeting
should include CSC-niche interactions, such as targeting specific ECM proteins that are
needed for CSC dissemination (Batlle and Clevers, 2017).

1.2.2. Tumour vasculature

Tumours need their own blood supply in order to receive sufficient oxygen and
nutrients to fuel their metabolic requirements. In 1971, Judah Folkman established the
link between tumour size and tumour angiogenesis, showing that tumours cannot grow
larger than 2-3 mm without inducing angiogenesis (Folkman, 1971). Angiogenesis can
occur through different mechanisms in normal tissues and tumours. Vessel formation
can be achieved by sprouting, which is formation of new blood vessels from pre-existing
ones mainly through growth factor stimulation (e.g. vascular endothelial growth factor,
VEGF); by recruitment of bone marrow derived or vascular wall resident endothelial
progenitor cells that differentiate into endothelial cells; or by intussusception, which
happens when one existing blood vessel splits into two by formation of transvascular
pillars (Carmeliet and Jain, 2011, Krishna Priya et al., 2016). Other tumour-specific
mechanisms include vessel co-option, when tumours take over the existing vasculature;

vascular mimicry, when tumour cells mimic endothelial cells and form vascular channels;
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and the ability of CSC to form non-endothelium lined blood vessels (Carmeliet and Jain,
2011, Krishna Priya et al., 2016).

There are several growth factors that can stimulate angiogenesis, VEGF being the
most important. Chronic overproduction of these factors by tumours leads to uncontrolled
development of new blood vessels. These tumour blood vessels usually present with an
aberrant morphology, with excessive branching, abundant and aberrant protuberances,
blind ends, discontinuous endothelial cell lining, and defective basement membrane and
pericyte coverage (Krishna Priya et al., 2016, De Palma et al., 2017). The basement
membrane is a specialised ECM produced by endothelial cells that separates the
epithelium from the stroma of any tissue (Kalluri, 2003). This membrane also prevents
blood vessel infiltration of premalignant lesions, and is lost during tumour progression
when tumour cells acquire an invasive phenotype and disseminate (De Palma et al.,
2017).

With tumour development and progression, especially in solid tumours, poor blood
supply due to aberrant vascularisation restricts cancer and stromal cell access to
nutrients and oxygen, giving rise to hypoxic areas (Petrova et al., 2018). Hypoxia is
another modulator of angiogenesis, since it induces tumour and stromal cell production
of hypoxia-inducible factors (HIF). Activation of HIF signalling promote, for example,
secretion of VEGF-A by tumour cells, and expression of VEGFR2 (VEGF-A receptor) by
endothelial cells of neighbouring blood vessels, inducing angiogenesis (De Palma et al.,
2017, Petrova et al., 2018).

In normal tissues, the lymphatic vasculature is essential for immune function and
tissue fluid homeostasis. Lymphatic vessels are necessary routes of antigen delivery to
lymph nodes for induction of adaptive immune responses. The regulation of interstitial
fluid pressure is very important for maintaining tissue fluid homeostasis, and when there
is an increase of the fluid pressure, this stretches the ECM, opening the surrounding
lymphatic vessels enabling draining of the interstitial fluid. However, in tumours, the
accumulation of stromal components in the TME, causes ECM stiffness and contributes
to lymphatic vessel compression, decreasing the ability of interstitial fluid removal by
these vessels (Sabine et al., 2016). Tumour-derived growth factors can influence
lymphatic remodelling, by contributing to the sprouting of new vessels or lymphatic
enlargement. VEGF-C and VEGF-D are key factors which promote intra- and
peritumoral lymphangiogenesis, facilitating tumour dissemination (Mandriota et al.,
2001, Skobe et al., 2001, Stacker et al., 2001) to lymph nodes, and posteriorly, to distant
organs (Stacker et al., 2014). The phenotype of lymphatic endothelial cells is often
altered in the TME. The most notable changes are in expression of chemokines,
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immunoregulatory proteins and adhesion molecules; all of which affect leukocyte
trafficking and behaviour (Vigl et al., 2011). Such alterations may impact the ability of
lymphatic vessels to transport antigen presenting cells to draining lymph nodes, and,

ultimately, to lack of anti-tumour immunity (Lund, 2016).

High endothelial venules (HEVs) are specialised post capillary venules that can be
found in all secondary lymphoid organs (SLOs), except the spleen. These venules are
characterised by endothelial cells with plump and cuboidal morphology, that not only
share common pan-endothelial cell markers, such as cluster of differentiation (CD)31
and VE-cadherin (Pfeiffer et al., 2008), but also express genes that are important in the
regulation of lymphocyte recruitment and immunological defence. These include
enzymes involved in the synthesis of mucin-like glycoproteins, termed peripheral node
addressins (PNAd), which act as adhesion molecules for L-selectin (CD62L) expressing
lymphocytes (Lee et al., 2014). These structures allow the migration of naive and central
memory T lymphocytes, naive B cells and dendritic cells (DC) from the circulation into
the lymphoid organ (Girard et al., 2012, Ager and May, 2015).

HEVs can also be found outside SLOs, since they have been detected at sites of
chronic inflammatory diseases (Aloisi and Pujol-Borrell, 2006) and infection (Neyt et al.,
2012). In 2011, HEVs were also found in the TME (Martinet et al., 2011), mainly as part
of lymphoid-like tissues named tertiary lymphoid structure (TLS) (Colbeck et al., 2017a).
Intratumoural HEVs have similar phenotypic characteristics as lymph node HEVs,
including PNAd expression which facilitates their identification (Jones et al., 2018).
Whilst HEV were found initially in breast, melanoma, ovary, lung and colon cancers
(Martinet et al., 2011), further research has identified the presence of HEVs in the
microenvironment of most solid cancers, and HEVs alone can be a strong prognostic
marker for a favourable clinical outcome (Colbeck et al., 2017a). HEV neogenesis may
help lymphocyte infiltration in the tumour, specifically naive and helper T cells (cytotoxic
and helpers) that can specifically target tumour antigens and destroy tumour cells
(Martinet et al., 2011).

Although the blood circulation has a pivotal role in metastatic dissemination, this is
not the only route available to tumour cells (Figure 1.3-A). There is evidence supporting
the involvement of lymph nodes as a gateway (Figure 1.3-B) for further tumour cell
dissemination in mice (Chen et al., 2005, Roberts et al., 2006, Burton et al., 2008) and
humans (Jatoi et al., 1999, Early Breast Cancer Trialists’ Collaborative Group, 2005,
Mohammed et al., 2007). The latter studies revealed that lymphovascular invasion and
nodal metastasis are associated with poor outcomes. HEVs were also suggested as a
portal for tumour dissemination to distant organs, by giving tumour cells a direct access
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to the blood circulation (Figure 1.3-C) (Qian et al., 2007). This mechanism was recently
confirmed by two independent studies. Brown and colleagues showed that 4T1
mammary carcinoma tumour cells accumulated within the subcapsular sinus of the
draining lymph node. HEV involvement was demonstrated using intra-vital imaging which
identified 4T1 cells closely associated with HEVs and intravasating their lumen (Brown
et al., 2018). Pereira and colleagues used different cancer cell lines, including 4T1
mammary carcinoma, B16F10 melanoma and SCCV2 squamous cell carcinoma, and
engineered them to express a photoconvertible protein, Dendra2 (a green-light emitting
protein, that is converted to a red-light emitting protein after excitation). After orthotopic
implantation of these cells and tumour establishment, they photoconverted cells within
the metastatic draining lymph node and detected red-light emitting cells in the systemic

blood circulation and in the lungs (Pereira et al., 2018).
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Figure 1.3|Routes for distant organ metastases formation.

After the acquisition of an invasive phenotype, tumour cells can infiltrate tumour blood vessels
and get transported to distant organs where they may form micrometastases and colonise new
tissue (A). However, if a tumour has lymphatic vessels, tumour cells can intravasate these and
be transported to regional lymph nodes. Here, tumour cells can either follow the lymphatic stream
(B) or have access the blood stream through HEVs (C). Either path gives access to distant
organs, extravasating and forming metastases in the new tissue.
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1.2.3. Stromal cells

As previously mentioned, tumour cells do not evolve into cancer alone. There are
tissue resident cells that are recruited and reprogrammed by tumour cells, in order to
provide a niche that is optimal for tumour progression (Hanahan and Weinberg, 2011).
A role of these cells in promoting tumour angiogenesis and matrix remodelling has long
since been described (Folkman, 1974, Bissell et al., 1982, Dvorak, 1986). Their role in
promoting tumour growth and tumour progression, as well as their contribution to
therapeutic resistance, has however only recently been unveiled (Hanahan and
Coussens, 2012). Indeed it has become clear that cancer stromal cells can contribute to
each hallmark of cancer and, beyond the essential hallmarks, they also help create
specialised vascular niches which serve to nurture CSC survival (Hanahan and
Coussens, 2012).

Cells of different origins, such as fibroblasts (Kojima et al., 2010), pericytes (Spaeth
et al., 2009), bone marrow mesenchymal stromal cells (Spaeth et al., 2009) and
adipocytes (Nieman et al., 2011), can be recruited by tumour cells to be part of the TME.
These are then activated and transformed through different processes (secreted factors,
microRNAs, exosomes, endothelial-mesenchymal transition) into three distinct
subtypes: CAFs, cancer associated adipocytes (CAAs) or cancer associated endothelial
cells (CAECs). Tumour cells can also be recruited as tumour stromal cells to support
tumour development (Figure 1.4) (Scully et al., 2012, Chen et al., 2014).
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Figure 1.4|Origins of tumour stromal cells.

Tumour stromal cells can originate from different types of cells. Fibroblasts, pericytes,
mesenchymal stromal cells and tumour cells give rise to CAFs, adipocytes give rise to CAAs and
endothelial cells give rise to CAEC. These transformations may happen due to the presence of
soluble factors (SF), specific miRNAs (miR) or exosomes (Exo) in the TME, or after EMT or
endothelial-mesenchymal transition (EndMT) has taken place. Adapted from Bussard et al.

(2016).
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Fibroblasts in normal tissues are resting mesenchymal cells in the ECM, that can
be activated during wound-healing, tissue inflammation or organ fibrosis. In cancer,
CAFs are activated to promote tumour development, inflammation and fibrosis (Erez et
al., 2010, Cirri and Chiarugi, 2011, Ohlund et al., 2014). CAFs constitute the majority of
stromal cells in the TME and have the capacity to co-evolve with tumour cells, in order
to acquire a pro-tumour phenotype. As a result of this, CAFs have the ability to survive
and populate the TME. Morphologically, CAFs are larger than normal fibroblasts,
presenting multiple cytoplasmic branches and indented nuclei. They have high
proliferative rates, enhanced migratory properties and high capacity for ECM synthesis
and remodelling. By creating a stiffer matrix, CAFs create a physical barrier to immune
infiltration and a structural scaffold for tumour intercellular interactions (Chen and Song,
2019). By remodelling the ECM through release of matrix metalloproteinases (MMPs),
CAFs promote the release of ligands that are sequestered in the matrix, allowing them
to be free to interact with specific receptors. CAFs themselves can also synthesize

specific molecules that contribute to cancer progression (Table 1.1).

Table 1.1|[Examples of proteins secreted by CAFs and their function in tumour
progression.
Function

Secreted proteins Reference

Chemokine (C-X-C motif)

Tumour cell proliferation
ligand (CXCL) 12

Orimo et al. (2005)

Cancer stemness Hepatocyte growth factor

Vermeulen et al. (2010)
(HGF)

maintenance

CXCL12 Orimo et al. (2005)

Angiogenesis Connective tissue growth

Yang et al. (2005)
factor (CTGF)

Invasion and Metastasis

Lysyl oxidase (LOX)

Levental et al. (2009)

miR105

Zhou et al. (2014)

Resistance to therapy

Hyaluronan

Provenzano et al. (2012)

Inflammation

CXCL1, CXCL2, IL-1B, IL-6

Erez et al. (2010)
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Only recently have CAAs been given more attention. Since adipocytes are the
predominant cells in breast tissue, CAAs have been best studied in the context of breast
cancer. CAAs can be found at the invasive tumour front where they are thought to play
important roles in matrix remodelling and invasion and survival of tumour cells (Dirat et
al., 2011). Adipokines secreted by CAAs have a crucial role in these processes. In vitro
studies demonstrated that leptin can enhance tumour proliferation and promote EMT in
tumour cells. Another adipokine, adiponectin, is able to selectively induce apoptosis in
tumour cells, and its cleaved form stimulates migration and invasion (Hoy et al., 2017).
Co-culture of ovarian cancer cells and adipocytes revealed a stimulation in lipolysis in
adipocytes and p-oxidation in cancer cells, suggesting that the CAAs may be an energy

source for cancer cells (Nieman et al., 2011).

CAECs derive mainly from bone marrow endothelial cells that have undergone
endothelial-mesenchymal transition (EndMT), acquiring a fibroblast-like morphology.
These cells exhibit reduced expression of endothelial cell markers, such as CD31,
upregulation of CAF markers (fibroblast specific protein 1 (FSP1), a-smooth muscle actin
(a-SMA)), and an abnormal responsiveness to growth factors, such as epidermal growth
factor (EGF) and VEGF. This last factor stimulates migration and enhances the survival
of CAEC by increasing their antiapoptotic potential. Observations that some tumour
endothelial cells present the same chromosomal aberrations as the tumour cells indicate
that CAECs might also develop from dedifferentiated tumour cells, retaining some of their
properties (Streubel et al., 2004). Cytogenetic analysis revealed that CAECs are
karyotypically aneuploid, as opposed to normal endothelial cells which are diploid, and
that CAECs associated with high metastatic tumours have a more complex abnormal
karyotype than the ones associated with low metastatic tumours (Hida et al., 2004, Akino
et al., 2009, Ohga et al., 2012). These karyotypes are often associated with cancer cells
containing multidrug resistance genes, and they can be the basis of resistance of these

cells to chemotherapeutic drugs (Bussolati et al., 2003, Xiong et al., 2009)

1.2.4. Extracellular matrix

Although it was once thought that the ECM was just the filling of the extracellular
interstitial space, it is known now that it represents a non-cellular component present in
every tissue, and it not only provides biochemical and structural support, but it is also
biologically active, enabling cell-cell communication, cell adhesion and proliferation. The
ECM is composed of water, minerals, proteoglycans and fibrous proteins secreted by
resident cells, and its composition varies from tissue to tissue depending on the individual
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needs of each tissue. It is a highly dynamic structure that is continuously being
remodelled. In order to maintain tissue homeostasis, this remodelling requires a balance
between degradation and secretion (Frantz et al., 2010, Lu et al., 2011, Walker et al.,
2018).

Proteoglycans fill the majority of the ECM space and these play an essential role
in the maintenance of a normal ECM since without proteoglycans, it has been shown
that the ECM is dysfunctional and undergoes collapse (Costell et al., 1999, Arikawa-
Hirasawa et al., 1999). Collagens, elastins, fibronectins (FNs) and laminins are all
included in the group of fibrous proteins which form components of the ECM. Collagen
is the most abundant protein in the ECM, forming the basis of its architecture. The
collagen family, comprising 28 known subtypes of proteins, provides tensile strength,
regulates cell adhesion, supports chemotaxis and migration and directs tissue
development (Rozario and DeSimone, 2010). Elastin provides recoil to tissues that suffer
repeated stretch. Elastin molecules are assembled into fibres and these are crosslinked
by LOX, contributing to ECM stiffness (Wise and Weiss, 2009). The 20 different FN
isoforms are encoded by one single gene. These proteins direct organisation of the ECM
and mediate cell attachment and function. FN can be stretched by cells, exposing
integrin-binding sites (Smith et al., 2007). Other proteins with similar functions are also
found in the ECM. One example is tenascin-C (TNC), which plays an important role in
promoting fibroblast migration during wound healing (Frantz et al., 2010, Walker et al.,
2018).

The arrangement and orientation of ECM constituents are critical for tumour
progression. Tumours are stiffer than normal surrounding tissues due to ECM deposition
and remodelling by CAFs. As previously mentioned, CAFs can deposit large quantities
of ECM proteins and secrete growth factors. They can also apply strong contraction
forces on the ECM, and, as consequence, the freshly deposited proteins are reoriented
and crosslinked by LOX, giving rise to larger and more rigid fibrils that further stiffen the
tissue. The increased deposition of matrix proteins drives tumour progression by
interfering with cell-cell adhesion, cell polarity and amplifying growth factor signalling
(Frantz et al., 2010, Walker et al., 2018).

The dynamic interplay between proliferating tumour cells and the
microenvironment is facilitated by matrix remodelling enzymes in the TME. These can
be either MMPs, adamalysin-related membrane proteinases, bone morphogenic protein-
1, or tissue secreted proteinases (Liotta and Kohn, 2001). MMPs, the most abundant
proteins in the ECM, are secreted mainly by tumour cells and CAFs, and they help to
remodel the basal membrane of tissues, aiding tumour invasion. By degrading and
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loosening the surrounding matrix, these enzymes can also release active growth factors
and expose hidden integrin-binding sites, allowing integrins at tumour cell surface to
contact directly with the matrix. This is the mechanism used by cells to sense matrix
stiffness, modulating the cytoskeleton to adapt to new conditions. If the ECM gets to a
critical-stiffness point, cell-cell adhesions are disrupted and tumour cells undergo EMT
(Conlon and Murray, 2019).

1.2.5. Targeting the TME

The current conventional cancer therapy options available are surgery, radiation
or chemotherapy, however, neither of these, alone or in combination, have proven to be
completely effective. There is a need to reduce toxicity and improve treatment efficacy,
and the recent recognition of the tumour as a complex organ, as opposed to a bulk of
malignant cells, has uncovered possibilities for development of different methods to
target cancer. As stated above, the TME has a crucial role in supporting tumour growth,
invasion and metastasis, making the components of this compartment interesting targets
for new therapies. Also, combining therapies targeting multiple compartments, including
the immune system (see Section 1.3.4), may represent an effective way of preventing
compensatory escape mechanisms which may occur in response to targeting individual

compartments (Hanna et al., 2009).

Although conventional chemotherapy will cause death of most cells in the tumour,
CSCs are resistant to the great majority of these agents, due to the intrinsic mechanisms
that permit resistance to radio- and chemotherapy. Normal stem cells are valuable for
the organism since they maintain the pool of cells in the organism. To protect
themselves, normal stem cells avoid death by apoptosis or senescence, by expressing
high levels of anti-apoptotic molecules and maintaining high telomerase activity and a
superior DNA damage response (DDR), when compared to non-stem cells. CSCs
appear to exploit these mechanisms to resist anti-cancer therapies. Furthermore, high
levels of expression and activity of ATP-binding cassette (ABC) transporters allow them
to export any drug that might cross the cell membrane. These cells also have high
activation of EMT and stemness pathways, making them more resistant to drugs by
entering a state of quiescence that most drugs, designed to target proliferating cells,
cannot reach (Prieto-Vila et al., 2017). CSCs also express high levels of aldehyde
dehydrogenase (ALDH) which protects them against reactive oxygen species (ROS),
and ROS-inducing drugs (Yoshida and Saya, 2016, Prieto-Vila et al., 2017).
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There are three classes of stemness-modulating drugs: stem cell targeting drugs,
designed to selectively kill CSCs (Buommino et al., 2011, Tang et al., 2011, Wang et al.,
2011); stemness inhibiting drugs, designed to reduce stemness properties (Hyun et al.,
2011, Yang et al., 2012b); and stemness promoting drugs, designed to increase
stemness properties (Oliveras-Ferraros, 2010). They all can be used in combination with
standard chemotherapeutic drugs, however, the advantages in specificity are not enough
to deplete all cancer cells. The use of monoclonal antibodies to target either CSC cell
surface markers or stemness signalling pathways have also been used in combination

with standard chemotherapeutic drugs, albeit with little success (Yakisich, 2012).

After formulating the hypothesis that tumour growth is dependent on angiogenesis,
Folkman pioneered the field of angiogenic inhibitors by reporting the first angiogenesis
inhibitors in the 80’s (Taylor and Folkman, 1982, Crum et al., 1985). After this, new
strategies were developed with two main methods involved; the first involves the
disruption of pathways underpinning tumour angiogenesis, and the second involves
direct anti-vascular effects. Both methods are more effective when used in combination
with other agents e.g. targeting blood vessels with endostatin, a broad-spectrum
angiogenesis inhibitor, is more effective when combined with conventional
chemotherapy. A second example is the use of RGD (arginine-glycine-aspartic acid)
peptide motifs in combination with oncolytic viruses; following expression at the tumour
site, RGD binds to receptors in endothelial cells of cancer-associated vasculature,
reducing tumour vascular permeability and enhancing anti-tumour efficiency of oncolytic
viruses (Kurozumi et al., 2007). The use of metronomic chemotherapy also has some
anti-angiogenic effects, with the advantage of less associated toxicity. Bevacizumab, a
monoclonal antibody against VEGF, is already approved by the FDA for use in lung and
colorectal cancer, in combination regimens (Hanna et al., 2009). Another possibility is to
target the platelet derived growth factor (PDGF)/PDGF receptor axis, however, this
approach is context dependent and success rates were only observed in specific types
of tumours, and in combination with other chemotherapeutic agents (Papadopoulos and
Lennartsson, 2018). The Tie2-angiopoietin pathway is also being explored, with some

inhibitors being tested in phase-I and Il in clinical trials (Gillen et al., 2019).

Given the important role of CAFs in supporting tumour growth, consideration has
been given to their potential as a target for cancer therapy. Blockade of PDGF receptor
signalling has been shown to result in a decrease in angiogenesis and o-SMA
expression, and less migration and invasion of activated fibroblasts (Hanna et al., 2009,
Togo et al., 2013). Since fibroblast activation protein (FAP) is the best cell surface marker

for CAFs, it has been tested as a target in several therapeutic approaches. In breast
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carcinoma cells, a DNA vaccine targeting FAP resulted in suppression of
neoangiogenesis, as well as decreased tumour growth and reduced metastasis (Loeffler
et al., 2006). The use of a monoclonal anti-FAP antibody covalently linked to DM1
(protein with antimitotic activity) in mice has also been assessed and shown to result in
attenuated growth of tumour xenografts without toxicity for normal tissues (Ostermann
et al., 2008). However, the previous use of the same antibody in a clinical trial showed
no efficacy in colorectal cancer patients (Hofheinz et al., 2003). Pro-drugs which are
proteolytically activated by FAP-expressing CAFs have been designed in order to enable
specific tumour targeting. Some studies suggest that this is an effective approach to
successful increase the therapeutic window of cytotoxic drugs (Togo et al., 2013, Deng
etal., 2017).

The approach of targeting the ECM proteins produced by CAFs has also been
tested. By enzymatically destroying proteins such as collagen, decorin and hyaluronan,
the resulting reduction in interstitial pressure leads to an increase in the
microvasculature, facilitating delivery of macromolecules to tumours thereby increasing
the cytotoxic effect of anti-cancer drugs (Hanna et al., 2009, Togo et al., 2013). TNC is
a protein expressed in the ECM of several tumours, but it is absent in normal ECM. This
characteristic makes TNC a specific tumour marker that has been used by several
groups to deliver drugs to the TME. A non-internalizing antibody-drug compound against
TNC was used in epidermoid carcinoma in vivo. As soon as the antibody bound to TNC,
the drug was released, inhibiting tumour growth significantly (Dal Corso et al., 2017).
TNC has also been used as a target for functionalised liposomes with a TNC binding
peptide. These liposomes were loaded with a CAF-specific drug, navitoclax, which was
previously shown to trigger CAF apoptosis, diminish TNC expression, suppress tumour
outgrowth and improve host survival in rats (Mertens et al., 2013). When the drug was
released from the liposomes in tumour tissues in vivo it had the same effect (Chen et al.,
2016). As well as TNC, other ECM molecules have been used for tumour-specific
targeting; these include FN, galectin-1, aggrecan, heparan sulphate and chondroitin
sulphate (Raavé et al., 2018).

1.3. Immune system in the TME

Upon exposure to pathogens, the innate immune system is the first to react by
controlling and eliminating antigens in a non-specific manner. The innate response
involves various cell populations, such as DCs, natural killer (NK) cells, macrophages,

neutrophils, eosinophils and basophils. These are sentinel cells that can be found in

22



tissues where they function to monitor their microenvironment through their pattern
recognition receptors (PRRs). PRRs can recognise pathogen-associated molecular
patterns (PAMPs) that are not usually present in the human body, as well as danger
associated molecular patterns (DAMPs), which are molecules released by stressed or

necrotic cells (Parham, 2015).

Activation of the innate immunity serves to promote activation of antigen-specific
adaptive immune responses. This function is served by B and T cells which express
highly variable antigen-specific receptors. B lymphocytes are activated through binding
of antigens to B cell receptors (BCR), promoting proliferation, antibody production and
generation of long-lived plasma cells. B cells can also act as antigen-presenting cells
(APCs) by processing and presenting the antigens through the MHC. The expression of
highly variable T cell receptors (TCRs) that recognise peptides presented by MHCs
distinguishes T cells from other lymphocytes. Following peptide presentation to the TCR,
a response is mounted depending on the T cell subpopulation that is participating
(Parham, 2015).

The combination of innate and adaptive immune activation results, for the most
part, in the removal of the invading pathogens as well as damaged cells and associated
ECM. As well as pathogen clearance, immune cells at the site of infection help to
maintain the balance between clearance of damaged tissue and tissue repair, thereby
playing a fundamental role in maintaining tissue homeostasis. Immune cells can help in
tissue clearance by either inducing senescence in damaged cells, mostly through
release of interferon-gamma (IFN-y) or tumour necrosis factor (TNF)-a, or by directly
eliminating them, through the activity of innate and adaptive immune effectors (Senovilla
et al., 2013). On the other hand, macrophages and neutrophils play a key role in tissue
repair, and the functional plasticity and reprogramming of these cells are essential for
the process (Laurent et al., 2017). When tissue homeostasis is chronically disturbed,

there is an increased risk of cancer development (Rybinski et al., 2014).

1.3.1. Innate Immune Cells

As previously mentioned, innate immune cells are involved in the initial response
to tissue perturbation, having the ability not only to control or prevent tumour initiation

and progression, but also to facilitate malignant development.

Tumour associated macrophages (TAMs) have been extensively studied in the

past decades, since they have been shown to play an important role in tumour growth,
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metastatic dissemination and resistance to therapy (Ojalvo et al., 2010, Tang and Tsai,
2012, Hughes et al., 2015). Macrophages were initially described as arising exclusively
from circulating monocyte precursors, however, it was shown later that several organs
contain self-renewing embryonic-derived populations of resident macrophages (Ginhoux
et al., 2010, Schulz et al., 2012, Gomez Perdiguero et al., 2015). Although TAM
proliferation has been observed in different mouse models, this does not seem to sustain
the numbers of TAMs in growing tumours. Studies have suggested that to maintain TAM
population, recruitment of circulating cells is required, which may be conventional
infammatory monocytes and monocyte-related MDSCs (Franklin et al., 2014). High TAM
infiltration is usually associated with poor outcomes in different types of cancer, such as
breast (Schnellhardt et al., 2020), ovarian (Yuan et al., 2017), and lung cancer (Zheng
et al., 2020), although some studies have reported that some phenotypes can be
associated with enhanced anti-tumour immunity (Honkanen et al., 2019, Zhao et al.,
2019, Maccio et al., 2020). TAMs can shift between an immunosuppressive, tumour-
promoting phenotype and a pro-inflammatory, tumour-suppressive phenotype. The latter
were shown to be able to kill tumour cells through extracellular mechanisms, contributing
to elimination of nascent tumours (Diefenbach et al., 2000, Biswas and Mantovani,
2010). As tumours progress, a shift towards a tumour-promoting phenotype occurs,
mainly promoted by other immune cells and stromal cells in the TME (Mantovani and
Allavena, 2015). These TAMs have been shown to promote stimulation of angiogenesis
(Yeo et al., 2014), suppression of adaptive immunity (Kren et al., 2010) and promote

cancer growth and metastasis (Qian et al., 2009).

