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Abstract

During metastasis, many tumour cells move into the blood vessels of the host, where they can
rapidly disperse to multiple sites within the body, distant from the primary tumour. Once these
cells have reached the capillaries of a distant organ that might be suitable for the establishment
of a secondary tumour, they must arrest and extravasate. The site of this arrest is known as
the pre-metastatic niche. As the pre-metastatic niche develops, tumour cells recruit a range of
host cells, including platelets and innate immune cells, which may then support cancer survival,
extravasation and metastasis. The drivers and dynamics of these recruitment events are still
unclear. Here, I have used human and zebrafish cancer cell grafts to develop a larval zebrafish
model of the pre-metastatic niche. Taking advantage of the optical translucency of zebrafish lar-
vae I investigate the roles of platelets, coagulation, and innate immune cells in the pre-metastatic
niche using confocal live imaging.

I find that the presence of activated thrombocytes and fibrin leads to the recruitment of
macrophages and neutrophils to cancer cells within the larval vasculature, and that the presence
of these innate immune cells appears essential for cancer cell extravasation. Further, I discovered
a link between fibrin association with cancer cells and the polarisation state of macrophages.
Loss of fibrin appears to drive a pro-inflammatory, M1-like phenotype which inhibits metastatic
behaviour in grafted cancer cells. My data show the importance of haemostatic pathways in
metastasis and implicate innate immune cell interactions with fibrin and platelets as fundamen-
tal in this process, and so worth of further study as potential targets for clinical interventions in
cases of metastatic cancer.
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Chapter 1

Introduction

1.1 The Innate Immune System

Innate immunity is largely mediated by motile immune cell lineages that are conserved
across all jawed vertebrates and are capable of responding to a range of different stimuli such
as wounds, infection or cancer. These cells, largely neutrophils and macrophages, are able to
rapidly mount a protective response by reacting to general signs of damage or infection, such
as the release of reactive oxygen species (ROS) (Weavers and Martin, 2020). To complement the
innate immune response, cells of the adaptive immune system can develop specific responses
to antigens produced by different pathogens and store this information. Upon re-exposure to
the same antigens, adaptive immune cell populations can expand and quickly and efficiently
neutralise the invader, often before it is able to cause any disease at all (Baumgarth, 2021;

Muruganandah et al., 2018).

1.1.1 Haematopoiesis

Haematopoiesis is the process by which blood cells are formed. In mature mammals, mul-
tipotent haematopoeitic stem cells (HSCs) reside within the bone marrow. These HSCs give
rise to all of the cell types within the blood. To protect this essential niche from DNA damage,
these cells are kept in a reversible quiescent state. Through a process of asymmetric cell division

HSCs will produce myeloid and lymphoid progenitor cells, while maintaining a population of
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stem cells within the niche (Loeffler and Schroeder, 2021). Myeloid and lymphoid progenitors
are post-mitotic cells that are able to differentiate into many different cell types to maintain
the various populations of blood cells within the body. Lymphoid progenitor cells give rise to
the adaptive immune system, differentiating into natural killer cells (NKs), T cells and B cells
(Kondo et al., 1997; Pellin et al., 2019; Velten et al., 2017). Myeloid derived cells include cells of
the innate immune system, such as neutrophils and monocytes, which give rise to dendritic cells

and macrophages (Akashi et al., 2000).

During development there are multiple conserved waves of haematopoiesis. Primitive haemato-
poiesis occurs early in development, before the stem cell niche has been established. This transient
wave of embryonic haematopoiesis originates from the haemato-vascular mesoderm and gives
rise to a range of primitive cell types, including early erythrocytes and a small population of
monocytes (Ivanovs et al., 2017; Kennedy et al., 2007). In humans, primitive haematopoiesis
occurs from 2 weeks post fertilisation until 8 weeks post fertilisation, at which time HSCs begin

to seed the liver as an early haematopoietic niche (Tavian et al., 2001; Migliaccio et al., 1986).

1.1.1.1 Haematopoiesis in Zebrafish

Primitive haematopoiesis is conserved in zebrafish, occurring in 2 waves. As with humans, the
first wave of primitive myeloid and erythroid cells are derived from the haemato-vascular meso-
derm (Detrich et al., 1995). This occurs between 10 and 26 hours post fertilisation (hpf), with
primitive macrophages found over the yolk sac around 17 hpf and the first erythroid cells entering
the circulation at 24-26 hpf (Lieschke et al., 2002). A second wave of primitive haematopoiesis has
been observed where erythromyeloid progenitor cells (EMPs), originating from the ventral wall of
the haemogenic endothelium at 30 hpf, give rise to further erythroid and myeloid cells (Bertrand
et al., 2007). EMP cells appear to give rise to erythroid cells, and to both macrophages and
neutrophils (Bertrand et al., 2007). By 72 hpf, these transient EMPs can no longer be detected

(Bertrand et al., 2007).
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Definitive haematopoiesis in zebrafish, as in mammals, begins with a transient haematopoi-
etic niche populated with HSCs (Kissa et al., 2008; Murayama et al., 2006). This is the liver in
mammals and the caudal haematopoeitic tissue (CHT) in zebrafish (Kissa et al., 2008; Murayama
et al., 2006). These cells then migrate into a final niche where they persist until the end of
development and through adulthood (Langenau et al., 2004; Bertrand et al., 2008). In zebrafish,
the kidney is the equivalent of the bone marrow niche of mammals and gives rise to all further
immune cells (Amatruda and Zon, 1999). The adaptive immunity of zebrafish is active from about
3 weeks post fertilisation, although T cells may be found within the thymus from about 4days

post fertilisation (dpf) (Hess and Boehm, 2012).

1.1.2 Neutrophils

Neutrophils are a highly abundant innate immune cell with important roles in infection,
wound healing and cancer. The large number of neutrophils is maintained by a high rate of
turnover, with around 10! cells turned over each day (Dancey et al., 1976). These cells originate
in the bone marrow of mammals and circulate within the blood vessels before extravasating to
allow the tissues to be populated with neutrophils. Neutrophils are able to rapidly respond to
signals of damage or infection and are the first immune cells to arrive at the site of inflammation

(De Oliveira et al., 2016).

During an infection, neutrophils are able to contribute to the clearing of pathogens through
phagocytosis, granule release and by use of neutrophil Extracellular Traps (NETs). Phagocytosis
occurs when a neutrophil encounters a microorganism, recognises it using surface receptors
and draws it intracellularly into a vacuole. Reduction of pH and release of digestive enzymes
from granules into the phagocytic vacuole allow the neutrophil to eliminate its pathogenic cargo
(Liew and Kubes, 2019). NETs are made up from the chromatin structures of neutrophil nuclei,
forming a sticky network that can physically trap pathogens. This is especially important in the
context of larger pathogens that are unable to be phagocytosed, NETSs restrict the movement of

the pathogen and bring it into close contact with antimicrobial produced by neutrophils (Mutua
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and Gershwin, 2020). The process of NETosis is tightly regulated as it results in the death of

neutrophils and NETs can cause thrombosis (Mutua and Gershwin, 2020).

Neutrophils also play important roles in wound healing, in part through their capacity to ster-
ilise a wound after the breach of the barrier layer and invasion by opportunistic pathogens, but
also as mediators of other immune cells. Neutrophils can release both pro- and anti-inflammatory
molecules that may alter the response of macrophages and adaptive immune cells. When neu-
trophils are no longer required at the site of insult, they may apoptose. Macrophages in the
region that phagocytose apoptotic neutrophils are pushed towards a less inflammatory phenotype,

driving resolution of the wound (Voll et al., 1997; Marwick et al., 2018).

1.1.3 Macrophages

Macrophages are large, monocyte-derived cells present in much smaller numbers than neu-
trophils in most healthy adults. Macrophages have a diverse set of roles, ranging from protection
from invading pathogens to orchestrating aspects of wound healing, to driving the proliferation
of some blood cells (Kim and Nair, 2019; Pidwill et al., 2021; Li et al., 2021). For simplicity,
macrophage phenotypes can been divided into two major categories; M1 classically activated,
pro-inflammatory cells; and M2 alternatively activated, anti-inflammatory cells (Boutilier et al.,
2021). A dynamic balance of these behaviours is necessary for normal immune responses and an

over-abundance of either phenotype can lead to disease.

M1 macrophages are thought of as pro-inflammatory, expressing classic markers of inflamm-
ation such as TNFa and IL-16 (Zhao et al., 2021). In this state, they may release inflammatory
cytokines and ROS to help clear pathogens or destroy tumours (Cassetta and Kitamura, 2018;
Beatty et al., 2011). They also act as the main phagocytic cells of the body; engulfing cell debris,
micro-organisms or entire apoptotic or necrotic cells to prevent further damage during an inflam-
matory event (Hirayama et al., 2017). Overrecruitment and overstimulation of M1 macrophages

can potentially lead to chronic inflammation and auto-immune disorders (Funes et al., 2018).
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M2 macrophages play an anti-inflammatory role, tending to release factors that support tis-
sues in the later stages of wound healing to allow proper re-epithelialisation (Gordon, 2003; Kim
et al., 2019b). An inappropriate increase in M2 macrophages can prevent the effective clearance
of infection or lead to macrophages supporting the growth of a tumour instead of recognising and
attacking cancer cells (Tamura et al., 2018). Indeed, reprogramming macrophages to remain in
a pro-inflammatory state may be a therapeutic strategy for killing cancer (Lépez-Cuevas et al.,

2022).

Further, plasticity of phenotype within macrophage populations appears important for proper
control of wound healing. At early timepoints after an injury, an increase of tumour necrosis factor
alpha (¢nfa)-positive macrophages within the region is important for proper neoangiogenesis
and vessel sprouting (Gurevich et al., 2018). However, if this population of pro-inflammatory
macrophages persists then these nascent vessels are more leaky (Gurevich et al., 2018). Thus,

precise timing of these phenotype switching events is essential for macrophage function.

Neutrophil-macrophage interplay is important in driving the development of an inflammatory
event. Neutrophils are thought to respond to insult first, arriving quickly and using a wide
range of factors to shape the landscape of the tissue, including releasing cytokines that attract
macrophages (De Oliveira et al., 2016). The classical view of neutrophil behaviour is that once
they have performed their functions within a wound site they will apoptose and be cleared by
incoming macrophages however, neutrophils have also been observed migrating back to the

vessels which appears to be mediated by macrophage arrival and signalling (Mathias et al., 2006).
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1.2 Haemostasis and Platelets

Haemostasis is defined by the formation of a temporary clot that prevents bleeding from
damaged blood vessels and protects tissues that might otherwise be exposed to the outside world .
There are two main activation steps involved in haemostasis: primary haemostasis, the formation
of a platelet plug; and secondary haemostasis, the coagulation cascade and formation of the fibrin

clot (Gale, 2011).

1.2.1 The Platelet Plug

Platelets are the main haemostatic cell of the body. In the context of damage, there is a host
of different stimuli that may cause the activation of platelets through their surface receptors,
allowing them to respond in a variety of different damage scenarios (Figure 1.1). These stimuli
can be split into two major pathways of activation, G-protein coupled receptors (GPCRs) and

glycoproteins (Yun et al., 2016).

When blood vessels become damaged, the extracellular matrix (ECM) that supports the
endothelial layer may be exposed to the blood. Platelet glycoproteins, especially GPVI, mediate
binding to this ECM driving their activation through immunoreceptor tyrosine-based activation
motif (ITAM) receptors (Perrella et al., 2021). Further, as the thrombus develops, shear force may
increase in the region due to narrowing of the lumen space. This shear force may drive platelet
activation through GPIb interactions with von Willebrand Factor (vWF), a very large multimeric

protein released by platelets and endothelial cells upon damage (Goto et al., 1998).

Soluble factors are essential for driving platelet responses through GPCR signalling. P2Y
purinergic receptors, such as P2Y; and P2Y9, respond to nucleotides that may be released by
immune cells, endothelial cells or other platelets (Gachet and Hechler, 2020). protease-activated
receptor (PAR)1 and 4 are highly expressed GPCRs, activated by thrombin-mediated cleavage,

allowing further linking of the coagulation cascade with platelet activation (Downes et al., 2022;
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Jaberi et al., 2019). Thromboxane Ag (TxAg) is a member of the prostanoid lipid family, which also
includes prostaglandins, released by a variety of cell lineages (Calde, 2020). Platelet production
of TxA, is mediated by the aspirin responsive cyclooxygenase-1 (COX-1) enzyme (Mitchell et al.,

2019; Lucotti et al., 2019).

Inactive platelets are small, cellular fragments with a discoid shape maintained by a marginal
band of microtubules (Cuenca-Zamora et al., 2019). Upon activation, there is a rapid reorgani-
sation of the cytoskeleton. First, platelets transition to a spherical shape, allowing easy access
of granule contents to the plasma membrane (Seifert et al., 2017). Next, an irregular shape
is generated by formation of dynamic, actin-based membrane extensions (Seifert et al., 2017).
This extended shape aids in binding to key molecules in the formation of the plug. Once bound,
platelets are able to generate contractile force, dramatically reducing the volume of a clot and cre-
ating a more stable structure (Sun et al., 2021). Platelet aggregation is mediated by cross-linking
interactions between integrins on the surface of activated platelets and extracellular proteins,

such as vVWF and fibrinogen (McManama et al., 1986; Gralnick et al., 1985).
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FIGURE 1.1. Platelet Activation Schematic representation of platelet activation.
Surface receptors on platelets detect a range of signals for activation. Activated
platelets undergo a dramatic shape change, release granule contents to signal to
immune cells and propagate platelet activation. Damaged endothelial cells expose
extracellular matrix and release von Williebrand factor allowing cross-linking of
platelets and formation of the platelet plug.

1.2.2 The Coagulation Cascade

The coagulation cascade leads to the formation of fibrin from fibrinogen. Fibrin crosslinking
causes the formation of a stiff gel that forms the bulk of a clot (Du et al., 2022). The coagulation
cascade is made up of a series of clotting factors, found within blood plasma, ordinarily held
in an inactive state by antithrombotic molecules expressed by endothelial cells (Neubauer and
Zieger, 2022). The multi-stage cascade allows propagation, so that each factor may produce more

of the next factor and allow the exponential increase of thrombin that is required for adequate
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conversion of fibrinogen to fibrin (Macfarlane, 1964).

There are 3 classical pathways within the cascade: the extrinsic pathway, the intrinsic path-
way, and the common pathway. The common pathway is the endpoint of the coagulation cascade,
resulting in the conversion of fibrinogen (FI) to fibrin (FIa) by thrombin (FIIa) (Mackman et al.,
2007). Thrombin is generated from prothrombin (FII) by FXa, which is activated by distinct forms
of the tenase complex, resulting from either the extrinsic or the intrinsic pathway (Mackman

et al., 2007).

The extrinsic pathway is initiated when circulating FVII is exposed to tissue factor (FIII),
either released by damaged endothelial cells or exposed in stromal cells when the vessel is
damaged. FVIIa and tissue factor form the extrinsic tenase complex and activate FX (Grover and
Mackman, 2019). The intrinsic pathway begins with exposure of FXII to endothelial or stromal
collagen, activating it (Grover and Mackman, 2019). From here, FXI is activated, which in turn
activates FIX (Macfarlane, 1964; Davie and Ratnoff, 1964). FVIIIa, itself activated by thrombin,
and FIXa form the intrinsic tenase complex (Grover and Mackman, 2019). As FV, FVIII and
FXIT are all activated by thrombin generated in the extrinsic pathway, the classical two-armed
coagulation pathway has begun to be considered as a single, integrated pathway (O’Donnell et al.,
2019).

1.2.3 Platelets as Inflammatory Cells

While platelets are most commonly associated with haemostasis, they also play important
roles in inflammation. As previously mentioned, platelet granules contain cytokines, which recruit
immune cells to the site of an injury (Ziegler et al., 2019). Platelet surface receptors, including
P-selectin, also allow platelets and immune cells to interact (Evangelista et al., 1999). Platelet-
neutrophil complexes form through P-selectin-PSGL1 interactions, recruiting neutrophils to
sites of damage (Sreeramkumar et al., 2014). Subsequent release of the damage signal, HMGB1
from platelets can stimulate neutrophil NETosis, which, in turn, may further activate platelets

(Maugeri et al., 2014).
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Platelet activation has been recognised as an important pathological feature of severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) infection, with coronavirus disease 2019
(COVID-19) patients frequently exhibiting hyperinflammatory and hypercoagulable pathologies
(Pavoni et al., 2020). Complexes between platelets and immune cells were seen more frequently
in COVID-19 patients (Kanth Manne et al., 2020), and platelets from COVID-19 patients were
seen to activate pathways associated with thromboinflammation in endothelial cells (Barrett

et al., 2021).

Activated platelets have also been seen to induce anti-inflammatory phenotypes in innate im-
mune cells. Platelet prostaglandin E9 and CD40L may drive IL-10 expression and inhibit TNFa
production in macrophages, leading to an M2-like phenotype (Linke et al., 2017; Gudbrandsdottir
et al., 2013).

1.2.4 Zebrafish Thrombocytes and Haemostasis

Unlike mammals, zebrafish haemostasis is not characterised by anucleate, megakaryocyte-
derived platelets. Instead, nucleated cells called thrombocytes are responsible for haemostatic
plug formation and expression of the coagulation cascade (Jagadeeswaran et al., 1999). These
thrombocytes are much larger than mammalian platelets, to accommodate their nucleus, and are

derived directly from haematopoietic stem cells.

Extensive characterisation studies have been performed on zebrafish thrombocytes, revealing
strong similarities with platelets in terms of functionality and expression patterns. Electron mi-
croscopy of zebrafish thrombocytes has, importantly, shown the presence of the open canalicular
system (Jagadeeswaran et al., 1999). This system of channels through the membrane of platelets
is thought to be important for the expansive shape changes that occur during activation, and for

release of granule contents (Selvadurai and Hamilton, 2018; Behnke, 1967).

As a highly complex and essential process, coagulation has remained virtually unchanged
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since the evolution of bony fish. The coagulation cascade in zebrafish has been shown to be highly
conserved, with few apparent duplication events affecting the cascade (Hanumanthaiah et al.,
2002). FIX, however, has 3 orthologues. Recently, the functions of these has been revealed, with
f9a acting as the paralogue of FIX, while fix/ appears to have activity more similar to human FX

(Iyer et al., 2021).

Intrinsic Pathway Extrinsic Pathway
Collagen
FXII —» FXlla
FXI —» FXla
i Tissue Factor
FIX —» FIXa FVlla <€— FVII
foa, fob, fol 7i
FX
FVllla
Y
FXa
FV

Y
Thrombin €<——— Prothrombin
F
Fibrin €«——— Fibrinogen

FIGURE 1.2. Human and Zebrafish Coagulation Cascade The extrinsic pathway
initiates coagulation by exposure to tissue factor, generating a small amount
of thrombin from prothrombin. This thrombin activity is sufficient to drive the
Intrinsic pathway. Both pathways lead to formation of an active tenase complex
with FX, which goes on to activate thrombin for the conversion of fibrinogen to
fibrin. Zebrafish genes with known paralogues are highlighted in red.

Zebrafish respond to common antiplatelet drugs such as aspirin (Jagadeeswaran et al., 1999;

Hortle et al., 2019). Coumadin derivatives, such as warfarin, have been shown to be effective at
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preventing coagulation (Hanumanthaiah et al., 2001), as have heparins (Jagadeeswaran and
Sheehan, 1999). Human fibrinogen has also been injected into zebrafish larave and shown to be

converted into fibrin that participates in zebrafish coagulation (Liu et al., 2014).

Early studies of zebrafish thrombocytes used DiI(C18) injections, which preferentially labels
thrombocytes within the vasculature. These studies indicated two populations of thrombocytes:
immature thrombocytes were not labelled with Dil at low concentrations, while mature throm-
bocytes were. Later, a fluorescent reporter line driven under integrin alpha 2b (itga2b) was
generated, which also showed two populations, brighter and dimmer cells (Lin et al., 2005). Re-
cently, these two populations have been characterised by comparative transcriptomics, revealing
changes that occur during thrombocyte maturation. Additionally, this transcriptomic data has

allowed comparisons with human megakaryoctyes and platelets (Fallatah et al., 2022).

1.3 Cancer

Cancer is a disease of dysregulation. Cells acquire mutations within pathways that drive
uncontrolled proliferation, leading to the acquisition of new mutations that further disrupt
normal cellular behaviour (MacCarthy-Morrogh and Martin, 2020). Through selection pressures
exerted by the surrounding environments, tumours trend towards increased proliferation and
invasion. As the primary tumour grows, it must invade into the surrounding tissues to overcome
the physical limits of its growth. Increased invasiveness generally comes with a shift towards
more mesenchymal properties known as epithelial-mesenchymal transition (EMT) (Nieto et al.,
2016). Eventually, some tumour cells break away from the primary tumour and use nearby
blood and lymph vessels to travel to distant sites in a process known as metastasis (Bergers and
Fendt, 2021). Here, they will undergo a mesenchymal-epithelial transition (MET) and establish a
secondary tumour. Metastasis is responsible for more than 90% of all deaths attributed to cancer

(Ribatti et al., 2020).
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1.3.1 The Primary Tumour Microenvironment
1.3.1.1 Cancer Stem Cells

Tumour growth practically necessitates a developing and varied tumour microenviron-
ment (TME) (Papanicolaou et al., 2022). As previously mentioned, newly acquired mutations lead
to heterogeneity between cancer cells. These differences can lead to the development of multiple
roles for cancer cells within a tumour. Some cells may be more pluripotent and take on the
function of cancer stem cells (CSCs) (Al-Hajj et al., 2003). Early studies of CSCs indicated that
only a small subpopulation of cells within a tumour could cause disease upon transplantation
into a new mouse (Al-Hajj et al., 2003). This suggested that certain cells could be responsible
for proliferation of the tumour, while others could be performing different roles, just like the
difference between stem cells and differentiated cells within a healthy epithelium. More recently,
lineage tracing in tumours has bolstered the evidence for these CSC behaviours, showing that
expansion of a tumour comes from clones of stem-like cells (Maruno et al., 2021; Jia et al., 2022).
Interestingly, cancer stem cells appear to show fewer neoantigens than other cancer cells within
the tumour, allowing immune evasion and persistence of the niche within a tumour (Watanabe

et al., 2022).

