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ABSTRACT
IDENTIFICATION OF RECRUITED MYELOID CELLS IMPORTANT FOR THE DEVELOPMENT OF
HEPATIC METASTASIS
Submitted for the degree of Doctor of Philosophy
Dr Alex Gordon-Weeks, Brasenose College, Trinity Term 2014
Hepatic metastases are a frequent cause of mortality in colon cancer patients. Many
patients with hepatic metastasis have large tumour burden, signaling the need for therapies
capable of down-staging metastatic disease. Research evidence indicates that immune cells

promote the metastasis of various primary cancers. We wish to determine whether immune

cells play a role in the promotion of hepatic colon cancer metastasis.

Using the well-characterised method of intrasplenic tumour cell injection, we developed
hepatic metastases in both immunocompetent and immunoincompetent mice using a range of
murine and human cancer cell lines. We analysed the immune cell infiltrates associated with
hepatic metastases using flow cytometry and identified chemokines responsible for their
recruitment using targeted protein arrays. The effect of immune cell depletion or inhibition of

immune cell recruitment was determined using various in-vivo imaging techniques.

Hepatic metastases developed using the murine colon cancer cell line MC38 were
associated with CD11b+/Gr1mid/CCR2* monocytes, the recruitment of which was delayed by
inhibition of tumour-derived CCL2. In contrast, human HT29, HCT-116 and LoVo hepatic
metastases in SCID mice were associated with infiltrates of CD45+/CXCR2+* neutrophils recruited
in response to tumour-derived Macrophage Inhibitory Factor (MIF). Depletion of Grimid cells in
CD11b-DTR transgenic mice delayed MC38 metastasis development, whilst neutrophil depletion
using anti-Ly6G antibodies significantly inhibited the growth of HT29, HCT-116 and LoVo
hepatic metastases. The neutrophils recruited to HT29, HCT-116 and LoVo hepatic metastases
promoted angiogenesis, potentially through the expression of fibtroblast growth factor-2. This
work demonstrates a role for myeloid cells in the development of hepatic metastasis from colon

cancer and in doing so identifies various potential therapeutic targets.
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CHAPTER 1. INTRODUCTION

1.1 The clinical significance of colorectal hepatic metastasis

1.1.1 The epidemiology of colorectal cancer metastasis

Worldwide, colorectal cancer is the second and third most commonly diagnosed cancer
in women and men respectively and within Europe, the most common for both sexes combined
(Ferlay et al., 2010). The incidence of colorectal cancer shows marked geographical variation
with up to a 10-fold increase in age-standardised incidence in Europe, the USA and Australia

relative to Africa and South-Central Asia (Fig. 1.1).

Males Females

Australia/New Zealand
Western Europe
Southern Europe
Northern Europe
Northern America
Central and Eastern Europe
Eastern Asia

Southern Africa
Micronesia/Polynesia
South-Eastern Asia
Caribbean

South America
Western Asia
Melanesia

Central America
Northern Africa
Eastern Africa
Western Africa
South-Central Asia

Middle Africa

I T 1 9 I 1 1
60 40 20 0 20 40 60

Age standardized incidence per 100,000

Figure 1.1 - World-wide age-standardised colorectal cancer incidence rates.
Shown for women (pink) and men (blue) and demonstrating the difference in

incidence between Westernised and non-Westernised regions (Jemal et al., 2011).
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The median age at colorectal cancer diagnosis is 68 for men and 72 for women (Siegel et
al, 2012). These epidemiological findings indicate that environmental risk factors play a key
role in the aetiology of colorectal cancer. Indeed, a Western-style diet high in sugary foods
(Theodoratou et al., 2013), processed meats (Chan et al.,, 2011) and low in fibre (Aune et al,,
2011) increases colorectal cancer risk and has been proposed as an explanation for the
geographical variation in colorectal cancer incidence. Given that colorectal cancer is largely a
disease of the elderly population, it is likely that long-term exposure to such food is required for
cancer development. Indeed, this is supported by experimental data indicating that it takes at
least 17 years for benign colorectal polyps to develop into malignant growths (Jones et al.,
2008). Colorectal cancer also has a strong hereditary component. Thus, once environmental
differences have been taken into account, 35% of diagnoses in mono- and dizygotic twins are

accounted for by hereditable genetic defects (Lichtenstein et al., 2000).

Colorectal cancer commonly metastasises to the mesenteric lymph nodes and liver,
whilst metastases to the lung and brain are less common. Hepatic metastases are either
diagnosed at the same time as (synchronous), or subsequent to, the diagnosis of the primary
tumour (metachronous). The best available data obtained from populations in Western Europe
demonstrate that approximately 15% of colorectal cancer patients have synchronous hepatic
metastases (Mantke et al, 2012)(Manfredi et al, 2006) and a further 14.5% develop
metachronous hepatic metastases within 5 years of the primary cancer diagnosis (Hackl et al,,
2011). It should be noted that this data relies on computed tomography (CT) scanning to
diagnose hepatic metastases, with more sensitive imaging modalities such as Magnetic
resonance imaging (MRI) or FDG-PET being infrequently used. Given that FDG-PET has a
predicted sensitivity for detecting hepatic metastasis from gastrointestinal tumours of 90%,

compared to 76% and 72% for MRI and CT respectively (Kinkel et al.,, 2002), it is likely that such
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studies have somewhat underestimated the percentage of patients who develop hepatic

metastases in association with colorectal cancer.

1.1.2 Surgical resection is the gold standard treatment for patients with hepatic metastasis

Patients survive a median time of approximately 9 months in the absence of treatment
for colorectal cancer liver metastasis (Stangl et al., 1994). Surgical resection is the treatment of
choice as it is the only management option shown to be capable of providing long-term cure
(Primrose, 2010). However, to date there has been no randomised trial of surgery versus
alternative treatment for patients with operable metastasis (Garden et al., 2006). The aim of
surgery for hepatic metastasis is to remove all macroscopic disease and achieve negative
microscopic margins (RO resection), whilst leaving sufficient functioning liver for survival
(Abdalla et al.,, 2006). Resection is not possible if the metastatic burden is too large, the patient
has concurrent extra-hepatic metastasis, or if the future liver remnant is of insufficient
functional capacity. This is particularly important in patients who have undergone pre-
operative chemotherapy, the administration of which results in impairment of normal liver

function (Kooby et al., 2003)(Pawlik et al., 2007).

Typically, resection is indicated as long as 20-25% of the liver volume is predicted to
remain post-operatively , or 30% in patients receiving pre-operative chemotherapy.
Appropriate patient selection aided by developments in pre-operative imaging (Xu et al., 2011)
and functional hepatic assessment enable a low post-operative mortality and morbidity (Ito et
al,, 2010), whilst 5- and 10-year cancer-specific survival rates of 36% and 23% respectively are

achievable (Rees et al., 2008)(Fong et al.,, 1999).

23



1.1.3 Downstaging is an option for initially inoperable hepatic metastases

[t is estimated that only about 20% of patients with colorectal cancer hepatic metastases
are amenable to surgery based on currently recognised selection criteria (Penna and
Nordlinger, 2002). Methods to improve operability include increasing the future liver remnant
and downstaging metastatic burden. By performing staged surgery, in which hepatic
metastases are resected at either side of an interval allowing for liver regeneration (Adam et al.,
2000), hepatic functional reserve is increased and patients with large tumour burden become
candidates for curative resection. Similar results can be obtained by occluding the portal vein to
the involved hepatic lobe. This causes unilateral hepatic atrophy and compensatory
contralateral hepatic lobe hypertrophy, which has the potential of increasing hepatic reserve by

up to 30% (Hemming et al., 2003).

As an alternative to increasing functional hepatic reserve, chemotherapy can be used to
downstage hepatic metastases. A range of chemotherapeutic regimens has been trialled in this
setting, most centring around the use of 5-fluorouracil and irinotecan with or without
oxaliplatin. Depending upon the selection criteria used, up to 33% of patients with initially
inoperable metastases are down-staged sufficiently to enable RO resection, with subsequent 5-
and 10-year absolute survival rates of 42% and 27% respectively (Masi et al.,, 2009)(Barone et
al, 2007)(Delaunoit et al., 2005)(Wein et al, 2001). As well as chemotherapeutic agents,
biological agents such as the epidermal growth factor inhibitor Cetuximab have been used in an
attempt to downstage colorectal cancer hepatic metastases. For patients whose primary
tumours express the wild-type GTPase KRas, Cetuximab has shown modest benefit in metastatic
downstaging, increasing the number of patients eligible for metastectomy to 7.0% from 3.7%
when compared to patients treated with standard chemotherapy alone (Van Cutsem et al,

2009).
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In summary, the information presented thus far identifies several hurdles that need to
be overcome if increased survival is to be achieved in patients with colorectal cancer hepatic
metastasis. The most important of these is to increase the number of patients categorised as
having operable disease. This can be achieved through earlier diagnosis, improvements in
surgical technique, or better neoadjuvant treatments aimed at downstaging disease. At present,
it is unlikely that improvements in surgical technique are possible, as surgeons are already able
to resect up to 80% of the liver with good early post-operative outcome. As a significant
percentage of colon cancer patients present with synchronous hepatic metastases, earlier
diagnosis and the development of effective treatment modalities to downstage hepatic disease
are key goals for improving long-term survival. Advances in both areas will increase the
proportion of patients eligible for surgery, thereby improving long-term survival
Unfortunately, biological agents such as Cetuximab - which have been developed and are
administered based on characteristics of the primary tumour - have demonstrated
disappointing results with regards metastatic downstaging. Furthermore, chemotherapeutic
downstaging significantly impairs the functional liver remnant. Thus, a better understanding of
the basic biological processes driving the survival and proliferation of metastatic cancer cells
specifically within the hepatic microenvironment is required in order to identify new

metastasis-specific therapeutic targets.

1.2 The biological basis of metastasis

1.2.1 Seed-soil or vascular mechanics?

The development of metastasis is a multistep process culminating in the colonisation of
a distant organ, whose microenvironment is often vastly different from that of the primary

tumour (Fig. 1.2). The metastatic cascade has been described as an inefficient process, as only a

25



small proportion of the cells that enter the circulation after being shed by the primary tumour

go on to form macroscopic metastases (Chambers et al., 2002).

Primary tumour Vascularization Detachment Intravasation

Circulating Adhesion to Growth of
tumour cell blood vessel wall Extravasation secondary tumour
@ T | T |

Figure 1.2 - The metastatic cascade. Multiple steps are required for tumour cells

to establish metastases within a distant organ (Wirtz et al,, 2011).

The rate-limiting step in the development of metastasis depends upon the cell type from
which the primary tumour originates, as well as its future metastatic organ. In the liver for
example, melanoma cells survive in the circulation and extravasate easily, but few extravasated
cells then progress to microscopic or macroscopic metastases (Luzzi et al., 1998). In the lung,
metastasising fibrosarcoma cells adhere to the endothelium before proliferating within the
vessel lumen (Al-Mehdi et al.,, 2000), whereas the majority of melanoma and lung cancer cells
that arrest within brain microcapillaries die before extravasating and are dependent upon
contact with the abluminal endothelial cell surface for successful growth post-extravasation

(Kienast et al,, 2010) (Fig. 1.3).
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Figure 1.3 - Lung cancer colonisation of the brain. Lung cancer cells die when
not in contact with the abluminal endothelial cell surface in the brain (a, the same
region of the brain seen at day 6 and 9 with a red fluorescent tumour cell and vessels
in green). Conversely, cells that retain endothelial contact (as demonstrated by
orange staining) develop into microscopic metastases (b). Each image in (b)

represents the same region of the brain (Kienast et al., 2010).

The study of the behaviour of tumour cells at different metastatic sites has promoted the
understanding of factors determining metastatic organotropism: the process whereby tumour
cells from certain primary cancers demonstrate a metastatic affinity for particular organs. The
biology of metastatic organotropism has divided opinion amongst cancer biologists for over a
century. Stephen Paget was the first to demonstrate that the distribution of metastasis in
cancer patients is not random (Paget, 1889), rather, breast cancer metastasises to the liver more
frequently than similarly vascularised organs such as the spleen. Thus, either specific
microenvironmental factors determine an organs congeniality to circulating tumour cells, or
phenotypic differences afforded to tumour cells from particular primary sites gives them a

survival advantage within certain organs.
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Despite the convincing nature of Paget’s clinical observations, his theory was
subsequently challenged by the proposal that metastatic dissemination is determined solely by
mechanical factors such as an organs vascular arrangement, microvessel size and the rate at
which blood flows through it (Ewing, 1919). Experiments demonstrating a correlation between
the number of tumour emboli in an organ immediately following intracardiac injection of
tumour cells and the number of macroscopic metastases that subsequently develop lend
support to Ewing’s theory (Coman et al,, 1951). However, such heterotopic studies fail to take
into account the ability of primary tumours to prime specific organs for metastatic
dissemination by creating a conducive metastatic niche (Kaplan et al., 2005). Furthermore, it is
unlikely that injection of a large number of cells directly into the vasculature accurately models
basic tumour biology. More recently, a seminal study by Hart and Fidler supported Paget’s ‘seed
and soil’ hypothesis, by showing that intravenously injected B16 melanoma cells colonise
ectopically implanted lung and ovarian tissue but spare similarly implanted renal tissue (Hart
and Fidler, 1980). The authors were unable to demonstrate a difference in the number of
radiolabelled tumour cells in the various ectopic tissues shortly following injection, effectively
excluding the possibility that differences in metastatic burden between organs resulted from

varying degrees of tumour cell trapping within their microvasculature.

Given these lines of experimental evidence, it seems plausible that mechanical, organ
and tumour cell-specific factors determine metastatic organotropism. The seed-soil and
mechanical hypotheses are not mutually exclusive and to understand the biological basis of
metastasis it is therefore necessary to consider the tumour cell, as well as the mechanical and
microenvironmental properties of the target organ. In organs whose vascular beds are directly
connected, mechanical factors may be particularly important. The lumbar vertebral metastases
of prostate cancer for example, appear prior to the development of pulmonary or hepatic

metastases and this is likely the result of direct, valveless venous communications between the
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prostate and vertebrae (Bubendorf et al.,, 2000). Other organs such as the brain are relatively
protected from metastatic development by way of a specialised blood-organ barrier. For brain
metastases to develop, the tumour cell therefore becomes the critical factor, as it must express
proteins that facilitate adherence to the organ’s endothelia and be capable of penetrating the
barrier. This has been beautifully demonstrated by Joan Massague’s group who compared
genome-wide expression analysis of brain-metastatic and non-metastatic variants of human
breast cancer cells (Bos et al,, 2009). They demonstrated up-regulation of a2,6-sialyltransferase
ST6GALNACS in highly metastatic cells and showed that this molecule mediated adhesion of
tumour cells to brain endothelia.  Alternatively, some organs provide a naturally
accommodating environment for metastatic cells because of a combination of favourable
mechanical and microenvironmental factors. The liver is an example of one such organ, whose
low flow vascular network and relative immune tolerance make it ideal for metastatic

colonisation from a range of primary cancers, particularly those of the gastrointestinal tract.

1.3 The liver as a pro-metastatic organ

1.3.1 Hepatic vascular anatomy and histology

With the exception of the skin, the liver is the largest organ in the body with functions
ranging from the production of plasma proteins to metabolism and immune regulation. It
receives 25% of the cardiac output, 75% of which arrives via the portal vein: a valveless vessel
draining nutrient-rich blood from the intestine, omentum, pancreas, gallbladder and spleen.
The remaining 25% consists of highly oxygenated blood from the hepatic artery, a branch of the
celiac trunk, which divides into the right and left hepatic arteries before entering the hepatic

parenchyma.
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The human liver is anatomically divided into right and left lobes, demarcated by the
falciform ligament anteriorly. The right and left hepatic arteries branch in a consistent enough
patterns to describe 8 vascular segments (Fig. 1.4), the knowledge of which aids surgeons

wishing to perform hepatic segmentectomy for malignant disease.

Figure 1.4 - Hepatic vascular anatomy. The liver is organised into defined
vascular segments, each of which receives blood from a branch of the right or left
hepatic artery, and portal vein. Seen from the posterior (A) and anterior (B)
orientation demarcations have been drawn on a plastinated liver to demonstrate the

vascular segments (Rutkauskas et al., 2006).

The hepatic acinus is the microcirculatory unit of the liver and is composed of a single
portal triad (terminal branches of the hepatic artery, hepatic portal vein and biliary tree), the
central acinar vein and the hepatocytes and sinusoids in-between (Fig. 1.5). Nutrients from the
intestine arrive at the hepatic acinus via terminal branches of the hepatic portal vein. Hepatic
portal and arterial blood mix freely in the hepatic sinusoids en-route to drainage into the central
acinar vein. Central acinar veins terminate in the hepatic veins, which carry blood to the
inferior vena cava. Multiple acini drain into a single central acinar vein creating a hexagonal

architecture throughout the liver. The cells within the acinus are divided into three zones

30



numbered from 1 to 3 in the direction of blood flow. Cells in zone 1 lie along the axis between
two portal triads and receive oxygenated blood and intestinal toxins first, whilst the blood in

zone 3 is of relatively low oxygen tension (Fig. 1.6).
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Figure 1.5 - The hepatic microcirculatory unit. The hepatic microcirculatory unit
(acinus) is composed of the terminal branches of the portal vein, hepatic artery and
bile duct separated from the central hepatic vein by a wedge-shaped segment of
sinusoidal endothelium and hepatocytes. Magnification (right side) shows the
spatial relationship between the hepatic sinusoidal endothelial cells, hepatic stellate

cells, hepatocytes and Kupffer cells (Adams and Eksteen, 2006).
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Figure 1.6 - Histology of the portal triad and hepatic acinus. H and E stained
section of normal liver tissue showing the portal triad consisting of the hepatic
artery, portal vein and bile duct (bottom left) and the hepatic vein (top right).
Acinar zones 1 to 3 are labelled in the direction of blood flow (University of Utah,

2014).

1.3.2 Hepatic vascular physiology

Despite 30% of the hepatic volume being accounted for by blood (Lautt, 2009), the
majority of this can be expelled back into the systemic circulation without adversely affecting
hepatic function. This is the result of significant sinusoidal compliance and defines the liver as a
major capacitance organ. Changes in hepatic blood volume are well tolerated; however,
maintenance of liver function requires a steady blood flow. As the liver has no direct control
over portal blood flow, maintenance of sinusoidal flow requires compensatory physiological
mechanisms such as reflex arterial dilatation mediated by increased adenosine concentrations
during low portal flow (Browse et al., 2003). Flow from the hepatic artery varies continually in

response to changes in portal flow to ensure that sinusoidal flow remains constant (Vollmar and
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Menger, 2009). Both the high degree of hepatic vascular compliance and the parallel
arrangement of hepatic sinusoids ensures a low-pressure gradient of approx. 5 mmHg
(compared to 115 mmHg for other organs) between the portal inflow and venous outflow

(Kumar et al., 2008).

In summary, the unique anatomical and physiological features of the liver make it a low
flow but vascular organ. Circulating cells travel slowly through the hepatic sinusoid giving
ample time for their interaction with the sinusoidal endothelium (MacPhee et al., 1995). Whilst
this system is of benefit to immune cells travelling from the circulation to the hepatic
parenchyma and aids the delivery of dietary nutrients to hepatocytes, it is likely that it also
facilitates the adherence of circulating tumour cells, making the liver a prime target for the

development of metastasis.

1.3.3 Hepatic cellular specialisation in metastasis

The liver is composed of a multitude of cell types including the parenchymal
hepatocytes and cholangiocytes, both of which are derived from the endodermal hepatoblast
(Germain et al., 1988a)(Germain et al.,, 1988b). Non-parenchymal cells include the hepatic
sinusoidal endothelia and their associated pericytes, the hepatic stellate cells, hepatic
macrophages (Kupffer cells), as well as other resident and non-resident immune populations.
Many studies have identified features of the hepatic cellular microenvironment that can be
adapted or utilised by metastasising tumour cells to aid their passage into and proliferation
within the hepatic parenchyma. Metastasising tumour cells must adhere to and then traverse
the hepatic sinusoidal endothelium before colonising the hepatic parenchyma. Once the
endothelial barrier has been breached, tumour cells must overcome the liver’s intrinsic immune

system for successful colonisation. The hepatic sinusoidal endothelial and stellate cells play
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particularly prominent roles in the development of hepatic metastasis and as such, are
discussed first, followed by a review of the role that various cells play in regulating the immune

microenvironment within the liver.

1.3.3.1 Hepatic sinusoidal endothelial cells guard access to the hepatic parenchyma

Hepatic sinusoidal endothelial cells (HSECs) form a specialised endothelium separated
from the underlying hepatocytes by the space of Disse (Fig. 1.7). HSECs contain multiple
fenestrae (cell pores) of 150-175 nm in diameter grouped to form sieve plates (Fig 1.7) (Wisse,
1970) and unlike other vascular beds, do not rest upon a basement membrane. This allows
mixed portal and arterial blood to traverse the HSEC layer and make contact with the
underlying hepatocytes, enabling the uptake of nutrients and toxins (Enzan et al., 1997). HSECs
also show functional heterogeneity throughout the sinusoid as their fenestrae decrease in
diameter but increase in frequency with distance from the portal triad, increasing HSEC

porosity towards the centrilobular vein (Wisse et al., 1983).

HSEC fenestrations are dynamic structures whose diameter and number alter in the face
of physiological and pathological stress. This has been documented in alcohol (Ishak et al,,
1991), endotoxin (Dobbs et al, 1994) and carbon tetrachloride (Martinez-Hernandez and
Martinez, 1991) induced cirrhosis, all of which are pre-dated by HSEC defenestration and the
appearance of a sinusoidal basement membrane. In the only published analysis of fenestration
dynamics in relation to hepatic metastasis Vidal-Vanaclocha et al., (1990) demonstrated a
reduction in fenestrae size and number within 7 days of intrasplenic melanoma or lung cancer
cell injection. However, the significance of this finding - which has not been validated in
humans - is unclear and as yet the factors driving de-fenestration in relation to metastasis

remain unexplored.
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Figure 1.7 - Hepatic stellate cell fenestrae. Electron micrograph demonstrating
multiple fenestrae on the HSEC surface. These allow substances to pass from the

sinusoidal space into the space of Disse. Scale bar represents 1 um (Wisse, 1970).

As well as acting as a selective sieve for macromolecules travelling between the
sinusoidal lumen and space of Disse, HSECs have a high level of endocytic activity (Smedsrgd et
al, 1994) enabling them to scavenge circulating waste products including inflammatory
proteins such as hyaluronic acid, chondroitin sulphate, heparin and collagens. This is facilitated
by the expression of a wide range of scavenger receptors on the luminal surface of hepatic
endothelial cells (Scoazec and Feldmann, 1991). The mannose receptor is one such scavenger
receptor highly expressed by HSECs and mannose receptor knock-out mice show reduced
clearance of circulating denatured collagen and a reduction in hepatic collagen deposition

(Malovic et al., 2007).

With relevance to metastasis, experiments showing a correlation between mannose

ligand expression on B16F1 melanoma cells and their hepatic metastatic potential point to the
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ability of HSEC mannose receptors to act as docking points for circulating tumour cells
(Mendoza et al, 1998). Indeed, mannose receptors are involved in the initial interaction
between CT26 colon cancer cells and murine HSECs (Arteta et al,, 2010). CT26 cells express
interleukin (IL)-18 which stimulates the expression of hepatic mannose receptors that are then
responsible for the adherence of tumour cells to the sinusoidal endothelium (Arteta et al,,

2010).

As well as expressing mannose receptors, HSECs extracted from human liver express the
cell-cell adhesion molecules vascular adhesion protein-1 (VAP-1), platelet endothelial cell
adhesion molecule (PECAM) and intracellular adhesion molecule (ICAM) (Lalor et al., 2002).
Furthermore, upon stimulation with tumour necrosis factor a (TNF-a) vascular cell adhesion
molecule (VCAM) and E-selectin are also expressed by human HSECs (Lalor et al., 2002), whilst
ICAM-1, VCAM-1 and E-selectin are all expressed by HSECs associated with hepatic metastases
(Gulubova, 2002). VAP-1 plays an indirect role in the adhesion and transmigration of
leukocytes, as its activation leads to NF-kB-dependent expression of E-selectin and VCAM (Lalor
et al,, 2007). Metastasising tumour cells use these adhesion molecules to adhere to the hepatic
sinusoidal endothelium, whilst tumour-derived chemokines can up-regulate endothelial
adhesion molecule expression. Intrasplenic inoculation of human colon cancer cells to Nu/Nu
mice for example, induced TNF-a expression by Kupffer cells resulting in increased HSEC P-
selectin, E-selectin, ICAM and VCAM expression (Khatib et al., 2005). HSECs also expressed
TNF-a upon activation by B16F1-derived VEGF resulting in reciprocal IL-1f3- and IL-18-
dependent H;0; production by tumour cells. This in turn up-regulated endothelial I-CAM
expression, thereby enhancing tumour cell adhesion (Mendoza et al., 2001). In support of these
findings, therapeutic inhibition of E-selectin and V-CAM significantly reduced the formation of
orthotopic colon cancer (Khatib et al, 2002) and melanoma (Vidal-Vanaclocha et al., 2000)

metastases respectively.
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Given the significance of such in-vivo findings, attention should now be turned to an
analysis of the roles played by adhesion molecules in the development of hepatic metastasis in
humans. It is important to remember however, that molecules such as VCAM, ICAM and the
selectins are ubiquitously expressed by both the vascular and lymphatic endothelium where
they play a fundamental role in the trafficking of lymphocytes to sites of infection and
inflammation. Their inhibition in humans in the hope of treating hepatic metastasis could
therefore have significant adverse effects in patients already immunosuppressed, through the

administration of chemotherapeutics.

On this note, HSECs express certain adhesion molecules that have not been identified in
endothelial cells within other anatomical locations. Liver sinusoidal endothelial cell lectin
(LSECtin) is an example of one such liver-specific adhesion molecule that modulates the
interactions between HSECs and activated T-lymphocytes (Liu et al., 2004). Colon cancer cell
lines LoVo and LS174T adhered to fluorescently labelled recombinant LSECtin in vitro and
LSECtin/- mice developed significantly smaller hepatic metastases than wild-type controls when
challenged with primary patient-derived colon cancer cells (Zuo et al, 2013). Thus, the
characterisation of LSECtin and the role that it plays in murine models of hepatic metastasis not
only identifies it as a promising therapeutic target, but also highlights a potential mechanism for
the hepatic organotropism of certain primary cancers, which may be capable of adhering

specifically to LSECtin.

1.3.3.2 Hepatic stellate cell activation is a key feature of hepatic metastasis formation

Hepatic stellate cells (HSCs, also described as hepatic pericytes (Hellerbrand, 2013)),
reside on the abluminal surface of the hepatic sinusoidal endothelium within the space of Disse

(Fig. 1.5). Stellate cells are of mesenchymal origin (Enzan et al., 1997) and are characterised by
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their expression of vitamin A (Hendriks et al., 1985). In-vitro, HSCs are contractile when
stimulated by angiotensin II (Bataller et al, 2000) or endothelin I (Pinzani et al., 1996),
suggesting that they play a role in the regulation of hepatic blood flow. Interestingly, rat HSCs
express a range of stem cell markers including CD133 (Kordes et al., 2007), nestin (Niki et al,,
1999) and Oct4 (Kordes et al., 2007) and have been shown to be capable of hepatic regeneration
in murine models (Yang et al., 2008). In keeping with the expression of stem cell markers, HSCs
also show significant plasticity, being capable of differentiating into endothelial and hepatocyte-
like cells. Furthermore, in-vitro work demonstrating the up-regulation of rat stellate cell CD133,
[B-catenin and Wnt proteins in response to Wnt ligands produced by hepatocytes, as well as the
observation that HSCs migrate towards CXCL12 expressed by HSECs have led to the suggestion

that the space of Disse acts as a stem cell niche for HSCs (Sawitza et al., 2009).

HSCs are chiefly responsible for producing extracellular matrix (ECM) proteins during
the development of hepatic fibrosis, and spontaneous recovery from experimentally-induced
hepatic fibrosis is associated with widespread stellate cell apoptosis (Iredale et al., 1998).
During the course of fibrosis, HSCs transdifferentiate into myofibroblasts expressing a-SMA
(Iredale et al., 1998). Interestingly a-SMA positive myofibroblasts have also been identified in
the hepatic metastatic niche (Vidal-Vanaclocha, 2008), suggesting that invading tumour cells are
capable of driving the differentiation of HSCs. In return, HSCs and their myofibroblast progeny
provide a stroma that is supportive for metastatic growth. Culture medium from activated HSCs
promoted the proliferation and invasion of HCC cells in-vitro (Amann et al., 2009), whilst co-
injection of HSCs with cholangiocarcinoma cells in BALB/c mice resulted in larger tumours than
when cholangiocarcinoma cells alone were used (Okabe et al., 2011). To underscore the clinical
relevance of HSCs in the hepatic tumour microenvironment, elevated intra-tumoural HSC
numbers, determined by immunohistochemistry, independently predicted poor overall and

progression-free survival in patients with HCC (Ju et al., 2009).
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HSCs promote tumour growth through a variety of mechanisms including the
production of pro-tumourigenic cytokines and regulation of extracellular matrix (ECM)
deposition. The cytokines TGF-, HGF and CXCL-12 were all expressed in media conditioned by
activated HSCs and each supported the proliferation of colon cancer cells in vitro (Shimizu et al.,
2000)(Matsusue et al, 2009). HSCs also produce ECM components such as collagen and
fibronectin. These molecules enable adhesion and migration of cancer cells through integrin
receptor expression on the tumour cell surface (Levental et al.,, 2009). As well as being directly
responsible for the production of pro-tumourigenic ECM components, HSCs associated with
hepatic metastases produce MMP’s (Musso et al., 1997), proteins which enable the migration of
tumour cells by breaking down ECM components at the invasive front (Brooks et al., 1996).
HSCs therefore play a complex role in the regulation of tumour stroma. On one hand, expressing
enzymes that breakdown the ECM to enable tumour cell invasion, and on the other, directly

contributing to ECM formation, thus providing a scaffold for tumour growth.