There are two large groups of cells that constitute myeloid derived suppressor cells
(MDSCs), the granulocytic or polymorphonuclear MDSCs, and the monocytic MDSCs.
The first group is similar to neutrophils in phenotype and morphology, and the second
group is similar to monocytes (Bronte et al., 2016). MDSCs are attracted to the TME in
response to different cytokines, such as the chemokine (C-C motif) ligand (CCL)2, CCL5,
CXCL5 and CXCL6 (Kumar et al., 2016), acquiring a potent suppressive phenotype once
there (Movahedi et al., 2008). It has been demonstrated that tumoral MDSCs can
differentiate into TAMs (Corzo et al., 2010) and DCs (Guilliams et al., 2009).

Despite DCs being present in the TME in a small percentage, they play a crucial
role in the initiation of antigen-specific immunity and tolerance, by sampling and
presenting antigens to T cells, as well as providing immunomodulatory signals through
cell-cell contacts and cytokines (Collin and Bigley, 2018). After maturation, DCs express
certain chemokine receptors, such as CCR7, which is essential for migration of these

cells from the TME into tumour draining lymph nodes (Roberts et al., 2016); and co-
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stimulatory molecules, such as CD86, which controls T cell suppression through binding
to cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) (Rowshanravan et al., 2018).
Immunosuppressive components of the TME can inhibit DC infiltration and function.
Activation of B-catenin in tumours was shown to reduce CCL4 expression, leading to
lower DC infiltration and tumour growth (Spranger et al., 2015). On the other hand, IL-
10 produced by macrophages can abolish IL-12 production by DCs, limiting their function
(Ruffell et al., 2014).

1.3.2. T cells

T cells are lymphocytes that are produced in the bone marrow and matured in the
thymus. During development, a random TCR is generated via VDJ recombination, and
at this point, T cells commit to becoming an a§ or y3 T cell. Both types can be found in
vertebrates but with important differences between them. y3 T cells are primarily located
at epithelial surfaces and are able to recognise and respond to a broad range of antigens,
including non-classical MHC molecules, heat shock proteins and lipids (Fahl et al.,
2014). oB T cells are found in lymphoid tissues and recognise antigens via classical
MHC/peptide complexes. These cells can be further divided into CD4* and CD8" T cells,
depending on the co-receptor that they express after a process of positive selection in
the thymus (Takada and Takahama, 2015). The two key types of effector T cells, T helper
(Th) cells and cytotoxic T-lymphocytes (CTLs), can be distinguished by the expression
of the co-receptors CD4 and CD8, respectively. Th cells recognise antigens presented
by MHC class Il molecules, whilst CTLs recognise antigens presented by MHC class |

molecules (Parham, 2015).

1.3.2.1. Cytotoxic T Cells

Once naive CD8" T cells recognise antigenic peptides presented via MHC class |
through their TCR, they are activated, go through clonal expansion, and differentiate into
potent effectors. Usually, this presentation is done by professional APCs, particularly
DCs, in a process called cross-priming. This was first described in the 1970s after
intravenously MHC-mismatched cells were shown to induce CTL restricted responses
by host MHC (Bevan, 1976). Since then, cross-priming has been demonstrated in the
context of viral infections and tumours (Huang et al., 1994, Sigal et al., 1999), as well as

vaccination with protein antigens (Yewdell and Haeryfar, 2005). Mutations in tumours
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can give rise to thousands of potentially immunogenic neo-antigens, and studies have
shown that cross-presentation of these neo-antigens can occur efficiently in the tumour

draining lymph nodes (Marzo et al., 1999).

Effector CD8" T cells, or CTLs, release effector cytokines, such as IFN-y and TNF-
a, and express chemokines and homing receptors that are essential for migration into
peripheral tissues. The main function of CTLs is to kill target cells and secrete cytokines
to contain the spread of pathogens and cancer, playing an important role in
immunosurveillance, as it will be discussed in section 1.3.2. There is an extensive
literature reporting the correlation between high CTL infiltration in tumours and good
prognosis in different types of cancer (Vesalainen et al., 1994, Lee et al., 2008, Hwang
et al., 2012, Mei et al., 2014, Geng et al., 2015, Salgado et al., 2015). The degree and
location of CTL infiltration is one of the components of the Immunoscore, a powerful
tumour staging classification system that includes the immune contexture (discussed in
detail in section 1.4) (Galon et al., 2012).

Induction of apoptosis in tumour cells by CTLs can be achieved by two different
mechanisms: release of lytic granules containing perforin and granzymes upon antigen
recognition; and binding of first apoptosis receptor (Fas) ligand (FasL) expressed on
CTLs to Fas on the surface of the tumour cell (Parham, 2015). Although controversial,
some studies indicate that after antigen clearance, 5-10% of CTLs survive and
differentiate into memory CD8" T cells, which are maintained long term in the absence
of antigens, and exert rapid effector functions in response to previously encountered
antigens (Wherry and Ahmed, 2004). Youngblood and colleagues have recently shown
that long-lived memory CD8" T cells derive from a small subset of effector T cells through
dedifferentiation (Youngblood et al, 2017). By using a model of lymphocytic
choriomeningitis virus infection, the authors observed that there is a repression of the
naive transcriptional program associated with de novo methylation, which is lost as these
cells re-acquire specific aspects of the naive-like gene expression program. These
results are supported by the enhanced kinetics for development of memory cells
acquired after the conditional deletion of the de novo DNA methyltransferase responsible

for the process at the effector stage.

CTLs can also become exhausted if the host immune response fails and the
antigen persists, a state that can occur in chronic infections and cancer (Day et al., 2006,
Mueller and Ahmed, 2009). T cell ‘exhaustion” was first described in the 1990s, using a
mouse model of chronic lymphocytic choriomeningitis virus infection (Moskophidis et al.,
1993, Gallimore et al., 1998, Zajac et al., 1998). These studies revealed that virus

specific CD8" T cells have a reduced effector function and proliferative capacity when
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exposed to continuous antigen stimulation. Exhausted T cells are distinct from naive,
effector or memory T cells, since they have a unique transcriptional and epigenetic
signature that includes overexpression of several inhibitory receptors, dysregulated
cytokine signalling pathways, and altered metabolic fitness (Barber et al., 2006, Wherry
and Kurachi, 2015, Sen et al., 2016, Bengsch et al., 2016).

The first inhibitory receptor discovered was CTLA-4, in the 1990s. Although it was
initially thought to be another costimulatory molecule (Linsley et al., 1992), two different
groups showed that CTLA-4 downregulated T cell responses. Once T cells are activated,
CTLA-4 accumulates at the T cell-APC interface. Through competition for the ligands
B7.1 and B7.2, it blocks co-stimulation via CD28, abolishing activated T cell responses
and impeding activation of naive T cells (Walunas et al., 1994, Krummel and Allison,
1995). Allison’s group found that blocking CTLA-4 resulted in release of endogenous
immune responses to undefined antigens and different types of cancer (Leach et al.,
1996, Hurwitz et al., 1998, Waitz et al., 2012). Data resultant from these investigations
led to the development of an antibody against CTLA-4, ipilimumab, which was FDA
approved in 2011 (Hodi et al., 2010).

This discovery opened a new field of research on immune checkpoint therapy,
which led to the discovery of many additional immune checkpoints. The discovery of
programmed cell death-1 (PD-1) ligand, PD-L1, in 2000 by Freeman and colleagues,
revealed an immune checkpoint that limits the responses of activated CTLs (Freeman et
al., 2000). PD-1 does not interfere with co-stimulation, as opposed to what was described
for CTLA-4, but it interferes with signalling mediated by the T cell antigen receptor. One
of its two ligands, PD-L1, can be expressed on many cell types, such as T cells and
tumour cells, after exposure to IFN-y released by activated T cells, suggesting that the

PD-1/PD-L1 pathway acts to protect cells from T cell attack (Dong et al., 2002).

1.3.2.2. T helper cells

Depending on the nature of the antigen signal they receive, and cytokines secreted
by APCs, naive CD4" T cells differentiate into functionally distinct effector Th cells (Th1,
Th2, Th9, Th17 and Th22), T follicular helper (Tfh) cell or Treg subsets. CD4" T cells
coordinate immune responses by secreting distinct sets of cytokines. Hence, they adapt
their response to the threat encountered, supporting CTL responses (Bevan, 2004),

aiding B cells in antibody production (Crotty, 2015), and regulating the size and duration
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of immune responses. Cytotoxic CD4" T cells have also been described in infection (van
Leeuwen et al., 2004, Zaunders et al., 2004) and cancer (Quezada et al., 2010).

Th1 immune responses are usually induced by intracellular pathogens, promoting
IL-2, IFN-y, lymphotoxin and TNF-a production by Th1 cells (T R Mosmann and Coffman,
1989). IL-12 production by DCs and macrophages promotes Th1 activation and
expansion through the master transcription factor T-bet. This transcription factor controls
the unique gene expression pattern present in Th1 cells (Szabo et al., 2000, Szabo et
al., 2003). The presence of these cells in the TME, or cytokines derived from these cells,
has been associated with improved patient prognosis in gastric cancer (Hennequin et
al., 2016), colorectal cancer (Tosolini et al., 2011), hepatocellular carcinoma (Gao et al.,

2011) and ovarian carcinoma (Kusuda et al., 2005).

Parasites such as helminth and nematodes usually induce Th2 responses. Th2
cells, initially described in 1978 (Tada et al., 1978), are now known to produce IL-4, IL-
5, IL-6 and IL-13, and GATA-3 is the transcription factor necessary for Th2 differentiation
(Zheng and Flavell, 1997, Zhu and Paul, 2010). IL-4 is also required for Th2
differentiation to be initiated (Noben-Trauth et al., 2000). Preclinical and human studies
revealed that Th2 cells predominantly regulate tumour promotional mechanisms, driving
activation of tumour infiltrating myeloid cells (Sheu et al., 2001, Kusuda et al., 2005,
DeNardo et al., 2009, Nevala et al., 2009, Shiao et al., 2015).

Th17 responses are induced by yeast, fungi and extracellular bacteria. Th17 cells
are induced by IL-6, IL-23 and TGF-$ (Chen et al., 2007), and the transcription factor
RORyt has been described as the master regulator of transcription in this lineage,
inducing the production of IL-17, IL-22 and IL-23 (Ivanov et al., 2006, Zhu and Paul,
2010). The impact of Th17 cells on cancer progression is far from clear as high numbers
of Th17 cells has been correlated with improved outcomes in prostate carcinoma (Sfanos
et al., 2008), non-small cell lung carcinoma (Ye et al., 2010), breast cancer (Yang et al.,
2012a), and ovarian cancer (Kryczek et al., 2009), but poor outcomes in preclinical
models of melanoma and bladder carcinoma (Wang et al., 2009), lung adenocarcinoma
(Chang et al., 2014) and hepatocellular carcinoma (Kuang et al., 2009), and in human
hepatocellular carcinoma (Zhang et al., 2009), and colorectal cancer (Tosolini et al.,
2011)

Th9 cell development is dependent on the transcription factors PU.1 and IRF4, and
differentiation is initiated by IL-4 and TGF-§ (Tripathi and Lahesmaa, 2014). These cells
can have dual roles, since they can either promote immunity against parasites and
participate in anti-tumour activity, or they can aggravate the immune response in asthma
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and contribute to inflammatory bowel disease (Kaplan et al., 2015). Beneficial anti-
tumour effects have been reported for Th9 cells. Suppressed tumour growth was
observed in a B16-F10 melanoma mouse model (Purwar et al., 2012) and in a pulmonary

metastatic melanoma mouse model (Lu et al., 2012).

IL-6 and TNF initiate Th22 cell differentiation which is controlled by the AhR
transcription factor. Like Th17 and NK cells, Th22 cells produce large amounts of IL-22
but are uniquely distinct from these other cell types through lack of IL-17 and IFN-y
production (Duhen et al., 2009). Th22 cells are believed to have an important role in
tissue repair, as well as protective effects in models of inflammatory bowel disease,
pancreatitis and hepatitis (Trifari et al., 2009, Sabat et al., 2014). In solid tumours, Th22
cells are positively associated with tumour stage in hepatocellular carcinoma (Kuang et
al., 2014), and IL-22 production by T cells was reported to promote stemness in colon

carcinoma cells (Kryczek et al., 2014).

Tfh cells are regulated by the transcription factor Bcl-6, and their differentiation
depends on IL-6 and IL-21. They participate in generation of B cell responses in germinal
centres by secreting IL-21 (Tripathi and Lahesmaa, 2014). Although Tfh cells are thought
to promote haematological neoplasias (Ueno et al., 2015), they were correlated with
improved patient prognosis in breast cancer (Gu-Trantien et al., 2013), colorectal cancer

(Bindea et al., 2013) and non-small cell lung carcinoma (Ma et al., 2016).

The Treg lineage is defined by the expression of the transcription factor Forkhead
box 3 (Foxp3), and these cells, through, for example, production of the
immunosuppressive cytokines IL-10, IL-35 and TGF-$ play a key role in controlling

excessive immune responses and immune homeostasis (Corthay, 2009).

1.3.2.3. Regulatory T cells

Tregs are a subset of T cells that control and limit immune responses to both
foreign and self-antigens, protecting the body against excessive immune responses and
autoimmunity. The existence of this subset was first proposed by Gershon and
colleagues, and later on supported by studies by Powrie and colleagues (Gershon et al.,
1972, Powrie and Mason, 1990), However, it was only in 1995 that these cells were
identified as a distinct thymically-derived subset marked by expression of CD4 and
CD25, since depletion of these cells in mice led to breakdown of peripheral tolerance
and activation of self-reactive T cells. Tolerance was restored by adoptive transfer of

purified CD4*CD25" T cells (Sakaguchi et al., 1995, Asano et al., 1996). Subsequent
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studies have defined other markers of Tregs, most notably GITR, CTLA-4, lymphocyte
activation gene 3 (LAG-3) and CD127 (Corthay, 2009), but transient expression on each
of these on other T cell subsets precludes use of either marker as a specific and unique
determinant of a Treg. Identification of Tregs was aided by identification of the
transcription factor Foxp3, which was found to be highly expressed on CD4*CD25" but
not on CD4*CD25 cells (Fontenot et al., 2003). Currently, Tregs are generally identified
using the panel of markers CD3*, CD4", CD25", Foxp3* and CD127"" (Santegoets et al.,
2015). Since Foxp3 is an intracellular marker, the use of cell surface markers is essential
for cell isolation experiments. Expression of CD127, the receptor for IL-7, is low on
CD4'CD25'Foxp3* cells compared to other CD4" T cells and therefore serve as a

convenient marker to enable isolation of Tregs (Liu et al., 2006).

1.3.2.3.1. Foxp3 discovery

Observations of patients with “immune dysfunction, polyendocrinopathy,
enteropathy X-linked” (IPEX) syndrome revealed that the disease is caused by mutations
of Foxp3 which results in uncontrolled T cell proliferation and activation (Bennett et al.,
2001). In parallel, Brunkow and colleagues showed that Foxp3 was defective in scurfy
mice due to a frameshift mutation. These mice exhibited an autoimmune phenotype
similar to the one presented by IPEX patients. This mutation results in hyper-
responsiveness of CD4* T cells and the onset of autoimmune disease (Brunkow et al.,
2001). Fontenot and colleagues not only discovered that Foxp3 is highly expressed in
CD47CD25" cells, but also that Foxp3 is required for Treg development, since they
observed that Foxp3 deficient mice lack a Treg population. In the same study, the
authors injected CD4*CD25 T cells transduced with a retrovirus expressing Foxp3-green
fluorescent protein (GFP) or GFP alone into RAG deficient mice, and observed that mice
without Foxp3 developed autoimmunity whilst animals with Foxp3 showed no signs of
disease (Fontenot et al., 2003). The same group developed a new mouse strain, which
was engineered to express the diphtheria toxin receptor under the Foxp3 gene promoter.
Use of this transgenic mouse enabled selective and complete depletion of Foxp3™ cells
after injection of diphtheria toxin, The study confirmed the key role Foxp3™ T cells play in
maintaining immune homeostasis, as their depletion resulted in lymphoproliferative

disease as observed in scurfy mice (Kim et al., 2007).
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1.3.2.3.2. Treg subsets

There are two main subsets of Foxp3* Tregs: thymic Tregs (tTreg) and peripheral-
Tregs (pTregs). As the name implies, tTregs are developed in the thymus, and pTregs
arise from the thymus as conventional T cells but convert to Foxp3 expressing Tregs in

peripheral tissues.

Like conventional T cells, tTregs develop in the thymus where they are subjected
to positive and negative selection processes. The importance of specificity for self-
peptide in directing the selection of tTregs was first demonstrated by Jordan and
colleagues where they used transgenic mice with T cells bearing a high avidity TCR
specific for haemagglutinin (HA) and crossed them with animals expressing HA. The
authors found that in mice expressing both TCR and antigen the CD4" thymocytes
specific for HA were not clonally deleted, but 30% of the population were CD25".
Conversely, only 13% of peripheral T cells were CD25" within HA transgenic animals.
This study indicates that specificity for self-peptide is important for directing the selection
of tTregs (Jordan et al., 2001). A more recent study demonstrated that tTregs can arise
from two different progenitor cells, CD25'Foxp3™ Treg and CD25Foxp3" Treg, following
two distinct developmental programs in the thymus. The authors showed that both
progenitor Tregs express distinct TCRs, contributing to the unique TCR clones observed
in mature Treg cell repertoire. Both progenitor Tregs were also shown to protect against
immune responses to self-antigens, limit immune responses to commensal organisms

and resolve immune responses against foreign pathogens (Owen et al., 2019).

pTregs can be converted into Tregs in peripheral organs upon TCR stimulation in
the presence of TGF-B. A key experiment performed by Haribhai and colleagues
demonstrated that the autoimmune phenotype derived from Foxp3 deficiency cannot be
completely rescued by transferring tTregs alone; co-transfer of CD4*Foxp3™ T cells,
which were shown to convert into Foxp3™ pTregs was also necessary, thereby providing
strong evidence for an essential role of pTregs in maintaining peripheral tolerance
(Haribhai et al., 2011).

1.3.2.3.3. Mechanisms of Treg suppression

Tregs can suppress immune responses either directly, by targeting effector T cells,

or indirectly, by targeting DCs and preventing activation of naive T cells.
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One of the direct mechanisms used by Tregs is through competition for IL-2. Since
Tregs have a higher affinity for IL-2 compared to conventional T cells, there is evidence
that they can promote local cytokine deprivation by consuming the available IL-2, thereby
reducing the capacity of conventional T cells to proliferate and survive (Thornton and
Shevach, 1998). A second mechanism involves the ectoenzymes, CD39 and CD73,
which are expressed by a large proportion of Tregs, and which promote
immunosuppression through catabolism of ATP and production of adenosine (Deaglio
et al., 2007).

Tregs can also suppress immune cells by releasing immunosuppressive cytokines,
such as TGF-B, IL-10 and IL-35. Studies have shown that mice that are either TGF-$
deficient or TGF-B-unresponsive, develop T cell mediated autoimmunity shortly after
birth (Li et al., 2006, Marie et al., 2006). IL-10 secretion by Tregs in vivo was shown to
be important for control of gut inflammation, infection and experimental autoimmune
encephalomyelitis, but dispensable for regulation of other autoimmune diseases and
control of allergic responses (Schmidt et al., 2012). Sojka and Fowell have also
demonstrated that Treg-derived IL-10 is required to regulate levels of IFN-y secreted by
effector T cells in the skin (Sojka and Fowell, 2011). Treg secreted IL-35 was
demonstrated to inhibit proliferation of conventional T cells by Collison and colleagues
(Collison et al., 2007), and later, Wei et al. demonstrated that IL-10 and IL-35 producing

Tregs work in a cooperative manner to maintain immune tolerance (Wei et al., 2017).

Tregs can also directly kill autologous immune cells, through production of perforin
and secretion of granzymes-A (GZMA) and -B (GZMB), and in a perforin dependent
manner they are able to eliminate several autologous immune cells (Grossman et al.,
2004, Gondek et al., 2005). It has also been demonstrated in vitro that Tregs expressing
Fas can engage with antigen presenting B cells expressing FaslL, driving target cell

apoptosis (Janssens et al., 2003).

Tregs can also suppress through interactions with APCs. An in vitro study
conducted by Onishi and colleagues showed that Tregs exert suppression in a two-step
manner, where there is an initial leukocyte function-associated antigen-1 (LFA-1)-
dependent formation of Treg aggregates on immature DCs, followed by a LFA-1- and
CTLA-4-dependent downregulation of CD80/86 on DCs. This process prevents antigen-
reactive naive T cells from being activated by antigen-presenting DCs, culminating in
specificimmune suppression and tolerance (Onishi et al., 2008) Tregs can also suppress
DC activation through LAG-3 expression and binding to MHC class Il on DCs (Liang et
al., 2008).
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1.3.2.3.4. Role of Tregs in the TME

Early studies conducted by North and Bursuker using a methylcholanthrene-
induced fibrosarcoma cell line, MethA, showed that even though an effective anti-tumour
T cell response could be mounted, the immune response was unable to completely
control tumour growth due to the progressive development of tumour-induced
suppressor T cell activity (North and Bursuker, 1984). These experiments, which
provided several indirect lines of evidence for a role of suppressor T cells in cancer
immunity, are reviewed in detail in Gallimore and Godkin (2008) and Hughes et al.
(2018). This suppressor T cell subset was later identified as CD4", since specific
depletion of CD4" T cells resulted in efficient tumour rejection (Awwad and North, 1988).
The identification of CD25 as a Treg marker allowed the use of depleting anti-CD25
monoclonal antibodies to assess the impact of Tregs in tumours. Studies with these
antibodies revealed that Treg depletion induced an effective anti-tumour CD8" T cell
response with control of tumour growth, in different tumour cell line models (Onizuka et
al., 1999, Shimizu et al., 1999). These findings were validated by other groups, which
have demonstrated that tumour rejection and long term T cell mediated immunity against
tumour cells could be established after depletion of CD25" Tregs (Sutmuller et al., 2001,
Jones et al., 2002). Experiments where adoptive transfer of CD4*CD25" T cells into
tumour bearing mice provided a direct link between presence of Tregs in the TME and
anti-tumour immunity (Turk et al., 2004, Antony et al., 2005). Similar findings were made
in later experiments where, following injection of mice with the chemical carcinogen,
methylcholanthrene (MCA), depletion of CD25" cells resulted in a lower rate of tumour

development compared to unmanipulated mice (Tawara et al., 2002, Betts et al., 2007).

The identification of Foxp3 as a specific marker for Tregs preceded many
independent studies demonstrating that selective Foxp3™ Treg depletion could prevent
tumour development or contribute to regression of established tumours (Klages et al.,
2010, Li et al., 2010, Teng et al., 2010, Hindley et al., 2012). These studies support the
idea that Tregs prevent development of effective anti-tumour immunity. In preclinical
models and in humans, the homeostatic ratio of conventional T cells to Tregs is
significantly disturbed in cancers. Several mouse models have shown a preferential
accumulation of Tregs within the tumour mass (Betts et al., 2007, Hindley et al., 2011),
and many studies in humans revealed selective enrichment of Tregs in peripheral blood,
or in the TME of different tumour types (Nishikawa and Sakaguchi, 2010, Whiteside,
2012, Quezada et al., 2011, Scurr et al., 2012). These studies not only show that this

enrichment is often associated with poor clinical outcomes (Curiel et al., 2004, Bates et
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al., 2006, Perrone et al., 2008), but also that an elevated CTL to Treg ratio is associated
with an improved clinical prognosis (Sato et al., 2005, Gao et al., 2007, Sinicrope et al.,
2009).

1.3.3. Cancer immunosurveillance and Immunoediting

In the early 1900s, Paul Ehrlich proposed for the first time the idea that the immune
system can protect the organism against nascent pre-malignant cells. This idea led other
researchers to investigate the role of the immune system in controlling carcinogenesis.
Fifty years later, Foley showed that tumours induced in mice by MCA were antigenic
within the host (Foley, 1953). This observation led Burnet and Thomas to develop the
theory of cancer immunosurveillance, proposing that specific tumour antigens were
capable of activating immune responses. This theory stated that lymphocytes act as
sentinels of host tissues, recognising and eliminating newly transformed cells (Burnet,
1957).

This theory was abandoned for nearly 50 years, especially after Stutman’s
experiments revealed that the cancer susceptibility of immunocompetent mice was
similar to that of immunodeficient mice (Stutman, 1974). After considerable advances in
genetics, the generation of RAG knockout mice was possible in the 1990s. With this
model it was possible to deplete NK, B and T cells, whilst the non-lymphocytic lineages
remained. Shankaran and colleagues observed that after MCA injection, RAG-2" mice
developed tumours faster and had a higher tumour burden compared to wild type (WT)
mice pointing to a role of the adaptive immune system in controlling tumours (Shankaran
et al., 2001). The same group analysed development of spontaneous tumours by
monitoring unmanipulated WT and RAG-2"" mice for 15 to 21 months. All RAG-2"
developed neoplastic lesions in the intestine and elsewhere, whilst no WT mice
developed cancer. The possibility of the immune system affecting the immunogenic
phenotype of tumours during chemical carcinogenesis was also assessed. They
observed that tumour cells derived from WT and RAG-2"" mice inoculated in RAG-2"
mice induced tumour growth with equivalent kinetics in both groups, and WT mice-
derived tumours transplanted into WT immunocompetent hosts resulted in formation of
tumours in all recipients. However, tumour cells derived from RAG-2"" mice inoculated
in WT mice had a 40% rejection rate. These studies led the authors to conclude that
tumours that develop in lymphocyte deficient animals are more immunogenic than those
developing in immunocompetent hosts, thus, the immune system favours outgrowth of

tumours that are more capable of escaping immune detection. These findings led to use
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of the term “immunoediting” instead of “immunosurveillance”, to describe the actions of
the immune system in both eliminating and sculpting developing tumours (Shankaran et
al., 2001).

