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Abstract

Colorectal cancer (CRC) is the third most common cancer worldwide. Despite
improvements in the overall 5-year survival rate, success has not been reflected in those
over 75-years of age or those diagnosed with advanced stages of the disease. It has been
proposed that a targeted, triggered drug-delivery system would optimise drug delivery to

tumours, a fundamental yet difficult requirement for the effective treatment of cancer.

Microbubbles (MBs), 2 um in diameter and consisting of a lipid stabilised gas core, were
engineered to carry a low dose payload of the chemotherapy prodrug irinotecan and
subsequently its active metabolite SN38. These drug-loaded MBs were termed therapeutic
MBs (thMBs) and were specifically targeted to tumour vasculature using the pro-
angiogenic receptor expressed by endothelial cells, vascular endothelial growth factor
receptor-2 (VEGFR2). Once injected (intravenously), a short, low-frequency pulse of
ultrasound (US) was deployed externally to the tumour and used as a ‘trigger’ to destroy
the thMBs, releasing the drug at the target site and increasing intracellular drug delivery to

the tumour tissue.

A liquid chromatography tandem mass spectrometry method was developed and validated
to determine concentrations of irinotecan and/or SN38 and their metabolites from murine
CRC xenograft tumours, tissues and blood. Pharmacokinetic studies were performed to
compare biodistribution after multiple doses of thMBs to normal delivery methods.
Irinotecan thMBs enhanced tumour drug accumulation and/or retention and increased
efficacy compared to free drug. The more potent SN38 was then investigated in vitro, and
thMB drug delivery was developed for the more efficient treatment of CRC in vivo. SN38
thMBs resulted in 93% tumour growth inhibition compared to the control and drug was
detected in tumour tissues 72-hours post final treatment, with significant tumour

pharmacodynamic response determined.

Finally, an orthotopic murine model of human CRC liver metastases was established using
US guided injection to offer a novel, minimally-invasive model of advanced disease for

more translatable pre-clinical testing of anti-cancer agents.
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Chapter 1

Introduction



1 Introduction

1.1 Colorectal cancer

Colorectal cancer (CRC) is the fourth most commonly diagnosed cancer within the UK,
accounting for 12% of all new cancers cases (Cancer Research UK, cancerresearchuk.org,
accessed March 2018). Survival rates have more than doubled in the last 40 years but five-
year survival is still less than 60% and it is the second most common cause of cancer-
related death in the UK (Cancer Research UK, cancerresearchuk.org, accessed March
2018). Worldwide, over a million people are diagnosed each year with rates highest in the
more developed countries. Occurrence is strongly associated with age with 83% of cases
diagnosed in those over 60 (Arnold et al., 2017). Treatment in the elderly is especially
challenging; surgery is high risk and chemotherapy has increased risk of toxic side effects,
often complicated by other chronic health conditions (Balducci and Extermann, 2000;
Marosi and Koller, 2016). Despite improvements in the overall 5-year survival rate, success
has not been reflected in those over 75-years of age (Cancer Research UK,
cancerresearchuk.org, accessed March 2018) and with an increasingly aging population,

rates of CRC are set to rise.

Liver metastasis is the leading cause of death for patients diagnosed with CRC. Early
diagnosis of CRC (Stage I) has a 5-year survival rate of 98%, in comparison to late stage
(Stage 1IV) where this falls to just 8% (Cancer Research UK, cancerresearchuk.org, accessed
March 2018). More than 50% of those diagnosed with CRC will go on to develop liver
metastases during their lifetime. Surgical resection of metastases are recommended (if

feasible), however 70% will go on to experience recurrence (Tomlinson et al., 2007).

This chapter will review the development of CRC, current treatments and challenges. The
role of nanomedicine and drug delivery systems as novel therapies will be introduced and
the use of in vivo imaging, specifically ultrasound (US) which can be used theranostically
with thMBs to enhance drug delivery. Finally, the need for superior models of CRC will be
highlighted, in order to improve and accelerate the pre-clinical phase of novel drug

development for more rapid translation to the clinic.

1.2 CRC development and disease progression

1.2.1 Risk factors and prevention

Age is strongly related to CRC risk with 94% of cases diagnosed in those over 50-years of

age in the UK (Cancer Research UK, cancerresearchuk.org, accessed March 2018). 5-10% of
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those are thought to have been due to hereditary conditions (Jackson-Thompson et al.,
2006). Familial adenomatous polyposis (FAP) is caused by mutations in the tumour
suppressor gene adenomatous polyposis coli (APC) which accounts for 1% of all cases
(Eshghifar et al., 2017; Aoki and Taketo, 2007). Hereditary nonpolyposis colorectal cancer
(HNPCC) is caused by mutations in the DNA repair MLH1 and MLH2 genes, and accounts
for 2-6% of cases (Jarvinen et al., 2000; Lynch and Lynch, 2000).

Environmental risk factor such as diets high in fat and animal protein and low in fibre,
obesity, reduced physical exercise, smoking and high alcohol intake are all associated with
increased CRC risk (Boyle and Langman, 2000; De Jong et al., 2005; Zisman et al., 2006;
Ratna and Mandrekar, 2017).

The vast majority of CRC cases are preventable by dietary changes, regular physical
exercise and maintaining a healthy body weight, all of which combined with early
screening programmes could pick up CRC in the early stages where successful outcomes

are high (Haggar and Boushey, 2009; Marley and Nan, 2016).

1.2.2 Tumorigenesis

CRC develops via a multistep process, involving morphological and genetic changes which
have been estimated to accumulate over 5-10 years (Kozuka et al., 1975)(Figures 1.1 and
1.2). These changes occur in adenomas, benign, precancerous growths protruding into the
intestinal lumen. Adenomas are precursor lesions and can form anywhere along the colon
and rectum, but only a small fraction will go on to acquire malignancy, therefore early

detection and resection are vital to the prevention of CRC development.

Fearon and Vogelstein were the first to define the multistep genetic hypothesis, from the
early adenoma to carcinoma and finally metastasis (Fearon and Vogelstein, 1990). As the
adenoma increases in size, genetic and epigenetic changes may occur and accumulate. The
cancer cells may then proceed to invade nearby tissue and/or the wall of the

colon/rectum, with metastasis the final stage of the multistep process (Figure 1.2).

It has been discovered that CRC arises from single or multiple genetic or epigenetic events,
chromosomal instability, CpG island methylator phenotype and microsatellite instability
(Tarig and Ghias, 2016; Pancione et al., 2012). The most common mutations in CRC include
those in APC, catenin-B1, KRAS, BRAF, SMADA4, transforming growth factor-f3 receptor 2,
TP53, phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit-a, AT-rich
interactive domain 1A, SRY (sex- determining region Y) box 9 (SOX9), family with sequence

similarity 123B and ERBB2 (Figure 1.1). Mutations in these genes instigate tumorigenesis



APC NRAS
L
Adenoma - cancer KR,AS SM6D4 TP,53
(CIN and MSI X \ \
in Lynch syndrome) —= E =
Normal epithel WNT signalling MAPK signalling [
LRP5 e PI3K signalling || G5 signatling | "
— FZD10 e PTEN ‘ LR ‘ p53 signalling
SFRP PI3KCA 1
FAM1238 ERpEZ
Serrated polyps —~cancer
(CIMP and
sporadic MSI)
L
CTNNB1 KRAS
BRAF PIK3CA
\ \

Figure 1.1 The sequence of events promoting adenoma to carcinoma.

A schematic showing the multistep carcinogenic progression from adenoma to carcinoma (primary
tumour). The signalling pathways altered during the sequence are shown in bold with the genes
responsible given for each. APC, adenomatous polyposis coli; CIN, chromosomal instability; CTNNB1,
catenin-B1; FAM123B, family with sequence similarity 123B (also known as AMER1); FZD10, frizzled
class receptor 10; LRP5, low-density lipoprotein receptor-related protein 5; MAPK, mitogen-
activated protein kinase; MSI, microsatellite instability; PI3K, phosphatidylinositol 3-kinase; PI3KCA,
phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit-a; PTEN, phosphatase and tensin
homologue; SFRP, secreted frizzled-related protein; SMAD4, SMAD family member 4; TGFj,
transforming growth factor-f; TGFBR2, TGFp receptor 2. Taken from (Kuipers et al., 2015).
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Figure 1.2 Progression of CRC carcinoma to liver metastases.

A schematic showing the progression from carcinoma (primary tumour) to formation of liver
metastases. Cancer cells from the primary tumour of the colon or rectum invade, intravasate,
survive the circulatory system, extravasate and colonise at a distant site. Drainage of the intestinal
mesentery veins into the hepatic portal vein, allows cancer cells from the primary tumour to be
transported to secondary sites in the liver, the most common site of secondary metastasis. Less
than 0.01% of circulating cancer cells will manage to form metastases. Created using Smart Servier

Medical Art (https://smart.servier.com/).
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by altering important signalling pathways (WNT—B-catenin, epidermal growth factor—
mitogen-activated protein kinase, phosphatidylinositol 3-kinase and TGFB), or by modifying
genes which control DNA repair and cell proliferation (Kuipers et al., 2015; Tariq and Ghias,
2016). More recently, CRC has been subtyped according to the mutations present and this
classification system may be used to target therapy and predict treatment outcomes
(Dienstmann et al., 2017; Guinney et al., 2015). For example, anti-epidermal growth factor
receptor (EGFR) therapy is inefficient in CRCs with mutations in codon 12 and 13 of KRAS
(Knickelbein and Zhang, 2015).

1.2.3 Tumour angiogenesis

Tumours can reach a volume of 1-2 mm? before they must recruit blood vessels to sustain
further growth (Folkman, 1971; Muthukkaruppan et al., 1982). This process is known as
the angiogenic switch and is a critical hallmark of tumour development (Hanahan and
Weinberg, 2000). Hypoxia is a key driver of tumour angiogenesis, with oxygen deprived
cancer cells releasing vascular endothelial growth factor-A (VEGFA) which binds to vascular
endothelial growth factor receptor-2 (VEGFR2) expressed on the surface of endothelial
cells in close proximity to the tumour. This stimulates vascular sprouting and the formation
of a vascular network to deliver oxygen and nutrients to the cancer cells for further growth
and progression. However, tumour vasculature is abnormal, tortuous and leaky, resulting
in high interstitial pressure and ultimately limits tumour drug uptake (Heldin et al., 2004).
Anti-angiogenic drugs targeting VEGF/VEGFR2 have been proven effective for metastatic
CRC, however long term use can result in more aggressive metastatic cancers (Battaglin et

al,, 2018)

1.2.4 Invasion-metastatic cascade

For metastasis to take place, a sequence of events known as the invasion-metastatic
cascade must occur. This is a multistep process and the mechanisms which drive
metastasis are not fully understood. Cancer cells invade, intravasate, survive the
circulatory system, extravasate and colonise at a distant site (Mina and Sledge, 2011). Less
than 0.01% of circulating cancer cells will manage to successfully colonise a foreign
microenvironment, and is considered the most difficult of the five steps (Fidler, 1970;
Chambers et al., 1995). Many cancer cells will remain dormant in their new environment
or cannot instigate the angiogenic switch need for tumour development (Barken et al.,

2010; Naumov et al., 2006).



For those patients that present with CRC metastases, 70% are found in the liver, followed
by the thorax (32-47%)(Riihimaki et al., 2016). This may be due to the drainage of the
intestinal mesentery into the hepatic portal venous system, allowing cancer cells from the
primary tumour to be transported via hematogenous dissemination to secondary sites in
the liver. Blood from the liver is then pumped to the lungs via the heart and hence the
second most common site of metastasis is the thorax (Riihimaki et al., 2016; van der Geest

etal., 2015).

Sites of metastases are not random, Paget’s Seed and Soil Hypothesis (1889) first proposed
cancer cells (seeds) had a preference for particular microenvironments or organs (soil) they
metastasise to (Paget, 1889). Metastases would not form by chance, only when the ‘seed’
found its optimal ‘soil’. Others disputed this, the Anatomical — Mechanical Hypothesis, that
vascular and lymphatic drainage from the primary tumour site was responsible for
metastases formation in the first organ it passes (Ewing, 1928). It is generally accepted that
either mechanism (or both) plays a role depending on the placement of the primary

tumour (Langley and Fidler, 2011; Fidler, 2003).

1.2.5 Progression of liver metastasis

Once a single cancer cell manages to intravasate and escape the primary tumour,
negotiate the circulatory system, and lodge itself in a hepatic sinusoid, the process of liver

metastasis has begun (Mook et al., 2008).

The liver sinusoid consists of sinusoidal endothelial cells, Kupffer cells, hepatic stellate cells
and pit cells, all of which play a role in CRC liver metastases development (Paschos et al.,
2014). A single layer of sinusoidal endothelial cells line the sinusoids, separated from the
hepatocytes by the Space of Disse (De Leeuw et al., 1990). Sinusoidal endothelial cells have
demonstrated both a preventative and a metastatic aiding role. They are able to rapidly
remove and degrade autotaxin from the circulation, an enzyme which promotes the

invasive properties of cancer cells (Jansen et al., 2009).

Cancer cells must attach to the sinusoidal endothelial cells via selectins and later form
stronger integrin mediated tumour cell adhesions in order to resist the flow of blood and
keep in position (Mook et al., 2008). Under the influence of cytokines, sinusoid endothelial
cells may express E-selectin, an adhesion molecule which encourages cancer cell adhesion

and extravasation (Khatib et al., 1999).

The first line of defence are the immune cells in the form of Kupffer cells (macrophages)

and pit cells (liver-associated natural killer cells), which work together to remove cancer



cells (Timmers et al., 2004; Langers et al., 2012). However, they can become saturated with
increasing numbers of malignant cells arriving in the sinusoids (Bayodn et al., 1996). If
cancer cells evade the immune system and form a strong adherence to a sinusoidal
endothelial cell, they are very quickly able to migrate through endothelial pores into the
Space of Disse and within 48-hours they reach the hepatocytes and begin developing into a
micrometastases (Shimizu et al., 2000). The progression from micro to macrometastases
takes weeks to months, or potentially they may lie in a dormant state for a long period of
time (Panis et al., 1992; Gao et al., 2017). As described for CRC development, the
angiogenic switch must occur for growth and progression of the tumour of which VEGFA

and VEGFR2 play a major role (Paschos et al., 2014).
1.3  Current treatments for CRC

CRC treatment regimens are based on the stage of disease at diagnosis. The earlier the
disease is diagnosed, the more likely the patient will survive (Figure 1.3). Staging of disease
is undertaken using various imaging modalities (Section 1.6), and only then is the most
appropriate course of action determined. The tumour node metastasis or TNM staging
system from the American Joint Committee on Cancer (AJCC) stages disease from -1V
(Weisenberg, 2018). TNM classifies tumour progression by the size and extension of the
primary tumour, its level of lymph node involvement and whether or not metastasis has
occurred (Table 1.1). The higher the stage, the more advanced the disease and the worse
the prognosis (Figure 1.3). This staging system is important not only from a treatment and
prognosis perspective, but also to gauge efficacy of the treatment and for data sharing of

clinical trial outcomes and international statistics.

Five-year survival in the UK has doubled in the last 40 years (Cancer Research UK,
cancerresearchuk.org, accessed March 2018). These improvements have resulted from
improved adjuvant chemotherapy and surgical advancements, especially for Stage 11l CRC
(Bujanda et al., 2010). New therapies such as bevacizumab, a monoclonal antibody
directed against the vascular endothelial growth factor (VEGF) and improvements in
imaging of metastases have also shown modest improvements in late stage CRC (Siegel et
al., 2017). The focus should now be on improving prognosis for Stage IV disease where
five-year survival is just 7-8% and where an increasingly aging population requires a

tumour targeted approach with less toxic side effects.
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Figure 1.3 CRC five-year relative survival (%), by stage at diagnosis.

Survival is strongly dependent on the stage of disease at diagnosis. Five-year survival is 95-100% for
those diagnosed with Stage |, whereas only 7-8% with Stage IV. Data from adults aged 15-99 (2002-
2006). There were no significant differences between men or women at any stage (Taken from

Cancer Research UK, cancerresearchuk.org, accessed March 2018).
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Table 1.1 The Tumour Node Metastasis (TNM) staging system.

CRCs are Staged I-IV depending on their TNM score which is based on the level of invasiveness and

lymph node involvement of the primary tumour. TNM staging is from the American Joint Committee

on Cancer (AJCC, 8™ Edition). Key is shown below, the higher the stage, the more advanced the

disease and the worse the prognosis. Taken from (Weisenberg, 2018).