1.3.4 The resident hepatic immune system

The liver’s unique position downstream of the gastrointestinal venous drainage brings it
into contact with both food antigens and bowel pathogens. To avoid hypersensitivity to non-
harmful antigens the liver exists in a state of relative immune privilege, a feature open to
exploitation by metastasising cancer cells. As well as the hepatocytes themselves, various
resident cells are responsible for maintaining hepatic immunity, particularly Kupffer cells
within the sinusoidal lumen and hepatic natural killer cells. Intriguingly, the human liver is also
populated by haematopoietic stem cells (Crosbie et al., 1999), implying an ability to produce
immune cells under appropriate conditions; a finding that may explain the phenomenon of
haematopoietic chimerism and graft tolerance following hepatic transplantation (Starzl et al,,

1992).
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Under most circumstances hepatic immune cells act to inhibit the development of
metastasis by actively destroying tumour cells. However, experimental evidence demonstrates
that tumour cells exploit hepatic immune tolerance to aid liver colonisation. The role of specific
hepatic immune populations in the development of liver metastases as well as the
immunosuppressive role of hepatocytes is discussed below. However, it should be noted that
the majority of studies published in this field rely solely on in-vitro data or results from animal
models. Translational studies have not been performed in this area and therapies that target
the relationship between metastasising cancer cells and the hepatic immune system are yet to

be developed.

1.3.4.1 Hepatocytes promote lymphocyte tolerogenicity

Hepatocytes interact with T-lymphocytes via cytoplasmic projections that pass through
HSEC fenestrations (Warren et al.,, 2006). In the resting state, hepatic MHC class [ molecules in
the absence of co-stimulatory molecules, enabled hepatocytes to stimulate apoptosis of CD8* T
lymphocytes as they passed through the sinusoidal space (Holz et al, 2008). Hepatic
inflammation resulting from viral infection or auto-immune disease, stimulates the expression
of MHC class Il molecules on the surface of hepatocytes (Herkel et al., 2003). However, rather
than promoting immunity, in vivo evidence demonstrated that hepatocyte MHC class II
molecules steer CD4+ T-lymphocytes towards an anti-inflammatory, Th2 phenotype, whilst
simultaneously inhibiting the production of the pro-inflammatory cytokine interferon-y from
primed Th1 CD4+ T-lymphocytes (Wiegard et al., 2007). Fascinatingly, peripheral tolerance can
also be mediated by hepatocytes through engulfment and lysosomal destruction of activated T-
lymphocytes (Benseler et al.,, 2011). Given the important role that lymphocytes play in immune
surveillance (Shankaran et al,, 2001), it seems likely that metastasising cancer cells will gain a
survival advantage within the liver as a result of hepatocyte driven T-cell interference. Greater

understanding of the signalling processes through which hepatocytes control T-cell function
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could identify mechanisms through which hepatic T-cell surveillance could be restored in the

setting of liver metastasis.

1.3.4.2 Kupffer cells provide an important defence against metastasising cancer cells

Whilst hepatocytes appear to suppress systemic immunity - and in doing so may provide a
protective niche for metastatic development - Kupffer cells offer one of the liver’s first lines of
defence against invading tumour cells. Kupffer cells are liver-resident macrophages;
professional antigen presenting cells capable of presenting antigen to CD4+ and CD8+ T-

lymphocytes through MHC expression (Lohse et al., 1996).

In their simplest anti-metastatic role Kupffer cells are capable of killing tumour cells
through receptor-mediated phagocytosis (Bayon et al.,, 1996). Kupffer cells identified in vivo
using laser scanning electron microscopy were found in close association with colon cancer cells
(Timmers et al., 2004) and depletion of phagocytes using toxin-containing liposomes (Heuff et
al, 1993) or administration of gadolinium chloride (Rushfeldt et al, 1999) significantly
increased the formation of experimental hepatic metastases. Stimulation of Kupffer cells also
appears to delay metastatic development (Williams et al., 1985), although smaller metastases
are associated with delayed primary tumour development in such studies, making it difficult to
determine whether treatments aimed at stimulating Kupffer cells in fact have a direct growth
inhibitory effect on the tumour itself. Despite evidence showing that Kupffer cells limit hepatic
metastasis, it is not clear how they recognise cancer cells, or whether Kupffer cells interact with
other immune populations to inhibit cancer growth. Furthermore, convincing evidence for their

anti-metastatic function has yet to be demonstrated in humans.
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Interestingly, two populations of murine F4/80+ Kupffer cells have been identified and
each has a unique phenotype (Kinoshita et al,, 2010). CD11b+* Kupffer cells produce large
quantities of cytokines such as TNF-a and IL-12, whilst the predominant CD68* subset is
strongly phagocytic with less cytokine producing ability (Kinoshita et al., 2010). This indicates
that Kupffer cell subsets may be capable of regulating other hepatic immune cells through
cytokine production in response to pathogens or metastasising tumour cells. Furthermore,
immune cell-derived TNF-a is capable of promoting tumour cell proliferation through NF-xB
(Luo et al,, 2004). For this reason, it would be interesting to study the relative contribution of
different kupffer cell subsets to metastatic growth, as it is possible that, through the production
of cytokines such as TNF-q, particular Kupffer cell subsets will promote rather than inhibit

metastatic development.

1.3.4.3 The anti-metastatic role of resident hepatic natural killer cells

Natural Killer (NK) cells are members of the innate immune system capable of killing
target cells through a variety of mechanisms. Mature NK cells (CD56*) have cytotoxic ability
dependent upon the exocytosis of granules containing the protein perforin, which is capable of
perforating cellular membranes (Voskoboinik et al., 2006). Immature (CD56-) NK cells mediate
cell death through the expression of the TNF-related apoptosis-inducing ligand (TRAIL) as
opposed to the expression of perforin (Zamai et al, 1998). NK cells are also capable of
mediating cellular cytotoxicity indirectly by priming T-helper (Th1) lymphocytes as a result of

interferon-y expression (Martin-Fontecha et al,, 2004).

NK cells identify tumour cells for destruction through the absence of MHC class I
molecules on the tumour cell surface (Kérre et al.,, 1986), or through the expression of ligands

for the Natural Killer Group 2D (NKG2D) receptor (Diefenbach et al., 2001), upregulated during
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periods of cellular stress such as DNA damage (Groh et al,, 1998). Evidence for the role of NK
cells in tumour surveillance and tumour cell killing comes from several sources. First, patients
with colorectal cancers that are infiltrated with many NK cells have a better prognosis than
those with fewer NK cells both in terms of overall and disease-free survival (Coca et al., 1997).
Second, reduced cytotoxicity of circulating NK cells is associated with an increased risk of

cancer development (Imai et al., 2000).

Interestingly, the liver has a large population of resident NK cells which show strong in-
vitro cytotoxicity to tumour cells (Bouwens et al.,, 1987). Furthermore, hepatic NK cells are
capable of killing B16F1 melanoma cells through the production of perforin, whilst NK cells in
the lung do not possess this ability (Ballas et al.,, 2013), indicating that a hepatic-specific NK cell
subset provides protection against metastatic development. This is supported by the finding
that TRAIL, expressed on the surface of hepatic NK cells, was responsible for cytotoxicity of
fibrosarcoma cells in-vitro, whilst TRAIL inhibition resulted in a significant increase in their
hepatic metastatic ability in-vivo (Takeda et al., 2001). Methods aimed at heightening the NK
cell response to tumour cells within the liver may therefore be of benefit to patients with

hepatic metastases.

1.4. From colon cancer to liver metastasis

For colorectal cancer cells to reach the liver they must proliferate and avoid cell death
within their primary organ, invade local stromal tissue, intravasate, survive in the hepatic portal
vein, adhere to the hepatic sinusoidal endothelium, extravasate and then successfully proliferate
within the hepatic parenchyma. For each of these processes, colorectal cancer cells must
acquire certain characteristics that will enable them to overcome protective host mechanisms

and take advantage of organ-specific biology.
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1.4.1 Intravasation and circulatory survival of metastatic colon cancer cells

Intravasation is the process whereby cells move from within a tissue, through the
vascular basement membrane to enter a vascular lumen. Although intravasation has been
assumed to represent one of the earliest steps in the metastatic cascade, there remains a
relatively small volume of research literature on the subject, and factors controlling
intravasation at the molecular level remain largely unstudied. Intravital imaging has
demonstrated significant differences in the ability of metastatic and non-metastatic breast
cancer cell lines to intravasate (Wyckoff et al., 2000), supporting the notion that this process is
important for successful metastasis. Interestingly, over-expression of the Epidermal Growth
Factor Receptor (ErbB1) in breast cancer cells - whilst having no effect on primary tumour
growth - promoted intravasation and metastasis in-vivo (Xue et al., 2006), indicating that the
acquisition of specific cellular factors enabling intravasation are sufficient to promote

metastasis without affecting primary tumour growth.

In colorectal cancer, intravasation has been infrequently studied, not least because of
the difficulties in performing intravital imaging in orthotopic models. However, a recent study
using an orthotopic rectal cancer model identified the Amino-terminal enhancer of split (Aes) as
an important metastasis suppressor capable of inhibiting intravasation through the inhibition of
Notch signalling (Sonoshita et al, 2011). Conditional Aes knockout in germline mutant APC
mice resulted in the spontaneous growth of intestinal polyps that invaded locally and
intravasated, a finding not demonstrated in mice with APC mutation alone (Sonoshita et al,
2011). Again, this points to the loss or acquisition of specific molecules that endow particular

subsets of colon cancer cells with metastatic potential through their ability to intravasate.
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Once colorectal cancer cells invade local tributaries of the hepatic portal vein from their
primary location in the bowel wall, they must survive within the circulation as they travel
towards the hepatic sinusoid. Within the large, low-pressure branches of the hepatic portal vein
most intravasated cells are likely to survive, however, once these cells reach the sinusoid,
trauma resulting from cellular deformation and mechanical stress results in significant cancer
cell death (Barbera-Guillem et al., 1993). Indeed, this has been demonstrated for fluorescently
labelled HCT-116 colorectal cancer cells following intraportal injection into SCID mice, the
majority of which underwent cytoplasmic destruction and death in the hepatic sinusoid within
12 hours of injection (Tsuji et al,, 2006). Microenvironmental, as well as mechanical forces
within the liver are capable of inhibiting metastatic dissemination. Tumouricidal nitric oxide,
for example, was released within the hepatic sinusoid shortly following intramesenteric
injection of B16F1 melanoma cells and inhibition of nitric oxide production resulted in a
significant increase in metastatic burden (Wang et al., 2000). Although such studies do not
identify the cellular source of hepatic nitric oxide, both hepatic macrophages and hepatic
endothelia are potential candidates, having previously been shown to be capable of releasing

H20; in response to tumour cell challenge in-vitro (Anasagasti et al., 1996).

1.4.2 Hepatic sinusoidal endothelial cell adhesion and extravasation in colon cancer metastasis

Melanoma and colon cancer cells visualised using intravital microscopy were shown to
become trapped in hepatic sinusoids within hours of intraportal injection (Steinbauer et al.,
2003)(Luzzi et al, 1998), identifying cell trapping as a possible contributory factor for
metastatic development. Tumour cells also adhere to HSECs in a manner reminiscent of
leukocytes adhering to activated endothelia, whereby weak interactions between endothelial
selectins and immune cell glycoproteins, and subsequently ICAM- and VCAM-mediated tight

adhesion constitute the first steps of extravasation (Alon and Ley, 2008).
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HSECs express an array of adhesion molecules including selectins, integrins and
cadherins, the expression of which is upregulated by cytokines such as IL-1 and TNF-a, both of
which are expressed by colon cancer cells (Eckmann et al,, 1993). Furthermore, colon cancer
cells express ligands for endothelial adhesion molecules, most notably the E-selectin ligands
Sialyl Lewis carbohydrate antigens A and X (Takada et al,, 1993). Thus, it is likely that tumour-
driven upregulation of HSEC adhesion molecules facilitates the adherence of circulating tumour
cells and the retention of metastatic cells within the liver. This hypothesis is supported by in-
vivo experiments demonstrating reduced metastasis formation following inhibition of tumour

cell-HSEC interaction, as discussed above (Pages 36 and 37).

Once metastatic cancer cells have successfully adhered to the hepatic endothelium, they
must leave the vascular space in a process termed extravasation. Tumour cell extravasation
occurs through transcellular diapedesis, where tumour cells induce endothelial cell apoptosis as
they travel through the endothelia or by paracellular diapedesis, where tumour cells move
between adjacent endothelial cells to gain access to the organ parenchyma (Tremblay et al.,
2008). Paracellular diapedesis of HT29 colon cancer cells occurred following ligand binding to
E-selectin on the endothelial cell surface, which in turn led to activation of extracellular signal-
regulated kinase (ERK) and p38-dependent actin filament retraction in the endothelial cell
(Tremblay et al., 2006). Further support for the role of endothelial p38/MAPK in paracellular
diapedesis of colon cancer cells comes from a recent study on the effect of the tumour derived
chemokine CCL2 on endothelial permeability in the lung (Wolf et al., 2012). Selective knockout
of the CCL2 receptor CCR2 on murine endothelia reduced pulmonary vascular permeability and
MC38 pulmonary metastases in a p38MAPK-dependent fashion, demonstrating the importance
of paracellular diapedesis in the formation of pulmonary metastasis (Wolf et al., 2012). It is not
yet clear whether similar mechanisms exist for colon cancer cells metastasising to the liver and

so this may be a phenomenon unique to the pulmonary vasculature.
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1.4.3 Histological patterns of metastatic colonisation in the liver

Hepatic colonisation by metastasising cancer cells can be divided into microvascular,
intralobular pre-angiogenic, panlobular angiogenic and lobar growth phases (Brodt, 2013). At
each stage, cells of the hepatic microenvironment interact directly with tumour cells and such
interactions determine whether metastasis becomes clinically evident (reaches the lobar
growth phase) or succumbs to local immunity or hypoxia. The interactions between tumour
cells, the hepatic sinusoidal endothelium, stellate cells and Kupffer cells, which largely define
the microvascular phase of metastasis have been described above, whilst the following section

focuses on the subsequent phases of metastatic growth.

The intralobular pre-angiogenic growth phase begins with cancer cells that have
successfully adhered to the sinusoidal endothelium and begin to divide within the liver. Such
cells may or may not have extravasated, as tumour cell division can occur within the sinusoid
prior to extravasation taking place. During this phase, metastases have been suggested to
develop at intrasinusoidal, perisinusoidal and periportal locations. The location of metastatic
development determines the hepatic cell types with which invading tumour cells communicate

and this in turn determines the histological nature of the metastatic process.
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Metastases that develop at intrasinusoidal locations for example, typically show a
replacement growth pattern with little disruption of the hepatic architecture (Fig. 1.8). These
tumours are characterised by limited angiogenesis in their later stages, at which point the ratio
of tumour to endothelial cell proliferation is higher than that for other patterns of metastatic
growth (Vermeulen et al.,, 2001). Intrasinusoidal metastases are surrounded by HSECs and have
close contact with Kupffer cells, hepatic lymphocytes and various circulating immune
populations. Perisinusoidal metastases develop in the space of Disse and are therefore in close
contact with the hepatic stellate cells, hepatic fibroblasts, hepatocytes and sinusoidal
endothelia. They develop a desmoplastic pattern characterised by a dense fibrotic response at
the liver-metastasis interface (Fig. 1.8). Metastatic cells that settle in the periportal region, in
contrast typically show a pushing growth pattern whereby the hepatic architecture surrounding
the tumour is lost (Fig. 1.8). Tumour cells in this location make contact with cholangiocytes,
hepatic progenitor cells, hepatocytes and portal fibroblasts. The mechanisms underlying the
various histological patterns of metastatic development are yet to be determined. However,
they may have some clinical relevance, as anti-angiogenic agents such as endostatins have a far
greater inhibitory effect on the growth of sinusoidal-type metastases than their portal type
counterparts (Solaun et al., 2002), indicating that some patterns may be more amenable to

pharmacological intervention than others.
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Figure 1.8 - Distinct patterns of metastatic growth within the liver. Hepatic
metastases progress in three swell defined growth patterns. (a) demonstrates a
pushing growth pattern, where the architecture of the surrounding liver is lost
(arrows). Image (b) is an example of a desmoplastic growth pattern in which the
tumour is surrounded by a dense rim of fibrotic tissue (arrow). (c) shows an

example of a liver metastasis with a replacement growth pattern. Here the
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architecture of the liver remains intact, making it difficult to define the

liver /metastasis interface (arrow) (Vermeulen et al,, 2001).

Once hepatic metastases reach roughly 300 pm, or outgrow the hepatic lobule,
angiogenesis is required for further growth. Angiogenesis within hepatic metastases occurs
predominantly in two histological patterns. A sinusoidal pattern, where vessels within the
tumour take up an organised, concentric form, or alternatively a portal-type angiogenesis
pattern characterised by a fibrous capsule and less well organised vasculature with areas of
necrosis and activation of hepatic fibroblasts (Fig. 1.9) (Vidal-Vanaclocha, 2008). Angiogenesis
is predated by an infiltration of VEGF-expressing HSCs (Olaso et al., 2003), likely activated in

response to tumour hypoxia (Olaso et al., 1997), suggesting that cooperation between cancer

cells and HSCs serves to promote metastatic angiogenesis.

Figure 1.9 - Angiogenic development during hepatic metastasis progression.
Differing angiogenic patterns are demonstrated within hepatic metastases by
staining for reticulin using the Gordon-Sweets silver impregnation technique. (B) is
an example of a sinusoidal-type hepatic metastasis characterised by organised,

concentric vascular connections. In contrast (E) shows a portal-type metastasis
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with poorly organised vasculature and areas of necrosis. Scale bars represent

100um (Solaun et al., 2002).

To summarise, the development of successful hepatic metastasis requires specific
genetic changes within tumour cells at the site of the primary tumour in order to enable local
invasion and intravasation. Protective cellular mechanisms within the hepatic sinusoid must
then be overcome, before tumour cells achieve sinusoidal adhesion and extravasation through
interaction with specific HSEC adhesion molecules. Tumour cell proliferation within the hepatic
microenvironment is then dependent upon selective communication with specific hepatic cell
populations, the nature of which are not yet fully understood, but which appear to shape the
morphological pattern of tumour growth. As well as relying on interactions with numerous
resident hepatic cell types, emerging evidence indicates that successful liver metastasis also
depends upon the development of an inflammatory reaction, typified by the recruitment of a
range of circulating immune cells in response to ectopic chemokine expression by cancer cells.
Thus, we finally turn our attention to the potential role of systemic immunity and in particular

recruited immune cells in the development of hepatic metastasis.

1.5 The immune system and metastasis

1.5.1 The immune system can function in a tumour-promoting fashion

Historical evidence for the link between inflammation and the promotion of malignancy
comes from several observations. First and foremost, inflammatory conditions such as chronic
pancreatitis and ulcerative colitis are associated with an increased risk of cancer in the affected
organ (Malka et al, 2002)(Ekbom et al, 1990). Furthermore, infectious agents such as

Helicobacter pylori and Schistosoma haematobium cause chronic inflammation which frequently
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progresses to gastric and bladder cancer respectively (Helicobacter and Cancer Collaborative
Group, 2001)(Michaud, 2007). Finally, inhibition of inflammatory chemokines or their
receptors leads to reduced tumour development in animal models (Balkwill, 2004), whilst anti-
inflammatory drugs reduce the risk of colon cancer development in humans (Flossmann and

Rothwell, 2007).

Mechanistically, inflammation and cancer have been described as being linked by
intrinsic and extrinsic pathways. The extrinsic pathway involves the development of a
malignancy in the setting of chronic inflammation, where inflammatory cells release factors
capable of causing genotoxic stress in nearby epithelial cells, thereby promoting cancer
formation (Mantovani et al., 2008). Alternatively, the intrinsic pathway stipulates that certain
oncogenes are capable of driving the downstream expression of pro-inflammatory programs
responsible for the recruitment of immune cells, many of which display pro-tumourigenic
phenotypes. Central to such pro-inflammatory programs are chemokines, a group of proteins,
which are responsible for coordinating the movement of immune cells from the bone marrow to
site of tissue inflammation and which are produced ectopically by tumour cell, leading to

recruitment of immune cells to the tumour microenvironment (Fig. 1.10).

52



vivo (Curiel et al, 2004).

Extrinsic pathway Intrinsic pathway

Inflammation or infection Oncogene activation

I

Transcription factors (NF-xB, STAT3, HIF1o:)
activated in tumour cells

¢

Chemokines, cytokines, prostaglandins (and COX2)
produced by tumour cells

b

Inflammatory cells
recruited

Macraphage Myeloid-derived
suppressor cell
-
Mast cell
Eosinophil l Neutrophil

Transcription factors (NF-xB, STATS, HIF1x)
activated in inflammatory cells, stromal cells
and tumour cells

b

Chemokines, cytokines, prostaglandins
(and COX2) produced

b

Cancer-related inflammation

d

» Cell proliferation, cell survival and epithelial-mesenchymal transition
* Angiogenesis and lymphangiogenesis

= Tumour-cell migration, invasion and metastasis

* Inhibition of adaptive immunity

* Altered response to hormones and chemotherapeutic agents

Figure 1.10 - The extrinsic and
intrinsic links between inflammation
and cancer. Extrinsic inflammation
leads to genotoxic stress and thereby
activation of oncogenes or inhibition of
tumour suppressor genes.
Alternatively, intrinsic gene mutation is
the initiating event leading to
expression of pro-inflammatory
chemokines responsible for
recruitment of protumourigenic
inflammatory infiltrate (Mantovani et

al,, 2008).

Fascinatingly, it is becoming apparent that both lymphoid and myeloid cells can become
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pro-tumourigenic once they arrive at the tumour microenvironment. In the case of T-
lymphocytes, a CD25+* population of regulatory T-cells found in patients with malignant ascites
secondary to ovarian cancer inhibited CD8+ T-cell cytotoxicity and promoted tumour growth in-
Interestingly, naive peripheral T-cells are converted to

immunosuppressive CD25+ T-cells under the influence of TGF-B (Chen et al., 2003), a cytokine



that has also been demonstrated to promote the polarisation of neutrophils from an anti-
tumourigenic N1 to a pro-tumourigenic, immunosuppressive N2 phenotype (Fridlender et al,
2009). The plasticity of macrophages, as well as neutrophils is taken advantage of by
developing tumours, through the expression of cytokines such as IL-4 and IL-10. Expression of
these chemokines promotes the appearance of M2 (alternatively activated) macrophages
capable of inhibiting tumour-specific immunity, promoting angiogenesis and driving pro-
tumourigenic remodelling of the extracellular matrix (Sica et al., 2008a). Thus, a number of
well-characterised immune cell types may be capable of promoting both primary tumour

formation and the development of metastasis.

1.5.2 Chemokine expression in the progression of cancer

1.5.2.1 Chemokine structure and function

Chemokines are a family of cytokines with chemoattractant activity. Structural
classification divides chemokines according to the number and spacing of N-terminal cysteine
residues into subgroups named CC, CXC, C and CX3;C (Murphy et al., 2000). The CC and CXC
subgroups have many members, each of which have two adjacent cysteines or single cysteines
either side of an alternative amino acid respectively. Fractalkine (CX3CL1) is the only member
of the CX3C subgroup (Bazan et al,, 1997), whilst the C subgroup contains only lymphotactin «

and {3 (Kelner et al., 1994) (Fig. 1.11).

Chemokines are capable of plasma membrane tethering, through direct interaction with
glycosaminoglycans (Proudfoot et al, 2003). Binding to endothelial glycosaminoglycans
facilitates chemokine signaling to passing leukocytes, upregulating integrin expression and

thereby promoting their activation, arrest and adhesion. Meanwhile, binding of chemokines to
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extracellular matrix glycosaminoglycans enables development of the chemokine gradients that

are required for appropriate leukocyte trafficking (Patel et al., 2001).

Most human chemokine genes are found at two distinct chromosomal sites: 17q12 holds
genes for the CC chemokines, whilst the CXC chemokines are found at 4q13.3. Despite
displaying highly variable amino acid sequences, chemokines share similar tertiary protein
structure (Olson and Ley, 2002). A COOH-terminus a-helix common to all CC and CXC
chemokines is responsible for glycosaminoglycan interaction (Proudfoot et al., 2003), whilst

receptor binding is mediated via two regions at the NH;-terminal (Gong and Clark-Lewis, 1995).
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Figure 1.11 - Chemokine and chemokine receptor interactions. Known
chemokine receptors (middle column) and their chemokine ligands (top row) are
shown. Note that several receptors bind multiple chemokine ligands indicating a
redundant system of chemokine signalling. D6, DARC and CCXCKR are decoy

receptors, which bind chemokine ligands without activating cell motility pathways.
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Their physiological role appears to involve the removal of excessive free chemokine

from inflammatory sites (Scholten et al., 2012).

1.5.2.2 Chemokine receptor structure and function

Chemokines bind to chemokine receptors on the surface of target cells. Approximately
20 signalling and 3 non-signalling chemokine receptors have been identified to date (Allen et al.,
2007), named in similarity to the chemokines but with the addition of an ‘R’ to indicate their
receptor status (i.e. CCR, CXCR, CX3CR1 and CXCR1) (Murphy et al, 2000). Most chemokine
receptors bind multiple chemokines, but each is restricted to a single chemokine subclass.
Chemokine receptors exist as 7-transmembrane repeat proteins belonging to the G-protein
coupled family of receptors (Katritch et al, 2012). Mutagenesis studies demonstrate that
receptors interact with chemokines through motifs at both the extracellular N-terminus, as well
as various regions within the extracellular loops (sequences between two transcellular

domains) (Blanpain et al., 2003)(Pease et al., 1998).

1.5.2.3 Altered chemokine expression in cancer

Intriguingly, chemokine gene expression is tightly regulated at a number of levels.
CXCL8 expression in epithelial cells is driven by nuclear factor kappa-light-chain-enhancer of
activated B cells (NFkB), whilst p38 mitogen activated protein kinase (MAPK) stabilises the
CXCL8 mRNA transcript (Holtmann et al.,, 1999). Chemokine mRNAs have a short half-life such
that mRNA stabilisation is a prerequisite for successful translation (Hamilton et al., 2010). In
some instances, several transcription factors act in a synergistic manner to promote the
transcription of chemokine genes. For example, this has been demonstrated for the expression

of CCL5. Here, mutations in either the NFkB or INF-regulatory factor-3 transcription factor
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binding sites within the CCL5 promoter region inhibited CCL5 expression in response to viral
infection (Génin et al., 2000). Similarly, mutation of NFxB, or stimulation of specificity protein-1
(SP-1) binding sites within the CCL2 gene promoter region inhibited CCL2 expression (Ueda et
al,, 1994), demonstrating that binding of multiple transcription factors is required for successful

gene transcription.

Importantly, NFkB is also involved in the elevated production of chemokines from
cancer cells. This has most recently been demonstrated for the breast cancer cell line MCF10A
expressing oncogenic mutations in the phosphoinositide 3-kinase (PI3K) gene (Hutti et al.,
2012). In such cells NFkB was elevated compared to PI3K wild-type cells and this resulted in
upregulation of CXCL1, CXCL2, CXCL8 and CCL2 (Hutti et al., 2012). CXCL5, CXCL8 and CXCL12
expression is also upregulated in cells with mutant p53 (Yeudall et al, 2012), a tumour
suppressor gene whose mutation drives NFkB expression (Scian et al., 2005). Mutation in other
oncogenes such as Ras have also been linked to the excessive production of CXCL8 (Sparmann
and Bar-Sagi, 2004), whilst B-catenin expression promoted the production of CCL2 in breast
cancer cell lines (Mestdagt et al.,, 2006). Finally, mutation in the RET oncogene in papillary
thyroid carcinoma is associated with over-expression of multiple chemokines including CCLZ2,
CCL20 and CXCL8 (Borrello et al., 2005). Thus, the oncogenic mutations that drive proliferation
and inhibit apoptosis in cancer cells also promote the production of a range of chemokines

capable of the recruitment of inflammatory cells to the tumour microenvironment.

1.5.2.4 The recruitment of immune cells to the hepatic metastatic microenvironment

Given the pro-tumourigenic role demonstrated for certain immune populations, as well
as the fact that various cancers demonstrate ectopic chemokine expression, it appears that the

recruitment of immune cells is an important feature of tumour progression. Interestingly,
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Immune cells appear to be recruited to the liver during various stages of metastasis formation
including the pre-metastatic phase - defined by the presence of a primary tumour without
evidence of tumour cells within the hepatic parenchyma. For example, intraperitoneal colon
tumours and spontaneous pancreatic cancers in mice were associated with elevated numbers of
immunosuppressive CD11b+*/Grl* cells within the liver prior to metastatic development
(Connolly et al., 2010). Similarly, VEGFR1* bone marrow cells appeared in the liver before the
arrival of metastatic lung or melanoma cells from their intradermal primary site (Kaplan et al.,
2005). During the more advanced stages of hepatic metastasis formation, myeloid as well as
lymphoid cells are again seen to support tumour growth. Thus, CCR1+* myeloid cells promoted
angiogenesis and the growth of spontaneous hepatic metastases following subcutaneous
thymoma cell injection (Rodero et al., 2013). Meanwhile, colorectal liver metastases resected
surgically displayed large infiltrates of immunosuppressive CD4+*/Foxp3+ regulatory T-
lymphocytes (Pedroza-Gonzalez et al, 2013). At present, it therefore appears that immune
populations recruited to the hepatic microenvironment play a role in metastatic progression.
Nonetheless, the chemokines involved in immune cell recruitment and the role of such immune

cells within the tumour microenvironment of the liver have not been thoroughly explored.