In 2002, the Schreiber group presented the cancer immunoediting model (Figure
1.5). This model describes three sequential processes: elimination, equilibrium and
escape (Dunn et al, 2002). Elimination is an updated version of cancer
immunosurveillance and explains how the innate and adaptive immune system work
together to recognise and destroy malignant cells before they form a clinically detectable
tumour. IFN-y was found to play a key role. Dighe and colleagues used a model whereby
MCA induced tumours were rendered genetically unresponsive to IFN-y. They observed
that these tumours had an increased growth rate when compared to WT MCA tumours
following transplantation into syngeneic recipients. On the other hand, when WT and
IFN-y insensitive tumours grew in SCID mice, which lack B and T lymphocytes, their
growth characteristics were similar, thereby showing the importance of IFN-y production
by lymphocytes (Dighe et al., 1994). Later, the same group assessed the role of IFN-y in
the development of spontaneous tumours. Mice lacking the tumour suppressor gene,
p53, were crossed with IFN-y insensitive mice to generate a double KO. Tumour growth
rates were significantly faster in the double knockout mice (Kaplan et al., 1998). Perforins
were also identified as key mediators of tumour surveillance, since mice lacking this
molecule develop significantly more tumours compared to perforin sufficient mice (van
den Broek et al., 1996).

The role of the innate arm of the immune system in immunosurveillance was
demonstrated by Mark Smyth’s group and their studies on NK cells. By inoculating two
different cell lines in C57BL/6 mice, perforin deficient or WT, they could observe that
cells were cleared less efficiently in perforin deficient mice and in WT mice treated with
an NK depleting antibody (anti-NK1.1) than in WT mice without treatment. This rejection
was IL-12 independent and did not require T cells (Smyth et al., 2000). Later on, using
an antibody that was shown to specifically deplete NK cells (anti-asialo-GM+) in MCA-
induced tumours, they observed that depletion of NK cells alone was sufficient to

significantly increase the incidence of sarcomas in mice (Smyth et al., 2001).

Tumour cells which escape elimination proceed to the next phase, where the
immune system and the tumour cells enter into a dynamic equilibrium. This phase is
often termed immune mediated tumour dormancy, and its characterised by simultaneous
prevention of tumour outgrowth and sculpting of tumour cell immunogenicity by antigen-

specific T cells. Koebel and colleagues assessed whether the equilibrium phase
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occurred during primary tumorigenesis, using mice injected with a low dose MCA, which
resulted in developed of progressively growing tumours in only a minority of mice. Whilst
these mice were removed from the study, remaining mice presenting with small masses
at the injection site were treated with monoclonal antibodies against specific
immunological components. Almost half of mice developed progressively growing
sarcomas following depletion of CD4*/CD8" cells, IFN-y and/or IL-12; all components of
the adaptive immunity. No tumour outgrowth was observed after NK cell depletion
(Koebel et al., 2007). During this phase, there is evidence that a balance between anti-
tumour effector cells, such as CTLs, and immunosuppressive cells, such as Tregs and
myeloid derived suppressor cells (MDSCs) are important, since a balance in favour of

suppressive cells is associated with immune escape (Wu et al., 2013).

Lastly, the escape phase occurs when tumour cells, uncontrollable by the immune
system form a clinically detectable mass. Progression to this phase can occur due to
changes in the tumour cell population in response to editing by the immune system,
leading to reduced immune recognition. This may happen through emergence of tumour
cells that lack expression of rejection antigens, loss of MHC class | proteins, or antigen
processing function, and consequent lack of antigen presentation to tumour-specific T
cells. Tumour cells can also induce anti-apoptotic mechanisms involving persistent
activation of transcription factors (e.g. signal transducer and activator of transcription
(STAT) 3), or expression of anti-apoptotic effector molecules (e.g. BCL-2) in order to
promote tumour outgrowth. Surviving tumour cells may also establish an
immunosuppressive microenvironment, by either expressing immunosuppressive
cytokines (VEGF, TGF-B and Indoleamine-pyrrole 2,3-dioxygenase (IDO)) or by
recruiting regulatory immune cells (Tregs and MDSCs) (Dunn et al., 2002, Schreiber et
al., 2011).
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Figure 1.5| The cancer immunoediting model.
Cancer immunoediting is a tumour suppressor mechanism that involves three phases: elimination, equilibrium and escape. The elimination phase results in the

destruction of developing tumours due to the collaboration of the innate and adaptive arms of the immune system, before it becomes clinically detectable. If the immune
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system is capable of completely eliminating transformed cells, then the host remains free of cancer. If some cell variants become resistant to the actions of the immune
system, it enters in the equilibrium phase. In this phase, tumour outgrowth is controlled by immune mechanisms, specifically by the adaptive immune arm. Editing of
tumour immunogenicity takes place in this phase, since the immune system applies a constant immune selection pressure on unstable tumour cells. This can result in
the emergence of tumour cell variants that are no longer recognised by adaptive immunity, become insensitive to immune effector mechanisms, or induce an
immunosuppressive microenvironment. These tumour cells enter the escape phase, and their outgrowth can no longer be blocked by the immune system, creating
clinically detectable tumours. PD-1, programmed cell death protein-1; PD-L1, programmed death-ligand 1; CTLA-4, cytotoxic T-lymphocyte-associated protein 4; TAM,
tumour associated macrophage. Adapted from Schreiber et al., 2011.
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1.3.4. Cancer immunotherapy

For an anti-tumour immune response to result in effective killing of cancer cells, a
series of stepwise events must occur — described as the cancer-immunity cycle (Chen
and Mellman, 2013). The process is initiated with the release of neoantigens generated
as a result of oncogenesis. These are then captured by DCs, which migrate to the lymph
node to prime and activate effector CD8" cells against cancer-specific antigens. In order
to achieve an anticancer T cell response, signals to induce peripheral tolerance must be
present. These can be proinflammatory cytokines and factors released by dying tumour
cells. At this stage, the nature of the immune response is defined, where the final
outcome is dependent on the CTLs/Tregs ratio. Activated effector T cells traffic to the
tumour and infiltrate the TME, where they specifically recognise and bind to cancer cells
through the interaction between their TCR and the cognate antigen bound to MHC class
I, and finally kill their target cancer cells. Killing of these cells completes the cycle, by
releasing additional tumour-associated antigens in order to potentiate the immune
response (Chen and Mellman, 2013). However, at each step of the cycle, several factors
can contribute to suppress or drive anticancer immunity (Gajewski et al., 2006,
Rabinovich et al., 2007, Chen and Mellman, 2013). These include a lack of tumour
antigens, antigens which induce Treg responses, inefficient T cell homing to tumours,
barriers to T cell infiltration in the TME, or presence of immunosuppressive components
in the TME. Examples of these components are the expression of PD-L1 by tumour cells
and TILs which impairs CTL activity (Kim and Chen, 2016).

Advances in the understanding of the interplay between developing tumours and
the immune system has enabled immunological manipulation to treat human cancers,
through promoting effective anti-tumour immunity and reducing tumour-mediated
immunosuppression. This area of research has grown exponentially in recent years,
mainly focusing on approaches to overcome breaks and kick-start the cancer-immunity
cycle, which has demonstrated impressive therapeutic benefit and increased survival in

some patients.

Adoptive cell therapy is a form of immunotherapy that involves the ex vivo
expansion of patient tumour infiltrating lymphocytes (TILs) that are subsequently re-
infused. The isolated TILs can be engineered to express TCRs or chimeric antigen
receptors (CARs) specific to tumour associated antigens (Rosenberg and Restifo, 2015).
CARs are synthetic molecules engineered into T cells, constituted by an extracellular

binding domain, a transmembrane domain and an intracellular signalling/activation
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domain. The extracellular domain consists of a single chain variable fragment derived
from an antibody, which recognises and binds specific tumour associated antigens in an
MHC-independent manner. The intracellular domain is made by a CD3( segment and
one or two costimulatory domains, which are responsible for triggering T cell activation
(Eshhar et al., 1993, Zhong et al., 2010). CAR-T cell therapy has been shown to be
successful in haematological cancers. The first CAR-T cell therapy was approved for
acute lymphoblastic leukaemia treatment in 2017, after a phase Il trial demonstrated that
the use of anti-CD19 CAR-T cells induced 60% complete remission rate and 81% overall
response rate (Maude et al., 2018). However, in solid tumours the efficacy of this therapy
is not as good due to the multiple difficulties that CAR T cells can encounter, such as
efficient trafficking to the tumour, the presence of an abnormal vasculature, matrix
barriers and an immunosuppressive environment (Yong et al., 2017). Many strategies
are underway to improve CAR T cell performance in these tumours, such as modifying
them to secrete PD-1-blocking single-chain variable fragments (Rafiq et al., 2018), or

through deleting genes expressing inhibitory receptors, such as PD-1 (Ren et al., 2017).

TCR therapy has the advantage that TCRs can recognise more antigens than
CARs, since MHC molecules can present peptide chains obtained from the cell surface
or from the metabolism of intracellular proteins (Zhao and Cao, 2019). TCR therapy has
proven successful in solid tumours, particularly in melanoma and sarcoma (Robbins et
al., 2011, Robbins et al., 2015). A large effort is being made to improve this type of
therapy through, for example, genetic deletion of the PD-1 gene (Gao et al., 2019).
Another option is to increase TCR affinity to optimal levels whilst avoiding off-target
activities; this approach has been successfully demonstrated with the affinity-enhanced
anti-NY-ESO-1 TCR (Rapoport et al., 2015, D'Angelo et al., 2018, Nowicki et al., 2019).
Nonetheless, both CAR T cell and TCR-based therapies are associated with side effects,
such as off-tumour toxicities (Johnson et al., 2009, Linette et al., 2013), cytokine release

syndrome (Norelli et al., 2018) and neurotoxicity (Wang and Han, 2018).

The development of immune checkpoint blockade (ICB) therapies using
monoclonal antibodies targeting CTLA4 and the PD-1/PD-L1 axis, has represented a
fundamental step forward for cancer immunotherapy. The combination of anti-CTLA-4
and anti-PD-1 therapies has demonstrated better outcome than single therapy in
preclinical studies (Curran et al., 2010). In a five-year follow-up study, Larkin and
colleagues recently demonstrated that the overall survival of patients with advanced
melanoma at 5 years was 52% for the group receiving nivolumab plus ipilimumab,
compared to 44% receiving nivolumab only, and 26% receiving ipilimumab only. (Larkin

et al., 2019). It was initially thought that anti-CTLA4 antibodies directly targeted mainly
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CD4" and CD8" effector cells. However, pre-clinical mouse studies revealed that the anti-
CTLA4 antibodies (in this case IgG2a) induced antibody-dependent cell-mediated
cytotoxicity (ADCC) of tumour infiltrating Foxp3* Tregs. ADCC is a process whereby
antibody-coated cells are recognised and lysed predominantly by NK cells or
macrophages. This process was shown to be more important for promoting anti-tumour
effects than the direct activation of CD4* and CD8" cells by the same antibodies (Selby
et al.,, 2013, Simpson et al., 2013). Following these studies, reduced Treg numbers and
an increased CTL/Treg ratio was observed in cancer patients treated with the human
IgG1 antibody, ipilimumab, which in humans, induces higher ADCC activity than the
IgG2a antibodies (Liakou et al., 2008, Romano et al., 2015). Since PD-L1 and PD-L2 are
also upregulated on Tregs in the TME of human tumours (De Simone et al., 2016), it is
possible that PD-1 blockade also targets Tregs. However, recent studies have shown
that the way PD-1 blockade affects Tregs is context dependent. Whilst PD-1 blockade
inhibited PD-L1-induced Treg expansion in glioblastoma (DiDomenico et al., 2018) and
melanoma (Gambichler et al., 2020), it was shown to facilitate the proliferation of highly
suppressive Tregs in hyperprogressive disease in the context of gastric cancer (Kamada
et al., 2019). It has recently become clear that tumours can induce upregulation of many
co-inhibitory receptors on T cells therefore new targets are currently under investigation.
These include LAG-3, T-cell immunoglobulin and mucin-domain containing-3 (TIM-3)
and B- and T-lymphocyte attenuator (BTLA) (Smyth et al., 2016, Ribas and Wolchok,
2018, Dougan et al., 2019).

As previously mentioned, Treg enrichment in tumours represents a major obstacle
to successful immunotherapy, therefore, depletion of Tregs has been investigated as a
way to promote tumour regression. Onizuka and colleagues demonstrated that
administration of an anti-CD25 antibody to deplete CD4*CD25" Tregs in mice resulted in
tumour rejection or delay of tumour growth (Onizuka et al., 1999). The use of anti-CD25
antibodies has also been evaluated in clinical studies, in combination with vaccination
programs. In breast cancer patients, Treg depletion with the anti-CD25 antibody
daclizumab following vaccination with tumour associated peptides was associated with
prolonged stable disease (Rech et al., 2012). However, systemic Treg depletion might
increase the risk of autoimmunity-related toxicities (Sakaguchi et al., 1995, Kim et al.,
2007), so targeting Tregs that are abundant in the TME rather than the entire population
would have increased benefits by improving anti-tumour effects and minimising
autoimmunity. In 2017, the Quezada group re-evaluated CD25 as a target for Treg
depletion and showed that the commonly used anti-CD25 antibody PC-61 failed to
effectively deplete intra-tumoural Tregs in established mouse tumours (Arce Vargas et

al., 2017). By using an antibody isotype optimised for engagement of activating Fc
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gamma receptors to induce ADCC, the authors of the study observed a superior intra-
tumoural Treg depletion and a strong synergy when combined with PD-1 blockade. They
have also demonstrated that CD25 expression in the effector compartment is minimal in
vivo, emphasizing the potential of this marker as a therapeutic target in combination with
immunotherapies. A study of melanoma patients showed that an intra-tumoural Tregs
subset enriched for CCR4, exhibited strong immunosuppressive activity. The use of an
anti-CCR4 antibody (mogamulizumab) could selectively deplete tumour Tregs and
induce tumour-antigen-specific CD4" and CD8" T cells in these patients (Sugiyama et
al., 2013). An alternative approach for targeting Tregs is by activating immune-
checkpoint molecules on the TNF receptor superfamily. Targeting OX40, ICOS or GITR
have all been shown to reduce the immunosuppressive activity of Tregs whilst
stimulating effector T cells (Shimizu et al., 2002, Griseri et al., 2010, Nagase et al., 2017).
It is also possible to target molecules that are crucial for Treg survival and function.
Maintenance and function are dependent on PI3Ks signalling (Ahmad et al., 2017), and
selective inactivation of this subunit in Tregs results in increased activity of CD8" T cells,
controlling tumour development, progression and metastasis (Ali et al., 2014). High
doses of cyclophosphamide, an alkylating agent, are used as chemotherapy for human
cancers (Sistigu et al., 2011). However, low doses of cyclophosphamide have been
shown to result in an effective anti-tumour immune response in mice and humans, by
modulation of Treg cells (Le and Jaffee, 2012, Scurr et al., 2017a, Scurr et al., 2017b).
Since the balance between effector T cells and Tregs is essential in dictating an effective
anti-tumour immune response, another alternative to improve response to therapy is to
shift that balance away from Tregs (Quezada et al., 2006, Quezada et al., 2011), which

can be achieved with ICB therapies.

Finding a way to prime naive T cells has been in the centre of several studies, and
cancer vaccines seem to be the elected method for this. The use of these vaccines was
firstly demonstrated in 1991 following identification of the melanoma antigen, MAGE-A1
by T cells (van der Bruggen et al., 1991). Since then, many tumour antigens have been
identified. Some vaccines show limited efficacy due to the difficulty in overcoming self-
tolerance, however, the addition of some immune adjuvants, such as IL-2, has improved
this aspect (Makkouk and Weiner, 2015). The use of DCs pulsed with tumour associated
antigens as a cancer vaccine has also been explored, and in 2010, the FDA approved
Provenge, an antigen-pulsed DC cancer vaccine for the treatment of metastatic prostate
cancer. This vaccine demonstrated increased survival in the three separate phase Il
clinical trials (Small et al., 2006, Higano et al., 2009, Kantoff et al., 2010). Chronic antigen

exposure can cause T cell exhaustion in response to a cancer vaccine, decreasing its
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efficacy. Therefore, the combination of cancer vaccines with therapies to bypass T cell

exhaustion is being explored (Kissick and Sanda, 2015).

The potential of oncolytic viruses (OVs) has also been explored, especially in
patients and tumour types that have poor responses to ICB. As well as promoting direct
tumour lysis, the immunogenic cell death induced by OVs can lead to innate immune
activation leading to the recruitment and maturation of effector T cells (van Vioten et al.,
2018) and reviewed in (Harrington et al., 2019). Combination therapies using OVs with
PD-1 and PD-L1 or CTLA4-trageting therapies are currently being tested in clinical
studies (Chesney et al., 2018, LaRocca and Warner, 2018). In pre-clinical models, OVs
have also been used to deliver immunological payloads to tumours where the advantage
is that the payload, e.g. anti-CTLA4 antibodies, are selectively delivered to the tumour,
thereby reducing the risk of the toxic side-effects associated with systemic delivery of
such antibodies (Dias et al., 2012, Du et al., 2014).

Research has also been focusing on altering the TME to a less
immunosuppressive phenotype. There are several possible approaches which involve
manipulation of immune cells. Myeloid cells can be inhibited, depleted or reprogrammed
into anti-tumour macrophages or DCs with increased potential to present antigens
(Cubillos-Ruiz et al., 2015, Akalu et al., 2017, Dougan et al., 2018). Colony stimulating
factor 1 receptor (CSF1R) is expressed on macrophages, and its blocking resulted in
loss of TAMs and improved anti-tumour response in early phase trials of pancreatic
cancer (Pyonteck et al., 2013, Zhu et al., 2014).The systemic administration of specific
cytokines, and the Treg approaches described in the previous section can also contribute
to TME remodelling (Smyth et al., 2016, Dougan et al., 2019).

1.4. Relationship between the TME and anti-tumour immune

response

Since the concept that tumour progression describes a balance between invasive
tumour cells and the actions of the host immune system has become more widely
accepted, more attention has been focussed on immune cells in the TME. The most
common system for tumour progression classification has been in place for about 80
years with recurrent improvements. This system, the TNM classification, is focussed only
on the tumour cells, evaluating the tumour burden (T), the presence of tumour cells in
regional lymph nodes (N), and evidence of metastases (M), and fails to incorporate the

effects of the host immune response (Galon et al., 2012, Angell and Galon, 2013). More
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recently, classification systems are being refined to take into account the presence of
non-neoplastic cells in the tumour, such as immune cells which are often more than 50%
of the total cell population in a tumour; the precise characterisation of tumour infiltrating
cells, including their phenotype and location, i.e., which type of cells can be found in the

tumour core or in the invasive margin (Galon et al., 2014).

The analysis of the type, functional orientation, density and location of immune
tumour infiltrating cells within different tumour regions is called the immune contexture
of a tumour (Galon et al., 2006). From this, the Immunoscore was born, and several
international pathology expert centres are currently working together to implement this
as a part of a new TNM classification. The Immunoscore is based on the standardised
enumeration of two lymphocyte populations (CD3 and CD8) in the core and the invasive
margin of the tumour, giving a stronger prognostic factor than the TNM classification
alone (Galon et al., 2014). The Immunoscore classification ranges from Immunoscore 0
(10), for tumours with low densities and even absence of both cell types in both regions,
to 14, for tumours with high immune cell densities in both locations, introducing the notion
of “hot” (highly infiltrated, 14) and “cold” (non-infiltrated, 10) tumours (Galon and Bruni,
2019).

Hot tumours are considered the most immunogenic, since there is a high infiltration
of CTLs, expression of PD-L1 on tumour associated immune cells, genomic instability
and indications of pre-existing anti-tumour immune responses (Hegde et al., 2016).
These tumours have higher response rates to ICB, one example being the subset of
colorectal cancers with high microsatellite instability (Binnewies et al., 2018). Cold
tumours are poorly infiltrated with T cells and are immunologically ignorant, as implied
by lack of PD-L1 expression. In general, they are also characterised by high tumour cell
proliferation rates, low expression of neoantigens and antigen presentation components,
such as MHC class | (Hegde et al., 2016) These tumours are frequently of epithelial

origin, such as pancreatic cancer (Binnewies et al., 2018).

Camus and colleagues were the first to describe four major immune profiles: hot,
altered excluded, altered immunosuppressed, and cold (Figure 1.6). These observations
were made in primary colorectal cancers and allowed a classification according to the
balance between tumour escape and immune coordination. The “altered excluded”
phenotype represents the ability of the immune system to mount a T-cell mediated
immune response, as well as the ability of the tumour cells to escape this response by
physically impeding T cell infiltration. The “altered immunosuppressed” phenotype
reflects the presence of an immunosuppressive environment that limits further
recruitment and expansion of immune cells, without physical barriers being present
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(Camus et al., 2009). This system may provide a better means of identifying patients at

high risk of recurrence and the best approaches to their treatment.
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Figure 1.6|]lmmune-based classification of tumours.
Hot immune tumours are characterised mainly by their high degree of T cell infiltration and immune checkpoint activation. Altered immunosuppressed tumours have

poor T cell infiltration, soluble immunosuppressive proteins (e.g. TGF-B, IL-10 and VEGF), and immunosuppressive cells in the TME. T cell checkpoints are also
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present in this type of tumours. Altered excluded tumours have no T cell infiltration in the tumour core, and accumulation of T cells at the margin. Oncogenic pathways
are activated, there is an epigenetic regulation and reprograming of the TME, the vasculature is aberrant, and hypoxic cores are often found. Cold tumours are devoid
of T-cells, both at the core and margins. These exhibit low mutational burden, poor antigen presentation and intrinsic insensitivity to T cell killing. Adapted from Galon

and Bruni, 2019.
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Immunosuppressive mechanisms in the TME block both the natural host immune
responses and the efficacy of cancer immunotherapies. There are two main types of
immunosuppression mechanisms in the TME; a tumour intrinsic and a local adaptive
immunosuppression. Tumour intrinsic immunosuppression may be induced by genetic
alterations of the tumour, involving activation of several oncogenic pathways. These
include the WNT-B-catenin (Yaguchi et al., 2012, Spranger et al., 2015), mitogen-
activated protein kinase (MAPK) (Sumimoto et al., 2004, Sumimoto et al., 2006), Janus
kinase (JAK) —STAT3 (lwata-Kajihara et al., 2011) and nuclear factor-xB (NF-kB) (Nishio
et al., 2014) signalling pathways. The activation of each of these pathways results in
expression of cytokines and chemokines that contribute to T cell exclusion from the TME
or repression of factors that facilitate T cell recruitment. This mechanism can result in a
cold, “altered excluded” or “altered immunosuppressed” tumour. In the case where there
is local adaptive immunosuppression, TILs produce IFN-y that induces immune
checkpoint molecules, such as PD-L1, or immunosuppressive factors, such as IDO1.
Therefore, this type of mechanism can result in either a hot or an altered
immunosuppressed tumour, depending on the power of the driving mechanisms (Galon
and Bruni, 2019).

Different types of cancer can present a great diversity in the TME composition,
however, this diversity can also be observed among patients with the same cancer type
and even in different tumour sites within the same patient (Mlecnik et al., 2017, Zhang
et al., 2018). The occurrence of specific driver mutations (Spranger et al., 2015), the
deregulation of oncogenes in cancer cells (Yoshida et al., 2016), the load and quality of
passenger mutations in cancer cells (Camus et al., 2009, McFarland et al., 2017), the
presence of immunosuppressive elements in the TME (Tauriello et al., 2018), factors
directing immune attraction (van der Woude et al., 2017), and factors that mediate CTL
expansion and proliferation (Mlecnik et al., 2016) can all contribute to this diversity.
Moreover, the TME also evolves with tumour progression and disease recurrence
(Bindea et al., 2013). Although some patients show durable responses to therapies,
others do not respond or acquire resistance due to significant remodelling of the TME in

response to treatment.

Over a number of years, our laboratory has been using Foxp3DTR mice to
investigate the impact of depleting Treg on tumour immunity. In this model, the formation
of fibrosarcomas is achieved by injecting MCA in the hind leg of these mice, and, once
tumours become palpable, Foxp3®™ Tregs are ablated by administering diphtheria toxin

(DT), as already shown by Kim and colleagues (Kim et al., 2007). Previous studies
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published by the group have reported that after depletion of Treg approximately half of
the mice show control of established tumours. These mice, named “responders”, were
shown to be distinct from “non-responders” by the development of intratumoural HEVs
and a significantly higher number of TILs (Hindley et al., 2012, Colbeck et al., 2017b).
This study set out to compare responders and non-responder in more detail. Considering
the crucial role of the TME in modulating anti-tumour immune responses, it was deemed
important to focus on the TME and to specifically address whether the TME influences
the response to Treg depletion. Revealing such differences could define new TME

remodelling strategies to improve anti-tumour immune responses.

1.5. Hypothesis and Aims

The hypothesis of this project states that TME profile prior to immunotherapy can

predict response to therapy. This hypothesis was tested according to the following aims:

1. Determine TME profiles in untreated tumours, and in non-
responders and responder tumours after Treg depletion in a mouse model.

2. Investigate whether the tumour ECM predicts the response to
Treg depletion.

3. Define the alterations in the TME following Treg depletion in both

responders and non-responders.
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2.1. Mouse work

2.1.1. Mice

3°™ mice were gratefully received from Professor

Genetically engineered Foxp
Alexander Rudensky and have been previously described (Kim et al., 2007). These mice
were backcrossed with C57BL/6 mice for = 10 generations by our lab. Mice were housed
in accordance with UK Home Office regulations, and isolator-bred before being housed

in filter-top cages for the duration of experiments.

2.1.2. Tumour induction, diphtheria toxin administration and monitoring

For tumour induction, Foxp3P™ mice, aged 8 to 15 weeks, were anesthetized and
injected subcutaneously with 400ug of 3-MCA (Sigma Aldrich) suspended in 100 uL of
olive oil into the left hind leg, as previously described (Hindley et al., 2011). Mice were
then monitored for tumour development weekly for up to 18 weeks. Tumour-bearing mice
were sacrificed before their tumours reached 1.5 cm in diameter, or if tumours caused

apparent discomfort.

For in vivo depletion of Foxp3* Tregs, DT diluted to a 5 pg/kg concentration in
Phosphate Buffered Saline (PBS; Gibco Life Technogies) was administered every other

day by intra-peritoneal (i.p.) injection, after development of a palpable tumour.

To monitor tumour growth, tumour size was measured in mm, every other day,
using calipers. Tumour leg width, non-tumour leg width, tumour width and tumour height
measurements were taken. Tumour growth rate (k, days™) was calculated using the
difference between the tumour and non-tumour leg diameters, by the equation for
exponential growth Y=Y0 x exp (k x X), using the statistical software package Prism 7
(GraphPad).

2.1.4. Dissection of Tissues

Once tumours reached the established size limit, or signs of discomfort were
observed, mice were sacrificed and tumours carefully removed to avoid muscle and
other normal tissues, particularly the local popliteal lymph node. Tumours were split,
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whenever possible, and half was fixed in a neutral-buffered formalin solution (NBFS) and
embedded in paraffin, and the other half was embedded in optimal cutting temperature
(OCT) compound (CellPath) and frozen in dry ice. The inguinal lymph nodes on the
tumour side (tumour draining lymph node — dLN) and on the non-tumour side (non-

tumour draining lymph node — ndLN) of tumour bearing mice were taken for cell culture.