T N M

Stage O Tis NO MO
Stagel T1-T2 NO MO
StagellA T3 NO MO
StagellB T4a NO MO
StagelIC T4b NO MO
StagelllA T1-T2 N1/Nlc MO
T1 N2a MO

StagelllB T3-T4 N1/Nlc MO
T2-T3 N2a MO

T1-T2 N2b MO

StagellIC T4a N2a MO
T3-T4a N2b MO

T4b N1-N2 MO

Stage IVA Any T Any N M1la
Stage IVB Any T Any N M1lb
Stage IVC Any T Any N Mlc

Primary tumour (T)

Regional lymph nodes (N)

Distant metastasis (M)

Tis: Carcinomain situ, intramucosal
carcinoma

T1: Tumour invades the submucosa
T2: Tumour invades the muscularia
propria

T3: Tumour invades through the
muscularis propriainto the
pericolorectal tissues

T4a: Tumour invades through the
visceral peritoneum

T4b: Tumour directly invades or
adheres to other adjacent organs or

NO: No regional lymph node metastasis

N1: Metastasisin 1-3 lymph nodes
N1a: Metastasisin 1 regional lymph node

N1b: Metastasisin 2 - 3 regional lymph nodes

N1c: No regional lymph nodes are positive but

there aretumor depositsin the subserosa,
mesentery or nonperitonealized pericolic or
perirectal/mesorectal tissues

N2: Metastasisin 4 or moreregional lymph
nodes

N2a: Metastasisin 4 - 6 regional lymph nodes

N2b: Metastasisin 7 or more regional lymph
nodes

MO: No distant metastasis by imaging; no
evidence of tumor in other sites or organs

M1: Distant metastasis

M1a: Metastasis confined to 1 organ or
site without peritoneal metastasis

M1b: Metastasis to 2 or moresites or
organsisidentified without peritoneal
metastasis

M1c: Metastasis to the peritoneal surface
isidentified alone or with other site or
organ metastases
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1.3.1 Surgical resection

Surgical resection is the mainstay of CRC treatment, where the section of diseased colon is
removed along with nearby affected lymph nodes (Stage II/IIl) (West et al., 2010). The only
curative treatment option for patients with CRC liver metastases is surgical resection of
isolated liver metastases, however, currently only 20% of these patients are eligible for this
surgery (Jones and Poston, 2017). The majority are not amenable due to size, location or
number of tumours (Jones and Poston, 2017). Surgery is followed by adjuvant
chemotherapy as standard, although for Stage | where an adenoma has been removed
with subsequent clean margins, additional treatment may not be necessary (Carrato,

2008).

1.3.2 Radiotherapy

External-beam radiation treatment is not uncommon for CRC and can be given pre or post-
operatively, with benefits seen in decreasing yearly risk of recurrence (Colorectal Cancer
Collaborative Group, 2001). It can be used to shrink tumours which are too large or
difficult to resect, reduce risk of local recurrence or palliatively for those with advanced
metastatic cancer or those not fit enough for surgery (Jones et al., 2014). It can also be
used in combination with chemotherapy (chemoradiotherapy), such as 5-FU or
capecitabine, which has been shown to sensitise cancer cells to the radiation (Ojima et al.,

2006; Byfield, 1989).

Side effects are dependent on the radiation dose and irradiated volume but commonly
include nausea, diarrhoea, delayed wound healing, bladder irritation, rectal bleeding,

incontinence and impotence in men (Morris and Haboubi, 2015).

1.3.3 Monoclonal antibodies

The development of targeted therapies aimed at inhibiting specific cell signalling pathways
has improved overall survival of metastatic CRC to 20-24 months, compared to current
chemotherapy regimens which give 18 months (Moriarity et al., 2016). Cetuximab
(Erbitux”) and panitumumab (Vectibix®) are anti-EGFR antibodies approved for use in 2006
and 2007, respectively, for the treatment of metastatic CRC, but only in patients with wild-
type KRAS (Markman et al., 2010). Binding to EGFR inhibits angiogenesis, tumour
invasiveness and metastatic spread (Toffoli et al., 2007). Side effects of both include severe

dermatological toxicities (Balagula et al., 2011).
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In 2004, the FDA approved bevacizumab (Avastin), a humanised anti-vascular endothelial
growth factor-A (VEGFA) monoclonal antibody and the first anti-angiogenic therapy for the
treatment of metastatic CRC in combination with chemotherapy (Folkman, 2006). Further
clinical trials using antiangiogenic therapy with chemotherapy for metastatic CRC have had
much success in terms of survival and quality of life for patients (Wagner et al., 2009). In
2012, the FDA approved aflibercept (Zaltrap), a fully humanised monoclonal antibody
which inhibits VEGF-A, -B and placental growth factor (PGF), used in combination with
folinic acid, 5-FU and irinotecan (FOLFIRI) for the treatment of metastatic CRC. In 2015, the
FDA approved ramucirumab (Cyramza), a fully humanised anti-VEGFR2 monoclonal
antibody for the treatment of advanced gastric cancer, metastatic non-small cell lung
cancer and metastatic CRC in combination with chemotherapy (Singh and Parmar, 2015).
Clinical trials of monoclonal antibodies targeting tumour angiogenesis are increasing, in

particular those targeting VEGFR2.

1.3.4 Chemotherapy

Chemotherapy can be given pre or post-operatively depending on the stage of disease.
Adjuvant chemotherapy given post-operatively may be used to eradicate micro-metastases
and reduce risk of future recurrence. Neoadjuvant chemotherapy is given pre-operatively,
to eradicate micro-metastases and significantly down stage the tumour to allow for
resection (Zhou et al., 2013). Palliative chemotherapy may be used to prolong survival and

minimise symptoms for terminal cancer patients with metastatic CRC.

Chemotherapy is associated with toxic side effects, greatly affecting the general quality of
life of cancer patients. Side effects depend on the drugs administered, the dosage and
number of treatments but commonly include alopecia, mouth ulcers, nausea and vomiting,
diarrhoea and myelosuppression (C.S. Lee et al., 2014; Sargent et al., 2011). Identifying
patients at risk of adverse or severe side effects from chemotherapy drugs is
recommended where possible. For example, patients with the UGT1A1 gene
polymorphism associated with irinotecan toxicity or the thymidylate synthase gene
polymorphism associated with 5-FU or capecitabine toxicity (Takano and Sugiyama, 2017;

Lecomte et al., 2004).

With improved long term survival, the long term side effects of chemotherapy such as
fatigue, insomnia, depression, sensory neuropathy and gastrointestinal problems are
impacting on the quality of life of survivors (Denlinger and Barsevick, 2009; Beijers et al.,

2016).
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1.3.4.1 Combination chemotherapy

High dose, single agent chemotherapy can have dose limited toxicities and combinations of
lower doses have been found to be just as effective with less toxic side effects. Standard
first line treatment for unresectable metastatic CRC is FOLFOX, a combination of folinic
acid, fluorouracil (5-FU) and oxaliplatin or FOLFIRI a combination folinic acid, 5-FU and
irinotecan. CAPOX (capecitabine and oxaliplatin) is also an effective first line treatment for

metastatic CRC.
1.3.4.2 Fluorouracil (5-FU) and capecitabine (Xeloda®)

5-FU has been in medical use since 1962 and was the only drug used for CRC treatment up
until the late 1990s when irinotecan and oxaliplatin were approved. Inhibition of the
thymidylate synthase enzyme prevents thymidine formation needed for DNA replication
and proliferation. Capecitabine is an orally administered 5-FU prodrug, which has
comparable efficacy and safety profile to i.v. 5-FU. Patient preference for oral therapies
due to improvements in quality of life make capecitabine a viable alternative to 5-FU

(Aguado et al., 2014).

Common side effects include thrombocytopenia (low platelet count), neutropenia (low
neutrophil count), mucositis (inflammation and ulceration of the gastrointestinal tract),
diarrhoea, hand-foot syndrome (blistering and painful hand and feet) and cardiotoxicity

(damage to heart muscle) (Matsusaka and Lenz, 2015; Diasio and Harris, 1989).
1.3.4.3 Oxaliplatin (Eloxatin®)

Oxaliplatin is administered intravenously to treat CRC that has metastasised. It is a
platinum based antineoplastic which forms platinum-DNA adducts, inhibiting DNA
replication. It has been in medical use since 1996 but tends to be used in combination

chemotherapies such as FOLFOX rather than as a single agent (Kweekel et al., 2005).

Oxaliplatin-induced neuropathy (acute and chronic symptoms) can occur in a high
percentage of patients receiving FOLFOX, with 89% reporting at least one symptom
(Pachman et al., 2015). Ototoxicity (ear damage) are less than 1% and renal toxicity less

than 3% (Kweekel et al., 2005).
1.3.4.4 Irinotecan (Campto®)

Irinotecan is a successful chemotherapy drug used for primary and secondary line
treatment of CRC (FDA approval given in 1998)(Shimada et al., 1993). It is a semi-synthetic

derivative of the cytotoxic quinolone alkaloid ‘camptothecin’, extracted from the Chinese
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tree Campotheca acuminate or ‘Happy Tree’ and used for centuries in Traditional Chinese
Medicine as an anti-cancer agent. Its chemical isolation and structure was determined in

1966 (Wall et al., 1996).

Irinotecan itself has limited activity and exerts its anticancer effect once converted to its
active metabolite SN38 (7-ethyl-10-hydroxy-camptothecin)(Figure 1.4). Despite the success
of SN38 jn vitro as an anti-cancer agent, it is extremely hydrophobic and thus far cannot be
dissolved in any pharmaceutically acceptable solvent. For these reasons it is not currently

in clinical use (Bala et al., 2013).

SN38 is thought to have cytotoxic effects on cells in S phase. The mechanism of action
involves the inhibition of topoisomerase |, an enzyme vital to DNA replication and
transcription (Robert and Rivory, 1998). The role of topoisomerase | is to bind to
supercoiled DNA and induce reversible single-strand breaks, reducing torsional strain.
However, when SN38 inhibits the bound enzyme, the replication fork of the unwinding
DNA collides with the bound complex, inducing irreversible double-strand breaks (Hsiang
et al., 1989; Rivory, 2002; Hsiang et al., 1985). These double strand breaks will ultimately

lead to cell death in proliferating cells.

Despite irinotecan’s success, dose limiting side effects include severe diarrhoea and
myelosuppression (Figure 1.4)(Shafi and Bresalier, 2010). It has been estimated that 36%
of patients experience severe toxicity from irinotecan therapy (Marsh and Hoskins, 2011).
Other side effects include nausea, vomiting, alopecia and fatigue; all common toxicities
exhibited by patients during high dose chemotherapy. Early onset and delayed severe
diarrhoea (Stage 3-4) is the most serious side effect, the former due to cholinergic
syndrome and the latter being more serious following 24-hours post irinotecan treatment.
Irinotecan’s enterohepatic recirculation phenomenon gives a prolonged elimination half-
life of SN38, altered pharmacokinetic (PK) profiles and is responsible for the delayed,
severe diarrhoea. B-glucuronidase enzymes found within the colon convert SN38 from
SN38-G, increasing the risk of delayed and severe diarrhoea (Takakura et al., 2012). The
exact mechanisms of irinotecan induced diarrhoea are not known, but may be related to
levels of B-glucuronidase enzymes increasing luminal SN38 concentrations and direct

mucosal damage (Stein et al., 2010).

The UGT1A1 gene polymorphism is used as a predictor of irinotecan-associated toxicity
and treatment efficacy (Schulz et al., 2009). The polymorphism results in high and

sustained plasma concentrations of SN38 as the UGT1A1 enzyme used to metabolise SN38
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Figure 1.4 Schematic of irinotecan metabolism.

Carboxylesterase 1 and 2 (CE1/2) mediated formation of the active metabolite SN38 occurs
primarily in the liver. Cytochrome 3A4 and 5 (CYP3A4/5) mediated metabolism of irinotecan forms
other known inactive metabolites APC and NPC. NPC can be further hydrolysed by CE1/2 to form
SN38. SN38 is subsequently glucuronated to SN38-G via UDP glucuronosyltransferase 1A-1 and -9
(UGT1A1/9) in the liver. Biliary excretion of irinotecan and metabolites into the small intestine
allows further metabolism of irinotecan to SN38. Enterohepatic recirculation of irinotecan and SN38
is via the portal vein whereby it re-enters systemic circulation. SN38-G in the intestinal tract is
reconverted into SN38 by bacterial B-glucuronidase (B-Glu) and re- glucuronidation via UGT1A1/10.
Excretion of metabolites is primarily via the faeces. Neutropenia and diarrhoea are dose related

toxicities from SN38 formation in plasma and gastrointestinal tract, respectively.
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has reduced/limited activity. Identifying patients carrying the homozygous genotype
UGT1A1*28 is important to minimise adverse drug reactions and severe side effects in
patients receiving high doses of irinotecan (Takano and Sugiyama, 2017). However,
irinotecan metabolism is complex and many other polymorphisms exist not limited to
UGT1A1, which may play a role in abnormal metabolism and severe side effects. Further
studies into genotype-based therapy, are necessary for chemotherapeutic efficacy and in

terms of dose limiting side effects for patients receiving irinotecan treatment.

Neutropenia is defined as abnormally low levels of circulating neutrophils (type of white
blood cell) and it reduces the body’s ability to fight infections. Neutropenia is directly
related to concentrations of SN38 in patient plasma and SN38-G/SN38 plasma ratios can

be used to predict irinotecan related neutropenia (Hirose et al., 2012).
1.4 The challenges in drug treatment of CRC

The challenges in drug treatment of CRC are to develop therapeutics which are more
effective; to provide curative treatment and palliative care with less toxic side effects.

These challenges are the same for all cancers, not limited to CRC.

1.4.1 Chemotherapy: Dose limiting side effects and drug resistance

Clinically, anti-cancer drugs are administered in cycles at or near the maximum tolerated
dose with long drug-free periods to allow recovery from the toxic side effects. High doses
are used in order for cytotoxic concentrations to reach the tumour. It has been suggested
that the increased incidence of side effects is associated with improved survival in CRC
patients (Twelves et al., 2012; Stintzing et al., 2011; Hofheinz et al., 2012). In reality, the
debilitating toxic side effects experienced by some patients compromises their quality of

life and essentially limits the effectiveness of the treatment (Section 1.3.4).

Multidrug resistance to chemotherapy occurs in 90% of patients with late stage disease
and is thought to be the main factor relating to treatment failure (Longley and Johnston,
2005). Mechanisms of drug resistance are associated with increased efflux or reduced
uptake of drug into the cancer cells or an increased rate of drug metabolism, all of which
reduce efficacy of the treatment (Longley and Johnston, 2005; Hammond et al., 2016).
Long drug-free periods between cycles of chemotherapy have also been associated with
drug resistance (De Souza et al., 2011). Metronomic dosing has been suggested as an

alternative approach (Maiti, 2014). Metronomic dosing uses frequent, low doses with no
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drug-free periods and aims to sustain a low drug concentration in the blood without the

side effects associated with high doses (Bahl and Bakhshi, 2012).

Chemotherapeutics are typically limited by poor aqueous solubility, insufficient tumour
accumulation or drug uptake, poor efficacy and toxicity (Liu et al., 2013). It has been
proposed that a tumour-targeted, drug delivery method would reduce side effects by
decreasing the required dose needed for anti-cancer effect by improving concentrations
delivered to the tumour tissue and overcoming drug resistance (Misra et al., 2010;

Bertrand et al., 2014; Shi et al., 2016; Huang et al., 2016).
1.5 Nanomedicine and drug delivery systems

It has been estimated that over 90% of anti-cancer drugs are limited by their bioavailability
and PK profiles (lwamoto, 2013). Drug delivery vehicles at the nano or micrometre scale
can be used to increase the aqueous solubility of a drug allowing it to be delivered in a
controlled manner over time, avoiding high systemic concentrations associated with
toxicity and overcoming drug resistance (Misra et al., 2010; Bertrand et al., 2014; Shi et al.,

2016).

The therapeutic index of a drug is the ratio between its toxic and therapeutic dose (Figure
1.5). Therefore, improving the therapeutic index using a drug delivery system may increase
tumour drug concentrations and simultaneously reduce toxic side effects, improving
patient quality of life. Optimising drug delivery to tumour tissue whilst limiting off-site
toxicity is a fundamental yet difficult requirement for the effective treatment of cancers.
Tumours typically consist of poorly organised vasculature, have an irregular blood flow and
high interstitial pressure within the tumour tissue. It is for these reasons that systemic drug
delivery and distribution throughout the tumour is inefficient and therefore limits the

response of the tumour to treatment (Minchinton and Tannock, 2006).