1.6 Summary

The development of hepatic metastasis from colorectal cancer is a complex, multistep
process involving interplay between the hepatic microenvironment as well as tumour and
infiltrating immune cells. The ability of tumour cells to successfully metastasise to the liver is
therefore dependent upon a number of important factors. An increasing body of experimental
evidence indicates that tumour cells within the liver are able to recruit populations of immune
cells, potentially through the expression of various chemokines. Recruited immune cells then

promote the formation of a pro-metastatic microenvironment. Currently, the roles that

58



recruited immune cells play in this process are poorly understood, as are the mechanisms

through which tumour cells in the liver drive immune cell recruitment.
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1.7 Research aims

1. To determine the nature of immune cells recruited to hepatic metastases

2. To investigate the role of tumour-derived chemokines in the recruitment of immune cells to

the hepatic metastatic microenvironment

3. To determine whether immune cells in the hepatic metastatic microenvironment promote or

inhibit metastatic progression
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CHAPTER 2. MATERIALS AND METHODS

2.1 Cell lines, lentiviral transfection and cell culture

2.1.1 Cell lines

MC38 (murine colon cancer), Lewis Lung Cancer (murine), B16F1 (murine melanoma),
Pan02 (murine pancreatic cancer), HT29, HCT-116 and LoVo (all human colon cancer) cell lines
were purchased from the American Type Culture Collection. MC38, LLC and B16F1 were
cultured in DMEM with 10% fetal calf serum (FCS) and Penicillin/Streptomycin (100 1.U./mL)
(all Sigma-Aldrich). HT29, HCT-116, LoVo and Pan02 were grown in RPMI medium (Sigma-
Aldrich) supplemented with 10% Foetal Calf Serum and Penicillin/Streptomycin (100 I.U./mL).
All cells were grown in a sterile incubator (Binder) with 5% CO, at 37°C. Cells were used at
80% confluency and kept for no more than 10 passages. All cell culture experiments were

performed under sterile conditions in a laminar flow hood.

2.1.2 Lentiviral transfection

The MC38 and LLC cell lines were transfected with an expression vector carrying the
green fluorescent protein (GFP) and either the puromycin or Geneticin (G418) resistance genes
(pEGFP-C1, Clontech, Paolo Alto, CA). The HT29, HCT-116 and LoVo cell lines were transfected
with a lentiviral plasmid carrying the genes for firefly luciferase, m-cherry and puromycin
resistance (Capital Biosciences VSL-0078P). For transfection, 5x103 tumour cells were spun at
3200RPM, 4°C for 30 minutes in RPMI with 8ug/ml polybrene (Sigma-Aldrich H9268) and
lentiviral particles at Multiplicities of Infection of 1, 2 and 5. Following spinoculation, cells were
incubated at 4°C for a further 90 minutes to increase transfection efficiency before being plated
in 24-well plates and cultured at 37°C, 5% CO:in a sterile incubator. After 24 hours, the

lentiviral supernatant was replaced with media containing the selection antibiotic at a pre-
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determined concentration based on its effect on naive, non-transfected cells. 7-10 days later
highly fluorescent cells (MC386FP, LLCGFP, HCT-116!ue, HT-29uc or LoVoluc) were separated from
low fluorescent ones using FACS sorting. FACS sorting of fluorescent cells was performed by Mr
Andrew Worth (Jenner Institute, University of Oxford) using the Legacy MoFlo MLS High-speed
Cell Sorter (Beckman Coulter). Following cell sorting, MC386FP+ clones were selected for using 5
ug/ml puromycin (Sigma) and LLCGP+and B16F16¢FP* clones using 800 pg/ml G418 (PAA
Laboratories). M-cherry expressing colon cancer clones were selected for using 0.75 pg/ml

puromycin.

For inhibition of CCL2 or MIF expression, cancer cell lines were further transfected with
custom-made pLKO.1 lentiviral plasmids containing CCL2shRNA, MIFshRNA or a scrambled
shRNA control (MISSION shRNA, Sigma-Aldrich). The technique for transfection of cell lines
with these plasmids was identical to that described above for the fluorescent/luminescent
genes. Five shRNA constructs were tested for each chemokine to ensure that the greatest
possible inhibition of target protein - as determined by ELISA of the cell culture supernatant -
was achieved. MIFshRNA plasmids contained the neomycin resistance gene and so these
colonies were selected for with the antibiotic G418 (Sigma-Aldrich G8168). MC38 (GFP
negative) cells transfected with lentivirus-mediated shRNA or the scrambled shRNA control

were selected with 2.5 pg/ml puromycin.

To determine the degree of chemokine inhibition achieved by transfection of cell lines
with shRNA-containing lentiviral particles the chemokine concentration in tumour cell-
conditioned medium was determined using commercially available ELISA kits (R&D Systems
DY479E and DY289E). The mean chemokine concentration for triplicate samples were

normalised to the total protein content of the supernatant determined using a bicinchoninic
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acid protein assay kit (Thermo Scientific 23225). The values obtained for shRNA and scrambled

shRNA transfected cell lines were then compared.

2.1.3 Assessment of chemoattractant effect of MIF on SCID murine neutrophils

Single cell suspensions generated from SCID mouse bone marrow were labeled with
allophycocyanin (APC)-conjugated anti-CXCR2 and phycoerythrin-cyanine-7 (PECy7)-
conjugated anti-CD45 antibodies in the presence of anti-CD16/CD32 (all eBioscience).
APC+/PECy7+ cells were FACS sorted using the Legacy MoFlo High Speed Cell Sorter (Backman
Coulter), before being suspended in serum-free RPMI medium (ATCC) at a concentration of
5x105 cells per mL. 100pl of the neutrophil cell suspension was added to the upper wells of a
96-well 3um pore migration plate (Cell Biolabs CBA-104). This plate was then placed within a
96-well carrier plate containing serum free RPMI supplemented with 0, 20, 50, 100, 200, 400 or
800ng/mL recombinant human MIF (R&D systems). The pores within the upper well of this
transwell system therefore allow neutrophils to migrate through to the lower well under the

appropriate chemotactic stimuli.

After 6 hours, the upper well plate was transferred to a new lower well plate containing
a cell detachment buffer (Cell Biolabs), such that transmigrated cells adherent to the
undersurface of the plate became freely suspended within the lower plate. Cell-containing
solutions from the two lower plates were then combined, cells within the resultant suspension
were lysed and their nucleic acids fluorescently labelled by the addition of a solution containing
the CyQuant® GR dye (Cell Biolabs). Following a 20-minute incubation period, the solution from
each well was transferred to a new transparent, 96-well plate (nunc, Thermo Scientific) and
fluorescent measurements taken using the Infinite M200 plate reader (Tecan) with the filter set

to 485/538 nm.
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2.1.4 Determination of effect of intrinsic MIF inhibition or ISO-1 treatment on HT29 cell apoptosis

in-vitro

For the determination of tumour cell apoptosis, 3x105 HT29MIFshRNA  HT29Lentictrl [,oVo
MIFshRNA HT29Lentictrl or untransfected HT29 cells were seeded in triplicate into the wells of 6-well
plates containing 3 ml culture medium. After 24 hours, untransfected cells were treated with
100 pM ISO-1 diluted in DMSO or a concentration-matched DMSO control solution. After 4 days
of treatment (or in the case of lentiviral transfected cells standard culture), cell cultures were
analysed for the presence of early and late apoptotic cells using a commercially available flow

cytometry-based apoptosis detection kit (BD Pharmingen; 559763).

For detection of the percentage of early and late apoptotic cells, the instruction manual
was followed. Briefly, cell culture supernatant was aspirated and kept aside. Cells culture
plates were washed with PBS before the addition of 500 pl 1X trypsin solution (Sigma-Aldrich),
followed by incubation for 10 minutes at 37°C. The cell suspension was then resupsended with
5 ml culture media containing 10% FCS and the resultant cell suspension was added to the cell
culture supernatant initially kept aside from each well. This process ensured that any late
apoptotic cells that had detached from the culture dish were included in the analysis. The cell
suspension was then centrifuged at 1500 rpm for 5 minutes and excess media aspirated. Cell
pellets were resuspended in 1X Binding Buffer at a final concentration of 1x106 cells per ml.
Then 5 pl each of PE Annexin V and 7-AAD were added to a 100 pl aliquot of the cell suspension
before incubation for 15 minutes at room temperature in the dark. The cells were then diluted
in a further 400 pl of 1X Binding Buffer before being analysed on a flow cytometer (FACS

Calibur, BD Bioscience). FACS data was interpreted using FlowJo software version 7.6.5.

2.2 Animal work and associated experiments
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2.2.1 Animals

Female C57BL/6 and SCID (C.B-17-SCID) mice were purchased from Charles River
Laboratories (Kent, UK) and CCR2-/- mice from Jackson Laboratories (Bar Harbor, ME). CD11b-
DTR (Diphtheria Toxin Receptor) mice were obtained from Prof. Martin Bennett (University of
Cambridge, UK). All mice were used at age 6-8 weeks and were housed in a specific pathogen
free facility with humidity and temperature control. Animal procedures were performed in
accordance with the UK Animal Scientific Procedures Act (1986) and followed local ethics

review.

2.2.2 Liver metastasis model

C57BL/6, CCR2/-, SCID or CD11b-DTR mice were anesthetized using vapourised
isoflurane prior to administration of 0.1mg/kg buprenorphine. Following this, an incision in the
upper left lateral abdominal wall was made and tumour cells in 100 pl PBS were injected into
the splenic parenchyma before splenectomy was performed using electrocautery. The
operative field was irrigated with water in an attempt to lyse any spilled tumour cells and the
wound closed using non-soluble sutures. For the M(C38, LLC and B16F1 cell lines 5x105 cells
were used per mouse. For Pan02, HT29, HCT-116 and LoVo cell lines 1x106 cells were used per
mouse. On the final day of experimentation animals underwent schedule 1 killing by means of
intraperitoneal injection of 200 uL pentobarbitone. C57bl6 mice injected with MC38, LLC or
B16F1 cells were killed 2 weeks following surgery whilst those injected with the Pan02 line
were killed 4 weeks following surgery. SCID mice injected with HT29 or HCT-116 cells were

killed 5 weeks following surgery and LoVo injected mice were killed 7 weeks following surgery.

2.2.3 Adoptive transfer experiments
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Female C57BL/6-Tg(UBC-GFP)30Scha/] mice ubiquitously expressing GFP (a kind gift
from Prof. Richard Cornall, Nuffield Department of Clinical Medicine, University of Oxford),
were sacrificed and cell suspensions prepared from their bone marrow. Bone marrow cells
(2x106) were transferred to tumour bearing syngeneic C57BL/6 mice at day 11 post MC38
inoculation via tail vein injection. Recipient mice were sacrificed 24 hours later and hepatic

GFP+ cells analysed by flow cytometry and immunohistochemistry.

2.2.4 Collection of murine serum

Shortly following intraperitoneal injection of sodium pentobarbital (200 mg/kg) the
thoracic cage was opened and the inferior vena cava incised just superior to the diaphragm.
Blood was aspirated from the thoracic cavity using a 1 ml syringe before being placed on ice for
30 minutes. Coagulated blood samples were then spun at 12000 RPM for 10 minutes at 4°C and

the serum supernatant collected, and stored at -80°C until analysis.

2.2.5 CD11b* myeloid cell depletion experiments

CD11b-DTR mice were administered Diphtheria Toxin (DT) (7.5 ng DT/g body weight in
0.2% BSA/PBS) or BSA/PBS control, via intraperitoneal injection on days 7 and 9, and livers
collected on day 12 post tumour cell inoculation. Magnetic Resonance Imaging (MRI) was
performed by Sean Smart (Oxford Cancer Imaging Centre, University of Oxford) on days 6, 8 and
11 following MC38GFP inoculation at 4.7T using a 40 mm quadrature birdcage coil.
Cardiorespiratory triggering was used to reduce motion artifact. Images obtained using the MRI
were reconstructed in 3D using ITK-snap software

(http://www.itksnap.org/pmwiki/pmwiki.php) and from this reconstruction, total hepatic

tumour burden was determined for each mouse at the aforementioned time points.
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2.2.6 Neutrophil depletion in SCID mice

To specifically deplete murine neutrophils, mice were administered 12.5ug/kg rat anti-
mouse Ly6G antibody clone 1A8 (BD Biosciences 551459) or an isotype control antibody IgG2a
(BD Biosciences 562302) via the intraperitoneal route. Initially, the results of antibody
administration on hepatic and splenic neutrophil count were determined in naive mice. For this
experiment, SCID mice were injected with the antibody or isotype control, sacrificed 24 or 72

hours later and total organ neutrophil number determined for both the liver and spleen.

Once the effect of anti-Ly6G administration had been determined for naive SCID mice,
neutrophil depletion was performed in mice bearing hepatic HT29, HCT116 or LoVo metastases.
For some of these experiments, anti-Ly6G was either started 24 hours prior to tumour cell
injection (anti-Ly6G early) or 10 days following tumour cell injection (anti-Ly6G late) and was
then administered every 72 hours for the remainder of the experiment. Neutrophil depletion
was confirmed for at least three mice per experiment by FACS analysis of resected livers post-

mortem.

2.2.7 Small molecule inhibition of systemic MIF activity

To systemically inhibit MIF activity, tumour-bearing mice were administered the small
molecule antagonist of MIF, ISO-1 (Millipore) via the intraperitoneal route. 1SO-1 was initially
reconstituted in 100% dimethyl sulfoxide (DMSO) before being diluted in sterile water to
provide a 200ul dose of 20mg/kg per mouse. Control mice were treated with a matched dose of
DMSO diluted in sterile water to the same concentration as that used to reconstitute the ISO-1.
All mice from this experiment were imaged without being administered treatment for the first

10 days of the experiment. On the 10t day following tumour cell injection the experimental
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mice were divided into two groups such that the mean abdominal luminescent intensity was
equivalent between groups. At this stage treatment with either the DMSO control or ISO-1 was

started with the IP injection being repeated every 72 hours for the duration of the experiment.

2.2.8 Determination of metastatic growth kinetics in mice

For time-course experiments designed to determine the temporal relationship between
neutrophil depletion and metastatic development, mice bearing luciferase-expressing hepatic

metastases were imaged at various time-points following intrasplenic tumour cell injection.

For in-vivo imaging, mice were anaesthetised in an anaesthetic chamber using 3%
vaporised isoflurane (Piramal Healthcare), before being injected with 150mg/kg Vivo-Glo™
Luciferin (Promega). The animals were immediately transferred to a CCD camera (IVIS system,
Perkin Elmer), fixed in position and imaged using automatic f/stop, exposure time and binning.
Mice were imaged every minute for a variable period until the signal intensity reached a
plateau. At this point imaging ceased and an ROI drawn to encompass the upper abdomen and
lower thorax for each mouse. The background photon flux was then subtracted from the signal
within the ROI to determine the total hepatic photon flux in-vivo. To represent change in photon
flux with time as metastases developed, the signal for each mouse at each time-point was

normalised to the value obtained for the same animal at 24 hours post surgery.

Of note, some mice developed intense luminescent signals in the region of the splenic
fossa. Such signals rarely declined over the first 10 days of the experiment, unlike the signals
seen for tumour cells within the liver on the contralateral side of the abdomen (Fig. 3.8 to 3.10).

Mice displaying such imaging characteristics had palpable tumours in the upper abdomen on
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the left side within 10 days of surgery and on post-mortem examination, these were found to
represent tumours well away from the liver. This indicated either operative tumour cell spillage
or tumour thrombus of the splenic vein with resultant tumour growth in the splenic fossa,
which was therefore considered an unrelated pathology to the development of hepatic
metastasis. As such, for these mice the ROI used to determine in-vivo hepatic luminescence was

drawn in such a way as to exclude the signal emanating from the splenic region.

2.2.9 Determination of ex-vivo luminescence in tumour-bearing murine livers

For neutrophil depletion experiments in tumour-bearing mice, total hepatic
luminescence was determined post-mortem for each mouse. To determine total hepatic
luminescence, mice were injected with 150mg/kg Vivo-Glo™ Luciferin 60 seconds prior to
lethal injection of 100mg/kg pentobarbital. Both injections were administered via the
intraperitoneal route. The liver was immediately resected via an anterior abdominal incision
and transported to a CCD camera where it was imaged using automatic f/stop, exposure time
and binning as determined by the device. Serial images were taken every minute for a variable
period until the signal intensity reached a plateau. At this point, a region of interest (ROI) was
drawn around the entire liver and the total photon flux (p/sec/cm?/sr) determined. From this

value, the background photon flux was subtracted to give the total hepatic phonon flux.

2.2.10 Isolation of neutrophils from murine livers

Following the removal of murine livers post-mortem, single cell hepatic suspensions
were generated as previously described, but with particular care taken to keep the cell
suspension at room temperature in an attempt to avoid activating hepatic neutrophil

populations. Following the lysis of red blood cells, cell pellets from 6 tumour-bearing or 9 naive
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mice were combined by re-suspension in 2 ml of 35% (v/v) Percoll (Sigma-Aldrich) diluted in
PBS. The cell suspensions were then distributed throughout 8 ml of 35% (v/v) Percoll diluted
in PBS, before being centrifuged at 300G for 10 minutes at room temperature. In the resultant
density gradient, hepatic immune cell populations formed a cell pellet, whilst hepatocytes,
tumour cells and other non-immune cell types reside on the surface of the Percoll solution
(Cotter and Muruve, 2006). Thus, the supernatant was aspirated and the remaining immune

cell layer re-suspended in 1ml FACS buffer.

Next, a cell count was performed using an automated cell counter as above, before the
immune cells were incubated in the appropriate concentration of anti-CXCR2 (R&D Systems)
and anti-CD45 (eBioscience) FACS antibodies in the presence of anti-CD16/CD32 (eBioscience)
to block Fc receptors. After a 45-minute incubation period at room temperature, excess
antibody was removed by washing the cell suspension in FACS buffer. CD45+/CXCR2+
neutrophils and all other hepatic immune cells (CD45+/CXCR2re) were then being FACS sorted
and collected using a high-speed cell sorter (MoFlo™ XDP, Beckman Coulter). Operation of the
cell sorter was kindly performed by Dr Drew Worth (Jenner Institute, University of Oxford).
The Percoll gradient procedure and FACS protocol enabled the separation of hepatic neutrophils

from other immune cell subtypes as determined by analysis of cell morphology (Fig. 2.1).
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Figure 2.1 FACS sorting of hepatic neutrophils. Neutrophils were defined by their expression
of both CD45 and CXCR2, as identified on flow cytometry plots (center left). These cells were
polymorphonuclear (upper right panel) whereas CD45+*/CXCR2neg cells where monocytic (lower

right panel).

2.2.11 Extraction of RNA from FACS sorted neutrophils

Immediately following FACS sorting, neutrophils were lysed in 300 pl Trizol reagent
(Life technologies) by repetitive pipetting. After incubation at room temperature for 10
minutes 30 pl chloroform was added to the Trizol solution and the sample tubes shaken
vigorously for 15 seconds. After a further 2-minute incubation period at room temperature, the
samples were centrifuged at 12000 RCF for 15 minutes at 4°C. The aqueous supernatant was
then transferred to a new tube containing an equal volume of isopropyl alcohol in order to
precipitate the RNA. The sample was then incubated for 10 minutes at room temperature

before being centrifuged again at 12000 RCF for 10 minutes at 4°C. The supernatant was then
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removed and the RNA pellet washed in 75% ethanol before being centrifuged at 7500 RCF for 5
minutes. Finally, the ethanol supernatant was aspirated and the RNA pellet re-suspended in 20
ul RNase-free water (Qiagen) at 60°C for 10 minutes with regular agitation. The RNA purity and
concentration was determined by analyzing 1 pl of the resultant solution on a bench-side

spectrophotometer (Nano Drop 2000c Thermo Scientific).

2.2.12 Assessment of neutrophil angiogenic gene expression using qPCR

RNA samples extracted from tumour-associated and naive neutrophils were
subsequently used for the synthesis of cDNA in preparation for qPCR analysis. c¢cDNA was
synthesised using the RT? First Strand reverse transcription kit (SA Biosciences). Briefly,
genomic DNA was eliminated from RNA samples before the addition of nucleotides and reverse
transcriptase cocktail at concentrations as recommended by the manufacturer. The mixture
was incubated at 42°C for 15 minutes, after which the reaction was stopped by incubation at

95°C for 5 minutes.

cDNA samples were then added to a qPCR master mix containing SYBR Green (SA
Biosciences) before the mixture was loaded onto a commercially available 96-well PCR array
plate spotted with cDNA primers specific for various angiogenic growth factors (SA Bioscience
PAMM-072ZA-2). Array plates were analysed for fluorescence intensity using a qPCR machine
(Stratagene Mx3005P). The thermal profile for qPCR included an initial 10 minute incubation at
95°C followed by 40 cycles of 95°C for 15 seconds and then 60°C for 1 minute followed by a

dissociation curve of 95°C for 1 minute, 55°C for 30 seconds and finally 95°C for 30 seconds.
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Following the qPCR run, melt curves were analysed for each primer and those that
demonstrated multiple peaks at differing temperatures were excluded from further analysis.
Further primer sets were then excluded by use of a threshold value placed in the lower third of
the linear fluorescence accumulation phase as determined by observation of the log
fluorescence intensity for each primer. Analysis of Ct values and fold change in gene expression
between tumour-associated neutrophils and those from naive mouse livers is discussed further

below.

2.3 Flow cytometry

2.3.1 Preparation of single cell suspensions from murine tissues

Immediately following resection and under sterile conditions, whole livers or spleens
were minced using a scalpel and digested at 37°C in RPMI-1640 medium containing 0.05%
(w/v) collagenase/dispase (Roche) and 0.01% (w/v) trypsin inhibitor (Sigma). Digested tissues
were strained through a 70 pm filter into ice-cold PBS and residual red blood cells (RBC) lysed
using red cell lysis buffer (Sigma). Bone marrow cells were flushed from the femurs of mice
with PBS and filtered through a 70 pm cell strainer before RBC lysis as above. Blood samples
were collected in 2 mg/ml EDTA and washed with PBS before RBC lysis. Finally, cell
suspensions were suspended in FACS buffer (2% FCS in PBS), adjusted to 107 cells/ml using the
NucleoCounter NC-100 automated cell counter (Chemometec) and then stained with antibodies

for flow cytometric analysis.

2.3.2 Flow cytometry and flow cytometric analysis

Cells for flow cytometric analysis were stained using various fluorochrome-conjugated

FACS antibodies at 4°C for 60 minutes in the presence of anti-mouse CD16/CD32. FACS
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antibodies (Table 2.1) were used at the concentration recommended by the manufacturer and
were compared with matching concentrations of each isotype control. Flow cytometry was
performed using a FACSCalibur flow cytometer (BD biosciences) and data analysed using

Flow]o software version 7.6.5.

For experiments in which MC38¢FF, LLCGFP or B16F1GFP cell lines were used, tumour cells
were gated out based on their GFP expression in order to aid the visualisation of myeloid cells.
In all experiments myeloid cells were identified based on their relative forward/side scatter

position as shown in Fig. 2.2.

S5C-H

1K 58.7% 41.3%

800

S5C-H
S8C-H

Figure 2.2 - Flow cytometric gating strategy for identification of hepatic myeloid cells.
Myeloid cells were selected by creating a ‘myeloid’ gate (red polygon) in hepatic forward/side

scatter plots shown in the upper panel. Only 2.91% of cells outside the myeloid gate are CD45+
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(lower left panel) indicating that the gating strategy has a high sensitivity for myeloid cells

within the hepatic single cell suspension.

2.3.3 Preparation and staining of cytospun immune cells

FACS-sorted CD45+/CXCR2+ cells were suspended in 20% bovine serum albumin in PBS
before being centrifuged at 500 RPM onto Superfrost Plus microscope slides (Fisher) using a
Cytospin centrifuge machine (Cytospin 3, Shandon Life Sciences). Cytospun cells were then
stained using a standard H&E protocol. Briefly, slides were rehydrated in distilled water before
incubation in Mayer’s haematoxylin (Sigma-Aldrich) solution for 4 minutes. Following a 5-
minute washing step in running tap water, slides were differentiated for 5 seconds with 0.3%
acid-alcohol (2800 ml ethanol, 1200 ml water and 12 ml concentrated hydrochloric acid). Slides
were washed in running tap water for a further 5 minutes before being rinsed in Scotts tap
water substitute. Finally, slides were incubated in Eosin (Sigma-Aldrich) for 2 minutes before
being dehydrated in increasing concentrations of alcohol and then xylene (Sigma-Aldrich) for a
further 2 minutes. Coverslips were mounted onto slides using Histomount (Fisher Scientific)

before visualisation using bright-field microscopy.

2.3.4 Antibodies used in flow cytometry

Table 2.1 demonstrates the antibodies used in flow cytometry experiments. The
antibody concentration used was as recommended by the manufacturer, with matching

concentration of isotype controls used where required.
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Antibody Clone Supplier; catalogue number
rat anti-mouse CD45 PE-Cy7 30-F11 eBioscience; 25-0451

rat anti-mouse Grl PE RB6-8C5 eBioscience; 12-5931

rat anti-mouse Ly-6G PE RB6-8C5 eBioscience; 11-5931

rat anti-mouse CD11b PE-Cy7 M1/70 eBioscience; 25-0112

rat anti-mouse CCR1 PE 643854 R and D systems; FAB5986A
rat anti-mouse CCR2 PE 475301 R and D systems; FAB5538P
rat anti-mouse CCR3 AF647 TG14 BioLegend; 129401
hamster anti-mouse CCR4 PE 2G12 BioLegend; 131204
hamster anti-mouse CCR5 PE HM-CCR5 eBioscience; 12-1951-81
rat anti-mouse CXCR2 APC 242216 R and D systems; FAB2164P
rat anti-mouse CXCR3 APC CXCR3-173 eBioscience; 17-1831-80
rat anti-mouse CXCR4 APC 2B11 eBioscience; 12-9991-81

rat anti-mouse CXCR5 APC SPRCL5 eBioscience; 17-7185-80
rat anti-mouse CXCR6 APC 221002 R and D systems; FAB2145A
rat anti-mouse CXCR7 APC 734110 R and D systems; FAB7167A
rat anti-mouse TIEZ PE TEK4 eBioscience; 12-5987-82
rat IgG2a isotype control APC N/A eBioscience; 17-4321-81
rat [gM isotype control APC N/A eBioscience; 17-4341

rat [gG2b isotype control APC N/A eBioscience; 17-4031-81
hamster IgG isotype control APC eBio299Arm  eBioscience; 17-4888-81
rat IgG2b isotype control PE N/A eBioscience; 12-4031-81
rat I[gG2a isotype control AF647 N/A eBioscience; 51-4321-80
hamster IgG isotype control PE eBio299Arm  eBioscience; 12-4888-81
rat [gG2a isotype control PE N/A eBioscience; 12-4321-42
rat [gG2a isotype control AF647 N/A eBioscience; 51-4321-80
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rat I[gG2b isotype control PE N/A eBioscience; 12-4031-81

rat IgG2b isotype control APC N/A eBioscience; 17-4031-81
rat IgG2b isotype control AF647 N/A eBioscience; 51-4031-80
rat [gG2c isotype control PE N/A BioLegend; 400707

rat IgG1 isotype control PE N/A eBioscience; 12-4301-81
rat IgG1 isotype control APC RTK207 BioLegend; 400412

rat I[gG2b isotype control PE-Cy7 N/A eBioscience; 25-4031-82
hamster IgG isotype control PE eBio299Arm  eBioscience; 12-4888-81
hamster IgG isotype control APC eBio299Arm  eBioscience; 17-4888-81
hamster IgG isotype control AF647 eBio299Arm  eBioscience; 51-4888-80

Table 2.1 - Antibodies used in flow cytometry experiments.

2.4 Chemokine measurement

2.4.1 Determination of relative cytokine expression in tumour cell conditioned medium

Relative cytokine expression by the MC38, LLC and B16F1 cell lines were assayed using
the Proteome Profiler Mouse Cytokine Array (R&D Systems, ARY006). Tumour cell culture-
conditioned medium was obtained from MC38, LLC and B16F1 cells by plating 0.2x10¢ cells per
well in 12-well plates and collecting culture medium after 48 hours. Culture medium (1mL),
obtained from at least 3 wells per cell line was incubated for 1 hour at 21°C with a panel of
murine-specific, biotinylated chemokine/cytokine antibodies before incubating the mixture
with a nitrocellulose membrane pre-spotted with chemokine/cytokine antibodies. After an
overnight incubation at 4°C the membranes were washed and then incubated with Streptavidin
Alexa Fluor 700® conjugate (Life Technologies S-21383) diluted 1:750 in PBS for 1 hour at 21°C.
The membranes were then visualised on the ODYSSEY® CLx infrared imaging system (LI-COR)

set to detect signals at 700 nm at a resolution of 168 um. Images of nitrocellulose membranes
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taken using the LI-COR were analysed using custom made software (Danny Allen, Oxford Cancer
Imaging Centre, University of Oxford), which quantifies the signal intensity at each antibody
location relative to its negative control value. Values obtained from tumour cell conditioned

media were then normalised to the values obtained fromcontrol, cell-free media.