2.2. Histology
2.2.1. Immunofluorescence

2.2.1.1. Frozen sections

Five um thick sections were cut from tumours embedded in OCT, using a cryostat
machine. These were fixed for 10 minutes in ice-cold acetone and then air dried at RT
(Table 2.1). Acetone fixed sections were washed in 1x PBS (3x 3 minutes). Non-specific
antibody binding was blocked with incubation in 2.5% Normal Horse Serum Blocking
Solution (VectorLabs) for 30 minutes at RT. After 3x 3-minute washes in PBS, sections
were incubated in the primary antibody diluted to the appropriate concentration (Table
2.1) in 1% Bovine Serum Albumin (BSA) in PBS overnight at 4°C. The following day,
sections were washed 3x 3 minutes in PBS, and incubated in a fluorophore-conjugated
secondary antibody solution, which was diluted to the appropriate concentration in 1%
BSA in PBS, for 45 minutes at RT (Table 2.1). Sections were washed 3x 3 minutes in
PBS, incubated in a solution of 1 ug/mL Hoechst (Thermo Fisher Scientific) in PBS, and
after a final wash in PBS, mounted using ProLong Gold Antifade Mountant
(ThermoFisher) and glass coverslips. Slides were left to cure overnight at RT, protected
from light, and then were imaged using a Zeiss slide scanner (Zeiss Axioscan Z.1).

Images were analysed using Zen software Blue edition.

2.2.1.2. Formalin fixed paraffin embedded sections

Five um thick sections of tumours embedded in paraffin were cut on a microtome
and mounted on glass slides. Slides were dried at 37°C overnight and then baked at
60°C for 1 hour. Sections were dewaxed in xylene (3 x 5 minutes) and rehydrated via an
alcohol gradient (2 x 3 minutes at 100% Methanol (MeOH), 3 minutes at 90% MeOH, 3
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minutes at 70% MeOH and 5 minutes in running water). After being washed in distilled
water (dH20), sections were cooked on a pressure cooker for 20 minutes in either Tris-
EDTA (10 mmol/L Tris, 1 mmol/L — pH 9) or Sodium Citrate (10 uM/L Tris Sodium Citrate
dihydrate — pH 6) antigen retrieval solution, depending on the antibody specificities
(Table 2.1), cooled for 30 minutes and washed in PBS 3x 3 minutes. Non-specific
antibody binding was blocked by incubating slides in 2.5% Normal Horse Serum Blocking
Solution (VectorLabs) for 30 minutes at RT. Sections were incubated with primary
antibody diluted to the appropriate concentration (Table 2.1) in 1% BSA in PBS overnight
at 4°C. After this incubation, sections were processed as described above (Section
2.2.1.1).
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Table 2.1|Antibodies used in Inmunofluorescent staining.

Target Tissue Antigen Final
9 Sample type fixative 9 concentration Clone Conjugate Isotype Supplier
Antigen . retrieval
solution (ng/mL)
Primary Antibodies
FFPE Formalin HIER-Tris
TNC 1 EPR4219 - Rabbit IgG Abcam
OCT Acetone -
LUM OCT Acetone - 0.4 Polyclonal - Goat IgG R&D Systems
COL3A1 OCT Acetone - 0.5 Polyclonal - Rabbit IgG Abcam
CD31 OCT Acetone - 0.4 Polyclonal - Goat IgG R&D Systems
CD3 OCT Acetone - 2 Polyclonal - Rabbit IgG Dako
CD4 OCT Acetone - 1 RM4-5 - Rat 1IgG2a eBioscience
CD8a OCT Acetone - 1 53-6.7 - eBioscience
GZMB OCT Acetone - 0.4 Polyclonal - Goat IgG R&D Systems
BD
PNAd OCT Acetone - 25 MECA-79 - Rat IgM :
Pharmingen
LYVE-1 FFPE Formalin HIER-Tris 1 ALY7 - Rat IgG1 e-Bioscience
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CCL21 FFPE Formalin HIER-Tris 5 Polyclonal - Goat IgG R&D Systems
FFPE Formalin HIER-Tris . Atlas
ZEB-1 0.2 Polyclonal - Rabbit IgG Antibodies
Table is continued on the next page
Secondary Antibodies
Ant'[gg bbit - - - 1 Polyclonal AF 488 Donkey IgG Invitrogen
Anti-Goat I1gG - - - 1 Polyclonal AF 594 Donkey IgG Invitrogen
Anti-Rat IgG - - - 1 Polyclonal AF 594 Donkey IgG Invitrogen
Anti-Rat IgM - - - 1 Polyclonal AF 594 Goat IgG Invitrogen
Anti-Rat IgG - - - 1 Polyclonal AF 647 Chicken IgY Invitrogen
Ant'[gg bbit - - - 1 Polyclonal AF 647 Donkey IgG Invitrogen

HIER — Heat Induced Epitope Retrieval; AF — Alexa Fluor

57



2.2.2. Immunohistochemistry

Tumours embedded in paraffin were cut in 5 um sections on a microtome and
mounted on glass slides. Sections were dried, baked, dewaxed, rehydrated, and antigen
retrieval was done as described above (Section 2.2.1.2). After cooling for 30 minutes
and washed in PBS 3x 3 minutes, endogenous peroxidase activity was quenched by
incubation in Bloxall (VectorLabs) for 5 minutes at RT. Non-specific antibody binding was
blocked by incubating slides in 2.5% Normal Horse Serum Blocking Solution
(VectorLabs) for 30 minutes at RT. Sections were incubated in the primary antibody
diluted to the appropriate concentration (Table 2.2) in 1% BSA in PBS overnight at 4°C.
The following day, sections were washed in PBS 3x 3 minutes, and antibodies were
detected with a 30-minute incubation of the relevant ImnmPRESS™ Horseradish
Peroxidase (HRP) Polymer Detection kit, and subsequently visualized by brief incubation
in either Impact DAB (3, 3’-diaminobenzidine, brown) or Vector Very Intense Purple (VIP,
purple) HRP substrate (VectorLabs) (specific incubation times for each antibody are
specified in Table 2.2). After detection, sections were rinsed in dH,0 and counterstained
in Mayers haematoxylin (SLS) for 3 minutes. A bluing solution (0.1% Sodium
Bicarbonate) was used for 3 minutes to stain the nuclei. Sections were then washed in
dH»0 and dehydrated with an alcohol series (3 minutes at 70% MeOH, 3 minutes at 90%
MeOH, 2x 3 minutes at 100% MeOH) and then with xylene (3x 5 minutes). Mounting was
performed using a specific media (distyrene, a plasticizer, and xylene — DPX) and glass
coverslips. Sections were allowed to dry overnight at RT, and then imaged using the
previously mentioned slide scanner. Images were analysed using Zen software Blue

edition.
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Table 2.2|Antibodies used in Inmunohistochemical staining.

Chromogen

Target Antigen RA er;:iitgasgl Final ?Eglcr:E;ration inczlnl:ia:il?tr; st;me Clone Isotype Supplier
TNC HIER-Tris 0.2 3 EPR4219 Rabbit IgG Abcam
Klie7 HIER-Tris 0.03 3 Polyclonal Rabbit IgG Abcam
CASP3 HIER-Tris 0.025 3 Polyclonal Rabbit IgG R&D Systems
P16 HIER-Citrate 0.06 5 EPR20418 Rabbit IgG Abcam
FOXP3 HIER-Tris 10 3 FJK-16s Rat eBioscience
CD3 HIER-Tris 0.24 3 Polyclonal Rabbit IgG Dako

HIER — Heat Induced Epitope Retrieval
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2.2.3. Quantification of immune cell infiltration

Frozen tumour sections were stained with antibodies targeting CD3"CD4" and
CD3*CD8" cells by immunofluorescence. Sections were viewed on a fluorescence
microscope and double positive cells were counted by eye per high power field of view.
For each sample, two serial tumour sections were stained, and 10 random high-power
fields of view (area of each field of view = 0.13 mm?) in each section were enumerated
and averaged. As a control for observer bias, the samples used were the same as

previously analysed samples by other members of the lab.

2.3. Positron Emission Tomography-Computed Tomography (PET-

CT) scans

The timeline of PET-CT scans and injections is represented in Figure 2.1.
Radiosynthesis of zirconium-89 (3°Zr) oxalate, antibody modification, labelling of the
antibody and confirmation of its purity were done by Stephen Paisey, and methods for

these techniques can be found in the Appendix (See Appendix, Methods section).
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Figure 2.1|Experimental timeline used to assess TNC expression over the course of Treg
depletion.

Once tumours were palpable, mice were injected i.v. with either anti-TNC antibody labelled with
Zirconium, or with the negative controls, Zirconium Oxalate or anti-lgG antibody labelled with
Zirconium. Mice were scanned at day 1, 2, 5 and 7, and DT treatment started at day 3, being the
mice injected i.p. every other day, as described in Methods. Day X represents the day of mice
sacrifice, which happened before tumours reached 1.5 cm in diameter or mice developed
autoimmunity.
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2.3.1. Scanning

For PET-CT imaging, mice with palpable tumours were transferred into the Wales
Research and Diagnostic Positron Emission Tomography Imaging Centre (PETIC) up to
3 days before scanning. Each mouse was anaesthetised with 3-3.5% isofluorane (Teva
Hospitals) delivered through a nose cone, placed on a heating pad and injected via the
tail vein with a specific solution, depending on the condition to run. Experimental mice
were injected with 1-3 MBq of #Zr labelled anti-TNC antibody (Abcam, clone EPR4219)
in a 50 uL solution, whilst negative controls were injected with 1-3 MBq of ®Zr-labelled
anti-IgG (Abcam), 1-3 MBq of zirconium-oxalate, or, as a blocking experiment, cold anti-
TNC antibody was injected 28h before 1-3 MBq of ®*Zr-labelled anti-TNC. Mice were
then returned to their cages for 24h. Tail vein injections were performed by Stephen

Paisey or Awen Gallimore.

On the day of scanning, the scanner (nanoScan122S PET CTMediso Preclinical
Imaging System) was calibrated using a Naz2 point source of 1 MBq. Each mouse was
injected i.p., 10 minutes before acquisition, with 100 pL of iopamidol (Niopam 300,
Bracco), a CT contrast agent, and anaesthetised with isofluorane. Once anaesthetised,
mice were placed in the prone position on a warmed mouse bed in the scanner. Up to 3
mice were scanned at a time using the Mediso Multicell 3 mouse animal bed. Oxygen
and isofluorane were supplied via a facemask through entire image acquisition.
Respiration was monitored with pressure pads during the entire 75 minutes whole body
PET-CT examination. Scans were performed up to 5 times for each mouse at 24, 48,
120, 142 and 192 hours post injection. Emission data were collected for 60 minutes
followed by a 5-minute CT scan. Upon completion of the PET scan, mice were removed
from the bed and placed in the heated recovery chamber until waking. All scanned mice
were kept in individually ventilated Scantainer cages until the end of the experiment when

mice were culled.

2.3.2. Analysis of PET-CT scans

For quantitative analysis and image rendering, Vivoquant™ software (v3.5, Invicro)
was used. A whole mouse region of interest (ROI) was placed over each mouse from a
pre-prepared template file. An entire skeleton ROl was selected from the CT scan for

each mouse using the connected threshold tool. A tumour ROI was then selected from
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the PET scan using the same connected threshold tool within a bounding box set to
cover the entire leg of the mouse to contain the ROI to the tumour region. Tumour ROI
concentrations in Becquerel (Bq)/mL were decay corrected back to the original injection
time. For each ROI, the maximum Standardised Uptake Value (SUVmax) was calculated

according to the following equation:

Image derived radioactivity concentration

SUVmax (g/ml) = Decay corrected injected dose

Body weight

2.4. TNC knockdown cell line

The complete process of using shRNAs to knockdown TNC in tumours is

represented in Figure 2.2.
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Figure 2.2|TNC knockdown of primary cell lines by shRNA and tumour induction in mice.

Tumours from untreated mice were collected and dissociated to single cells. These gave rise to
two different primary cell lines, MCA1 and MCA2 after 1 week of culture. Each cell line was
injected in mice to test the capacity for tumour development. Tumours were palpable after ~ 6
days. Both cell lines were transfected with plasmids containing shRNAs coding for specific sites
of TNC gene (shTNC) and a scrambled (shScr) sequence as control. Effectiveness of transfection
was measured by GFP expression: green cells were successfully transfected; grey cells were
not. mMRNA was extracted from all conditions to assess TNC expression. GFP positive cells were
FACS purified for each condition, and posteriorly expanded in culture. shScr and shTNC cells
were used to induce tumours in mice, and these were split into two treatment groups — one left
untreated and other Treg depleted. Once mice developed signs of autoimmunity or discomfort,
they were sacrificed, and tumours were collected for further analysis.
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2.4.1. Cell line establishment

To establish cell lines derived from MCA-induced tumours, two untreated tumours
were dissected and chopped into small pieces and incubated in a cell culture flask with
R10 media (RPMI media (Gibco) supplemented with 10% Foetal Calf Serum (FCS,
Gibco) and L-glutamine and penicillin/streptomycin) at 37°C and 5% CO.. On the
following day, pieces of tissue were removed, and media was replaced, to exclude cells
that did not attach to the flask, leaving tumour cells only to grow. When cells were
confluent, the supernatant was removed from the flask and cells were washed with 1x
PBS to remove any excess media. Cells were then incubated in 3 ml of Trypsin EDTA
for 5-10 minutes. After this, 7 mL of R10 media was added to inactivate the enzyme. The
resulting cell suspension was then centrifuged at 1200 rpm for 5 minutes, the cell pellet
was re-suspended in 10 mL of R10 media and centrifuged again, under the same
conditions. The cell pellet was finally re-suspended in 5 mL of R10 media. This cell
suspension was added to 30 mL of R10 media in a T175 flask and split up to 3 times a
week. Once the number of cells was expanded, cells were frozen at -80°C, in single vials
of 107 cells/mL of freezing media (FCS with 10% DMSO (Sigma)). Cell lines (MCA1 and
MCAZ2) were grown from each tumour. These were left to grow for 3-6 passages before

being injected into mice.

2.4.2. Tumour induction

On injection day, cells were counted using a haemocytometer and resuspended in
PBS at a concentration of 0.5 x 107 cells/mL. Mice were anaesthetised and injected s.c.
with 0.5 x 10° cells (100uL of cell suspension) in the hind leg. Tumours were measured
from day 6 up to 3 times per week until the mouse was sacrificed. Both the normal and
tumour leg were measured, and the difference was calculated as described above
(section 2.1.2).

2.4.3. shRNA knockdown

Oligonucleotide pairs for shTNC (sequences in Table 2.3) were ligated into
pENTR/U6 Gateway system entry vector (Invitrogen) according to the manufacturers’
instructions. A scrambled plasmid was also generated as a control. GFP was included
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in the constructs to facilitate clonal selection of successful transduced cells. Hairpin
sequences were verified and transferred, and viral supernatants were generated as
described in (Soady et al., 2017). MCA1 and MCA2 cells were resuspended at 10°
cells/mL in virus supernatant and plated at 1 mL/well in ultra-low attachment 24-well
plates (Corning). After 16 hours, cells were washed and replated in R10 media. After 48
hours, cells were transferred to normal tissue culture plastic and maintained in growth
media for one week. After this time, cells were trypsinised and flow sorted to isolate GFP*
cells for gPCR analysis. This process gave rise to originated three different cell lines;
one comprising a scrambled sequence as control (shScr) and two comprising TNC
sequences (shTNC2475 and shTNC3559).

Table 2.3|Oligonucleotide sequences for TNC shRNAs.

Top Strand Bottom Strand
shTNC2475 CACCGCCCTTGGCTGA AAAAGCCCTTGGCTGA
GAATTGATACGAACTAT AATTGATAGTTCGCTAT
CAATTTCAGCCAAGGGC CAATTTCAGCCAAGGGC
shTNC3559 CACCGCTCCAGAAGGA AAAAGCTCCAGAAGGA
GCCTATAAGCGAACTTAT GCCTATAAGTTCGCTTAT
AGGCTCCTTCTGGAGC AGGCTCCTTCTGGAGC

2.4.4. Quantitative Real-Time Polymerase Chain Reaction (QRT-PCR)

validation

A sample of each cell line was collected, and cells were disrupted with 500 pL of
RLT buffer. RNA was purified with RNeasy Plus mini kits (QIAGEN), according to the
manufacturers’ instructions. Resulting RNA was quantified using a NanoDrop 2000
spectophotometer (ThermoFisher Scientific) and stored at -80°C, being posteriorly

transcribed to generate complementary DNA (cDNA) using High-Capacity RNA-to-cDNA
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kit (Applied Biosystems). The gqRT-PCR reaction was performed in a final volume of 20
uL, containing 2 pL of cDNA sample, 10 uL of Gene Expression TagMan® Master Mix
(Applied Biosystems) and 1 uL of TagMan® Gene Expression Assay probes (Applied
Biosystems). Probes used are indicated in Table 2.4. Reactions were performed on an
Applied Biosystems QuantStudio 3 Real Time Machine. Relative expression of mMRNA

was calculated using the AACt method.

Table 2.4|TagMan® gRT-PCR probes.

Gene Identification Species
Actb (DQ) Mix 20x Mus musculus
Tnc MmO00495662_ m1 Mus musculus

2.5. RNAscope

RNascope for TNC mRNA transcripts detection was done accordingly to the
manufacturer’s instructions (ACD Bio). Before starting RNAscope, FFPE sections were
baked in a dry oven for 1 hour at 60°C. After that, slides were dewaxed by immersion in
fresh xylene, twice, for 5 minutes each, and in 100% fresh EtOH, twice, for 1 minute

each. Slides were left to air dry for 5 minutes at RT.

To block the activity of endogenous peroxidases, tissue was covered with
RNAscope Hydrogen Peroxide (ACD Bio) for 10 minutes at RT. After that, slides were
washed twice for 5 minutes in dH.O and then placed in pre-warmed dH,O at
approximately 100°C for 10 seconds to acclimate, before transferring to a pre-warmed
RNAscope Target Retrieval solution (ACD Bio) for 15 or 30 minutes in a steamer. The
target retrieval incubation time was optimised for each sample using positive and
negative control probes. Slides were carefully removed and washed in dH»O twice for 15
seconds. These were then transferred to fresh EtOH for 3 minutes and dried at RT. A
circle around the tissue section was then drawn using an ImmEdge PAP pen (ACD Bio).
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Sections were covered with RNAscope Protease Plus (ACD Bio) and incubated at
40°C for 30 minutes in HybEZ™ Oven (ACD Bio). After this time, slides were washed
with dH2O. The TNC probe (mm-Tnc, ACD Bio) was added to the slides and these were
placed in the HybEZ™ Oven at 40°C for 2 hours. A negative (dapB, ACD Bio) and a
positive (mmPpib, ACD Bio) control were also included in each run. Slides were then

washed twice in RNAscope wash buffer (ACD Bio) for 2 minutes.

Signal amplification was performed using the RNAscope 2.5HD detection reagent
kit — RED. The conditions for the amplification steps are detailed in Table 2.5. Between
each step, slides were washed twice for 2 minutes in wash buffer. After the RED solution
being applied for 10 minutes at RT, slides were washed in tap water and submerged in
50% Gill's Haematoxylin (SLS) for 2 minutes at RT. Slides were washed again in water,
and then briefly dipped in 0.02% ammonia water. After being washed in water, sections

were left at 60°C in a dry oven for 45 minutes.

Mounting was done by dipping each slide in fresh xylene, placing them in a
coverslip with 2 drops of EcoMount media (BioCare) and leaving them to dry at RT.
Sections were then imaged using Zeiss Axioscan Z.1, and images were analysed using

Zen software Blue edition.

Table 2.5|RNAscope amplification step conditions.

Amplification Step Time (minutes) Temperature (°C)
AMP1 30 40
AMP2 15 40
AMP3 30 40
AMP4 15 40
AMPS 30 RT
AMPG6 15 RT
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2.6. Senescence-associated f-galactosidase staining

Primary cell lines obtained from tumours were incubated in 6-well plates in R10
media, at 37°C and 5% CO2. When cells were confluent, cells were fixed and stained
using the Senescence-Associated 3-Galactosidase Staining Kit (Cell Signaling). In brief,
media was removed, and cells were washed once with PBS. A fixative solution was
added, and cells were incubated for 10-15 minutes at RT. After this, cells were washed
twice with PBS, and B-Galactosidase Staining Solution was added. Plates were
incubated at 37°C in a dry incubator overnight. On the following day, the development of
a blue colour was checked under a microscope, and pictures were taken using an EVOS

XL Core Cell Imaging System.

2.7. Telomere associated foci staining

Staining for telomere associated phosphorylated histone H2AX (yH2AX) foci (TAF)
was performed in 5 um thick tumour sections. These were initially deparaffinised in
xylene (2 x 5 minutes) and rehydrated in an alcohol gradient (10 minutes in 100%
ethanol, 5 minutes in 90% ethanol, 5 minutes in 70% ethanol, rinsed in tap water and 2
x 5 minutes in dH20). Sections were cooked on a pressure cooker for 20 minutes in
Sodium Citrate antigen retrieval solution, cooled for 20 minutes at 4°C, and washed in
dH2O for 5 minutes and in PBS-TT (PBS, 0.1% Triton X-100, 0.5% Tween-20) for 5
minutes. Non-specific antibody binding was blocked by incubating slides in a solution of
PBS-TT containing 8% BSA for 1 hour at RT. After a 5-minute wash in PBS-TT, sections
were incubated in a primary antibody solution (PBS, 1% BSA, 1:60 Normal Goat Serum
(NGS, Vectastain Rabbit IgG kit (Vector)), 1:250 anti-yH2AX (Ser139, Cell Signalling))
at 4°C overnight. The following day, sections were washed in PBS-TT, 2 x 5 minutes,
incubated in a secondary antibody solution (PBS, 1% BSA, 1:60 NGS, 1:250 biotinylated
anti-rabbit IgG1) for 1 hour at RT, and washed again 2 x 5 minutes in PBS-TT. Samples
were incubated for 20 minutes with DSC-Fluorescein (Vector), washed for 5 minutes in
PBS-TT and for another 5 minutes in PBS. In order to fix the staining, sections were
cross-linked in 4% PFA/PBS for 20 minutes and washed 3 x 5 minutes in PBS. This was
followed by tissue dehydration with an ice-cold ethanol gradient (70%, 90%, 100%), for
3 minutes each. Sections were air dried and incubated with the hybridisation mix (71.1%
formamide, 13.7% dH-20, 1% 1 M Tris pH 7.2, 8.7% magnesium chloride buffer (25 mM

magnesium chloride, 9 mM citric acid, 82 mM sodium hydrogen phosphate), 5.1%
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blocking buffer (Roche), 0.4% TelC Cy3 probe (Panagene)) and denatured for 10 min at
80°C. Probe hybridisation was subsequently achieved in a humidified chamber for 2
hours, at RT. Sections were washed 10 minutes in a 70% formamide/2x SSC (Sigma)
solution, then 2 x 10 minutes in 2x SSC, and finally 3 x 10 minutes in PBS. Mounting
was performed with ProLong Gold Antifade Mountant (ThermoFisher) and glass
coverslips. Slides were left to cure overnight at RT, protected from light, and then were
imaged using a Zeiss LSM800 confocal laser scanning microscope. Imaging consisted
of obtaining Z-stacks with a step-size of 0.5 um of random fields of view, using the 62x
objective. Images were analysed with ImageJ software, where cells with overlap of
telomere and yH2AX signal were considered senescent, and their percentage per field

of view was calculated.

2.8. Tumoursphere assay

Tumours were chopped into small pieces and further processed using a Mcllwain
tissue chopper (Campden Instruments Ltd.). Pieces were transferred to a 50 mL falcon
with 5 mL of a Liberase TL/DNase solution (HBSS (Thermo Fisher Scientific), 4%
Liberase TL (Roche), 0.4% DNase | (Sigma-Aldrich)). This solution was incubated for 30
minutes at 37°C with shaking at 300 rpm. After incubation, the solution was centrifuged
at 1500 rpm for 5 minutes and the supernatant was discarded. The pellet was then
resuspended in 5 mL of red blood cell lysis buffer (BioLegend) and incubated for 5
minutes at room temperature (RT). Cells were then centrifuged at 1500 rpm for 5
minutes, and the resulting pellet was resuspended in 5 mL of RPMI culture media. In
order to obtain a single cell suspension, cells were sieved with a strainer to a 50 mL
falcon tube and centrifuged at 1500 rpm for 5 minutes. Two rounds of PBS washes were
followed, and after the second round the pellet was resuspended in 5 mL of
tumoursphere media (DMEM/F12 (Thermo Fisher Scientific), 10 ng/mL fibroblast growth
factor (Thermo Fisher Scientific), 10 ng/mL EGF (Thermo Fisher Scientific), 1x N2
(Thermo Fisher Scientific)). The culture was made in ultra-low attachment 96-well plates
(Corning), where cells were seeded at a concentration of 10° cells/well. After 7 days,
spheres were counted under an inverted phase contrast microscope and passaged. After
14 days, the spheres were counted again, under the same conditions. Tumoursphere
efficiency formation was calculated as percentage of the seeded cells that could form a

tumoursphere.
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2.9. Metastasis analysis

Both dLN and ndLN were taken from mice, mashed and sieved through a 70 um
strainer in order to obtain a single cell suspension. Cells were cultured in 6-well plates in
R10 media, at 37°C and 5% CO.. Cultures were checked daily for the presence of tumour

cells, and media was replaced every other day.

2.10. Gene Expression Analysis

Taken from Colbeck et. al “Probe intensity values were corrected by background
subtraction using Genome Studio software and subsequently log-2 and baseline
(median) transformed using Genespring software (Agilent) before analysis of genes.”
Differential expression analysis was carried out using Limma (Ritchie et al., 2015),
probes with the highest baseline average were used in heatmaps and later analysis. R
and the parallelDist package (https://cran.r-project.org/package=parallelDist) were used
to perform Manhattan distance analysis of all genes. Heatmaps were created using the
pheatmap (https://cran.r-project.org/package=pheatmap) R package (hierarchical
clustering method “ward.D2”, Manhattan clustering distance). Methods for the analysis
of RNAseq data from The Cancer Genome Atlas (TCGA) can be found in the Appendix

chapter. This analysis was performed by Alexander Greenshields-Watson.

2.11. Statistical analysis

All statistical analyses were performed using GraphPad Prism™ software. A P-
value < 0.05 was considered significant. Details of statistical tests used are shown in

Figure legends.
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Chapter 3
Examining the reciprocal relationship between
the tumour microenvironment and an effective anti-

tumour T cell response
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3.1. Introduction

Variable responses to cancer immunotherapies are well documented both
amongst and within different cancer types (Emens et al., 2017, Lohmueller and Finn,
2017). Whilst the extent of T cell activation and the availability of targets are significant
factors in treatment success, it is also likely that other features of the TME act either as

barriers or enablers of immune attack.

In order to characterise the relationship between the TME, TILs and control of
tumour growth, a mouse model of carcinogen-induced fibrosarcomas was used (as
described in Methods) to examine the impact of depleting Tregs on tumour growth
(Hindley et al., 2012, Colbeck et al., 2017b). Using this model, it was previously reported
that depleting Tregs results in significant T cell-mediated control of tumour growth in
approximately half of the tumour-bearing mice. These mice, termed “responders” could
be distinguished from “non-responder” mice by the development of intratumoural HEV
and a significantly higher number of TILs (Figure 3.1-A) (Hindley et al., 2012, Colbeck et
al., 2017b). Non-Responders, on the other hand, despite having a slightly reduced
tumour growth rate compared to untreated tumours, do not develop HEVs, which results
in a lower number of TILs compared to responder tumours (Figure 3.1-B). Furthermore,
it was shown that neogenesis of HEV, regarded as an enabler of tumour immunity in this
model, was critically dependent on activated T cells (Colbeck et al., 2017b),
demonstrating that reciprocal interactions between immune cells and the tumour

vasculature can drive conditions favourable to tumour destruction.