In an effort to overcome these problems, various drug delivery vehicles have been
developed to improve bioavailability, protect non-target tissues from off-site toxicity and
associated side effects and improve PK profiles in terms of absorption, distribution,
metabolism, excretion and toxicity (ADME-Tox) (Figure 1.6). In particular, allowing drugs
which have demonstrated anti-cancer efficacy in vitro, but in vivo exhibited short half-lives,

rapid metabolism and clearance or off-target toxicity, to be delivered.

Drug delivery vehicles such as polymer-drug conjugates, dendrimers, lipid-stabilised oil
nanodroplets, micelles and liposomes (see Section 1.5.1) have demonstrated enormous

potential over the last two decades for tumour targeted drug delivery



18

Therapeutic effect Toxic effect

dose curve dose curve
100% =

Therapeutic
window

Therapeutic
index (TI)

Tl =
TDso/ EDso

50% = = = —

A

Percentage of patients with response

0%

O o o e o o e e

%]
o

O = = == mm mm mm e e =

m
[y
o

—

Dose

Figure 1.5 A dose-response curve demonstrating the concept of therapeutic index.

The therapeutic index (Tl) is used as a measure of drug safety. It is the ratio of the toxic dose (TD) to
the effective dose (ED). EDso = The dose where 50% of the patients receive the desired therapeutic
effect. TDso = The dose where 50% of the patients experience toxic side effects. The therapeutic
window (green box) is shown as the range of therapeutically effective concentrations which

includes most of the therapeutic effect dose curve and less than 10% of the toxic effect dose curve.
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Figure 1.6 PK profiles of drugs can be altered by drug delivery systems.

PK is the study of absorption, distribution, metabolism, excretion and toxicity (ADME-Tox) of

therapeutics. These parameters can be altered in different ways by the use of drug delivery systems

resulting in more efficient drug delivery and/or reduced side effects (Sun et al., 2017).
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(Sercombe et al., 2015; Allen and Cullis, 2013; Minchinton and Tannock, 2006; Shi et al.,
2016; Mico et al., 2017). The size, shape and charge of the vehicle or nanoparticle
individually effect its biodistribution (Figure 1.7 ) and are important factors to take into
consideration when designing a drug delivery system (Blanco et al., 2015). Also, the
balance between stability and drug release of the vehicle is vital to ensuring delivery to the
tumour site for pharmacological effect, with premature systemic release associated with
toxicity and poor safety profiles. The incorporation of targeting moieties may increase
accumulation of drug at the target site or the use of external energetic triggers or intrinsic
tumour triggers can be combined to enhance tumour-specific drug delivery (Sun et al.,

2017).

Unfortunately, further translation into clinical practice has not transpired due to failings in
biodistribution and the heterogeneity of human disease requiring more relevant animal
models for pre-clinical testing and more reliable translation (Anselmo and Mitragotri,
2016). There is also a lack of PK data investigating metabolic fate as it is difficult for
multicomponent systems to be compared to small molecule drugs. Furthermore,
reproducible synthesis and scale-up methods need to be addressed in the pre-clinical
phase of development for drug product quality requirements and regulations (Crommelin

and Florence, 2013; Anselmo and Mitragotri, 2016)

1.5.1 Examples of drug delivery systems
1.5.1.1 PEG-drug conjugates

Poly(ethyleneglycol) or PEG, is a clinically established biocompatible polymer (JevSevar et
al., 2010). It is one of the most widely investigated water-soluble linear polymers for drug
delivery and many functional PEGs are available commercially (Joralemon et al., 2010).
PEGylation can protect against protein enzymatic degradation and increase circulation
lifetimes by evading immune capture and clearance via the macrophage-monocyte system,
important for pharmaceutical applications (Yona and Gordon, 2015; Jokerst et al., 2011).
PEGylation of nanoparticles may inadvertently increase targeting efficiency of attached
ligands as increased circulation lifetimes increases the opportunity to bind to the target, all

important for therapeutic delivery systems (Jokerst et al., 2011; Jevsevar et al., 2010).

EZN-2208 is a multiarm PEG conjugate of the topoisomerase | inhibitor SN38, which
increased water solubility by 1000 fold (Sapra et al., 2008). Currently Phase Il clinical trials

have shown prolonged half-life, good tolerability and antitumor activity with advanced
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Figure 1.7 Nanoparticle size, shape and charge alter biodistribution within major organs.

The distribution of nanoparticles within the body is dependent on (a) size, (b) shape and (c) charge.

Distribution profiles for lung, liver, spleen and kidney are shown. For example, nanoparticles less

than 5 nm are preferentially excreted via the kidneys, whereas particles more than 150 nm

preferentially accumulate in the lungs, liver and spleen (Blanco et al., 2015). When designing a drug

delivery system, it is important to take into account how each parameter may play a role in the

biodistribution of the carrier and encapsulated drug. Taken from (Blanco et al., 2015).
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solid tumours (Garrett et al., 2013; Norris et al., 2014; Patnaik et al., 2013; Kurzrock et al.,
2012) (Table 1.2). Etirinotecan pegol (NKTR-102), has a large-chain PEG core to which 4
molecules of irinotecan are attached (Figure 1.8 a). Phase Il and Ill studies of etirinotecan
pegol for non-small cell lung carcinoma and metastatic breast cancer respectively, have

shown promising results (Aggarwal et al., 2018; Twelves et al., 2017).
1.5.1.2 Polymeric dendrimers

Dendrimers are nano-sized, star shaped macromolecules which consist of symmetric
branching around a central core (Figure 1.8 b). They can be highly functionalised and drugs
can be physically entrapped or conjugated to the surface, ideal for biological interactions
(Abbasi et al., 2014). A recent drugless design has had anticancer effect depleting
bioavailable copper from breast, lung and colon xenograft tumours (Lyu and Peng, 2017).
However, much focus has been on improving the biocompatibility and toxicity profiles
mainly due to surface charge and modifications (Cheng et al., 2011; Ziemba et al., 2011,
Madaan et al., 2014). Dendrimer synthesis is time consuming and expensive, factors which
need to be addressed before commercialisation. Recently, a Phase | study of dendrimer-
docetaxel (DEP® docetaxel) has been completed in patients with advanced cancer, but the

majority of studies remain in the pre-clinical phases.
1.5.1.3 Polymeric micelles

Micelles are amphiphilic molecules arranged as a spherical monolayer in aqueous solutions
(Figure 1.8 c). They contain a hydrophobic core which is stabilised by a hydrophilic outer
layer or shell, with a diameter of between 5-100 nm (J. Wang et al., 2015). Micelles are
easy to produce and functionalise, they can be self-assembling and hydrophobic drugs can
be loaded into the hydrophobic core for drug delivery (Matsumura, 2008). They are rapidly
cleared from circulation but the incorporation of PEG into the shell addresses this (Husseini

and Pitt, 2008).

NKO012 is micelle formulated SN38 that has shown promise against a range of cancers in
pre-clinical trials alone (Koizumi et al., 2006; Takahashi et al., 2010) and in combination
with other drugs such as cisplatin and bevacizumab (Nagano et al., 2009; Nagano et al.,
2010; Kenmotsu et al., 2010). Phase | and Il clinical trials are on-going for advanced solid
tumours and relapsed small cell lung cancer (Hamaguchi et al., 2010; Burris et al., 2016;
Raefsky et al., 2011) (Table 1.2). Micelle formulations of paclitaxel (NK105), doxorubicin
(SP1049C) and cisplatin (NC-6004) are also under clinical investigation (Oerlemans et al.,

2010), with Phase Il results pending.
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Figure 1.8 Schematic of drug-carrier systems for nanomedicine approach.
Examples of drug-carrier systems for drug delivery (a) PEG-drug conjugate, (b) dendrimer, (c)
polymeric micelle, (d) lipid-stabilised oil nanodroplet and (e) liposome. All can be functionalised

with ligands and PEGylated to increase in vivo circulation times. Not to scale.



24

Table 1.2 SN38 formulations which have passed into clinical trials.

Currently none have been approved for clinical use. Table compiled using ClinicalTrials.gov

(database of privately and publicly funded clinical studies conducted around the world). References

not available (N/A) or results not published.

Year Formulation Phase Disease Identifier / SucFessor References
Stage failure?
2010 = NKO12 (SN38 Phase| | Triple negative NCT01238952/ Ongoing N/A
Micelles) and breast cancer Completed
Carboplatin
2010 @ NKO12 (SN38 Phase | Advanced solid NCT01238939/ Further N/A
Micelles) and tumours/metastatic = Completed exploration
5-FU/LV colorectal cancer warranted
2010 @ EZN-2208 (PEG- @ Phasel @ Refractory solid NCT01251926/ @ Well (Jeong et
SN38) and in tumours Completed tolerated al., 2014)
combination but no
with survival
bevacizumab advantages
2010 EZN-2208 (PEG- Phasel | Paediatric patients NCT01295697/ Unknown (Norris et
SN38) Jll with solid tumours Unknown al., 2014)
2009 @ EZN-2208 (PEG- @ Phasell = Metastatic breast NCT01036113/ Further (Osborne et
SN38) cancer Unknown exploration al.,, 2012)
warranted
2009 < EZN-2208 (PEG- = Phasell | Patients with NCT00931840/ @ Well (Garrett et
SN38) metastatic Unknown tolerated al., 2013)
(With or colorectal but no
without carcinoma survival
cetuximab) advantages -
discontinued
2009 = NKO012 (SN38 Phase Il = Patients with NCT00951613/ = Positive (Raefsky et
Micelles) relapsed small cell Completed efficacy and al.,, 2011)
lung cancer manageable
toxicity
2009 = NKO012 (SN38 Phase Il = Patients with NCT00951054/ = Unknown N/A
Micelles) advanced, Completed
metastatic triple
negative breast
cancer
2007 = NKO12 (SN38 Phase| | Patients with NCT00542958/  Well (Hamaguchi
Micelles) refractory solid Completed tolerated etal., 2010;
tumours and further Burris et al.,
exploration 2008)
warranted
2007 | EZN-2208 (PEG- | Phasel | Advanced solid NCT00520637/ @ Well (Kurzrock et
SN38) tumours or Completed tolerated al.,, 2012)
lymphoma and further
exploration
warranted
2007 | EZN-2208 (PEG- | Phasel | Advanced solid NCT00520390/ @ Well (Patnaik et
SN38) tumours or Completed tolerated al.,, 2013)
lymphoma and further
exploration
warranted
2006 | Liposomal Phase Il = Metastatic NCT00311610/ Discontinued = (Ocean et
SN38 colorectal cancer Completed —no survival | al., 2008)

benefit
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2005 | Liposomal Phase Il = Small cell lung NCT00104754/ Unknown N/A
SN38 cancer Withdrawn
prior to
enrolment
2002 | Liposomal Phase | Advanced cancer NCT00046540/ Well (Kraut et al.,
SN38 Completed tolerated 2004) (Kraut
and further etal., 2017)
exploration

warranted
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1.5.1.4 Lipid-stabilised oil nanodroplets

Lipid-stabilised oil nanodroplets (LONDs) are nanoemulsions for hydrophobic drug delivery
(Figure 1.8 d) and are currently in the preliminary stages of development (Mico et al.,
2017). They work by encapsulation of a drug within the oil core of a phospholipid coated
nanodroplet and are typically between 100-300 nm, stable for up to 6 weeks and easily
functionalised (Mico et al., 2017). LONDs encapsulating the vascular disrupting agent
combretastatin A4 (CA4) have recently been tested in combination with irinotecan in an in
vivo model of CRC with promising tumour growth inhibition in comparison to irinotecan

alone (Antonia Charalambous, personal communication).
1.5.1.5 Liposomes

Liposomes are well-established drug carriers and have been extensively studied and
proven to alter drug distribution patterns, prolong circulation time, improve efficacy and
reduce toxicity (Gabizon and Papahadjopoulos, 1988). They can encapsulate hydrophilic
drugs in their aqueous core, and hydrophobic drugs in their lipophilic bilayer shell (Bozzuto
and Molinari, 2015) (Figure 1.8 e). Circulation times can be increased further by the

incorporation of PEG into the lipid membranes (Alexis et al., 2008).

SN38 liposomes have reached Phase | and Il clinical trials for advanced cancer, small cell
lung cancer and metastatic CRC, demonstrating a safe toxicity profile but did not improve
response rate compared to irinotecan (Kraut et al., 2017; Kraut et al., 2004; Ocean et al.,
2008)(Table 1.2). PEGylated liposomal doxorubicin (Doxil®) was approved by the FDA in
1995, the first nano formulation for clinical use in ovarian, breast cancer and Kaposi’s
sarcoma (Barenholz, 2012). PEGylated irinotecan liposomes (Onivyde™) were approved in
2015 by the FDA for combination therapy with 5-FU and folinic acid for metastatic
pancreatic cancer (Passero et al., 2016; Zhang, 2016). However, NICE has not given
approval due to the high cost, despite improving survival by two-months (metastatic

pancreatic cancer survival on average just 2-6 months) (Fleeman et al., 2017).

1.5.2 Enhanced permeability and retention (EPR) effect

The EPR effect is a phenomenon whereby nanoparticles or macromolecules accumulate
preferentially in solid tumours (Greish, 2012). Due to the rapid angiogenesis which occurs
during tumour growth, vasculature is abnormal, leaky and impaired with fenestrations
between endothelial cells allowing molecules of a certain size to extravasate tumour tissue

more effectively than ‘normal’ tissues (Greish, 2012; Sun et al., 2017). This, coupled with
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poor lymphatic drainage associated with tumours, increases the retention effect further.
Many drug delivery vehicles have been designed specifically in order to take advantage of
this phenomenon (Sun et al., 2017; Allen and Cullis, 2013; Blanco et al., 2015). However,
the EPR effect remains a controversial concept, with significant debate over its role in
human cancers due to nanoparticles generally failing to increase efficacy and make a
significant clinical impact, despite promising preclinical results using mouse models (Bae

and Park, 2011; Greish, 2012).

It has been suggested that stimuli responsive systems may actively increase tumour drug
delivery and may provide the required improvement in cancer outcomes with existing or

future agents, given the unreliability of the EPR effect thus far.

1.5.3 Stimuli responsive systems

Stimuli responsive systems are able to control the timing and location of tumour drug
release by responding to local or external stimulation. The use of external energetic
triggers (US, heat, light, magnets) or intrinsic tumour triggers (pH, redox) have grown in

popularity and can be combined to enhance tumour-specific drug delivery (Vladimir, 2009).

Sonodynamic therapy combines externally applied low intensity US with sonosensitisers
which are co-administered with chemotherapy drugs and can be focused deep inside the
body (Costley et al., 2015). Acoustic cavitation, produces reactive oxygen species (ROS) and
heat, and can have synergistic effects when combined with a chemotherapy agent (Wan et

al., 2016).

Localised hyperthermia may be used to shrink tumours or sensitise them to chemotherapy
and radiotherapy. Localised microwave, radiofrequency and US can be used to raise the
tumour temperature to 42°C, inducing cell death (Jha et al., 2016). Hyperthermia can also
reach hypoxic tumour regions where radiotherapy and chemotherapy are less effective

(Oeietal., 2017).

Magnetic fields can enhance tumour accumulation of superparamagnetic iron oxide
nanoparticles (SPIOs) containing chemotherapeutic agents (Quinto et al., 2015). In
addition, when exposed to an alternating magnetic field, heat is generated for
hyperthermic effects (Quinto et al., 2015). Magnetic microbubbles (see Section 1.7)
combine magnetic field with US for enhanced drug accumulation in tumours (Chertok and

Langer, 2018; Owen et al., 2015; Sheng et al., 2017)
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pH sensitive liposomes and micelles can take advantage of the slightly more acidic
conditions created by hypoxia in the tumour microenvironment as a stimulus for drug
release and also as an internal stimulus in acidic conditions in intracellular endosomes and

lysosomes (Liu et al., 2013; Lv et al., 2016).

1.5.4 Theranostics

The combination of therapeutic and diagnostic agents has been termed ‘theranostics’
(Lammers et al., 2011). Theranostics are imaging modalities combined with contrast agents
or nanoparticles which have been surface functionalised and/or drug-loaded (Janib et al.,
2010). Their multifunctional formulations are highly relevant in the era of personalised
medicine, with the ability to simultaneously image drug delivery and determine tumour

response (Lammers et al., 2011).