2.4.2 Determination of relative chemokine expression in tumour-bearing mouse serum

To simultaneously determine the concentration of multiple human chemokines in mice
with HCT-116, HT29 or LoVo hepatic metastasis relative to splenectomised control mice, serum
was analysed using proteome profiler arrays containing human-specific antibodies raised
against various chemokines and cytokines (R and D systems ARY005 and ARY017 (both human-
specific). 350 pl of test serum pooled from 5 mice was analysed as per the method described for

the detection of murine cytokines from tumour cell conditioned medium.

2.4.2 Determination of absolute chemokine concentration in mouse serum

Murine CCL2Z and human MIF concentration in mouse serum was determined using
commercially available sandwich ELISA kits (R&D Systems DY479E and DY289E respectively).
Protocols were followed as per the manufacturer’s instruction. Briefly, 96-well plates were
coated for 24 hours at room temperature with the appropriate antibody before blocking with
1% bovine serum albumin for 2 hours at room temperature. Following removal of the blocking
serum, samples diluted 10-fold in PBS were added to the wells and the plates incubated at room
temperature for 2 hours. The plates were then washed in PBS containing 0.05% Tween-20
(Sigma-Aldrich), before the addition of a biotin-conjugated antibody targeting the chemokine of
interest. Following a further washing step the wells were incubated in streptavidin-

horseradish-peroxidase, before the addition of a solution containing 3,3',5,5"-
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Tetramethylbenzidine (Sigma-Aldrich). After 20 minutes the chromogenic reaction was
stopped by the addition of 2N hydrochloric acid. The optical densitiy of each well was

determined by visualisation using an Infinite M200 plate reader (Tecan) set to 450 nm.

Samples from each mouse were plated in triplicate and at least 10 samples from each
tumour type and control were analysed. Following subtraction of the average optical density
obtained from blank wells, the mean value for each sample was determined by reference to a
standard curve created using a known concentration of the recombinant chemokine being

measured.

2.4.3 Determination of MIF concentration in human serum from cancer patients and healthy

volunteers

Frozen serum samples from 30 healthy patients, 90 patients with various stages of
primary colorectal cancer and 30 patients with hepatic metastases were obtained from the

Oxford Radcliffe Biobank (http://orb.ndcls.ox.ac.uk/). The concentration of MIF in each sample

was determined using the same commercially available sandwich ELISA kit as per that used for
detection of human MIF in tumour-bearing SCID mice (R and D systems DY289E). The protocol
followed was identical to that described for the determination of MIF concentration in murine

serum samples.

2.5 Immunohistochemistry

2.5.1 Analysis of adoptively transferred cells (for Fig. 3.5)
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Livers from tumour-bearing mice following the adoptive transfer of GFP+ bone marrow
cells were resected and placed immediately in Optimal Cutting Temperature (OCT) compound
(Tissue Tek) before snap freezing in liquid nitrogen. 12 um sections were cut from frozen tissue
blocks using a Bright Cryostat and mounted on Superfrost Plus microscope slides (Fisher).
Sections were counterstained with 4’,6-diamidino-2-phenylindole before being mounted with

glass coverslips and visualised using a laser scanning confocal microscope (LSM710, Carl Zeiss).

2.5.2 Analysis of tumour-associated neutrophils, vessels, apoptotic or proliferating cells and FGF-2

(for Fig. 4.2 and 5.6 to 5.11)

Tissue sections were prepared as described in 2.2.6.1. For the staining of neutrophils in
normal and tumour-bearing mouse livers, tissues were brought to room temperature and then
rehydrated in PBS before being fixed in 4% paraformaldehyde for 10 minutes. For the detection
of proliferating cells tissues were then incubated in PBS with 0.01% Tween-20 (Sigma-Aldrich)
to permeabilise cell membranes. This step was not performed for the immunohistochemical
analysis of neutrophils, vessels, apoptotic cells or FGF-2. Following incubation in 10% goat or
donkey serum for 30 minutes depending upon the species in which the secondary antibody was
produced, tissues were incubated in the appropriate concentration of primary antibody or its
isotype control. Incubation of all primary antibodies was performed at room temperature for 2

hours.

After the removal of the primary antibody by washing in PBS, Alexa Fluor-conjugated
secondary antibodies (Life Technologies) at a final concentration of 8 ug/ml diluted in PBS were
added and slides were incubated for 1 hour at room temperature. After a final washing step,
sections were counterstained with 4’,6-diamidino-2-phenylindole (DAPI) (Vectashield) before
being mounted with glass coverslips and visualised using a laser scanning confocal microscope

(LSM710, Carl Zeiss).
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For the co-staining of neutrophils and FGF-2, tissues were rehydrated and fixed in ice
cold acetone as opposed to paraformaldehyde. Subsequently the tissues were incubated in the
anti-Ly6G antibody followed by the anti-FGF2 antibody before the addition of secondary

antibodies.

2.5.3 Analysis of tumour-associated neutrophils and MIF expression in human hepatic metastases

(for Fig. 5.12)

For the staining of human hepatic tissue from patients with colorectal metastases, 12
um fresh-frozen tissue sections were supplied mounted on glass slides by the Oxford Radcliffe
Biobank. Tissues stained with antibodies to MIF, were fixed for 10 minutes in 4%
paraformaldehyde diluted in PBS, whilst those stained with the CD66b antibody were fixed in
ice-cold acetone for 10 minutes prior to rehydration. Following fixation tissues were blocked
for 30 minutes in serum from the species of the secondary antibody before being incubated in
the primary antibody for 2 hours at room temperature. The antibody was removed by washing
slides in PBS before addition of the secondary antibody, which was incubated at room
temperature for 1 hour. The washing stage was repeated before counterstaining tissues with

DAPI and mounting with glass coverslips.

2.5.4 Assessment of apoptosis in tumour tissues

Hepatic metastases from [SO-1 and DMSO control-treated HT29 tumour-bearing mice,
as well as those from mice bearing HT29MIFshRNA gand HT29Lenti ctrl tuymours where analysed for the
presence of apoptotic cells. Following the preparation of tissue sections in the standard way

described above apoptotic cells were detected using a commercially available fluorescent
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apoptosis detection kit (Apoptag®, Millipore; S7160). The protocol was followed as per the
manufacturer. Briefly, tissue sections were fixed in 1% paraformaldehyde solution in PBS for
10 minutes at room temperature. Following washing in PBS sections were incubated in ice-cold
ethanol:acetic acid 2:1 for 5 minutes at -20°C. Next, 75 pl Equilibration Buffer was added to the
sections, which were incubated for 30 seconds at room temperature. Then, 55 ul of TdT enzyme
was added and the sections incubated for 1 hour at 37°C. After the application of Stop Buffer,
tissues were incubated in 65 pl of anti-digoxigenin peroxidase conjugate for 30 minutes at room
temperature. Finally, tissues were washed again in PBS before cover slips were mounted with
vectashield mounting medium containing DAPIL. Tissues were viewed using a laser scanning

confocal microscope (LSM710, Carl Zeiss) or epifluorescence microscopy (Carl Zeiss).

2.5.5 Antibodies used for immunohistochemistry

Table 2.2 demonstrates the antibodies used in immunohistochemistry experiments.

Antibody Clonality Supplier; catalogue number Dilution
rat anti-mouse Ly6G Monoclonal Biolegend; 127602 5 pg/ml
rabbit anti-mouse CD146 Polyclonal ABCAM; ab75769 1.6 pg/ml
rat anti-mouse CD31 Monoclonal ABCAM; ab7388 1 ug/ml
rabbit anti-human Ki67 Monoclonal  Vector; VP-RM04

mouse anti-bovine FGF2 Monoclonal Millipore; 05-118 10 pg/ml
mouse anti-human MIF Monoclonal ABCAM; ab55445 5 ug/ml
mouse anti-human CD66b Monoclonal  Acris; SM1154P 20 pg/ml
rat IgG Polyclonal ABCAM; ab18407 5 pg/ml
mouse IgG Monoclonal ABCAM; ab18443 10 pug/ml
rabbit IgG Polyclonal ABCAM; ab172730 11 pg/ml
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goat anti-rabbit Alexa Fluor 488 Polyclonal Life technologies; A-11008 8 pg/ml

donkey anti-mouse Alexa Fluor Polyclonal Life technologies; A-10036 8 pg/ml
546

goat anti-mouse Alexa Fluor 488 Polyclonal Life technologies; A-11001 8 pg/ml
donkey anti-rat Alexa Fluor 488 Polyclonal Life technologies; A-21208 8 pg/ml

donkey anti-rabbit Alexa Fluor Polyclonal Life technologies; A-10040 8 pg/ml
546

Table 2.2 - Antibodies used in immunohistochemistry

2.6 Statistical analysis

Statistical analyses were performed using GraphPad Prism. The number of animals used
in each experiment is indicated in the relevant figure legends. Data derived from animal studies
are presented as mean *SEM, as is that from in-vitro work. In such experiments, mean values
are compared using the unpaired Student’s ¢t test (two-tailed). For luminescence data, which
was not normally distributed, median values obtained in-vivo were compared using the Mann-
Whitney U test. When comparing tumour growth curves constructed using luminescence data,
abdominal luminescence was measured on a weekly basis and median values compared at the
final time-point for each group. Mean ex-vivo hepatic luminescence was compared using the
Students T-test. Correlation coefficients (i.e. between serum CCL-2 concentration, tumour
burden and Grlmid cell infiltrate) were calculated using the non-parametric Spearman
correlation coefficient. Throughout the figures, the following symbols represent significant p

values: *p=0.01 to 0.05, **p=0.001 to 0.01, ***p<0.0001.

For flow cytometry data presented in chapter 3, the number of immune cells identified

in tumour-bearing and control livers is indicated as a percentage of the total cells counted
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within the liver. This data is obtained directly from flow cytometry data using the Flow]o
software. In contrast, the total CXCR2* and CXCR2reg cell counts presented in bar graphs in
chapters 4 and 5 indicate the total number of a particular cell type in the organ of interest. This
was calculated from the total number of cells obtained from harvested organs and the
percentage of cells analysed in the flow cytometry sample that represent the cell of interest.
Here, the total number of cells obtained from each organ was quantified using an automated cell
counter (Chemometec, NucleoCounter NC-100). This method was used to account for the
presence of colon cancer cells in tumour-bearing livers, which represent up to 50% of the total
flow cytometry cell count. Thus, simply presenting the percentage of cells of interest within a
sample would significantly underestimate the true cell count in tumour-bearing mouse livers

which contain a significantly higher total cell number than naive control livers.

For the analysis of difference in absolute chemokine values for tumour-bearing and
naive mice data is presented as the mean +SEM and compared using the Students T-test. For the
analysis of serum MIF concentration in healthy control subjects and patients with colon cancer,
the Mann-Whitney U test was used to compare median values, as the data for patients with

metastatic disease was not normally distributed.

For the qPCR data presented in chapter 5, fold change in RNA expression was
determined for neutrophils FACS sorted from tumour-bearing mice relative to neutrophils FACS
sorted from naive mice. For each comparison neutrophils obtained from 6 tumour-bearing mice
were pooled and compared to those pooled from 9 naive mice. For fold change calculations, the
2-84Ct or comparative Ct method was used. Here, the Ct value for each gene of interest was
normalised to a panel of house keeping genes (HPRT, GUSB and GAPDH) for that sample.

Following this, the difference in normalised values for naive and tumour-associated neutrophils
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were determined to give the AACt value for each gene of interest from which 2-24Ct was

calculated.

For the statistical analysis of proliferation and apoptosis, as well as vessel density in
tissue samples from tumour bearing mice, microscopy images were analysed using freely
available imaging software (Image J]; http://imagej.nih.gov/ij/). For quantification of
proliferating and apoptotic cells, red, green and blue channels from microscopy images were
separated and a black/white threshold generated for each. An ROI was drawn around
metastatic foci and the number of proliferative, apoptotic and DAPI positive cells calculated
within the ROI using the Image ] software. This information enabled the percentage of
proliferative or apoptotic cells to be determined as a percentage of the total number of cells
within metastatic deposits. For quantification of metastatic vascularity a similar approach was
used however rather than performing cell counts the area of CD31 or CD146 staining was
determined and expressed as a percentage of the ROI area. In the analysis of microscopy images
the number of tumours imaged is indicated in the figure legend and scale bars in images

represent 40 um unless stated otherwise.
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CHAPTER 3: CD11b+*/CCR2* MONOCYTES PROMOTE HEPATIC

METASTASIS FORMATION

3.1 Introduction

3.1.1 Basic monocyte biology

Monocytes are a highly plastic, circulating leukocyte subset capable of differentiating
into macrophages and dendritic cells at sites of tissue inflammation in response to inflammatory
stimuli. Monocytes arise from bone marrow common myeloid progenitor cells in a process
dependent upon the cytokine macrophage colony stimulating factor (M-CSF) (Wiktor-
Jedrzejczak and Gordon, 1996)(Ryan et al., 2001). Various subsets of circulating monocytes
have been defined in man and mouse based on the expression levels of various cell surface
markers. In mice, circulating ‘inflammatory’ monocytes strongly express Ly6C and are
dependent upon the expression of the chemokine receptor CCR2 for recruitment to tissues
during infection (Kurihara et al, 1997)(Serbina and Pamer, 2006). A second population of
‘resident’ murine monocytes expressing high levels of CX3CR1 has also been documented
(Geissmann et al., 2003). This subset patrols the lumen of small blood vessels and is capable of
rapid tissue infiltration, acting as a first responder in response to acute infection (Auffray et al.,

2007).

A similar designation has been assigned to human monocytes, where CD14+*/CD16-
/CCR2+* inflammatory ‘classical’ monocytes are recruited from the bone marrow to sites of
infection. CD14dim/CD16** and CD14*/CD16* ‘non-classical’ and ‘intermediate’ monocytes
respectively (Passlick et al., 1989)(Ziegler-Heitbrock et al., 2010) have also been demonstrated
in human blood and the non-classical subset appear to patrol the blood vessel lumen, as per the

Ly6Glew murine subset (Cros et al., 2010). Interestingly, both Ly6C+ and Ly6Clew monocytes can
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differentiate into dendritic cells, whilst in non-inflammatory states circulating Ly6C* monocytes

return to the bone marrow and differentiate into the Ly6low subset (Geissmann et al., 2003).

CCL2 is expressed by most human cells during inflammation (Shi and Pamer, 2011) and
is the primary chemokine responsible for chemotaxis of CCR2+ inflammatory monocytes
(Serbina et al.,, 2008). As well as CCL2 however, CCL7 acts as a ligand for CCR2 and lack of CCL2
or CCL7 inhibited CCR2* monocyte recruitment to sites of infection (Jia et al., 2008). CCR2+
monocytes also express other chemokine receptors. Thus, tissue resident, inflammatory
monocytes expressed CCR1 and CCR5 (Kaufmann et al., 2001), whilst circulating monocytes
expressed CXCR2 and migrated towards the inflammatory chemokine MIF (Bernhagen et al,
2007). Nonetheless, CCR2 expression is required for monocytes to move from the bone marrow
into the circulation, whereas it is not required for their movement form the circulation into
inflamed tissue (Serbina and Pamer, 2006). It is likely that as monocytes mature from their
progenitor state in the bone marrow, through their circulating inflammatory state and finally
become tissue macrophages, their chemokine receptor expression profile changes, enabling
them to respond to a variety of different chemokines expressed within the various
microenvironments in which they reside. Such plasticity enables monocytes to respond to

various different stimuli and fine-tune their response appropriately.

3.1.2.Expression of monocyte chemoattractants in colon cancer

Expression of various monocyte chemoattractants - most notably CCL2 - has been
widely studied in solid tumours (Balkwill, 2004). Interestingly, analysis of CCL2 expression in
patients with various stages of colon cancer has demonstrated conflicting results. Thus,
immunohistochemical staining demonstrated a correlation between CCL2 expression level in

primary colorectal cancer and disease stage (Yoshidome et al., 2009), however in a similar study
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a reduction in the tumour:normal tissue CCL2 ratio predicted poor outcome in primary colon
cancer patients following curative resection (Watanabe et al, 2008). Finally, there was no
difference in the serum CCL2 concentration in blood taken from 99 colon cancer patients
compared with 98 age-matched healthy volunteers (Krzystek-Korpacka et al., 2013). In the only
study to date to analyse the expression of alternative CCR2 ligands in colon cancer patients, Cho
et a,, (2012) demonstrated elevated CCL7 levels in hepatic metastases compared with tissue

taken from primary colon tumours or normal colonic mucosa (Cho etal., 2012).

At the present time, the relationship between the expression of monocyte
chemoattractants and colon cancer development or prognosis is therefore unclear. This may be
because of differences in the populations analysed in each study, or the techniques employed to
detect CCL2 (ranging from immunohistochemical staining to determination of serum
concentrations using ELISA). Alternatively, it may simply imply that there is significant
heterogeneity in the colon cancer chemokine expression profile between individuals, such that
larger patient cohorts are required to identify chemokine expression trends in relation to
disease stage. This view is supported by the analysis of colon cancer samples for the presence
of multiple chemokines, which demonstrated significant variability in the mRNA expression

profile of both CCL and CXCL chemokines between patients (Erreni et al., 2009).

3.1.3 Monocyte involvement in metastatic progression

The presence of monocytes in various primary and metastatic tumours has been well
documented (Mantovani et al, 2008). The involvement of monocytes in the progression of
primary cancer to malignancy was first clearly demonstrated by crossing transgenic mice
susceptible to breast cancer with those carrying a recessive null mutation in the M-CSF gene

(Lin et al, 2001). Interestingly, M-CSF absence did not affect primary tumour growth, but
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significantly delayed the formation of pulmonary metastasis. Furthermore, primary tumours in
M-CSF-/- mice displayed reduced monocyte infiltration, indicating that monocyte recruitment to
the primary tumour promotes its metastatic potential (Lin et al, 2001). More recently,
inflammatory monocytes were identified in the lungs of mice during the development of breast
cancer metastasis (Qian et al.,, 2011). Their recruitment to the metastatic site, where they were
identified in direct communication with tumour cells, was dependent upon both tumour-
derived and stromal CCLZ2 (Qian et al., 2011). These studies clearly implicate monocyte
recruitment in the progression of primary to metastatic cancer, however the mechanisms

through which infiltrating monocytes promote this progression remain poorly understood.

With relevance to the development of hepatic metastasis, spontaneous colon cancers
developed in APC/SMAD-4 mutant mice were infiltrated with immature myeloid cells
expressing CD34 and CCR1 (Kitamura et al.,, 2007). APC/SMAD-4 tumours expressed high levels
of the CCR1 ligand CCL9. Furthermore, homozygous CCR1 deletion in APC/SMAD-4 mutant
mice abrogated myeloid cell infiltration and was associated with a significant reduction in the
ability of colon tumours to invade the bowel wall (Kitamura et al., 2007). Extension of this work
demonstrated recruitment of the same myeloid cell population to the liver in the setting of
orthotopic hepatic metastasis (Kitamura et al.,, 2010). shRNA targeting tumour-derived CCL9
significantly reduced the hepatic CCR1* cell infiltrate and inhibited metastatic development,
confirming that this myeloid population contributed to multiple steps in the metastatic cascade

(Kitamura et al., 2010).

Importantly, a pro-metastatic role for human CCR1* myeloid cells recruited through
CCL15 - a human functional homologue of murine CCL9 - has also been demonstrated in human

colon carcinoma. Itatani et al (2013) found an inverse relationship between expression of the
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tumour-suppressor SMAD-4 and CCL15 in human colon cancer cell lines. Inhibition of SMAD-4
in tumour cell lines resulted in elevated CCL15 expression. This in turn promoted their
metastatic potential in an intrasplenic-injection assay, through increased recruitment of
myeloid cells expressing CCR1 and CD11b (Itatani et al., 2013). Given their expression of CCR1,
such tumour-associated immune populations are likely to represent inflammatory monocytes.
However, in the aforementioned experimental studies using various colon cancer models and
human samples, the authors fail to adequately characterise the morphology or cell surface
receptor expression pattern of the immune cell type recruited to the tumour microenvironment.
Thus, a pro-metastatic role for monocytes in the liver is yet to be demonstrated; a surprising
observation given their important role in the progression of pulmonary metastasis from breast

cancer (Qian etal,, 2011)(Lin et al,, 2001).

In summary, studies have demonstrated an important, pro-tmourigenic role for
monocytes in the metastatic progression of various solid tumours. However, the nature of
immune cells recruited to the hepatic metastatic microenvironment and the factors leading to
their recruitment are not fully understood. The analysis of further sets of cell lines in murine
hepatic metastasis models is required to gain a broader understanding of the mechanisms

behind immune cell recruitment and function in the hepatic metastatic microenvironment.
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3.2 Aims

1. To determine whether murine colorectal cancer hepatic metastases are associated with

immune cell infiltrates

2. To characterise immune cells associated with hepatic metastases and determine the

mechanisms through which they are recruited

3. To determine whether immune populations recruited to murine colorectal cancer hepatic

metastases are pro- or anti-metastatic
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3.3 Results

3.3.1 Myeloid cell populations are increased in the murine tumour bearing liver

To determine whether hepatic colon cancer metastases are associated with alterations
in myeloid cell numbers, MC386FF tumours were developed in syngeneic C57BL/6 mice and
hepatic myeloid cell populations quantified using flow cytometry. Within 14 days of
intrasplenic MC386GFP injection large hepatic metastases had developed (Fig. 3.1a). Analysis of
single cell hepatic suspensions for the archetypal murine myeloid cell markers CD11b and Grl
(Ly6G/Ly6C) identified three CD11b* populations with variable Gr1l expression (Grllew, Gr1mid
and Gr1lhigh) in both tumour bearing and control livers (Fig 3.1b). The development of hepatic
metastasis was associated with a significant increase in the number of hepatic Gr1mid cells and a
smaller, insignificant increase in the Grllew population compared to the livers of control,
splenectomised mice (Fig 3.1c). There was no difference in the number of hepatic Gr1high cells

between tumour bearing and normal livers.
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Figure 3.1. Myeloid cell populations are expanded in the murine tumour-bearing
liver

a) Tumour-bearing liver 14 days following intrasplenic MC38¢" injection.

b) Flow cytometric comparison of hepatic single cell suspensions from intrasplenic PBS and
MC38CFF inoculated mice demonstrating 3 distinct CD11b* myeloid populations expressing Gr1 at
low (green), moderate (black) or high (red) levels.

c) Comparison of the total hepatic Gr1'¥, Gr1™md and Gr1"¢" cells as a percentage of total liver cells
from tumour bearing mice (orange) and PBS controls (blue).

Data in (b) represents results from 3 separate experiments each with at least 5 mice.



3.3.2 Morphological features and cell-surface expression patterns of tumour-associated

myeloid subsets

Analysis of H&E stained CD11b+ cells FACS sorted from tumour bearing murine livers
revealed CD11b+*/Grlmid and CD11b*/Grllew cells to be of mononuclear morphology with
vacuolated cytoplasm (Fig 3.2a). In contrast, CD11b*/Gr1high cells were highly granular,

polymorphonuclear cells (Fig 3.2a).

FACS analysis of cell surface marker expression was performed for the Gr1low, Gr1mid and
Gr1high cells identified in tumour bearing livers (Fig 3.3c). CD45 was expressed by Grllew, Grlmid
and Grlhigh cells confirming their haematopoietic origin. Grllow and Grilmid cells strongly
expressed Ly6C, whereas Grlhish cells expressed lower levels of Ly6C. Grilmid cells expressed
F4 /80, whilst CD11c and CD206 expression was demonstrated in a proportion of the Gr1low cells
(Fig 3.2c). Grllew, Grlmid and Gr1lhigh cells did not express CD3, CD4, B220 or NK1.1, excluding

the possibility that they were T, B or NK cells respectively (Fig 3.2c).
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Figure 3.2. Specific morphological features and cell-surface expression patterns
define tumour-associated myeloid subsets

a) H and E staining of cytospun CD11b* myeloid populations sorted from tumour-bearing liver (a).

b) Back gating of Gr1'°¥ (green), Gr1™¢ (blue) and Gr1"e" (red) populations to demonstrate their
positions on the forward scatter/side scatter (FSC/SSC) axes.

¢) Histograms representing expression of cell surface molecules (black) compared to isotype
controls (blue) in myeloid populations from tumour-bearing livers.
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Grllow and Grlmid populations strongly expressed the chemokine receptor CCR2 and to a
lesser extent CCR5 (Fig 3.3a). A subset of Grllew cells also expressed CCR4. Previous studies
have identified specific inflammatory cells recruited to the metastatic niche using a range of
markers including VEGFR1 (Kaplan et al., 2005), CCR1 (Kitamura et al., 2010) and TieZ(De
Palma et al., 2005). Of note, these proteins were not detected in the hepatic metastasis-

associated Grlmid population identified in tumour bearing livers (Fig 3.3b).
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Figure 3.3. Chemokine receptor expression pattern in metastasis-associated
myeloid subsets

a) Expression of chemokine receptors in the Gr1*, Gr1™¢ and Gr1"" myeloid subsets from
tuomour-bearing liver (black) and their respective isotype controls (blue).

b) Expression of chemokine receptors shown to be of importance for tumour-associated immune
cell identification by other research groups (see text for relevant references).
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3.3.3 Metastasis-associated Gr1mid/CCR2* cells are recruited from the bone marrow

To determine whether Grilmid cells are recruited to the metastatic niche Grllow, Gr]high
and Grlmid cells were analysed in murine liver, blood and bone marrow at different time points
following the development of hepatic metastasis (Fig. 3.4). Hepatic and circulating Gr1mid cells
increased with time in tumour bearing mice, whilst in bone marrow, Gr1mid cells decreased after
initially rising from day O to 5 (Fig. 3.4b). Grllew cell numbers increased in the liver, but this
increase only occurred during the last 2 days of observed metastatic growth, by which time
tumour cells accounted for 30-40% of the total hepatic cell population (Fig. 3.4a). The number

of Grllow cells did not change with time in the bone marrow or blood.

Grlhigh cell numbers were elevated at 5 days following surgery in all tissue
compartments before declining again on subsequent days. This may represent an early, non-
specific inflammatory response to surgery rather than to the presence of tumour cells, as we
noticed a similar increase in hepatic Grlhigh cells in the control splenectomised mice at this time
point also (not shown). At 14 days, circulating Grlhigh cell numbers had risen again but

remained at their baseline level in the bone marrow and liver.
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To provide further evidence that bone marrow Grimid cells move to the liver in response
to metastatic development, adoptive transfer experiments were performed. Un-sorted bone
marrow cells from mice ubiquitously expressing GFP were injected into the tail vein of mice
bearing MC38 hepatic metastases or control splenectomised mice at day 11 following
intrasplenic MC38 injection (Fig. 3.5). Tumour bearing livers were examined for the presence of

GFP+ bone marrow cells 24 hours later.

Within 24 hours of tail vein injection, GFP+ bone marrow cells could be detected in the
murine liver (Fig. 3.5a). The majority of GFP* bone marrow cells found in tumour bearing livers
were CD11b*/CCR2* or CD11b+*/F4/80+ (Fig. 3.5b), therefore resembling the Grlmid subtype.
Furthermore, there were a significantly greater number of GFP* cells in the livers of tumor-

bearing mice compared to non-tumour bearing control animals (Fig. 3.5c).

Histological examination of liver from tumour-bearing mice 24 hours following adoptive
transfer of GFP+ bone marrow was performed to determine the spatial relationship between
metastases and recruited bone marrow cells. GFP+ cells were seen within hepatic metastases

and at the border between the invading adenocarcinoma and normal liver (Fig. 3.5d).
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Figure 3.5. Bone marrow immune cells expressing CD11b, CCR2 and F4/80
accumulate in the tumour-bearing liver

a) Analysis of hepatic single cell suspensions 24 hours following adoptive transfer of 2x10°8
unsorted GFP* bone marow cells into PBS control or tumour-bearing (MC38) mice.

b) Analysis of CD11b, CCR2 and F4/80 expresion in GFP* cells sorted from tumour-bearing liver
following adoptive transfer as per figure (a).

c) Comparison of total hepatic GFP* cell count folowing FACS analysis of entire liver populations
in PBS-injected (blue) and tumour bearing (orange) mice following adoptive transfer of GFP*

bone marow cells.

d) Identification of GFP* cells close to hepatic metastases within 24 hours of adoptive transfer.
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3.3.4 The chemokine CCL2 and receptor CCR2 are required for Gr1lmid cell recruitment to

the hepatic metastatic microenvironment

To assess the possible tumour-derived chemokines involved in the recruitment of
Grlmid/CCR2+ cells to the metastatic microenvironment, MC38 cell culture supernatant was
analysed using a chemokine protein array. Cell culture supernatants from two commonly used
murine cancer cells lines (B16F1 and LLC) were simultaneously analysed in order to determine
whether findings in the MC38 cell line were unique. Both the LLC and B16F1 cell lines are
capable of forming hepatic metastases within 2 weeks following intrasplenic injection in

C57BL/6 mice.