Besides tumour blood vessels and activation of T cells, it is possible that the type
of stromal cells present and the composition of the ECM also play a role in the ability of
T cells to infiltrate solid tumours (Hindley et al., 2012, Colbeck et al., 2017b, Allen et al.,
2017, Kraman et al., 2010, Salmon et al., 2012, Peske et al., 2015). Thus, the ability of
T cells to destroy tumours may depend not only on their specificity and activation status

but also the composition of the TME.

Since features of the TME have, in some studies, been shown to associate with
the effectiveness of immunotherapy, the study presented in this chapter was set up to
compare the TME in responding and non-responding tumours, focusing on profiling
specific ECM proteins with respect to lymphocyte infiltration and activation, and blood
vessel formation. Identification of these distinguishing features may open new avenues

for remodelling the TME as a way of creating a more permissive environment forimmune
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cells induced by immunotherapy. The hypothesis that the TME influences the success

of Treg-targeted immunotherapy was explored.
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Figure 3.1] Schematic representation of the response to Treg depletion in fibrosarcoma-
bearing mice.

A, Model explaining the differences in T cell numbers and development of HEVs between
Untreated (Treg+), Non-Responder (TregHEV"), and Responder (TregHEV*) tumours, as
previously extensively described by the group (Colbeck et al., 2017b, Hindley et al., 2012). B,
Tumour growth rate (left axis, blue) and number of intra-tumoural CD3" cells (right axis, red) in
Untreated (Treg+), Non-Responder (Treg'HEV"), and Responder (Treg'HEV*) tumours. Data are
presented as individual data points (individual mice) plus median and standard error of the mean.
Statistical significance was determined by Kruskal-Wallis One-Way ANOVA and Dunn’s multiple
comparisons tests (** = P< 0.01).
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3.2. Results

3.2.1. Expression patterns of ECM proteins in mouse fibrosarcomas

In order to identify differences between tumour types beyond tumour growth rate,
presence of HEVs and number of TILs, a bioinformatician in the lab (Alexander
Greenshields-Watson) compared transcriptomes of untreated, responder and non-
responder tumours (data originally generated by James Hindley, Gallimore lab). This
analysis revealed that there are no genes differentially expressed between non-
responders and untreated tumours (Figure 3.2-A), whilst 20 genes were significantly
higher in non-responders when compared to responder tumours (Figure 3.2-B). From
this list, TNC was most differentially expressed (adjusted p-value = 0.025, logFC =
2.365). As described previously, TNC is known to have important roles in embryonic
development and wound healing, is thought to impede T cell function and is often
associated with poor cancer prognosis, local recurrence and metastasis (Oskarsson et
al., 2011, Lowy and Oskarsson, 2015, Gocheva et al., 2017, Onion et al., 2018).

When the transcriptomes of responder and non-responder tumours were
compared, 74 genes emerged as having significantly higher expression in responder
versus non-responder tumours (Figure 3.2-C). These genes were associated with a
strong and significant enrichment of immune pathways (Figure 3.2-D). Cd6 (adjusted p-
value = 0.019, logFC =-2.189), a T cell adhesion gene, and Zap70 (0.019, -1.85), Cd3d
(0.019, -2.38), Cd3g (0.030, -2.28) and Cd3e (0.020, -2.20), key mediators of TCR
signalling, were among the most significant differentially expressed genes (Figure 3.2-
C). This bioinformatic finding was not surprising since as previously described, after Treg
depletion, there is a negative correlation between tumour growth rates and T cell infiltrate
(Hindley et al., 2011). Treg depleted tumours contain a higher number of CD4" and
particularly CD8" T cells when compared to Treg replete tumours and non-responders
(Figure 3.3). Indeed, as described above, T cells are critical for mediating tumour

rejection in responder mice (Colbeck et al., 2017b).

Whilst there was a clear T cell immune signature present in the differentially
expressed genes of responder mice (Figure 3.2-D), no pathways were significantly
enriched in the non-responder gene list in which Tnc was most highly expressed.
Analysis of gene expression patterns relative to Thc using a Manhattan distance metric

(Figure 3.2-E and Table 3.1) indicated that Tnc and Zap70 consistently had opposing
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expression patterns across all samples with the largest Manhattan distance value
(21.08).
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Figure 3.2| Bioinformatic transcriptome analysis of untreated, non-responder and
responder tumours.

A, Differential expression analysis of microarray data comparing untreated, responding and non-
responding tumours using the R package limma. Venn diagrams show the number of significantly
differentially expressed genes (adjusted p-value < 0.05) for each group comparison (gene
significant in both are at the intersect of the comparison circles). Heatmaps showing differentially
expressed genes which are upregulated (B), or downregulated (C), in non-responder mice
tumours relative to responding mice. D, Analysis of genes significantly higher in non-responders
(n =74, padj < 0.05, logFC < 0). No pathways were significantly enriched in from the gene list of
differentiated expressed genes higher in non-responders (n = 20, p < 0.05, logfFC > 0). E,
Manhattan Distance Analysis of Tumour Expression Against Tnc. Left, Top 30 genes with the
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lowest Manhattan distances from Tnc calculated using median normalised gene expression
values between responding and non-responding mice. Right, Corresponding bottom 30 genes
with the furthest distance from Tnc.

Table 3.1|Top 30 genes with opposing expressing patterns to Tnc.

Manhattan Distance Gene
21.08 Zap70
20.81 Tnnc2
20.45 Ubd
19.99 Tnni2
19.04 Xirda
18.84 Tnfrsf4
18.62 Txnip
18.39 Tnfaip3
18.33 Tnfrsf18
17.23 Tsc22d3
17.19 Trpb3inp1
16.97 Trat1
16.5 Zcchc18
16.29 Var
16.18 Usp18
16.16 Trim30
15.94 Vcam1
15.68 Vpreb3
15.51 Tnfsf13b
15.47 Trf
15.37 Trafd1
15.36 Zfp263
15.35 Tnfaip8
15.33 Usp3
15.32 Was
15.14 Unc93b1
15.06 Tyk2
14.85 Zdhhc4
14.84 Vps37b
14.77 Zmiz2
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Figure 3.3] Tumour-infiltrating T cells are more abundant in responding tumours after Treg
depletion.

Number of CD3* cells in tumours of Untreated (Treg+), Non-Responder (TregHEV"), and
Responder (TregHEV*) Foxp3P™ animals. Data are presented as individual data points
(individual mice) plus median and standard error of the mean. n=5 per group. Statistical
significance was determined by Two-way ANOVA test with Tukey’s multiple comparison test (*,
P <0.05; **, P < 0.01; ***, P < 0.001; ***, P < 0.0001).
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Individual analysis of genes encoding ECM proteins revealed that other proteins
follow the same trend as Tnc — lumican (Lum) and collagen type Il alpha 1 (Col3a7)
were also differentially expressed after Treg depletion (Figure 3.4). A significantly higher
expression of Tnc and Col3a1 was observed in non-responder tumours when compared
to responders, whilst a range of expression is observed in untreated tumours. Although

not significant, expression of Lum followed the same pattern.
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Figure 3.4| Differential expression of extracellular matrix genes after Treg depletion.
Relative gene expression of tenascin-C (Tnc, A), lumican (Lum, B) and collagen, type llI, alpha 1
(Col3a1, C) in tumours of Untreated (Treg+), Non-Responder (Treg'HEV"), and Responder (Treg
HEV*) Foxp3P™ animals. Data are presented as individual data points (individual mice) plus
median and standard error of the mean. n=5 per group. Statistical significance was determined
by Kruskal-Wallis test with Dunn’s multiple comparison test (*, P < 0.05; **, P < 0.01)
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The first aim of this study was to validate these results by immunofluorescence
staining of frozen tumour sections (Figure 3.5). Both TNC and Lum protein levels clearly
mirrored the gene expression pattern, where non-responder tumours present the highest
levels of protein, compared with responders that have very low to no detectable protein
present, and untreated tumours that show an intermediate amount of protein present in
the TME (Figure 3.5-A and -B, respectively). Even though this pattern is not as evident
for Col3a1 at a low power visualisation (Figure 3.5-C bottom), the same trend is observed

on close inspection of the tissue at higher power (Figure 3.5-C top).

These data indicate that responder tumours can be characterised as HEV*, T cell
high and ECM low. Since the data above indicated that TNC and Zap70 were the genes
with the most opposing expression profiles in non-responder and responder tumours and
since there is a body of evidence indicating that TNC interferes with the accumulation
and function of T cells, the significance of TNC in untreated and non-responder tumours

was further analysed.
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Figure 3.5|/lImmunofluorescent staining of ECM proteins validates gene expression data.
Representative high-power images with corresponding low power images of whole tumour
sections stained for TNC (A, green), LUM (B, red) and COL3A1 (C, green) prepared from tumours
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of Untreated (Treg+), Non-Responder (TregHEV-), and Responder (TregHEV*) Foxp3P™®
animals. Images include the nuclear stain Hoechst (grey).

3.2.2. TNC in the tumour microenvironment

TNC is a large oligomeric glycoprotein composed by 6 monomers (Figure 3.6).
Each monomer has 4 distinct domains which can bind to different molecules, such as
pathogenic components, matrix constituents, soluble factors and cell surface proteins,
driving processes such as cell migration, matrix assembly, protease and pro-
inflammatory cytokine synthesis (Orend and Chiquet-Ehrismann, 2006, Giblin and
Midwood, 2015). Its expression in many cancers is associated with poor prognosis and
tumour progression (Gocheva et al., 2017, Onion et al., 2018, Oskarsson et al., 2011,

Lowy and Oskarsson, 2015).
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Alternative Splicing

Figure 3.6|Structure and active domains of Tenascin-C.

TNC is an oligomeric protein constituted by 6 monomers. Each monomer comprises an
amino terminal tenascin assembly (TA), 14.5 EGF-like domains, 8 constitutive FN-type Il
homologous domains and a fibrinogen (FG)-like carboxy-terminal part. Additional FN-type IlI
domains can be added to the structure due to alternative splicing.
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TNC deposition in TNC rich tumour sections unveiled a more abundant expression
at the tumour periphery compared to the tumour centre, as observed in the low power
image in Figure 3.4. When zoomed in (Figure 3.7-1), two different patterns emerged, a
more fibrillar and better organised pattern closer to the edge of the tumour (Figure 3.7-
2), and a more chaotic and less abundant staining pattern in the tumour centre (Figure
3.7-3). Similar TNC distribution has been reported in other tumours where it has been
associated with stiffer matrices, implicated in limiting infiltration of immune cells or in
helping tumour cells escape the primary tumour and metastasise to different sites (Cox
and Erler, 2011, Acerbi et al., 2015, Laklai et al., 2016, Seager et al., 2017, Northey et
al., 2017, Valkenburg et al., 2018).
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Figure 3.7] TNC presents different expression patterns within the same tumour.
Representative images of TNC expression pattern (green) in tumours. A low power image of a
section through a whole tumour (left) shows TNC highly concentrated on the edges. A zoomed in
medium power image (centre, 1) shows different patterns as TNC is found more towards the edge
(right, 2) or the core (right, 3) of the tumour.

90



Since TNC has been shown to promote angiogenesis (Midwood et al., 2011, Orend
and Chiquet-Ehrismann, 2006, Rupp et al, 2016, Radwanska et al., 2017), its
expression was assessed with respect to tumour vasculature. Sections of tumours from
each untreated, non-responder and responder mice were co-stained for CD31 and TNC
(Figure 3.8), and areas with low and high TNC were examined. Whilst this study cannot
rule out a role for TNC in blood vessel function, it is evident that blood vessels can
develop in areas with and without TNC, and no specific TNC staining was found close to
CD31, suggesting no clear association between TNC expression and blood vessel

development in this model.
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Figure 3.8|Blood vessel pattern does not correlate with TNC expression.
Representative low power image (left) of TNC (green) association with blood vessels (red), with
magnifications of a TNC high area (top panel) and TNC low (bottom panel).
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3.2.3. Distribution of TNC and T cells in tumours

Several studies document a role for TNC in influencing immune function. TNC has
been shown to drive tumour-promoting inflammation, by activating TLR4 (Midwood et
al., 2009, Zuliani-Alvarez et al., 2017), whilst other studies show that TNC can negatively
affect T cell proliferation, activation, motility and function, potentially inhibiting adaptive
immune response (Rupp et al.,, 2016, Radwanska et al., 2017, Salmon et al., 2012,
Mirzaei et al., 2018, Parekh et al., 2005, Puente Navazo et al., 2001). Since the data
presented herein indicates that TNC is associated with non-response to Treg depletion,
it was considered possible that TNC acts as a barrier to successful immunotherapy. To
explore the relationship between TNC and TIL, intra-tumoural T cells were analysed with
respect to the distribution of TNC. For each tumour, TNC high and TNC low regions were
defined and analysed for T cell numbers. Figure 3.9 represents how these regions were
identified, based on a subjective evaluation of protein present in random fields of views.
High power images of TNC high and low regions (Figure 3.10-A) show that T cells can
be found in both areas, in both Treg replete and depleted tumours. Enumeration of T
cells revealed that, even though not significant, numbers were slightly elevated in TNC
high areas (Figure 3.10-B). These results indicate that T cells are found in TNC rich

areas of tumours.
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TNC'Low area

Figure 3.9| Definition of TNC high and low areas.
Tumours were individually observed and areas with high or low concentrations of TNC (green)
were defined for further analysis.
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Figure 3.10|]TNC expression does not exclude T cells from tumours.

A, High power images of TNC positive (green, upper panel) and TNC low (bottom panel) areas
with T cell infiltrates (red) in tumours of Treg*, TregHEV- and Treg'HEV* Foxp3P™ animals.
Images include the nuclear stain Hoechst (grey in A and B, blue in C). B, Number of intratumoural
CD3* cells in TNC positive and low areas in tumours of Treg*, TregHEV- and Treg'HEV* Foxp3P™®
animals. Data are presented as individual data points (individual mice) plus median and standard
error of the mean. n=5 per group. Statistical significance was determined with Mann-Whitney test.
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3.2.4. T cell activity

Since T cells were found in both TNC high and TNC low areas of the tumours, the
next step was to determine whether the phenotype of T cells was also similar in both
areas. For this, GZMB expression was assessed by immunofluorescence (Figure 3.11-
A), and CD8" cells that are either GZMB" (yellow arrowhead) or GZMB* (orange
arrowhead), as well as GZMB" cells that are CD8 (red arrowhead) were detected in all
tumours, and enumerated (Figure 3.11-B). This data revealed that even though there is
no change in the amount of GZMB CD8" cells, there are significantly more GZMB*CD8*
T cells in TNC high areas than in TNC low areas of non-responder tumours, suggesting
that high levels of TNC might be associated with less degranulation of T cells in poorly

controlled tumours.
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Figure 3.11|Granzyme-B is located in the cytoplasm of T cells in tumours with poor
response to Treg depletion.

A, High power representative image of a CD8*GZMB- cell (yellow arrowhead), CD8*GZMB* cell
(orange arrowhead) and CD8 GZMB* cell (red arrowhead). Merged image includes the nuclear
staining Hoechst (grey). CD8, blue; GZMB, red; TNC, green. Scale bars, 20 um. B, Number of
CD8* GZMB and CD8" GZMB" cells in TNC high and low areas, in tumours of Treg*, TregHEV"
and Treg'HEV* Foxp3P™R animals. Data are presented as individual data points (individual mice)
plus median and standard error of the mean. Statistical significance was determined by Mann-
Whitney test.
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3.2.5. Effect of TNC in response to immunotherapy

As indicated above, this study sought to address whether TNC inhibits successful
Treg-targeted immunotherapy. Given that TNC is variably expressed in untreated
tumours, it was considered possible that levels of TNC pre-treatment dictates whether
tumours respond to immunotherapy or not. Conversely, it was also possible that TNC

levels alter as a result of the response to immunotherapy.

3.2.5.1. Exploring alterations in TNC expression during Treg depletion of

tumour-bearing mice

In order to understand how levels of TNC change in the microenvironment of single
tumours over time, with and without Treg depletion, immuno-PET (antibody-based PET-
CT imaging) was used. An antibody specific for TNC was labelled with 3°Zr to generate

a PET tracer and injected in mice with MCA-induced tumours.

The first step was to determine whether the 8Zr-labelled anti-TNC antibody would
specifically label tumours. Twelve mice used in this study, the details of which can be
found in Table 3.2. In brief, 4 were used as negative controls, of which one had no
tumour, 3 were left untreated, and 5 were Treg depleted. Negative controls included 2
mice injected with 8°Zr-oxalate (1 tumour-bearing and 1 naive), 1 mouse injected with a
89Zr labelled 1gG antibody (polyclonal, raised in rabbit in order to match the anti-TNC
antibody), and 1 mouse injected with a mixture of hot and cold TNC antibody (1:1 ratio).
Scan data was obtained for all 12 mice, but due to anaesthesia related complications,

histology was performed on only 6 of the 8 experimental mice.
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Table 3.2|Breakdown of mice used in PET-CT scans.

L Treg . Fate
Group Mouse Tracerinjected Tumour ] Histology
depletion
1 89Zr-Oxalate No No No
© 8971_
£ 2 Zr-Oxalate Yes No No PET-CT
o) .
% 3 89Zr-anti-IgG Yes No No negative
% controls only
53 anti-TNC + %Zr-
z 4 Yes No No
anti-TNC
5 89Zr-anti-TNC Yes No Yes -
6 89Zr-anti-TNC Yes No Yes -
Death while
7 89Zr-anti-TNC Yes No No _
scanning
g 8 89Zr-anti-TNC Yes Yes Yes -
()
£
5 9 89Zr-anti-TNC Yes Yes Yes -
3
i
10 89Zr-anti-TNC Yes Yes Yes -
11 89Zr-anti-TNC Yes Yes Yes -
Death while
12 89Zr-anti-TNC Yes Yes No .
scanning

To analyse the images, radioactivity uptake in different ROls was quantified, and

Bg/mL values were converted to SUV (Figure 3.12). This conversion allows a

normalisation of the data to the decay of the tracer and weight of the mouse, at different

timepoints. In order to identify when the peak of the signal took place, biodistribution of

the activity was analysed in the skeleton, liver, muscle and tumour, of untreated mice
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injected with 8Zr-anti-TNC, at 24, 48, 120, 142 and 192 hours (Figure 3.12-A). Tissue
associated activity in the tumour indicates that the highest tumour uptake was observed
at 120 hours. Moreover, radiotracer uptake in the tumour was higher than in the muscle
and liver, suggesting specificity of antibody binding to the target. However, high skeleton
uptake suggests that the Zr-anti-TNC-IgG complex is unstable in vivo, since free
zirconium salts exhibit tropism to the bone. This effect was confirmed by the activity
distribution of #Zr-Oxalate negative controls in Figure 3.12-B, where accumulation of

activity was clearly observed in the skeleton at 120h.

Analysis of activity uptake at 120h in negative controls (Figure 3.12-B) shows
levels of activity uptake similar to treatment groups, especially in the tumour, in which
both %9Zr-Oxalate and ®°Zr-anti-lgG uptake is higher than %Zr-anti-TNC-IgG.
Furthermore, no difference was observed in the tumour associated activity of #Zr-anti-
TNC-IgG between untreated mice, non-responders and responders. Therefore, unlike
the biodistribution data, these data indicate that activity uptake is not specific to the

target.
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Figure 3.12|No difference in radioactivity uptake was observed between negative controls,
untreated tumours and Treg depleted tumours.

A, Tissue associated activity in the skeleton, liver, muscle and tumour of untreated mice injected
with 8Zr-anti-TNC. B, Tissue associated activity in the skeleton, liver, muscle and tumour of mice
injected with negative control (NC) tracers or 8Zr-anti-TNC, untreated or Treg depleted (non-
responders and responders). Data are presented as median and standard error of the mean.
Statistical significance was determined with Mann-Whitney test.
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Whilst the lack of target specificity meant that it would not be possible to draw solid
conclusions from this experiment regarding TNC content in the tumours, the 4 Treg-
depleted tumours were analysed in more detail to determine whether the level of %Zr-
anti-TNC-IgG in individual tumours changed with time. It was possible to split the 4 Treg
depleted tumours in 2 responders and 2 non-responders, based on tumour growth rates,
T cell counts and presence of HEVs. Responding tumours had a lower growth rate
(Figure 3.13-A) and a higher T cell count (Figure 3.13-B) when compared to non-
responder and untreated tumours, and, as expected, HEVs were only present in tumours

with lower growth rates and higher T cell counts (Figure 3.13-C).
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Figure 3.13|Features of tumours scanned by PET-CT.

Tumour growth rates (A; k, per day) and number of CD4* and CD8* cells (B) from tumours of
Untreated (Treg+), Non-Responder (Treg'HEV-), and Responder (Treg'HEV*) Foxp3P™R animals.
Data are presented as individual data points (individual mice) plus median and standard error of
the mean. Statistical significance was determined by Kruskal-Wallis test. C, Representative low
power image of HEVs (MECA-79" blood vessels; red) found in responders only.
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Images obtained from PET-CT scans were analysed and compared with histology
data (Figure 3.14). Radioactivity uptake was measured in becquerel/mL (BQML) and the
concentration represented in different colours — dark blue represents lower uptake whilst
yellow represents higher uptake (coloured scale bars in the figure). Figure 3.14-A shows
the difference in radioactivity uptake between a tumour-bearing mouse injected with the
negative control 8Zr-oxalate (left) and a tumour-bearing mouse injected with 8Zr-anti-
TNC-IgG (right). Even though radioactivity uptake was apparent in the joints and
skeleton of both mice, a difference in the tumour uptake was observed, where the tumour
uptake of ®9Zr-anti-TNC-IgG mouse was higher than the negative control. A closer
observation of the tumours pre-Treg depletion (Figure 3.14-B, left) indicates that both
responders and non-responders exhibited high levels of radioactivity uptake, possibly
representing high levels of TNC in early stages of tumour development.
Immunofluorescent staining of the excised tumours for TNC (Figure 3.14-B, right)
possibly indicating that levels of TNC change in responders as a consequence of Treg
depletion. Whilst these data are compatible with the hypothesis that TNC levels pre-Treg
depletion do not impact outcome after Treg-depletion, the specificity problems

associated with this experimental design prevent any conclusions from being drawn.
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Figure 3.14|Signal obtained in PET-CT scans correspond to TNC staining in ex-vivo
tumours.

A, Examples of PET-CT scans of tumour-bearing mice injected with 89Zr-Oxalate (left) and 8°Zr-
anti-TNC (right). B, Examples of PET-CT scans of mice injected with 8Zr-anti-TNC (left), either
non-responders (upper panel) or responders (lower panel) to Treg depletion. Images are zoomed
in the tumour area, showing an example of scans 48 hours post tracer injection (p.t.i.), pre-Treg
depletion. Representative high-power images of whole tumour (right) stained for TNC (green) and
CD8 (red).
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3.2.5.2. Effect of knocking down TNC in a cell line inducing tumour model

Since the data obtained using PET-CT was inconclusive, another method was
selected to determine whether TNC in tumours prevents or diminishes the response to
Treg-targeted immunotherapy. First, fibrosarcoma cell-lines were generated from
carcinogen-induced tumours and interference RNA subsequently used to knockdown
TNC expression in these cells. Cell lines expressing or not expressing TNC were
subsequently used to examine the role of initial levels of TNC in response to Treg
depletion. The cell lines were named MCA1 and MCA2.

To understand if the cell lines established from MCA-induced tumours could mimic
the normal behaviour of MCA-induced tumours, 0.5x10° cells were injected s.c. in the
hind leg of mice and they were closely monitored. Once tumours were palpable, Treg
were depleted in half of the animals and all tumours measured over time. Figure 3.15
shows that tumours derived from both cell lines grew at a similar rate (mean values of
0.10 mm/day for MCA1 and 0.16 mm/day for MCA2) and when compared to the rate
previously described for untreated MCA-induced tumours (0.15 mm/day, Colbeck et al.,
2017). All Treg depleted mice efficiently controlled tumour growth, presenting lower
tumour growth rates (mean values of -0.02 mm/day for MCA1 and 0.01 mm/day for
MCAZ2) than previously described for Treg depleted MCA-induced tumours (0.10 mm/day

for non-responders and 0.06 mm/day for responders, Colbeck et al., 2017).
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Figure 3.15|Primary cell lines derived from MCA-induced tumours grow at a similar rate in
vivo, even when Treg depleted.

A, Tumour growth curves of MCA1 and MCA2 cell line-induced tumours, untreated (Treg*) and
Treg depleted (Treg’). Data are presented as median and standard error of the mean. n=8-10. B,
Tumour growth rates (k, per day) of MCA1 and MCA2 cell line-induced tumours, untreated (Treg*)
and Treg depleted (Treg’). Statistical significance was determined by Kruskal-Wallis test with
Dunn’s multiple comparison test (*, P < 0.05; **, P < 0.01).
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Both cell lines were then transfected with plasmids for a scrambled sequence, as
control, and two complementary sequences for TNC. Since the plasmids had GFP as a
marker gene, it was possible to distinguish successfully transfected cells (green) from
cells that were not transfected. Figure 3.16-A shows that transfection was more efficient
on MCAZ2 cells, having achieved up to 85.7% of infection as opposed to 0.1% in MCA1,
hence, the following experiments were conducted using these cells. Flow cytometry plots
of infection results can be found in the Appendix (Supplementary Figure 6). Cell line
infection and subsequent assessment of infection efficiency by flow cytometry was done
by Howard Kendrick, from the European Cancer Stem Cell Research Institute, Cardiff
University. shScr, shTNC2475 and shTNC3559 cells were expanded and tested for the
efficiency of TNC knockdown. By comparing Tnc fold change levels normalised to the
house keeping gene (Actb), it was possible to determine that shScr cells expressed 3
times less Tnc, shTNC2475 expressed 24 times less Tnc and shTNC3559 expressed 28
times less Tnc than non-infected cells (Figure 3.16-B). Given these results, shTNC3559
was used in further experiments. TNC knockdown was also validated by
immunofluorescence, after shScr and shTNC cells were injected in mice and the
resulting tumours excised and stained for TNC expression. Figure 3.16-C shows that
shScr tumours have high expression of TNC, whereas shTNC tumours have no TNC in

their stroma.
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Figure 3.16|Silencing of TNC expression through shRNAs was successful both in vitro and
in vivo.