For example, the use of drug-loaded nanocarriers attached to microbubbles (see Section
1.7) may be termed theranostic agents, enabling imaging of the tumour via US imaging and
simultaneously having therapeutic effect. The drug can then be visualised via the MBs in
‘real-time’ within the body and targeted for local release once it reaches the tumour
vasculature. MBs are clinically approved for contrast-enhanced US imaging and therefore
allow for potential theranostic applications combining imaging with targeted, triggered

drug delivery (Qin, Caskey et al. 2009).
1.6 Invivo imaging modalities for CRC

Non-invasive imaging techniques are important tools for diagnostic medical imaging as
accurate staging of CRC is essential for prognosis, treatment planning and also for
assessing drug efficacy and response (Kekelidze et al., 2013). Each widely used modality
has its own advantages and disadvantages; magnetic resonance imaging (MRI), positron
emission tomography (PET), computed tomography (CT), optical and US have been
summarised in Table 1.3. These imaging modalities are all available for small animal
research and facilitate pre-clinical investigation and clinical translation (O’Farrell et al.,

2013).

1.6.1 Magnetic resonance imaging (MRI)

MRI is the recommended imaging modality for initial staging of CRC (Kekelidze et al.,
2013). It uses a strong magnetic field and a radiofrequency source to acquire images
exhibiting high special resolution and good soft tissue contrast, however acquisition time is

long and the machinery is expensive (O’Farrell et al., 2013; Berger, 2002).
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Table 1.3 Advantages and disadvantages of imaging modalities for CRC.

Contrast agents listed for each modality or not applicable (N/A). Taken and adapted from (O’Farrell

etal.,, 2013).

colonoscopy

Visualisation of entire colon and
rectum

Biopsy and polypectomy can be
performed

Modality Contrast agent Advantages Disadvantages
Molecular + Gadolinium- High spatial resolution Low sensitivity
Resonance based Good soft tissue contrast Relatively long acquisition time
Imaging (MRI) Provides both anatomical and Requires expensive equipment
functional information Gadolinium cannot be used in patients
with kidney disease
Positron * Radio-labelled Provides biochemical information Limited anatomical information
Emission tracers High sensitivity Required specialised equipment
Tomography 3D imaging Requires radio-nucleotide facilities
(PET) Tumour metabolism and drug Requires expensive equipment
biodistribution lonising radiation
Computed * lodine High sensitivity anatomical imaging Lower resolution
Tomography * barium Provides 3D image Limited functional information
(CT) Poor soft tissue contrast
Requires expensive equipment
lonising radiation
lodine and barium can have adverse
effects
Optical = N/A High resolution Invasive

Requires full oral bowel cleansing prior
to examination
May require sedation

Optical
(Luminescence
and
fluorescence)

* Luciferase

* Fluorescent
proteins or
dyes or
Quantum dots

Wide applicability
Simultaneously monitor several
molecular events

Relatively inexpensive
Amenable to smaller research
laboratories

Pre-clinical only

Requires genetic manipulation of
investigated cells

Provides limited anatomical
information

Reduced sensitivity with increased
imaging depth

Background due to auto-fluorescence

Ultrasound (US)

* Microbubbles

Good resolution

Real-time

Provides both anatomical and
functional information

Fast and portable technique
Relatively inexpensive

Amenable to smaller research
laboratories

Microbubbles have and excellent
safety profile

Inability to image through bone or lung
More difficult in obese patients
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Gadolinium-based contrast agents have been used clinically for three-decades for MRI
contrast-enhanced imaging, gadolinium-ethoxybenzyl-diethylenetriamine penta-acetic acid
(Gd-EOB-DTPA) is especially useful for imaging liver metastases (Lee et al., 2009).
Gadolinium must be used with caution in patients with renal failure as it is associated with
nephrogenic system failure, and it has also been shown to accumulate in brain, with

unknown consequences thus far (Pullicino and Das, 2017).

1.6.2 Positron emission tomography and computed tomography (PET-CT)

Positron emission tomography (PET) is a technique used to create 3D images and measure
blood flow, oxygen and glucose metabolism. Radio-labelled tracers such as 18-fluor-
labeled fluorodeoxyglucose (FDG) an analogue of glucose, are used to enhance imaging of

brain, liver and tumours (Chowdhury et al., 2010).

Computed tomography (CT) uses x-ray scanning to produce 3D images much more quickly
than MRI, but with poor soft tissue contrast (Subhawong et al., 2010). lodine and barium
are radio contrast agents, the latter being used to enhance imaging of the gastrointestinal
tract and relatively non-toxic due to its insolubility reducing bioavailability (Hrvoje and

Greenstaff, 2014).

PET-CT scan combines PET with CT to form a superimposed image and is more accurate
than the two scans preformed individually, however exposure to harmful ionising radiation
can be substantial. PET-CT is rarely used for the initial staging of CRC but is useful in
detecting local recurrence and metastases and can also be used to predict tumour

response to chemoradiotherapy and to plan therapy (O’Connor et al., 2011).

1.6.3 Optical imaging

Optical colonoscopy (OC) is the first modality used to investigate and detect the early
stages of CRC, with the ability to take biopsies and remove adenomas (Zauber et al., 2012).
The procedure involves an invasive endoscopic examination where a flexible fibreoptic
endoscope is passed into the anus to examine the colon by high definition images of the
lumen. It is stressful to the patient and requires prior fasting and a full colon cleanse using

oral laxatives and carries the added risk of perforation (Liang and Richards, 2010).

Optical imaging using bioluminescence and fluorescence reveals molecular and biological

processes and is used pre-clinically in small animals only (Cool, Breyne, et al., 2013).
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1.6.4 Ultrasound (US)

Sound frequencies of around 1 MHz and higher are used for medical imaging (Ihnatsenka
and Boezaart, 2010). The human audible range is much lower, between 20 and 20,000
Hertz (Smagowska and Pawlaczyk-tuszczyniska, 2013). It is for this reason that the medical
use of such high frequencies is termed ‘ultra’ sound. The maximum depth of imaging
depends on the frequency of US used, lower frequencies can penetrate deeper but with a
loss of image resolution. A clinical frequency of 10 MHz, can image to a depth of
approximately 4 cm or more depending on the tissue (lhnatsenka and Boezaart, 2010). US
has many uses, diagnostically and with the use of microbubbles (MBs) for contrast-
enhanced imaging, therapeutically using high intensity focused US or for triggered drug

delivery (Wood and Sehgal, 2015; Seo and Kim, 2017).

Endorectal ultrasound (ERUS) is the most accurate modality for the staging of Stage | CRC
tumours, although MRI is more accurate for later stages (Kekelidze et al., 2013).
Intraoperative US is used for detecting additional liver lesions not observed with
preoperative imaging techniques and also for imaging tumours which are located close to
major blood vessels during resection (Sahani et al., 2004). Doppler US is useful for
determining the presence of liver metastases. It measures hepatic arterial blood flow
relative to portal venous flow and this ratio has been shown to increase in those with

tumours in the liver (Leen et al., 1995).

MBs have been in use clinically for three decades as contrast agents for enhanced US
imaging (Stride and Saffari, 2003). MBs are micron sized, between 1-8 um in diameter,
consisting of a shell stabilised gas core (Wilson and Burns, 2010). They are injected directly
into the vasculature, greatly enhancing echogenicity (ability to reflect US waves). This
phenomenon was discovered incidentally when saline containing air-bubbles was
intravenously injected and noted as a ‘cloud of echoes’ when imaging the aortic root
(Gramiak and Shah, 1968). The commercial development of first-generation MBs as
contrast agents began in the 1980’s, with large air-filled, short lived MBs. It was not until
the use of high-molecular weight gases that second-generation MBs were used to enhance

grey scale and Doppler imaging (Cosgrove, 1996).

Commercially available MBs differ in their shell and gas core composition. The shell
material is important for MB elasticity in response to US and also influences in vivo
circulation times (Ignee et al., 2016). Potential shell materials are phospholipids lipids and

lipid/surfactants (‘soft-shelled’), or albumin, galactose and polymers (‘hard
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shelled’)(Paefgen et al., 2015). The gas core influences the MBs acoustic properties and
their solubility (Ignee et al., 2016). Often an inert, high molecular weight gases such as
perfluorocarbons and sulphur hexafluoride with low diffusion coefficients and low
solubility in water are used to increase in vivo lifetimes (Lindner, 2004). Table 1.4 lists the

different compositions of clinical approved MBs for use as contrast agents.

The clinical use of contrast-enhanced imaging has increased over the last decade, assessing
focal lesions of the liver (Ferraioli and Meloni, 2018; Jang et al., 2009), lesions and cysts of
the kidney (Tenant and Gutteridge, 2016), as well as the detection and assessment of
atherosclerosis (Schinkel et al., 2016) and tumour perfusion (Saini and Hoyt, 2014). MBs
are blood pool agents limited to the vasculature and show a similar pattern of uptake to
that of CT or MRI vascular contrast agents without contrast leakage into tumour
interstitium as with CT or MRI (Jang et al., 2009). MBs are metabolised after a few minutes
and the gas within the core is exhaled via the lungs and the phospholipid shell is
metabolised via the endogenous phospholipid metabolic pathway in the liver (Correas et
al., 2001). MBs can therefore be used in patients with renal failure where contrast-
enhanced MRI or CT would not be applicable (Piscaglia et al., 2006). Due to the high safety
profile and success of MBs in the clinical environment, their potential use as drug delivery

vehicles has been popularised.
1.7 Therapeutic drug delivery using MBs

MBs have recently been harnessed as vehicles for drug delivery (Ting et al., 2012; Fan et
al., 2013; Graham et al., 2014) as they combine US-triggered release with enhanced
intracellular drug uptake presumably via sonoporation effects (Taylor et al., 2007; O’Neill

et al., 2009; Lin et al., 2010; Arvanitis et al., 2011; Ting et al., 2012).

MBs engineered as drug delivery vehicles have demonstrated potential therapeutic
capabilities and offer many advantages over standard drug therapy (Sennoga et al., 2017,
Cochran et al., 2011; Cavalieri et al., 2010). Delivering chemotherapy drugs to tumours in
this way has the potential to improve the therapeutic index of a drug; increasing the
delivered dose without increasing the harmful side effects associated with it. MBs can be
co-administered with drug or they can be engineered to carry a payload of drug, in a
variety of different ways (Figure 1.9). Drugs can be dissolved in an oil layer inside the shell
termed ‘lipospheres’ (Unger, McCreery, Sweitzer, Robert, et al., 1998), incorporated into
the MB shell itself (Unger, McCreery, Sweitzer, Vielhauer, et al., 1998) or attached

electrostatically to the outside in the case of gene therapy (Lentacker et al., 2006). MBs
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Table 1.4 Clinically approved MBs for contrast enhanced US imaging.

A list of examples and compositions of commercially available MB contrast agents. Taken and

adapted from (Lindner, 2004; Paefgen et al., 2015; Ignee et al., 2016).

Name Manufacturer Shell Gas Mean size (um)
Albunex MolecularBiosystems | Albumin Air 4.3
Mallinckrodt/
Optison Albumin Octafluoropropane | 2-4.5
Amersham
Definity/ Bristol-M Squibb
rs 9 yers. aut Lipid/surfactant Octafluoropropane | 1.1-3.3
Luminity Medical Imaging
N fl h
Imagent Imcor Lipid/surfactant 2/perfluorohexan 6
e vapor
Sonovue/ Ioh
Bracco Diagnostics Lipid sulphur . 2-3
Lumason hexafluoride
Sonazoid Nycomed/Amersham | Lipid Perfluorobutane 3
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Figure 1.9 Schematic representation of MB architectures in respect to drug loading.

(a) Drugs can be dissolved in an oil layer inside the MB shell (Unger, McCreery, Sweitzer, Robert, et
al., 1998), or (b) incorporated into the MB shell itself (Unger, McCreery, Sweitzer, Vielhauer, et al.,
1998). (c) DNA can be electrostatically bound to the outside of the MB, in the case of gene therapy
(Lentacker et al., 2006). (d) MBs can also be encapsulated within a drug-loaded liposome (lbsen et
al., 2011), or (e) drug encapsulated nanoparticles can be attached via biotin-avidin bridging

(Kheirolomoom et al., 2007). Not to scale.
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can be encapsulated within a drug-loaded liposome coined SHockwavE-Ruptured
nanoPayload cArriers (SHERPAs)(Ibsen et al., 2011). Drugencapsulating nanoparticles such
as liposomes, micelles or LONDs can also be attached via avidin- biotin linkages

(Kheirolomoom et al., 2007; Mico et al., 2017).

Co-administration or co-delivery of MBs and drug has had proven success (Escoffre et al.,
2013a; Yu et al., 2016; Kotopoulis et al., 2013) however it relies on drug being in close
proximity to MBs when the US in applied, which requires high circulating doses and

therefore the toxic side effects which are associated.

Another option is to attach drug encapsulated nanocarriers to the outer shell of MBs for
increased loading capacity. Due to the drug encapsulation, there is also scope for
delivering hydrophobic drugs or those that have previously proven too toxic for normal
delivery methods. Due to the proven efficacy of SN38 as an anti-cancer agent, but with
failings due to toxicity and insolubility issues, it has been proposed as a promising
compound for encapsulation and delivery via MBs (Lei et al., 2004). It has been reasoned
that using more potent drugs such as SN38, limits the dose needed for therapeutic efficacy

(Li et al., 2012).

Evidence of increased drug delivery using liposomes attached to MBs has been
demonstrated by increasing locally released drug (De Cock et al., 2016; Cool, Geers, et al.,
2013; Burke et al., 2011). Liposomes themselves are not acoustically active (lack a gaseous
core), but when combined with the mechanical properties of MBs, drug delivery is
increased. It is thought that microstreaming, shock waves and microjetting play a role in
destroying the membranes of the carriers resulting in improved local release of the drug
and simultaneously drug uptake (Cool, Geers, et al., 2013). Due to the close proximity of
the drug to the MB during US application, it is more likely to benefit from the biophysical
effects of cavitation. The specificity of the technique allows for a much-reduced dose of

drug, and in turn reducing harmful side effects.

US and MBs work together in two ways, delivering and destroying drug-loaded MBs in the
target area, and aiding drug uptake at a cellular level. Its high safety profile and ability to
non-invasively focus energy deep inside the body makes it ideal for combining with drug-
loaded MBs for an US mediated delivery modality (Pitt et al., 2004). Drug-loaded MBs are
injected intravenously and arrive at the tumour site, US is focused on the tumour region
and the MB are destroyed as they pass through the US beam. Destruction at the target site
locally delivers a payload of chemotherapy drug directly to the tumour. The exact way in

which MB and US enhance drug delivery at a cellular level is not entirely understood, but it
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has been suggested there are various biophysical mechanisms that play a role (Fan et al.,

2014). MBs and US-driven mechanisms of intracellular delivery

Sonoporation caused by shockwaves and microjetting has been proposed as the main
mechanisms of intracellular drug delivery using MBs (Figure 1.10). Scanning electron
microscope images have shown micron-sized perforations within the cell membranes of
endothelial cells adjacent to MBs after a short exposure to US. Using fluorescent
microscopy, these perforations appeared to ‘reseal’ themselves very quickly and it was
suggested that calcium ion-independent and calcium ion-triggered mechanisms were
involved (Tachibana et al., 1999; Kudo et al., 2009). Also, it has been shown that supposed
cell-impermeable molecules enter cells when combined with US. A study by (Meijering et
al., 2009), found that in addition to membrane perforations, US also enhanced endocytosis
mechanisms, which may be responsible for the increased uptake of macromolecules.
However, there is conflicting evidence of whether endocytosis plays a role in the uptake of
drug molecules and this may be down to the large variation of US frequencies, duration of
exposure or number of pulses used in these experiments. One group used varying acoustic
pressures and investigated the uptake of different sized molecules to determine which
uptake mechanism was playing a role (De Cock et al., 2015). They found that lower
acoustic pressures shifted uptake to endocytosis routes whereas with higher acoustic
pressures the uptake was mainly via the formation of pores (De Cock et al., 2015). This
discovery highlights the importance of selecting the correct acoustic pressure to optimise

drug delivery, and also the need for more MB behaviour-based drug delivery experiments.