CXCL1 and CCL2 levels in MC38- and LLC-conditioned medium were elevated when
normalised to cell-free media alone (Fig. 3.6a). Interestingly, this was not the case for the
B16F1 melanoma cell line: the culture-conditioned medium from these cells showed elevated
levels of CXCL10 and CCL5 but not CCL2 (Fig. 3.6a). Quantitative analysis using ELISA for
murine CCL2 demonstrated that MC38- and LLC-conditioned media were enriched with CCL2

compared to that from the B16F1 cell line (Fig. 3.6b).

CCL2 is well recognized as being important for the chemotaxis of macrophages
(Matsushima et al,, 1989) and is the non-cognate chemokine for the receptor CCR2 (Zlotnik and
Yoshie, 2012). Furthermore, over-expression of CCL2 leading to CCR2* monocyte recruitment
has been demonstrated in several inflammatory diseases including atherosclerosis (Boring et
al,, 1998) and multiple sclerosis (Huang et al., 2001). As previously discussed, CCL2 expression
has also been demonstrated to be of importance for the recruitment of tumour-promoting

inflammatory monocytes to the metastatic microenvironment of the lung (Qian et al.,, 2011).
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Despite this work, the CCL2-CCR2 axis has not yet been linked to the recruitment of immune

cells in the setting of colorectal liver metastasis.

Thus, to further explore the relationship between tumour derived CCL2 expression and
Grlmid/CCR2+ cell recruitment, we simultaneously analysed the serum CCL2 concentration,
tumour burden and number of hepatic Grimid/CCR2+* cells at various time-points following
MC38 tumour cell injection (Fig. 3.6c and d). There was a significant correlation between serum
CCL2 concentration and hepatic Gr1mid/CCR2+* cell count with time following MC38 cell injection
(R=0.67, p=0.025). There was also a significant correlation between serum CCL2 concentration

and hepatic MC386FP+ cell count (R=0.89, p=0.002).
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Figure 3.6. Tumour cell chemokine profiles determine myeloid recruitment pattern

a) Relative expression of multiple chemokines and cytokines determined by chemokine array
performed on culture supernatant from 3 cell lines capable of forming murine hepatic metastases.

b) Quantitative of CCL2 concentration in the supernatants from the same cell lines.
c-d) Graphs of the correlation between serum CCL2 and hepatic Gr1™¢ cell numbers in MC38
tumour-bearing mice and between serum CCL2 and hepatic MC38°F"* cell numbers, with the

Pearson’s correlation coefficient (R) and p-value (p) given above each set of curves.

Data in (b) represents results from 3 independent experiments. Data in (c¢) and (d) represents
results pooled from 3 separate experiments each from at least 4 mice.



Given the correlation between serum CCL2 concentration and Grlmid cell recruitment
and that the B16F1 cell line expressed CCL2 at a significantly lower level than the LLC or MC38
cell lines, we reasoned that B16F1 hepatic metastases would not be associated with Grimid cells
in-vivo. In confirmation of this hypothesis, the livers of mice bearing B16F1 metastases had a

significantly smaller number of Gr1mid cells than those of MC38 and LLC metastases (Fig. 3.7a-b).
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Figure 3.7. Chemokine profile of metastatic cell lines determines myeloid
recruitment pattern

a) Flow cytometric analysis of hepatic cell suspensions 14 days following intrasplenic inoculation
of colon (MC38¢"), lung (LLC®) or skin (B16F 1) cancer cells.

b) Analysis of cumulative results for hepatic Gr1'°* and Gr1™¢ cells in mice bearing MC38, LLC or
B16F1 tumours.

Data in (b) represents results from 3 separate experiments each with at least 3 mice.
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To provide further evidence for the importance of the CCL2/CCR2 axis in the
recruitment of Gri1mid/CCR2+ cells in this setting, we developed MC38 hepatic metastases in mice
expressing a homozygous null mutation for the CCR2 receptor (CCR2+/-). These mice have
previously been shown to display impaired CCR2* monocyte trafficking from the bone marrow
into the circulation in the setting of bacterial infection (Serbina and Pamer, 2006). In keeping
with this observation, we found that livers from tumour bearing CCR2-/- mice contained
significantly fewer Grllow and Grlmid cells than the livers from tumour-bearing wild-type mice
(Fig. 3.8a-c). Interestingly, despite impaired hepatic Grlmid cell recruitment, CCR2-/- mice
displayed only a modest, insignificant reduction in tumour burden when compared with their
wild-type counterparts, as determined by hepatic MC386FP+ cell count (Fig. 3.8d). In tumour-
bearing CCR2-/- mice, serum CCL2 concentration was significantly higher than that in tumour-

bearing wild type mice (Fig. 3.8e).
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Figure 3.8. CCR2 depletion inhibits Gr1" and Gr1™¢ recruitment to hepatic
metastases

a-b) Representative flow cytometry plots from the livers of MC38 tumour-bearing C57BI6
wild-type or C57BI6-CCR2" mice.

c-d) Collated data showing the percentage of Gr1'¥, Gr1™md and Gr1"" cells in tumour bearing
mouse livers from wild-type (blue) and CCR2" mice (orange). Comparison of the total hepatic
MC38¢FP* cells in wildtype and CCR27 mice 14 days following intrasplenic injection of MC38¢F*
cells.

e) Comparison of the serum CCL2 concentration in MC38%F"* tumour-bearing wild-type and
CCR2" mice.

Data in (c), (d) and (e) represents results from 2 separate experiments each from 4 mice per
group.
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Although MC38 cells expressed CCL2, it is conceivable that an alternative chemokine-
producing cell population within the tumour microenvironment is responsible for Grilmid cell
recruitment. To test whether tumour-derived CCL2 was sufficient to recruit Grimid cells, CCL2
in MC38 cells was knocked down by transfecting cells with plasmids containing CCL2-shRNA
(M(C38¢ccL2-shRNA) or a lentiviral control (MC38lenti), and the recruitment of Grimid cells in their
respective hepatic metastases determined. CCL2 expression was reduced by at least 50% in
M(C38¢cLzshRNA cells compared to wild-type cells, as determined by ELISA of the culture
supernatants from each cell line (Fig. 3.9a). At days 6 and 9 there was a significant reduction in
the metastasis associated Grlmid population in mice inoculated with the MC38CCL2-shRNA cells
compared to their lentiviral controls (Fig. 3.9b), but at no time was there a significant difference
in Grllew cell numbers. Furthermore, by day 9, tumour burden was lower in the animals
inoculated with MC38¢cLzshRNA cells relative to animals administered MC38!ent cells (Fig. 3.9c¢).
By day 13, however, there was no significant difference in hepatic Grimid or MC38GFP+ cell
numbers between the two groups. Similarly, serum CCL2 was significantly lower in mice
inoculated with the MC38¢ccL2-shRNA compared to the MC38lenti cells at the first two time-points

only (Fig. 3.9d).
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Figure 3.9. Inhibition of the chemokine CCL2 delays metastatic progression

a) Relative CCL2 concentration in the cell culture supernatant of MC38" and MC38¢c2-shRNA ce|| |ines.

b) Comparison of hepatic Gr1* and Gr1™¢ cell counts at sequential timepoints following intrasplenic
injection of MC38'""(blue) or MC38¢CL2shRNA (grange) cells. X-axes denote time following intrasplenic
injection in days.

¢) Analysis of hepatic MC38 cell counts at the same time-points (same colour scheme applies).

d) Murine CCL2 concentration in the serum of mice bearing MC38" (blue) or MC38CCL2shRNA (grange)
hepatic metastases normalised to lentiviral control values.

e) Representative FACS plots from mouse livers in mice bearing MC38en (left) or MC38CCt2-shRNA

(right) hepatic metastases at 6, 9 and 13 days post intrasplenic tumour cell injection.
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3.3.5 Depletion of Gr1mid cells delays the progression of hepatic colon cancer metastases

We next sought to determine the effect of selective ablation of the Gr1mid cell population
on MC38 metastatic growth. For this purpose we made use of a transgenic mouse line
expressing the human DT receptor under the control of the CD11b promotor region (Fig.
3.10a)(Dulffield et al., 2005). Integral to this system is the reduced binding affinity of DT to the
murine DT receptor relative to that of the human receptor (Naglich et al,, 1992). As a result,
administration of DT to wild-type mice produces no adverse effects. Conversely, administration
of DT to CD11b-DTR mice significantly depletes hepatic F4/80+ macrophages, without affecting

splenic B-cells or peritoneal T-lymphocytes (Duffield et al., 2005).

To assess the effect of Grlmid cell depletion on tumour growth, DT or a vehicle control
solution was administered to tumour bearing mice 7 and 9 days following intrasplenic
inoculation of MC38 cells. Hepatic tumour burden was monitored by MRI at 6, 8 and 11 days
following tumour cell injection (Fig. 3.10b,c) and the livers of mice were subsequently harvested
and analysed using flow cytometry (Fig. 3.11). DT-treated mice developed significantly slower
growing hepatic metastases compared to vehicle control mice (Fig. 3.10d). Analysis of tumour-
bearing liver, showed that mice treated with DT had macroscopically smaller tumours (Fig.
3.11a) and significantly fewer hepatic MC386GFP+ cells than control mice (Fig. 3.11b).
Furthermore, DT-treated mouse livers had significantly reduced numbers of Grllew and Gr1mid
cells, but the number of Gr1high cells remained unaltered (Fig. 3.11c). Administration of DT had

no effect on hepatic CD3e* T-cell or CD19* B-cell numbers (Fig. 3.11d,e).
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Figure 3.10. Diphtheria toxin administration to CD11b-DTR mice reduces the
progression of hepatic colon cancer metastases

a) The CD11b-DTR transgene showing the DTR-eGFP fusion gene inserted between the human
CD11b promoter and the human growth hormone (hGH) sequence which provides splicing and
polyadenylation sequences (from Duffield et al, 2005).

b) Representative MRI images taken from a mouse with hepatic metastases demonstrating
multiple metastatic foci within the liver highlighted in red.

c) Analysis of serial MRI images using the ITK-Snap software enabled metastases to be
reconstructed, labelled and their volumes calculated.

d) Progression of total hepatic tumour volume in DT and PBS treated mice. Arrows indicate DT
administration.
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Figure 3.11. DT depletes hepatic Gr1™® and Gr1™ cells and inhibits metastasis
formation in CD11b-DTR mice

a) Hepatic metastases in DT and vehicle control-treated (PBS) mice.

b) Confirmation of macroscopic findings with FACS analysis of hepatic MC38¢F"* cell counts in
tumour bearing livers from vehicle control and DT-treated mice.

c-e) Hepatic Gr1, CD3e and CD19 populations in vehicle control (blue) and DT-treated (orange)
mice 13 days following intrasplenic tumour cell injection.

Data in (b-e) represents results from 3 separate experiments, each of at least 3 mice.
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3.4 Discussion

3.4.1 Identification of hepatic metastasis associated myeloid cells

In this chapter, we have demonstrated an increase in the number of hepatic
CD11b+*/Grlmid myeloid cells in mice with MC38 liver metastases relative to naive, control
mouse livers. Several myeloid cell types were identified in the livers of both tumour bearing
and naive mice, each of which were defined based upon their relative expression of Grl. That
differential Gr1l expression identified unique myeloid cell populations was demonstrated by the
different morphological appearance of Grlhigh, Grimid and Grllew cells, their well-defined
forward- and side-scatter flow cytometry profiles and the fact that each population expressed
unique cell surface antigens. This provides validation for the gating strategy used to classify

hepatic myeloid cell populations based on their Gr1 expression level.

The Gr1 epitope is found within Ly6C and Ly6G proteins (Fleming et al., 1993) and was
identified in our FACS analysis using the anti-Gr1 antibody clone RB6-8C5. Previous analysis of
murine bone marrow has demonstrated that neutrophils stain strongly with RB6-8C5 using
flow cytometry (Gr1hish), whereas cell populations staining with intermediate (Gr1mid) RB6-8C5
reactivity are predominantly monocytes (Hestdal et al, 1991). This is in similarity to our
findings for the analysis of Grimid and Gr1high cells in tumour-bearing murine livers, which bear
morphological resemblance to monocytes and neutrophils respectively. Bone marrow Grllow
cells have previously been shown to be enriched for myeloblasts with significant colony forming
capacity (Hestdal et al., 1991). Interestingly, we found Gr1low cells to express CD11c and CCR5:
molecules typically expressed by myeloid-type dendritic cells (Lee et al,, 1999). Furthermore,
the histological appearance of the hepatic Grllow cells bears similarity to that of dendritic cells.
Given that circulating monocytes can differentiate into dendritic cells (Zhou and Tedder,

1996)(Randolph et al., 1999) and that the Gr1mid and Grllew populations share the expression of
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certain cell surface markers, it is possible that the Gr1mid population is capable of differentiating

into its Grllew counterpart once within the metastatic microenvironment.

The ability of Grlmid cells to differentiate into Grllow cells is supported by the fact that
although hepatic Grllew cell numbers increased in the later stages of metastatic development,
their numbers did not change in the circulation or bone marrow. If the Grllew cells travelled to
the metastatic niche directly from the bone marrow one would expect their numbers to fall in
the bone marrow as they rose in the circulation and liver. If Grllow cells differentiate from
Gr1lmid cells once in the liver, then one would not expect to see a change in circulating or bone
marrow Grllew cell numbers, in parallel with our results. In support of this theory,
CD11b*/Gr1mid splenocytes expressing CCR2 are capable of differentiating into Gr1low cells in the
presence of a range of murine tumours (Ugel et al,, 2012), demonstrating both the plasticity of
Grlmid cells and the ability of tumour-derived factors to drive myeloid cell differentiation.
Interestingly, recent unpublished work from our laboratory demonstrates that GFP-labeled,
tumour-derived Grlmid cells differentiated into Grllew and Grilmid cells upon adoptive transfer
back to tumour-bearing mice. Thus, Grlmid cell appear to be highly plastic, a phenotype driven

in part by the tumour microenvironment.

3.4.2 Tumour-specific recruitment of CCR2* monocytes through CCL2 expression

The Grlmid cells present at elevated numbers in the livers of MC38 tumour-bearing mice
expressed CCR2, a chemokine receptor required for the egress of monocytes from the bone
marrow (Serbina and Pamer, 2006). Interestingly, Grl*/CD11b*/CCR2+ cells designated
‘inflammatory monocytes’, were found to promote tumour cell extravasation in the lungs of
mice carrying PyMT-derived breast cancers in a CCL2-dependent fashion (Qian et al,, 2011).

Indeed, inflammatory CCR2* monocytes represent a specific monocyte subset that migrate to
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inflamed tissues in preference to CCR2- resident monocytes (Geissmann et al.,, 2003). Given
their shared cell surface receptor expression profile and monocytic morphology, the Grimid cells
identified in MC38 hepatic metastases and the aforementioned inflammatory monocyte

population recruited to lung metastases are a similar cell type.

Interestingly, although our data cannot exclude the possibility that Grlmid cells promote
the extravasation of tumour cells in the liver as they do in the lung (Qian et al., 2011), our
findings point to a role for Grilmid cells later, during the growth phase of hepatic metastasis.
Thus, hepatic Grlmid cells rose from day five following MC38 injection (Fig 3.6), by which time
tumour cells would have successfully extravasated from within the sinusoid (Martin et al,
2010)(Auguste et al.,, 2007) and started dividing in the hepatic parenchyma. Furthermore,
depletion of Grimid cells from day 7 following MC38 injection inhibited metastatic growth in
CD11b-DTR mice indicating that even if Gr1mid cells promote the extravasation of cancer cells in

the liver, they also play a significant role in subsequent phases of metastatic development.

As myeloid cells originate in the bone marrow, it is likely that the Gr1mid cells found in
association with hepatic metastases are also of bone marrow origin. This belief is supported by
the fact that Gr1mid cells expressed the pan haematopoietic marker CD45 and that their numbers
rose in murine tumour bearing liver, whilst simultaneously falling in the bone marrow. This
data suggests that Gr1mid cells exit the bone marrow and move via the circulation to the tumour

bearing liver.

The ability of Grilmid cells to travel from the circulation to the liver, specifically in

response to the presence of hepatic metastases is evidenced by our adoptive transfer

116



experiments. Here, a greater proportion of adoptively transferred GFP* bone marrow cells were
found in tumour bearing livers compared to naive livers, indicating that they move to the liver
as a result of the presence of the tumour. It could be argued that as the tumour bearing liver is
likely to have a greater vasculature and blood volume, we have simply measured differences in
the number of GFP+ cells within the hepatic vasculature rather than in cells that have passed
into the hepatic parenchyma in response to the presence of metastases. However, this scenario
is unlikely given that on immunohistochemical analysis adoptively transferred GFP+ cells were

identified in close association with hepatic metastatic deposits.

Evidence for the ability of hepatic metastases to selectively recruit Grlmid cells over
other myeloid populations comes from analysis of the cell surface markers expressed by
transferred GFP+ bone marrow cells found within the tumour bearing liver. Thus, the majority
of GFP+ cells in tumour bearing livers were CD11b+*/F4/80+ or CD11b*/CCR2* indicating that
they were of the Grlmid subtype. This is despite the fact that the majority of adoptively
transferred cells will have been Gr1lhigh, given that this is the most prevalent population within
unsorted bone marrow (Fig 3.5d and (Hestdal et al, 1991)). This strongly suggests that
circulating Grlmid bone marrow cells preferentially move into the tumour microenvironment

within the liver over other bone marrow myeloid populations.

As the research of others has demonstrated a role for tumour-derived chemokines in the
recruitment of immune cell populations to the metastatic niche (Qian et al., 2011)(Kitamura et
al, 2010)(Itatani et al., 2013), we profiled culture conditioned medium from various murine
tumour cell lines to determine their relative expression of various chemokines. Expression of
the CCR2 ligand CCL2 by MC38 cells identified it as the likely chemokine responsible for

CCR2+/Gr1mid cell recruitment to MC38 hepatic metastases. This is further supported by the
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correlations observed between serum CCL2 concentration, hepatic tumour burden and hepatic
Grlmid cell numbers, indicating that MC38 cells produce CCL2 in-vivo and that this in turn leads
to Grlmid cell recruitment. Furthermore, the B16F1 melanoma cell line did not express CCL2
and formed hepatic metastases without Gr1mid cell infiltration, whilst LLC cells did express CCL2
and their metastases were associated with elevated Grlmid cell numbers. Whilst these findings
support the role of tumour-derived chemokines in the recruitment of immune cells to the
metastatic niche, they also demonstrate that certain tumour types (e.g. melanoma) develop

hepatic metastases without an associated myeloid infiltrate.

The role of MC38-derived CCL2 in the recruitment of Grlmid cells to the liver as
demonstrated by the aforementioned, circumstantial evidence is conclusively proven by our
analysis of MC38¢CCL2shRNA and MC38lentictrl tumour bearing livers; the former demonstrated a
significantly lower Grimid cell infiltrate at days 6 and 9 following tumour cell injection. The role
of CCL2 in the recruitment of CCR2+ monocytes to the metastatic niche is supported by the
research of others, which has demonstrated the importance of this chemokine-receptor pair in
the recruitment of monocytes to murine melanoma (Huang et al, 2007), breast (Qian et al,,
2011) and prostate cancers (Loberg et al., 2007). However, it is interesting to note that in our
experiments CCL2 knock down provided only a transient reduction in hepatic metastasis-
associated Grilmid cells, the numbers of which were equivalent in tumour bearing livers from

M(C38¢CL2shRNA gnd MC38lenti-ctil jinjected mice at day 13 (Fig 3.9b).

This finding likely results from the relatively poor inhibition of CCL2 that was obtained
using the shRNA construct. Thus, we were only able to achieve a 50% reduction in CCL2
expression in MC38CCL2shRNA relative to MC38lentictl cells. CCL2 production by MC38CCL2shRNA cells

was therefore still relatively high and so it may be possible for the metastases developed using
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these cells to express enough CCL2 to achieve maximal hepatic Grlmid recruitment. In keeping
with this possibility, we found little difference in the serum CCL2 concentration of mice 13 days
following M(C38¢CL2shRNA or M(C38lentictrl jnoculation. This data also raises the possibility that
CCL2 shRNA-transfected cells regain the ability to express CCL2 in-vivo, potentially through loss
of the transfected shRNA construct as may occur once the cell line is no longer under antibiotic

selection.

3.4.3 Importance of CCRZ2 in the recruitment of bone marrow Grimid cells

As well as demonstrating the importance of tumour-derived CCL2, our experiments
using CCR2-/- mice highlight the role of CCR2 expression in the recruitment of Grimid cells to the
metastatic niche. Thus, hepatic metastasis-associated Grlmid cell numbers were reduced in the
livers of CCR2/- mice, indicating that CCR2 expression in Grimid cells is required for their
recruitment to the tumor bearing liver. Importantly, CCR4 also acts as a receptor for CCL2,
however, the Grlmid cell population did not express this receptor, which is therefore unlikely to

play a role in the movement of Gr1mid cells from the bone marrow in tumour bearing mice.

Although tumour-bearing livers from CCR2~- mice contained fewer Grilmid cells than
their wild-type controls, there was no difference in the hepatic tumour cell number between
these groups of animals. This may indicate that Grlmid cells are not important for the
development of hepatic metastasis formation. Alternatively, if one assumes that Gr1mid cells are
important for the growth of MC38 hepatic metastases, the data in CCR2-/- mice could indicate
that alternative growth-promoting attributes develop in the face of Gr1mid cell absence in CCR2-/-
mice. For example, the serum CCL2 in CCR2-/- tumour bearing mice was significantly elevated
compared to wild-type controls; presumably, because in wild-type mice CCR2 binds and

internalises circulating CCL2, reducing its concentration relative to that in CCR2-/- animals.
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Interestingly, CCL2 has been shown to promote prostate cancer PC-3 cell proliferation directly
in a manner dependent on tumour cell CCR2 expression (Loberg et al., 2006). We have not yet
analysed whether MC38 cells express CCR2, or whether CCL2 is capable of driving MC38
proliferation, however if this is the case as it is for PC-3 cells then this may explain the lack of

tumour inhibition seen in CCR2-/- mice challenged with MC38 cells.

3.4.4 Evidence for the pro-metastatic role of hepatic Gr1mid cells

Inhibition of tumour-derived CCL2 in MC38¢cL2shRNA reduced serum CCL2 concentration
in tumour bearing mice, which in turn reduced metastatic growth. Furthermore, tumours in
MC38¢ccLzshRNA jpjected mice had fewer Grlmid cells for the time points at which CCL2 remained
inhibited. Taken together, these findings implicate Gr1mid cells in the CCL2-driven promotion of
metastatic development. Nonetheless, the association between elevated CCL2, increased
tumour-associated Grlmid cell count and larger metastases does not prove a causal relationship
between Grlmid cells and metastatic progression. As previously mentioned, CCL2 is a pleotropic
chemokine capable of promoting tumour growth through the direct stimulation of angiogenesis
(Stamatovic et al., 2006)(Salcedo et al., 2000) as well as tumour cell proliferation (Loberg et al,,
2007). As such, CCL2 is capable of promoting the progression of MC38 hepatic metastases

independently of the presence of Grimid cells.

Thus, to conclusively demonstrate that Gri1mid cells promote metastatic development, we
analysed the development of hepatic metastases following the administration of DT to CD11b-
DTR transgenic mice. DT treatment resulted in a significant reduction in tumour growth
demonstrated through both serial magnetic resonance imaging and assessment of ex-vivo
hepatic tumour cell number, providing strong evidence that myeloid cells play a growth-

promoting role in the hepatic metastatic microenvironment.
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This data bears one caveat however. Specifically, that although the administration of DT
to CD11b-DTR mice depleted myeloid cells, whilst sparing cells of the lymphoid lineage (Fig
3.11d-e), it was not specific with regards its effect on Grl+*cell subtype. Thus, in tumour-bearing
mice administered DT, we found a reduction in hepatic Grllew and Gr1mid cells, with the Gr1hish
population being unaffected. Given that CD11b is expressed by each of these cell types, this
result is puzzling, as one would expect the DT to ablate all cells expressing CD11b. The reasons
behind this finding are unclear, but may stem from the fact that Grlhish neutrophils typically
have a shorter life expectancy and higher bone marrow turn over than Grlmid monocytes
(cronkite and fliedner, 1964). Thus, it is possible that the hepatic neutrophil pool had become
replenished within the three days between the final DT dose and the ex-vivo hepatic FACS

analysis, a process that is likely to take longer for Gr1mid cells.

Given that the administration of DT to CD11b-DTR mice depleted both Grllew and Grlmid
cells, we cannot be certain whether its anti-metastatic effect resulted from Grilmid or Grllow
depletion or a combination of the two. It is clear that the depletion of Gr1llow and Gri1mid cells that
takes place following DT administration caused a greater, more sustained inhibition of
metastatic growth than the knockdown of CCL2 in MC38 cells. One might assume that this is
because DT administration depletes both Gr1mid and Grllow cells, whereas CCL2 inhibition only
inhibits Grlmid cell recruitment. This would lead to the conclusion that the Grllew population
plays an important role in metastatic growth. This however seems unlikely when it is
considered that Grllow cell numbers only rise once hepatic metastases are well established. If
Grllow cells had an important pro-metastatic role one would expect to find them elevated in the
tumour bearing liver earlier in metastatic development. Indeed, there is a more plausible
explanation for the greater metastatic inhibitory effect of DT administration in CD11b-DTR mice
when compared to tumour-derived CCL2 inhibition.
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Thus, the administration of DT to CD11b-DTR mice is likely to cause a sudden,
significant loss of Grl+ cells. This is quite different from the effect of CCL2 inhibition, in which
the gradual accumulation of Grlmid cells over time is delayed. This distinction becomes
important when considering the potential pro-metastatic function of Grilmid cells at the
metastatic niche. Indeed, significant evidence demonstrates that myeloid cells are capable of
supporting the growth and maintenance of tumour vasculature (Murdoch et al., 2008). If Gr1mid
cells are similarly involved in the development of vessels within MC38 metastases, their sudden
loss at the metastatic site (for example following the administration of DT to CD11b-DTR mice)
could impair angiogenesis and/or lead to the regression of established tumour vessels. The
later scenario, in particular would dramatically inhibit metastatic growth. In contrast, the delay
in Grlmid cell recruitment that occurs because of CCL2 inhibition in MC38CCL2shRNA cells may just
slow vessel development rather than effecting formed vessels and as such would have a lesser

inhibitory effect on metastatic growth.
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CHAPTER 4. CD45*/CXCR2+* Neutrophils Promote Hepatic Metastasis

Development in Mice

4.1 Introduction

4.1.1 Basic neutrophil biology

It is well recognised that neutrophils play a key role in the acute inflammatory response.
They are the first leukocyte on the scene at sites of inflammation (Mantovani et al., 2011) and
can specifically target and kill invading pathogens through multiple mechanisms. These include
phagocytosis, the release of proteolytic enzymes (Hager et al, 2010) and the formation of
neutrophil extracellular traps: structures composed of extruded DNA and neutrophil granule
proteins, capable of trapping and lysing circulating microbes (Brinkmann et al, 2004).
Unstimulated, neutrophils survive in the circulation for up to 10 hours (Athens et al,
1961)(McMillan and Scott, 1968). However, in-vitro, neutrophil lifespan increased 4-fold in
response to interleukin-1f3, TNF-q, granulocyte-macrophage colony stimulating factor (GM-CSF)
and granulocyte-CSF (Colotta et al., 1992), indicating that neutrophil phenotype is dramatically

altered by the presence of particular cytokines.

Neutrophil egress from their site of production in the bone marrow is tightly regulated
by the opposing actions of various chemokines and their cell surface receptors. In steady state
conditions CXCL12 expression by bone marrow stromal cells enables retention of neutrophils
through agonism of their CXCR4 receptor (Balabanian et al, 2005). During episodes of
inflammation, elevated circulating G-CSF simultaneously inhibits neutrophil CXCR4 expression
and CXCL12 production in the bone marrow, releasing neutrophils into the circulation
(Lévesque et al., 2003)(Kim et al., 2006). Movement of neutrophils from the bone marrow into

the circulation is also promoted by CXC chemokines such as CXCL1, CXCL2 and CXCL8 (Eash et
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al,, 2010) (Kolaczkowska and Kubes, 2013), each of which contain the ELR (Glu-Leu-Arg) tri-
peptide motif. Importantly, the ELR motif is required for CXC chemokine-receptor signaling and

in particular for chemotaxis of neutrophils (Clark-Lewis et al., 1991)(Gerber et al., 2000).

4.1.2 Neutrophils in cancer development

Interestingly, various clinical studies have demonstrated significant neutrophil
infiltrates within various primary cancers including those of the cervix, lung, liver and colon
(Rao et al., 2012)(Ilie et al., 2012)(Carus et al., 2013)(Xiao et al., 2014), whilst cancer patients
frequently express high circulating and tissue CXC chemokine levels compared to health
controls (Cheng et al., 2014)(Doll et al., 2010)(Divella et al., 2013)(Cheng et al, 2011).
Interestingly, neutrophilia predicts poor outcome and metastasis in colorectal cancer patients,
suggesting that the expression of neutrophil chemoattractants serves to promote an aggressive
phenotype through neutrophil recruitment (Rao et al., 2012)(Walsh et al., 2005)(Halazun et al.,
2008). Nonetheless, studies demonstrating a correlation between ELR+* CXC chemokine
expression and tumour neutrophil infiltration are scarce. Thus, whilst the degree of tumour
neutrophil infiltration showed a strong correlation with tissue CXCL5 concentration in patients
with cholangiocarcinoma (Okabe et al., 2012) and hepatocellular carcinoma (Zhou et al,, 2012),

no such correlation has been demonstrated for primary or metastatic colon cancer.