A, Representative images of cell lines MCA1 and MCA2 post shRNA transfection. Green cells
represent cells successfully transfected. Percentage of GFP* cells was obtained by flow
cytometry (plots in Appendix). B, Relative gene expression of TNC in Non-Infected (NI) cells,
cells that were transfected with a Scrambled plasmid (shScr), with shTNC 2475 and shTNC 3559
plasmids. Data are presented as median and standard error of the mean. The experiment was
performed in triplicate. Kruskal-Wallis test with Dunn’s multiple comparison test was performed
indicating a statistically significant difference between every group (P < 0.05). C, Representative
low power images of TNC (green) expression in tumours of mice injected with shScr and shTNC
cells. Images include the nuclear stain Hoechst (grey).
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shScr and shTNC cells were then injected in mice, tumour growth was monitored,
and Tregs-depleted in half of the group once tumours were palpable. TNC expression
did not appear to affect tumour growth rate in either untreated or Treg depleted tumours,
since Treg depletion resulted in a reduction in tumour growth rate in both shScr and
shTNC tumours (Figure 3.17-A). Comparable to the MCA-induced tumours, a loss of
TNC expression was observed in tumours responding to Treg-depletion, whilst untreated
tumours maintained high expression levels (Figure 3.17-B). These results indicate that
TNC levels before Treg depletion do not impact on response, but loss of TNC appears

to be a consequence of an effective immune response.
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Figure 3.17]| Cell line derived tumours respond to Treg depletion regardless of initial TNC
expression.

A, Tumour growth curves of shScr and shTNC tumours, untreated and Treg depleted. Data are
presented as individual curves (individual mice, left) or as median and standard error of the mean
(centre and right). n=4 shScr Untreated, Treg depleted and shTNC Treg depleted groups; n=3
shTNC untreated group. Statistical significance was determined by Kruskal-Wallis test with
Dunn’s multiple comparison test ( *, P < 0.05; **, P < 0.01). B, Representative low power images
of TNC (green) expression and T-cell (CD3, red) infiltration in tumours of mice injected with shScr
and shTNC cells, untreated and Treg depleted. Images include the nuclear stain Hoechst (grey).
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3.2.6. Mechanism of TNC clearance from the TME

The next question arising from these data related to how TNC is cleared from the
ECM. Since activated T cells and NK cells can produce enzymes which degrade ECM
proteins, it was possible that the ECM was digested as a direct consequence of immune
activation. Alternatively, loss of ECM proteins could be due to a change in gene
expression by the tumour cells. The latter hypothesis was supported by the microarray
data indicating a global decrease in TNC expression in responder tumours. This
possibility was therefore tested first. RNAscope technology was used to visualise single
mMRNA TNC molecules in untreated, non-responder and responder tumours, by in situ
hybridization of TNC-specific probes. Figure 3.18 shows the difference of TNC mRNA
transcripts production between groups. Overall, less TNC mRNA transcripts are
observed in responder tumours, when compared to both untreated and non-responders.
TNC transcripts were concentrated around the edges of untreated and non-responders,
compatible with the observations described in section 3.2.3, in which TNC protein was

more visible at the tumour periphery.
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Figure 3.18|Responding tumours to therapy express less TNC mRNA transcripts than
other groups.

Representative high-power images with corresponding low power image of whole tumour stained
for TNC mRNA transcripts (pink) expression in tumours of Untreated (Treg®), Non-Responder
(TregHEV), and Responder (TregHEV*) Foxp3P™ animals. Images include haematoxylin
counterstain (blue).

A closer observation of these sections shows that the TNC mRNA signal surrounds
the nuclei of the largest cells (Figure 3.19), a feature indicative of tumour cells.

TNC mRNA

Figure 3.19] TNC is expressed mainly in tumour cells.
Representative high-power image of TNC mRNA transcripts (red) located on the cytoplasm of a
tumour cell. Image includes haematoxylin counterstain (blue).
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3.3. Discussion

Even though there are several new immunotherapies available for cancer patients,
the responders are still a minority. Hence, it is important to understand what distinguishes
responders from non-responders. The study described in this chapter focussed on
comparing tumours from fibrosarcoma-bearing mice which were either Treg-replete or
depleted of Tregs. Within the Treg-depleted group were responders and non-
responders, as described in detail above. Features of the tumour microenvironment
found to be significantly different in responders and non-responders were identified and

characterised.

Transcriptome analyses, performed by a previous member of the lab (James
Hindley) and more recently by a bioinformatician, Alexander Greenshields-Watson,
revealed significant differences in expression of several ECM genes, most notably TNC.
Subsequent immunostaining of tumours from untreated, non-responding and responding
to Treg depletion mice confirmed that there is a loss of extracellular matrix proteins in
responder tumours. Tnc, Lum and Col3a1 were differentially expressed, presenting the
same pattern of high expression in non-responders, almost absent in responders, and a
range of expression in untreated tumours. These findings are of note since it is clear
from other studies that ECM plays an important role in providing structural support
enabling cancer progression. It has been demonstrated that the expression of certain
ECM proteins is associated with poor prognosis and worse outcome (Gocheva et al.,
2017, Onion et al., 2018, Oskarsson et al., 2011, Lowy and Oskarsson, 2015). However,
this relationship between ECM proteins and patient outcome has not been reported in

the context of immunotherapy yet.

As described above, TNC is an ECM protein which is highly expressed during
embryonic development, but its expression is downregulated in the adult organism, being
activated only during wound healing, inflammation or cancer (Midwood et al., 2016).
Because TNC expression in cancer is described to be involved in suppressing T cell
responses (Puente Navazo et al., 2001, Parekh et al., 2005), it was considered possible
that TNC might negatively affect immunotherapies. Thus, the role of TNC in these
tumours was further closely analysed, either alone or in combination with other

components of the TME, such as immune cells and blood vessels.

Early studies on TNC deposition indicate a specific staining pattern consisting of

parallel fibre forming bands, commonly found in the stroma surrounding invading tumour
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fronts, and a more diffuse and interstitial pattern in poorly differentiated tumours (Iskaros
et al., 1997). Later studies revealed that the ECM is more rigid at the invasive front of
the lesion (Acerbi et al., 2015). These observations are in line with the results described
above for TNC deposition in the MCA-induced fibrosarcomas, where tumours with high
levels of TNC expression have different deposition patterns, depending on whether the

TNC is at the periphery or in the core of the tumour.

Previous studies show TNC expressed close to blood vessels and, therefore,
associated with angiogenesis (Lange et al., 2007, Midwood et al., 2011, Saupe et al.,
2013). Rupp and colleagues revealed that TNC induces both pro- and anti-angiogenic
activities, which results in the formation of a denser but less functional vessel network.
This study shows no clear association between TNC and CD31 expression, since blood
vessels are present in areas with and without TNC. However, further studies are needed

to dissect blood vessel integrity and function in TNC rich and poor areas of the tumour.

The expression pattern of matrix proteins across groups highlights the inverse
correlation between ECM proteins and T cell infiltration, since tumours with higher
expression levels of TNC, Lum and Col3a1 (non-responders) have lower numbers of
CD4" and CD8" T cells, and responding tumours, which have almost no expression of
ECM proteins, usually contain 2 to 3 times more T cells. The Manhattan distance metric,
used to rank genes according to how similar or opposing/inverse their expression pattern
was against Tnc, revealed that genes involved in immune pathways, such as Zap70, a
mediator of TCR signalling, had the furthest distance from Tnc, supporting the inverse
correlation between ECM proteins and T cell infiltration. This suggests that a richer ECM
might exclude T cells or trap them in between the fibres, preventing an effective
intratumoural immune response, whilst in responders, T cells can enter freely in the
tumour stroma, where they may kill tumour cells more efficiently. Whilst not significant,
a comparison of T cells in TNC high and low areas indicated a slightly higher number of

T cells in TNC high areas compared to TNC low areas.

Also, as part of a collaboration with the group of Matt Smalley (European Cancer
Stem Cell Research Institute), the distribution of TNC and T cells was assessed in breast
cancers developing spontaneously in mice with conditional deletions in Brca2 and p53
genes in mammary epithelial cells (Hay et al., 2009). Excised tumours were stained for
CD3, Foxp3 and TNC. Images in Figure 3.20 show that T cells (purple) are mainly on
the outer side of the tumour nests (delineated by a green dashed line) where TNC is

located, corroborating the idea that TNC might be a barrier to tumour infiltrating T cells.
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The few T cells that are found inside the tumour nests, marked with red arrows, were
mainly found within TNC fibres, in line with the results described in this Chapter. These
data are also in line with a previous study indicating that immune cells can infiltrate
tumours with rich matrices, but those matrices prevent direct contact between immune
and tumour cells, establishing the importance of the T cell location in the tumour for an
efficient antitumoral effect to be achieved (Salmon et al., 2012). Also, the organization
of the matrix fibres (spacing and orientation) was shown to limit T cell movement in the

stroma (Salmon et al., 2012, Salmon and Donnadieu, 2012).
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Foxp3 CD3
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Figure 3.20|T cell infiltration in spontaneous mammary tumours.

Representative high-power images with corresponding low power image of whole tumour stained
for Foxp3 (brown) and CD3 (purple) on the top panel, and TNC (brown) and CD3 (purple)
expression in spontaneous mammary tumours from conditionally deleted Brca2 and p53 within
the mammary epithelium. Green dashed line represents tumour nests delimitation. Red arrows
represent T cell infiltration in the tumour nest.
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In addition to the physical characteristics of matrix, TNC has been shown to
modulate the production of inflammatory cytokines, affecting T cell recruitment. TNC is
an activator of TLR4 (Zuliani-Alvarez et al., 2017), which stimulates a pro-inflammatory
phenotype, recruiting fibroblasts and macrophages. Recruitment of these cells is thought
to drive a self-amplifying loop resulting in a thicker matrix and sustained TAM and CAF
recruitment. Furthermore, CAFs secrete CCL2 and upregulate SMAD signalling, which
increases the recruitment of pro-tumourigenic macrophages to the tumour stroma. Once
there, these macrophages secrete TGF-B, making the environment more
immunosuppressive (Lowy and Oskarsson, 2015, Acerbi et al., 2015, Seager et al.,
2017, Wehrhan et al., 2004).

Given the body of evidence indicating a negative effect of TNC on T cell activity,
the distribution of T cells and TNC was assessed in non-responder tumours. Findings
revealed that there were more GZMB*CD8" cells in TNC high areas than in TNC low
areas in non-responding tumours possibly pointing to a lack of degranulation of T cells
in TNC rich areas. It has been shown in vitro that specific regions of TNC can inhibit T
cell activation by downregulating specific genes in phospholipase C, the calcium protein
kinase C, the Jak-Stat pathway and the nuclear factor of activated T cells (NFAT)
pathways (Puente Navazo et al., 2001, Parekh et al., 2005). All these pathways are
involved in T cell activation and degranulation, especially the calcium protein kinase, that
is needed for MAPK/ERK activation and triggering degranulation (Berg et al., 1998,
Macian, 2005, Puente et al., 2006, Kabanova et al., 2018). This inhibition may occur
through interactions between TNC and integrins on the T cell surface. Mirzaei and
colleagues showed that TNC carried on exosomes released by brain tumour-initiating
cells can interact with T cell integrin receptors o581 and avf6; an interaction which
results in reduction of T cell proliferation, activation and cytokine production (Mirzaei et
al., 2018).

Since it is likely that TNC exerts inhibitory effects on T cell response, this study
sought to address whether TNC prevented a successful response to Treg-targeted
immunotherapy. Staining of untreated tumours revealed that whilst most tumours were
positive for TNC, there appeared to be a range of expression supporting the hypothesis
that TNC low tumours may respond better to immunotherapy than TNC high tumours i.e.
do initial levels of TNC in the TME predict a response to Treg depletion? To answer this
question, an immuno-PET based strategy was attempted with the objective of generating

a zirconium labelled anti-TNC antibody to detect regions of TNC expression in vivo. Such
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an approach should enable identification of TNC-rich and TNC-low tumours pre and post

Treg-depletion.

Immuno-PET has been widely used in preclinical studies, where monoclonal
antibodies, usually used in therapy, are bound to a positron radionuclide to detect
primary tumours and metastasis (van de Watering et al., 2014). The use of a radionuclide
gives clear advantages when compared to fluorodeoxyglucose (FDG), since it can
characterize and quantify specific antigen expression, whilst FDG can only measure
glucose metabolism (Natarajan et al., 2012). Zirconium-89 has been considered one of
the most promising radionuclides to be used in conjugation with antibodies, due to its
long half-life (78.4 h) and its low translational energy of the emitted positron, contributing

to higher resolution images (Nayak and Brechbiel, 2009).

For this study, an anti-TNC antibody was labelled with 39Zr to generate a PET tracer
to track TNC protein content in tumours of untreated, non-responders and responder
mice. Visual observation of the normalised PET images showed no difference between
pre-Treg depletion tumours of non-responders and responders. Immunofluorescence
stain of the excised tumours revealed that TNC was lost after Treg depletion in
responders. However, signal quantification showed that mice injected with 8Zr-anti-TNC
had the same level of uptake as mice injected with negative control tracers, especially
8Zr-anti-lgG. The enhanced permeability and retention (EPR) effect, which is the
mechanism by which high molecular-weight molecules accumulate in tissues with
increased vascular permeability, such as site of inflammation and tumours (Matsumura
and Maeda, 1986), may explain this observation. The fact that activity uptake is constant
in tumours over time is also a good indicator of this effect. Various studies conducted to
assess this effect in more detail revealed that molecules > 48 kDa are prone to tumour-
selected retention (Maeda et al., 2016). Since the molecular weights of the antibodies
used for #Zr labelling were around 241 kDa around 150 kDa for anti-TNC-IgG and for
control IgG (polyclonal antibody) respectively, it is very likely that these were retained in

the tumour interstitium.

The EPR effect has been exploited for heightened therapeutic results over the
years, with groups resorting to different techniques to increase the molecular weight of
drugs to facilitate extravasation and retention in the tumour interstitium (lyer et al., 2006).
However, since this was a study designed to track the protein content in a tumour, the
EPR effect was not desirable. The use of lower molecular weight molecules, such as

single domain antibodies and small proteins based on FN domains (Wu, 2009), instead
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of whole antibodies would be a possibility to overcome this limitation. In fact, a study
conducted by Jacobson and colleagues successfully showed that a single-stranded DNA
aptamer can be labelled and used to target TNC in tumours of mice by PET (Jacobson
et al., 2015). Improved approaches should therefore be considered for future studies as

immune-PET is undoubtedly a potentially powerful technique for these types of studies.

Over the last decade, interference RNAs have been extensively explored as a tool
for personalised cancer therapies, since they can naturally silence the expression of
target genes (Rao et al., 2009). This selective knockdown has the capacity of improving
personalised therapies by knocking down aberrantly overexpressed molecular targets
that are crucial for cancer progression (Rao et al., 2009). However, these molecules are
also extensively used in scientific research, permitting the study of specific genes or
proteins, and their roles in health and disease (Downward, 2004). In this study, TNC
knockdown by shRNA was used to directly test the impact of the initial TNC content in

response to therapy.

In order to achieve TNC knockdown in the tumour site, it was necessary to
establish cell lines derived from MCA-induced tumours. Growth rates showed that
tumours derived from cell lines behaved similarly to MCA-induced tumours, with the
difference that cell line induced tumours all respond to Treg depletion. It has been
reported that tumours derived from cells in culture develop faster, lacking the
architectural and cellular complexity that characterise in situ tumours (Becher and
Holland, 2006). The lack of HEVs in all these tumours, even the ones that respond to
Treg depletion, supports the lack of complexity of cell line induced tumours when

compared to in situ tumours.

Results obtained after tumour induction with a shTNC and a shScr cell line showed
that lack of TNC does not affect tumour growth rate. This phenomenon was already
reported by Talts and colleagues, who observed no differences in growth rate or number
of proliferating and apoptotic cells in TNC-null mice when compared to wild type or
heterozygous genotype for TNC (Talts et al., 1999). The use of GFP as a selection
marker could have enhanced the immunogenicity of these tumours. However, Skelton
and colleagues have demonstrated that this protein is notimmunogenic in C57BL/6 mice
(Skelton et al., 2001), supporting observations described here, where tumours grew at a
similar rate as in situ tumours, suggesting that the presence of this protein did not affect
the anti-tumour immune response. The lack of TNC in shTNC tumours indicates that

tumour cells are the main source of TNC. It was also noticeable that TNC was no longer
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detectable in the same extent in shScr tumour stroma after Treg depletion, indicating
that TNC expression before Treg depletion does not predict response to treatment, but

loss of this protein is a consequence of a successful immune response.

Overall, the data described above indicate that whilst TNC can inhibit T cell
responses, this effect can be overcome, since it does not always prevent a successful
immunotherapeutic response. However, it is still possible that clearance of TNC is crucial
for immunotherapy to be successful. This hypothesis is further supported by the
observation that rejection of TNC-expressing cell lines after Treg-depletion was also
associated with loss of TNC. One intriguing possibility is that activated tumour-infiltrating
T cells can degrade ECM proteins themselves. In support of this hypothesis, Ahrends
and colleagues showed that a key feature of T cell help to cytotoxic T cells is to increase
their expression of MMPs thereby endowing them with the ability to digest and invade
tumour tissue (Ahrends et al., 2017). Similarly, a study by Putz et al. demonstrated that
heparanase production by NK cells contributes to control of tumour growth in mice,
including MCA-induced fibrosarcomas, due to degradation of the ECM and improved
immune anti-tumour response (Ahrends et al., 2017, Putz et al., 2017). However, the
detection of mMRNA TNC transcripts by RNAscope revealed that tumours no longer
express TNC when subjected to a robust anti-tumour immune response. Since this is an
effect observed at later timepoints, the observation does not exclude the possibility that
proteolytic enzymes produced by T cells and/or NK cells contribute to the degradation of
TNC in early stages, after Treg depletion (Figure 3.21). Further studies are needed to

address this question.
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Figure 3.21| Proposed mechanism for ECM clearance in responders TME.
Question mark represents an unknown step between early ECM degradation and loss of ECM
production by tumour cells at a later stage.
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Lastly, a closer observation of these samples allowed identification of larger cells,
with large nuclei and scarce cytoplasm as the source of TNC. These characteristics, are
coincident with the morphology of tumour cells where large nuclei are present due to
high proliferation rates (Zink et al., 2004). Together with the data described in section
3.7.2. in which tumours forming after inoculation of shTNC cell line all lacked TNC, gives
strongly indicates that tumour cells are the source of TNC in this model. Moreover,
tumour cells have been proven to be a source of TNC in many types of cancer, such as
breast cancer and glioblastoma (Oskarsson et al., 2011, Thakur and Mishra, 2016).
However, it is clear that for some cancers, stromal cells also produce TNC and for this
reason, TNC is often considered as a marker for CAFs (Ni et al., 2017, Yang et al., 2017).
Thus, the possible contribution of these cells to the TNC content in the tumour stroma

should not be ignored.

Overall, the results described in this chapter demonstrate that there is a difference
in the composition of the TME of responders (Figure 3.22-C) and non-responder tumours
(Figure 3.22-D) to immunotherapy, specifically pointing to a loss of matrix proteins as a
marker of a successful anti-tumour immune response (Figure 3.22). This loss of ECM is
mainly due to lack of gene expression by tumour cells during the process of rejection,
but it may be initiated by degradation of the initial ECM present in the tumour at an earlier
stage of the immune response (Figure 3.22-B). These data are similar to those obtained
in human cancers, when RNAseq datasets from primary tumours in The Cancer Genome
Atlas (TCGA) were analysed in order to determine whether there was a link between
favourable CTL gene signature and TNC expression. This analysis revealed that whilst
TNC expression had no impact on survival within CTL low tumours, low TNC expression
was associated with a highly significant increase in survival within CTL high tumours

(See Appendix, “Analysis of RNAseq datasets from primary tumours in TCGA” section).
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Figure 3.22|Schematic representation of response to Treg depletion in murine
fibrosarcomas.

When a tumour arises due to carcinogen induction (A), once Tregs are depleted it can follow two
paths: become a responder (B, with a hypothetical intermediate stage C) or a non-responder (D).
The image represents all the alterations in the tumour microenvironment described in this
Chapter, including changes in ECM content and TIL activity.

Given that ECM is known to affect the genotype, phenotype and function of several
TME components, the study described in the next chapter explored the hypothesis that
alterations to the tumour matrix is indicative of widescale remodelling of the TME.
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Chapter 4
Exploring the Properties of the TME in Treg-

Depleted Responder and Non-Responder Tumours
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4.1. Introduction

There is accumulating evidence pointing to the importance of ECM in the TME for
tumour progression. Uncontrolled proliferation in growing tumours promotes tissue
stiffness due to accumulation of structural components, such as tumour and stromal cells
and ECM. Tumour stiffening due to accumulation of ECM proteins results in fluid and
solid stress in the TME (Walker et al., 2018), which can affect the tumour vasculature,

as well as intrinsic properties of the cancer cells.

Solid stress created by the non-fluid components of the TME, compresses blood
and lymphatic vessels during tumour formation, which creates fluid stress on the
surrounding epithelial tissue. This decreases perfusion rates in the tissue, limiting the
ability of lymphatic vessels to remove excess fluid from the tumour (Sabine et al., 2016).
Compression of blood and lymphatic vessels induced by solid stress creates a hypoxic
environment, which is highly associated with tumour progression (Walker et al., 2018).
This solid stress can also induce CAF contraction, increasing TGF-§ and ECM protein
secretion by these cells. Whilst TGF- secretion promotes an immunosuppressive
environment, ECM protein secretion, as well as ECM remodelling proteins (e.g. MMPs
and lysyl oxidase), increases matrix stiffness and realignment, promoting directional
migration of CAF. These migratory CAFs use proteases to lead collective tumour cell
invasion (Swartz and Lund, 2012).

Cancer cells sense matrix stiffness through integrin clusters at the cell surface and
focal adhesions via a process known as mechanotransduction. Mechanotranduction
therefore describes the process by which signalling events, which regulate the levels and
activity of distinct transcription factors, are transmitted between the ECM and the
interacting cells (Chin et al., 2016). Key examples are Snail, ZEB and Twist; transcription
factors that regulate EMT, promoting cancer cell plasticity, triggering tumour initiating
and metastatic spread (Puisieux et al., 2014). In addition, the same transcription factors
regulate programmes affecting cell stemness and fate (Nieto and Cano, 2012). The
Hippo pathway is also known to be activated due to ECM stiffness. Increased stiffness
upregulates Yes-associated protein (YAP) and transcriptional coactivator with PDZ-
binding motif (TAZ) and their translocation to the nucleus. Once there, they promote the
expression of genes associated with proliferation and tissue remodelling, such as ICAM
and VCAM (Broders-Bondon et al., 2018). This process can lead to the accumulation in

the TME of aggressive mesenchymal-like tumour cells, with increased motility and
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invasive properties as well as stem-like tumour cells, with the capacity to repopulate new
tissues (Cox and Erler, 2011, Lu et al., 2011, Northey et al., 2017).

The ECM has, therefore, a fundamental role in driving tumour progression. This is
supported by the data presented in Chapter 3 which shows that ECM proteins are
associated with tumour growth and a lack of response to Treg depletion. Moreover, the
study showed that loss of ECM proteins, especially TNC, occurs as a result of an
effective anti-tumour response. Due to the structural influence that ECM proteins have
in the TME, the study described in this Chapter tests the hypothesis that the ECM is
associated with widescale changes to the TME including changes to the lymphatic

vasculature, to the intrinsic properties of the cancer cells, and in invasion of other tissues.

4.2. Results

4.2.1. The Lymphatic Network in ECM-Rich and ECM-Poor Tumours

Since dense tumour matrix is known to affect intratumoural interstitial flow, the
lymphatic networks in Treg-depleted responder and non-responder tumours were
compared. Specific antibodies for LYVE-1 (green) were used to stain lymphatic vessels,
and the results, shown in Figure 4.1, indicate striking difference in the appearance of
lymphatic vessels across groups, as responder tumours present a more extensive and

well-organised lymphatic network than untreated and non-responder tumours.

Dendritic cells deliver tumour antigens to local lymph nodes via afferent lymphatic
vessels in a CCL21-dependent manner. Well-functioning lymphatics are likely therefore
to contribute to the efficiency with which tumour antigen-specific T cells are primed.
(Russo et al., 2016). Sections were then co-stained for CCL21 (red) and LYVE-1, and
results show CCL21 staining in close proximity to LYVE-1 positive lymphatic vessels in
responder tumours, but not in non-responder or untreated tumours (Figure 4.1). This
indicates the possibility that these vessels guide tumour egress of dendritic cells,

contributing to priming of antigen-specific T cells in draining lymph nodes.
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Figure 4.1|Responder tumours exhibit improved lymphatic vessels, with expression of
CCL21.

Representative high-power images with corresponding low power image of whole tumour stained
for LYVE-1 (green) and CCL21 (red) expression in tumours of Untreated (Treg*), Non-Responder
(Treg'HEV"), and Responder (Treg'HEV*) Foxp3P™ animals. Images include the nuclear stain

Hoechst (grey).
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4.2.2. Properties of Cancer Cells In ECM-Rich and ECM-Poor Tumours

4.2.2.1. Cell proliferation

Tumour progression is characterised by a dynamic interaction between the
microenvironment and resident cells, where tumour cell proliferation induces
architectural changes in the ECM. These alterations include increased deposition of
ECM proteins, which interfere with cell-cell adhesion and cell polarity, culminating with
increased growth factor signalling (Walker et al., 2018). With this in mind, cell fate was

compared in ECM-low responder tumours and ECM-high non-responder tumours.

Cell proliferation was analysed by staining sections from untreated, non-responder
and responder tumours for the cell proliferation marker, Ki67 (Figure 4.2). These data
indicate that there is no striking difference when comparing Ki67 expression between the
different groups, however, slightly fewer positive cells were observed in responder
tumours (Figure 4.2-A). Enumeration of positive cells confirmed this trend with
responders having a lower percentage of Ki67" cells than non-responders, whilst a larger
range was observed in untreated tumours (Figure 4.2-B). To investigate a possible
relationship between ECM proteins and cell proliferation, TNC was co-stained with Ki67
on the same samples. Within the same tumour, areas with high expression of TNC
contained more Ki67" cells than TNC low areas (Figure 4.2-C), implying an association
between Ki67 and TNC expression. Further studies are needed to investigate whether
Ki67 positive cells are tumour or immune cells, and whether the identity of the cells is

the same across the different tumour types.
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Figure 4.2| Ki67 and TNC expression in the TME.

A, Representative high-power images with corresponding low power image of whole tumour
stained for Ki67 (brown) expression in tumours of Untreated (Treg+), Non-Responder (TregHEV-
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), and Responder (TregHEV*) Foxp3P™R animals. Images include haematoxylin counterstain
(blue). B, Percentage of Ki67* cells in tumours of Untreated (Treg+), Non-Responder (TregHEV-
), and Responder (TregHEV*) Foxp3P™R animals. Data are presented as individual data points
(individual mice) plus mean and standard error of the mean (no statistical significance was
observed, Kruskal-Wallis test). C, Representative low power image (left) of TNC (purple) and
Ki67" cells (brown) with magnifications of a TNC high area (top right) and TNC low (bottom right).

Images include haematoxylin counterstain (blue).

4.2.2.2. Cell death

Tumour cell death was analysed in sections from untreated tumours, non-
responders, and responders by staining for Caspase 3 (Casp3) expression (Figure 4.3).
In all groups little Casp3 expression was observed (Figure 4.3-A), with fewer Casp3 cells
observed in responders when compared to other groups (Figure 4.3-B). Co-staining with
anti-TNC antibody indicated no association between Casp3 and TNC expression (Figure
4.3-C).
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Figure 4.3| Cell death in untreated, non-responder and responder tumours.