MBs in combination with US for delivery of genes or drugs to target tissues has been
previously demonstrated (Mayer et al., 2008; Cool, Geers, et al., 2013; P. Huang et al.,
2013). When MBs are subjected to US frequencies a phenomenon occurs, known as
cavitation. Cavitation is divided into two types, stable (non-inertial) and inertial (Figure
1.10). Stable cavitation occurs when a bubble in fluid is forced to oscillate (compress and
expand), whereas inertial cavitation occurs when a bubble rapidly expands and collapses
producing a shockwave (Leighton, 2007). When these effects take place in the vasculature
of a targeted tissue, they enhance the efficiency of the drug by increasing uptake at a

cellular level (Chen and Hwang, 2013).
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Figure 1.10 The behaviour of MBs with varying acoustic pressure and resulting mechanical effects.
(a) A schematic demonstrating the behaviour of MBs with varying acoustic pressures. Stable
cavitation involves the stable compression and expansion of the MBs. Inertial cavitation results in an
implosion causing destruction and/or fragmentation of the MB. (b) A schematic demonstrating the
mechanical effects of US on MBs when in contact with endothelial cells lining the tumour
vasculature. Stable cavitation of MBs can induce radiation forces, pushing MBs towards vessel walls
and bring them into closer contact with endothelial cells. MB expansion and contraction causes
microstreaming of the surrounding fluid which may cause pores to form in cell membranes. Inertial
cavitation can cause shock waves and microjetting. Shockwaves are caused by MB collapse, which
can in turn disrupt the cell membrane. If a MB collapses close to a cell membrane, the implosion is
asymmetrical, and a jet of fluid is forced towards the surface of the cell and pores are created.
These mechanical effects can be taken advantage of in order to enhance drug delivery at a cellular

level.
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1.7.1. Active targeting of MBs

MBs are solely vascular blood pool agents and therefore luminal endothelial cell receptors
associated with tumour angiogenesis may be most suitable for targeting tumours.
Molecular targets of angiogenesis such as vascular endothelial growth factor receptor 2
(VEGFR2), integrins (awvB3), endoglin, P-selectin and Neuropilin-1, have been previously

demonstrated for a range of solid tumours using target MBs and US (Table 1.5).

VEGFR2 is upregulated in tumour blood vessels and thought to play a major role in tumour
angiogenesis. In the last decade, pre-clinical studies have shown VEGFR2 to be a valid
molecular marker for MBs in xenograft models of CRC (Ellis et al., 2000; Bruns et al., 2000;
Peyman et al., 2012). The anti-angiogenic drug ramucirumab which targets VEGFR2 has
recently been approved for the treatment of metastatic CRC in combination with FOLFIRI
(RAISE trial) which increased overall survival and progression free survival compared to
FOLFIRI alone (Tabernero et al., 2015). VEGFR2 MBs which have been dual (VEGFR2, avpB3)
and triple targeted (VEGFR2, avp3, P-selectin) have also been described to enhance MB
accumulation in models of cancer and a similar strategy might prove useful in CRC

(Warram et al., 2011; Willmann, Lutz, et al., 2008).

Although not essential for MB drug delivery, ligands can be attached and are used to
enhance MB accumulation at specific molecular sites, i.e. tumours (Fan et al., 2013; Hernot
and Klibanov, 2008). The adhesion of MBs to the microvessel wall keeps the MBs in
position long enough for US triggered destruction and improves the probability that the
drug is taken up by the cancer cells (Hernot and Klibanov, 2008). Targeted MB binding to
endothelial cell receptors occurs under flow conditions, with very little time for receptor-
ligand bond formation. These bonds then have to resist the shear forces of flowing blood
long enough to allow sufficient accumulation. Careful selection of the target and the
binding affinity and specificity of the ligand is vital under these conditions, and the MB

architecture must be optimised accordingly.
1.7.2. MB production methods

Commercially available MB contrast agents approved for use clinical use in the UK are
Optison® and Sonovue® (Ignee et al., 2016). These come in powder form and are
reconstituted with saline and shaken by hand for 20-seconds prior to i.v. administration.
Conventionally, MBs are produced by either sonication or mechanical agitation of the MB
lipids and can be functionalised easily for pre-clinical investigations (Qin et al., 2009).

However, these methods produce polydisperse MBs with bubbles as large as 10 mm in
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Table 1.5 Pre-clinical molecular targets of angiogenesis using MBs.

Taken and adapted from (Wang et al., 2018)

Animal

Tumour Molecular target References
model
Colorectal Mouse VEGFR2 (Pysz et al., 2012; Anderson
etal, 2010; H. Wang et al.,
2015; Pysz et al., 2010)
Breast Mouse B3 (Anderson et al., 2011)
Mouse VEGFR2 (Lee et al., 2008; Bachawal et
al.,, 2013; Bzyl et al., 2011)
Mouse VEGFR2, a,B3, P- (Warram et al., 2011)
selectin
Mouse Neuropilin-1 (zhang et al., 2015)
Rat VEGFR2 (Pochon et al., 2010)
Pancreatic Mouse VEGFR2 (Pysz et al., 2015)
Mouse VEGFR2, VEGF, CD105 | (Korpanty et al., 2007)
Mouse Thy1/CD90 (Foygel et al., 2013)
Rat VEGFR2 (Tardy et al., 2010; Frinking
etal.,, 2012)
Glioma Rat B3 (Ellegala et al., 2003)
Ovarian Hen B3 (Barua et al., 2014)
Mouse B3 (Willmann et al., 2010)
Fibrosarcoma | Mouse B3 (Junetal., 2010)
Other Mouse VEGFR2 (Willmann, Paulmurugan, et
al., 2008; Wei et al., 2014)
Mouse VEGFR2, a3 (Willmann, Lutz, et al., 2008)
Mouse VEGFR2, a3, endoglin | (Deshpande et al., 2011;
Leguerney et al., 2015)
Mouse VEGFR2, a3, P- (Sorace et al., 2012)
selectin
Mouse oPs (Leong-Poi et al., 2003)
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diameter which are inappropriate for in vivo use (Peyman et al., 2012). For that reason, a
microfluidic platform has been created for the single-step, rapid production of
polydisperse MBs (Figure 1.11) and demonstrated for reliable, liposome loaded,
functionalised MBs of a known size (mean diameter 1-2 um) and concentration (1 x 10°
MBs/ml) (Peyman et al., 2012). On-chip production of nanobubbles and lipid stabilised oil-
shelled MBs are also possible (Peyman et al., 2016; Churchman et al., 2018).
Monodispersed MB populations are also produced in this way however, currently

concentrations produced are too low to be used clinically (Peyman et al., 2012).
1.7.3. Clinical trials of functionalised MBs for imaging and drug delivery

The first Phase | clinical trial using functionalised BR55 MBs which contained a VEGFR2
lipopeptide in the MB shell for contrast imaging of VEGFR2 in ovarian and breast lesions
had the ability to differentiate between benign and malignant lesions (Willmann et al.,

2017).

The first clinical trial using MBs to enhance drug delivery has been undertaken in patients
with inoperable pancreatic cancer, using MBs co-delivered with gemcitabine and showed
significantly improved survival, with 4 out of 10 patients removed from the study to

undergo surgical resection (Dimcevski et al., 2016).

A dose escalation clinical trial investigating blood brain barrier (BBB) opening with MBs and
US, has been demonstrated safe with carboplatin in patients with recurrent glioblastoma
and is currently ongoing (Carpentier et al., 2016). More preclinical trials using
functionalised MB are necessary to demonstrate feasibility, safety and efficacy using

targeting ligand and/or cytotoxic drugs.
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Figure 1.11 Single step formation of polydispersed microbubbles (MBs) using a microfluidic chip.

(a) Schematic of the set up showing the gas flow controller, syringe pump and stage. The manifold

and microchip are shown in more detail, producing drug-loaded MBs in a single step and collected

in a glass vial for immediate use (Peyman et al., 2012). (b) Schematic of the therapeutic

microbubbles (thMBs) produced by this method. Gas core is CaF10 pulsed with CsF14 for increased

stability (Abou-Saleh et al., 2016). Drug-loaded liposomes are attached to the phospholipid shell via

neutravidin-biotin linkages and targeted using an anti-VEGFR2 antibody. Not to scale.
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1.8 Pre-clinical, murine models of CRC

Mouse models of human diseases are an essential part of the translational pipeline. Pre-
clinical studies using mouse models can provide both mechanistic data on drug targets as
well as drug targeting and efficacy in vivo. However, no single model of CRC is capable of
reproducing all stages of human CRC. The use of several models or the generation of
complex genetically engineered mouse models (GEMM) are necessary to reproduce
disease progression in order for accurate and reliable pre-clinical testing of novel

therapeutics.

Models recapitulating CRC are either genetically modified or transplantable (Figure 1.12).
GEMM generally take a long time to establish, whereas transplantable models are much
quicker but involve implantation of cancer cells or tissues (Young et al., 2013). The

strengths and weaknesses of each will be discussed (Table 1.6).

Models of late stage disease are lacking and are an urgent requirement, as metastatic
disease is the leading cause of death in CRC cancer patients. In vivo models are necessary
for drug discovery and screening novel therapies in this area (Oh et al., 2017). Models that
are rapid, non-invasive, reproducible for large cohorts and can be monitored quickly, easily

and cheaply for quicker more relevant translation of such research into the clinic.

1.8.1. Genetically engineered mouse models (GEMMs) of CRC

The first model of the hereditary CRC syndrome familial adenomatous polyposis (FAP) was
developed in 1990 and referred to as the APC ™"* (multiple intestinal neoplasia) mouse
model (Moser et al., 1990). These mice form hundreds of tumours in the small and large
intestine which do not form metastases and have a have an average life span of just 119
days. They are useful for studying genetic events driving early disease. Variations of this
model in terms of the location of the APC mutation and genotype/phenotype correlation

have been developed (Fodde et al., 1994; Oshima et al., 1995; Colnot et al., 2004).

A GEMM which combines activation of KRAS with APC inactivation (KRASY'?¢/APC*/1638N)
developed an average of 30 tumours per mouse and after 6-months 20% of mice
developed liver micrometastases (Janssen et al., 2006). Cre-lox technology can allow
control of location and timing of APC deletions giving rise to tissue-specific mutations (El

Marjou et al., 2004).

Msh27/- (MutS homologue 2) is a paralog for HNPCC or Lynch syndrome (Edelmann et al.,

1999). These mice have a short life expectancy of between 6-12 months, with
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— Transplantable model Patient-derived Mgta§taS|s model: portal

xenograft model vein, intra-spleen
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Mouse models for
colorectal cancer

Activation of oncogenes

e.g. KRAS
Cre-lox mediated e.g.

L— Genetically engineered model > APC inactivation

Inactivation of tumour
suppressor genes e.g. APC

Figure 1.12 Murine models of CRC.
Mouse models can be divided into transplantable or genetically engineered models. In general,
transplantable models are much quicker to establish, cheaper and accessible to a majority of

research laboratories. Taken and adapted from (Oh et al., 2017).
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Table 1.6 Murine models of CRC: strengths and weaknesses.

Strengths and weaknesses of each murine model of CRC are given. Taken and adapted from

(Mcintyre et al., 2015)

Colorectal cancer model

Strengths

Weaknesses

Genetically modified

More accurately
representation of tumour
development than
transplantable models
Provide useful information
about the effects of specific
genetic mutations during
carcinogenesis

Host has intact immune
system

No species mismatch
between tumour and
stromal cells

Expensive (labour intensive
and time consuming)
Rarely metastasise

Subcutaneous xenograft:
human cancer cells
injected into immune
deficient mouse

Low cost

Rapid tumour growth

Well characterised cell lines
Easy to genetically
manipulate prior to
transplantation

Model accessible to majority
of research labs

Rapid and easy
subcutaneous injection to
implant

Not representative of
advanced disease

Have undergone significant
clonal selection
Microenvironment differences
Species mismatch in tumour
(human) and stromal (mouse)
cell may limit cross-talk
Immune deficient host

Rarely metastasise

Orthotopic xenografts of
CRC cell lines: injection of
cells into intestinal serosa
of immune deficient
mouse

As above

More natural
microenvironment for CRC
cells

Some metastasise to liver

As above (except for ‘rarely
metastasise’)

May require surgery to implant
cells

Patient-derived
xenografts: Suturing of 1-2
mm fragments of CRC to
intestine of immune
deficient mouse

Reproducible liver
metastasis

Avoid selection of dominant
clones during long-term cell
culture

Temporary preservation of
species-specific tumour-
stromal cross talk

More natural
microenvironment for CRC
cells

Not readily scalable

Host (mouse) stromal cells
replace human stromal cells
within a few weeks (species
mismatch)

Immune deficient host
Limited availability of surgical
specimens

Expensive (labour intensive
and time consuming)

Syngraft/Isograft: Suturing
1-2 mm mouse tumour
fragments or mouse
tumour cells to genetically
inbred, immune
competent mouse

No species mismatch
between tumour and
stromal cells

Host has intact immune
system that enables testing
of immunomodulatory anti-
cancer agents

Expensive (labour intensive
and time consuming surgery
for tumour fragment
transplantation)

The model is not human
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gastrointestinal adenocarcinomas forming in 80% of mice that survive 8-10 months

(Reitmair et al., 1996).

CRC development and metastasis is the result of complex genetic alterations over time and
currently GEMM are limited by only having a few mutant alleles and mostly for studying
early stages of disease as opposed to metastasis (Johnson and Fleet, 2013; Clark and Starr,

2016).

1.8.2. Transplantable mouse models of CRC

Transplantable models involve the implantation of cultured cancer cells into a host, these
can be syngeneic (mouse cell lines) or xenograft (human cell lines) models. Syngeneic uses
cells from the same species in which they originated and can therefore be grown in
immune competent mice. There is no mismatch between tumour and stromal cells and an
intact immune system enables testing of immunomodulatory anti-cancer agents. Xenograft
models use human derived cell lines or patient-derived cells and are injected into immune
deficient hosts, with mismatch between tumour and stromal cells. Surgery may be
required to implant cells or tumour tissue fragments when creating an orthotopic model.
In general, transplant models are less expensive and quicker to develop than genetically
modified versions, and they can use well characterised cell lines which are easy to

genetically manipulate prior to transplantation (Mcintyre et al., 2015).
1.8.2.1 Subcutaneous models

The most common transplantable method is via subcutaneous implantation, resulting in
palpable tumours where size can be monitored easily by calliper measurements (Tomayko
and Reynolds, 1989). It has been found that tumour volumes measured using pre-clinical
high frequency US (HFUS) are more accurate and require up to 30% less mice for
statistically significant studies compared with calliper measurements (Ingram et al., 2013;

Ayers et al., 2010).

Subcutaneous xenograft models have been used in some respect for almost every anti-
cancer therapy used today, and have shown some predictive value in terms of clinical
translatability (Johnson et al., 2001; Voskoglou-Nomikos et al., 2003). However, only 5% of
compounds that have shown promise will eventually be approved for clinical use
(Sharpless and DePinho, 2006). Subcutaneous and orthotopic models have shown
differences in drug sensitivities suggesting that the tumour microenvironment must play a
role (Zhao et al., 2017; Manzotti et al., 1993). Tumours grown subcutaneously do not

accurately represent the clinical tumour microenvironment which contains fibroblasts,
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immune cells and an extracellular matrix which have all been shown to be influencing
factors for tumour establishment and growth (Wang et al., 2017). Therefore, orthotopic
models which mimic the clinical tumour environment may allow for more reliable and

quicker translation of therapeutics to the clinic.
1.8.2.2 Orthotopic models

Transplantable orthotopic CRC liver metastases models are typically established either by
serosal injection of cells or implantation of tissue to the colon, intrasplenic injection or i.v.

injection of cells into the portal vein (W.Y. Lee et al., 2014; Oh et al., 2017).

Orthotopic models of primary CRC involve the surgical implantation of CRC cells into the
serosa of the intestine, and over time liver metastases can form. When injecting cells into
the colon, the metastatic potential is dependent on the cell line used and resulting
metastasis is unpredictable, unreliable and time dependent. These models accurately
represent metastasis from primary site to the liver but are rarely used as they are
technically challenging and time-consuming procedures. Refinements to this technique
have involved the microinjection of cells between the mucosa and the muscularis externa
layers of the caecal wall (Céspedes et al., 2007) and a non-surgical trans-anal rectal

injection (Donigan et al., 2009).