The identification of CSCs has also allowed markers of cancer stem-ness to be identified,
allowing these cells to be specifically targeted (Watanabe et al., 2022). In murine tumours, de-
pletion of CSCs often leads to a shrinkage of the tumour suggesting that CSCs may be a viable
clinical target for anti-cancer therapies (Zhu et al., 2014). If removal of just the CSCs is sufficient
to halt cancer progression, then removal of every mutant cell within a patient is not necessary
for a cure; targeting CSCs more specifically could lead to improved outcomes in certain cases of

cancer (Zhu et al., 2014).

Other cells within the tumour may be more adapted for invasion, allowing the tumour to

extend beyond its boundaries or burrow through the basement membrane. This class of cell is

one component of the microenvironment of a tumour and will change the signals that cells within
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the tumour experience, influencing their behaviour.

1.3.1.2 Cancer-Associated Fibroblasts

Besides the influence of populations of cancer cells within the tumour itself, there are several
host lineages that surround and support a tumour. Fibroblasts are cells that are situated close
to an epithelial layer and are responsible for depositing ECM to provide structure and support
for those cells. In recent years, it has been shown that fibroblasts are hijacked by tumours to
become cancer-associated fibroblasts (CAF's) through signals including inflammatory cytokines
and changes in ECM in the region (Sahai et al., 2020b). As CAFs, they can support the tumour
metabolically through exchange of different amino acids and lactate (Bertero et al., 2019). Cancer
cells frequently have a dysregulated metabolism, often relying on glycolysis for energy production
in a process known as the Warburgh effect (Fu et al., 2017), and metabolite transfer with CAFs
can help them to overcome some of the costs associated with these metabolic changes (Fu et al.,

2017).

As fibroblasts are responsible for deposition of ECM in a healthy tissue, it is no surprise that
CAFs can remodel ECM to benefit a tumour (Papanicolaou et al., 2022). Matrix composition and
stiffness can alter the TME by changing immune infiltration, angiogenesis, and migration of
cancer cells (Sahai et al., 2020a). Pancreatic cancer often leads to tumours with unusually high
matrix stiffness, driven in part by CAFs in the stroma (Olive et al., 2009), which can reduce
tumour infiltration by anti-tumour CD8+ T cells (Kuczek et al., 2019). The high matrix stiffness
also increases mechanical forces acting on the tumour as it generates tension, these forces can
stimulate mechanosignalling in tumour cells which have been associated with increased markers
for stem-ness and EMT in tumours (Laklai et al., 2016). Furthermore, the unusual matrix compo-
sition of these tumours can reduce or change angiogenesis, resulting in poor perfusion within
the tumour and preventing adequate drug delivery during chemotherapy (Annese et al., 2019;

Provenzano et al., 2012).
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CAFs are also known to secrete signalling factors that alter the tumour microenvironment.
They may release VEGF! (VEGF!), leading to an increase of angiogenesis; and inflammatory
cytokines such as IL-6 and transforming growth factor beta (TGF), which can promote anti-
inflammatory phenotypes in immune cells within the tumour (Philippeos et al., 2018; Koch et al.,

2020).

1.3.1.3 Tumour Angiogenesis

As a tumour grows beyond 1-2 mm in size, it will require new vasculature to supply the
abnormally large outgrowth of cells with oxygen and nutrients (Folkman, 1971; Lechertier et al.,
2020). Cancer and host cells will detect the anoxic environment caused by increased metabolic
load of the tissue and begin producing VEGF!, driving angiogenesis (Claffey et al., 1996). New
vessels will sprout from existing vessels into the region of the tumour. Tumour vessels are known
to be leakier that vessels in other tissues, meaning that cells inside the vessel have increased
access to the tumour (Sweeney et al., 2019). This will lead to the microenvironment being more

influenced by blood cells.

As an essential part of tumours expanding beyond a relatively small size, tumour angiogen-
esis has been targeted for anti-cancer therapies. Anti-VEGF! antibodies prevent cancer from
signalling to endothelial cells to drive their growth and extension into the tumour microenvir-
onment (Li et al., 2018). This treatment approach can slow tumour growth by limiting oxygen
and nutrient delivery. However, it has been seen that this loss of angiogenesis increases necrosis
within the core of a tumour, which can then lead to increased inflammation as immune cells re-

spond to the necrosis, and potentially more aggressive invasion and metastasis (Wang et al., 2017).

Occasionally there are shortcomings in angiogenesis, potentially due to clinical treatment or
other failures of the tumour. When this happens tumour cells themselves may undergo a process
called vasculogenic mimicry (Maniotis et al., 1999; Silvestri et al., 2020). A subset of cancer cells

within the tumour may overexpress VEGFR or VE-cadherin, allowing them to respond to the
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need for more nutrient supply and form blood vessel-like structures (Hendrix et al., 2001; Xu
et al., 2019). These structures can then invade and integrate into the existing, endothelial-derived
vasculature and supply oxygen and nutrients to the tumour, as normal vessels would (Silvestri
et al., 2020). The presence of vasculogenic mimicry within a tumour generally indicates a poor

prognosis for patients (Cao et al., 2013).

1.3.1.4 Immune Landscape of the Primary Tumour

Inflammatory signals, such as TGFf and IL-6, released by CAFs and tumour cells recruit
immune cells to the tumour. Immune infiltration can dramatically change the prognosis of a
cancer, depending on the immune makeup of the niche (Mei et al., 2014; Denkert et al., 2018).
CD8+ T cells can recognise and kill cancer cells (Raskov et al., 2021). CD8+ T cells are adapted to
recognise cells carrying antigens and lyse those cells, these antigens can originate from a viral or
bacterial infection and will bind to major histocompatability complex (MHC) class I molecules
before being transported to the plasma membrane to be presented. CD8+ T cells form a synapse
with these cells, with a complex forming between the MHC, T cell receptor and CD8 (Mayya
et al., 2019). This synapse brings the T cell close to the target cell so that it can use lytic granules
to cause the death of the cell. The accumulation of mutations in cancer can lead to cancer cells
expressing antigenic proteins, which may activate these cytotoxic T cells (Schumacher et al.,

2019).

Cancer cells can subvert these killer T cells, leading to reduced cytotoxic activity and pro-
tecting the tumour (Lawson et al., 2020). One well studied method of immune evasion is the
overexpression of programmed death ligand 1 (PD-L1). PD-L1 is the ligand for programmed cell
death protein 1 (PD-1), which is expressed by T cells and B cells. Upon PD-1 signal activation,
CD8+ T cells are driven towards apoptosis. This immune checkpoint is intended to prevent
auto-immune diseases by essentially signalling to immune cells that another cell is "self". Cancer
cells can overexpress PD-L1, overwhelming CD8+ T cells that may recognise cancer antigens

and otherwise Kkill them (Diskin et al., 2020; Ambler et al., 2020). In recent years, antibodies
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targeting PD-1 have entered the clinic as a cancer therapy. By blocking the receptor for PD-L1,
cancer cells are less able to tailor the immune response to their benefit and are more likely to be

killed by CD8+ T cells.

Other adaptive immune cells that may be found within the tumour microenvironment include
CD4+ T cells. These can perform drastically different roles as T-helper cells, which facilitate the
killing of tumour cells by activating T killer cells; or as regulatory T cells (Tregs), which suppress
inflammation and are often associated with a poor prognosis in patients. CD4+ T-helper cells may
be activated by antigen presenting cells or tumour cells directly, having been shown to recognise
neoepitopes produced by cancer cells (Linnemann et al., 2015). T-helper cell activation appears to
be important for an effective and sustained immune responses from Kkiller T cells, with cancer
vaccines that target both CD4+ and CD8+ T cells having a marked benefit over those that only
target CD8+ T cells (Bijker et al., 2007). This CD8+ activation by helper cells is mediated by
release of IL-2 and IL-21 (Zander et al., 2019). T-helper cells can also have direct anti-tumour
activity, releasing interferon-y and other signalling molecules which can promote the death of

cancer cells.

Tregs are a subset of Foxp3-expressing CD4+ T cells that are strongly anti-inflammatory
(Sakaguchi et al., 2020). In recent years, Tregs have drawn focus in cancer research as a target
for therapeutic intervention. Inhibition of Treg formation in animal models appears to have an
anti-tumoural effect, allowing killer T cells to perform their proper functions in killing cancer
cells (Shimizu et al., 1999; Maeda et al., 2019). T regs have been shown to drive M2 phenotypes
in macrophages, further exacerbating the anti-inflammatory effect within the tumour microenvir-

onment (Hu et al., 2020).

Macrophages are often the most abundant immune cell within a tumour and have a range
of activities that may influence the tumour microenvironment, including release of cytokines
and growth factors, and matrix remodelling. Studies of patient tumours have frequently linked

increased macrophage infiltration of a tumour with poor prognosis (Wang et al., 2019), and
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blocking the recruitment of macrophages to the site of a tumour has been shown to reduce tumour

growth (Lin et al., 2001).

As previously discussed, macrophages can have different behaviours depending on their
polarisation (Section 1.1.3). M2 macrophages within the tumour microenvironment have been
found to dampen the activity of CD8+ Kkiller T cells (Peranzoni et al., 2018), and may also drive
the differentiation of CD4+ T cells into Tregs, creating a positive feedback loop as Tregs also

drive macrophages towards M2 phenotypes (Sun et al., 2017).

Macrophages are essential for proper angiogenesis through their secretion of VEGF and
direct contacts with sprouting vessels (Salvesen and Akslen, 1999; Gurevich et al., 2018). Loss
of macrophages within the tumour niche is associated with a reduction in neoangiogenesis and,
subsequently, reduced tumour growth and progression (Lin et al., 2007). Further, direct contacts
between cancer stem cells and macrophages, mediated by Eph-Ephrin interactions, activate
NF-xB in cancer stem cells and may help to maintain a stem-like niche within the tumour (Lu

et al., 2014).

Conversely, M1 macrophages can perform anti-tumoural roles directly by release of cyto-
toxic ROS to kill tumour cells or by phagocytosis. Additionally, they can function indirectly by
stimulation of lymphocytes to perform their own cytotoxic roles, through release of cytokines or

presentation of antigens (Yin et al., 2021; Tang-Huau et al., 2018).

Similarly, neutrophils have multiple roles in the primary tumour, with N1 neutrophils having
anti-tumour activity and N2 neutrophils having pro-tumour activity. High neutrophil to lympho-
cyte ratio within the circulation of patients is correlated with poor prognosis in the clinic (Shaul
and Fridlender, 2019), and mice with carcinomas have increased N2 neutrophils, promoting an

immunosuppressive state and pro-tumoural activity (Alshetaiwi et al., 2020; Casbon et al., 2015).
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FIGURE 1.3. Primary Tumour Microenvironment

Cancer stem cells replenish the tumour by asymmetric divisions. Cancer associated
fibroblasts (CAF's) alter the matrix composition. Angiogenesis provides nutrients
to the tumour and gives access to the blood for cancer cells. Innate immune cells
are recruited to the tumour by a variety of signals including ROS and cytokines.
Within the TME, innate immune cells can provide growth factors to tumour cells
and act as anti-inflammatory mediators to prevent immune attack of cancer cells.
Adaptive immune cells may kill tumour cells. PD-L1 signalling dampens cytotoxic
activity of T-cells. Tregs act as highly anti-inflammatory cells.
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1.3.2 Invasion and Metastasis

Tumour progression in malignant tumours generally results in invasion of cancer cells beyond
the basement membrane, entry of cancer cells into the blood vessels, arrest at distant sites and
eventual formation of secondary tumours. Tumour cell migration into the tissues surrounding a
tumour may be classically mesenchymal, with individual cell movement and invasion; or as only
partially mesenchymal, recapitulating the collective migration of development and potentially

allowing cells of differing roles to work together to seed a single tissue (Campbell et al., 2019).

Macrophages mediate cancer cell migration towards blood vessels by improving their ability
to bind ECM and migrate. At the endothelium, macrophages have been seen to interact with
cancer cells and endothelial cells (Sharma et al., 2021). These interactions are associated with

poor prognosis in patient biopsies (Entenberg et al., 2020).

1.3.3 The Pre-Metastatic Niche

The pre-metastatic niche (PMN) is a microenvironment formed close to the site where a
secondary tumour will be formed, before this metastatic event has fully occurred and reflects the
"soil" of the "seed and soil" theory (Paget, 1889). In the early stages of PMN formation, cancer
cells from the primary tumour release extracellular vesicles into the vessels which begin to
signal to cells in secondary sites (Chen et al., 2022). These signals prime the tissues of distant
organs, so that arriving cancer cells are better able to survive and form metastases. As the
niche develops, circulating tumour cells (CTCs) will arrest within the site and further manip-
ulate the microenvironment with surface signalling factors. Mirroring the microenvironment

of a primary tumour, many host cell types may be recruited and taken advantage of by cancer cells.

1.3.3.1 Platelet Activation, Coagulation and Metastasis

Cancer cells target platelets in the region in a number of ways. They may release extracellular

vesicles containing ADP or tissue factor, which activate platelets (Hisada and Mackman, 2021).
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Once activated, these platelets form microclots in the PMN and degranulate, signalling to other
cell types. The formation of microclots slows the rate of blood flow in the vessels of the PMN,
giving cancer cells a mechanical advantage in rolling on the endothelium and arresting at the
niche (Anvari et al., 2021). As cancer cells may express surface tissue factor, platelets may be
activated and stick to the surface of cancer cells. This platelet coating may protect cancer cells
from shear forces as they flow through the blood vessels, that can otherwise cause the lysis of
cancer cells that don’t have the same adaptations to the stressful environment as blood cells
(Egan et al., 2014). Increased binding of platelets to cancer cells also increases the shear stress
experienced by the walls of the vessel the cancer cell passes through. This wall shear stress
is essential for the initiation of adhesion, meaning cancer cells with bound platelets are more
likely to arrest and adhere to vessel walls, which precedes the process of extravasation into the

surrounding tissues (Anvari et al., 2021).

Platelet coating of cancer cells also plays a role in immune evasion, with natural killer cells
appearing less likely to recognise and lyse cancer cells with platelets on their surface (Strilic and
Offermanns, 2017). Surface bound platelets stimulate the expression of PD-L1 by cancer cells,

further mediating immune escape (Asgari et al., 2021).

Platelets and clotting have been shown to be important within the PMN for the recruitment
of innate immune cells to cancer cells (Labelle et al., 2014; Gil-Bernabé et al., 2012). Gil-Bernabe
et al. found that a larger volume of clots found within the PMN was associated with better cancer
cell survival and formation of metastases in a murine xenograft model (Gil-Bernabé et al., 2012).
Additionally, it was shown that blocking clotting led to a reduction in the number of macrophages
being recruited to cancer cells and that knocking down total macrophages within the mouse
led to a similar reduction of cancer cell survival (Gil-Bernabé et al., 2012). Taken together, this
suggested that expression of tissue factor (TF) allows cancer cells to induce coagulation, which
is essential for the recruitment of macrophages to the PMN and, ultimately, for metastasis

(Gil-Bernabé et al., 2012).
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Similarly, Labelle et al. (2014) depleted platelets within xenografted mice and showed a
marked decrease in innate immune cell recruitment to the site of arrest of these cancer cells.
Blocking communication between platelets and neutrophils also led to a loss of innate immune
cell recruitment to the niche and, subsequently, to reduction of metastasis. From this, they
asserted that platelets within the early PMN signal to recruit neutrophils which then act pro-

metastatically to support tumour cells (Labelle et al., 2014).

1.3.3.2 Metastasis Associated Innate Immune Cells

As with other stages of cancer progression, macrophages in the pre-metastatic niche have
been seen to exhibit a range of behaviours that may nurture cancer cells and aid their metastasis.
Tumours may signal through extracellular vesicles to macrophages, upregulating PD-L1 and
driving macrophage metabolism towards the glycolytic pathway (Morrissey et al., 2021). In-
creased glycolytic metabolism results in NF-xB pathway activation which then further increases
PD-L1 expression, further dampening the immune response to cancer (Morrissey et al., 2021).
Additionally, macrophage-derived TGFf may shape the pre-metastatic niche by driving T cells
towards less cytotoxic phenotypes, reducing mature dendritic cells, and reducing the number of

activated natural killer cells within the niche (Sharma et al., 2015; Brownlie et al., 2021).

Macrophages are important for remodelling of both the ECM and the vessels of the pre-
metastatic niche. Several in vitro models have suggested Macrophages appear to facilitate cancer
cell extravasation by weakening endothelial tight junctions and producing pathways through the

stromal ECM that enhance cancer cell migration (Kim et al., 2019a).

Neutrophils have also been linked to the promotion of metastasis. They have been found to
be abundant within the pre-metastatic niche and genetically induced neutropenia, or inhibition
of neutrophil leukotriene production, was seen to reduce the formation of metastases in mice
(Wculek and Malanchi, 2015). Neutrophils are also able to dampen the immune response of CD8+

T cells. This has been linked the production of nitrous oxide, which may reduce proliferation of
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naive CD8+ T cells, and prevent T cell activation (Coffelt et al., 2015). Interestingly, neutrophils
also appear to have roles in re-activating dormant cancer cells, which have become senescent
after dissemination. This activating function is driven by the breakdown of ECM components
after NET formation, leading to the release of integrin-activating epitopes that stimulate cancer

cells to re-awaken (Albrengues et al., 2018).

1.4 Modelling Disease in Zebrafish

Zebrafish have become increasingly popular as a model organism in recent years owing,
in part, to their genetic tractability, high fecundity and small size, while retaining homologous
genes to 84% of all known human disease-causing genes (Patton et al., 2021). Additionally, larval
zebrafish develop externally and are optically translucent, which enables high resolution live
imaging to be performed on a vertebrate model. This has led to their use in studies of development,
infection, wound healing and other human diseases (Dooley and Zon, 2000). The development of
the casper mutant, lacking most pigment, means that live imaging is not restricted only to the

larvae (White et al., 2008).

1.4.1 Innate Immunity in Zebrafish Larvae

As described in (Section 1.1.1), zebrafish and humans share a highly conserved immune
system. However, in larval zebrafish, the adaptive immune system is not fully developed. Small
numbers of T-cell receptor (TCR) positive cells may be seen in the thymus as early as 3 dpf, but
adaptive immunity is not thought to be fully matured until they are 3-4 weeks old (Hess and
Boehm, 2012). This allows the study of the actions of innate immune cells in the absence of
immune cells such as T cells and B cells, thus reducing the complexity of the model. This can be
highly desirable; in fact, mice and zebrafish lacking their respective orthologues of recombination-
activating gene 1 (RAG1) have been generated to study phenomena such as the metastasis of
xenografted cells in adult models. These knockout models are unable to perform V(D)J recombi-

nation, so do not produce functional TCRs or antibodies, and thus have no functional adaptive
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immunity (Wienholds et al., 2002; Tokunaga et al., 2017).

Several fluorescent reporter lines have been generated in order to allow live imaging of the
innate immune cells of zebrafish. Neutrophil-specific promoters for genes like myeloperoxidase
(mpx) and lysozyme C (lyz) have been generated to drive expression of fluorescent proteins in
the neutrophil lineage (Renshaw et al., 2006; Hall et al., 2007; Mathias et al., 2006). Using these
lines, it was shown that inflammatory recruitment of neutrophils and the subsequent resolution
of inflammation is highly comparable between zebrafish and mammals (Renshaw et al., 2006).
Further, neutrophil-labelling reporter lines have allowed new phenomena to be identified such as
reverse migration, whereby neutrophils can respond to signals from macrophages and migrate
back into the circulation after responding to inflammation (Mathias et al., 2006). Prior to this
study the prevailing thought was that resolution of inflammation was largely due to neutrophil

apoptosis, with those spent cells then cleared by macrophage phagocytosis.

Likewise, macrophage reporter lines have been generated using a number of promoter regions
such as those for macrophage colony simulating factor receptor (csf1r) and macrophage-expressed
gene 1 (mpegl.1) (Gray et al., 2011; Ellett et al., 2011) and these, alongside other genetic tech-
niques, have made more complex studies possible. To investigate functions of both neutrophils
and macrophages, for example, selective ablation of macrophages by expression of the E. coli
nitroreductase (nfsB) gene under the mpegl.1 promoter revealed their importance in adult tail
regeneration (Petrie et al., 2015). There, the macrophage-expressed nfsB converts the prodrug
metronidazole into a cytotoxic drug, leading to a significant loss of macrophages within the fish
(Petrie et al., 2015). Additionally, recent advancements in CRISPR/Cas9 techniques have made
the generation of specific knockout lines relatively straightforward and have created opportuni-

ties for more complex systems such as tissue-specific knockouts (Ablain et al., 2015).