A, Representative high-power images with corresponding low power image of whole tumour
stained for Casp3 (brown) expression in tumours of Untreated (Treg+), Non-Responder (Treg
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HEV-), and Responder (Treg'HEV*) Foxp3P™R animals. Images include haematoxylin counterstain
(blue). B, Percentage of Casp3* cells in tumours of Untreated (Treg+), Non-Responder (Treg
HEV-), and Responder (Treg'HEV*) Foxp3P™ animals. Data are presented as individual data
points (individual mice) plus mean and standard error of the mean. C, Representative low power
image (left) of TNC (purple) and Casp3* cells (brown, red arrowheads) with magnifications of a
TNC high area (top right) and TNC low (bottom right). Images include haematoxylin counterstain
(blue).

4.2.2.3. CSCs

As part of the bioinformatic analysis performed by Alexander Greenshields-
Watson, the expression pattern of Tnc was mapped against all other genes in the
microarray analysis using a Manhattan distance metric. Genes were ranked according
to how similar or opposing/inverse their expression pattern was against Tnc. As
mentioned in the previous Chapter (section 3.2.1), this analysis revealed that Zap70 had
the furthest distance (opposing expression pattern) from Tnc. In contrast, those with a
similar pattern to Tnc included several cancer-associated (Vegfa, Trib3, Uck2) and stem
cel/lEMT genes (Ttc3, and Twist2) (Figure 3.2-E).

Given that dense ECM has been associated with the emergence of aggressive
cancer cells with mesenchymal stem-like properties (Laklai et al., 2016, Northey et al.,
2017) and that TNC has itself been reported as a potential marker for CSCs (He et al.,
2010, Pezzolo et al., 2011, Nie et al., 2015), these bioinformatic findings prompted an
analysis of CSC-associated gene expression (Zhang et al., 2015) in responders and non-
responder tumour types. The data clearly indicate that CSC genes are over-represented

in non-responder compared to responder tumours (Figure 4.4).
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Figure 4.4| Non-responder tumours exhibited enhanced gene expression associated with

cancer stem cells.

A, Gene expression of several genes associated with cancer stem cells in responding and non-
responding tumours. B, Comparison of median normalised gene expression levels of CSC genes
in responder (blue) and non-responder (red) tumours. Individual values are shown as points while

the mean expression for each group is plotted by the connecting line.
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As previously mentioned in section 1.2.1, CSCs are important in tumour
progression. Their self-renewing and tumour initiating capacity is heavily supported by
the ECM, which provides not only protection from immune attack, but is also a reservoir
of important factors needed for CSC sustenance (Nallanthighal et al., 2019). Therefore,
to understand the role of CSCs in this model, and how they are affected by alterations in
the ECM content after an effective response to immunotherapy, the expression of
individual genes associated with stemness was compared in untreated, non-responder
and responder tumours, using the transcriptome analysis data generated by a former
member of the lab, James Hindley (Hindley et al., 2012). This analysis revealed a trend
for lower expression of EMT related genes, including Zeb1, Zeb2, Twist1 and Twist2,
and significantly lower expression of Snai71 in responder compared to non-responder
tumours (Figure 4.5). Although not significant, Snai1 expression was also lower in

untreated tumours when compared to non-responders (Figure 4.5).
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Figure 4.5|EMT markers associated with CSC phenotype are differentially expressed

between tumour groups.

Relative gene expression of Zeb1 (A), Zeb2 (B), Twist1 (C), Twist2 (D) and Snai1 (E) in tumours
of Untreated (Treg+), Non-Responder (TregHEV-), and Responder (TregHEV*) Foxp3P™®
animals. Data are presented as individual data points (individual mice) plus mean and standard
error of the mean. n=5 per group. Statistical significance was determined by Kruskal-Wallis test
(*, P <0.05).
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Untreated, non-responders and responder tumours were stained for Zeb1
expression. The data (Figure 4.6) clearly indicates a high level of Zeb1 expression in
non-responders compared to a dramatic decrease in responder tumours. The increased
intensity of Zeb1 stain in non-responders compared to untreated tumours, together with
a lower Snai1 expression in untreated tumours (Figure 4.5-E), suggests that EMT

induced by these transcription factors is increased in non-responder tumours.
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Figure 4.6| Zeb1 expression in untreated, non-responder and responder tumours.

Representative high-power images with corresponding low power image of whole tumour stained
for Zeb-1 (green) expression in tumours of Untreated (Treg*), Non-Responder (Treg'HEV"), and

Responder (TregHEV*) Foxp3P™R animals. Images include the nuclear stain Hoechst (grey).
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Even though a specific fibrosarcoma CSC marker has not been identified yet,
studies have pointed to a set of surface antigens that may represent these cells
(Augsburger et al., 2017, Hatina et al., 2019). The transcriptomic dataset was used again
to compare the gene expression of CD24 (Cd24a), CD90 (Thy1), CD133 (Prom1) and
CD146 (Mcam) in untreated, non-responders, and responder tumours (Figure 4.7). All
cell surface markers, except Prom1 (Figure 4.7-C), were expressed at a lower level in
responder compared to non-responder tumours, with a significant difference observed
for Mcam (Figure 4.7-D). Altogether, these findings suggest that a robust immune
response can contribute to a genetic reprogramming of tumour cells. Although not
significant, it is noteworthy that untreated tumours expressed less of the same three
markers when compared to non-responders, suggesting that tumours that fail to respond

to Treg depletion have an increase in CSC content.
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Figure 4.7| Fibrosarcoma associated CSC markers are differentially expressed between
groups.

Relative gene expression of Cd24a (A), Thy1 (B), Prom1 (C) and Mcam (D) in tumours of
Untreated (Treg+), Non-Responder (Treg'HEV-), and Responder (Treg'HEV*) Foxp3P™R animals.
Data are presented as individual data points (individual mice) plus median and standard error of
the mean. n=5 per group. Statistical significance was determined by Kruskal-Wallis test with
Dunn’s multiple comparison test.
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Since a key feature of a CSC is the ability to self-renew, a tumoursphere formation
assay was performed using single cells from untreated, non-responder and responder
tumours. With this assay it is possible to determine the presence of cancer stem cells or
progenitor cells, since only these type of cells are able to survive and proliferate in serum-
free, non-adherent conditions (Johnson et al., 2013). Briefly, after a single cell
suspension from each type of tumour is obtained, cells are plated at a low density in the
specific conditions mentioned above. Cultures are left undisturbed for 7 days, spheres
are passaged and left undisturbed for another 7 days, when tumourspheres are counted.
In the experiment described herein, tumourspheres bigger than 50um were counted, and
the results, shown in Figure 4.8, show that a good response to Treg depletion
significantly reduces the capacity for tumoursphere formation (Figure 4.8-B), whilst a
poor response to treatment induces formation of bigger spheres when compared to
untreated tumour-derived spheres (Figure 4.8-A). This indicates not only that a
successful immune response is associated with loss of cancer stemness, but also that

failure to respond gives rise to more aggressive CSCs, with faster repopulating capacity.
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Figure 4.8|Cancer stem cells are affected by an effective response to Treg depletion.

A, Tumoursphere formation in cultures from tumours of Untreated (Treg*), Non-Responder (Treg
HEV-), and Responder (Treg'HEV*) Foxp3P™R animals. B, Tumoursphere efficiency formation, per
10 cells seeded obtained from tumours of Untreated (Treg*), Non-Responder (TregHEV-), and
Responder (TregHEV*) Foxp3P™ animals. Data are presented as individual data points
(individual mice) plus median and standard error of the mean. Statistical significance was

determined by Mann-Whitney test.
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4.2.3. Cell Invasion in Untreated, Non-Responder and Responder Mice

To investigate the metastatic capacity of tumours with CSCs, dLN and ndLN of
untreated and non-responder tumour-bearing mice were collected, dissociated to single
cell suspensions and left in culture. After 2 days in culture, cells with a flat and elongated
morphology (fibroblast-like) were observed in some cultures (cells indicated in Figure
4.9-B by an arrow). For the purpose of comparing the presence of these cells in lymph
nodes from untreated and non-responder mice, cultures with fibroblast-like cells were
labelled “positive”, and the ones where these cells were absent were labelled “negative”.
Positive cultures were generated from 100% of both lymph nodes in non-responder mice
but only 66% of dLNs and 33% of ndLNs from untreated mice (Figure 4.9-A). Some of
the positive cultures presented with proliferation rates that allowed for the establishment
of cell lines, which are now cryopreserved and will be used in future experiments to
confirm the potential cancer origin of these cells. Should this be the case, their potential
invasive and metastatic capacity will be assessed. Since tumour cells from responder
mice comprise significantly fewer CSCs, it is hypothesised that lymph node invasion will

not be observed in these animals. This part of the study is ongoing.
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Figure 4.9|Fibroblast-like cells can be found in draining and non-draining lymph nodes of

all non-responder mice.

A, Graphical representation of the proportion of lymph nodes derived from untreated and non-
responder tumour-bearing mice, with (positive) and without (negative) fibroblast-like cells. B,
Representative images of cultured dLN and ndLN derived from non-responding animals.

Fibroblast-like cells (black arrows) can be found in both lymph nodes 2 days after culture.
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4.2.4. Cellular Senescence in Untreated, Non-Responder and Responder

Tumours

Several studies have shown that a Th1 immune response is capable of inducing
senescence of cancer cells (Braumdiller et al., 2013, Hubackova et al., 2016, Li et al.,
2017). This process is characterised by an irreversible loss of proliferation due to a
persistent cell-cycle arrest and unresponsiveness to growth factors (Sun et al., 2018).
Regardless of the mechanisms inducing senescence, once a cell senses a critical level
of damage or dysfunction the senescent program is activated. Apart from an arrest in
proliferation, senescent cells are metabolically active and undergo extensive changes in
gene expression, downregulating the expression of some genes and upregulating
others. This new secretory phenotype is specific for senescent cells and is often referred
to as senescence associated secretory phenotype (SASP) (Campisi and d'Adda di
Fagagna, 2007, Gorgoulis et al., 2019). Changes in gene expression can include
insoluble proteins, particularly ECM proteins (Coppé et al., 2010a). With this in mind,
senescence was assessed as a possible mechanism for loss of expression of ECM

genes in tumour cells.

One characteristic of senescent cells is the upregulation of lysosomal proteins and
consequent increased lysosomal content, and one of the most common markers of this
change is increased activity of senescence-associated B-galactosidase (SA-pB-Gal)
(Hernandez-Segura et al., 2018, Gorgoulis et al., 2019). Therefore, primary cell lines
from untreated, non-responder and responder tumours were established and SA-p-Gal
activity assessed. Figure 4.10 indicates the striking difference in SA-B-Gal activity
between groups; being highly upregulated in responders thereby pointing to a greater

degree of senescence in these tumours.
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Figure 4.10|Cells derived from responding tumours to Treg depletion have high SA-B-Gal

activity in vitro.

Representative images of cells in culture derived from untreated, non-responding and responding

tumours to Treg depletion, stained for SA-B-Gal activity (blue).
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Another hallmark of senescence is telomere shortening (Gorgoulis et al., 2019).
Telomeres are specialised structures which protect the ends of chromosomes and which
are themselves protected by a complex of proteins named shelterin. In the absence of
shelterin, uncapped telomeres are recognised as damaged DNA and a DNA damage
response (DDR) is induced. (d'Adda di Fagagna et al., 2003, d'Adda di Fagagna et al.,
2004, de Lange, 2005). This response involves the activation of sensor kinases,
formation of DNA damage foci containing phosphorylated histone H2AX (yH2AX), and
induction of checkpoint proteins which promote cell-cycle arrest, widely associated with
a senescent phenotype (d'Adda di Fagagna et al., 2003). To validate the results obtained
from SA-B-Gal stain, immuno-FISH was performed in tumour sections from untreated,
non-responders and responders to detect telomere associated foci (TAF). TAF can be
identified by the overlap of telomere and yH2AX signals (Figure 4.11-A), Although not
statistically significant (possibly reflecting reduced sample size), these data indicate a
trend for more yH2AX positive cells in responder tumours (Figure 4.11-B), representing
higher activation of DDR; and higher number of TAF (Figure 4.11-C), and, therefore, a
higher percentage of senescent cells, when compared to untreated tumours. Most of the
positive cells are those with the larger nuclei, further suggesting that the positive cells
are indeed tumour cells. Further studies will be required to confirm this, as well as to
increase in sample size. In addition, it will be important to determine whether cells

identified as senescent no longer express ECM genes, such as TNC.
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Figure 4.11]| TAF" cells in untreated, non-responder and responder tumours.

A, Representative high-power images of cells negative and positive for TAF (white arrows,
overlap (yellow) of yH2AX (green) and telomere (red) stain). Images include the nuclear stain
Hoechst (blue). Percentage of yH2AX* (B) and TAF* (C) cells per field of view in tumour sections
of Untreated (Treg+), Non-Responder (TregHEV-), and Responder (TregHEV*) Foxp3P™®
animals. Data are presented as individual data points (individual mice) plus median and standard

error of the mean.
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4.3. Discussion

The ECM is one of the most important regulators of tissue function in the body,
and disturbance of its homeostasis can contribute to progression of several diseases,
including cancer. There is a clear correlation between tumour density and poor
prognosis, thus it is important to know how changes in the matrix affect tumour
progression. With this in mind, the study described in this Chapter examined the
association between loss of matrix proteins induced by an effective immune response

and the genotype, phenotype and behaviour of the cancer cells.

Mechanical forces in the TME are proven as important for tumour progression,
since solid and fluid stress influence angiogenesis and lymphangiogenesis. Analysis of
lymphatic vessels in this study revealed a striking difference in their appearance in
responders when compared to non-responders and untreated tumours. Lymphatics
appear better organised, denser and surrounded by CCL21 in responder tumours when
compared to untreated and non-responder tumours. Solid tumours comprise many
different types of cells, including blood endothelial cells, smooth muscle cells, tumour
cells and tumour associated stromal cells, all of which can secrete lymphangiogenic
factors into the environment. However, since the mass of cells is disordered, there is no
clear formation of a lymphangiogenic growth gradient, and the resultant lymphatic
vessels are often described as patchy and randomly distributed within the TME (Li and
Li, 2015). This is compatible with the observations of non-responder and untreated
tumours in this study, where random staining is present without formation of clear

individual vessels or networks.

The beneficial role of lymphatics in the TME is controversial in the literature. Many
studies support the idea that lymphatic vessels promote tumour progression by enabling
tumour cell dissemination via lymph (Ma et al., 2018) and indirectly by promoting
immunosuppression (Lund et al., 2012, Steinskog et al., 2016). Recent studies have
shown that even though intra-tumoural lymphatic vessel density is associated with
expression of immunosuppressive molecules, it is also associated with higher numbers
of infiltrating CD8" T cells (Lund et al., 2016, Bordry et al., 2018). There is also evidence
indicating that generation of tertiary lymphoid structures in tumours is associated with a
positive response to immunotherapy using co-inhibitory receptor blockade (Johansson-
Percival et al., 2017, Allen et al., 2017). Hence, depending on the constitution of the
TME, lymphatic vessels may either hamper or stimulate development of anti-tumour

immune responses. Results presented in this Chapter are compatible with a scenario
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whereby loss of ECM is associated with improved lymphatic function, which may both
relieve intra-tumoural interstitial pressure and improve T cell responses. This can occur
by increased migration of antigen-presenting CCR7* dendritic cells to draining lymph
nodes for priming tumour-specific T cell responses (Russo et al., 2016), or by recruitment
of naive T cells into the TME through afferent lymphatics, guided by the CCL21-CCRY7
axis (Ondondo et al., 2014, Fankhauser et al., 2017). As mentioned above, findings
described in this Chapter open up the possibility that cancer cells from untreated and
non-responder tumours invade draining lymph nodes. Given that lymphatic networks
appear better developed in responder tumours, it is possible that these vessels serve as
a conduit by which remaining malignant cells from responder tumours also invade the

draining lymph nodes. This hypothesis is currently under investigation.

Since the ECM is such a critical component of the TME, having the power to control
multiple hallmarks of cancer in tumour cells, the effect of a richer or poorer ECM in
tumour cell proliferation was assessed. For this, TNC was used as a marker for a rich
ECM, and Ki67 expression was analysed in all tumours. Although not significant, a trend
for more Ki67" cells in non-responder tumours was observed, together with a higher
coverage of positive staining in TNC high areas. This is corroborated by several studies
showing that TNC induces tumour cell proliferation (Saupe et al., 2013). In 2006, it was
suggested that TNC blocks the interaction between syndecan-4 and integrin o531,
inhibiting the tumour-suppressing activity of this integrin (Orend and Chiquet-Ehrismann,
2006). Lange and colleagues confirmed that the interaction of TNC with this coreceptor
results in the inhibition of RhoA protein, FAK and tropomyocin-1 activity (Lange et al.,
2008). There is also evidence that TNC regulates mechanisms enabling escape from
compliance with cell cycle checkpoints, promoting cell cycle progression from G1 phase
to S phase by inhibiting Cyclin D1 (Orend and Chiquet-Ehrismann, 2006, Cai et al.,
2018). Nevertheless, the reason why there was no significant difference in the number
of proliferating cells in this study might be explained with the lack of specific tumour cell
markers, and many of the positive cells identified in the responder tumours may be
immune cells and not tumour cells. This will be addressed in the future by enumerating
and comparing Ki67* immune cells and Ki67"FAP* cells between groups by

immunofluorescence, taking into account that CAFs may also express FAP.

A possible correlation between lack of TNC in the TME and tumour cell death was
also examined. Staining for the apoptotic marker Casp3 showed no difference between

groups, with an overall percentage of positive cells not higher than 5%. Effective
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clearance of dead cells from the TME by phagocytic cells, might however hamper

assessment of cell death in tumours preventing any solid conclusions from being drawn.

The biomechanical signalling cues induced by accumulation of ECM proteins in
the TME, including TNC, have been shown to result in alterations of tumour cell gene
expression patterns, mainly affecting transcription factors associated to EMT (Chin et al.,
2016). YAP and TAZ, which are the key transcriptional regulators in the Hippo pathway,
are regulated by mechanical cues. Dupont and colleagues proved that this regulation
requires stress fibres and skeletal tension induced by ECM stiffness and cell spreading
(Dupont et al., 2011). Although YAP is not a key direct regulator of EMT, it has been
implicated in EMT induction. A study performed by Shao and colleagues revealed that
KRAS and YAP1 have a similar mechanism, of action since they converge on the
transcription factor FOS (Fos Proto-Oncogene, AP-1 Transcription Factor Subunit) and
activate the transcriptional program involved in EMT (Shao et al., 2014). In 2015, Wei
and colleagues described the first molecular pathway directly linking matrix stiffness to
EMT. They demonstrated that increasing matrix stiffness induces integrin-dependent
phosphorylation events which promotes release of TWIST1 from its cytoplasmatic
anchor, GTPase activating protein (SH3 domain) binding protein 2 (G3BP2). This leads
to constitutive TWIST1 nuclear localisation, driving transcriptional events of EMT and
invasion (Wei et al., 2015).

Gene expression analysis of transcription factors associated with EMT in the
present study revealed that they are mostly under-expressed in responders, when
compared to non-responders and untreated tumours. The same transcription factors
presented a similar expression between untreated and non-responder tumours, apart
from Snai1, which was increased in non-responders. Snai3 expression presents a
different pattern; its expression is significantly increased in responders when compared
to non-responders and untreated tumours. According to the literature, Snail3 usually
behaves as a poor EMT-inducer and performs a different function to its two related

transcription factor proteins, Snail1 and Snail2 (Gras et al., 2014).

EMT in cancer is highly associated with the emergence of CSCs in the
microenvironment, since stem cells have many characteristics of the mesenchymal cell
state. Mani and colleagues demonstrated this phenomenon when, by inducing EMT in
mammary epithelial cells, these cells formed mammospheres, which were self-
renewable and capable of transmitting the EMT phenotype for many generations (Mani

et al., 2008). Taking this into account, the gene expression of cell surface markers
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previously associated with fibrosarcoma CSCs (Augsburger et al., 2017, Hatina et al.,
2019) was analysed. Three out of four markers, Cd24a, Thy1 and Mcam but not Prom1,
presented higher expression in non-responders comparing to responders, where
expression levels were similar to untreated tumours, or lower. These results are
indicative of genetic reprogramming of cancer cells in responder tumours which are
associated with alterations in matrix composition and a good immune response. Since
CSCs have the capacity to repopulate new tumours and possess unique mechanisms
enabling escape from immunosurveillance, loss of CSCs in responder tumours most
likely contributes to control of cancer progression. On the other side, the fact that the
same three markers were under-expressed in untreated tumours compared to non-

responders could suggest that these tumours contain more CSCs.

To assess the number of CSCs present in untreated, non-responder and
responder tumours, a tumoursphere assay was performed. The specific composition of
the sphere growth medium creates an environment for stem cell growth only, allied to
the observation that only CSCs have the capacity to self-renew and survive through
multiple passages (Dontu and Wicha, 2005). Using this assay, it was clear that responder
tumours lose their stem cell content, since almost no spheres are formed. On the other
hand, cells derived from non-responder tumours have the same capacity of forming
spheres as untreated tumours, forming even larger spheres. This difference suggests
that CSCs from non-responder tumours have higher proliferation rates, possibly being
associated with a more aggressive phenotype. The association of higher numbers of
CSCs in tumours with tumour proliferation and aggression is extensively described in the
literature, especially in the case of brain and mammary tumours (Zhang et al., 2016,
Richichi et al., 2016, Donnarumma et al., 2017).

To investigate if the presence of CSCs in tumours from non-responders promoted

a more aggressive phenotype, lymph nodes from untreated mice and non-responders
were collected and left in culture. The presence of fibroblast-like cells in some lymph
node cultures raised the possibility that these are cancer cells that have migrated from
the tumour to the lymph node (further studies are underway to confirm this). If this is true,
the observation that 100% of cultured dLNs and ndLNs from non-responders contained
fibroblast-like cells, compared to just 66% of dLNs and 33% of ndLNs from untreated
mice, suggests that non-responder tumours are more invasive. Moreover, the presence
of tumour cells in ndLNs would suggest that non-responder tumours have an enhanced
capacity to spread to distant organs (Figure 4.12). The MCA model has not been
explored as a metastatic model despite its widespread use, since only two 40 year-old
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studies mention the capacity of MCA tumours to metastasise — one in rats (Pimm et al.,
1980), and the other in which lung metastases were analysed 50 days after amputation
of the mouse legs (Wexler and Rosenberg, 1979). Hence, the findings described herein
might open up the possibility for further exploration of dissemination routes and how they
may be controlled.
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Figure 4.12| Events occurring in the TME of a non-responding tumour to Treg depletion.

Flow of events occurring in the TME after an initial ineffective immune response.
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As previously mentioned, it has been shown that an effective Th1 response can
induce cell senescence (Braumdller et al., 2013, Li et al., 2017). Components of the
SASP released by senescent cells can include pro-inflammatory cytokines and
chemokines, such as CCL5, which may increase the recruitment of TILs, promoting an
anti-tumour immune response (Hubackova et al., 2016, Gorgoulis et al., 2019). By
analysing the number of senescent cells in untreated, non-responder and responder
tumours, it was possible to observe a trend for a larger number of senescent cells in
tumours responding to Treg depletion, hence, senescent cells are associated with slower

tumour growth and regression in the study described herein.

Results in the previous Chapter demonstrated that there is a downregulation of
ECM related gene expression in tumours that respond to Treg depletion. Since
senescent cells change their normal secretory phenotype to a senescence-associated
one, including altering ECM protein expression, the emergence of senescent cells in
these tumours might explain the downregulation of ECM protein expression in responder
tumours. Whilst expression of some ECM proteins have been reported to be increased
in senescent cells (Kumazaki et al., 1991, Korybalska et al., 2012), an association
between senescence and loss of ECM has also been reported. A study conducted by Li
and colleagues demonstrated that senescence induced by TNF-a in nucleus pulposus
cells in vitro induces downregulation of aggrecan and collagen Il expression by these
cells (Li et al., 2017). Moreover, many reports point to the presence of matrix degrading
enzymes as components of the SASP. MMPs (Coppé et al., 2010b, Mavrogonatou et al.,
2019) and ADAMTSs (A disintegrin and metalloproteinase with thrombospondin motifs)
(Le Maitre et al., 2007, Dimozi et al., 2015), can be expressed and released into the
extracellular space via this mechanism. Furthermore, tissue inhibitors of MMPs (TIMPs)
were shown to be downregulated in different types of senescent cells, particularly TIMP-
1 in fibroblasts (Bizot-Foulon et al., 1995), contributing to a shift in balance towards ECM
catabolism. Hence, senescent cells may contribute to loss of ECM in responder tumours
by two mechanisms: loss of ECM protein expression due to the extensive changes in
gene expression patterns, and degradation of the existing matrix by releasing
remodelling enzymes into the TME. The proposed mechanisms of ECM clearance in

responder tumours, based on the findings of this study, are represented in Figure 4.13.
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It is important to note that senescent cells, although in lower numbers, were also
present in non-responder tumours. In the absence of a robust immune response, it is
possible that senescent cells are associated with cancer progression. The composition
of the SASP in pre-senescent cells has been associated with activation of NOTCH and
TGF-B signalling, which drives a shift into full senescence and paracrine senescence,
either by cell-cell contacts to NOTCH receptor positive neighbouring cells, or through
release of TGF-B-driven secreted growth factors. NOTCH-TGF-§ activity promotes an
immunosuppressive environment, permissive for tumour development (Lee and Schmitt,
2019). This process promotes accumulation of mutations in senescent cells,
reprograming them towards a stem-like phenotype and enabling re-entry in the cell cycle
(Milanovic et al., 2018). Remodelling of the ECM by SASP-mediated mechanisms may,
in this context, increase tumour cell motility, invasion and metastasis (Coppé et al.,
2010a, Laberge et al., 2012, Pazolli et al., 2012, Cahu et al., 2012, Laberge et al., 2015).

In conclusion, the results in this chapter support a model whereby matrix
remodelling contributes to either tumour elimination (Figure 4.14-B) or tumour
progression (Figure 4.14-C). On the one hand, loss of ECM gives may result in the
formation of a more functional lymphatic network, facilitating T cell priming in the draining
lymph node. Enhanced T cell activation may then drive intratumoural HEV development
and increased frequency of TILs. It is reasonable to hypothesise that the resulting
immune response would drive tumour cell senescence and, through production of matrix
remodelling enzymes, degradation of the ECM. These processes would serve to
establish a self-amplifying loop driving both tumour destruction and tumour immunity. In
addition, loss of ECM may drive cancer cell intrinsic changes facilitating loss of cancer
stem cells. On the other hand, an increase of matrix stiffness due to an inadequate
immune response at an initial stage of tumour progression, may promote activation of
mechanotransduction pathways that support EMT and accumulation of cancer stem

cells, possibly promoting aggression and invasion (Figure 4.14-D).
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Figure 4.14|Final representation of response to Treg depletion in murine fibrosarcomas.