This hypothesis is supported by a growing body of experimental data, which links
tumour cell-derived expression of neutrophil chemoattractants to neutrophil infiltration and
stimulation of cancer growth (Fridlender and Albelda, 2012). For example, myeloperoxidase*
neutrophils were found to infiltrate lung tumours expressing CXCL1, CXCL2 and CXCL8 in a
subcutaneous model, whilst antagonism of CXCR2 inhibited neutrophil infiltration and delayed

tumour growth (Tazzyman et al., 2011). Similarly, tumours developed in spontaneous and
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inflammation-driven models of colonic neoplasia expressed high levels of various ELR* CXC
chemokines which are responsible for the CXCR2-dependent recruitment of tumour growth-

promoting neutrophils (Jamieson et al., 2012)(Katoh et al., 2013).

4.1.3 Neutrophils in the promotion of cancer metastasis

The ability of neutrophils to promote the development and growth of primary tumours
raises the question as to whether they may also facilitate metastatic development. In a recent
study of the melanoma microenvironment, neutrophils were found within cutaneous tumours
repeatedly exposed to intense ultraviolet radiation (Bald et al., 2014). In this model, tumour-
associated neutrophils promoted melanoma angiotropism, tumour cell intravasation and the
formation of lung metastasis, whilst their depletion inhibited metastasis formation (Bald et al.,
2014). Intriguingly, neutrophils have also been identified in the hepatic metastatic
microenvironment, where they appeared to promote metastatic development (Spicer et al.,
2012). In this setting, activated neutrophils were responsible for the production of neutrophil
extracellular traps (Brinkmann et al., 2004). Adhesion of tumour cells to neutrophil
extracellular traps within the hepatic circulation aided their survival, thus promoting metastatic

development (Cools-Lartigue et al.,, 2013).

Thus far, the clinical and experimental evidence presented indicates that neutrophils are
capable of promoting various stages of colon cancer development and metastasis. Nonetheless,
we failed to identify a significant neutrophil infiltrate in association with MC38 hepatic
metastases, despite the fact that MC38 cells expressed the neutrophil chemoattractant CXCL1
(Figure 3.6). Given the significant heterogeneity that exists between cancer patients, both at the
genetic and microenvironmental levels, it is possible that MC38 hepatic metastases alone are

not representative of human disease.
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Furthermore, although prior studies have identified a role for neutrophils in the
trapping of circulating tumour cells within the vasculature (Cools-Lartigue et al., 2013)(Huh et
al,, 2010a), it is not yet clear whether neutrophils might also promote the progressive growth of
hepatic metastasis. This distinction is particularly important in the clinical setting, given that a
significant proportion of colorectal cancer patients present with synchronous hepatic
metastases. Therefore, understanding the mechanisms that regulate the progressive growth of
hepatic metastasis may help to identify new treatment options aimed at downstaging hepatic
metastasis and improving operability. With this in mind, we next turn our attention to an
analysis of the immune cells associated with a range of human colon cancer hepatic metastases

developed in SCID mice.
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4.2 Aims

1. To determine whether liver metastases are associated with hepatic neutrophil accumulation

2. To determine whether tumour-associated neutrophils support the growth of hepatic

metastasis
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4.3 Results

4.3.1 Human hepatic metastases recruit Grlhioh cells expressing the chemokine receptor

CXCR2

To determine whether human hepatic metastases are associated with myeloid cell
infiltration, the human colon cancer cell lines HT29, HCT116 and LoVo were injected via the
intrasplenic route into SCID mice. Tumour-bearing livers were then analysed by flow cytometry
5-7 weeks later. Injection of HCT-116 and HT-29 cells consistently resulted in hepatic
metastases within 5 weeks whereas the LoVo cell line developed macroscopic metastases

within 7 weeks (Fig. 4.1 a-d).

Interestingly, the livers of tumour-bearing SCID mice contained a significantly elevated
number of Gr1high cells compared to naive, splenectomised control mice (Fig. 4.1 a-e). Such cells
were found to be polymorphonuclear when examined in C57bl6 mice (Chapter 3) and are
therefore likely to represent granulocytes. Immunohistochemical analysis of livers from
tumour-bearing SCID mice demonstrated high numbers of cells expressing the murine
neutrophils marker Ly6G within the hepatic metastases from HT29, HCT-116 and LoVo cell
lines (Fig. 4.2). This is in contrast to the findings presented in Chapter 3, where livers bearing
MC386GFP tumours were associated with high levels of Grlmid monocytes that expressed low

levels of Ly6G.
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Figure 4.1 Liver metastases derived from human colon cancer cell lines are
associated with elevated hepatic CD11b*/Gr1"¢" cell number

a-d) Livers from naive SCID mice (a) or SCID mice bearing HCT116, HT29 or LoVo metastases
(b-d), with the CD11b*/Gr1"sh population indicated in adjacent hepatic flow cytometry plots (grey
oval). Indicated percentages were calculated using the total myeloid cell number as the
denominator.

e) Total hepatic CD11b*/Gr1Md" cell count in naive and tumour-bearing livers. P-value symbols
indicate mean value compared with naive liver.

Data in (e) represents results from a single experiment with at least 3 mice per cell line.
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Figure 4.2 Localisation of Ly6G" neutrophils in naive and tumour-bearing murine
livers

Immunolabelling of naive and tumour-bearing mouse livers for Ly6G (1A8) or 1gG2a (both
green). Tissues are counterstained with DAPI.

Multiple tumours from 3 mice per cell line were imaged.



To confirm that Grlhish cells were neutrophils, they were back-gated to
determine their forward/side scatter characteristics (Fig. 4.3a,b). Gr1lhish cells (in red,
Fig. 4.3b) were of larger size and granularity than the Grlmid or Grllow population (seen
in blue and green respectively, Fig. 4.3b). Furthermore, they expressed the murine
neutrophil marker Ly6G and the chemokine receptor CXCR2 (Fig. 4.3c). Notably, CXCR2
is the major chemokine receptor expressed by both murine and human neutrophils
(Bozic et al,, 1994)(Thomas et al., 1991) and has been shown to be responsible for
neutrophil recruitment during the development of experimentally induced ischemia-
reperfusion injury in the murine liver (Kuboki et al.,, 2008)(Van Sweringen et al., 2013).
Importantly, FACS sorted CD45+/CXCR2+* cells from HCT-116 tumour-bearing livers
demonstrated multilobular nuclei (Fig. 4.3d), indicating that this cell surface marker

pattern defines tumour-associated neutrophils.
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Figure 4.3 Morphological characterisation and chemokine receptor expression
profile of tumour-associated neutrophils

a) FACS plot of Gr1"°" (green), Gr1™¢ (blue) and Gr1"s" (red) populations in a liver from a mouse
injected with HCT-116 cells.

b) FSC/SSC back gating of Gr1¥ (green), Gr1™¢ (blue) and Gr1"s" (red) cells from (a).

c) Histograms demonstrating the expression of various cell-surface antigens identified using
FACS antibodies (black curves) or an isotype control (blue) in tumour-associated Gr1"" cells.

d) H&E staining of hepatic CD45*/CXCR2* cells FACS sorted from HCT-116 tumour-bearing
mice. Scale bar represents 10 um.



4.3.2 CXCR2+/CD45* neutrophils are associated with hepatic metastases

The Grl antigen is not found in humans, but CXCR2 is common to both murine
and human neutrophils. In confirmation of the findings when assessing Grlhigh cell
numbers, the livers of mice bearing HT29, HCT-116 and LoVo metastases were
infiltrated with significantly higher numbers of CD45+/CXCR2* neutrophils than control

splenectomised SCID mice (Fig. 4.4a,b).
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Figure 4.4 Elevated CXCR2"/CD45" neutrophil count in mouse livers bearing human
colon cancer metastases

a) Hepatic flow cytometry plots from naive or tumour-bearing mice stained with anti-CD45 (X-axis)
and anti-CXCR2 (Y-axis) antibodies. Indicated percentages were calculated using the total myeloid
cell number as the denominator.

b) Total hepatic CXCR2*/CD45" cell count in the livers of naive and tumour-bearing mice. P-value
symbols indicate mean value compared with naive liver.

Data in (b) represents results from 2 separate experiments each with at least 5 mice per group.



4.3.3 CD45*/CXCR2* neutrophil numbers are increased in the livers of immune competent

mice bearing hepatic metastases

As Grlhish neutrophils were not found at elevated numbers in MC38, B16F1 or LLC
hepatic metastases in C57Bl6 mice, we questioned whether the neutrophil infiltration seen in
SCID mice bearing hepatic colon metastases was solely the result of immunodeficiency in this
model. As well as the aforementioned tumour types, pancreatic cancer also commonly
metastasises to the liver in humans. Furthermore, the murine pancreatic cancer cell line Pan02
forms hepatic metastases in orthotopic mouse models (Arnold et al., 2010)(Yan et al., 2006),
whilst primary pancreatic tumours developed using Pan02 cells are infiltrated with neutrophils
expressing Grl and MMP9 (Arnold et al, 2008). We therefore inoculated C57Bl16 mice with
Pan02 cells via the intrasplenic route (Fig. 4.5a) and analysed the resultant hepatic metastases

for the presence of CD45+/CXCR2+* neutrophils.

Importantly, as identified for the human colon cancer cell lines in SCID mice, livers
bearing Pan02 metastases were associated with an elevated number of neutrophils as defined
by their CD11b*/Gr1hish or CD45+/CXCR2+ expression, when compared to naive C57BI6 livers
(Fig. 4.5b,c). Furthermore, Ly6G* neutrophils were identified in large numbers within Pan02

hepatic metastases (Fig. 4.5d).
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Figure 4.5 Elevated neutrophil count in Pan02 hepatic metastasis

a) Naive C57bl6 mouse liver and C57bl6 liver with Pan02 pancreatic metastases.

b) Hepatic FACS plots and bar graph from naive (left) and tumour-bearing (right) mice
demonstrating CD11b*/Gr1™¢ cells within the red circle. Indicated percentages were calculated
using the total myeloid cell number as the denominator.

c) Hepatic FACS plots and bar graph from naive (left) and tumour-bearing (right) mice
demonstrating CD45*/CXCR2* cells within the red circle. Indicated percentages were calculated
using the total myeloid cell number as the denominator.

d) Staining of naive and Pan02 metastasis-bearing livers for Ly6G (1A8) (green). Tissues are
counterstained with DAPI.

Data in (b) and (c) represent results from two experiments each of 5 mice per group.



4.3.4 Anti-Ly6G antibody clone 1A8 systemically depletes neutrophils in SCID mice

To understand whether the neutrophils associated with hepatic colon cancer
metastases are pro- or anti-metastatic, an experimental model for the specific depletion
of neutrophils in SCID mice was developed. Previous research has demonstrated that
the anti-Ly6G antibody (clone 1A8) depletes circulating murine granulocytes with high
specificity over other myeloid populations in C57B16 mice (Daley et al., 2008). Thus, to
determine whether the anti-Ly6G antibody systemically depletes neutrophils in SCID
mice, 12.5 pg anti-Ly6G or an isotype control antibody (IgG2a) were administered to
experimental animals via the peritoneal route. The murine liver and spleen were then
harvested after 24 and 72 hours for flow cytometric analysis of myeloid populations

(Fig. 4.6 and 4.7).

Within 24 hours of treatment - and for at least 72 hours after - there was a
significant reduction in total splenic and hepatic CD45+/CXCR2+ cell count for mice given
anti-Ly6G compared to those administered IgG2a (Figs 4.6a,b and 4.7a,b). Furthermore,
anti-Ly6G administration had no effect on the total CD45+/CXCR2- cell count in either
organ (Figs 4.6b and 4.7b). Given that all haematopoietic cells express CD45, this data
indicates that anti-Ly6G administration does not affect other cells of haematopoietic

origin within the liver.
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Figure 4.6 Rat anti-Ly6G (1A8) specifically depletes murine hepatic neutrophils

a) Flow cytometry plots of murine hepatic single cell suspensions 24 hours following isotype
control antibody administration (IgG2a), or 24 and 72 hours following anti-Ly6G (1A8)
administration. The red oval identifies CD45*/CXCR2* neutrophils, whilst the black polygon
identifies all other haematopoietic (CD45*/CXCR2"%9) cells.

b) Corresponding bar graphs of flow cytometric data taken from multiple mice showing total
hepatic CD45*/CXCR2* cells (top) and other haematopoietic (CD45*/CXCR2"9) cells (bottom).
P-value symbols indicate mean value compared with IgG2a-treated mice.

Data in (b) represents results from a single experiment with 5 mice per group.
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Figure 4.7 Rat anti-Ly6G (1A8) specifically depletes murine splenic neutrophils

a) Flow cytometry plots of murine splenic single cell suspensions 24 hours following isotype
control antibody administration (IgG2a), or 24 and 72 hours following anti-Ly6G (1A8)
administration. The red oval identifies CD45*/CXCR2* neutrophils, whilst the black polygon
identifies all other haematopoietic (CD45*/CXCR2"9) cells.

b) Corresponding bar graphs of flow cytometric data taken from multiple mice showing total
splenic CD45*/CXCR2* cells (top) and other haematopoietic (CD45*/CXCR2"9) cells (bottom).
P-value symbols indicate mean value compared with IgG2a-treated mice.

Data in (b) represents results from a single experiment with 5 mice per group.



4.3.5 Neutrophil depletion inhibits the development of hepatic colon cancer metastasis in

SCID mice

To determine the effect of CD45+*/CXCR2+* cells on metastatic growth, HT29'u¢, HCT-116!uc
and LoVoluc hepatic tumours were developed in mice treated with the anti-Ly6G antibody or its
isotype control. For HT29!uc and HCT-116!uc-injected mice, anti-Ly6G antibody was injected 24
hours prior to (early), or 10 days following (late), intrasplenic tumour cell injection and then
injections continued 72-hourly until the end of the experiment. These experimental groups
enabled differentiation of the effect of neutrophil depletion at the early (initiation) and late
(growth) phases of metastatic development. We chose not to perform an analysis of the effect of
late neutrophil depletion in mice injected with LoVoluc cells due to both financial and time
constraints. Thus, LoVolc metastases grew significantly slower than HT29luc and HCT-116!uc
tumours and thus mice injected with LoVoluc cells required more doses of the relatively

expensive, affinity-purified anti-Ly6G antibody throughout the course of tumour growth.

Using in-vivo luminescence imaging (Figs 4.8a, 4.9a and 4.10a), abdominal luminescence
intensity was measured during the development of liver metastases. Strong luminescence
signals were detected for all mice within 24 hours of tumour cell injection. However, for all cell
lines there was a marked decline in luminescence signal within the first 10 days following
intrasplenic tumour cell injection indicating that the majority of tumour cells passing into the
hepatic circulation failed to survive (Figs 4.8b, 4.9b and 4.10b). After this time, luminescence
signal increased steadily as hepatic metastases developed. For the purpose of this experiment,
metastases that formed following intrasplenic tumour cell injection can therefore be thought of
as developing in 2 phases; an initiation phase, where only a select population of tumour cells
survived within the hepatic sinusoid followed by a growth phase where those cells that have

survived developed into micro- and macroscopic metastases.
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For all colon cancer cell lines, there was a significant reduction in luminescence intensity
at the final time point in mice depleted of neutrophils 24 hours prior to intrasplenic tumour cell
injection compared to control, IgG2a-treated mice (Figs 4.8b, 4.9b and 4.10b (orange curves)).
For mice with HT29!uc or LoVo!'c metastases, luminescence intensity reached a baseline that was
independent of the presence of neutrophils. However, for mice with HCT-116!c metastases
early neutrophil depletion resulted in a significant reduction in the luminescence signal over the

first 7-10 days (Fig. 4.9b (orange line)).

Interestingly, depletion of neutrophils 10 days post intrasplenic tumour cell injection
onwards delayed the growth of HT29uc and HCT-116M¢ metastases, to the same extent with
which early neutrophil depletion delayed tumour growth (Figs 4.8b and 4.9b respectively

(purple line)).
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Figure 4.8 Neutrophil depletion inhibits the colonisation phase of HT29 hepatic
metastasis development

a) Luminescence images of HT29 tumour-bearing mice treated with IgG2a, anti-Ly6G starting 24
hours prior to tumour cell injection (anti-Ly6G early) or anti-Ly6G starting 10 days following tumour
cell injection (anti-Ly6G late).

b) Growth curves generated from luminescence data in mice treated with IgG2a (green), anti-Ly6G
starting 24 hours prior to tumour cell injection (orange), or anti-Ly6G starting 10 days following
tumour cell injection (purple). X-axis indicates time in days following intrasplenic tumour cell
injection and Y-axis, the total abdominal photon flux relative to the value obtained at day 1 post
tumour cell injection.

Data in (b) represents results from a single experiment of at least 8 mice per group.
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Figure 4.9 Neutrophil depletion inhibits the colonisation phase of HCT-116 hepatic
metastasis development

a) Luminescence images of HCT-116 tumour-bearing mice treated with IgG2a, anti-Ly6G starting
24 hours prior to tumour cell injection (anti-Ly6G early) or anti-Ly6G starting 10 days following
tumour cell injection (anti-Ly6G late).

b) Growth curves generated from luminescence data in mice treated with IgG2a (green), anti-Ly6G
starting 24 hours prior to tumour cell injection (orange), or anti-Ly6G starting 10 days following
tumour cell injection (purple). X-axis indicates time in days following intrasplenic tumour cell
injection and Y-axis, the total abdominal photon flux relative to the value obtained at day 1 post
tumour cell injection.

Data in (b) represent results from 3 experiments with at least 10 mice per group.
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Figure 4.10 Neutrophil depletion inhibits the colonisation phase of LoVo hepatic
metastasis development

a) Luminescence images of LoVo tumour-bearing mice treated with IgG2a or anti-Ly6G starting 24
hours prior to tumour cell injection.

b) Growth curves generated from luminescence data in mice treated with IgG2a (green), anti-Ly6G
(orange). X-axis indicates time in days following intrasplenic tumour cell injection and Y-axis, the
total abdominal photon flux relative to the value obtained at day 1 post tumour cell injection.

Data in (b) represents results from a single experiment of at least 8 mice per group.



At 5-7 weeks following intrasplenic tumour cell injection, murine livers from the
neutrophil depletion experiments were harvested and hepatic tumour burden
quantified. Macroscopically, metastatic burden was dramatically reduced for each cell
line in mice administered anti-Ly6G prior to tumour cell injection (Figs 4.11a, 4.12a and
4.13a). For HT29Mc¢ and HCT-116'¢ injected animals, tumour burden also appeared
reduced when anti-Ly6G was started from day 10 onwards compared to control IgG2a-

treated mice (Figs 4.11b and 4.12b respectively).

The macroscopic findings were confirmed by comparing mean total hepatic
luminescence ex-vivo between groups of experimental animals. There was a significant
reduction in total hepatic luminescence for mice treated with the anti-Ly6G antibody
from 24 hours prior to tumour cell injection, compared to IgG2a-treated mice for all
three cell lines tests. For the HT29lc and HCT-116Mc¢ cell lines, there was also a
significant reduction in hepatic luminescence intensity in mice given anti-Ly6G from day
10 onwards compared to isotype control-treated mice (Figs 4.11c and 4.12c

respectively).

Flow cytometric analysis confirmed successful long-term neutrophil depletion in
these experiments, as the number of CD45+/CXCR2+ cells were significantly lower in the
livers of mice treated with anti-Ly6G at 5-7 weeks post intrasplenic tumour cell injection
compared to IgG2a-treated animals (Figs 4.11d,e, 4.12d,e and 4.13d,e). For mice with
HT29luc and HCT-116uc metastases, there was no significant difference in total hepatic
CD45+/CXCR2neg cell numbers between tumour-bearing mice treated with anti-Ly6G or

IgG2a, confirming the specificity of the anti-Ly6G antibody (Figs 4.11f and 4.12f).
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Figure 4.11 Neutrophil depletion inhibits HT29 hepatic metastasis development

a-b) Livers from HT29"¢ inoculated SCID mice treated with IgG2a, or anti-Ly6G either throughout
the experiment (a), or from day 10 post intrasplenic tumour cell injection (b).

c¢) Ex-vivo total hepatic luminescence 5 weeks following intrasplenic HT29"¢ inoculation for mice
treated with IgG2a, anti-Ly6G throughout the experiment (early), or anti-Ly6G from day 10
following tumour cell injection (late).

d) Hepatic FACS plots from IgG2a and anti-Ly6G treated HT29"“ metastasis-bearing mice

e-f) Total hepatic CD45'/CXCR2* and CD45'/CXCR2™¢ cell counts in IgG2a and
anti-Ly6G-treated tumour-bearing mice.

Data in (c) represent results from a single experiment of at least 8 mice per group.
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Figure 4.12 Neutrophil depletion inhibits HCT-116 hepatic metastasis development

a-b) Livers from HCT-116"c inoculated SCID mice treated with 1gG2a, or anti-Ly6G either
throughout the experiment (a), or from day 10 post intrasplenic tumour cell injection (b).

¢) Ex-vivo total hepatic luminescence 5 weeks following intrasplenic HCT-116"¢ inoculation for
mice treated with IgG2a, anti-Ly6G throughout the experiment (early), or anti-Ly6G from day 10
following tumour cell injection (late).

d) Hepatic FACS plots from IgG2a and anti-Ly6G treated HCT-116"" metastasis-bearing mice

e-f) Total hepatic CD45'/CXCR2* and CD45/CXCR2"™¢ cell counts in IgG2a and
anti-Ly6G-treated tumour-bearing mice.

Data in (c) represent results from 3 experiments with at least 10 mice per group.
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Figure 4.13 Neutrophil depletion inhibits LoVo hepatic metastasis development
a) Livers from LoVo'"° inoculated SCID mice treated with IgG2a, or anti-Ly6G.

b) Ex-vivo total hepatic luminescence 7 weeks following intrasplenic LoVo"“° inoculation for mice
treated with IgG2a or anti-Ly6G throughout the experiment.

c) Hepatic FACS plots from IgG2a and anti-Ly6G treated LoVo"° metastasis-bearing mice

d-e) Total hepatic CD45'/CXCR2* and CD45'/CXCR2"¢ cell counts in I1gG2a and
anti-Ly6G-treated tumour-bearing mice.

Data in (b) represent results from a single experiment of 8 mice per group.



4.4 Discussion

4.4.1 Neutrophil infiltration within hepatic metastases

The results presented in this chapter clearly demonstrate that neutrophils are found at
higher numbers in tumour-bearing compared to naive livers. The common leukocyte antigen
CD45, which is expressed by all haematopoietic cells (Thomas, 1989) and the chemokine
receptor CXCR2 were used to define hepatic neutrophils. This enabled us to identify a distinct
population of cells that demonstrate various neutrophil-specific features, including large size,
granularity and a multilobular nucleus. Furthermore, the increase in neutrophil count that
occurs in association with the development of HT29, HCT-116 and LoVo hepatic metastases is
not a feature specific to tumours developing in immune-compromised SCID mice. Even in the
presence of normal T- and B-cell function, we were able to demonstrate a striking elevation in

hepatic neutrophil count in association with Pan02 hepatic metastases.

The elevated neutrophil count seen in tumour-bearing livers may result from
prolongation of neutrophil lifespan, increased neutrophil recruitment to the metastatic niche or
both. The recruitment of neutrophils and the prolongation of their lifespan could be driven by
chemokines and cytokines expressed by the tumour cells or their associated stromal cells. CXC
chemokines are expressed by a range of different cancers including those of the colon and it is
conceivable that the colon cancer cell lines used in our model may express factors that influence
neutrophil behavior and activity. The fact that neutrophils were found within hepatic
metastases for all cell lines (Fig. 4.2) points to their specific accumulation at the metastatic

niche, potentially in response to tumour-derived factors.
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The human colon cancer cell lines used throughout this chapter were chosen as they
have been extensively studied in the research literature and had previously been shown to form
hepatic metastasis in SCID mice. Furthermore, they represent the range of mutations seen in
colon cancer, with the HT29 cell line being microsatellite stable and the HCT-116 and LoVo cell
lines showing evidence of microsatellite instability (Kleivi et al., 2004). LoVo and HT29 cells
both have mutant APC, whilst HCT-116 cells are wild-type APC but (3-catenin mutant (Ilyas et
al,, 1997). Furthermore, HT29 cells carry BRAF and p53 mutations, whilst LoVo and HCT-116
cells both carry KRAS mutations but are wild-type for BRAF and p53 (Ahmed et al, 2013).
Finally, these cell lines were developed from colon cancers at different disease stages: HT29
taken from a grade I Dukes C primary tumour, LoVo taken from a lymph node metastasis in a
patient with grade IV colon cancer and HCT-116 from a primary, Dukes stage D colon cancer.
This selection of cell lines therefore represents a broad range of colon cancer sub-types likely to

reflect the heterogeneity of disease in the population.

4.4.2 The pro-metastatic effect of neutrophils in the hepatic metastatic microenvironment

One overriding conclusion from this study is that neutrophils play a pro-metastatic role
within the hepatic metastatic microenvironment. In hepatic tumours generated from the
HT29c and HCT-116uc cell lines, neutrophil depletion from day 10 post tumour cell injection
onwards was sufficient to significantly inhibit metastatic growth. This data in particular
highlights the importance of neutrophils in the growth phase of hepatic metastasis, a finding
that is of relevance to the clinic, where colon cancer patients frequently present with
synchronous hepatic metastases and would therefore significantly benefit from therapies aimed

at slowing disease progression.
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Elements of our data are also in support of the proposed role of neutrophils in the
promotion of liver metastasis demonstrated using lung cancer cells (Spicer et al., 2012). In this
setting, neutrophils promoted the adherence of tumour cells to the hepatic sinusoidal
endothelia and their depletion through administration of a single dose of anti-Grl antibody 24
hours prior to tumour cell injection was sufficient to significantly inhibit tumour growth (Spicer
etal,, 2012). Indeed, the initiation phase of HCT-116!uc metastatic growth was highly dependent
on the presence of neutrophils, as their depletion significantly reduced the abdominal
luminescence signal over the first 10 days following tumour cell injection. Interestingly, this
was not the case for HT29!u metastases, the initiation of which occurred to an equal degree
independent of neutrophil presence. This difference indicates that cell specific characteristics
are at last in-part responsible for determining the mechanisms through which tumour cells
survive within the hepatic metastatic microenvironment. This may again have clinical relevance
as the data implies that prophylactic neutrophil inhibition could inhibit the progression to
hepatic metastatic disease in some patients (i.e. those whose tumours depend upon neutrophils

for intra-sinusoidal survival), but not others.

In our study, neutrophil depletion has an apparent abrupt effect on tumour growth.
When anti-Ly6G treatment was started on day 10, it delayed the growth of both HCT-116 and
HT29 metastases within 4 days, as indicated by the reduced abdominal luminescent signal
following antibody administration (purple lines, Figs 4.9 and 4.10 days 10 to 14). This suggests
that neutrophils play a role in the promotion of tumour cell proliferation, as ablation of
neutrophils prevented metastatic growth. This may result either from a direct effect on the
tumour cell, or through indirect effects such as promotion of the angiogenic switch, as has been

demonstrated for neutrophils recruited to primary pancreatic cancers (Nozawa et al., 2006).
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The growth curves of anti-Ly6G (late) treated mice are, however, not in keeping with the
possibility that neutrophils prevent the apoptosis of tumour cells. If this were the case
metastatic burden and therefore the abdominal luminescence signal would decline following
neutrophil depletion. Importantly, a subset of neutrophils termed granulocytic myeloid-derived
suppressor cells (GMDSC) were found to infiltrate the liver during the development of B16F1
and LLC subcutaneous tumours (Ilkovitch and Lopez, 2009), whilst GMDSC promoted hepatic
metastasis development following intravenous injection of breast cancer cells (Mauti et al,
2011). GMDSC inhibit antigen-driven cytotoxic T-lymphocyte function and thereby prevent
tumour cell apoptosis (Movahedi et al.,, 2008). Unfortunately, in our experimental model the
use of SCID mice precludes the analysis T-cell function. However, it is conceivable that
neutrophils associated with colon cancer hepatic metastasis would similarly behave in a T-cell
suppressive manner and their depletion in the immune-competent setting, may therefore have

an even greater effect than that seen here for SCID mice.

Currently, our attempts to demonstrate a similar role for neutrophils in the
development of pancreatic metastasis using the Pan02 cell line are at an early stage. However,
the data generated from Pan02 tumours demonstrates the propensity of neutrophils to infiltrate
hepatic metastases in the presence of a competent immune system. Interestingly, primary
pancreatic tumours that show significant neutrophil infiltration are of a prognostically poor
histological subtype (Reid et al,, 2011), indicating that neutrophils promote pancreatic cancer
progression. However, the role of neutrophils in the development of hepatic metastases from
pancreatic cancer has not been studied. Furthermore, whilst we have demonstrated that
neutrophils infiltrate Pan02 hepatic metastases, it remains to be seen whether neutrophil
depletion will inhibit intrahepatic Pan02 growth as it did for the growth of metastatic human

colon cancers.
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In summary, this Chapter has demonstrated the pro-metastatic effect of neutrophils in
the hepatic microenvironment. In the following Chapter, we will present data from experiments
designed to determine the tumour-derived chemokines responsible for neutrophil recruitment
to the metastatic niche, as well as the mechanisms through which neutrophils promote liver

metastasis.
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CHAPTER 5: MIF Recruits Pro-angiogenic Neutrophils to the Hepatic

Metastatic Microenvironment

5.1 Introduction

5.1.1 Neutrophils in the promotion of tumour angiogenesis

Neutrophils promote metastasis through multiple mechanisms. These include immune
suppression (Fridlender et al,, 2009), induction of EMT (Liang et al.,, 2014)(Toh et al,, 2011),
ECM breakdown (Ardi et al, 2007)(Ardi et al, 2009)(Bekes et al, 2011), stimulation of
angiogenesis (Tazzyman et al, 2013) and the promotion of extravasation (Spicer et al,
2012)(Huh et al., 2010b). Our data suggests that neutrophils are important for the early stages
of metastasis for some cell lines and universally important later in metastatic growth. It
therefore seems plausible to hypothesise that hepatic metastasis-associated neutrophils
promote processes such as angiogenesis or ECM regulation, which become important during the

growth phase of metastatic development.