Prior to these techniques, function testing studies on immune cells could be performed using
morpholino knockdowns. Injection of morpholinos against pu.1 and gesf simultaneously causes

the loss of both macrophages and neutrophils within the larval zebrafish. Using this approach,
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our lab was able to show a link between the innate immune system and hyperpigmentation,
following chronic inflammation (Lévesque et al., 2013), and to show that immune recruitment to
pre-neoplastic cells is essential for the earliest stages of cancer development (Antonio et al., 2015;

Feng et al., 2012).

More recent, zebrafish studies have shown the importance of macrophages and neutrophils in
a range of different processes and disorders. Wound healing and regeneration have generated
interest, as zebrafish have the ability to fully regenerate excised fins and appear resistant to
scarring, which may allow insights into how we may prevent scarring in the future (Morris et al.,
2018). Specific cellular nuclei may be isolated after in vivo biotagging, allowing transcriptomic
analysis of nascent RNAs without the need for FACS (Trinh et al., 2017). Using this methodology,
Simoes et al. were able to show the contribution of macrophage collagen deposition to scarring
in myocardial infarction (Simoées et al., 2020). Neutrophil swarming, involving the co-ordinated
migration of many neutrophils in infections and injury, was shown to be conserved in zebrafish
(Isles et al., 2021). Additionally, by photoconversion and tracking of pioneers, it was revealed that

they undergo NETosis to initiate these swarms (Isles et al., 2021).

1.4.2 De Novo Models of Cancer

1.4.2.1 Mammalian Models

Mammalian models of primary tumours include genetic manipulation and chemical induction
of malignancies. Use of genetic tools can allow specific mutations, known to be associated with
different human cancers, to be investigated specifically. This specificity can allow the development

of powerful tools against specific drivers of cancer found in humans (Frese and Tuveson, 2007).

Chemically induced tumours may more faithfully model the mechanisms by which oncogenic
mutations develop in human cancers upon exposure to mutagens, generating greater mutational
burden and giving insights into the mutational signatures of tumours (Riva et al., 2020). Addi-

tionally, the increased mutational burden is well correlated with neoantigen expression, making
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these tumours more responsive to immune therapies (Matsushita et al., 2012).

1.4.2.2 Zebrafish Models

Zebrafish models of cancer are a relatively recent development of the field. Their amenability
to live imaging allows single cell tracking to describe the behaviour of both cancer cells and
host cells within the cancer microenvironment (Feng and Martin, 2015). This opens the study
of much more of the complete cancer progression than would be possible in an opaque model.
Furthermore, complete sequencing of the zebrafish genome has revealed the close similarities in
disease-causing genes between man and zebrafish. This has led to the creation of zebrafish lines
overexpressing human oncogenes. For example, BRAFV99F ig a constituitively active mutant
form of a serine/threonine kinase in the MAPK/ERK pathway. Ordinarily, BRAF is a member of a
signalling cascade that upregulates cell growth and proliferation in response to external signals
such as growth factors. However, the V60OE mutation causes this kinase to inappropriately
signal, leading to uncontrolled proliferation. In human melanoma, half of all lesions contain a
mutation within the BRAF gene, with the vast majority of these being V600E. Patton et al. (2005)
found that driving BRAFV6%0F ynder a melanocyte promoter, in p53 null zebrafish, induced the

formation of invasive melanomas on the skin of the fish.

Subsequently, other models for cancer have been generated using a range of human onco-
genes. These different cancer models have allowed a range of studies. Translucent larvae allow
the imaging of the earliest stages of cancer formation. Fluorescently labelled kita:HRASG12V
cells can be identified as singlet and doublet pre-neoplastic cells as early as 48 hpf. Feng et al.
(2010, 2012) showed that, even at these initial stages, preneoplastic cells are capable of recruiting

innate immune cells to them, and their survival and growth is dependent on immune-derived

factors such as prostaglandin-E2 and HsOg .

However, one feature that these genetic models of cancer all appear to share is that they tend

not to metastasise. To overcome this lack of metastatic activity, cancer cells may be implanted
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into zebrafish from exogenous sources.

1.4.3 Grafting Models of Cancer
1.4.3.1 Mammalian Models

Although de novo tumours in mammalian models metastasise more commonly than those in
zebrafish, cancer cell grafting is still a well-established model for the study of cancer metastasis.
Cancer cells may be tracked with a range of fluorescent labels and can derive from different
sources, including different cell lines through to patient derived tumours, makes grafting a
versatile model. The ease of genetic manipulation of cell lines means that specific genes related
to metastasis can be easily altered in their expression prior to engrafting without necessarily
having to breed a new line of animals. Additionally, using exogenous cancer cells can allow the

use of entirely wildtype animals which may allow refinement of the experiment.

Tumours generally undergo a series of mutations that change the tumour landscape over
time and, as some cells become more mesenchymal and motile, eventually some cells may break
away from the main tumour and undergo metastasis. Different graft sites can facilitate the study
of different stages of the cancer metastatic journey. Cancer cells may be directly grafted into the
blood vessels of the fish, which may be advantageous for studying the intravascular stages of
metastasis without requiring a tumour to acquire metastatic activity. Alternatively, cancer cells
can be injected subcutaneously, intravenously or peritoneally to mimic the growth and metastasis
of different types of tumours (Taibi et al., 2019). This strategy can also reduce the amount of time

an animal is exposed to cancer, as cancer grafts can be tailored to the stage of interest.

1.4.3.2 Zebrafish Models

Unlike in mammalian models, to study the metastatic invasion of cancer cells in zebrafish, it
appears to be necessary to use grafted cancer cells because, as described above, de novo cancers

appear not to metastasise. Again, grafted cells can be derived from cell culture or can even be
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taken directly from patients to allow personalised medicine screening (Hua et al., 2022).

Xenografts are the engraftment of cancer cells from a different species (e.g. human or murine)
to zebrafish. These have the advantage of allowing human cancer cells to be studied, which may
allow a familiar cell line to be investigated in vivo to complement prior research, or may even
allow the fish to act as "avatars" for patients (Hua et al., 2022). These "avatars" are a concept in
personalised medicine whereby a biopsy of a tumour may be implanted into multiple fish, which
will then be treated with different cancer therapies to rapidly identify and optimise treatment
options to which the tumour might be sensitive. The high fecundity, and optical translucency of
zebrafish larvae, make high throughput screens like these a possibility. As tumours from differ-
ent patients may have vastly different mutations, leading to different dependencies and drug
sensitivities, this approach is an exciting step towards giving patients more tailored "personalised

medicine" treatments to their own disease.

Allografts describe the grafting zebrafish cancer cells into a zebrafish host. The ZMEL1 cell
line was created by the White lab for this purpose (Heilmann et al., 2015) and will be used in my
studies. ZMEL] cells were initially isolated from transgenically generated zebrafish melanomas,
driven by the BRAFV6%0Z gncogene, and immortalised to produce a stable cell line. The main
advantages of allografts over xenografts are twofold. First, the cancer cells are of the same species,
so there will be a reduced immunogenic response to a "foreign body" and secondly, the conditions
of growth for both the cancer cells and the host are more closely matched. With mammalian
cell xenografts, the injected fish must be kept at a compromise temperature between 32-35°C to
allow the cancer cells to survive, whilst being within the survivable range of the zebrafish. This
compromise temperature means that neither host nor graft is at their optimal temperature for

survival and growth.
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1.5 Project Aims and Objectives

Aim 1: To establish and optimise a live imaging model for microclot-driven pre-

metastatic niche formation and cancer cell extravasation in zebrafish larvae

Objectives:

¢ First, describe naturally occurring extravasation events without experimental modulation

of clotting.
¢ Determine appropriate timescales for live imaging of cancer cell extravasation.

¢ Identify which cancer cell lines are most appropriate for studies of metastasis and extrava-

sation in zebrafish larvae.

Aim 2: To characterise innate immune cell behaviour in the formation of the pre-

metastatic niche and during cancer cell extravasation.

Objectives:

¢ Show that innate immune cells interact with cancer cells in the vasculature of zebrafish

larvae by live-imaging.

* Determine the importance of innate immune cells in cancer cell extravasation by cell-

specific ablation.
¢ Explore what factors may influence innate immune cell interactions with cancer cells.

Aim 3: To use correlative light and electron microscopy to gain a more detailed view of

host:cancer cell interactions in the pre-metastatic niche.

Objectives:
¢ Investigate whether innate immune cells interact directly with cancer cells

* Determine other host cells and factors that may be found within the pre-metastatic niche
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Aim 4: To investigate the role of platelet- and fibrin-microclots in recruiting innate

immune cells to cancer cells in the pre-metastatic niche.

Objectives:

¢ Establish a laser-driven microclot model to determine the effects of thrombocytes on the

pre-metastatic niche

¢ Use drug treatments to modulate coagulation and measure changes to immune cell interac-

tions with cancer cells

Aim 5: To determine the effects of microclots on innate immune cell inflammatory

phenotypes.

Objectives:

¢ Use reporter lines for genes associated with the inflammatory status of immune cells to

show changes in immune phenotype in response to microclots.

¢ Investigate how an increase in pro-inflammatory phenotypes in innate immune cells might

alter metastatic potential in cancer cells by using drugs that drive inflammation.

Aim 6: To develop genetic tools for tissue-specific gene knockout in zebrafish thrombo-

cytes.

Objectives:

¢ Create a zebrafish line expressing Cas9 specifically in thrombocytes to allow tissue-specific

CRISPR gene editing.

¢ Design and characterise guide RNA sequences for knockout of genes related to thrombocyte

signalling to immune cells, and create zebrafish lines expressing these guides.

¢ Determine the mechanisms of thrombocyte signalling to innate immune cells by knockout

of potentially critical genes in thrombocytes.
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FIGURE 1.4. Methodology for Investigating the Microclot-Driven Pre-
Metastatic Niche. Cancer cells of different origins may be injected directly into
the vasculature of zebrafish larvae. Downstream of this, clotting may be modulated
using drugs, laser-injury or morpholino-knockdown. Innate immune cell activity
can be tracked, and/or altered using drugs or the nitroreductase ablation system.
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Materials and Methods

2.1 Zebrafish Lines and Husbandry

All animal experiments were conducted in accordance with the Animals Scientific Procedures
Act 1986 (ASPA), the Animal Welfare Act 2006 and were ethically approved by the University of

Bristol Animal Welfare and Ethical Review Body (AWERB).

Breeding lines were maintained in tanks of 18-22 fish, at 25 °C. Embryo experiments were
performed by placing male and female zebrafish into 6 L mating tanks overnight to allow spawn-
ing. Mating tanks generally contained 3 female fish and 2 male fish. For CRISPR experiments, a
divider was placed in the tank to separate male and female fish overnight and was removed in the
morning to allow collection immediately after spawning so that injections could be performed on
the one-cell stage. Larvae were kept in embryo water (Danieau’s solution plus 0.025% methylene

blue) at 28 °C.
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Line Name Line Description Referred to as Citation

Tg(itga2b:GFP) Green labelled itga2b.GFP (Lin et al., 2005)
thrombocytes

Tg(csf1ra.GFP) Green labelled csflra:GFP (Dee et al., 2016)
macrophages

Tg(fli1:EGFP) Green labelled fli:GFP (Lawson and Weinstein, 2002)
endothelial cells

Tg(lyz:dsRed) Red labelled lyz:dsRed (Hall et al., 2007)
neutrophils

Tg(mpeg:mCherry) Red labelled mpeg:mCherry (Ellett et al., 2011)
macrophages

Tg(mpx:GFP) Green labelled mpx:GFP (Renshaw et al., 2006)
neutrophils

Tg(mpx:Gal4) Gal4 expression mpx:Gal4 (Robertson et al., 2014)
in neutrophils

Tg(mpeg:Gal4) Gal4 expression mpeg:Gal4 (Ellett et al., 2011)
in macrophages

Tg(UAS:nfsB-mCherry) | Gal4-driven expression | UAS:nfsB-mCherry | (Davison et al., 2007)
of nitroreductase
enzyme and mCherry

Table 2.1: Zebrafish transgenic lines used

2.2 Cell Culture and Cancer Microinjection

2.2.1 Generation and Maintenance of Cell Lines

Human cancer cell lines, MDA-MB-231 and PC3, were maintained at 37 °C, 5% COg, 10%
humidity in DMEM with sodium bicarbonate and phenol red (Sigma Aldrich), supplemented with

10% FBS, 0.3 g/L L-glutamine, penecillin and streptomycin.

ZMEL-1 cells were a kind gift from Jacky Goetz (Centre de Recherche en Biomédecine de
Strasbourg, France). These are zebrafish melanoma cells generated into a stable cell line from
transgenic mitfa BRAFV60E 153~/~ fish (Heilmann et al., 2015). ZMEL-1 cells were maintained
in DMEM/F12 supplemented with 10% FBS, 1% pen/strep, 1% L-glutamate, 1% amphotericin B,
1% non essential amino acids and HEPES. ZMEL cells were maintained at 28 °C, 5 % COq, 10%

humidity.
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2.2.2 Microinjection of Cancer Cells into Zebrafish Larvae

Highly metastatic cancer cell lines were chosen for xenograft experiments. MDA-MB-231 cells
are metastatic lung cancer cells, originally isolated from the lung fluid of a patient. PC3 cells
are a prostate cancer line isolated from a patient’s bone marrow. These cells were seeded with
around 10° cells in a T75 flask 2 days before injection. On the day of injection, cells were roughly
70% confluent. Cells were washed with PBS before the addition of 0.25% (w/v) Trypsin - 0.53
mM EDTA solution and incubation at 37 °C for 5 minutes. Once cells were no longer adherent,
trypsinisation was quenched using complete media before centrifuging the cells at 800 G for 2:30
minutes. Cells were then washed 3 times in PBS, with the same centrifugation protocol, before

being resuspended in PBS at 5x107 cells/mL.

Zebrafish cancer cells were seeded 3 days before injection.Immediately prior to trypsinisation,
ZMEL cells were labelled with Vybrant Dil (ThermoFisher) and Hoechst for 15 minutes in serum-
free media. Cells were then washed in the dish; 3 x 2 minutes before trypsinisation at 28 °C for 10

minutes. Once cells were no longer adherent, they washed using the same protocol as human cells.

Polyvinylpyrrolidone (PVP) (Sigma-Aldrich) was added to the cell suspension to a final concen-
tration of 2%. PVP was used to retain single cell suspension, without it cancer cells were found to
be more adherent to one another during injections. 10 uL of the suspension mix was loaded into
borosilicate glass capillary needles (1 mm O.D., 0.58 mm 1.D., Harvard Apparatus G100-4. Pulled
using a Stutter Model P-97 needle puller). Needles were affixed to a Parker Picospritzer®III
microinjector, their tips were broken to approximately a 15 um bevel length and pump time was
adjusted until an approximately 1 nL bolus was released per pump, measured using a graticule. 2
dpf Zebrafish larvae were anaesthetised in 0.1 mg/mL tricaine in E3 and arranged on an agarose
filled 10 cm petri dish (50 mL of 1% agarose in E3, poured into a 10 cm petri dish and allowed to
cool) with their yolk sacs facing the same direction. Using a micromanipulator, the needle was
inserted into the Duct of Cuvier, close to the pericardial vessel, and approximately 200 cells were
injected into the blood vessel. Larvae were then rinsed with fresh E3 and placed in E3 at 33 °C

(for human cancer cells) or 28 °C (for zebrafish cancer cells) for up to 24 hours before imaging.
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2.3 Cloning

2.3.1 Plasmids

Plasmid Acknowledgements:

pGGDestTol2LLC-1sgRNA was a gift from Wenbiao Chen (Addgene plasmid #64239;
http:/n2t.net/addgene:64239; RRID:Addgene_64239)

pGGDestTol2LC-2sgRNA was a gift from Wenbiao Chen (Addgene plasmid #64240;
http://n2t.net/addgene:64240; RRID:Addgene_64240)

pGGDestTol2L.C-3sgRNA was a gift from Wenbiao Chen (Addgene plasmid #64241;
http://n2t.net/addgene:64241; RRID:Addgene_64241)

pGGDestTol2LC-4sgRNA was a gift from Wenbiao Chen (Addgene plasmid #64242;
http:/n2t.net/addgene:64242; RRID:Addgene_64242)

pGGDestTol2LC-5sgRNA was a gift from Wenbiao Chen (Addgene plasmid #64243;
http:/n2t.net/addgene:64243; RRID:Addgene_64243)

pU6a:sgRNA#1 was a gift from Wenbiao Chen (Addgene plasmid #64245;
http://n2t.net/addgene:64245; RRID:Addgene_64245)

pUba:sgRNA#2 was a gift from Wenbiao Chen (Addgene plasmid #64246;
http://n2t.net/addgene:64246; RRID:Addgene_64246)

pU6b:sgRNA#3 was a gift from Wenbiao Chen (Addgene plasmid #64247,
http:/n2t.net/addgene:64247; RRID:Addgene_64247)

pU6c:sgRNA#4 was a gift from Wenbiao Chen (Addgene plasmid #64248;
http://n2t.net/addgene:64248; RRID:Addgene_64248)

pU6d:sgRNA#5 was a gift from Wenbiao Chen (Addgene plasmid #64249;
http://n2t.net/addgene:64249; RRID:Addgene_64249)

pDONRP4-P1R, Tol2Kit (Kwan et al., 2007)

p5E-mpl, Generated from pDONRP4-P1R

pME-Cas9-T2A-GFP was a gift from Leonard Zon (Addgene plasmid #63155;
http://n2t.net/addgene:63155; RRID:Addgene_63155)

p3E-polyA, Tol2Kit (Kwan et al., 2007)

pGGDestTol2LC-U6xsgRNA-mpl-Cas9-T2A-GFP, Generated using plasmids above
mTagBFP2-Farnesyl-5 was a gift from Michael Davidson (Addgene plasmid #55295;
http:/n2t.net/addgene:55295; RRID:Addgene_55295)

Table 2.2: Plasmid Acknowledgements
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Gateway recombination was used to generate the tissue-specific expression vector for
Cas9, with Golden Gate assembly used for the inclusion of the U6xsgRNAs. The mpl promoter
sequence was cloned out of zebrafish gDNA, using the primers attB4-mpl-fwd:
5-GGGGACAACTTTGTATAGAAAAGTTGCGCTCCTTCGCTACGCA-3
and attB1R-mpl-rev:
5-GGGGACTGCTTTTTTGTACAAACTTGTGTTGATGGGGGTCCATACACAA-3'.
This fragment was then introduced into the pDONRP4-P1R plasmid using BP Clonase II mix
(Thermo-Fischer) incubated at 4 °C overnight to generate p5SE-mpl. The 5’, Middle and 3’ Entry
Vectors were then combined into the destination vector, pGGDestTol2LC, with LR Clonase IT mix
overnight at 4°C. Guide RNA sequences were entered into their respective U6 plasmids using
BSmBI digestion. The U6xsgRNA sequences were then entered into the destination vector using

Golden Gate assembly. All plasmids were incubated together with Bsal overnight at 4°C.

2.3.2 gDNA Extraction and Promoter Sequence PCR

gDNA (genomic DNA) was extracted from wildtype zebrafish larvae. 5 larvae were anaes-
thetised in an overdose of tricaine and suspended in 100 uL. 50 mM NaOH and heated to 95 °C
for 10 minutes. This mixture was then placed at 4 °C for 10 minutes to cool, before addition of
3 uL 1 M Tris-Hel pH 8.0 to neutralise. The mixture was then centrifuged at 13,000 G for 60

seconds and supernatant was used for subsequent PCR reactions.

Platinum SuperFi II polymerase (Invitrogen) was used to amplify the mpl promoter sequence,
following manufacturer’s instructions. 100 ng gDNA was added to a 50 uL final volume. a#tf site
containing primers were used at a final concentration of 500 nM. The PCR product was run on

an agarose/ethidium bromide gel and purified using gel extraction kit (IDT).

2.3.3 Gateway Recombination and Golden Gate Assembly of Plasmids

The expression vector was assembled using Gateway Recombination as described by Kwan et
al. (Kwan et al., 2007). Purified promoter sequence, flanked by att sequences, was inserted into

pDONRP4-P1R by a BP recombination reaction. The promoter fragment was incubated with the
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DONR plasmid along with BP Clonase II mix (Thermo-Fischer) at room temperature overnight to
generate pSE-mpl. The 5, Middle and 3’ Entry Vectors were then combined into the destination

vector, pDestTol2pA2 (Kwan et al., 2007), with LR Clonase II mix overnight at room temperature.

Guide RNA sequences were entered into their respective U6x plasmids using BSmBI di-
gestion. The U6xsgRNA sequences were then entered into the golden gate destination vector,
pGGDestTol2 (Yin et al., 2015) using Golden Gate assembly. All U6xsgRNA plasmids were
incubated together with the destination vector with Bsal and T4 DNA ligase, 3x(37°C for 20 min,

16°C for 15 min) followed by 80°C for 15 min.