When a tumour arises due to carcinogen induction (A), once Tregs are depleted it can follow two
paths: become a responder (B) or a non-responder (C). The image represents an adaptation of
Figure 3.20, including all the alterations in the tumour microenvironment described in this chapter,
including the emergence of senescent cells and CSCs, and a final stage of metastatic

dissemination (D).
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Chapter 5

Discussion

161



162



Despite a large number of scientific advances, cancer remains a disease that
causes millions of deaths worldwide. Early research was mainly focused on targeting
cancer cells, until an important landmark in cancer research was achieved when it was
recognised that a tumour is not just a mass of tumour cells, but that there are many types
of cells and structures that constitute the TME and contribute to tumour progression. This
realisation allowed the development of new therapies to target the tumour supporting
environment, to be used in combination with tumour cell targeting therapies already in
place. One example of this strategy is the use of Bevacizumab, a monoclonal antibody
against VEGF, in combination with chemotherapy regimens. This antibody was approved
by the FDA in 2004, and in 2006, Sandler and colleagues demonstrated in a phase Il
trial that the combination of bevacizumab with chemotherapeutic agents (paclitaxel and
carboplatin) significantly improved survival of patients with non-small-cell lung cancer
(Sandler et al., 2006). Similar studies were performed in other types of cancer, such as
breast cancer (Miller et al., 2005), renal cell carcinoma (Escudier et al., 2007) and head

and neck cancer (Seiwert et al., 2008).

Recent key advances have revealed how tumours can evade immune mediated
destruction. This knowledge has enabled the emergence of immunotherapy, which
involves the manipulation of immune cells in order to reduce tumour-driven
immunosuppression and promote anti-tumour immunity. Although these new
approaches of tackling cancer, either by directly targeting tumour cells and/or other cells
or structures in the TME, have improved patient survival, the majority of patients still do
not respond to treatment and eventually relapse and succumb to the disease. Thus, it is
important to understand why some patients respond to current treatments whilst others
do not. There is accumulating evidence that differences in the TME can influence
immunotherapy. For this reason, it is important to understand what distinguishes the
TME of responders from non-responders in order to inform new strategies for

overcoming barriers to immunotherapy in non-responders.

The work presented in this thesis focused on testing the hypothesis that a specific
TME profile influences the ability of an immune response, activated as a result of Treg-
depletion, to control tumour growth. The hypothesis was tested through three linked

aims.

The first aim was to determine TME profiles in untreated, non-responder and
responder tumours to Treg depletion. A bioinformatic analysis was performed revealing
163



significant differences in expression of ECM genes, with TNC being the most notable.
This data was validated by immunofluorescence staining of tumours of each group,
clearly indicating higher expression of ECM proteins and fewer T cell in non-responder
and untreated tumours compared to responder tumours. Furthermore, experiments
performed suggested that certain ECM proteins, such as TNC, can inhibit TIL
degranulation, preventing an effective anti-tumour immune response in non-responders.
From this data, it is possible to define responder tumours as being low in ECM content,
with high infiltration of functional T cells, whilst non-responders present high levels of
ECM proteins, with an intermediate infiltration of potentially non-functional T cells.
Untreated tumours seem to have an intermediate and more variable phenotype, with

some tumours expressing more ECM proteins than others.

The second aim of this project investigated whether the tumour ECM predicts the
response to Treg depletion. To address this question, experiments were performed using
shRNA to knockdown TNC in a fibrosarcoma-derived cell line. These experiments
revealed that an effective anti-tumour immune response, with control of tumour growth,
can still be achieved in conditions with pre-determined high expression of this protein in
the TME. This indicates that even if TNC suppresses the activity of TIL, this effect can
be overcome since activated T cells, stimulated following Treg-depletion, can still control
TNC-rich tumours. It remains possible however, that in the case of a weaker T cell
response, dense ECM, might still represent an impediment to a successful anti-tumour

immune response.

The final aim was to define the alterations in the TME following Treg depletion in
both responders and non-responders. Analysis of the lymphatic vasculature revealed
that lymphatic vessels appear better organised in responders, showing a clear network
of vessels, as opposed to non-responders, where lymphatic vessels are compatible with
observations made by other groups describing patchy and randomly distributed vessels
within the TME due to the lack of lymphangiogenic growth gradients (Li and Li, 2015).
CCL21 has been described to guide and help DCs transmigration to lymphatic vessels
(Vaahtomeri et al., 2017), as well as guiding migration of these cells to draining lymph
nodes (Russo et al., 2016). This chemokine was also shown to be involved in recruitment
of naive T cells into the TME through afferent lymphatics (Ondondo et al., 2014,
Fankhauser et al., 2017). Results presented in this thesis showed high CCL21 levels in
the stroma of responders, mainly found in the vicinity of lymphatic vessels, implying

increased functionality of these vessels in this group.
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Taking into account studies pointing to a role for dense ECM in driving gene
expression changes in tumour cells, the intrinsic properties of cancer cells were also
assessed. A trend for a higher number of proliferating cells was observed in non-
responder ECM-rich tumours, when compared to the almost ECM-free responder
tumours. No difference was observed in the number of apoptotic cells. Furthermore, a
lower expression of genes related to EMT and CSC markers in responders suggested a
lower content of aggressive, stem cell-like cells in these tumours, when compared to
non-responders. This was validated in tumoursphere assays showing that there are
fewer cells capable of forming new colonies in responder than non-responder tumours.
The presence of fibroblast-like cells in cultures derived from draining and non-draining
lymph nodes of all non-responder mice analysed, suggests that non-responder tumours
might have a greater potential to disseminate to distant organs than untreated tumours.
Studies are ongoing to determine the nature of these fibroblast-like cells. Assessment of
potential lymph node invasion from responder tumours cells is also ongoing. It is
hypothesised that invasion of draining lymph nodes will not be observed in the case of
these tumours, since they are clearly well controlled by the immune system. It is
important however to confirm that this is indeed the case especially as lymphatic
networks, which are well developed in these tumours, could serve as conduits by which
any remaining malignant cells from responder tumours reach and invade the draining
lymph nodes (Stacker et al., 2002).

Finally, potential mechanisms to explain the loss of ECM in the TME were
explored. Use of RNAscope indicated that TNC transcription was reduced in cells in
responder tumours. The observed trend for higher numbers of senescent cells in
responder tumours might also contribute to the lack of ECM proteins in these tumours
due to alterations in gene expression patterns in these cells. Moreover, it is also possible
that senescent cells contribute to loss of ECM through the expression of matrix degrading
enzymes. Many reports have mentioned that these enzymes, particularly MMPs and
ADAMs, are included in the SASP (Le Maitre et al., 2007, Coppé et al., 2010b, Dimozi
et al.,, 2015, Mavrogonatou et al., 2019). Matrix remodelling enzymes can also be
expressed by other types of cells. Ahrends and colleagues have demonstrated that
helper T cells can induce MMP expression by cytotoxic T cells, enhancing their ability to
digest and invade tumour tissue (Ahrends et al., 2017). Similarly, Putz et al.
demonstrated that heparanase production by NK cells contributes to control of tumour
growth in mice, due to degradation of the ECM and improved immune anti-tumour

response (Putz et al., 2017). Macrophages are also known to be major contributors of
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stromal proteases, secreting a variety of MMPs (Varol and Sagi, 2018) as well as
cathepsin proteases (Gocheva et al., 2010). Thus, it will be important in future
experiments to evaluate the involvement of matrix remodelling enzymes in ECM

clearance, as well as identifying the source of these enzymes.

In conclusion, the data presented in this thesis demonstrate that a successful
immune response after Treg depletion is capable of inducing alterations in the TME,
enabling a switch from an immunosuppressive environment to an immunostimulatory
one, therefore, disproving the initial null hypothesis. The resultant model proposed by
this work states that if a strong immune response is unleashed after Treg depletion, the
immune system may act in three ways: 1) by producing ECM degrading enzymes and
clearing the ECM present in the tumour; 2) by inducing tumour cell senescence,
contributing to a reduction in ECM content, 3) by clearing CSCs, eliminating their
repopulating capacity. It is further hypothesised that the resultant loss of matrix would
reduce interstitial pressure in tumours, enabling the development of functional lymphatic
vasculature and increasing TIL infiltration in tumours. This promotes HEV development,
intensifying robust and sustainable anti-tumour immune responses. If, on the other hand,
the immune response after Treg depletion is sub-optimal, the function of the few
infiltrating T cells may be hampered by the matrix-dense ECM resulting in overall poor
control of tumour growth. It is tempting to speculate that such a sub-optimal immune
response may drive adaptation of the tumour cells under attack; adaptations which
include greater production of matrix resulting in increased tumour stiffness, vessel
compression and emergence of tumour stem cells with the capacity to promote cell

migration and invasion.

The above hypothesis is supported by data presented in this thesis which points
to some differences between non-responder and untreated tumours. Both gene
expression and abundance patterns of ECM proteins suggest an upregulation in non-
responder compared to untreated tumours (Figures 3.4 and 3.5). Although not
significant, there is also an increased expression of genes related to EMT (Figure 4.5)
and CSCs (Figure 4.7) in non-responders, and tumourspheres obtained from these
tumours are consistently bigger than those from untreated tumours (Figure 4.8).
Collectively, these preliminary data imply that a sub-optimal anti-tumour immune
response drives tumour aggression. Despite durable responses being observed with
immunotherapies in some patients, most patients eventually exhibit resistance to
treatment. This can be divided into primary resistance, adaptive immune resistance and
acquired resistance. The adaptive immune resistance mechanism occurs when a tumour
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is recognised by the immune system but protects itself by adapting to the immune
response (Sharma et al., 2017). Adaptations can be achieved through tumour cell
intrinsic and extrinsic mechanisms. Genetic changes in the antigen processing and
presentation machinery, such as mutations in the JAK-STAT signalling, loss of tumour
antigen expression and loss of HLA expression, are common tumour cell intrinsic factors
(Marincola et al., 1999, Sucker et al., 2014, Zaretsky et al., 2016) involved in resistance.
On the other hand, the TME plays an important role as a tumour cell extrinsic factor. The
presence of immunosuppressive cells in the TME, such as MDSCs and TAMs, as well
as other inhibitory immune checkpoints may contribute to inhibition of anti-tumour
immune responses (Sharma et al., 2017). It has also been recently described that CSCs
that resist to immunotherapy can modulate a CTL attack through expression of CD80
(Miao et al., 2019). Therefore, it will be important to understand in the future if the
potential increase of tumour aggression observed in non-responders are tumour

adaptations to the weak anti-tumour immune response.

A key question which remains unanswered is why some mice become responders
after Treg depletion whilst others do not. Previous work performed by former members
of the lab, James Hindley and Emily Colbeck clearly indicated that Tregs are depleted to
the same extent in all treated mice therefore the difference cannot be explained by
differential effects of the DT administration (Hindley et al., 2012, Colbeck et al., 2017b).
It was previously suggested that HEV development in responder tumours, which then
promotes anti-tumour immunity, might only occur after sufficient antigen stimulation
overcomes local immunosuppression (Colbeck et al., 2017b). MCA is highly mutagenic
and can induce thousands of mutations in the cancer cells (Schumacher and Schreiber,
2015, Alspach et al., 2019), generating potential neoantigens for recognition by T cells.
It is possible that responder tumours have high numbers of neoantigens than non-
responder tumours before treated starts. Supporting this hypothesis, a recent study
performed by Joshi and colleagues, in patients with non-small-cell lung cancer, sampled
non-synonymous mutations in several tumour biopsies as well as TCR sequences from
the same site. They found that the number of nonsynonymous mutations in the tumour
correlated with the numbers of TCR sequences selectively expanded in the tumour
thereby suggesting that TCR expansion reflects the mutational landscape of the tumour
(Joshi et al., 2019). By the same mechanisms, differential neoantigen loads in
responders and non-responders could explain the split in response after Treg depletion.
Other components of the stromal compartment may also inhibit immune infiltration and

activation (Turley et al., 2015) e.g. tumour blood endothelial cells, which have been
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shown not only to modulate T cell activation and cytolysis (Mazanet and Hughes, 2002,
Rodig et al., 2003, Huang et al., 2010), but also to induce apoptosis of T cells (Motz et
al., 2014). MDSC are another type of stromal cell that have been shown to interfere with
anti-tumour immunity. These have been shown to inhibit cytotoxic T cell killing of tumour
cells in an IL-10-dependent manner, as well as to induce downregulation of MHC class
| on tumour cells (Montesinos et al., 2013). CAFs are also known to be major regulators
of immune function. These cells are the main producers of TGF-$, a cytokine that can
attenuate cytotoxicity of T cells (Ahmadzadeh and Rosenberg, 2005) and promote
macrophages recruitment (Byrne et al., 2008). CAFs have also been reported to release
cytokines that promote polarisation of Th2 cells (De Monte et al, 2011) and M2
macrophages (Kim et al., 2012), contributing to an immunosuppressive environment. It
may therefore be important to evaluate whether these cell types are differentially
represented in non-responder versus responder tumours and whether their presence or

absence prior to Treg depletion affects generation of an effective T cell response.

These findings open new possibilities to improve current available therapies. It is
now known that a good anti-tumour immune response can create the right conditions to
control tumour progression. By altering the TME, it may be possible to tip the balance in
favour of these conditions, even when the T cell response is not optimal. Therefore, it
may be important to combining immunotherapies with therapies targeting components
of the TME, such as the ECM. One approach that is being explored is the use of CARs
to promote matrix degradation. Caruana and colleagues have tested the use of CAR T
cells engineered to express heparinase, an enzyme that degrades heparan sulphate
proteoglycans which are highly present in the matrix. They have shown that these CAR
T cells have improved capacity to degrade the ECM, promoting TIL infiltration and anti-
tumour activity (Caruana et al., 2015). CARs have also been engineered in other immune
cells for the same purpose. Zhang and collaborators modified macrophages with a CAR
that would trigger CD147 signalling, increasing expression of MMPs by these cells
(Zhang et al., 2019). This approach could be explored in the model studied in this thesis
in order to improve and accelerate the first steps of TME remodelling. This would help to
decrease tumour interstitial pressure, facilitating formation of functional vasculature,

lymphatic and HEVs, improving the infiltration of higher numbers of TILs.

Since TNC is an ECM protein absent from healthy tissues, but whose expression
in solid tumours is frequently associated with poor prognosis, it may prove an ideal target
for conditioning the TME in order to improve anti-tumour immune responses. Through

the use of different experimental models, TNC has been shown to affect several
168



processes which drive tumour progression, such as tumour proliferation (Saupe et al.,
2013), angiogenesis (Tanaka et al., 2004, Rupp et al., 2016), migration (Oskarsson et
al., 2011) and tissue stiffness (Northey et al., 2017). TNC can also affect immune
responses by inhibiting T cells (Puente Navazo et al., 2001, Parekh et al., 2005, Mirzaei
et al., 2018) , and also through driving tumour-promoting inflammation (Midwood et al.,
2009, Zuliani-Alvarez et al., 2017). Through engaging TLR4, TNC can polarize TAMs
towards a pathogenic-immunosuppressive phenotype (Deligne et al., 2020). Promoting
TNC degradation could therefore represent a useful way to reduce tumour
aggressiveness, decreasing invasion as well as promoting a more effective anti-tumour
immune response. Interfering RNAs were used for the first time by Zukiel and colleagues
to inhibit TNC synthesis in glioma patients, resulting in suppression of tumour growth
(Zukiel et al., 2006). This approach combined with immunotherapy might potentiate an

effective anti-tumour immune response.

The specificity of TNC expression in tumour tissue also supports its usefulness as
a means of targeting tumours to deliver therapeutic agents. It was shown that it is
possible to deliver cytokines to the tumour, if these are expressed as fusion proteins with
a single chain variable fragment of TNC antibodies (Brack et al., 2006, Silacci et al.,
2006). Similarly, a more recent study showed that TNC antibody-drug conjugates that
can only be activated in the TME, could be used to deliver chemotherapeutic agents (Dal
Corso et al., 2017). Recently, after identifying a peptide that interacts with TNC (PL3),
Lingasamy and colleagues developed PL3-guided nanoparticles, that after systemic
administration accumulated in tumour xenografts in mice. These nanoparticles were
useful for enabling tumour detection and imaging, as well as serving as tumour-seeking

carriers for proapoptotic payloads to be delivered in the tumour (Lingasamy et al., 2020).

To conclude, the study described in this thesis has presented a body of evidence
indicating that reciprocal interactions between different components of the TME can
support or hinder adaptive immune responses. Several pathways, most notably,
production and degradation of the ECM, have been highlighted as important features of
an immune “receptive” TME. Future challenges include 1. the need to further explore the
molecular mechanisms underpinning the observations described and 2. evaluating the
impact of modulating the TME of primary tumours on invasion and metastasis to
secondary organs. Addressing these challenges should facilitate the design of novel
therapies based on altering the ECM to improve anti-tumour immunity. To address these
challenges, future work will include assessment of the consequences of a weak anti-
tumour immune response in non-responders; analysis of the TCR repertoire in untreated,
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non-responder and responder tumours; evaluation of the role of stromal cells and other
immunosuppressive components in the TME in the response to Treg depletion; and
investigation of new therapeutic avenues to promote ECM degradation and TIL

infiltration.
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Methods

Radiosynthesis of 8Zr Oxalate

8Z7r was produced in house by the #°Y(p,2n) 8Zr reaction via an adaptation of the
methods of Walther and colleagues (Walther et al., 2011). Briefly, a disk of natural
abundance %Y foil (300um thick, Goodfellow) in a costume made aluminium holder was
loaded into a COSTIS Solid Target System (STS) fitted to an IBA Cyclone (18/9)
cyclotron equipped with a 400 um thick niobium beam degrader. The disk was irradiated
for 4 hours with a beam energy of 40 uA. The irradiated disk was left in the cyclotron for
12 hours to allow any short lived ¥"Zr to decay to 2°Zr before removal for purification
(activity 1.5-2 GBq). As described in Walther et al., the disk was dissolved in 2 M HCI
with stirring and heat, and the %Zr was isolated by flowing over a hydroxamate
functionalised ion exchange resin column (prepared in house freshly for each
separation). The column was rinsed with 2M HCI and water to remove Y before 8°Zr
being liberated with 1 M oxalic acid in 3 fractions of 1 mL. The most concentrated fraction
contained 800-1000 MBq.

Antibody Modification with p-SCN-Bn-DFO

Antibody modifications and radiolabelling procedures were carried out via an
adaptation of the methods of Vosjan and colleagues (Vosjan et al., 2010). To a solution
of anti-TNC antibody in 0.1 M NaHCO3 (pH 8.9) was added 10 M equivalents of p-SCN-
Bn-DFO in anhydrous DMSO. The volume of the p-SCN-Bn-DFO solution transferred to
the antibody solution was kept below 10% (v/v). The reaction mixture was incubated at
37°C for 60 minutes with shaking (550rpm) and the excess p-SCN-Bn-DFO was
removed by Sephadex-G50 size exclusion chromatography, eluting with 100 uL fractions
of PBS. After combining the fractions which corresponded to the DFO-modified antibody,
the sample was washed twice with PBS and concentrated using an Amicon Ultra-0.5 mL
centrifugal filter (30 kDa MWT cut-off, Merck Millipore).
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Preparation of 8Zr-labeled TNC antibody

A solution of #Zr in 1 M oxalic acid was adjusted to pH 7 by the addition of 1 M
sodium carbonate. The resulting solution was added to the DFO-anti-TNC solution to
achieve the ratio of 0.1 MBq to 1ug of antibody. The reaction mixture was incubated at
room temperature for 1 hour, and the radiolabelling efficiency was determined by iTLC
using an eluent of 50 mM EDTA (pH 6) and radio-HPLC. The solution was then
centrifuged in a 0.5 mL Amicon 30 MWCO centrifugal concentrator (12,000 rcf, 8
minutes) in order to remove excess salt in solution. Flow-through was discarded and the
concentrated protein fraction was diluted in PBS and centrifuged using the same Amicon
concentrator. This was followed by a wash in PBS and another centrifugation. The
concentrated %Zr-labelled antibody solution was recovered from the concentrator and

diluted to the appropriate injection volume in PBS.

Radio-TLC

Five uL of the reaction mixture was spotted onto a 12 x 1 cm strip of Salicylic acid
impregnated glass fibre ITLC paper (Agilent Technologies), and strips were developed
for 5-10 minutes with 50mM DTPA solution adjusted to pH 7.4. The developed strips

were read with a Canberra iSCAN radio TLC reader, controlled by Laura version 4.14.

Radio-HPLC

Radio-HPLC was carried out using an Agilent 1200 series machine, equipped with
a refractive index detector, a single wavelength UV detector set to 254nm, a Lablogic
Gamma-Ram 4 radiodetector and a Superdex 200 10/300 GL size exclusion column (GE
Healthcare LifeSciences). Phosphate buffer eluent was prepared as described by Vosjan

(Vosjan et al., 2010). Samples were eluted at 0.5 mL/min for 60 minutes at 35°C.

Bioinformatic analyses — Human data

Level 3 (raw counts, htseq.counts.gz) RNAseq data, and sample meta data (GDC
sample sheet and clinical cart files) were download from the TCGA GDC portal
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(https://portal.gdc.cancer.gov/) on 3-October-2019 for twenty-one cancer types
(Supplementary Figure 1). All datasets were normalised as one matrix within the
DESeqg2 Bioconductor package (Love et al., 2014) in R and the DESeg2 normalised

counts were used for all analyses.

Only data from primary tumours was used for analysis. Patient information (GDC
sample sheet - vital status, days to death, days to last follow up) was used for Kaplan
Meier survival analysis (R packages: survminer and survival, https://cran.r-
project.org/package=survminer). Data was censored at days-to-last-follow-up or days-
to-death and log-rank p values calculated between two curves. Medoids clustering was
performed using the ClusterR package (https://cran.r-project.org/package=ClusterR).
Clustering was carried out on expression data, centre and scaled by each gene, using
the Manhattan distance metric to obtain two clusters. RNAseq data from distinct cancers
was not combined to perform clustering, this ensured gene expression levels from

different cancer types were not unfairly compared.

To cluster on cytotoxic T cells alone, a meta gene signature from Marisa et al 2018
(Marisa et al., 2018) was used (CTL genes — CD3G, CD3E, CD3D, PTPRC, CD8A;
cytotoxicity genes — PRF1, GZMH, GNLY, GZMB, GZMK, GZMA) in each cancer type.
Sixteen cancers in which CTL signature was prognostic of survival, based on visual
inspection of survival curves (Supplementary Figure 1), were taken forward for TNC
clustering. CTL high and CTL low clusters were separated, and a second round of
medoids clustering was performed on based expression of TNC resulting in four groups

(diagram shown in Supplementary Figure 4).
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Analysis of RNAseq datasets from primary tumours in TCGA

TNC Gene Expression Significantly Impacts Patient Survival in the

Presence of a CTL Gene Signature

T cell infiltration of tumours (particularly with cytotoxic T lymphocytes (CTL)) (Galon
et al., 2006) and presence of TNC (Gocheva et al., 2017, Mirzaei et al., 2018)
demonstrate opposing correlations with survival in human cancers. However, aside from
the data presented above, evidence of an antagonistic relationship between T cells and
TNC has solely been demonstrated in vitro (Mirzaei et al., 2018). We investigated
whether there was a relationship between CTL gene signatures and TNC gene
expression in the context of survival, specifically searching for trends analogous to those
revealed by our in vivo mouse data. For this purpose, we examined RNAseq datasets
from primary tumours in The Cancer Genome Atlas (TCGA), to determine whether there

was a link between a favourable CTL gene signature and expression of TNC.

We identified 14 cancers where survival correlated with a CTL gene signature
(Marisa et al., 2018) in patients’ primary tumours (6 statistically significant,
Supplementary Figure 1). This was performed using an unbiased medoids clustering
approach where we first clustered the datasets based on expression of CTL genes
(Supplementary Figure 1), followed by expression of TNC within each individual cancer
(Supplementary Figure 2 and Supplementary Figure 3). This approach ensured that we
were comparing expression of CTL genes or TNC within and not across different cancer
types (extra detail in methods). We used this analysis to generate groups of CTL high
and CTL low tumours (Supplementary Figure 4-A) which were then separately clustered
by TNC expression (Supplementary Figure 4-B,C). This analysis revealed that whilst
TNC expression had no impact on survival within CTL low tumours (P = 0.57, Fig. 2C),
low TNC expression was associated with a highly significant increase in survival within
CTL high tumours (P = 0.00025, Fig. 2B). When we reversed the analysis, clustering
TNC high/low first, followed by CTL high/low, the same effect was apparent
(Supplementary Figure 5). These data are similar to those obtained in the mouse model
above in that they clearly indicate that a successful T cell response is associated with
low TNC expression. The key question is whether TNC impinges on CTL activity in
patients and mice resulting in poorer survival/outcome, or whether effective CTL activity

results in loss of TNC.
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Supplementary Figures
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Supplementary Figure 1|Individual data for each cancer corresponding to Supplementary Figure 4-
A.

Cancers were removed (red text with *) if survival did not visually correlate with expression of the CTL gene
signature. Only cancers which were left were included in the analysis shown in Supplementary Figure 4-A.
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CTL High & TNC Clustering
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Supplementary Figure 2|Individual data for each cancer corresponding to Supplementary Figure 4-
B

Each group corresponds the orange CTL-High line in Supplementary Figure 1.
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CTL Low & TNC Clustering
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Supplementary Figure 3|Individual data for each cancer corresponding to Supplementary Figure 4-

Each group corresponds the green CTL-Low line in Supplementary Figure 1.
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Supplementary Figure 4|Low TNC expression correlates with patient survival only in tumours that
have high expression of a cytotoxic gene signature.

A, Kaplan Meier (KM) survival analysis of 14 cancers in which a CTL gene signature was associated with
longer survival (based on survival curves shown in Fig. S 3), patients have been clustered by CTL gene
expression in their primary tumour. Medoids clustering and patient classification was performed within each
cancer separately to ensure that gene expression patterns in tumour types did not skew the analysis to
certain cancer types rather than groups within each cancer. CTL High tumours (orange line) were taken
forward and used to cluster patients in B, by TNC expression. Blue lines represent TNC Low primary tumours
and red represent TNC high. CTL Low tumours (green) were taken forward and clustered patients by TNC
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expression shown in C. Individual plots for each cancer are shown in Fig. Ss 4-6.
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1. Cluster TCGA Primary Tumours by TNC Gene
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Supplementary Figure 5|Reverse Analysis of TCGA data, clustering by TNC followed by a CTL gene
signature.

Analysis is the same as that performed in Supplementary Figure 4, however with reversed order. A, KM
analysis of patients clustered (within each cancer) by relative expression of TNC, followed by clustering of
B, TNC-High and C, TNC-Low primary tumour groups by the expression of a CTL gene signature.
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Supplementary Figure 6|Infection rate assessment by flow cytometry.

MCA1 and MCA2 cells, non-infected (NI) or infected with either a scrambled shRNA or a TNC specific
shRNA (shTnc2475 or shTnc3559), were analysed by flow cytometry in order to assess the successfulness
of the infection. This is translated in the amount of GFP* cells. Cells were first gated on the size of interest
(P1), and those were posteriorly analysed for negativity (P2) or positivity (P3) of GFP (detected on the FITC

channel).
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