Intrasplenic injection of cancer cells reliably and rapidly produces liver metastases (Lavilla-
Alonso et al., 2011; Hawcroft et al., 2012; Shimizu et al., 2000; Magistri et al., 2017). It also
represents metastasis in terms of extravasation but not from the normal primary site, and
the spleen is often surgically removed after injection which is a vital organ of the immune

system.

There are many risk factors associated with surgery, requiring longer times under general
anaesthetic, higher risk of infection, inflammation and healing time, loss of body mass,
stress to the animal and higher risk of mortally (Balcombe et al., 2004). Small animal
surgery is labour intensive, time consuming to produce large cohorts and requires highly

skilled personnel.

A number of studies have been conducted to investigate the factors which may influence
metastasis of xenograft models, such as the cell line (Flatmark et al., 2004), injection site
and mouse age and strain (Hackl et al., 2013; Lavilla-Alonso et al., 2011). However, there is
still a requirement for a better representative model of CRC and liver metastases that also
fulfil the aims of the National Centre for the 3Rs (replacement, refinement and reduction)

(Prescott and Lidster, 2017).
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1.9 Aims and objectives

The aim of this research was to investigate the potential of targeted, triggered drug

delivery using thMBs and US for the treatment of CRC.
Objectives to achieving this aim were:

I.  To develop and establish a protocol for detecting concentrations of irinotecan and
its metabolites in murine tissues using LC-MS/MS
Il. PK analysis and biodistribution of irinotecan after targeted, triggered drug delivery
using an in vivo model of CRC
lll.  To further develop targeted, triggered drug delivery using SN38 for the treatment
of CRC

IV.  To establish an orthotopic model of CRC liver metastases
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Chapter 2
Materials & Methods
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2. Materials and Methods

2.1. Liquid chromatography-triple quad tandem mass spectrometry
(LC-MS/MS) analysis of murine tissues for irinotecan and its

metabolites

2.1.1. Preparation of stock solutions and standards

Master stock solutions of irinotecan hydrochloride, SN38 (both Sigma-Aldrich) and SN38-
Glucuronide (Santa-Cruz, USA) were prepared individually in dimethyl sulfoxide (DMSO,
Sigma-Aldrich, UK) at a 1 mg/ml concentration and stored as recommended. From the
master stock solution, a working stock solution was prepared in methanol (HPLC grade,
Fisher Scientific, UK) to a 10 pg/ml concentration, aliquoted and stored at -80°C. Working

stock solutions were prepared on a monthly basis.

A fresh standard curve was prepared from working stocks and run each day of analysis.
Five-point standard curves were prepared by serial dilution (1:1) using methanol, including
a blank containing methanol only. Tubes were vortex mixed and transferred to vials for
analysis. Peak areas (PAs) from the standard curves were plotted against the known

concentration and the slope of the curve was used to calculate drug concentration.
2.1.2. Preparation of samples

Tissue, serum and plasma samples were kept at 4°C while weighed and methanol was
added to make a 1:4 homogenate using an ULTRA-TURRAX" homogeniser (IKA, Oxford UK).
Serum/plasma samples did not require homogenisation. Liposome and thMB samples were
diluted in methanol to a concentration within the standard curve. The resulting
homogenate/methanol solution was immediately vortexed then centrifuged at 10,000 g
for 5-minutes (4°C), to separate out the solid protein precipitate. The supernatant was

then transferred into vials to be analysed by LC-MS/MS.
2.1.3. Preparation and use of internal standards

An internal standard was used to control for extraction, injection and ionization variability
and therefore improving precision and accuracy of the method of detection. The
appropriate internal standard was added at the same concentration to samples and
standards. Each internal standard was chosen to give a reliable LC-MS/MS signal and

similar retention time to that of the compound of interest. It was important to spike
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samples in a range that was above the limit of quantitation but within the concentration

range of the samples so as to not suppress the ionization of the analytes.

For the irinotecan PK study (Chapter 3), an internal standard was used. A master stock of
the internal standard, irinotecan-d10 hydrochloride (Santa-Cruz, USA) was prepared in
methanol at a concentration of 1 mg/ml and stored at -80°C. From the master stock, a
working stock was prepared by dilution to 10 pg/ml in methanol. From this, 2 pl was
transferred to ‘spike’ each 20 ul sample so that the final concentration was 1 pug/ml.

Standard curves were also spiked in this way.

An internal standard was used for all SN38 in vivo experiments (Chapters 4 and 5). A
master stock of the internal standard tolbutamide (Sigma-Aldrich, UK) was prepared in
methanol at a concentration of 1 mg/ml and stored at -80°C. From the master stock, a
working stock of a suitable concentration was prepared in methanol. This methanol was
then used to make the initial 1:4 homogenates. Standard curve serial dilutions were also

diluted 1:4 with internal standard.
2.1.4. Equipment

Analyses were performed on an Acquity Ultra-High Pressure Liquid Chromatography
(UPLC) system (Waters Corporation, Milford, MA, USA) for the liquid chromatography
separation of the compounds of interest. Chromatographic separation was obtained using
an Acquity UPLC BEH C18 column (1.7 uM, 2.1x100 mm, Waters Corporation, Milford, MA,
USA) with a column temperature of 40°C. A triple quadrupole Quattro Premier Mass
Spectrometer (MS/MS) (Waters Corporation, Milford, MA, USA) was used with an ESI
(Electrospray lonisation) source operating in positive ionisation mode. Compounds were

detected using the multiple reaction monitoring (MRM) settings detailed in Table 2.1.

Samples were eluted using a stepwise gradient at a flow rate of 0.3 ml/min for a total run
time of 26-minutes. The flow conditions on the column are further detailed in Table 2.2.
The C18 column and mobile phases were chosen and loosely based on a previously
published method using the same compounds and UPLC (Chen et al., 2012). The gradient
was optimised using in house HPLC (Section 2.2.3) before developing the LC-MS/MS
method. Mobile Phase A was 90% dH,0, 10% methanol and 0.1% formic acid and Mobile
Phase B was 90% (v/v) methanol, 10% (v/v) dH,0 and 0.1% (v/v) formic acid.

Instrument control and data acquisition were performed using MassLynx™ version 4.0

software (Waters Corporation, Milford, MA, USA). The individual chromatograms
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Table 2.1 Multiple reaction monitoring (MRM) settings used for detection of each compound
using LC-MS/MS.
Compounds of interest (irinotecan, SN38, SN38-G and NPC) and internal standards (Tolbutamide

and irinotecan-d10) are shown. Mass to charge ratio (m/z).

Compound Precursor/Product Dwellsec) Conell Collision®

longdm/z) Voltage Energy@volts)
Irinotecant 587.3@24.00 0.15 25 45
Irinotecan 587.3(66.97 0.15 25 45
SN38H 393.23264.17 0.15 35 30
SN38H 393.2@293.04 0.15 35 30
SN38 393.2349.13 0.15 35 30
SN38-GB& 569.82349.89 0.20 35 30
SN38-GB& 569.8393.75 0.20 35 30
NPC 519.43[27.08 0.20 45 25
NPC 519.4®49.06 0.20 45 25
NPC 519.4392.85 0.20 45 25
Tolbutamidel 271.23754.96 0.20 20 15
Tolbutamide 271.23A71.96 0.20 20 15
Irinotecan-d10@ 597.3@#33.10 0.15 25 45
Irinotecan-d10@ 597.3@@77.07 0.15 25 45

Table 2.2 Flow conditions on the LC-MS/MS column.
Gradient of Mobile Phase A (%A) and Mobile Phase B (%B) are shown as a percentage. Mobile Phase
A was 90% dH20, 10% methanol and 0.1% formic acid and Mobile Phase B was 90% (v/v) methanol,

10% (v/v) dH20 and 0.1% (v/v) formic acid. Total run time was 25-minutes.

Stage Timefmin)  FlowdmL/min) %A %B
1 Initial 0.3 80 20
2 15 0.3 20 80
3 16 0.3 0 100
4 20 0.3 0 100
5 21 0.3 80 20
6 25 0.3 80 20
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(identified from specific mass-to-charge ratios) were selected for analysis. In brief, each
individual chromatogram had an x-axis (retention time, minutes) and a y-axis (% signal

intensity) and a calculated PA for the drug of interest (Figure 2.1).
2.1.5. Concentrating of samples to improve detection by LC-MS/MS

Due to the low concentrations of SN38 delivered, additional steps were added to improve
the detection of very low concentrations of SN38 and SN38-G. The internal standard
tolbutamide (Sigma-Aldrich, UK) was used to improve precision and accuracy due to the
additional sample preparation steps and variation in volumetric recovery between steps

(evaporation and reconstitution).
2.1.6. Sample preparation of LC-MS/MS analysis

For LC-MS/MS analysis, tissues were weighed and homogenised in 1:4 methanol (spiked
with internal standard tolbutamide (Sigma-Aldrich, UK)) for 45 seconds at a speed of 6.45
m/s (2 cycles), using Bead Ruptor 24 Bead Mill Homogenizer (OMNI International, USA)
with 2.8 mm zirconium ceramic oxide beads. A clear supernatant was obtained by
centrifugation, dried at 37°C using GeneVac EZ-2 centrifugal evaporator (Genevac Ltd, UK),

re-suspended in 25 pl of methanol, and analysed by LC-MS/MS (as before, Section 2).
2.1.7. Extrapolation using the standard curve

A standard curve was plotted of PA against concentration, and the gradient used to
determine concentration of drug detected. This was further multiplied by the dilution
factor to determine final drug concentration (per gram of tissue or per ml of

serum/plasma).

When an internal standard was used, the ratios of PA to internal standard PAs were
determined for samples and standards. These ratios were then plotted against known
concentrations of the standards to produce a standard curve. The slope of the curve was

used to calculate the concentration of drug per gram of tissue (or per ml of serum/plasma).
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Figure 2.1 An example chromatogram of compounds of interest.
SN38-G, irinotecan and SN38 gave retention times of 8.02, 8.65 and 11.59 minutes, respectively
(MassLynx™ version 4.0 software, Waters, UK). Y-axis = extracted ion intensity (%) and x-axis = time

in minutes.
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2.2. High performance liquid chromatography (HPLC) to quantify

irinotecan concentrations in liposomes and thMBs

2.2.1. Preparation of standards

Irinotecan master stock (previously described Section 2.1.1) was diluted to make 2 mg/ml
using methanol to make a working stock. Standards were created from this working stock
by diluting 1:1 using methanol to make a 5-point standard curve with the highest

concentration of 1 mg/ml.
2.2.2. Preparation of samples

Previously injected irinotecan thMB samples were kept at 4°C prior to analysis. A total of 5
thMB samples were prepared for HPLC analysis by the addition of methanol (1:10), vortex
mixed and microcentrifuged at 10,000 g for 5-minutes. Liposome samples were also
prepared by the addition of methanol (1:100) followed by vortex and centrifuge as for
thMBs.

2.2.3. Equipment

Samples and standards were analysed using a Waters Alliance 2695 HPLC (Waters
Corporation, Milford, MA, USA) linked to a Waters 2996 Photodiode Array Detector. 10 pl
of sample was eluted using a stepwise gradient at a flow rate of 1 ml/min on a Hichrom
RPB column (3.5 um, 25 cm x 2.1 mm) (Hichrom Limited, UK)(Table 2.3). Mobile Phase A

and B were the same as for LC-MS/MS described in Section 2.1.4.

The ‘Empower2’ software (Waters Corporation, Milford, MA, USA) was used to determine
PAs of the chromatograms, extracted at a wavelength of 373.0 nm (example
chromatogram shown in Figure 2.2), and a table reading retention time (minutes) and PA
was created. The PA from chromatograms of the standards were used to plot a standard
curve for known concentrations of irinotecan. From this, the slope of the curve was
calculated and used to determine the concentration of irinotecan using the PAs from the

chromatograms of the thMB and liposome samples.
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Table 2.3 Flow conditions on the column.

Flow condition are shown for HPLC analysis of irinotecan concentrations detected in thMB and
liposome samples. Mobile phase A (%A) and mobile phase B (%B) are shown as a percentage.
Mobile Phase A was 90% dH20, 10% methanol and 0.1% formic acid and Mobile Phase B was 90%

(v/v) methanol, 10% (v/v) dH20 and 0.1% (v/v) formic acid. Total run time was 15-minutes.

FlowR

Stage Timedmin) . %A %B
(mL/min)
1 Initial 1.0 90 10
2 7 1.0 10 90
3 9 1.0 10 90
4 10 1.0 90 10
5 15 1.0 90 10
l].Hﬂ—_ 3
1 1
i 4
0.40- B
u ]
A 020
0.00- ?ELQ

5.00 10.00 165.00

Figure 2.2 Example of an irinotecan HPLC chromatogram.
Chromatogram was extracted at wavelength 373.0 nm and gives a single peak at 8.413 minutes with
a peak area of 3712018, equivalent to 226.4 ug/ml of irinotecan (Empower 2 software (Waters

Corporation, Milford, MA, USA)). Total run time of 15-minutes. AU = Absorbance units.
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2.3. Tissue culture

2.3.1. Celllines

The human colorectal adenocarcinoma cell line SW480, the metastatic-derived (lymph
node) SW620 were isolated from the same patient and contain a mutant APC gene
(Leibovitz et al., 1976; Hewitt et al., 2000; llyas et al., 1997). The human colorectal
carcinoma cell line HCT116 contained wild type APC but mutant KRAS (Brattain et al., 1981;
llyas et al., 1997). The mouse endothelial cell line SVR was isolated from pancreatic islets of
C57BL/6 adult mice (Arbiser et al., 1997). All were obtained from the American Type
Culture Collection (ATCC).

MC38 luc11A mouse syngeneic CRC cells expressing luciferase were a kind gift from
Professor D. Beauchamp, University of Virginia. MC38 luc11A originated from the parent
cell line MC38, which was isolated after repeated treatments of the carcinogen 1,2-
dimethylhydrazine dihydrochloride and was found to be KRAS mutant (Corbett et al.,
1975).

All cell lines were regularly screened for mycoplasma and all human cell lines were short
random repeat (STR) DNA profile authenticated. All cell lines were screened for mouse-

specific viruses prior to culturing for xenograft implantation.
2.3.2. Tissue culture conditions

Cells were maintained in vented T75 tissue culture flasks (Corning Life Sciences, UK) using
Roswell Park Memorial Institute medium 1640 (RPMI Medium 1640, Gibco™)
supplemented with 10% (v/v) foetal calf serum (FCS) (Invitrogen, UK) (specifically cell lines:
HCT116, SW620, SW480 and MC38luc11A) at 37°Cin a 5% CO, atmosphere. The SVR cells
were maintained under the same conditions but using Dulbecco's Modified Eagle Medium
(DMEM, Gibco™) supplemented with 5% (v/v) FCS (Invitrogen, UK). Cells were passaged at
70-80% confluence, by washing with sterile phosphate buffered saline pH 7.4 (PBS,
Invitrogen, UK) before being harvested by trypsinisation. Culture medium was added back
into the flask to block the action of trypsin before the cells were collected and centrifuged
at 400 g for 5-minutes in Eppendorf™ 5810R centrifuge (Eppendorf™ Hamburg, Germany).
The supernatant was discarded, and the cells re-suspended in medium and split 1in 5
(SwW480, SW620) or 1 in 10 (HTC116, MC38luc11A and SVR) into a fresh T75 tissue culture

flask containing fresh medium.
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2.3.3. Preparation of cells for xenografts

SW480 cells were cultured according to the protocol outlined in Section 2.3.2. Cells were
re-suspended in PBS after being centrifuged at 400 g, the total cell count was obtained
manually using a Neubauer haemocytometer, and the concentration was adjusted to 1x107
cells/ml. Cells were mixed thoroughly and 100 pl was injected subcutaneously into the

right hind flank of female CD1 or BALB/c nude mice.
2.4. Chemosensitivity assay

The MTT assay was used to determine cell viability. This test measures the ability of the
cells to convert the water-soluble, yellow tetrazolium salt, MTT (3-[4,5-Dimethylthiazol-2-
yl]-2,5-diphenyl-tetrazolium bromide, Sigma-Aldrich, UK), into water insoluble, purple,
formazan crystals, via mitochondrial enzymes (Mosmann, 1983). Crystals are dissolved in
DMSO (Sigma-Aldrich, UK) and the optical density was measured using spectrophotometer,

as described below.

Cells were seeded at 4000 cells per well of a 96-well plate across 11 lanes out of 12. One
lane was used as a blank (no cells, 100 ul medium), and another lane was used as a vehicle
control (cells, 0.1% DMSO). Cells were incubated under previously described conditions,

for 24 hours (Section 2.3.2).