Plasmids containing the mpl:Cas9 expression construct and the U6xsgRNAs were constructed
using Gibson assembly. Overlapping primers were designed for both pEC-mpl-Cas9-T2E-EGFP
and pEC-U6xsgRNA using NEBuilder (NEB). Platinum SuperFi II polymerase (Invitrogen) was
used to produce PCR products from the 2 plasmids. PCR products were run on a 1% agarose gel
and gel extraction kit (IDT) was used to purify them. PCR products were then incubated with

Gibson Assembly Master Mix (New England Biolabs, USA) at 50°C for 15 minutes.

2.4 CRISPR/Cas9 Directed Mutagenesis

2.4.1 Guide RNA Design

Open access softwares, Benchling and Crispor, were used to generate guide RNA sequences
with appropriate on-target and off-target scores. Potential guide sequences were then ranked by
their mean score across the available tests and chosen based on highest scores located in exons

that were deemed likely to cause non-functional proteins.

Ensemble was used to find exons within target proteins that are most likely to cause loss of
function when disrupted. Exons early in the genes were prioritised with the hopes that an early

frame-shift mutation would be more likely to produce a non-functional protein.
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2.4.2 Assembly and Microinjection of Ribonucleoprotein complexes

On ice, 1.5 nL of 30 1M sgRNA in RNAse-free Tris buffer (pH 7.4) was mixed with 1.5 pL
of 30 1M Cas9 protein in resuspension buffer. This mix was incubated for 5 minutes at room
temperature to allow the formation of ribonucleoprotein (RNP) complexes and returned to ice.
The RNP mix was then backloaded into a borosilicate glass capillary needle (1 mm O.D., 0.58 mm
I.D., Harvard Apparatus G100-4. Pulled using a Stutter Model P-97 needle puller). Eggs were
collected from breeding tanks and immediately used for injections, so that they were injected dur-

ing the one-cell stage. Approximately 1 nL, RNP mix was injected directly into the yolk of each egg.

2.4.3 gDNA Extraction and F0 Screening by Heteroduplex Gel

Electrophoresis

A sample of between 8 and 12 fish from each round of injections was taken to gauge the rate
of mutations. These fish were culled with excess tricaine (MS-222) and rinsed in dHsO before
separating them into PCR tubes and adding NaOh to a final concentration of 50 mM. They were
then heated to 95 °C for 10 minutes, agitated to break apart the samples and cooled to 4 °C before

neutralising with a 1/10 volume of 1 M Tris-HCL (pH 8.0).

1 nL of this extraction was added directly to Qiagen Fast-cycling PCR master mix, which
was then run according to primer annealing temperatures and manufacturer’s instructions for
30 cycles in a PTC-200 Thermal Cycler (MdJ Research), followed by an annealing step with the

following conditions:
Annealed PCR products were then run on a 4% agarose gel in TAE buffer for 60 minutes at

80 V. Secondary, larger bands were identified as heterodimer DNA, indicating the presence of

mutant DNA within the sample.
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Temperature (°C) | Time (min) | Ramp Rate (°C/sec)
95 10

J 2

85 1

1 0.3

75 1

i) 0.3

65 1

1 0.3

55 1

4 0.3

45 1

d 0.3

35 1

i 0.3

25 1

N (full speed)
4 hold co

Table 2.3: Annealing Protocol

2.5 Imaging

2.5.1 Live Imaging

Zebrafish larvae were prepared for imaging by anaesthetising in 0.1 mg/mL MS-222 before
mounting larvae on a 35 mm glass bottomed imaging dish (MatTek) in 1 % low-gelling agarose

(Thermo-Fisher) in E3 with 0.1 mg/mL MS-222 added.

Drug treatments were added to the larval media for 24 hours prior to imaging, and throughout
the duration of imaging experiments. In experiments using drug treatmens, larvae were mounted

in glass bottomed 8 well chambers (Ibidi) to allow treatment with different drugs.

Images were collected using a Leica TCS SP8 AOBS confocal laser scanning microscope at-
tached to a Leica DMi8 inverted epifluorescence microscope with a 20X glycerol lens maintained
at 35 °C. Imaging intervals were determined for different experimental contexts. In experiments
where neutrophil movements were tracked, stacks were taken with 3 minute intervals. When

tracking macrophages, 5 minute intervals were used between stacks, as macrophages tend to
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move at a lower speed than neutrophils.

2.5.2 Correlative Light and Electron Microscopy (Collaborators Techniques)

All correlative light and electron microscopy (CLEM) presented with this thesis was per-
formed as part of a collaboration with Dr Lorna Hodgson (Wolfson Bioimaging Facility, University
of Bristol). My contributions to this work are as follows: I designed and performed zebrafish
experiments, including xenografting of cancer cells and live fluorescent imaging of larvae; I
analysed data from these live imaging experiments and identified samples to go forward for
transmission electron microscopy (TEM); I received incremental electron micrographs from Dr
Lorna Hodgson during cutting of samples and analysed these myself, giving advice on where
particular regions of interest could be located and helping to choose new depths to cut and
when to stop cutting; I analysed the final micrographs for cells of interest and interactions and
performed post-hoc image editing, including false colouring to highlight different cell types. The
contributions of Dr Hodgson have been clearly indicated throughout the text and figure legends of
this thesis, including in the methods section associated with TEM. Briefly, Dr Hodgson received
larval zebrafish samples that had been pre-imaged using confocal microscopy by myself, fixed
and stained these samples for TEM before embedding in resin, cutting samples, mounting on
TEM support grids, imaging by electron microscopy and creating stitched together montages of
micrographs to show a larger field of view. Dr Hodgson also provided advice pertaining to sample
preparation, to ensure good outcomes for EM, and on cutting and orienting samples to give the

best view of the region of interest.

Following confocal microscopy, zebrafish larvae were de-embedded from agarose by washing
vigorously with Danieau’s solution containing 0.1 mg/ml MS-222. Larvae were then placed in a
drop of 4 °C primary fixative containing 2.5 % gluteraldehyde and 0.1 M sodium cacodylate in
H50. With the larvae inside a drop of fixative, a scalpel blade was used to harvest the tissues
of the tail dorsal to the cloaca. These were then placed in excess primary fixative with gentle

agitation overnight at 4 °C. Samples were then washed in cold 0.1 M cacodylate buffer; 3 x 10
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min with gentle agitation at 4 °C. Samples were then added to secondary fixative containing 1 %
0s04, 1.5 % Potassium ferrocyanide, 0.1 M sodium cacodylate in water, and fixed for 2 hours at 4
°C. Samples were washed in 0.1 M sodium cacodylate on a rotator; 3 x 10 min. And washed in

H20; 1 x 10 min.

Samples were then placed on a glass slide and excess liquid was removed using filter paper.
A bovine serum albumin (BSA)/gluteraldehyde solution was made up, containing 6.75 % BSA,
2.5 % gluteraldehyde in 0.1 M cacodylate buffer, and quickly added to samples on glass slides,
dropwise until the tails were covered, and left to set for 10 min. The gel encased specimens were

then placed in water.

Next, samples were processed using an automatic tissue processor using the program outlined
in table 2.4. Samples were removed from the processor and transferred to fresh EPON for 2-3
hours, before transferring to coffin molds. Samples were oriented in molds and polymerised at 60

°C for 24-48 hours.

The blocks were then removed from the oven and block faces were trimmed using a razor
blade. 300 nm sections were cut using a UC6 Leica ultramicrotome with diamond knife (Diatome).
Sections were stained with methylene blue and imaged using a stereomicroscope. 70 nm sections
were collected onto pioloform-coated copper slot grids. These sections were then imaged using a

Tecnai 12 BioTwin Spirit TEM (tungsten filament, 120 kV) and a FEI Eagle 4k x 4k CCD camera.
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Treatment Time Repeats
Deionised water 10 min x7
4°C

3 % Uranyl acetate 12 hours x1
4°C

Deionised water 10 min x5
4-60 °C

0.03 M aspartic acid solution, pH 5.5 | 30 min x1
60 °C

Waltons lead aspartate, pH 5.5 30 min x1
60 °C

0.03 M aspartic acid solution, pH 5.5 | 10 min x1
50 °C

Deionised water 10 min x2
35°C and 15 °C

Deionised water 12 hours (remove from processor) | x1
4°C

30 % ethanol 10 min x1
10 °C

50 % ethanol 10 min x1
10 °C

70 % ethanol 10 min x1
10 °C

90 % ethanol 10 min x1
20 °C

100 % ethanol 10 min x5
20 °C

100 % ethanol 20 min x3
20 °C

Propylene oxide 10 min x3
20 °C

Propylene oxide:EPON (1:1) 60 min x1
20 °C

Propylene oxide:EPON (1:2) 60 min x1
20 °C

Propylene oxide:EPON (1:9) 120 min x1
20 °C

EPON 60 min x1
20 °C

EPON 120 min x3
20 °C

Table 2.4: Automatic processing of TEM samples
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2.6 Image Analysis

Images were exported to Fiji for processing and analysis. Cell tracking was automated
using scripting for the Fiji Trackmate plugin (Tinevez et al., 2017) written using the Python pro-
gramming language (Python Software Foundation, https:/www.python.org/) using the pyimagej
wrapper (Reuden et al., 2020). Briefly, trackmate parameters were decided upon by comparing a
manual count of cells with the trackmate output. These parameters were fed into the Python
script, which then iterates through all imaging sets. The trackmate output XML files were then
used to generate coordinates for all cells at all timepoints, allowing position and velocity to
be tracked. Comparing cell coordinates between separate channels gave the proximity of dif-

ferent cell types to one another. Cells within 30 um were arbitrarily selected as closely interacting.

2.7 Statistical Analysis

Statistical analyses were performed using Graphpad Prism 9. Details of specific statistical
tests used are indicated in the respective figure legends. Shapiro-Wilk test of normality was
used to determine whether data was normally distributed. Welch’s corrections were used if the

variance between samples was significantly different by F test.
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Chapter 3

Characterising the Pre-Metastatic

Niche

3.1 Introduction

Circulating tumour cells (CTCs) have been found even at the early stages of cancer progres-
sion, at a stage when the tumour would previously have been considered to be "localised" (Stott
et al., 2010) (Section 1.3.1). This suggests that the capacity for invasion and migration are not
necessarily rate limiting factors in the formation of metastases and that a process downstream of
this might prevent these cells from forming secondary tumours. The pre-metastatic niche (PMN)
is the site where CTCs arrest and eventually extravasate into the surrounding tissues. A variety
of other host cells are recruited to this site to nurture cancer cells and aid their movement out of
the vessel (Section 1.3.3). For these reasons, the PMN is clearly rate limiting in the formation

of metastases and so is a target for therapeutic intervention.

Previous studies of the PMN have revealed key roles for innate immune cells in the survival
of cancer cells and their extravasation from the vessel (Qian et al., 2011). Further studies have
shown the presence of platelets within the niche, and these may be interacting with both cancer
cells and immune cells (Ablain et al., 2015; Labelle et al., 2014). The interaction between activated

platelets and cancer cells has also been posited to aid the arrest of CTCs, allowing them the
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opportunity to bind tightly to the endothelium and subsequently move through it (Kim et al.,
1998).

Most studies of the PMN thus far have used models with opaque tissues, such as mouse
and rat. These rodent studies have led to the discovery of many of the cell types and factors
that are required for the formation of the secondary tumour, but since these models are not
readily amenable to live imaging they cannot fully reveal the dynamics of these cellular inter-
actions (Section 1.3.3). I have established the use of a larval Zebrafish model to study the
formation and development of the PMN, allowing high spatial, and temporal, resolution imag-

ing of individual cancer cells and the host cells that they interact with to drive their extravasation.
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3.2 Results

3.2.1 Human Cancer Cells
3.2.1.1 Cancer Cell Behaviour

Initial experiments used to develop a model of platelet and immune involvement in the
pre-metastatic niche were performed using highly metastatic human cancer cells lines. First, to
establish the activity of these cells in the absence of any intervention, cancer cells were injected

into larval zebrafish and their behaviour was assessed using live imaging.

Human PC3 prostate cancer cells or MDA-MB-231 breast cancer cells were injected directly
into the Duct of Cuvier (DoC) of 2 dpf zebrafish larvae. Cancer cells are subsequently seen spread
throughout the vasculature of the zebrafish as early as 2 hours post injection (hpi). Because
cancer cells are injected directly into the DoC of the fish, they have immediate access to the
dorsal aorta. Immediately post injection, cells are generally found exclusively within this major
artery and may cause disruption to the blood flow of the fish, due to their large size of up to
20 pum. As some of these cells arrest, normal blood flow appears to be restored, perhaps due to
endothelial remodelling. Occasionally, cancer cells could be seen freely circulating within the

vessels of larvae, though this appeared rare.

Using a fluorescent reporter line for endothelial cells provides the best opportunity to observe
when cancer cells have extravasated. Human cancer cells were observed outside of the vessel
lumen from around 6 hpi (Figure 3.1). Some cancer cells can be seen invading the tissues sur-
rounding vessels. Additional to these invasive extravasation events, some cancer cells appeared to
have extravasated by endothelial remodelling. This phenomenon, described by Follain et al. (2018),
occurs when cancer cells interact with endothelial cells, causing them to form a new endothelial
layer that excludes cancer cells from the vessel lumen. In the current studies, cancer cells could be

seen apparently surrounded by endothelial cells, below the lumen of the caudal vein (Figure 3.1).
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Endothelial Cells

FIGURE 3.1. Optimising Imaging of Extravasated Cancer Cells. A Shows PC3-
RFP cells (magenta) spread throughout the vessels (green) of a larva, 24 hpi. Red
boxes denote areas which show closeups. B-B’ Show closeup imaging and rendering
of an invasive extravasated cancer cell. C-C’ Shows a closeup and rendering of a
human cancer cell with endothelial marker surrounding. Scale bars: A = 500 pim;
B & C=50um; B’ & C =15 ym.

To capture the extravasation process in detail, live imaging was performed over a 14 hour
period. Human cancer cells could be observed moving from inside the lumen of the vessel into
the stroma (Figure 3.2). A range of morphological changes were observed during this process.
Initially, cancer cells appear rounded up within the vessel, before beginning to extend parts of
their membrane beyond the endothelial wall. These invadopodia-like structures appear highly
dynamic, forming new branches and retracting repeatedly. During transendothelial migration,
cancer cells adopted a highly restricted morphology, narrowing their cytoplasm and apparently
squeezing through a small gap created within the endothelial layer. Once extravasated from the

vessel, cancer cells appear to readopt their original, rounded morphology.
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FI1GURE 3.2. Live Imaging the Dynamics of a Human Cancer Cell Extravasating

from a Zebrafish Vessel. A-C Are snapshots from live imaging of a human PC3
cancer cell (magenta) during the period of extravasation from a vessel (green) in
the tail of a 3 dpf larva, injected 12 hours prior. High magnification [®]}
view in red boxes. Invadopodia (arrow heads) extend into the sur-
rounding tissue, preceding the moment of extravasation. Cancer cell %
morphology changes over time. D Imaris 3D rendering to show the [Ele
cell outside of the vessel after extravasation. Scale bars = 50 pm.
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3.2.1.2 Human Cancer Cell Interactions with Host Cells

It is well established that a range of host cells play key roles in each of the constitutive
processes contributing to cancer metastasis. To investigate how zebrafish host cells interact with
grafted human cancer cells, live imaging of each of a number of the different host cell lineages
with human cancer cells was performed. The genetic tractability of zebrafish has led to the gener-
ation of many fluorescent reporter lines, including some of those believed to be important in the
pre-metastatic niche. Of particular relevance here, the innate immune cell lineages, neutrophils
and macrophages (Renshaw et al., 2006; Ellett et al., 2011), and the thrombocyte lineage (Lin

et al., 2005). These reporter lines allow the observation of host cells interacting with cancer cells.

Importantly, innate immune cell interactions with human cancer cells appeared quite fre-
quent, with all observed cancer cells experiencing close interactions throughout the duration of a
14 hour imaging time frame. Some macrophage interactions with cancer cells in the vessels of lar-
vae resulted in an extended, flattened broad face of interaction, and these individual interactions
last upwards of an hour. This morphological change suggests cytoskeletal changes associated
with a direct interaction. Neutrophils were also frequently observed closely interacting with
human cancer cells, although these interactions appeared briefer and did not appear to involve

such close contact as macrophage:cancer cell interactions (Figure 3.3).

Further, human cancer cells can occasionally be seen closely interacting with thrombocytes
within the lumen of the caudal plexus. Thrombocytes appear clustered with one another, poten-
tially indicating cancer-driven activation. On occasions, thrombocytes were seen tightly associated
with cancer cells, wrapped over the surface of the cell membrane (Figure 3.4). These interactions
did not appear common, which might be explained by a lack of compatibility between human and

zebrafish factors.
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FIGURE 3.3. Innate Immune Cells Interact with Human Cancer Cells. A Shows
human cancer cells within the tail vessels of a 3 dpf larval zebrafish. B-B’ The
same V1eW at two different time points. Neutrophils (small brlght magenta cells

Human PC3-RFP cells (large, rounded magenta cells marked with &
asterisks) within the caudal vein plexus of a zebrafish. Yellow asterisks
indicate a long term, direct interfacing of a macrophage with a cancer E| 1753
cell. Scale bars = 50 nm.
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FIGURE 3.4. Human Cancer Cells Associate with Zebrafish Thrombocytes. A-B
Show a tilescan and high magnification view of the tail of a 3 dpf zebrafish larva, 24
hours after injection of human PC3 cancer cells (magenta). Thrombocytes (green)
are associated with these cancer cells within the lumen of the vessels. Arrow heads
indicate groups of thrombocytes associating with cancer cells. C Shows an imaris
3D render of these thrombocytes and cancer cells to more clearly reveal the direct
interactions between cells. Scale bars: A & B = 50 pm; C = 20 pm.
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Due to the relative infrequency of these close interactions between cancer cells and throm-
bocytes, laser injury of the endothelial wall was used to cause thrombosis, as described later
in (Section 4.2.1). Serendipitously, during optimisation of this technique, an instersegmental
vessel was ablated close to the site of arrest of a cancer cell, in the flank of a larval zebrafish.
Upon laser destruction of the intersegmental vessel, human cancer cells appear able to respond

to the damage signals and potentially integrate with the host larval vessels (Figure 3.5).

Human PC3 cancer cells were observed to form a vessel-like structure in the place of the
original vessel. This cancer cell vessel structure appears to have a much larger diameter than the
host inter-segmental vessels (ISVs). Live imaging captured extensions from cancer cells, moving
towards nearby undamaged host vessels, appearing to integrate with the existing vasculature.
The passage of host blood cells through the structure was observed, confirming the presence of a

functional lumen (Figure 3.5).

Macrophages were also seen within the stroma, closely interacting with these blood vessel-like
structures (Figure 3.5). This may mirror the angiogenic response following wounding, where
macrophages have previously been shown to "hug" growing vessels and drive wound neoangio-
genesis (Gurevich et al., 2018). This phenomenon may be an example of the vasculogenic mimicry
of cancer cells, as previously discribed by others (Maniotis et al., 1999; Silvestri et al., 2020) and

so perhaps zebrafish might be a good model in which to further study this using live cell imaging.
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8 hpi

8 hpi

F1GURE 3.5. Cancer Cells May Undergo Vasculogenic Mimicry. (Legend continues
on next page)
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Figure 3.5: (Continued) A-C Shows live imaging of human PC3 cancer cells (magenta) injected
directly into 2 dpf larval vessels (green). A Shows cancer cells (4 hpi) interacting with a macro-
phage (green, white asterisk) . A’ Shows a single plane of this confocal stack, in which a blood
cell can be seen passing through the lumen (yellow asterisk). B-B” Show cancer Z¢iky
cells at 8 hpi, with an extension reaching to the zebrafish vasculature (arrows). T :
A macrophage (white asterisk) is interacting with these cancer cells. C Imaris
rendering reveals details of the 3D structure of these cellular interactions. Scale
bars = 50 ym.

3.2.1.3 Correlative Light and Electron Microscopy of the Pre-Metastatic Niche

To further investigate host cell interactions with human cancer cells, TEM was used to gain
sub-cellular resolution of the niche. In collaboration with Dr Lorna Hodgson (Wolfson Bioimaging
Facility, University of Bristol), confocal light microscopy of cancer cells within the tail vessels
was matched to TEM of the same region. Arrested human cancer cells and a range of host cell

types were identified within close proximity of one another.

Using this approach, cancer cells within the caudal vein plexus (CVP) could be seen making
close contact with endothelial cells (Figure 3.6). The proximity of the plasma membranes of
these human cancer cells and zebrafish endothelial cells is, at times, below the limit of resolution
in these experiments, on the nanometre scale. This may represent "pocketing", which has been

described as a precursor to extravasation events (Follain et al., 2018).

Innate immune cells can be identified by a number of distinct morphologies. Macrophages
can be identified by their large size, large lysosomes and relatively regularly shaped nuclei. In
comparison, neutrophils appear smaller, contain electron-dense "cigar shaped" granules and have
polymorphic nuclei. Broad, flattened faces of interaction between macrophages and cancer cells
are occasionally observed. Interdigitation of short membrane extensions between cancer cells and
macrophages were seen at these fronts of interaction (Figure 3.6), revealing just how intimate

these interactions are.
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FIGURE 3.6. CLEM Further Reveals Host:Cancer Cell Interactions. (Legend
continues on next page)
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Figure 3.6: (Continued) A Shows a confocal tilescan of a 3dpf larva injected with human PC3-RFP
(magenta) cancer cells 24 hours prior to imaging. B Shows a transmission electron microscopy
(TEM) montage of a region of the tail of the same fish B’ Shows an overlay of light microscopy
and TEM. C High magnification view of two cancer cells within the caudal vein. t indicates an
activated thrombocyte. Cancer cells make direct contact with one another (white arrowhead). D
Another TEM view of the same cells, macrophages (M) seen close to, and interacting with, cancer
cells (PC3). E-E’ A macrophage makes a broad interface with a cancer cell. Cancer cell membrane
extensions can be observed interdigitating with the macrophage plasma membrane (white
arrowheads). Macrophage mitochondria (green) are positioned close to the face of interaction.
Scale bars: A = 500 ym, C-E’ = 10 pm.