Neutrophils have been linked to angiogenesis in a range of tumour types. Several
studies have documented an association between the degree of tumour-associated neutrophil
infiltration and vessel density (Jablonska et al., 2010)(Lu et al., 2012)(Bald et al., 2014), whilst
in primary tumours, neutrophils appear to reside in close proximity to developing blood vessels
(Mentzel et al,, 2001). Co-injection of neutrophils alongside tumour cells in a subcutaneous
implantation model promoted angiogenic growth, possibly due to direct differentiation of
immune cells into endothelia (Yang et al., 2004). Furthermore, subcutaneous murine tumours
refractory to treatment with anti-vascular endothelial growth factor (anti-VEGF) monoclonal
antibodies were highly infiltrated with CD11b*/Gr1* neutrophils (Shojaei et al., 2007). Systemic

neutrophil depletion through injection of depleting antibodies delayed tumour growth, whilst
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neutrophils isolated from anti-VEGF-refractory tumours expressed higher levels of a range of
angiogenic factors relative to neutrophils from anti-VEGF-sensitive tumours (Shojaei et al,
2007), suggesting that tumour-associated neutrophils promote angiogenesis and thereby
escape from anti-VEGF treatment. Indeed, neutrophils may be capable of promoting
angiogenesis through both direct and indirect means. Direct promotion of angiogenesis
involves the expression of neutrophil-derived soluble factors capable of promoting blood vessel
growth, whilst indirect mechanisms involve breakdown of the ECM by neutrophil proteases and

thereby the release of angiogenic growth factors sequestered within the ECM.

5.1.2 Direct promotion of angiogenesis

VEGF expression has been demonstrated in the circulating neutrophils of healthy
volunteers (Kusumanto et al, 2003)(Taichman et al., 1997) and it is upregulated in the
neutrophils from patients with inflammatory conditions such as rheumatoid arthritis (Kasama
et al,, 2000). In a Matrigel sponge angiogenesis assay, CXCL-1-stimulated neutrophils promoted
angiogenesis through their expression of VEGF-A (Scapini et al., 2004). Furthermore, TNF-a
promoted the expression of VEGF by cultured neutrophils (Webb et al., 1998)(McCourt et al,,
1999), whilst the culture supernatant from TNF-a-treated neutrophils stimulated endothelial
cell proliferation and tubule formation in an effect that was reversed by the administration of an
anti-VEGF antibody (McCourt et al., 1999). In the setting of cancer progression, INF- inhibited
the expression of VEGF by tumour-associated neutrophils recruited to melanoma and
fibrosarcoma (Jablonska et al, 2010). In INF-B~/- mice, tumour-associated neutrophils
expressed high levels of VEGF, whilst tumour-associated neutrophils cultured in the presence of
INF-f expressed lower levels of VEGF than control neutrophils. Depletion of neutrophils in INF-
[3-/- mice resulted in smaller, poorly vascularised tumours compared to those developed in INF-
[3-/- mice, providing a direct link between neutrophils and the promotion of tumour angiogenesis
(Jablonska et al., 2010). The highly angiogenic factor FGF2 is also expressed by neutrophils. In
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an experimental study of hind-limb ischaemia, Grl* neutrophils expressing FGF2 infiltrated
isachemic muscle, whilst antibody-mediated neutrophil depletion delayed angiogenesis within
affected limbs (Tashiro et al, 2012). In this study, although neutrophils clearly promoted
angiogenesis, it is not clear whether this result was dependent upon their production of FGF2 or
through some other mechanism. Finally, elevated expression of multiple ELR* CXC chemokines
was demonstrated in tumour-associated neutrophils relative to those from naive mice
(Fridlender et al., 2012). Given the pro-angiogenic role for ELR* CXC chemokines (Strieter et al.,
1995), it is tempting to propose that neutrophils drive angiogenesis through the production of

such factors, however, this remains to be formally demonstrated.

It is therefore evident that neutrophils are directly responsible for the production of
angiogenic factors both in-vitro and in-vivo. Nonetheless, it would be premature to claim that
tumour-associated neutrophils promote angiogenesis in-vivo through the production of
angiogenic molecules. The evidence for neutrophil-derived angiogenic factors in the promotion
of angiogenesis - let alone tumour angiogenesis - is limited to a few experimental studies. There
has been no analysis of the expression of angiogenic factors by neutrophils from cancer patients
and the relative contribution by different cell types within the tumour microenvironment to
pro-angiogenic molecule abundance has not been studied. The only studies demonstrating
elevated angiogenic factor expression by tumour-associated neutrophils analysed RNA
expression (Fridlender et al, 2012)(Shojaei et al, 2007), with no study conclusively
demonstrating the expression or secretion of angiogenic proteins by tumour-associated
neutrophils. In conclusion, whilst neutrophils may promote vessel formation in-vivo through
the expression of angiogenic factors (McCourt et al,, 1999), the relevance of such findings for

tumour biology is unclear.
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5.1.3 Indirect promotion of angiogenesis

Upon activation, neutrophils strongly express several proteases, including matrix
metalloproteinases (MMPs), heparinases and elastases, all of which are capable of degrading
specific extracellular matrix proteins. During wound healing, the expression of such enzymes by
activated neutrophils promotes tissue re-modeling (McCarty and Percival, 2013) and has been
proposed to stimulate angiogenesis through the release of ECM-bound angiogenic factors
(Vlodavsky et al, 1990). Indeed, multiple angiogenic factors are sequestered within the
extracellular matrix, allowing for the regulation of angiogenesis through the cleavage of ECM

proteins and thereby the release of bound angiogenic factors.

FGF2 is an example of one such pro-angiogenic factor sequestered within the ECM
through its ability to bind directly to heparin sulphate glycosaminoglycans (HSGAGs)
(Moscatelli, 1987)(Maccarana et al,, 1993)(Bashkin et al., 1989). Furthermore, proteolytic
enzymes, such as heparinase, modulate the local FGF2 concentration by controlling its release
from HSGAGs. This has been demonstrated by in-vitro experiments, where ECM derived from
corneal endothelial cells is deposited onto culture dishes before denudation of the cell layer.
Treatment of the ECM with heparinase or heparitinase promoted the release of FGF2 which was
in turn responsible for the promotion of endothelial cell proliferation (Bashkin et al,
1989)(Flaumenhaft et al, 1989). As an extension to this work, the addition of neutrophil-
conditioned cell culture supernatant resulted in an increase in the release of bound FGF2 from
ECM-coated plates and this effect was reversed by addition of a heparinase inhibitor (Ishai-
Michaeli et al., 1990). Thus, neutrophils can indirectly modulate the concentration of available
FGF2 through the production of enzymes responsible for ECM degredation. However, although
it is possible that neutrophils promote angiogenesis through the action of heparinase on ECM
HSGAGs, such a mechanism has not yet been demonstrated for this enzyme using in-vivo cancer
models.
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In similarity to FGF2, various VEGF isoforms (particularly VEGFz06 and VEGF1g9) bind to
HSGAGs and thus become sequestered within the ECM (Houck et al., 1992)(Houck et al., 1991).
Furthermore, in-vitro, HSGAG-bound VEGF isoforms become soluble through proteolytic
cleavage of matrix proteins by heparinase (Houck et al., 1991). Interestingly, both soluble and
HSGAG-bound VEGF are biologically active, as both are able to promote endothelial cell
proliferation (Park et al.,, 1993). As well as heparinase, MMPs are capable of modulating the
release of ECM-bound VEGF. The action of MMP3 on ECM-bound VEGF resulted in either
release of the intact protein or release of VEGF fragments which themselves are pro-angiogenic
(Lee et al., 2005). Interestingly, such VEGF fragments promoted capillary dilation in existing
tumour vessels, whereas the intact VEGF protein promoted angiogenesis (Lee et al.,, 2005),
indicating that different forms of VEFG lead to different vascular outcomes and that this process

is controlled through proteolysis of both the ECM and VEGF.

Importantly, MMP9 expression has been demonstrated in tumour-associated
neutrophils from patients with hepatocellular carcinoma (Kuang et al., 2011) and colon cancer
(Nielsen et al, 1996) using immunohistochemical staining. Furthermore, tumour-derived
chemokines such as macrophage inhibitory factor (MIF) are capable of promoting the
expression of MMP9 in neutrophils (Dumitru et al, 2011). Using an in-vivo chorioallantoic
membrane angiogenesis model, neutrophils were found to promote vessel formation in a
manner dependent upon their expression of MMP9 (Ardi et al., 2007). Furthermore, tumour-
associated neutrophils recruited to heterotopic fibrosarcoma and prostate carcinomas
promoted angiogenesis through the expression of MMP9 (Bekes et al,, 2011). Indeed, CXCL8
inhibition reduced the tumour-associated neutrophil infiltrate and in turn delayed tumour
angiogenesis in an effect that was reversed by the administration of recombinant MMP9 (Bekes
et al, 2011). Nonetheless, in this study, no clear link was made between the expression of
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MMP9 by tumour-associated neutrophils and VEGF availability. As such, it is not clear whether
the pro-angiogenic effect of MMPO in this setting is mediated through VEGF availability or

alternative mechanisms.

In summary, neutrophils may be capable of promoting angiogenesis through a variety of
mechanisms that include both the direct expression of pro-angiogenic factors and their release
from sequestration within the ECM. However, the studies conducted to date in this field with
relevance to cancer are limited. Given that tumour cells as well as other tumour stroma-
associated cell subsets are capable of producing high levels of heparinase, MMP’s and various
pro-angiogenic factors (Zajac et al.,, 2013)(Roomi et al., 2009)(Hofmann et al., 2000), it remains
to be seen whether neutrophils provide a meaningful contribution to the pool of such factors
within the tumour microenvironment. Currently there is no available research evidence
demonstrating a link between neutrophil infiltration to hepatic colon cancer metastases and the

promotion of angiogenesis.
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5.2 Aims

1. To identify potential tumour-derived chemokines responsible for neutrophil recruitment to

the hepatic metastatic microenvironment

2. To determine whether neutrophils play a role in the promotion of angiogenesis within the

hepatic metastatic microenvionment
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5.3 Results

5.3.1 The sera of tumour-bearing SCID mice contain human neutrophil chemoattractants

To determine whether HCT-116, HT29 or LoVo cells express chemokines capable of
recruiting neutrophils in-vivo, chemokine and cytokine expression was analysed in serum
samples from tumour bearing and naive mice using human-specific protein arrays. Mice with
hepatic metastases from all three cell lines demonstrated elevated levels of circulating human

neutrophil chemoattractants relative to splenectomised control mice (Fig. 5.1).

Specifically, serum from mice bearing HCT-116, HT29 and LoVo tumours demonstrated
elevated levels of human Macrophage Inhibitory Factor (MIF), whilst HCT-116 and LoVo-
bearing mice also demonstrated elevated levels of human Midkine (Fig. 5.1). Of note, Midkine
has been shown to be capable of neutrophil chemoattraction (Takada et al., 1997), whilst MIF is
a non-cognate ligand for CXCR2* monocytes (Bernhagen et al., 2007) and a potent
chemoattractant for neutrophils (Dumitru et al., 2011). Mice with LoVo hepatic metastases also
demonstrated high levels of CXCL8, a chemokine well known to play a role in the

chemoattraction of neutrophils (Yoshimura et al., 1987).
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Figure 5.1 Serum from mice with hepatic metastases contains high levels of human MIF

Relative human chemokine levels in the serum of tumour bearing mice. Expression levels are
normalised to that of splenectomised, non-tumour-bearing mice (purple line, arbitary value of 1) and
those chemokines elevated greater than 2-fold above the value obtained for control mice are shown in

red.

Data derived from pooled serum from at least 6 mice per condition.



Given that MIF expression was elevated in mice bearing metastases from all 3
cell lines and that MIF has been linked to the recruitment of neutrophils in the
progression of head and neck cancer (Dumitru et al.,, 2011), we focused our attention on
the possible role of this chemokine in neutrophil recruitment to the hepatic metastatic
microenvironment. Thus, ELISA was performed to determine the absolute serum
concentration of human MIF in naive mice and those bearing HT29, HCT-116 and LoVo
hepatic metastases. As expected, the concentration of serum MIF in mice bearing HT29,
HCT-116 and LoVo metastases was significantly elevated when compared to control

mice (Fig. 5.2a).

To confirm the ability of MIF to recruit neutrophils, CD45+*/CXCR2* bone
marrow-derived cells were FACS sorted from SCID mice and their migration assessed in
response to increasing concentrations of recombinant MIF. Neutrophils showed a dose-

dependent response in migration to increasing MIF concentration (Fig. 5.2b).
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Figure 5.2 MIF is a chemoattractant for CXCR2" neutrophils and is over-expressed in
tumour-bearing mice

a) Mean serum MIF concentration in control (PBS) mice and those bearing HT29, HCT-116 or LoVo
hepatic metastases (5-10 mice per group with mice sacrificed at 5 weeks following tumour cell
injection).

b) Effect of increasing MIF concentration (X-axis) on the migration of CD45*/CXCR2* bone marrow
cells (where fluorescent intensity is proportional to total migrated cell count).



5.3.2 Inhibition of tumour-derived MIF affects cell apoptosis

We next wished to determine whether MIF was directly involved in the recruitment of
neutrophils to the tumour microenvironment. Thus, tumour-derived MIF was inhibited by
transfecting HT29!u¢ and LoVo! cells with a lentivirus containing short hairpin RNA targeting
the MIF transcript. Lentiviral transfection resulted in a 10-fold and 3-fold reduction in MIF
expression in HT29lue and LoVo!-conditioned medium respectively, compared to media from
cells transfected with an empty vector control lentivirus, indicating successful inhibition of MIF

expression (Fig. 5.3a).

Importantly, as well as acting as a chemoattractant, MIF promotes cell survival in an
autocrine manner through interaction with p53 (Mitchell et al.,, 2002). We therefore analysed
the effect, of MIF inhibition on apoptosis in both MIF knockdown HT29 and LoVo cell lines, as
well as untransfected HT29 cells treated with the MIF inhibitor ISO-1 (Lubetsky et al., 2002).
Apoptosis was assessed by staining cultured cells with Annexin V and 7-Amino-Actinomycin (7-
AAD). Annexin V binds to cell membrane phospholipid phosphatidylserine molecules which
become displayed on the outer leaflet of the plasma membrane during the early stages of
apoptosis. During the later stages of apoptosis or in necrotic cells, the plasma membrane
becomes permeable to vital dyes such as 7-AAD. Thus early apoptotic cells are Annevin V
positive, 7-AAD negative whilst late apoptotic or necrotic cells are Annexin V positive, 7-AAD

positive.

As expected, MIF knockdown in both HT29 and LoVo cells promoted apoptosis (Fig. 5.3b
and c). Notably, LoVo displayed had a higher percentage of apoptotic cells than the HT29 line, in
keeping with the fact that we consistently find that LoVo cells have a longer doubling time and

grow slower in-vivo than HT29 cells. Whilst MIF inhibition resulted in an increase in both early
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and late apoptotic LoVo cells, we only noticed an increase in late apoptotic HT29MIFshRNA cells
compared to the HT29%kntictrl cells. The reason for this difference is unclear, however, the data
suggests that whatever induced apoptosis in HT29MIFshRNA cells, was not present at the time of
analysis (otherwise there would have been an elevation in early apoptotic cells as well), and is
therefore unlikely to be related to MIF inhibition, which remains constant throughout the
culture process. Interestingly, treatment of HT29 cells with ISO-1 did not appear to promote
tumour cell apoptosis, although there was a trend towards increases in both early and late

apoptotic cells upon ISO-1 treatment compared to controls (Fig. 5.3b and c).
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Figure 5.3 In-vitro effect of MIF inhibition on HT29 and LoVo cell apoptosis

a) Relative MIF expression in the cell culture supernatant of lentiviral control (blue) and MIF-shRNA
(orange) lentiviral transfected HT29 and LoVo cells. Values are normalised to the total protein content

of the cell culture supernatant.

b) FACS plots of Annexin V* (early apoptotic) and Annexin V*/7-AAD* (late apoptotic) cells in lentiviral
control and MIF-shRNA lentiviral transfected HT29 and LoVo cell lines and HT29 cells treated with
100 uM ISO-1 or a DMSO control.

¢) Graphical representation of data in (b).

Data presented in (a) and (c) were obtained from triplicate analyses.



5.3.3 MIF inhibition delays metastatic growth in-vivo

We next wished to determine whether inhibition of tumour-derived MIF reduced
neutrophil recruitment in-vivo and in turn inhibited metastatic growth in the liver. To
determine whether this was the case, the ability of the HT29MIFshRNA gnd HT29lenti-ctrl cel] lines to
form hepatic metastases was compared. The LoVoMIFshRNA gnd LoVolenti-cul ce]l lines were not
used for further analysis, as they could not be cultured to sufficient number for in-vivo use due

to their high degree of apoptosis.

By week 8, mice injected with HT29MIFshRNA cells had significantly reduced hepatic
metastases compared with mice injected with the HT29lenti-ctrl ce]] line, as determined by ex-vivo
total hepatic luminescence (Fig. 5.4a,b). Furthermore, the livers of mice bearing HT29MIFshRNA
metastases had fewer CD45+/CXCR2+ cells than those livers bearing HT29lenti-ctl metastases.
Although, there was no significant difference in the number of CD45+/CXCR2reg cells between
HT29MIFshRNA gnd HT29lenti-ctrl metastases (Fig. 5.4c-e), there was a trend towards fewer
CD45+/CXCR2reg cells in mice with HT29MIFshRNA tymours, suggesting that MIF inhibition may

have had some effect on the recruitment of immune cell types other than neutrophils alone.
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Figure 5.4 Inhibition of tumour-derived MIF delays hepatic metastasis formation

a) SCID mouse livers 8 weeks following intrasplenic injection of HT29tent-ct! or HT29MIFshRNA cel|s,
b) Mean total hepatic luminescence in livers from mice injected with HT29tent-etl or HT29MIFshRNA ce|s,

c) CD45*/CXCR2* and CD45*/CXCR2"™¢ cell populations in the livers of mice inoculated with
HT29 o HT20MMRNA-Cellls,

d-e) Total hepatic CD45*/CXCR2* and CD45*/CXCR2"d cell numbers in mice injected with HT29tent-tr
or HT29MIFshRNA cel|s,

Data in (a) and (b) represent results from two experiments each with 6 mice per group. Data in (c), (d) and (e) represent
results from two experiments each with 3 mice per group.



Whilst inhibition of MIF using shRNA is a useful proof-of-concept method,
pharmacological inhibition of MIF activity is a method of greater clinical applicability. With this
in mind, HT29uc tumour-bearing mice were treated with ISO-1 diluted in DMSO, or a
concentration-matched DMSO control at day 10 following tumour cell inoculation. In previous
work, ISO-1 inhibited the pro-inflammatory activity of MIF through antagonism of the intrinsic
tautomerase activity of the chemokine (Lubetsky et al., 2002). 1SO-1 also displays potent anti-
inflammatory properties, being able to block MIF-driven TNF-a production by
lipopolysaccharide-stimulated macrophages (Dabideen et al., 2007) as well as protect mice from
the development of sepsis following caecal puncture (Al-Abed et al., 2005). We therefore
wished to determine whether I1SO-1 was capable of inhibiting tumour-associated neutrophil

recruitment in-vivo and if so, whether this had an effect on metastatic growth.

By 5 weeks following intrasplenic HT29 injection, mice treated with ISO-1 had
significantly reduced hepatic metastasis compared to those treated with the DMSO control (Fig.
5.5a,b). Surprisingly, there was no difference in the total hepatic neutrophil or CD45+/CXCR2nes
cell count between treatment groups suggesting that ISO-1 inhibited tumour growth through

mechanisms independent of neutrophils recruitment (Fig. 5.5c-e).
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Figure 5.5 Pharmacological inhibition of MIF inhibits metastatic growth without
affecting metastasis-asociated neutrophil count

a) HT29 hepatic metastases from mice treated with DMSO control or ISO-1.

b) Mean total hepatic luminescence in HT29 tumour-bearing livers from mice treated with DMSO
control or ISO-1.

c) FACS plots from HT29 tumour-bearing mouse livers from mice treated with DMSO control or ISO-1.

d,e) Total hepatic CD45*/CXCR2* and CD45*/CXCR2"¢ cell numbers in HT29 hepatic metastases
from mice treated with DMSO or ISO-1.

Data in (b) represent results from a single experiment of 8-9 mice per group. Data in (c), (d) and (e) represent results from a
single experiment with 4 mice per group.



5.3.4 Depletion of neutrophils, or tumour-derived, but not systemic, MIF inhibition reduces

metastatic angiogenesis

Given the significant research evidence linking neutrophils to the promotion of
angiogenesis, we next questioned whether neutrophils promote vascular development in the
hepatic metastatic microenvironment. We first examined whether blood vessel formation was
inhibited by neutrophil absence by using our models of HT29 and HCT-116 hepatic metastasis
in mice treated with anti-Ly6G or IgG2a. Blood vessels were identified in tissue sections of
hepatic metastasis using antibodies targeting CD146 and CD31, both proteins expressed by
endothelial cells. For this analysis, tumours from LoVo mice were not studied, as neutrophil
depletion in these mice had such a profound effect on metastatic growth that tumours of
sufficient size could not be obtained for analysis. Interestingly, for both HT29 and HCT-116
tumours, there was a significant reduction in metastatic vasculature in anti-Ly6G-treated mice
compared to those administered IgG2a (Fig. 5.6a-d). A reduction in vascular density was also
identified in mice bearing HT 29MIFshRNA metastases compared to those with HT29Lenti-ctrl tumours
(Fig. 5-7a and c), however no difference in vascular density was demonstrated for HT29
tumours in mice treated with ISO-1 compared to those administered the DMSO control (Fig.

5.7b and d).
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Figure 5.6 Neutrophil depletion is associated with reduced tumour vasculature

a-b) Immunohistochemical staining of HT29 and HCT116 hepatic metastases from IgG2a- or
anti-Ly6G-treated mice. Blood vessels are stained with CD146 (red) and CD31 (green).

c-d) Bar graphs showing the percentage of tumour area staining positive for CD146 and CD31 in
HT29 (c) and HCT-116 (d) hepatic metastases from IgG2a- and anti-Ly6G-treated mice (blue and
orange bars respectively).

Data in (b) represents results from at least 5 metastases within the livers of up to 5 different mice per
group.
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Figure 5.7 Inhibition of tumour-derived but not systemic MIF activity inhibits
metastatic angiogenesis

a) HT29knt et gnd HT29MIFshRNA hepatic metastases stained for CD146* vessels (red) with DAPI
counterstaining (blue).

b) HT29 hepatic metastases in mice treated with the DMSO control or MIF inhibitor ISO-1 stained for
CD146* vessels (red) and DAPI (blue).

¢ and d) Quantification of the percentage of tumour areas showing CD146" staining in the conditions
stated in (a) and (b) respectively.

Data in (c) and (d) represent results from at least 5 metastases within the livers of up to 5 different
mice per group.



5.3.5 Depletion of neutrophils or inhibition of tumour-derived and systemic MIF activity

reduces metastatic proliferation

We next sought to determine the effect of neutrophil depletion, or MIF inhibition on the
growth kinetics of hepatic metastases in-vivo. Proliferative HT29 and HCT-116 tumour cells in
liver metastases were detected using antibodies targeting Ki67, a nuclear protein which is
present only in actively dividing cells (Gerdes et al., 1984). Strikingly, neutrophil depletion
significantly reduced the proportion of Ki67+ cells within HT29 and HCT-116 metastases (Fig.
5.8a,b). Furthermore, proliferation was reduced in HT29MIFshRNA metastases compared to those
developed using the HT29Lenti-ctrl cell line (Fig. 5.8c) and was also reduced in HT29 metastases

from ISO-1-treated mice compared to those administered the DMSO control (Fig. 5.8d).
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Figure 5.8 Neutrophil depletion and MIF inhibition decrease metastatic proliferation

a) HT29 metastases from IgG2a or anti-Ly6G treated mice stained with Ki67 (red) and couterstained
with DAPI. Accompanying bar graph demonstrates results from multuiple tumours in several mice.

b) As for (a) but showing results for HCT-116 hepatic metastases with Ki67* cells in green.
c¢) As for (b) but showing results for mice injected with HT29' i ¢t or HT29MIFshRNA ce|| lines.
d) As for (b) but showing results for HT29 tumour-bearing mice treated with DMSO or ISO-1.

Data presented in bar graphs represent the analysis of at least 5 tumours in up to 5 mice per group.



5.3.6 Inhibition of tumour-derived MIF, or systemic MIF inhibition has no effect on

metastatic apoptosis

Next, the effect of tumour-derived and systemic MIF inhibition on apoptosis in-vivo was
determined by immunohistochemical analysis of hepatic metastases from HT29MIFshRNA
HT29Lenti ctrl or untransfected HT29 cells treated with ISO-1 or the DMSO control. Here, an
immunofluorescence system was used to detect apoptotic cells by labeling and detection of DNA
double strand breaks using the Terminal deoxynucleotidyle transferase dUTP Nick-End
Labeling (TUNEL) method. In keeping with the findings for cultured cells, we found that MIF
inhibition had no effect on the degree of apoptosis within metastatic deposits in either the
MIFshRNA or ISO-1 experiments (Fig. 5.9). The effect of neutrophil depletion on intra-tumoural

apoptosis has not yet been analysed.
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Figure 5.9 Effect of MIF inhibition on apoptosis rate in hepatic metastases

a) HT29tent et gnd HT29MIFshRNA metastases stained with digoxigenin (green) to label apoptotic cells and
couterstained with DAPI (blue). Accompanying bar graph demonstrates results from multiple tumours in

several mice.

b) As for (a) but showing results for HT29 hepatic metastases treated with either DMSO alone or ISO-1
diluted in DMSO.

Data presented in bar graphs represent the analysis of at least 5 tumours in at least 3 mice per group.



5.3.7 Neutrophils are associated with tumour blood vessels and express pro-angiogenic

factors

We had previously noted that both tumour blood vessels and neutrophils were present
within channels formed between islands of metastatic colon cancer cells (Fig. 4.2 and 5.6a).
Therefore, we next performed co-staining of CD146 and Ly6G in HT29, HCT-116 and LoVo
hepatic metastases to determine the spatial relationship between developing tumour blood
vessels and tumour-associated neutrophils. Interestingly, in numerous metastatic regions,
neutrophils were found in close association with tumour blood vessels for all cell lines studied

(Fig. 5.10a).

We next compared the mRNA expression of various angiogenic growth factors in
CD45+/CXCR2* neutrophils FACS sorted from the livers of naive mice, to those from HT29, HCT-
116 or LoVo hepatic metastases (Fig. 5.10b). Of note, various pro-angiogenic, secreted factors
were commonly upregulated in tumour-associated neutrophils relative to those from naive
mice. Specifically, fibroblast growth factor-2 (FGF2), fibronectin and serine protease inhibitor
E1 (SerpinE1) were upregulated at least 10-fold, in neutrophils from the hepatic metastases of
all three cell lines relative to those from naive livers. Multiple factors were upregulated to a
lesser extent (at least 2-fold) in tumour-associated neutrophils, including angiopoietin-2,
angiopoietin-like 3 and 4, granulin, heparanase, midkine, SerpinC1, SerpinF1, and TIMP- 3 (Fig.

5.9b).
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Figure 5.10 Tumour-associated neutrophils are are located near tumour vasculature
and express pro-angiogenic factors

a) Immunohistochemical staining of neutrophils detected using anti-Ly6G (green) and vessels using
anti-CD146 (red) in HT29, HCT-116 and LoVo hepatic metastases counterstained with DAPI

b) Gene array showing the fold change in angiogenic growth factor expression (RNA) in neutrophils
FACS sorted from HT29, HCT-116 and LoVo hepatic metastases relative to those from naive mice.
The red horizontal line indicates a 10 fold change for reference.



5.3.8 Patterns of FGF2 and Ly6G expression in murine hepatic metastasis

To confirm the gene array data demonstrating increased transcription of FGF2 in
tumour-associated neutrophils relative to those from naive liver and validate its expression at
the protein level, immunohistochemical staining for FGF2 and Ly6G (neutrophils) was
performed in HT29, HCT-116 and LoVo tumour-bearing and normal livers. Example images
taken from this experiment are shown in figure 5.11 to demonstrate the various staining
patterns identified. For each cell line, all of the staining patterns demonstrated in figure 5.11

were seen, although for simplicity, only a single example of each staining pattern is shown.