For SN38 cytotoxicity assays, the highest SN38 concentration was sonicated for 20-minutes
and vortex mixed repeatedly to solubilise in the media, and dilutions were made from this
stock. Medium from the cells was then carefully removed and replaced with fresh media
containing a range of SN38 (Sigma-Aldrich, UK) concentrations. Cells were exposed to SN38
for either 72-hours or 24-hours with media carefully removed, washed with fresh media
and finally replaced with fresh media, being left to recover for a further 48-hours. Cell
viability was determined using the MTT assay. 10 pl of MTT (5 mg/ml) was added to each
well and incubated under normal tissue culture conditions for 4 hours. The medium was
removed and 150 pul of DMSO was added to dissolve the crystals. The absorbance was
measured at 620 nm using a Mithras LB 940 multimode microplate reader (Berthold
Technologies, Bad, Wildbad, Germany). The mean absorbance was calculated from 4
measurements per dilution (8 measurements for the controls) and the absorbance of the
blank was subtracted from each value. The adjusted absorbance values were used to
calculate the percentage of cell survival using control values as 100% cell survival, see

equation below:
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% viability = (absorbance of treated cells + absorbance of control cells) X

100

Cytotoxicity curves were plotted as percentage viability against drug concentration (Logio),
transformed and fitted using a non-linear fit, log(inhibitor) vs. response — Variable slope
(four parameters). Biphasic curves were fitted with a non-linear fit — biphasic. ICso values

were expressed as a mean (Graphpad — Prism version 7, La Jolla, CA, USA).
2.5. Topoisomerase | enzyme-linked immunosorbent assay (ELISA)

2.5.1. Preparation of samples

Cell lysates were prepared by detaching cells as previously described (Section 2.3.2) and
collected by centrifugation. Cells were washed three times in ice-cold PBS and re-
suspended in the same. Resulting suspensions were frozen at -80°C and thawed (repeated
three times). Centrifuged at 1500 g for 10-minutes at 4°C and the supernatants stored at -
80°C until needed.

Tissue homogenates were prepared by weighing, then rinsing in ice-cold PBS. Tissues were
minced using fine scissors and homogenised in 5 ml of PBS with a Micro Tissue Grinder
(Pellet Pestles — Cordless Motor, Kimble® Kontes, Sigma-Aldrich) with Kimble® Kontes 1.5
ml Disposable Pellet Pestles (blue polypropylene, autoclavable, Sigma-Aldrich, UK).
Resulting suspensions were frozen at -80°C and thawed (repeated twice), followed by
centrifugation at 5000 g for 5-minutes at 4°C. The supernatants were then stored at -80°C

until needed.
2.5.2. Protein assay

A standard curve was prepared at a suitable concentration range using a stock
concentration of BSA (Sigma-Aldrich, UK) at 10 mg/ml. 10 pul of each standard was added to
wells of a 96-well plate (in duplicate) with blanks. Then 10 pl of each sample was added (in
triplicate) to the wells of the 96-well plate. Using the Bio-Rad DC Protein Assay Kit (Biorad,
Life Science, UK) 25 ul reagent A was added to each well, then 200 pl of reagent B to each
well. Plate was incubated (shaking) at room temperature (RT) for 15-minutes and the
absorbance was measured at 570 nm (Mithras LB 940 multimode microplate reader,
Berthold Technologies, Bad, Wildbad, Germany). The mean absorbance was calculated per
dilution and the absorbance of the blank was subtracted from each value. A standard curve
was plotted, and the protein concentration of the samples calculated using the gradient of

the trend line (linear).
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2.5.3. Topoisomerase | ELISA

An ELISA for topoisomerase | (human or mouse) (Cloud-Clone Corp., Houston, TX, USA) was
used as per manufacturer’s instructions. A standard curve was prepared at a suitable
concentration range. Absorbance was measured at 450 nm (Mithras LB 940 multimode
microplate reader, Berthold Technologies, Bad, Wildbad, Germany). The mean absorbance
was calculated per dilution and the absorbance of the blank was subtracted from each
value. A standard curve was plotted (Log/Log) and the protein concentration of the

samples calculated using the gradient of the trend line (linear).
2.6. UGT1A1 enzyme-linked immunosorbent assay (ELISA)

2.6.1. Preparation of samples

Cell lysates were prepared by detaching cells as previously described (Section 2.3.2) and
collected by centrifugation. Cells were washed three times in ice-cold PBS and re-
suspended in the same. The resulting suspension was sonicated twice using a tip sonicator
(Branson Sonifier 250, Danbury, CT, USA) in an ice bath for 15-seconds at 50% duty cycle
and an output control of 3. The suspension was then centrifuged at 1500 g for 10-minutes

at 4°C and supernatants stored at -80°C until needed.

Tissue homogenates were prepared by weighing, then rinsing in ice-cold PBS. Tissues were
suspended in 5 ml of PBS and minced using fine scissors. The resulting suspension was
twice sonicated for 30-seconds at 50% duty cycle and an output control of 3. The
suspension was then centrifuged at 5000 g for 5-minutes at 4°C and supernatants stored at

-80°C until needed.
2.6.2. UGT1A1 enzyme-linked immunosorbent assay (ELISA)

The protein concentration of each sample was determined as previously described,
(Section 2.5.2). An ELISA for UGT1A1 (human or mouse) from ElAab°’, Wuhan, China, was
used as per manufacturer’s instructions. A standard curve was prepared at a suitable
concentration range. Absorbance was measured at 450 nm (Mithras LB 940 multimode
microplate reader, Berthold Technologies, Bad, Wildbad, Germany). The mean absorbance
was calculated per dilution and the absorbance of the blank was subtracted from each
value. A standard curve was plotted (Log/Log) and the protein concentration of the

samples calculated using the gradient of the trend line (linear).
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2.7. Irinotecan liposomes

2.7.1. Generation of irinotecan liposomes

The method of liposomal encapsulation is described in brief and was kindly performed by
Dr Radwa Abou-Saleh (Department of Physics and Astronomy, University of Leeds, UK).
The lipid shell was composed of 63:32:5:0.1 mole % DSPC:Cholesterol:DSPE-Biotin-
PEG2000:Texas Red® DHPE. Irinotecan encapsulation was performed using the manganese
sulphate pH gradient method (Messerer et al., 2004). Briefly, the dried lipid film was
hydrated with 300 mM manganese sulphate buffer (pH 3.4) to a total lipid concentration of
24 mg/ml. Liposomes were filtered using a 200 nm pore diameter polycarbonate
membranes in a mini-extruder at 60-70°C. The external buffer was exchanged using a
column equilibrated with pH 7.4 SHE buffer (300 mM sucrose, 20 mM HEPES and 15 mM
EDTA). lonophore was added to liposomes at 0.5 pg/mg lipids and incubated at 60°C for
10-minutes. Irinotecan was then added to the lipids at a 0.6:1 w/w ratio and incubated for
2-hours at 60°C, in a light-free environment. A Sephadex G25 column, equilibrated with pH
7.4 SH buffer (300 mM sucrose, 20 mM HEPES) was used to removed unencapsulated

irinotecan. Drug concentration was quantified by HPLC (see Section 2.2).

Irinotecan thMB production and in vivo experiments were performed by Dr Nicola Ingram
(Leeds Institute of Biomedical and Clinical Sciences, University of Leeds, UK). Murine
tissues from in vivo experiments were kindly provided for LC-MS/MS analysis and the thMB
samples used for HPLC analysis, both performed by Laura McVeigh using facilities at the

Institute of Cancer Therapeutics, University of Bradford, UK.
2.8. SN38liposomes: Generation and characterisation

2.8.1. Generation of SN38 liposomes

The method of liposomal encapsulation is described in brief and was kindly performed by
Dr R Abou-Saleh (School of Physics and Astronomy, University of Leeds, UK). The lipid shell
of the liposomes comprised 57:39:4:0.1 molar % of DSPC:Cholesterol:DSPE-Biotin-
PEG2000:Texas Red-DHPE. In addition, negatively charged cardiolipin was added to the lipid
mixture at 11% of the total mass in order to bind and entrap SN38 within the liposome.
Lipids were mixed and dried under a stream of nitrogen, then under a vacuum overnight to
remove any traces of chloroform or methanol. SN38 was dissolved in 0.1 M ammonium
hydroxide buffer to 2 mg/ml and the encapsulation procedure was carried out as

previously described (Ahmad and Zhang, 2005). Briefly, the dried lipid film was hydrated
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with 2 mg/ml SN38 in 0.1M ammonium hydroxide and 10% sucrose, pH 11 to a total lipid
concentration of 42 mg/ml. This suspension was then extruded with a mini-extruder
(Avanti Polar Lipids, Alabaster, USA) through polycarbonate membrane filters at 60-70 °C
and reduction in the vesicle diameter was obtained by passing the liposomes through 400

nm and 200 nm pore sizes, respectively.

The liposomes were then divided to aliquots, frozen in liquid nitrogen and dehydrated by
freeze-drying over-night using a VerTis BenchTop Pro (SP Scientific) at 60mT and 104.6°C.
Aliquots were stored at -20°C until needed. Liposomes were rehydrated overnight with 10
mM acetate buffer (pH 2) at 4°C then passed through a 200 nm pore syringe filter before

use.
2.8.2. Liposome sterility

20 pl of liposome sample was co-incubated with tissue culture medium and incubated for
72 h at 37°C. Medium was inspected daily under 100x objective with 1.5x internal
magnification using an Olympus CK641 (Hamburg, Germany) for colour change or

indication of infection.
2.8.3. Liposome size, zeta potential and concentration

gNano (iZON, Oxford, UK) was used to determine diameter and concentration of liposomes
(performed by Dr R Abou-Saleh). The concentration was measured using a 200 nm
nanopore. A 1:1000 dilution of carboxylated polystyrene calibration particles were used as

reference. Liposome samples were diluted 1:1000 using PBS before analysing.

A Zetasizer (Malvern Instruments Ltd, UK) was used to determine the hydrodynamic
diameter of freshly rehydrated liposomes by dynamic light scattering (DLS). This was also
used to measure the zeta-potential, by passing a voltage through the sample and mixed
measurement model phase analysis (M3-PALS) technology determined the mean reading

inmV.

A Nanosight N300 (Malvern Instruments Ltd, UK) was used to determine liposome
concentration. Liposome samples were diluted, and Nanoparticle Tracking Analysis

software established the modal value of liposomes per ml.
2.8.4. Liposome chemosensitivity assays

The concentration of SN38 within the liposome batches was determined by LC-MS/MS, see
Section 2.1.2. The known concentration was used to prepare serial dilutions of the

liposomes in tissue culture medium to apply to SW480 cells (same concentrations and MTT
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method used previously (Section 2.4). Cells were treated for 24 or 72-hours and compared

to free SN38.
2.9. On-chip generation of MBs and in vivo administration

Irinotecan or SN38 liposomes were loaded onto VEGFR2-targeted MBs which were
generated using a microfluidic chip (Figure 2.3) following the method described in
(Peyman et al., 2012). MBs were produced quickly, 1 ml of MBs could be produced within
10-minutes. Liposome loading was estimated using the average size (1.6 um) and
concentration (1 x 108 MB/ml) of the MB population. Approximately 400 liposomes of 200

nm diameter would fit around a single MB.
2.9.1. Preparation of MB lipids

4 mg (95% DPPC, 5% DSPE biotin PEG2000) of lipids were vortex mixed in a glass vial and
dried under nitrogen for 1-hour or until a dried lipid film could be visualised. Vials were
stored at -20°C and used within 2-3 weeks. The lipid film was then resuspended in sterile
PBS to a concentration of 2 mg/ml. 10 pl of 41.7 uM neutravidin (Thermo Fisher Scientific,
MA USA) stock was incubated for 20-minutes with 8 x 10*! liposomes. Neutravidin
concentrations were optimised in earlier experiments by Dr R Abou-Saleh, School of
Physics and Astronomy, University of Leeds, data not shown). The neutravidin/liposome
mixture was then incubated with the resuspended MB lipids for 20-minutes at 4°C. After
incubation, 10 pl/ml C¢F14 (Sigma-Aldrich, USA) was added and vortex mixed. This MB
solution was fed into the microfluidic system at 60 ul/ min with a gas pressure of 20 psi.

thMBs were produced with a C4F10 gas core.
2.9.2. Concentration and size of MBs

The concentration and size of MBs were measured post production. A counting chamber
was constructed using a coverslip placed on a glass microscope slide. 50 um thick
polyethylene terephthalate as spacers were used to ensure the bubbles were not flattened
under the weight of the coverslip. MBs were diluted 1:10 and a volume of 30 pul was placed
under the coverslip by capillary action. Figure 2.4 shows a bright field image of the MBs in
the counting chamber. Images were taken using the 40x objective with 1.5x internal lens
(Nikon Eclipse Ti-U, Tokyo, Japan) over 10 regions of the slide and an in-house macro was
used with ImagelJ software (Maryland, USA) the mean bubble diameter and bubble
concentration. Bubbles less than ~0.75 um were not counted due to the optical resolution

of the microscope.
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2.9.3. Targeting MBs to VEGFR2

MBs were targeted to VEGFR2 post production by the addition of 0.1 pug of anti-mouse
biotinylated VEGFR2 antibody (eBiosciences, CA, USA) per 107 thMBs. thMBs were
incubated with the antibody for 20-minutes at RT. VEGFR2 antibody concentrations were
optimised previously within the group by Dr N Ingram (Leeds Institute of Biomedical and

Clinical Sciences, University of Leeds, UK).
2.10. Animals

The mice were 5-7-week-old female CD-1 nude mice or BALB/c nude mice (originally
obtained from Charles River Laboratories, Kent) and maintained in house. All mice were
maintained under high health status conditions and are specific pathogen free (SPF) status.
Animals are housed in individually ventilated cages (IVCs) with access to food and water ad
libitum. All procedures were approved by the UK Home Office and carried out according to
the Animals (Scientific Procedures) Act 1986 and under personal licence authority to Laura

McVeigh.
2.10.1. Administration of thMBs (in vivo)

CD1® nude mice were inoculated subcutaneously with 1x107 SW480 CRC cells (see Section
2.3.3 and 2.10). Tumour volumes were measured by calliper and using high frequency US.
When tumour volumes reached 100-150 mm?3(~8-10 days post inoculation), mice were
randomly assigned to treatment cohorts. Treatments were administered intravenously
(i.v.) via tail vein. See individual figure legends for further details such as injection volume.

If the animal required an US-trigger, it was administered 4-minutes post i.v. injection.
2.10.2. Ultrasound-trigger (US-trigger)

The US-trigger was produced using a purpose built single element US system termed
Ultrasound Array Research Platform (UARP)(McLaughlan et al., 2013; Freear et al., 2014).
The frequency and acoustic pressures were predetermined using the polydisperse MB
populations produced using the on-chip method so that the resonate size corresponded to
the US frequencies used (McLaughlan et al., 2016). With the mouse supine, the transducer
was brought into position, perpendicular to the tumour region with the use of adequate
coupling gel (EcoGel 100™; Eco-Med Pharmaceuticals Inc., Mississauga, Canada). A 5-
second ‘tone burst’ was produced by a 2.2 MHz unfocused transducer (V323, Olympus

NDR, UK), generating a 10 us US pulse with a peak negative pressure of 260 kPa with a
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—p  Direction of flow

Figure 2.3 On-chip MB production.
The chip (Epigem, RedCar, UK) consists of separate lipid and gas inlets that feed into 4 flow focusing
modules (black box outlines a single flow focusing module). The MBs are formed by a microspray

regime and collected from a single outlet port. The microfluidic chip was designed by Dr Sally A

Peyman (Peyman et al., 2012).
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Figure 2.4 On-chip MB production of polydispersed populations.

(a) Histogram showing MB population from microfluidic on-chip micro-spray regime. Mean
diameter was 2 um with a dispersity index of 50%. None of the MBs produced using this regime
were greater than 8 um in diameter. Taken from (Peyman et al., 2012). (b) SN38 liposomes attached
to MBs. Taken by bright field microscopy using a 40x objective with 1.5x internal magnification
(Nikon Eclipse Ti-U, Tokyo, Japan). An in-house macro was used with Image) to determine size and

concentration of the MBs per image.
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1 kHz pulse repetition frequency (PRF). This US-trigger was used for in vivo work in

Chapters 3-4.