Inactive thrombocytes can be identified by their open canalicular system (OCS), a conserved
surface membrane structure that permeates the plasma membrane of zebrafish thrombocytes and
mammalian platelets (Jagadeeswaran et al., 1999), whereas activated thrombocytes exhibit an
extended, highly stellate morphology. In TEM sections, both inactive and activated thrombocytes

are seen close to tumour cells within the lumen of the vessel (Figure 3.6).

Further, cancer cells could be observed directly interacting with thrombocytes within the
pre-metastatic niche and, occasionally, cancer cells appeared to partially engulf thrombocytes,
surrounding their surface. It is unclear whether these interactions would lead to the phagocytosis
of thrombocytes but, clearly, close interactions between human cancer cells and thrombocytes

were present within the vasculature (Figure 3.7).
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FIGURE 3.7. Human Cancer Cells Interact Closely with Thrombocytes. Trans-
mission electron microscopy (TEM) of serial sections through a larval zebrafish
tail containing human PC3 cells injected 24 hours prior.A Shows a cancer cell
(Magenta, PC3) making close, engulfing interactions with a thrombocyte (green,
t). Arrow heads show possible membrane exchange. B A further section showing
the same cells. More of the thrombocyte is revealed, showing its open canalicular
system (asterisk). Scale bar = 5 pnm.
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In order to perform human cancer cell xenografts in zebrafish, a compromise temperature
was used to allow both host and cancer cells to operate within an acceptable temperature range.
However, lower temperatures from 30-32 °C appeared to limit the activity of cancer cells, leading
to few extravasation events occurring and rather little migration. Conversely, increased temper-
atures from 33-35 °C tended to lead to increased mortality in zebrafish larvae. This was most
apparent during live imaging, where the addition of phototoxicity and anaesthesia may further
contribute to larval death. This made experiments using human cancer cells inconsistent and
rather low throughput. For these reasons a zebrafish-derived melanoma cell line, ZMEL, was

used for further experiments within this work.

3.2.2 Characterising ZMEL cancer cell behaviours in the absence of a clot

The zebrafish melanoma cell line, ZMEL, was chosen as a highly metastatic zebrafish cell
line, suitable for allografts into larval zebrafish. ZMEL cancer cells have been widely used for
a range of studies on the behaviour of metastatic cancer (Heilmann et al., 2015; Follain et al.,
2018). First, the behaviour of cancer cells in the absence of a generated thrombocytic plug, or
other interventions, was examined to establish a baseline for the activity of grafted cancer cells

and the host response to these cells.

As with human cancer cells, ZMEL cells were seen to spread throughout the vasculature as
early as 2 hpi. ZMEL have a much smaller diameter than human cancer cells, at roughly 5-10 pm
across compared to the human cancer cells diameter of around 15-20 nm. Despite this difference
in size, there appeared only minimal differences in their dispersal within the vasculature. ZMEL
cells appeared slightly less likely to arrest within the ISVs than human cancer cells, but otherwise
appeared to arrest most frequently in the same locations, these ’hotspots’ have previously been
shown to be where the flow-rate is more conducive to arrest, in the arterio-venous junction (AVJ)

and CVP (Follain et al., 2018).

Allografted cancer cells were observed to extravasate relatively frequently, compared to
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human cancer cells. During live imaging of human cancer cells, cancer cell extravasation was
only observed in 2-3 larvae, while ZMEL cancer cells were seen to extravasate in almost all allo-
grafted larvae. ZMEL cancer cells within the vessels tended to have a highly rounded morphology,
whereas cells found outside of the vessels were more extended (Figure 3.8). This elongation is
likely due to the external forces of the surrounding cells and tissues that are clearly not present
within the lumen of a vessel. Clustered groups of cancer cells appear to initiate metastatic
processes at roughly the same time as one another, extending protrusions beyond the vessel

of the lumen, though these extensions do not always lead to extravasation of the cell (Figure 3.8).

Cancer Cells

4.5 hpi 6.5 hpi 12 hpi

FIGURE 3.8. ZMEL Cancer Cells Form Extensions and Extravasate Into

the Surrounding Tissues. ZMEL cancer cells (magenta with blue nuclei)
in the caudal vein(green) of a zebrafish larva. Cancer cells begin EI

by extending protrusions beyond the vessels (arrow heads). Some
extravasated cancer cells migrate further from the initial point of
exit from the blood vessel (asterisk). Scale bar = 50 pm.
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Live imaging allows capture of events that might be rapid or rare. For example, occasionally
cancer cells could be seen dividing (Figure 3.9). This was an infrequent event seen only 3-4
times throughout these studies, but was observed exclusively after the cancer cell had exited
the vessel, after a brief period within the stroma. The first indication of a division nuclear shape
change, presumably coinciding with DNA condensation. Within 10 minutes of this nuclear shape

change, two daughter cells are apparent (Figure 3.9).

FIGURE 3.9. Extravasated Cancer Cells Undergo Mitosis. A ZMEL cancer cell
(magenta with blue nucleus) divides 90 min after extravasation [m]#5=E*[=]

from adjacent vessel (green and arrow head). Asterisks indicate the j;ft
nuclei of the extravasated cell. Frames are 10 minutes apart. Scale
bar = 10 pm.

L

3.2.2.1 Cancer cell:Host cell interactions

Interactions between grafted zebrafish cancer cells and host cells were then characterised by
live imaging. As cancer cells injected directly into the vessels of larvae generally arrest within the
CVP and AVJ, innate immune cells residing in the nearby caudal haematopoietic tissue (CHT)
appeared to have closest access to cancer cells and were recruited rapidly. Macrophages were
observed to interact with ZMEL cancer cells both inside and outside of the vessel lumen (Figure
3.10). These interactions appeared close and could persist for extended time periods, over several

hours.
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Cancer Cell

280 mpi 300 mpi

FIGURE 3.10. Macrophages interact directly with extravasating cancer cells.
Timecourse imaging showing ZMEL cancer cells (magenta with blue

nuclei) and macrophages (green) within the tail of zebrafish larvae.
Macrophage:cancer cell interactions (arrows) occur while cancer
cells are intravascular (white asterisks) and extravascular (yellow
asterisks). Scale bar = 50 pm.

Occasionally, macrophages can be seen engulfing cancer cells (Figure 3.11). In these cases,
nuclear labelling with hoechst shows that cancer cells die shortly after they are phagocytosed,
with their nucleus condensing and becoming brighter, before fading. After having engulfed a can-

cer cell, these macrophages tended to adopt a rounded morphology and the fluorescent membrane
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label of cancer cells was retained for up to 12 hours later. Phagocytosis by macrophages already
containing cancer cell fluorescence appeared more common than for "unprimed" macrophages,

perhaps indicating a separate population of pro-phagocyte macrophages (Figure 3.11).

Cancer Cells

240 mpi 340 mpi

450 mpi 710 mpi

FIGURE 3.11. Macrophages occasionally phagocytose cancer cells. Timecourse
imaging of ZMEL cancer cells (magenta, blue nuclei) and macrophages (green) in
the tail of zebrafish larvae following a phagocytic event. A macrophage containing
cancer cell fluorescence (arrow head) engulfs another cancer cell (asterisk) resulting
in a burst of bright nuclear fluorescent. Some cancer cell fluorescence is retained
within this macrophage. Scale bar = 50 pm.
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Neutrophils, like macrophages, can be seen interacting with cancer cells in unwounded
zebrafish larvae for the duration of all live imaging experiments. Although there appeared to
be slightly fewer neutrophils recruited to cancer cells than macrophages, neutrophils were also
observed to interact directly with cancer cells, occasionally appearing to crawl over the surface of

an arrested cancer cell (Figure 3.12).
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FIGURE 3.12. Host Neutrophils Interact With ZMEL Cancer Cells.(Legend con-
tinues on next page.)
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Figure 3.12: (Continued) A-D Show timelapse imaging of ZMEL cancer cells (magenta with blue
nuclel) and neutrophlls (green) in the tail of a 2.5 dpf zebrafish larval tail, 16 El 2o m]

Shows quantification of the number of macrophage vs neutrophil 1nteract10ns i
with cancer cells per timepoint. Scale bar = 10 pm.

Clusters of multiple ZMEL cancer cells could often be found, particularly in the AVdJ. These
clusters range from 2-20 cells. Cancer cells appeared to favour these clusters. Occasionally,
cancer cells may break away from these clusters, but remain attached through long membrane
extensions (Figure 3.13). These extensions could sometimes be observed to contract and drag
cancer cells back to the cluster(Figure 3.13). This, apparently active, behaviour in retaining

clustering may suggest a benefit to cancer cells from this clustering.

3 hpi 4.5 hpi 5 hpi

FIGURE 3.13. Cancer Cells Use Contractile Extensions to Cluster. A-C Show
timelapse imaging of ZMEL cancer cells (magenta with blue nuclei) (=] [=]
in the tail vessels (green) of a zebrafish larva, injected 3 hours prior. Tk K
A cancer cell is linked to a cluster of cancer cells (asterisk) by a =
long membrane extension (arrow). This extension returns the singlet [=1¢
cancer cell to the cluster. Scale bar = 50 pm.

To investigate the importance of these clusters, live imaging was used to observe clustered
and singlet cells over time. The distance between nuclei of cancer cells was measured at each

timepoint, and cells that were within 30 ym of one another were defined as "neighbours". It
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was observed that the extravasate, perhaps suggesting a cumulative attractive signal release.
Furthermore, extravasated cancer cells had, on average, twice as many neighbours as those that

did not extravasate (Figure 3.14).
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FIGURE 3.14. Clustered Cancer Cells Have Increased Macrophage Interactions
and Extravasate More Frequently. A-A’ Show ZMEL cancer cells at two time-
point after injection into the tail of a zebrafish larva. Red box indicates clustered

cancer cells. Arrowheads indicate extravasated cancer cells. C Shows simp_le linear
regression of the number of neighbours vs the number of macrophage [Elsgig-t[u]

interactions experienced by a cancer cell. Slope = 2.772, Deviation from 1-.:.:‘5:..,__.
zero p < 0.0001. D Quantification of average number of neighbours '.1-:-1'1""'": ‘F
throughout the timecourse for extravasated vs vascular cells. Analysed [E 0
by Student’s t-test. Scale bar = 50 pm.
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3.2.3 Innate Immune Cells are Essential for Cancer Cell Extravasation

To investigate the importance of macrophages in driving cancer cell extravasation, macrophages
were ablated by treating Tg(mpeg:Gal4; UAS:nfsB-mCherry) larvae with the pro-drug nifurpirinol
(NFP). NFP treatment was optimised to cause significant reduction of macrophages without

causing any observable toxicity to treated larvae (Figure 3.15).

Ablation of macrophages in 2 dpf larvae prior to injection of ZMEL cancer cells led to a
reduction in extravasation of cancer cells, as observed by live imaging. Extravasation efficiency
was assessed by measuring the percentage of cells observed within the trunk of the zebrafish
larvae that were outside of the vasculature (henceforth referred to as percentage extravasated
cancer cells). Using this readout as a means of quantification, extravasation appeared to be

reduced by roughly half in macrophage-ablated larvae (Figure 3.15).

To ensure the observed reduction in cancer cell extravasation was due to the loss of macrophages,
Tg(mpeg:Gal4; UAS:nfsB-mCherry) siblings were screened against red fluorescence to find larvae
that were not expressing nfsB. These nfsB-negative larvae were similarly tested for percentage
extravasated cancer cells. No significant difference in percentage extravasated cancer cells was
observed when Tg(mpeg:Gal4; UAS:nfsB-mCherry) negative larvae were treated with NFP, com-
pared to those treated with DMSO (Figure 3.15).
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FIGURE 3.15. Macrophages Are Required for Cancer Cell Extravasation. (Leg-
end continues on next page)
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Figure 3.15: (Continued) A-B Show tilescans of nifurpirinol (NFP)-treated versus control DMSO-
treated 3 dpf larvae expressing nfsB-mCherry specifically in macrophages (magenta). C shows
quantification of the number of macrophages detected in larvae treated with DMSO versus NFP.
Analysed by Student’s t test. D-E Representative images of ZMEL cancer cells (magenta, blue
nuclei) in control versus NFP-treated, 3dpf, Tg(mpeg:Gal4; UAS:nfsB-mCherry; fli: EGFP;) larvae.
Cancer cells (magenta, blue nuclei) can be seen inside the vessels of the trunk, and extravasated
into the surrounding tissues (arrow heads). F Quantification of the number of extravasated cells
in nfsB positive and negative larvae treated with NFP. Multiple Mann-Whitney U tests with
Sidak correction used for analysis and P values are presented above these graphs. G Contingency
analysis of cancer cell extravasation in nfsB positive larvae using Fisher’s exact test. Scale bar =
50 pm.

Work from Richard Hynes’ lab has identified how CXCR2 is an important receptor for re-
cruitment of a subset of neutrophils to the site of cancer cells arrested in early metastatic niches
within mouse lungs (Labelle et al., 2014). These neutrophils appear to be pro-metastatic in
this context (Labelle et al., 2014). To examine such pro-metastatic effects further in our larval
zebrafish model, fluorescent reporter lines for neutrophils were used to allow live imaging of their

behaviours.

To further investigate the effect of neutrophils in the pre-metastatic niche, neutrophil-specific
ablation was performed using NFP treatment of larvae expressing nitroreductase enzyme specifi-
cally within their neutrophils. Ablation of neutrophils in 2 dpf larvae, prior to injection of ZMEL
cancer cells, led to a reduction in the percentage of extravasated cancer cells. In DMSO-treated
larvae, about 35% of cells arrested within the tail were seen to have extravasated by 16 hpi,
while only 20% of cancer cells extravasated in NFP-treated larvae expressing nsfB in their
neutrophils (Figure 3.16). These data suggest an important role for innate immune cells within

the pre-metastatic niche.
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FIGURE 3.16. Neutrophils Are Required for Extravasation. A-B Show 3 dpf larvae
injected with ZMEL cancer cells (magenta, blue nuclei) 16 hours prior to imaging.
Cancer cells can be seen inside the vessels (green), and extravasated (arrow heads).
C-D Quantification of the number of extravasated cells in the context of neutrophil
ablation using Student’s and Fisher’s exact test. Scale bar = 50 um.
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3.3 Discussion

3.3.1 Human Cancer Cells

As discussed, the use of human cancer cells in a zebrafish model may have some advantages
over the use of zebrafish cells, including the potential for "personalised medicine" approaches,
and allowing continuity with other models (Section 1.4.3). Moreover, human cancer cell lines
are widely used and their culture is commonplace making them easily accessible for xenograft

experiments.

Previous research using human cancer cell xenografts in zebrafish has used a range of
temperatures to allow host larvae and cancer cells to co-exist. However, here I found that this
temperature compromise appeared prohibitive, leading to mortality in larvae or loss of activity in
human cancer cells. It is not clear why I was unable to replicate prior research, though future
experiments could be performed to further optimise human cancer cell experiments to take

advantage of some of the benefits that these may offer.

Vasculogenic mimicry is a phenomenon where cancer cells may take the place of endothelial
cells to produce a vessel-like structure with a functional lumen, which may integrate with the
network of host vessels (Maniotis et al., 1999). Here, in my zebrafish studies, I observed cancer
cells appearing to replace damaged vessels within the trunk of the larvae, it is possible that
these cancer cells are able to recognise the angiogenic signals produced in response to vessel
damage. This observation might allow the development of an in vivo model for live imaging of
the process of vasculogenic mimicry, a process that has been historically difficult to study in
animal models. Zebrafish, clearly, would offer the opportunity to live image this phenomenon.
Vasculogenic mimicry has been linked to poor prognosis within the clinic, so an understanding of

the mechanisms of this process could allow the development of potential treatments.
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3.3.1.1 CLEM

Light microscopy allows the observation of the dynamic processes that might drive cancer metas-
tasis, and may reveal close cellular interactions between host cells and cancer cells. However,
the nature of these interactions can be difficult to resolve. Electron microscopy is able to resolve
subcellular detail, down to the nanometre scale. Here, CLEM was used to gain insights into the

composition of the pre-metastatic niche.

Resolution of the internal structures of cells may reveal interesting behaviour of cancer cells
and host cells. For example, the increased resolution afforded by TEM in my larval zebrafish
model appears to corroborate my observations, using light microscopy, that macrophages may
interact with cancer cells with a broad front, similar to that of a T cell immune synapse (Ambler
et al., 2020). Further to this, it also reveals the apparent alignment of the organelles during these
interactions. Mitochondrial positioning close to immune synapses has previously been described
as an essential process for proper signalling and activation of T cells (Baixauli et al., 2011). Here,
I have observed the mitochondria of macrophages clustering close to an interface with a cancer

cell, which may indicate a complex or energy intensive process.

Macrophages have previously been described to form tight interactions, even synapses with
a range of cell types and may exhibit different behaviours dependent on the context of these
interactions (Kasprowicz et al., 2018). Phagocytic synapses are important for the clearance of
apoptotic cells, and might allow macrophages to phagocytose and kill cancer cells, although
cancer cells have developed strategies to escape this engulfment by expression of "dont-eat-me"
signals (Barclay and Van Den Berg, 2014). Interestingly, I also observed what appears to be
transfer of material between cancer cells and macrophages within the pre-metastatic niche.
Direct transfer of macrophage material to cancer cells has been shown stimulate their migration

another zebrafish model (Roh-Johnson et al., 2017).

Cancer cells are often seen within the caudal plexus. This is a region of blood vessels that

forms an irregular structure around the CHT, allowing nascent blood cells access to the vascu-
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lature of the fish. Due to the complexity of this region, it can be difficult to determine whether
a cancer cell has undergone transendothelial migration. Use of CLEM allowed me to elucidate
some of the complexities of the endothelium, showing potential remodelling due to the presence of
cancer cells in the vessels. Though this remodelling is partially visible using confocal microscopy,
as the endothelial layer is so thin, it can be difficult to appreciate the extent of these changes

without the use of electron microscopy.

As with their interactions with endothelial cells, interactions between neighbouring cancer
cells were extremely tight, suggesting an importance for cancer to cancer interactions within this
model. Prior research has described collective migration in metastasis (Campbell et al., 2019).
Although individual mesenchymal behaviour may allow more efficient movement, cancer cells
have been observed to make contacts with one another and exhibit some partially epithelial
behaviour (Campbell et al., 2019). It has been speculated that these contacts might cause poly-
clonal populations of cancer cells to move together, allowing the more migratory cells to drive the
movement of less migratory cells that may be more suited to the establishment of a secondary

tumour (Campbell et al., 2019).

Activation of platelets is known to stimulate the release of their granule contents which
may drive immune cell recruitment to cancer cells (Labelle et al., 2014). Studies in mammalian
models have previously established that cancer cells may overexpress tissue factor, causing the
activation of platelets, and coagulation, within the pre-metastatic niche (Gil-Bernabé et al., 2012).
Here, I observed few instances of activated thrombocytes close to cancer cells. This could be
caused by a lack of cross-species affinity in the activating factors expressed by human cancer
cells. Although human cancer cell interactions with thrombocytes may not commonly cause
thrombocyte activation, these interactions appeared to include the transfer of material from
one cell to another. Previous research has shown how transfer of platelet material to cancer
cells might drive plasticity and aggression in circulating tumour cells (Rodriguez-Martinez et al.,
2022), while tumour "education" of platelets has been noted in a clinical setting as a biomarker

for disease progression (Best et al., 2017).
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Through a combination of light microscopy and transmission electron microscopy (TEM), I
was able to observe human cancer cells interacting with a range of host, zebrafish cell lineages
which have previously been reported to have pro-metastatic effects in other models (Labelle
et al., 2014; Gil-Bernabé et al., 2012; Qian et al., 2011). Although I did observe human cancer
cell extravasation using this model, it appeared relatively infrequent and slow in comparison
to the allograft model using zebrafish cancer cells. I speculate that the metastatic potential of
these cancer cells is affected by the reduced temperature that must be used to allow zebrafish

and cancer cells to simultaneously survive over a period of days.

3.3.2 ZMEL Cancer Cells
3.3.2.1 Allografted Cancer Cell Behaviour

It is important to determine the behaviour of grafted cancer cells under normal conditions
and to establish the health of the cancer cells in their new environment. Here, I have detailed
a number of cancer cell behaviours seen in untreated larvae. Previous studies have shown the
importance of flow dynamics for tumour cell arrest, with lower flow rates preferentially initiating
arrest (Follain et al., 2018). Similarly, in my own studies I have seen greater incidence of cell
arrest within the AVJ and CVP, where blood flow is attenuated by directional changes and

entrance into smaller vessels.