Ly6G positive neutrophils were seen in normal liver (Fig. 5.11a), however these cells
were FGF2 negative, indicating that naive neutrophils express very little FGF2. In contrast, we
saw co-localisation of FGF2 and Ly6G in tumour tissues (Fig. 5.11b-d), indicating that tumour-
associated neutrophils strongly express the FGF2 protein. Various patterns of FGF2 staining
were seen in tumour-bearing livers. In regions of low tumour cell density, suggesting recent or
active cell death (Fig. 5.11b), neutrophils strongly positive for FGF2 were seen, however no FGF
could be seen in the ECM. Furthermore, in such areas, FGF2 expression was only seen in Ly6G
positive cells, indicating that here, neutrophils are the primary source of FGF2 production
within the tumour microenvironment. In more organised areas of metastasis without evidence
of cell death (Fig. 5.11c and d), FGF2 positive neutrophils appeared within a mesh-work of FGF2
expression, which was present between islands of tumour cells in a pattern reminiscent of that
seen for tumour-associated blood vessels (Fig 5.6a and b). This suggests that in such regions of
the tumour FGF2 has been deposited in the ECM, potentially by FGF2-expressing neutrophils.
Finally, in highly organised areas of metastasis (Fig. 5.11e), there were small areas of FGF2

positive staining lining islands of tumour cells, however neutrophils were not present.
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Figure 5.11 Patterns of FGF2 expression in hepatic metastases

Representative images from normal liver (a) and liver bearing hepatic metastases (b-e). Neutrophils
are stained with anti-Ly6G (green), anti-FGF2 (red) and counterstaining with DAPI (blue).

For a detailed description of the findings presented in this figure see the text of section 5.3.8.
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5.3.9 MIF is upregulated in patients with hepatic metastases

Elevated MIF expression has been demonstrated in patients with colon cancer relative
to healthy controls and those patients with colonic adenoma (He et al., 2009)(Shkolnik et al.,
1987), however, the relationship between MIF expression and hepatic metastasis formation in
patients has not yet been studied. ELISA analysis of MIF expression in healthy volunteers,
patients with primary colon cancer and those with hepatic metastasis demonstrated a step-wise
increase in MIF expression with advancing disease (Fig. 5.12a). Furthermore, high MIF
expression was demonstrated in hepatic colon cancer metastases compared to adjacent normal
liver, with MIF expression detectable in 89% of 19 hepatic metastasis tissues studied (Fig.
5.12b). Interestingly, hepatic metastases also contained a significantly greater number of

neutrophils compared to surrounding normal liver (Fig. 5.12c and d).
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Figure 5.12 MIF expression and the presence of neutrophils in human hepatic metastases

a) Serum MIF concentration in 28 healthy control patients, 119 patients with primary colon cancer and
27 patients with colorectal hepatic metastases.

b) MIF expression in normal liver (top) adjacent to hepatic metastatic deposit (bottom) with isotype
control (inset).

c) Neutrophils (CD66b* cells) identified in hepatic colorectal cancer metastases and adjacent normal
liver.

d) Quantification of neutrophil count (as in (c)) in hepatic colorectal metastases and adjacent normal
liver as determined by immunohistochemical staining.

In (a), median values and interquartile range are presented. P-values were determined using the
Mann-Whitney U test. Data in (d) represents the analysis of at least 4 tumour areas in tissues taken
from 10 patients per group.



5.4 Discussion

5.4.1 The role played by MIF in the recruitment of tumour-associated neutrophils

In this Chapter, we have demonstrated elevated expression of multiple human
neutrophil chemoattractants in the serum of tumour-bearing mice relative to that from naive
animals. This indicates that the recruitment of neutrophils to the tumour microenvironment is
an important feature of hepatic metastasis formation, a notion supported by the profound

inhibitory effect of neutrophil depletion on metastatic growth (Chapter 4).

An indication that MIF is responsible for neutrophil recruitment by the colon cancer cell
lines studied here comes from the observation that the livers bearing metastases from cell lines
expressing high levels of MIF (HCT-116 and LoVo) contained a greater number of neutrophils
than livers bearing metastases from cell lines expressing lower MIF levels (HT29) (c.f. Figs 4.4b
and 5.2a). It is also notable that both LoVo and HCT-116 tumour-bearing mouse serum
demonstrated elevated levels of various other neutrophil chemoattractants and so the elevated
hepatic neutrophil count seen in association with hepatic metastases from these cell lines

relative to HT29 metastases may result from the effect of chemokines other than MIF.

Nonetheless, the role played by MIF in the recruitment of neutrophils to HT29 hepatic
metastases is clearly demonstrated, as tumour-specific MIF inhibition using MIFShRNA in HT29
cells, significantly reduced hepatic neutrophil infiltration. Notably, the effect of tumour-derived
MIF inhibition was only tested in the HT29 cell line, as this was the only line that did not
undergo significant apoptosis following lentiviral transfection. Given that other neutrophil

chemoattractants were found in the serum of mice bearing LoVo and HCT-116 metastases (Fig.
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5.1), it is possible that these tumours are capable of recruiting neutrophils even in the absence

of MIF.

Interestingly, although MIF has been clearly demonstrated to act as a non-cognate
ligand for CXCR2 (Bernhagen et al.,, 2007), only recently has its expression been linked to the
recruitment of neutrophils in pathological settings such as cancer and inflammatory arthritis
(Dumitru et al,, 2011)(Santos et al., 2011). Furthermore, the study by Dumitru et al., did not
include in-vivo work, relying instead solely on in-vitro analysis of the effect of MIF on neutrophil
migration, as well as a correlative analysis of MIF expression and CD66b* neutrophil count in
tissues taken from patients with head and neck cancer (Dumitru et al.,, 2011). Thus, ours are the
first experiments linking MIF expression by cancer cell lines to the recruitment of pro-
metastatic neutrophils. As such, we have demonstrated a previously unidentified mechanism

through which MIF may promote hepatic metastasis formation.

5.4.2 Alternative roles for MIF in the hepatic metastatic microenvironment

Aside from chemotaxis, MIF has been demonstrated to possess other biological
functions of potential importance to the progression of cancer. MIF inhibits the activity of p53
(Hudson et al.,, 1999), a protein that plays a key role in the induction of apoptosis in cells
harboring DNA damage or oncogenic mutation (Lane, 1992). Indeed, treatment of both
macrophages and fibroblasts with MIF overcame p53-dependent apoptosis, whilst MIF
treatment bypassed p53-mediated growth arrest through the interference of p53-dependent
transcription, as indicated by a reduction in p53 transcriptional targets p21 and Bax (Hudson et
al, 1999). In support of these findings, cultured fibroblasts from MIF-/- mice displayed
increased sensitivity to contact inhibition, entering a state of senescence sooner than fibroblasts

from wild-type mice (Fingerle-Rowson et al.,, 2003)(Petrenko et al., 2003). This effect was
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reversed upon simultaneous knockout of p53 in MIF-/- fibroblasts, directly implicating p53 in
the inhibition of cell growth in MIF-/-cells. Finally, chemically induced fibrosarcomas in wild-
type mice grew faster and with greater mitoses than those in MIF-/- mice (Fingerle-Rowson et

al,, 2003), indicating a direct link between MIF expression and tumour cell proliferation.

Interestingly, MIF also prevents apoptosis in cells by promoting the expression of
oncogenes such as ras and myc, in a pathway involving members of the E2F protein family
rather than p53 (Petrenko et al,, 2003). Thus, ras and myc mutant cells co-expressing mutant
p53 entered a state of growth arrest upon MIF inhibition, whilst those expressing wild-type p53
became apoptotic (Petrenko et al., 2003). This indicates that MIF’s suppression of apoptosis in

tumour cells, as well as in non-immortalised cells is p53 dependent.

Interestingly, LoVoMIFshRNA cells demonstrated an increase in the number of both early
and late apoptotic cells relative to LoVolentictrl cells. Similarly, it proved impossible to culture
HCT-116MIFshRNA cells, as although HCT-116Lentictil cells were sufficiently resistant to the selection
antibiotic, addition of a matched antibiotic concentration to the media of HCT-116MIFshRNA
transfected cells resulted in rapid cell death, indicating that this cell line may be more sensitive
to MIF inhibition. Both LoVo and HCT-116 cell lines are p53 wild-type, whereas HT29 - a cell
line that did not appear to undergo significant apoptosis in response to MIF inhibition - is p53
mutant (Gayet et al., 2001)(Cottu et al,, 1996). The in-vitro findings are further supported by
the analysis of mouse livers following HT29MIFshRNA oy HT29Lent cul ce]] line injection; hepatic
metastases from these cells demonstrated no difference in apoptosis, with similar findings for
[SO-1 and DMSO-treated animals bearing HT29 hepatic metastases. It appears that HT29 cells
may therefore be relatively protected from apoptosis caused by MIF inhibition due to their

mutant p53 status, whereas this is not the case for LoVo or HCT116 cells. Our data is therefore
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in keeping with the aforementioned studies demonstrating a relationship between the functions

of MIF and p53.

MIF has also been demonstrated to promote the proliferation of a variety of cell types,
through multiple means including activation of the ERK and STAT pathways (Ohta et al,
2012)(Lue et al, 2007). Furthermore, inhibition of endogenous MIF expression through
lentiviral knockdown and exogenous MIF activity by ISO-1 treatment inhibited the proliferation
of neural stem cells (Ohta et al., 2012), lung epithelia (Marsh et al., 2009), glioblastoma (Piette
et al., 2009) and prostate cancer cells (Meyer-Siegler et al., 2006). We have yet to analyse the
possible anti-proliferative effect of MIF inhibition in-vitro. However, both HT29MIFshRNA gnd [SO-
1-treated HT29 metastases displayed a significant reduction in proliferation when compared
with HT29Lentictrl or HT29-DMSO-treated metastases respectively, indicating that MIF may also

promote the proliferation of tumour cells in the hepatic microenvironment.

Importantly, exogenous MIF activates cell signaling pathways involved in proliferation
through interaction with the cell surface molecule CD74 (Lue et al., 2006), rather than through
the CXC chemokine receptors responsible for its chemotactic activity. 1SO-1, the small molecule
inhibitor of MIF used in our experiments has been extensively reported in the research
literature. It antagonises the intrinsic tautomerase activity of MIF and in doing so inhibits TNF
secretion from macrophages and increases murine survival in sepsis models such as caecal
ligation and puncture (Al-Abed et al., 2005)(Dabideen et al.,, 2007). Nonetheless, it is not clear
whether [SO-1 inhibits the chemotactic activity of MIF for neutrophils. Interestingly, a recent
analysis of several novel MIF inhibitors - the majority of which inhibited MIF tautomerase
activity - demonstrated that all inhibitors produced a negative effect on cellular proliferation,

however, only one of the molecules simultaneously inhibited the chemotactic effect of MIF
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(Ouertatani-Sakouhi et al., 2010). Thus, MIF inhibitors may show selectivity with regards to the
specific MIF function that they inhibit. In keeping with this observation, our data indicates that
ISO-1 blocked MIF-dependent proliferation, but failed to inhibit chemotaxis of neutrophils to
the metastatic niche, as HT29 tumours in ISO-1-treated mice displayed a similar neutrophil
infiltrate to those treated with the DMSO control, despite significantly more proliferative

tumour cells in the later.

5.4.3 A role for neutrophils in the promotion of hepatic metastatic angiogenesis

Several lines of evidence presented here link tumour-associated neutrophils to the
promotion of metastatic angiogenesis. Initially, we identified a significant reduction in the
percentage of tumour area staining positive for the vascular markers CD31 and CD146 in
neutrophil-depleted HT29 and HCT-116 metastases compared to metastases in control mice.
This indicates that blood vessel density is reduced in neutrophil-depleted tumours and that
neutrophils may therefore contribute to angiogenesis in this setting. Strikingly, vasculature was
also reduced in HT29MIFshRNA compared to HT29Lenti cul tumours, in keeping with reduced
neutrophil infiltration in the former, whilst in ISO-1-treated HT29 tumours (which showed no
reduction in neutrophil infiltration), there was no change in metastatic blood vessel density
compared to mice given the DMSO control. Interestingly, HT29 and HCT-116 metastases devoid
of neutrophils demonstrated reduced proliferation compared to metastases developed in
control mice. This may be an indirect consequence of reduced tumour angiogenesis in the
former, or because tumour-associated neutrophils have a direct growth promoting effect on

tumour cells.

The research by others has demonstrated altered gene expression in neutrophils taken

from the tumour microenvironment relative to those from normal tissue (Fridlender et al,,
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2012)(Shojaei et al., 2007). We also performed gene expression analysis in naive and tumour-
associated neutrophils, but limited our analysis to genes involved in the regulation of blood
vessel growth, given that neutrophil depletion inhibited tumour blood vessel formation and that
tumour-associated neutrophils were found in close proximity to tumour blood vessels.
Fascinatingly, neutrophils associated with hepatic metastases from all cell lines studied
displayed elevated expression of several genes whose protein products have previously been

shown to be involved in the promotion of angiogenesis relative to neutrophils from naive mice.

One of the most highly up-regulated genes demonstrated in tumour-associated
neutrophils was FGF2. The FGF2 protein is directly mitogenic for endothelial cells in-vitro
(D’Amore and Smith, 1993), as well as being capable of promoting tumour vascularisation
through synergistic activity with both platelet-derived growth factor (PDGF) (Cao et al,
2003)(Nissen et al,, 2007) and VEGF (Asahara et al., 1995)(Kano et al., 2005). Interestingly, the
murine FGF2 protein exists as three isoforms of varying molecular weight (18, 22 and 22.5 kD),
with the smallest isoform being the only secreted form and therefore the only one capable of
promoting angiogenesis (Liao et al., 2009). FGF2 signaling requires that FGF2 molecules bound
to HSGAGs make contact with FGF-receptors, enabling receptor dimerisation with resultant
trans-phosphorylation of intracellular tyrosine kinase domains and thereby signal transduction
(Spivak-Kroizman et al., 1994)(Plotnikov et al., 1999). The binding of FGF2 to HSGAGs and
thereby its deposition within the ECM are thus important for the pro-angiogenic function of

FGF2.

Importantly, we have confirmed the presence of FGF2 expression at the protein level in
tumour-associated neutrophils through immunohistochemical staining. Fascinatingly, we were

also able to identify various patterns of FGF2 staining in relation to the presence of tumour-
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associated neutrophils. It is difficult to draw any clear conclusions from the
immunohistochemical analysis of hepatic metastasis tissues taken at a single time-point in the
evolution of metastatic development. However, our data points to a specific sequence of events
whereby neutrophils - recruited to the tumour in response to MIF - promote angiogenesis
through deposition of FGF2 within the ECM. Thus, the immunohistochemistry images
presented in figure 5.11 suggest that FGF2-expressing neutrophils may be preferentially
recruited to sites of tumour cell death, as they appear at high frequency in such regions (Fig.
5.11b), as opposed to in regions where there is no evidence of cell death (Fig. 5.11e). We
speculate that this may result from the release of inflammatory and perhaps hypoxic mediators
in the wake of tumour cell death or hypoxia. Indeed, colon cancer cells grown in chronic
hypoxic conditions express high levels of MIF (Yao et al,, 2005) and it is therefore possible that
the recruitment of FGF2-expressing neutrophils to the tumour microenvironment is directly

linked to the expression of MIF by hypoxic tumour cells.

As well as demonstrating significant FGF2 expression within tumour-associated
neutrophils, our immunohistochemical analysis showed that FGF2 is also expressed in a
network pattern throughout tumours (Fig. 5.11c and d). Although we are yet to perform
immunolabeling for CD31 and FGF2 concurrently, the FGF2 network is in a similar position
within the tumour microenvironment to both developing blood vessels and ECM proteins such
as collagen IV and laminin aV (my unpublished work from another project, Supplementary Fig.
1). This staining pattern has been previously demonstrated in studies of various epithelial
tissues, which show FGF2 deposition within the basement membrane of the normal intestine,
kidney and skin (Gonzalez et al., 1990) as well as that of blood vessels (Cordon-Cardo et al,,
1990). In our study, FGF2 positive neutrophils were demonstrated within these FGF2 networks
and neutrophils were also demonstrated in regions of developing tumour vasculature (Fig.

5.10a). Considering these findings together, it is possible that neutrophils secrete FGF2, which
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is deposited within the tumour ECM in order to promote the migration and proliferation of

endothelial cells within the tumour microenvironment and thereby drive angiogenesis.

Given the possibility that FGF2 deposition within the ECM is important for angiogenesis,
it is interesting to consider that we have also demonstrated elevated expression of various
genes involved in the regulation of ECM turnover in tumour-associated neutrophils.
Neutrophils may therefore promote tumour angiogenesis in this setting directly through FGF2
production and through some indirect effect on the ECM. Indeed, SerpinE1, which was highly
expressed by tumour-associated neutrophils promotes ECM deposition through inhibition of
proteinases such as those of the MMP family (Oh et al., 2002)(Krag et al., 2005). Heparinase -
an enzyme responsible for breakdown of HSGAGs commonly found in the ECM - was also
expressed at high levels by tumour-associated neutrophils. At present, a potential relationship
between serpinE1l and tumour angiogenesis has not been studied in the research literature.
Heparinase, however, is a highly angiogenic protein of significant relevance to cancer
progression. Transgenic mice over-expressing heparinase, for example displayed increased
mammary vasculogenesis (Zcharia et al., 2004), whilst lymphoma cells transfected with a
heparinase over-expression vector developed highly vascular, spontaneous hepatic metastases
following subcutaneous tumour cell injection (Goldshmidt et al.,, 2002). Although it is not yet
clear whether the pro-angiogenic function of heparinase results from its ability to release
HSGAG-bound FGF2, it is notable that tumour-associated neutrophils express both the FGF2
protein and a gene in heparinase whose protein product potentially plays a role in FGF2
signaling. This suggests that promotion of FGF2 signaling is important for the pro-metastatic
effect of tumour-associated neutrophils and it will therefore be interesting to analyse the effects

of FGF2 inhibition on hepatic metastasis development in forthcoming experiments.
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CHAPTER 6. Concluding Remarks

The aims of this research project were to identify immune cell populations recruited to
the hepatic metastatic environment in response to tumour-derived chemokines and to
determine whether such populations are capable of promoting metastatic growth. Throughout
this thesis, we have presented significant experimental evidence demonstrating the recruitment
of various immune cell subsets to the tumour-bearing liver. Importantly, the nature of the
immune cell infiltrate appeared to be closely related to the tumour cell chemokine profile,
suggesting that tumour-derived chemokines promoted the recruitment of specific immune cell
subsets. Indeed, human colon cancer cell lines broadly expressed neutrophil chemoattractants
and metastases developed using these lines were associated with neutrophil infiltration.
Meanwhile, murine colon and lung cancer cell lines expressing CCLZ recruited CCR2+*
monocytes. This data was supported by the results of experiments in which inhibition of
tumour-derived chemokines suppressed the recruitment of specific immune cell subsets and
delayed metastatic progression. Although the work of others has linked MIF expression to the
progression of colon cancer (He et al., 2009), ours is the first work to identify MIF as a tumour-
derived chemokine responsible for metastatic development through the recruitment of
neutrophils. We are also the first to demonstrate the importance of the CCL2/CCR2 axis in the
recruitment of pro-metastatic monocytes to the hepatic metastatic microenvironment (Zhao et

al, 2013).

Interestingly, cell types with significantly different immunological functions - such as
the neutrophils and monocytes identified throughout our experiments - may promote
metastatic progression through effects on the same process, namely angiogenesis. Thus, here
we have demonstrated a reduction in hepatic tumour blood vessel density in mice depleted of

neutrophils, as well as elevated expression of various pro-angiogenic genes in tumour-
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associated neutrophils compared to those from naive liver. Similarly, unpublished experiments
performed in our lab have found that vessel density is significantly reduced in MC38 tumour-
bearing CD11b-DTR mice treated with DT, compared to vehicle control-treated animals,
indicating that tumour-associated monocytes also promote angiogenesis. The similar effect on
angiogenesis for models in which different immune cell subsets are depleted could be explained
by the ability of tumour-derived chemokines to polarise ‘plastic’ immune cell populations, as
has been demonstrated for both macrophages (Mantovani et al, 2002) and neutrophils
(Fridlender et al.,, 2009). In effect, the tumour may be indiscriminate about the cell type that is
recruited to the metastatic microenvironment, as long as it can be polarised to a pro-angiogenic
phenotype. Future work in our laboratory will attempt to characterise the microenvironmental
factors that promote the pro-metastatic phenotype of various immune cell populations, in the
hope of gaining a better understanding of this process as well as identifying new therapeutic

targets.

6.1 Limitations of our research

Throughout the course of our experimentation, we modeled hepatic metastasis
development by injecting tumour cells into the spleen prior to performing splenectomy. In this
method, tumour cells enter the liver via the hepatic portal vein in a manner analogous to their
presumed route from primary colon cancers in human pathology. Interestingly, although it is
likely that hepatic metastases develop following migration of tumour cells via the hepatic portal
vein in humans with gastrointestinal tumours, this is yet to be conclusively proven. Although
this model has the advantage of generating reproducible metastatic disease within a short time
frame, it has significant shortcomings, which may affect its relevance as a model for the

development of metastasis in humans.
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For example, the delivery of a concentrated bolus of tumour cells is likely to result in
adverse haemodynamic and inflammatory effects within the liver and is unlikely to be in
keeping with the way in which hepatic metastases develop in humans. In our experience, the
few mice that became unwell within 48 hours of intrasplenic injection developed fulminant
hepatic failure evidenced at post mortem examination. This suggests that the procedure has the
potential to cause hepatic damage, which may affect the subsequent metastatic process. The
fact that splenectomy is performed following tumour cell injection is also likely to have
significant implications for murine immunity. The spleen is a potential site for extramedullary
haematopoiesis of monocytes and neutrophils (Swirski et al., 2009)(Cortez-Retamozo et al,,
2012) during times of pathological stress such as cancer development. Indeed, in a primary
lung cancer model, splenectomy impaired the accumulation of tumour-associated macrophages
and neutrophils and delayed tumour progression (Cortez-Retamozo et al,, 2012). It is therefore
possible that splenectomy has a negative effect on hepatic metastasis formation, an effect that

cannot be taken into account by our model.

The tumour cell bolus effect and the issues caused by splenectomy could be avoided by
using transgenic mouse models, or by orthotopically implanting colon cancer cells into the
intestine. In such models, mice would have to develop spontaneous hepatic metastases to be of
value for our research. Currently, there are no transgenic models of primary colon cancer that
result in reliable hepatic metastasis formation (Taketo and Edelmann, 2009). Furthermore,
despite the fact that other research groups have demonstrated spontaneous hepatic metastasis
formation following the intracaecal implantation of various cancer cell lines (Zhang et al.)(Calon
et al,, 2012), in our hands the technique yielded only sporadic pulmonary and lymph node
metastases, with little evidence of hepatic metastasis for MC38, HT29 and HCT-116 cell lines

(results not shown).

195



Finally, the use of immunocompromised, SCID mice for an analysis of the relationship
between the immune system and hepatic metastasis development is not ideal. The phenotype
of the CB-17-SCID mice used in this study is of T- and B-cell absence, but normal NK cell
function (Shultz et al., 2007). The use of this mouse strain enabled us to reproducibly develop
hepatic metastases using human cell lines and in doing so study the role of cells of the innate
immune system within the metastatic microenvironment. As such, we have obtained a better
understanding of the biology of human colon cancer metastasis than the study of murine colon
cancer cell lines alone would have allowed. However, the used of SCID mice ignores the effect
that T-cell subsets may have on hepatic metastasis development, in terms of both their likely
cytotoxicity towards tumour cells and their interaction with other cells within the tumour

microenvironment.

It is therefore vital to support the data obtained from our animal models with an
analysis of patient specimens, in order to ensure that our data is of clinical relevance. Where
possible, we have attempted to do this. We have analysed human hepatic metastasis tissues for
immune cell infiltration and have determined the chemokine concentration within serum
samples from patients with primary and disseminated colon cancer. The concentration of both
MIF and CCL2 were higher in the serum from patients with hepatic metastases compared to that
from patients with primary cancer alone (Chapter 5 and (Zhao et al., 2013)). Furthermore,
neutrophils were found to infiltrate hepatic metastases to a greater degree than the normal
surrounding liver, potentially suggesting their active recruitment to the tumour
microenvironment. Nonetheless, we are yet to perform experiments demonstrating a
correlation between the infiltration of specific immune cell subsets within human metastases
and the expression of various chemokines. Indeed, it will be important to demonstrate such
links if we are to provide an argument for the inhibition of certain chemokines in order to

impair the recruitment of pro-metastatic immune cell types in cancer patients.
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6.2 The potential clinical relevance of our data

Whilst it would be naive to believe that we can draw direct comparisons between the
work presented here using animal models and clinical practice, it is important to consider
whether our data has progressed the understanding of human cancer and whether in doing so
we have identified any potential therapeutic targets. The data presented in Chapter 3 points to
the importance of the CCL2-CCR2 signaling axis in the recruitment of pro-metastatic monocytes
to the tumour microenvironment. Given these findings and that there is significant research
evidence demonstrating a pro-metastatic role for tumour-associated monocytes/macrophages
in other tumour types (Pollard, 2004)(Siveen and Kuttan, 2009)(Sica et al., 2008), it is possible
that targeting such cells will be of clinical benefit to patients with colon cancer metastasis.

However, the ideal methods of tumour-associated immune cell targeting are unclear.

Various potential methods include immune cell depletion, inhibition of
chemokine/chemokine receptor signaling, re-education of pro-metastatic, polarised immune
cells or targeting of the downstream effects of immune cells. Although in our models depletion
of monocytes or neutrophils resulted in a significant inhibition of metastatic growth, it is
unlikely that immune cell depletion will be a feasible option in humans, as such techniques are
likely to put patients at risk of life-threatening infection. Re-education of immune cells and the
targeting of their downstream effects have not been studied in this thesis, however these areas
are currently under investigation in our laboratory. Our current research does, however
indicate that inhibition of chemokine/chemokine receptor signaling could provide a growth-

inhibitory effect in patients.

Our data suggests that targeting the CCL2/CCR2 receptor axis may provide a temporary,

albeit limited metastasis-inhibitory effect. Nonetheless, data from the first trials targeting
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CCL2/CCR2 in cancer patients using a monoclonal antibody to CCL2 (Carlumab) have
demonstrated disappointing results (Pienta et al., 2013)(Sandhu et al., 2013). In the first trial,
Carlumab transiently suppressed CCL2 concentration in patients with a variety of solid
tumours, but levels rapidly succeeded the pre-treatment values once therapy was stopped
(Sandhu et al, 2013), indicating that if it is to be effective, Carlumab will need to be
administered on a long-term basis. In the second trial, Carlumab was well tolerated but
provided no treatment benefit for patients with castrate-resistant prostate cancer (Pienta et al.,
2013). The inherent redundancy of the chemokine-receptor network may underlie the failure
of such agents that target single chemokines. As a case in point, in addition to CCL2, CCL7 and
CCL8 are chemotactic ligands for the CCR2 receptor (Balkwill, 2004). Interestingly, CCL7
provided as equal a contribution to CCR2* inflammatory monocyte recruitment as CCL2 in the
setting of bacterial infection (Jia et al., 2008) and is expressed at elevated levels in the hepatic
metastases of colon cancer patients (Cho et al., 2012). Inhibition of CCL2 alone is therefore
unlikely to reduce the recruitment of pro-metastatic CCR2+ monocytes in patients whose

tumours strongly express both CCL2 and CCL7.

We have also investigated the value of MIF inhibition as a treatment method for hepatic
metastasis. Indeed, MIF inhibition successfully delayed the growth of HT29 metastases through
a range of potential mechanisms including the inhibition of neutrophil recruitment, making it a
promising potential therapeutic target. However, the fact that both HCT-116 and LoVo cells
expressed potent neutrophil chemoattractants in addition to MIF, suggests redundancy in the
human tumour-derived chemokine profile, indicating that these cell lines would be capable of
neutrophil recruitment even if MIF were inhibited. This scenario appears similar to that
described in the previous paragraph, again indicating significant redundancy in chemokine

expression profile expression of cancer cells.
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As well as demonstrating the expression of multiple chemokines with overlapping
functions by single cell lines, our work with human colon cancer cells indicates that there is
significant heterogeneity in chemokine expression between cell lines. This in turn suggests that
there is likely to be significant heterogeneity in the chemokine expression profile of populations
of cancer patients. Currently, no studies have analysed the expression of multiple chemokines
in populations of patients with hepatic metastasis and so the degree of chemokine redundancy
and heterogeneity in expression levels in such groups are unclear. Furthermore, there is no
published evidence confirming the efficacy of MIF inhibition in cancer patients, although a
monoclonal antibody to MIF is currently being trialed in patients with various solid tumours

(www.clinicaltrials.gov NCT01765790).

In conclusion, our results indicate that immune cells of various lineages play a
significant role in the development of hepatic metastasis for a range of different cell lines. To
advance this work and determine its relevance to cancer patients, it will be important to gain a
greater understanding of the interplay between cancer and immune cells in human hepatic
metastases. Specifically, this will include acquiring an in depth knowledge of the various
chemokine expression profiles displayed by cancer patients, as these molecules are the key
regulators of tumour-associated immune cell recruitment and the variation in immune cell
infiltrate seen between cancer patients. Indeed, our data suggests that the focus may need to
move away from targeting single chemokines in populations of cancer patients and towards a
patient-centered, individualised approach, in which serum is screened for various chemokines

to enable selection of appropriate chemokine inhibitors.
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Supplementary Figure 5.11 ECM staining patterns in murine hepatic metastases

Immunolabeling performed for collagen IV (red) and laminin (green) with DAPI counterstaining in HT29,
HCT-116 and LoVo metastases as well as normal SCID mouse liver.

The patterns demonstrated are similar to that shown for FGF2 staining in Fig. 5.11 suggesting that
FGF2 resides in close association with key ECM proteins found within the tumour.
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