Cell division is clearly a good indicator of cell viability within a population. Although rare, I
was able to observe ZMEL cells dividing during my experiments, thus indicating that the health
of cells had not been significantly compromised. Hoechst labelling was used to visualise the
nuclei of these ZMEL cells, which may have diminished their ability to divide to some extent, too.
Interestingly, cell division appeared more likely after cancer cell extravasation. Studies of cell
division in different contexts have shown that mechanical tension may stimulate and facilitate
division events (CURTIS and SEEHAR, 1978). This could suggest that cancer cells within the

vessels are less likely to divide due to a lack of mechanical tension, as they are not surrounded
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by cells and ECM. Reporters of cell division, such as incorporation of modified nucleotides 5-
ethynyl-2’-deoxyuridine (EdU) and bromodeoxyuridine (BrdU), would allow for further study of

the proliferative behaviour of these grafted cancer cells in the future.

Interestingly, cell death by apoptosis was not observed as it had been when using human
cancer cells. However, there were occasionally phagocytic events, whereby macrophages engulfed
entire cancer cells. This could be due to the size difference observed between human cancer cells
and ZMEL, making phagocytic events difficult or impossible with human cancer cells. To more
specifically test for apoptotic events in the future, terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) staining could be used. This may reveal additional details about the
health of grafted cancer cells within zebrafish larvae. A lipophilic membrane dye was used to vi-
sualise ZMEL cancer cells. After a phagocytic event, this fluorescence was retained for some time
in macrophages, and it appeared that "virgin" macrophages were less likely to phagocytose cancer
cells than those containing ZMEL fluorescence, suggesting a priming effect. The retained cancer
fluorescence within these cells could be used to allow fluorescence-activated cell sorting (FACS).
First selecting for macrophages by their expression of enhanced green fluorescent protein (EGFP)
under the cfms promoter and, subsequently, separating out macrophages that contained the Dil
cancer label. This would allow further characterisation of the phenotypic differences between
these cells and might reveal a differential activation state among macrophages that have phago-

cytosed these cancer cells.

Although macrophages may occasionally clear grafted cancer cells, innate immune cell inter-
actions have been shown to drive cancer progression at virtually all stages of the disease (Giig
and Pollard, 2021). Work from our lab has shown the importance of macrophages and neutrophils
at the early stages of cancer development in zebrafish, where they provide trophic support and
enhance clonal growth (Feng et al., 2010; Feng, 2012; Antonio et al., 2015). To determine whether
immune cells interacting with ZMEL cells could play similar supporting roles in this zebrafish
model of metastasis, fluorescent reporter lines for macrophages and neutrophils were used to

track their recruitment to vascular cancer cells. As with genetic models of cancer, innate immune
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cells are indeed seen interacting with grafted cells.

Previous studies using de novo genetic models of cancer observed that, as clones of pre-
neoplastic cells proliferated and became larger, there was an increase in the number of innate
immune cells recruited to the clone (Feng et al., 2010). Here, some early, low repeat, data sug-
gests that larger clusters of cancer cells appear to recruit greater numbers of macrophages,
perhaps suggesting a cumulative, attractive signal released or induced by these cancer cells.
Furthermore, cancer cells in these clusters also appeared more likely to extravasate, suggesting a
possible selective advantage to these clusters in capacity for metastasis, perhaps due to increased
innate immune cell recruitment. To further investigate this phenomenon, extravasation and
clustering could be measured after immune cell ablation experiments. If cancer cell cluster-
ing and extravasation were no longer correlated in the absence of innate immune cells, this

would suggest clustering behaviours drive metastasis through increased immune cell recruitment.

3.3.3 Innate Immune Cells are Required for Extravasation

Previous data from murine models implicated innate immune cell recruitment to tumour
cells as essential for many processes in metastasis. These interactions range from guiding tumour
cells from the primary tumour to vessels and driving intravasation (Sharma et al., 2021), to
increasing cancer cell survival in the tissues of distant organs to allow the formation of secondary
tumours (Gil-Bernabé et al., 2012). However, many of these studies were undertaken in murine
models that are often limited in their ability to follow the actions of cells over time because
of tissue opacity. Translucent larval zebrafish offer a model of the pre-metastatic niche that is
highly amenable to live imaging, allowing the dynamic behaviours of these cells to be observed

and quantified.

It is clear from the data presented in this work, that macrophages frequently interact with
cancer cells and, since increased interactions between cancer cells and macrophages appeared to

be associated with increased likelihood of extravasation, these interactions may be important for
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cancer cell survival and perhaps drive cancer extravasation events. One approach to test this
dependency on macrophage:cancer cell interactions would be to diminish macrophage numbers.
This can be achieved in a number of ways, including the use of panther mutants, or morpholino
injections to knock down macrophage lineages (Liongue et al., 2009), but here I have used an E.
coli nitroreductase enzyme, specifically expressed by macrophages, to convert a pro-drug into a

toxic product, leading to the specific death of macrophages.

Although ablation significantly diminished the number of macrophages, some reporter fluo-
rescence remained visible after treatment. However, my live imaging studies revealed that this
was likely a combination of immobile, dying macrophages, other apoptotic material left over after
macrophage death, and neutrophils that had taken up macrophage material. There appears
to be increased fluorescent material remaining after macrophage ablation when compared to
other published ablation lines, and even the other lines used here. As macrophages are the
’professional’ phagocytes, it is possible that their loss leaves only less effective phagocytic cells,

such as neutrophils, to clear up remaining cell debris.

As anticipated, macrophage ablation led to a significant reduction of cancer cell extravasation,
likely indicating a key role for macrophages in cancer cell metastatic potential. Previous studies
have offered a number of mechanistic insights into the roles of macrophages in the pre-metastatic
niche, including increasing vessel permeability, remodelling of the surrounding ECM, and sup-
pressing the lymphocyte response to cancer cells (Kim et al., 2019a; Kaplan et al., 2005; Brownlie

et al., 2021).

As with macrophages, I was able to use a nitroreductase line to ablate the neutrophil popula-
tion. Here, neutrophil numbers dropped significantly and remaining neutrophils were observed
to be largely stationary. Following this neutrophil ablation, I was able to show a reduction in
extravasation events by almost 50%, suggesting that neutrophil presence within the larva might
also be important in facilitating cancer metastasis, potentially due to direct interactions with

cancer cells. To study this further, it would be valuable to reduce neutrophil numbers or their
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interactions with cancer cells, separately.

As prostaglandin-E2 (PGEZ2) has been previously implicated as a trophic signal, delivered
by leukocytes to support early pre-neoplastic cells in their growth (Feng et al., 2012), it would
be interesting to study whether it is also an important factor within the pre-metastatic niche.
Chemical inhibitors and genetic targeting of prostaglandin synthesis have been previously used
to diminish PGE2 in the larval zebrafish, offering multiple possibilities to investigate its potential
effects on the pre-metastatic niche and cancer cell extravasation (Feng et al., 2012; Loynes et al.,

2018).
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Chapter 4

Investigating the Mechanics of the

Platelet-Driven Pre-Metastatic Niche

4.1 Introduction

Having established a model that allows the study of the pre-metastatic niche in zebrafish
larvae, I wanted to investigate the role of innate immune cells in cancer cell extravasation from
blood vessels. Previous studies have indicated that the presence of innate immune cells in the
pre-metastatic niche might be required for the formation of secondary tumours (Qian et al., 2011).
Furthermore, the literature has suggested that the formation of fibrin micro-clots, and platelet
activation within the pre-metastatic niche might drive innate immune cell recruitment to cancer
cells, which subsequently mediate cancer cell survival and metastasis (Labelle et al., 2014;
Gil-Bernabé et al., 2012). Here, I aim to probe this relationship further and establish roles for
platelets and the coagulation cascade in mediating innate immune cell behaviours within the

pre-metastatic niche.
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4.2 Results

4.2.1 The innate immune response to laser-induced clotting

Zebrafish larvae have been used as a model for thrombosis using multiple methods to gener-
ate thrombosis (Gregory et al., 2002). Here, an ablation laser was used to cause sufficient damage
to the vessel to induce clotting, without generating a lesion in the vessel such that a cell could

move through without undergoing classical extravasation.

A laser-triggered thrombocyte plug is visible both by using the brightfield or by imaging the
fluorescence of GFP labelled thrombocytes (Figure 4.1). Time to occlusion is very rapid, taking
less than a minute to block the vessel completely. Once a vessel is occluded, clot size is generally
stable as the loss of flow prevents new cells from entering the plug. As previously described, there
is heterogeneity in the brightness of itga2b:GFP positive cells, with dimmer cells and brighter
cells both contributing the plug (Thattaliyath et al., 2005). There also appear to be completely
unlabelled cells trapped within the plug, which may be erythrocytes that have been captured in
the blockage (Figure 4.1).

Resolution of the thrombus generally occurs about 5-6 hours after its formation. During
this period, innate immune cells are recruited to the region of the clot, and interact with the
clot directly (Figure 4.2). Neutrophil numbers within the tails of larvae with laser-induced
thrombi, or with mock wounds in the stroma (that do not cause clotting) were quantified over
time. The total neutrophil numbers in the field of view peaked shortly after the resolution of the
thrombocyte plug and restoration of blood flow into the vessels beyond the injury (Figure 4.2).
This delayed peak in neutrophil response may suggest an ischemia reperfusion injury response,
whereby a large number of immune cells may be recruited to a site of an ischemic injury soon

after normoxia has been restored (Zhang et al., 1994; King et al., 2000).
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FIGURE 4.1. Visualising the Formation of a Thrombocytic Plug in Zebrafish
Larvae Following Laser Insult. A Schematic to show the location of laser injury
and subsequent imaging. B-B”” Shows combined fluorescence and brightfield views

of the dorsal aorta (magenta) immediately following laser-injury. Aster- [EjrF4 =]
isk shows the location of the laser-wound. C-C”” Combined fluorescent ;t. .i

and brightfield views of the generated thrombocytic plug at peak size. 3%y
Activated thrombocytes (cyan, arrow heads) and other, unlabelled, [B1:3:5
cells make up the plug. Scale bar = 50 pym.
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FIGURE 4.2. Describing the Resolution of a Clot in Zebrafish Larvae.
A Still images from timelapse microscopy of a laser-induced thrombus in the
dorsal aorta of a 3 dpflarva. Thrombocytes (cyan) make up a plug within the vessel.
Neutrophils (magenta) interact with the plug (arrows). Shortly after El o
resolution of the plug, neutrophil numbers in the tissue dramatically ;
peak. B Shows quantification of the mean time to resolve a thrombo- N
cytic plug. (C) Quantification of neutrophils detected in the region of E| B
the plug, analysed by two-way ANOVA. Scale bar = 50 pm.
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4.2.2 The Role of the Thrombocytic Plug in Innate Immune Recruitment

Following these data suggesting the importance of macrophages and neutrophils for metas-
tasis, innate immune cell recruitment to cancer cells arrested in the blood vessels was then
investigated. To study how a thrombocytic plug might affect innate immune cell recruitment, 3
dpf larvae were laser wounded within the dorsal aorta prior to cancer cell injection. Cancer cells
were injected distally to the site of the wound and some of these were subsequently observed to

be in the vicinity of the thrombocytic plug.

First, macrophage recruitment was studied. An increase in macrophage interactions with can-
cer cells in larvae with a thrombocytic plug was observed, from around 1.3 macrophage:tumour
cell interactions per cell in each timepoint in larvae without thrombosis, up to a mean of about

2.4 interactions per cell in those with thrombosis (Figure 4.3).

0.0069

Control Clot

no. macrophage interactions per timepoint

FIGURE 4.3. Thrombocytic Plugs Lead to Recruitment of Macrophages to
Cancer Cells. A shows ZMEL cancer cells (magenta, blue nuclei) within the
flank of a 3 dpf larva with a laser-induced thrombocytic plug. Thrombocytes
(green, asterisks) and macrophages (dim green, arrow heads) can be seen
closely associating with cancer cells. B shows quantification of local macrophage
interactions with cancer cells in larvae with a clot. Analysed using Student’s t-test.
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Perhaps surprisingly, the presence of a thrombocytic plug in the region of the cancer cells did
not appear to change the number of neutrophils interacting with cancer cells at each time point.
However, as previously discussed, following the resolution of a thrombocytic plug and reperfusion
of the blood vessel, there is a rapid increase in neutrophils recruited to the vicinity of the clot
with many more neutrophils found within the blood vessels and within the tissue around the
wound. This increase in neutrophils after reperfusion was retained in the presence of cancer
cells, and led to tumour cells in the region subsequently experiencing a more than 2-fold increase
in interactions with neutrophils, peaking around 3 hours after reperfusion of the vessel and

returning to baseline levels another 3 hours after that. (Figure 4.4).
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FIGURE 4.4. Reperfusion Leads to Increased Neutrophil Interactions with
Cancer Cells. (Legend continues on next page.)
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Figure 4.4: (Continued) A-D Show a timecourse of neutrophils (green) and ZMEL cancer cells
(magenta, blue nuclei) in the flank of a 3 dpf larval zebrafish, injected 2 hours prior. Time shown
is relative to the resolution of the clot. A Shows the presence of the clot at early timepoints
before the clot is resolved (dashed outline). Red box indicates the area of the inset. B Shows the
timepoint of resolution. A blood cell can be seen passing through caudal vein =¥ r-|','¢'|
(arrowhead), showing perfusion past the location of the clot. C-D Show later time- it
points as neutrophils accumulate. E Quantification of the number of neutrophil F&
interactions with each cancer cells observed within the flank of the fish in each =l
timepoint. Scale bars = 50 ym.

4.2.3 Fibrin is a Member of the Pre-Metastatic Niche in Zebrafish Larvae

Previous studies in mice have demonstrated that circulating tumour cells are frequently able
to induce the conversion of fibrinogen into fibrin, due to expression of tissue factor (Gil-Bernabé
et al., 2012). To test whether grafted cancer cells might also be capable of inducing this conversion
in zebrafish, human FITC-labelled fibrinogen was co-injected with ZMEL cancer cells into 2
dpf larvae. In the absence of cancer cells, FITC fluorescence is rapidly diminished as fibrinogen
is turned over. However, co-injection of cancer cells with FITC-fibrinogen led to the formation
of bright, cancer cell associated fibre like structures that closely resemble those seen when
fibrinogen is injected during laser injury, suggesting that fibrin formation is triggered by the
addition of cancer cells. These fibrin microclots were visible up to 14 hours post-injection and
remained strongly associated with cancer cells within the vessels. Interestingly, blood flow did
not appear to be disrupted by this fibrin formation, perhaps due to the absence of thrombocytes

at 2 dpf, which might otherwise become activated and boost fibrin production (Figure 4.5).

Further, the formation of fibrin clots was assessed when larvae were treated with drugs that
alter coagulation (Figure 4.6). Previous research in zebrafish larvae has shown that warfarin
administration effectively blocks coagulation at a range of concentrations (Gregory et al., 2002).
Co-injection of fibrinogen and cancer cells in larvae pre-treated with 50 ug/mL warfarin for
24 hours appeared to lead to fewer fibrin clots forming than in DMSO treated larave (Figure
4.6). Additionally, there appeared to be a higher intensity of fluorescence in the vessels of these

by comparison to control, DMSO-treatment, potentially indicating a reduction in processing of
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fibrinogen to fibrin.

A range of drugs have previously been used in zebrafish larvae to induce thrombosis, including
phenylhydrazine, ferric chloride and ponatinib (Jiang et al., 2020; Gregory et al., 2002). Pona-
tinib was originally approved for clinical use as a tyrosine kinase inhibitor, targeting mutated
BCR-ABL in leukemia (Cortes et al., 2012). However, the drug was removed from the market
due to high risk of vascular thrombosis (Prasad and Mailankody, 2014), which has later been
attributed to a combination of vascular endothelial growth factor receptor (VEGFR) inhibition,
vWF-mediated platelet activation, and TxAs generation (Zhu et al., 2020; Latifi et al., 2019; Ai
et al., 2018). Interestingly, here, 3 1g/mL ponatinib treatment led to fewer clots observed within
the vessels of the tail than in DMSO treated larvae (Figure 4.6 C’),. However, there was also
seen to be a reduction in FITC fluorescence within the vessels. Upon imaging the injection site
at the Duct of Cuvier and the heart of the larvae, there was observed a large deposit of green

fluorescence here by comparison to control or warfarin-treated larvae (Figure 4.6 C).
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FI1GURE 4.5. Grafted Cancer Cells Induce the Conversion of Human Fibrinogen

to Fibrin. A shows a low magnification view of the flank of a 2 dpf zebrafish larva
in which ZMEL cancer cells (magenta, blue nuclei) and FITC- [=]3#

hFibrinogen (green) were injected 2 hours previously. B Higher magni-
fication view of the same fish. Arrows show fibrin fibres. C 3D render-
ing of ZMEL cancer cells associating closely with FITC-hFibrinogen.
Scale bars = 50 um.
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FIGURE 4.6. Drug Treatments Allow Modulation of Clotting. Representative
projections of FITC-hFibrinogen (green) and ZMEL cancer cell-injected larvae
16 hpi, arrow heads show punctate material. A-C Show 3 dpf larval hearts and
the injection site of FITC-hFibrinogen and ZMEL cancer cells over the yolk sac.
A’-C’ The same larvae viewed at the tail end, showing differing levels of FITC-
hFibrinogen within the vessels. Scale bars = 50 m.
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4.2.4 Fibrin is Necessary for Cancer Cell Extravasation

To assess the effect of fibrin within the pre-metastatic niche, cancer and innate immune cell
behaviour was studied whilst modulating fibrin formation. Associated with its inhibition of
clotting, warfarin treatment almost completely eliminated extravasation in 2dpf zebrafish larvae
(Figure 4.7). Extravasation levels dropped from close to 40% of total injected cells extravasating
within 16 hours, to only 2% cells in warfarin-treated fish. Percentages were adjusted to weighted

means to account for differences in cell numbers between samples.

Previous murine studies have shown the importance of fibrin for the recruitment of macrophages
to cancer cells in the pre-metastatic niche (Gil-Bernabé et al., 2012). To assess whether the ob-
served association of fibrin with cancer cells in zebrafish larvae might be a pre-requisite for innate
immune cell recruitment to cancer cells, warfarin treatment was used to block coagulation. The
effect of this warfarin treatment on innate immune cell behaviour was assessed by live imaging.
Macrophage and cancer cell positions were tracked using TrackMate, generating coordinate
positions for all cells. These positions were then compared to find the number of macrophages

within 30 um of cancer cells, indicating close interactions.

Warfarin treatment prior to ZMEL cancer cell injection led to a dramatic reduction in macro-
phage interactions with cancer cells. With roughly half as many macrophage:cancer cell interac-
tions per timepoint seen when compared to DMSO-treated larvae (Figure 4.8). A reduction of
observed interactions could be caused by a loss of macrophages within the tissue. To validate
that the observed loss of interactions was due to changes in macrophage behaviour, rather than
just a reduced macrophage number, the number of macrophages present within the field of
view was counted and no significant difference in number was observed between warfarin- and

DMSO-treated larvae.

Interestingly, there appeared to be no change in macrophage speed within the trunk of
warfarin-treated larvae (Figure 4.8). But mean directionality of macrophage movement was

significantly decreased after warfarin treatment, Which perhaps suggests a reduction in recruit-
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ment signals of macrophages to cancer cells.
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FIGURE 4.7. Warfarin Inhibits Cancer Cell Extravasation. A-B Shows representa-
tive images of the flank of 72 hpf larvae after warfarin or DMSO treatment and 16
hours post injection of ZMEL cancer cells. Arrows show extravasated cancer cells.
B Quantification of the percentage of cancer cells in the tail of warfarin-treated
larvae that have extravasated, analysed using a Mann-Whitney U test. D Shows a
proportional graph of extravasated cancer cells, analysed using a Fisher’s Exact
test. Scale bar = 50 ym.
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FIGURE 4.8. Warfarin Reduces Macrophage Recruitment. A-B shows projections
of drug-treated 3 dpf larval tails with ZMEL cancer cells (magenta, blue nuclei)
injected 2 hours prior to timelapse imaging. 20 equally spaced frames were captured
and superimposed. Arrowheads show macrophage nuclei (green) found distant

from the location of cancer cells. C shows quantification of the average number
of macrophage interactions each cancer cell experiences per timepoint. . ]

macrophage speed. F Shows quantification of mean directionality of [E]
macrophages. C-F Student’s t tests. Scale bar = 50 um.
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These data appear to indicate that warfarin treatment is effective at reducing extravasation
events, perhaps suggesting a role for fibrin in the pre-metastatic niche in recruiting innate
immune cells, which may drive metastasis. To investigate whether an increase in fibrin formation
was rate limiting for increasing metastatic events, chemical induction of fibrin formation was
used. Previous research has shown ponatinib can cause occlusion and leads to the conversion
of fibrinogen to fibrin in larval zebrafish (Jiang et al., 2020). Interestingly, an increase in the
percentage of extravasated cancer cells was observed when 3 j1g/mL ponatinib treatment was used
to stimulate clotting for 24 hours prior to cancer cell injection, when compared to control DMSO-
treated fish (Figure 4.9). This further suggests the importance of fibrin in the pre-metastatic

niche for cancer metastasis.

As a change in innate immune cell behaviour was observed during warfarin treatment,
recruitment of innate immune cells was also quantified in ponatinib-treated larvae (Figure
4.9). Neutrophil interactions with cancer cells were tracked throughout a 14 hour live-imaging
timecourse, with close interactions classified as those where cells were seen within 30 pm of one
another. There appeared to be an increase in the average number of neutrophils interacting with
each cancer cell per timepoint in ponatinib-treated larvae. In DMSO treated larvae, roughly 1.5
neutrophils interact with each cancer cell at each timepoint. In ponatinib-treated larvae, this
appears to increase to just over 2 neutrophil interactions per timepoint. To further study this

drug treatment, macrophage interactions should also be quantified.
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FIGURE 4.9. Ponatinib treatment increases cancer cell extravasation. A-B’ Show
ZMEL cancer cells in the tails of ponatinib-treated and DMSO control treated 3 dpf
larvae 16 hours after cancer cell injection. Arrowheads show extravasated cancer
cells and dashed lines show potential endothelial remodelling. C Quantification of
neutrophil interactions with cancer cells averaged across timepoints, analysed by
Student’s t test. D Shows quantification of cancer cell extravasation in ponatinib-
treated larvae, analysed by Student’s t test. Scale bar = 50 pm.
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4.2.5 Loss of Fibrin Drives a Pro-Inflammatory Response to Cancer Cells

To further characterise these observed changes in innate immune cell behaviour, expression
of tnfa in immune cells was assessed. Here, a fluorescent reporter line under the control of the
tnfa promoter was used. As previously discussed, an increase in infa reporter expression may
indicate a shift towards more pro-inflammatory macrophage phenotypes, which may in turn lead

to an anti-metastatic response (Nguyen-Chi et al., 2015; Park et al., 2020).

Warfarin treatment appeared to increase the number of infa positive innate immune cells
within the tail of the fish, observed by live imaging. Interestingly, ¢nfa positive cells do not
appear to accumulate until after cancer cells have been injected, suggesting that warfarin
alone is not sufficient to cause an increase in tnfa expression. As there is a smaller, but still
present, increase in tnfa expression in larvae treated with DMSO it seems possible that cancer
cells and warfarin together have a syngeristic effect on increasing tnfa expression. These data
could implicate fibrin in the mediation of macrophage phenotypes within the pre-metastatic

niche, but, important to consider, warfarin may induce off-target effects that were not anticipated.
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FIGURE 4.10. Warfarin Induces a Shift to a More Pro-inflammatory Phenotype.
A-B’ Representative stills from timelapse imaging of the tails of 3 dpflarvae. ZMEL
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Next, in order to more specifically determine whether the effects seen in these pharmaco-
logical treatments were due to altered production of fibrin, knockdowns of fibrinogen subunit
alpha (fga) were performed. Prior studies using knockdown of the fga subunit have shown a loss
of thrombosis and, rarely, haemorrhaging in morphant zebrafish larvae (Vo et al., 2013). Here,
morpholino knockdown of fga resulted in a reduction in fga mRNA measured by qPCR of 3 dpf
larvae, compared to a 5 nt mismatch control morpholino (Figure 4.11). This loss of fibrin was
sufficient to prevent occlusion of the vessel by thrombus during vascular injury in 3dpf larvae

(data not shown).

To determine whether this more specific loss of fibrin from the pre-metastatic niche was
sufficient to recapitulate the effects of warfarin, ZMEL cancer cells were injected into 2 dpf
morphant larve. A significant reduction in percentage cancer cell extravasation was observed at
16 hpi, compared to control morphants. This was seen as a roughly 6-fold lower percentage of

observed cells having extravasated in fga morphants compared to mismatch controls (Figure

4.11).
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Figure 4.11: (Continued) A qPCR results showing knockdown of fga expression using two dif-
ferent primer pairs against fga, relative to expression when using a 5nt mismatch control. B-C
Representative tilescans of the trunks of control and active morpholino-treated fish. Cancer cells
(magenta) may be seen outside of vessels (green). Extravasated cancer cells are shown with
arrow heads. D Quantification of percentage extravasated cells, analysed using Student’s t-test. E
Quantification of percentage extravasated cells using Fisher’s exact test to account for differences
in number of arrested cells within the tail. Scale bar = 50 pm.

To further investigate the observed pro-inflammatory effect during warfarin treatment, infa
expression in innate immune cells was measured in morpholino-treated larvae by live imag-
ing (Figure 4.12). infa -expressing innate immune cells remained largely absent in control
morpholino-treated larvae. Conversely, knockdown of fga led to a dramatic, significant, increase
in tnfa positive cells detected throughout the timecourse of imaging, providing further evidence

that fibrin may alter innate immune cell phenotypes within the pre-metastatic niche.
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FIGURE 4.12. Morpholino Knockdown of fga Causes Increased tnfa Expression.
A-B’ Representative stills from timelapse confocal imaging of morpholino treated
larvae. tnfa positive immune cells are denoted with arrow heads. C Quantification
of tnfa positive cells in the tail of larvae. Analysed using a two-way ANOVA. Scale
bar = 50 pm.
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4.2.6 Induction of a Pro-Inflammatory Phenotype Using a TLR7/8 Agonist

Reduces Extravasation

To determine whether the observed inflammatory phenotype was contributing to the reduc-
tion in cancer cell extravasation, a pro-inflammatory phenotype was induced in macrophages
independently from changes to fibrin. Previous research has shown how resiquimod (R848)
drives anti-tumoural activity in macrophages by activating toll-like receptor (TLR) 7/8, leading
to an increase in M1-like behaviours and markers (Sallam et al., 2021; Anfray et al., 2021). A
previous student in our lab, Paco Lopez-Cuevas, optimised R848 treatment in larval zebrafish,
reporting that a single intravascular injection between 0.5 mM and 10 mM was sufficient to
cause significantly increased numbers of tnfa positive macrophages up to 48 hours after injection

(Lopez-Cuevas, 2022).

Here, 10 mM R848 injection 24 hours prior to cancer cell grafting caused a significant increase
in tnfa expression, measured by the sum of green fluorescence within the tail 16 hours after
cancer cell injections (Figure 4.13). An almost two-fold change in fluorescent intensity was
observed in drug-injected larvae compared to DMSO-injected larvae, measured by the sum of
green pixel intensities. Increased GFP expression, indicating expression of tnfa , could be seen
in both innate immune cells and stromal cells. Associated with this increase in tnfa positive
cells, cancer cell extravasation was reduced in the tail of R848 treated larvae compared to DMSO
injected larvae. R848 injection reduced the extravasated percentage of cancer cells observed
within the tail of larvae from around 40% to around 20% (Figure 4.13). This potentially indicates

the importance of macrophage phenotype within the pre-metastatic niche.
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Number of Extravasation Events. A-B Shows the flank of 3 dpf R848-treated
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4.3 Discussion

4.3.1 The Innate Immune Response to a Laser-Induced Thrombus

Zebrafish larvae make an ideal model for observing haemostasis in vivo. Their translucency
allows detailed live imaging while the position of their dorsal aorta, the major artery for the tail
of the fish, close the skin allows precise laser injuries to be made within the vessel while causing
minimal excess damage. With careful attenuation of an ablation laser, I can trigger thrombosis
within the dorsal aorta without visibly damaging the vessel wall. This is particularly important
for the future investigation of cancer cell extravasation, as creating additional damage, serving

as an alternative escape route through the vessel wall would likely nullify this study.

As previously observed, there is heterogeneity among the thrombocytes within the plug, with
not all cells being GFP positive (Thattaliyath et al., 2005). This has been posited to be due to the
presence of immature thrombocytes that are not expressing CD41 highly (Thattaliyath et al.,
2005). It is also expected that some of non-fluorescent material visible in the brightfield is the
fibrin that forms the clot (Rost et al., 2016). Due to the heterogeneity of fluorescence within the
clot, it is difficult to assess the time point at which a clot is resolved. I have arbitrarily used the
time point at which normal blood flow is seen to be restored to the vessel beyond the clot as the

time of clot resolution.

As the peak of neutrophil recruitment correlates with a timepoint just after the thrombocyte
plug has been resolved, I speculated that this could be due to the rapid return of blood flow to the
vessels in the region, inducing a reperfusion injury-like effect. When a vessel becomes blocked,
the tissues in that region become hypoxic, causing damage and, eventually, necrosis. In the clinic,
resolving this blockage is essential to limit any permanent damage to the patient (Maroko et al.,
1972). Paradoxically, clinical interventions to reperfuse the blocked vessel may induce damage
additional to that of the initial ischemia, this has been studied in the contexts of myocardial
infarction, stroke, and organ transplantation (Braunwald and Kloner, 1985; King et al., 2000;

Zhang et al., 1994).
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Because Labelle et al. (2014) had previously suggested that platelet activation and pres-
ence within the pre-metastatic niche was required for neutrophil recruitment to cancer cells, I
investigated the role of activated thrombocytes through laser injury of the dorsal aorta prior
to cancer cell injection. After induction of a thrombocytic plug, I saw no significant change in
neutrophil recruitment to cancer cells up to 5 hours post injection. As neutrophils are generally
the first immune cells to arrive at a site of inflammation, and are thought to resolve or die when
macrophage recruitment commences, this experiment may miss the key time window when early
elevated levels of neutrophils interact with cancer cells. This is because live imaging did not
begin until 2 hpi, to allow cancer cells sufficient time to move into the vasculature of the larvae,

and subsequently allow screening of larvae positive for cancer cells within the vessels.

However, neutrophil interactions with cancer cells begin to increase at about 5 hpi. This coin-
cides remarkably well with the resolution of the thrombocyte plug and reperfusion of the vessels
beyond the clot. Neutrophil numbers in the tissue increase during this time and some of these cells
are seen to interact with cancer cells. As the diameter of the larval dorsal aorta mimicks the size
of human capillaries, at roughly 10 um across, it is possible that tumour cell activation of platelets
in humans might lead to similar micro-blockages, and that later reperfusion of these regions

could similarly trigger neutrophil recruitment to cancer cells, supporting metastasis at these sites.

Pre-clinical studies have shown an association between ischemia-reperfusion and tumour
growth and metastasis (Lim et al., 2013; Tashiro et al., 2020). Clinical treatment of liver cancers
frequently requires resection of part of the liver, or full liver removal followed by transplantation
(Agrawal and Belghiti, 2011). These procedures include clamping of vessels in the liver to prevent
bleeding during the operation, leading to the potential for ichemia-reperfusion injury (Bahde
and Spiegel, 2010). Some clinical studies have reported an increased recurrence of cancer in
patients with higher markers of ischemia-reperfusion injury (Grat et al., 2018). The zebrafish
data represented here shows live-imaging evidence for this "reperfusion injury" associated in-
flammatory response, which might have clinical relevance, not just in surgery scenarios, but also

after disolution of microclots and other thrombotic lesions in cancer patients.
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4.3.2 Fibrin is Required for the Recruitment of Pro-Metastatic Innate

Immune Cells to the Pre-Metastatic Niche

Many cancer cells overexpress factors that may directly or indirectly cause drive the pro-
duction of fibrin (Razak et al., 2018). Direct induction of coagulation includes expression of
tissue factor and thrombin (Khorana et al., 2007; Wojtukiewicz et al., 2000), while activation of
neutrophils to produce neutrophil Extracellular Traps (NETs) may provide an indirect route to
platelet activation and coagulation (Mauracher et al., 2018). It has previously been demonstrated
that the association of fibrin with cancer cells may drive pro-metastatic innate immune cell
interactions with cancer cells (Gil-Bernabé et al., 2012). Here, I have developed a model to show
that cancer cells grafted into zebrafish larvae are able to drive the production of fibrin, and have
used a range of different methods to modulate this fibrin production and study the consequences

of this on the dynamics of immune cell mediated cancer metastasis.

Gregory et al. showed that FITC-labelled human fibrinogen (FITC-hFibrinogen), injected
intravascularly in unwounded larvae, results in a diffuse signal throughout the entirety of the
vessels soon aftrer injection, before being rapidly turned over (Gregory et al., 2002). On the
generation of a clot by laser injury, the human fibrinogen is converted into fibrin and forms bright,
local fluorescence where the FITC-labelled protein has been incorporated into the newly-formed
clot (Gregory et al., 2002). This clot-associated fluorescence is retained for much longer than
the systemically observed fibrinogen, likely because fibrin in the clot must undergo fibrinolysis,

which is suppressed while the wound is healing (Gregory et al., 2002).

I was able to adapt the above techniques to observe fibrin within the pre-metastatic niche
by co-injecting FITC-hFibrinogen with cancer cells. I found that fibrin appears to associate with
grafted cancer cells. This is likely due to cancer cells driving the conversion of the injected
fibrinogen to fibrin, either directly or indirectly, causing its formation close to these cells and its

adherence to them. However, as this is an injection of exogenous human fibrinogen, this proxy,
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observable fluorescent fibrin might not entirely reflect how endogenous fibrin might interact with
cancer cells. A transgenic zebrafish line expressing an fgb-EGFP fusion protein has been produced
and might better report the formation of fibrin, although it too might suffer from artifacts of
overexpression (Vo et al., 2013). Alternatively, polyclonal antibodies against zebrafish orthologues
of fibrin have been used in previous studies, and could be used to overcome potential artifacts

caused by this exogenous application of fibrinogen (Fish et al., 2014).

The use of warfarin has previously been characterised in zebrafish larvae, showing anti-
coagulant activity mediated by inhibition of vitamin K dependent y carboxylase activity (Hanu-
manthaiah et al., 2001). Additionally, the developmental effects of the loss of functional vitamin
K in zebrafish embryos have been compared to those seen in human warfarin embryopathy
(Granadeiro et al., 2019), and the LC50 and EC50 concentrations have been determined (Weigt
et al., 2012). This made it an appealing initial choice to study the effects of fibrin in the pre-
metastatic niche. I showed that warfarin treatment indeed led to a strong loss of extravasation
events. As ablation of innate immune cells within the larvae had previously led to a reduction of
metastases forming (Section 3.2.3), I speculated that a reduction of immune cell interactions

with cancer cells during anti-coagulant treatment could contribute to the loss of extravasation.

Additionally, these data reveal a potential role for fibrin in pushing innate immune cells
towards pro-metastatic interactions with circulating tumour cells and preventing anti-tumoural
activity. As previously discussed, tnfa reporter expression may be used as a proxy for pro-
inflammatory macrophage phenotypes (Nguyen-Chi et al., 2015). Warfarin treatment appeared to
increase the number of tnfa positive macrophages in the tail of the fish, local to cancer cells. Next,
it would be useful to characterise this macrophage phenotype further. Other fluorescent reporters
including i1 could be used to show multiple markers of classical macrophage inflammation, or

more detailed characterisation could be performed by RNA-seq.

It has been shown that in vitro macrophages interacting with fibrin were driven towards M2

phenotypes, while macrophages incubated in media containing soluble fibrinogen were driven
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towards M1, pro-inflammatory phenotypes (Hsieh et al., 2017; Tanaka et al., 2019). Moreover,
injectable platelet rich fibrin reduced the pro-inflammatory response to local Staphylococcus
aureus in rats, with reduced in expression of tnfa and IL-6 (Zhang et al., 2020). I speculate that
this might explain my observation of increased tnfa when coagulation is inhibited by warfarin
treatment. With normal coagulation levels, macrophages interacting with cancer cells may also
be interacting with fibrin associated with cancer cells, dampening other inflammatory signals
that they would otherwise recieve, and preventing switching to an M1 phenotype (Hsieh et al.,

2017; Tanaka et al., 2019; Zhang et al., 2020).

However, as warfarin is a vitamin K inhibitor, it has effects beyond the loss of fibrin production
alone (Bell et al., 1972). Thus, I wanted to explore whether a more specific deletion of fibrin
expression on its own might be enough to cause an increase of tnfa expression in macrophages
local to cancer cells. To this end, I used morpholino knockdown of the fibrinogen subunit fga.
Previous studies have characterised the action of this morpholino, showing a loss of up to 90%
of fibrinogen mRNA and a significant loss of protein shown by western blot (Vo et al., 2013). A
strong loss of coagulation was also observed in this study, with up to 5% of larvae experiencing
haemorrhaging either in the brain or intramuscularly, and a complete loss of occlusion when
subjected to laser injury to the vessel (Vo et al., 2013). Here, I was able to induce a significant
reduction of fga transcript detected by qPCR and saw a dramatic loss of occlusion after laser

wounding of the vessel.

As hypothesised, fibrinogen knockdown led to a reduction of cancer cell extravasation events
and an increase in pro-inflammatory macrophages in the trunk of larvae. Interestingly, Hsieh
et al. (2017) indicated that the presence of fibrinogen could contribute to driving pro-inflammatory
phenotypes in macrophages. Here, I have knocked down fibrinogen to reduce the formation of
fibrin within the pre-metastatic niche but, in doing so, I may also be removing a potential signal
to drive more inflammation and increase the anti-metastatic effects seen here. One method to
distinguish the effects of fibrinogen from the effects of fibrin is the use of mutant fibrinogen

that cannot be cleaved by thrombin. In mice, mutations in the fibrinogen a -chain have been
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found that lead to normal circulating levels of fibrinogen, which cannot be processed into fibrin
fibres (Prasad et al., 2015). This mutant could be replicated in zebrafish using CRISPR/Cas9 and
homology-directed repair or, alternatively, a recombinant mutant protein could be produced and

injected into a morphant or knockout fish.

As a further approach, ponatinib was used to induce the production of fibrin. Ponatinib
has been previously shown to induce caudal vein thrombosis in zebrafish larvae (Jiang et al.,
2020). With ponatinib treatment, I saw an increase of extravasation events, providing additional
evidence, supporting the importance of coagulation and fibrin in cancer metastasis. Although
this study suffered from a low sample size, it did suggest trend towards an increase of neutrophil
interactions with cancer cells. Further repeats of this experiment are needed to gather more
details of innate immune cell behaviour in the context of this drug, including its effects on
macrophages in the pre-metastatic cancer niche. One drawback to the use of ponatinib as a
means to induce coagulation, is that it also acts as an inhibitor of VEGF signalling, leading to
visible changes to the structure of the blood vessels of treated larvae. Clearly, these changes could

potentially influence metastasis.

Other means of producing clots in zebrafish larvae have been shown to be effective and could
be used to further this model. For example, ferric chloride is frequently used in mammalian
models of thrombosis and drives coagulation through positively-charged iron binding to negatively
charged blood components (Ciciliano et al., 2015). Ferric chloride treatment in zebrafish larvae
causes thrombosis predominantly in vessels of the tail, as it fails to penetrate deep enough to

affect the vessels of other tissues (Gregory et al., 2002).

Using multiple methods to modulate coagulation, I was able to show the importance of
coagulation, and potentially fibrin, in innate immune cell recruitment to the pre-metastatic
niche and subsequent cancer cell extravasation. Thus, these data support previous studies where
fibrin associated with cancer cells led to increased macrophage interactions with cancer cells and

subsequent metastasis (Gil-Bernabé et al., 2012). Building on this, I hypothesise that fibrin plays
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a further role in dampening inflammation within the pre-metastatic niche, further aiding cancer

cells in their extravasation and metastasis.

To test whether the phenotypic switching was responsible for loss of extravasation, I used
a drug that stimulates the production of tnfa in zebrafish larvae. Previous student in the lab,
Dr Paco Lopez Cuevas, showed that R848, a TLR 7/8 agonist, increased the percentage of tnfa
positive macrophages in larvae without significant adverse effects to the zebrafish. This followed
on from murine studies that have shown how R848 can be effective at switching macrophages to
anti-tumoural activities (Anfray et al., 2021; Sallam et al., 2021). Additionally, R848 appears to
reduce the metastatic potential of intravascularly injected melanoma cells in mice (Zhou et al.,

2022).

Using this drug, I showed a systemic increase of tnfa expression and a reduction of ex-
travasated cancer cells. This suggests that the drive towards an inflammatory phenotype caused
by a loss of fibrin could be responsible, at least in part, for the loss of cancer cell extravasation.
To further investigate the role of tnfa expression on cancer extravasation, I could target infa
using drugs. Inhibitors of the production, or release, of tnfa have been tested in zebrafish larvae,
showing the potential to reduce the inflammatory phenotypes seen in this model (Xie et al., 2020).
Additionally, there is a CRISPR knockout of tnfa in zebrafish that could allow further investiga-
tion into its function in the pre-metastatic niche (Kan et al., 2020). One interesting experiment
would be to combine the tnfa knockout with warfarin treatment to determine whether this
might rescue the extravasation levels seen in untreated fish. However, as this study is using infa
expression in part as a proxy for inflammatory phenotypes in innate immune cells, it is possible
that targeting tnfa in these ways would not significantly alter these inflammatory phenotypes

and thus not rescue normal cancer cell behaviour.

Together, these data suggest the potential for druggable targets that could be used for anti-
metastatic therapies. Anti-coagulants have been associated with a reduction in the incidence of

metastatic cancers (Haaland et al., 2017), but their long-term use is associated with negative

110



CHAPTER 4. INVESTIGATING THE MECHANICS OF THE PLATELET-DRIVEN
PRE-METASTATIC NICHE

consequences such as bleeding (Ageno and Donadini, 2018). Instead, it could be possible to
intervene in fibrin signalling to macrophages to induce a pro-inflammatory phenotype that may
inhibit cancer metastasis. This could cause a similar reduction in metastases as anti-coagulant

therapies, while avoiding some of the side effects associated with these drugs.
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Chapter 5

CRISPR-Cas9 Targeted Knockout of
Thrombocyte-Driven Immune Cell

Recruitment

5.1 Introduction

Having established a possible role for thrombocyte activation and the coagulation cascade in
immune recruitment and modulation which, in turn, may drive metastasis, I then utilised genetic

manipulation to further investigate how thrombocyte signalling might contribute to this process.

Activated mammalian platelets interface with the innate immune system through a range of
inflammatory mediators, released from granules or displayed on their surface (Page and Pretorius,
2020). This process is important for recruiting immune cells to a developing thrombus to protect
against pathogens and drive resolution of the wound (Eisinger et al., 2018). These signals may
also direct immune cell recruitment to the pre-metastatic niche, which appears important for
extravasation and formation of metastases. Release of granule contents from platelets is depen-
dent on the soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE)
complex for their capture and fusion to the plasma membrane (Savage et al., 2013; Ren et al.,

2007; Williams et al., 2018), and knockout data in mice has shown SNAP23 as a critical factor for
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platelet degranulation (Williams et al., 2018).

Selectin proteins are adhesion molecules, primarily involved in the recruitment of circulating
immune cells to sites of inflammation (McEver, 2015). P-selectin on the surface of activated
platelets is important for adhesion of macrophages and neutrophils to a thrombus, and may cause

platelet:immune cell signalling (Weyrich et al., 1996; Evangelista et al., 1999).

Here, I targeted two genes that have previously been implicated in platelet signalling,
snap23 and P-selectin (selp), for conditional knockout in larval zebrafish thrombocytes, us-
ing CRISPR/Cas9. Tissue-specific expression of the Cas9 protein can be used to restrict a gene
knockout to a cell of interest, potentially reducing off-target effects, particularly when a gene of

interest is widely expressed and/or indespensible for the survival of an organism (Zhuo et al.,

2021).

5.2 Methods and Results

5.2.1 Towards a Tissue-Specific CRISPR Knockout in Thrombocytes

Platelets are known to communicate with innate immune cells both during their normal
activities and when associated with cancer cells (Kral et al., 2016). These communication events
may recruit innate immune cells to cancer cells and drive metastatic events. To disrupt this
process, CRISPR/Cas9 knockouts were designed to target candidate genes that might be involved

in this platelet:immune cell communication in zebrafish.

Members of the soluble N-ethylmaleimide-sensitive factor attachment protein (SNAP) family
form part of the SNARE complex, required for the binding of vesicles to the plasma membrane,
and triggering their release outside of the cell (Chen et al., 2000). Transcriptome analysis of
human and mouse platelets revealed SNAP23 and SNAP29 as highly expressed members of
the SNARE complex (Rowley et al., 2011). Data from murine experiments, where SNAP23 was

deleted specifically in platelets, has shown it as essential for their proper activity and degranula-
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tion (Williams et al., 2018). Thus, snap23.1 and snap23.2 were chosen as targets for knockout by
CRISPR-Cas9 in this zebrafish model.

Further, P-selectin is a platelet surface receptor that mediates direct interactions with innate
immune cells through P-selectin glycoprotein ligand-1 (PSGL-1). In a wound healing context,
P-selectin facilitates the binding of circulating immune cells to platelets to at the site of dam-
age to drive resolution (Evangelista et al., 1999). P-selectin has also been linked to metastasis,
making it an ideal candidate for knockout as part of the investigation of platelet:immune cell

communication in the pre-metastatic niche (Kim et al., 1998)

Both of the above targets have expression patterns that are not restricted to thrombocytes in
zebrafish. In situ hybridisation data has previously shown snap23.1 is expressed ubiquitously in
zebrafish larvae from the one cell stage through to 60 hpf (Thisse and Thisse, 2004). P-selectin is
also expressed by endothelial cells and is pivotal to allow the rolling of immune cells on their
surface (Gotsch et al., 1994). To avoid off-target effects in these studies, conditional knockout was

designed in order to restrict effects to the thrombocytes.

First, sgRNA spacer sequences were designed using open access softwares, Benchling and
CRISPOR, to predict cutting efficiencies and off-target scores (Concordet and Haeussler, 2018).
CRISPOR provides a range of different scores to assess the quality of a guide RNA sequence.
Here, an average of scores was taken and guide sequences were ranked based on this average.
InDelphi is a machine-learning-based model designed to predict the expected frequencies of
insertions and deletions caused by non-homologous end joining, and microhomology-mediated
end joining, after Cas9-directed double strand breaks are introduced. This allowed the prediction
of frameshift frequencies, to increase the chances of functional knockouts (Figure 5.1) (Shen

et al., 2018).

CRISPR guides were validated prior to cloning, to ensure adequate activity. Heteroduplex

mobility assays have been shown to be a valuable tool for screening CRISPR-edited zebrafish
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(Foster et al., 2019). This assay allows screening by PCR of mixed, mutant and wildtype genomic
DNA without the need for additional enzymes, such as T7EI mismatch endonucleases. Mobility
assays were performed on gDNA isolated from CRISPR-injected larvae to find mutants. Guide
efficiency was estimated by percentage of screened larvae with observed mutations. All guides
were deemed to have adequate efficiencies as around 60-80% of screened larval DNA formed

heteroduplexes (Figure 5.1).

Targeting a single gene at multiple loci may increase the efficiency of knockout, further,
due to genome duplication events, snap23 has two paralogues in zebrafish, likely making the
expression of multiple CRISPR guides essential for a full functional knockout. To enable ubig-
uitous expression of multiple sgRNAs, a Golden Gate restriction method was used to enable
the assembly of up to 5 different sgRNAs in a single expression vector (Yin et al., 2015). Spacer
sequences for CRISPR editing were obtained as primers with overhangs to allow the use of type
II restriction cloning to insert specific guide sequences into plasmids containing different U6
promoter sequences, optimised to avoid recombination of repeated sequences (Yin et al., 2015).
Once these vectors had been assembled, they were combined into a single expression vector by a

second type II restriction reaction (Figure 5.2).
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FIGURE 5.1. Workflow for CRISPR Validation. A Shows CRISPOR output for
snap23.1 exon 2 B Shows InDelphi output for a guide sequence. Most common
indels are shown on the left and analysis for precision and frameshift rate are
shown on the right C Shows a heteroduplex mobility assay on a 4% agarose gel.
Bands with altered mobility, or double bands, were deemed mutants (red circles).
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FIGURE 5.2. Assembly of a Vector for Ubiquitous Expression of Multiple sgR-
NAs. A Primers were designed with sense and antisense sequences of the gRNA
spacers, with 4 bp overhangs compatible to BsmBI cut sites within U6 plasmids.
U6 plasmids were cut with BsmBI and annealed primers were ligated by their
overhangs. B U6x-sgRNAx plasmids, and a corresponding destination vector, were
cut using Bsal to produce compatible overhanginging ends. Ligation of these com-
patible fragments allows the assembly of an expression vector with Tol2 transposon
elements.

117



CHAPTER 5. CRISPR-CAS9 TARGETED KNOCKOUT OF THROMBOCYTE-DRIVEN IMMUNE
CELL RECRUITMENT

To allow tissue-specific knockout, constructs were designed to allow the expression of Cas9 pro-
tein specifically in thrombocytes. Ablain et al. (2015) created a "middle-entry" vector containing
Cas9 protein, codon-optimised for zebrafish, with a cleavable linker to GFP. This "middle-entry"
vector is optimised to allow recombination with other plasmids designed within the Tol2kit frame-
work (Kwan et al., 2007). Gateway recombination was used to allow the assembly of multiple
fragments, placing Cas9 under the control of a repeated UAS element within tol2 transposons

(Figure 5.3) (Kwan et al., 2007; Cheo et al., 2004).

During cloning reactions to produce a 5’ entry vector containing a thrombocyte-specific pro-
moter, recombination events causing the excision of the promoter insert were observed (Figure
5.3). This has been reported previously when using this combination of attB1R and attP4, par-
ticularly when incorporating longer inserts (Merritt et al., 2010). To overcome this issue here,
Stbl3 competent E. coli were used due to their optimisation for use with unstable repeated
sequences (Al-Allaf et al., 2012). Further, lowering the temperature of incubation from 37°C
to 33°C appeared to reduce undesired recombination events. It has been previously seen that
temperature reductions may cause reduced flexibility in DNA molecules (Driessen et al., 2014),
so this off-target recombination may be prevented when the DNA is less able to bend sufficiently

to allow the recombination sites close contact with one another.
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FIGURE 5.3. Assembly of a Thrombocyte-Specific Cas9 Expression Vector. A
Genomic DNA extracted from wildtype larval zebrafish was used for PCR of the mpl
promoter sequence using primers with a¢tB site overhangs. B A BP recombination
reaction was used to incorporate the promoter sequence into a 5-entry vector.
B’ Off-target recombination could sometimes cause the excision of the promoter
region from the 5-entry vector. C LR clonease was used to combine 5’-, middle- and
3’-entry vectors into a destination vector containing Tol2 transposon elements.
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The mpl promoter was chosen over itga2b to drive expression of Cas9 in order to avoid
changes in cell types outside of thrombocytes, as the latter has been seen to be expressed in a
population of HSCs (Ma et al., 2011). An mpl reporter line expressing GFP appears to show more
specific expression within thrombocytes (Lin et al., 2017). Initial fO founders were established by
screening for expression of the crya:EGFP reporter, giving a strong signal in the eye of larvae
positive for the construct. Once these fish reached sexual maturity, roughly 20 adult fish, for
both the mpl and itga2b promoters, were individually outcrossed and their f1 offspring were
screened for expression of GFP within their thrombocytes. However, neither mpl- nor itga2b-

driven expression of Cas9-T2E-EGFP led to sufficient fluorescence in thrombocytes.

To boost expression, mpl was used to drive Gal4 expression, and Cas9 protein was placed
under a repeated UAS sequence. Injection of these constructs led to the expression of GFP in
thrombocytes, confirming the expression and localisation of the Cas9 protein (Figure 5.4). This
strategy enables further experiments to characterise this expression, such as RNAseq of FAC-
sorted thrombocytes. Conditional knockout of genes predicted to be important in platelet-driven
immune recruitment to cancer cells is now possible through combination of the Cas9 transgene

and the sgRNA transgenes through breeding.
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FIGURE 5.4. Injection of Constructs Leads to GFP Reporting of Cas9 Expres-
sion. A Plasmids were co-injected with Tol2 mRNA into the single cell of zebrafish
eggs. B Schematic to show fluorescent markers for positive screening. C Shows
a 3 dpf larva injected with the Cas9 vector, the tail contains a small number of
GFP fluorescent cells within the haematopoietic tissue (arrows), likely indicating

developing thrombocytes.
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5.3 Discussion

Having observed that platelet activation could recruit innate immune cells to cancer cells
and potentially drive metastasis, I then wanted to more closely investigate and disrupt this
process to potentially find mechanistic insights into this process. Tissue-specific CRISPR may
allow the knockout of genes of interest that may be essential for the survival and development of
the organism, allowing important processes to be studied within different contexts. Further, a
conditional knockout may allow a reduction of off-target effects by eliminating expression outside

of a particular cell-type or tissue.

Platelet activation leads to release of granules, containing a variety of signalling factors
that may be important for signalling to innate immune cells and recruiting them to cancer
cells in the pre-metastatic niche. It has previously been observed that depletion of platelets or
inhibition of CXCR2 can prevent neutrophil recruitment to cancer cells. This finding strongly
implicates platelet-derived chemokines in innate immune cell recruitment to the pre-metastatic

niche (Labelle et al., 2014).

Extensive research has been performed to identify essential factors in platelet granule release.
Several members of the SNARE complex have been shown to be important to allow degranulation
by mediating the binding of vesicles to the plasma membrane (Savage et al., 2013; Ren et al.,
2007; Williams et al., 2018). SNAP23 knockout in murine platelets was shown to completely
preclude secretion of granule and lysosome contents which, in turn, led to a loss of thrombosis
(Williams et al., 2018). Generation of a thrombocyte-specific snap23 knockout in zebrafish larvae
could allow the ablation of thrombocyte signalling to innate immune cells, potentially allowing

finer details to be revealed about this communication.

P-selectin is a member of the selectin family of glycoproteins containing P-selectin, L-selectin

and E-selectin (McEver, 2015). These are long, transmembrane lectins that allow interactions

between platelets (P-selectin), leukocytes (L-selectin) and endothelial cells (E-selectin) (McEver,
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2015). P-selectin has previously been shown to allow signalling to innate immune cells (Weyrich
et al., 1996). It also might drive reperfusion injury through binding to neutrophils (Yadav et al.,
1999), and may be essential for cancer metastasis (Kim et al., 1998). These interactions implicate
P-selectin in platelet:immune cell interactions, making it an appealing target for knockout within

this model.

Unfortunately, assembly of the vectors required for tissue-specific CRISPR took longer than
anticipated. Gateway recombination is based on lambda phage integration events with bacteria,
whereby specific attP (phage) sequences recombine with attB (bacteria) sequences, leaving behind
attL or attR sites. Because the att sites used in Tol2kit plasmids are designed to be specific, in
theory there should be few off-target recombination events. However, is has previously been
observed that the resulting att sites after the BP reaction are somewhat prone to recombination
and excision of the desired insertion, particularly if that insertion is relatively long. Here I found
this was a frequent occurrence with my sequences for both the mpl and itga2b promoters, leading

to excision of the inserted promoter sequence.

Further, before turning to a Gal4-UAS expression system to boost expression of the Cas9
protein, I had generated a direct Tg(mpl:Cas9-T2E-GFP) line in which I did not see adequate
expression of Cas9. As Gal4-UAS had to be used to boost expression, this led to an additional
delay because of the maturation period needed to generate adult fish for breeding with guide
RNA-expressing fish to allow the expression of RNP complexes and gene editing. Unfortunately,
these delays led to a thrombocyte-specific Cas9 line not being available during the time of this

project.

Future experiments using conditional CRISPR knockout in thrombocytes may allow more
targeted studies into the communication between thrombocytes and innate immune cells. This
offers the potential to find critical factors within these processes and reveal potentially useful

drug targets which could improve survival in patients with metastatic cancer.
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Final Conclusions

Cancer and clotting have been known to be linked for more than a century and a half. In 1865,
Parisian doctor Armand Trousseau observed an increase in thrombosis among cancer patients,
eventually recognising thrombophlebitis as a symptom of his own, fatal, cancer (Metharom et al.,
2019; Trousseau, 1865). As our knowledge of cancer has grown, the bidirectional nature of this
cancer:clotting association has become evident; not only do certain tumours drive coagulation, but
platelets and clots may also accelerate the progression of the disease (Li et al., 2021). Population
health studies have revealed single nucleotide polymorphisms (SNPs) driving hypercoagulation
may also lead to a more rapid disease progression in cancer, increasing the incidence of metas-

tases (Li et al., 2021).

Warfarin is a common anti-coagulant, on the WHO list of essential medicines. In the clinic,
warfarin and other anti-coagulant medicines have been seen to reduce cancer incidence, though
the specific mechanisms of this remain unclear (Haaland et al., 2017; Hejna et al., 1999). However,
anticoagulant therapies come with the risk of bleeding, which can be dangerous and prohibitive,
especially when many cancer patients also require surgery. This makes the interplay between
the haemostatic pathways and cancer metastasis an important area of research, as a deeper
understanding could allow for more specific interventions that avoid such severe risks in the

future.
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Another foundational observation of metastasis is that cancers of different origins are not
equally likely to form secondary tumours in any one organ of the body (Paget, 1889). Instead,
each primary tumour location appears to favour metastasis to a few, particular tissues. One
theory to explain this phenomenon is termed “seed and soil”, whereby cancer cells (“seeds”)
metastasise to organs that specifically favour their growth (“soil”) (Paget, 1889; Akhtar et al.,
2019). Alternatively, this skewed metastasis could be explained by purely mechanical phenomena;
the "favoured" organs could simply be the first opportunity for arrest, in the reduced lumen size
of a capillary bed immediately downstream of a cell’s entrance to the vasculature (Ewing, 1928;
Coman et al., 1951). As is often the case, the truth appears to lie in a combination of the two
mechanisms (Proctor, 1976; Azevedo et al., 2015). Interestingly, platelets and clotting appear to

straddle the two, initially disparate, arms of research.

Initially, the field recognised the mechanical advantages afforded to circulating tumour cells
(CTCs) by these platelets and microclots. Activated platelets and fibrin were seen to adhere to
CTCs, slowing their velocity and facilitating binding to the endothelium (Gasic, 1984). Addition-
ally, it was posited that a coating of fibrin and platelets could protect cancer cells from natural
killer cells (NKs) (Gorelik et al., 1984). These early results cemented platelets and microclots as

key players in the process of metastasis.

As the “seed and soil” hypothesis has grown in popularity, more focus has been placed on what
makes one organ more hospitable to a cancer cell than another. One hypothesis for this is that
some tissues favour the development of a specialised pre-metastatic niche, primed by cancer cells
to allow their efficient colonisation (Psaila and Lyden, 2009). Research has shown that microclots
may play a role in the development of the pre-metastatic niche by recruiting innate immune cells,
which may support cancer cells and drive metastasis (Gil-Bernabé et al., 2012; Labelle et al.,

2014).

Here, I have developed an in vivo model to study this pre-metastatic niche phenomenon in

zebrafish larvae, allowing high spacial and temporal resolution imaging of cancer cells, throm-
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bocytes and innate immune cells within the pre-metastatic niche. The use of high-resolution
live imaging in zebrafish can reveal important behaviours and activities of cells that may not
be observable in an opaque model, like the mouse. Indeed, I confirmed that the presence of a
thrombocytic plug or a fibrin clot appeared necessary for the recruitment of innate immune cells

to the pre-metastatic niche.

Further to this, I also showed that the resolution of a microclot could bring in a secondary
wave of neutrophils, which appears similar to an ischemia-reperfusion injury. Such an observation
would have been difficult to make in a murine model. This model could be developed further
to investigate immune cell behaviour during reperfusion injury, which is an important factor
in patient recovery from strokes, myocardial infarction, and organ transplantation (King et al.,
2000; Zhang et al., 1994; Braunwald and Kloner, 1985). Moreover, some studies have indicated
that reperfusion injury after surgery may increase the risk of cancer resurgence later in life
(Lim et al., 2013; Tashiro et al., 2020). The ease of live imaging in larval zebrafish could make

this model an invaluable tool to gain mechanistic insights into the process of ischemia-reperfusion.

As in other models, I found that innate immune cells drive increased cancer cell extravasation
(Gil-Bernabé et al., 2012; Qian et al., 2011), and ablation of either neutrophils or macrophages
caused a significant reduction in cancer cells found outside of the vasculature. However, immune
cells are not homogenous in their behaviours, and the activation status of an innate immune cell
can drastically alter its response towards circulating tumour cells (Zhou et al., 2022; Park et al.,

2020). More M1-like, pro-inflammatory macrophages may instead inhibit metastasis.

Immune cell-mediated cancer therapies have been a particular focus of cancer research in
recent years due, in part, to the success of immune checkpoint blockade in the clinic. Monoclonal
antibodies targeting PD-1 and cytotoxic T-lymphocyte-associated protein 4 (CTLA4) have been
shown to be effective in treating a range of cancers (Ott et al., 2013), and the discoverers of
these checkpoint molecules were awarded the Nobel Prize in 2018. Recent work from our own lab

has targeted macrophages with inactivated bacteria (Lopez-Cuevas et al., 2021), and synthetic
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protocells containing micro RNAs (Lépez-Cuevas et al., 2022) to tune them towards anti-tumour

behaviours and limit cancer growth.

In this work, I find that an inflammatory reprogramming strategy could also be effective at
limiting the formation of secondary tumours. Pharmacological induction of a pro-inflammatory
phenotype by stimulating TLR 7/8 was sufficient to reduce metastasis. Additionally, I discovered
a pronounced increase in macrophages expressing tnfa when tumour-grafted larvae were treated
with warfarin, suggesting a switch towards a more pro-inflammatory phenotype when fibrin is not
present in the pre-metastatic niche. One possible explanation for this phenomenon is found in in
vitro data from Hsieh et al. (2017). They found that macrophages grown on insoluble fibrin were
more resistant to becoming pro-inflammatory upon stimulation with lipopolysaccharide (LPS)

and interferon gamma (IFNYy) than those grown without fibrin or fibrinogen (Hsieh et al., 2017).

Thus, I propose a model in which cancer cells may drive the production of fibrin in the
pre-metastatic niche, the presence of which drives the recruitment of innate immune cells to
circulating tumour cells. I further speculate that macrophages recruited to tumour cells may
have a dampened polarisation response, preventing them from mounting an anti-tumour defence
and, instead, driving metastasis. Hence, when fibrin is lost from the pre-metastatic niche, tnfa
positive macrophages accumulate, and extravasation is diminished. Further research is needed
to characterise these tnfa positive macrophages and understand how fibrin loss drives these

phenotypes, which may identify therapeutic targets for the future.
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FIGURE 6.1. Proposed Model. A-A’ Schematic representation of the pre-metastatic
niche in the presence of fibrin and a thrombocytic plug. Pro-metastatic macrophages
and neutrophils are recruited to circulating tumour cells. A large influx of neu-
trophils occurs immediately following the resolution of the clot, which may
drive cancer cell extravasation. B-B’ Shows schematic representation of the pre-
metastatic niche in the absence of fibrin. A reduction in innate immune cell recruit-
ment is seen and over time anti-metastatic, tnfa positive macrophages accumulate,

reducing cancer cell extravasation.
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