In Chapter 5 additional US-triggers were used. The tone burst was extended from 5-
seconds to a total sonication time of 120-seconds. The 120-second chirp US-trigger with a -
6 dB bandwidth of 80% with a frequency between 3-7 MHz was produced by a 5.0 MHz
unfocused transducer (V310, Olympus NDT, UK), generating a pulse with a peak negative
pressure of 110 kPa with a 1 kHz PRF. See Figure 2.5 for image of the UARP and example

depictions of the described US sequences.
2.10.3. In vivo measurements of tumour volume: Calliper

Mechanical calliper measurements were taken twice per week to determine tumour

volume. The following equation was used to determine the tumour volume:

Tumour volume = length (mm) X height (mm) X (mw -+ 6)

2.10.4. In vivo measurements of tumour volume: High-Frequency Ultrasound

(HFUS)

HFUS was preformed weekly to measure tumour volume. Using a Vevo 770 high-frequency
US system (Fujifilm VisualSonics, Inc, Ontario, Canada), a 40 MHz (RM-704) or 25 MHz (RM-
710B) transducer (both from VisualSonics, Inc, Ontario, Canada), was held above the
animal as described (Abdelrahman et al., 2012), and imaged in B mode. Vevo 770 version 3
software (Fujifilm VisualSonics, Inc, Ontario, Canada) was used for post-acquisition 3D
reconstructions and used to calculate tumour volumes, as described in (Ingram et al.,

2013). A more detailed description can be found in Section 6.2.2 and Figure 6.3.
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Figure 2.5 The ultrasound-trigger (US-trigger).
(a) The US-trigger was generated by the Ultrasound Array Research Platform (UARP) (b. i)
Representative tone burst (2.25 MHz transducer) and (b. ii) chirp (5.0 MHz transducer with

frequency range of 3 to 7 MHz) US sequences (MclLaughlan et al., 2013; Freear et al., 2014).
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2.10.5. Body mass

Body mass was a useful indicator of animal health. Animals were weighed using digital
scales prior to the start of an experiment. During an experiment, animals would be
weighed twice per week, and monitored for weight loss. A loss of 10% body mass would
indicate poor health and the animal would be closely monitored. Weight loss of more than

20% would indicate severe pain or illness and require immediate sacrifice.
2.10.6. Tissue collection

Organs were extracted immediately post-sacrifice (by cervical dislocation) and halved. First
half was transferred to cryovials and flash frozen using liquid nitrogen (then stored at -
80°C). The other half was placed in 4% (w/v) paraformaldehyde (PFA) for 24-hours and
transferred to 70% (v/v) ethanol to be processed for paraffin wax embedding (Section

2.13).
2.11. Blood collection, processing and analysis

Blood was collected post-sacrifice from the heart for either plasma or serum. Plasma was
extracted from blood collected in 1.3 ml paediatric blood tubes K3 EDTA (Greiner Bio-One
Limited, Gloucester, United Kingdom) and kept on ice. Tubes were centrifuged for 15-
minutes at 1300 g (4°C) and supernatant transferred to cryovials and stored at -80°C until
required. Serum was obtained by clotting whole blood at RT and centrifuging for 15-
minutes at 1300 g (4°C). The clear serum supernatant was then transferred to Eppendorf

tubes and stored at -80°C until required
2.11.1. Haematology analysis

Fresh blood was collected in 1.3 ml paediatric blood tube K3 EDTA (Greiner Bio-One
Limited, Gloucester, United Kingdom) and analysed using a Scil Vet ABC ™Haematology
Analyser (Scil Animal Care Company, Gurnee, IL, USA). The analyser was calibrated using
mouse blood controls with normal and low levels blood cells (QC Pack ABX Minotrol 16,
Horiba ABX SAS, Horiba Medical). Each sample was analysed 3 times and the mean value

taken.
2.11.2. Alanine aminotransferase (ALT) liver enzyme analysis

Plasma samples were sent on dry ice for external analysis by The Mary Lyon Centre (MLC)

Pathology, Medical Research Council (MRC) Harwell, Oxfordshire, UK. A Beckman Coulter
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AUG680 clinical chemistry analyser (Beckman Coulter, Inc., CA, USA) was used to determine

ALT concentrations.

2.12. Whole organ ex vivo metabolism study using murine liver and

human CRC xenograft tumours

Immediately after sacrifice, xenograft tumours (SW480) and livers were collected and
washed in ice cold PBS. Tissues were halved, weighed and placed in separate tubes. PBS
(37°C) spiked with irinotecan (10 pg/ml) was added 1:4, before immediately homogenising
using a hand blender. Homogenates were placed in a water bath at 37°C and thoroughly
vortex mixed before sampling at set time points. The samples were processed for LC-

MS/MS analysis as described in Section 2.1.
2.13. Tissue processing for immunohistochemistry

All antibody concentrations were based on previously optimised studies performed by Dr
Nicola Ingram and Dr Gemma Marston (Leeds Institute of Biomedical and Clinical Sciences,

University of Leeds, UK).
2.13.1. Fixation of tissue

Immediately after sacrifice, tissues were fixed by immersion in 4% (w/v) PFA overnight at
RT. The tissue was then washed in PBS and submerged and stored in 70% (v/v) ethanol
prior to processing. The processing and embedding of fixed tissues was carried out by Mr

Michael Shires (Senior Laboratory Technician, Leeds Institute of Cancer and Pathology).
2.13.2. Sectioning paraffin wax embedded tissue

After storing at 4°C overnight, paraffin-embedded tissue was transferred to ice water prior
to loading into a Leica Biocut 2030 microtome (Leica Biosystems, Wetzlar, Germany). Serial
sections were cut at 5 um, mounted onto Superfrost™ slides (Thermo Fisher Scientific, MA,

USA), left to dry at 37°C overnight and stored at RT.
2.13.3. Haematoxylin and Eosin (H&E)

Sections were cleared of paraffin wax by 3 x 5-minutes incubations in Histo-Clear (a xylene
substitute, National Diagnostics, UK) followed by rehydration through 3 x 1-minute
incubations in 100% ethanol. Sections were then incubated in haematoxylin (Sigma, UK)
for 1-minute followed by 3 x 1-minute sequential rinses in tap water, Scott’s tap water and
tap water. Sections were incubated in 1% (v/v) Eosin (Sigma, UK) for 1-minute followed by

a 1-minute rinse in tap water. Sections were then dehydrated through 3 x 100% ethanol
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washes before 3 x final rinses in Histo-Clear. Coverslips were then mounted on top of the
sections with DePex (Sigma, UK) before being left to dry overnight in a well-ventilated

space.
2.13.4. Mitotic body count

H&E stained tumour slides were scanned using an Aperio slide scanner (Leica Biosystems,
Wetzlar, Germany) at 20x magnification and anonymised. ImageScope (Leica Biosystems,
Wetzlar, Germany) was used to view the slides and calculate tumour area. Mitotic bodies

were manually counted and the number of mitoses per mm? calculated.
2.13.5. Necrosis

H&E stained tumour slides were scanned using an Aperio slide scanner (Leica Biosystems,
Wetzlar, Germany) at 20x magnification and anonymised. ImageScope (Leica Biosystems,
Wetzlar, Germany) was used to view the slides and calculate tumour area by drawing
around the tumour manually. Total area of necrosis (calculated by manually drawing
around the necrotic regions) and total tumour area were determined to give percentage

necrosis per tumour area.
2.13.6. Vessel density (CD31)

CD31 was used as an pan-endothelial cell marker and positive blood vessels were stained
and quantified to determine microvessel density of xenograft tumour sections. Tumour
sections were deparaffinised, heat-mediated antigen retrieval was carried out in citrate
buffer (pH 6) and endogenous avidin and biotin were blocked (Vectorlabs, Burlingame,
USA). After blocking, sections were incubated with the antibody at a 1:20 dilution (0.01
mg/ml) for one hour (rat anti-mouse CD31, clone SZ31, Dianova GmbH, Germany). After
washing, a biotinylated rabbit anti-rat secondary antibody was applied at a 1:200 dilution
(6.5 mg/ml) for 30-minutes (Dako, United Kingdom). ABC/HRP solutions were then applied
(Vectorlabs, Burlingame, USA) and the vessels were visualised with 3,3’-Diaminobenzidine
(DAB, Dako, UK). The slides were scanned using an Aperio slide scanner (Leica Biosystems,
Wetzlar, Germany) at 20x magnification. Ten 0.25 mm? boxes were placed randomly
throughout the tumour section using RandomSpot software version 6.02 (Wright et al.,
2015) and the number of CD31-positive vessels was counted manually. Vessel density was

calculated as number of CD31 positive vessels per 0.25 mm?2.
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2.13.7. Vessel density (VEGFR2)

VEGFR2 was used as a marker of angiogenesis and positive blood vessels were stained and
guantified to determine microvessel density of xenograft tumour sections. Sections were
deparaffinised and heat-mediated antigen retrieval was carried out using pH 9.0
Tris/EDTA/Tween-20 (10mM/1mM/0.05%) buffer. Endogenous peroxidases and casein
were also blocked and sections incubated with rabbit anti-mouse VEGFR2 primary
antibody (55B11, Cell Signaling Technology®, MA, USA) applied at 1:100 for 1-hour at RT.
After washing, a rabbit Envision-HRP polymer and DAB were used for visualisation (Dako,
United Kingdom). The slides were scanned using an Aperio slide scanner (Leica Biosystems,
Wetzlar, Germany) at 20x maghnification. Ten 0.25 mm? boxes were placed randomly
throughout the tumour section using RandomSpot software version 6.02 (Wright et al.,
2015) and the number of VEGFR2-positive vessels was counted manually. Vessel density

was calculated as number of VEGFR2 positive vessels per 0.25 mm?2,
2.13.8. Apoptosis (Cleaved Caspase-3)

Cleaved Caspase-3 staining of the tumours was used as a biomarker of apoptosis. Staining
was carried out as previously described for CD31 (Section 2.13.6), except that slides were
incubated overnight at 4°C with the primary antibody at a 1:250 dilution (Cleaved Caspase-
3 (Asp175) Antibody #9661, Cell Signaling Technology®, MA, USA). Seven images were
taken at 40x magpnification and an in-house macro was used in ImagelJ to determine

percentage brown (DAB positive) to blue (haematoxylin positive) staining.
2.13.9. Double strand breaks (phosphorylated histone H2AX)

Phosphorylated histone H2AX (pH2AX) was used as a marker for SN38 efficacy as its mode
of action forms single strand DNA breaks that are subsequently converted to double strand
breaks (Matthaios et al., 2012). pH2AX staining of the tumours was carried out as
described for CD31 (Section 2.13.6), except that the antibody was applied at a 1:400
dilution (Phospho-Histone H2A.X (Ser139) (20E3) Rabbit mAb #9718, Cell Signaling
Technology®, MA, USA). Images were taken and scored as described for Apoptosis, Section

2.13.8.
2.13.10. Quantification of perivascular inflammation in liver

Perivascular inflammation (PVI) was defined as the accumulation of lymphocytes, and
possibly histiocytes and eosinophils, in a dense mass around a vessel, indicating

inflammation. PVI was scored in the livers of treated and untreated animals. H&E stained
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liver sections (as described, Section 2.13.3), were digitally scanned at 20x magnification
and anonymised. The area of inflammation (um?) per tissue section was determined using

ImageScope. The percentage inflammation was determined using the following equation:
Inflammation (%)

= (inflammation area (um?) + liver section area (um?)) x 100

2.14. Statistical analyses

All statistical analyses were performed using GraphPad Prism 7 (°2017 GraphPad Software,
Inc., CA, USA). See figure legends for type of analysis used in each experiment and

significance.
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Chapter 3

Irinotecan thMBs:
PK Studies using a Murine

Model of CRC
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Introduction

One of the fundamental requirements of cancer therapeutics is to improve drug delivery to
tumours. Mass spectrometry is a powerful analytical tool, offering accurate and precise
measurement of drug concentrations, allowing invaluable insight into PK; biodistribution
and intratumoral drug deposition and metabolism (McLafferty, 1981; Petrovic and Barceld,

2013).

Irinotecan is a prodrug, requiring carboxylesterases to transform it to the active metabolite
SN38 (Section 1.3.4.4). This conversion is vital for efficacy of the drug and availability of
carboxylesterases is a limiting factor of its use. Similarly, the rate of deglucuronidation of
SN38 to the inactive SN38-G by UGT1A enzymes is a fine balance between drug efficacy
and dose limiting side effects. The incorporation of mass spectrometry into pre-clinical

trials is essential for future drug delivery and development using thMBs.

The first aim of this study was to develop a sensitive LC-MS/MS method to quantify
irinotecan and its metabolites in murine serum/plasma and tissue homogenates. The
precision, short-term stability, extraction efficiency and effects of freeze-thaw cycles were
also studied to ensure method validity. The method was then used to quantify irinotecan
and metabolites from murine blood and tissue samples to support PK and biodistribution

studies using irinotecan and future studies using SN38.

3. Results

3.1. Optimisation and validation of LC-MS/MS for the detection of

irinotecan and metabolites

3.1.1. Optimisation of LC-MS/MS channels

Irinotecan and its metabolites SN38, SN38-G, NPC and two internal standards irinotecan-
d10 and tolbutamide (internal standards for irinotecan and SN38, respectively), were
individually optimised by firstly preforming multiple reaction monitoring (MRM) scans to
find the retention time (RT) of the compound and optimal settings for detection. Using a
previous method by Chen et al., (2012) as a reference, a daughter scan was run with
varying collision energies in order to determine optimal precursor (daughter) ions for each
compound in order to increase detection sensitivity (Chen et al., 2012). The structures and
molecular weights for each analyte, along with the daughters are displayed in Figure 3.1

and Figure 3.2 and also listed in Table 2.1.
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Figure 3.1 Mass spectra of product ions (daughters) for irinotecan, SN38 and SN38-G.
The chemical structures, molecular weights, precursor and product ions (indicated by black arrows
and in detailed in Table 2.1) are given for (a) irinotecan, (b) SN38 and (c) SN38-G. (a-c) Y-axis shows

extracted ion intensity (%) and x-axis shows mass-to-charge ratio (m/z).
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Figure 3.2 Mass spectra of product ions (daughters) for NPC, tolbutamide and irinotecan-d10.
The chemical structures, molecular weights, precursor and product ions (indicated by black arrows
and in detailed in Table 2.1) are given for (a) NPC and internals standards (b) tolbutamide and (c)
irinotecan-d10. Tolbutamide and irinotecan-d10 and were used as internal standards for SN38 and
irinotecan, respectively. (a-c) Y-axis shows extracted ion intensity (%) and x-axis shows mass-to-

charge ratio (m/z).
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3.1.2. Retention times using the optimised channels

Representative chromatograms of drug standards are shown in Figure 3.3 showing
irinotecan, SN38, SN38-G, NPC, and internal standards irinotecan-d10 and tolbutamide. No
endogenous interfering peaks were visible at the RT of each compound of interest. The RT
for irinotecan was approximately 6.8 minutes, SN38 was 9.8 minutes, SN38-G was 6.1
minutes, NPC was 6.5 minutes, tolbutamide was 10.5 minutes and irinotecan-d10 was 6.6

minutes.
3.1.3. Standard curves

Typical standard curves for the compounds of interest are shown in Figure 3.4. High or low
concentration standard curves were made up fresh from master stock and diluted 1:1 to
produce a 6-point curve, and run each day by LC-MS/MS. The standard curves were linear

and working range was either ‘high’ 1000-16 ng/ml or ‘low’ 100-1.5 ng/ml.
3.1.4. Limit of detection

The limit of detection (LOD) is the lowest concentration of analyte to be detected above
background noise (FDA, 2001). The developed method was shown to be highly sensitive for
all of the analytes tested. Example chromatograms of SN38 are shown (Figure 3.5), where
decreasing amounts of a 10 ng/ml solution of SN38 in methanol were examined by LC-
MS/MS. A concentration of 0.1 ng/ml could be detected, more than 3 times above
background noise. The LODs for each analyte are shown in Table 3.1. Irinotecan and SN38-
G both had a LOD of 0.5 ng/ml. The percentage coefficient of variation (%CV) was high for
all analytes at the lower limit of detection. However, the LOD only accounts for the most
likely, reliably detectable, lower-limit and may not therefore be an accurate, quantifiable

value.
3.1.5. Limit of quantification

Limit of quantification (LOQ) is the lowest concentration at which the analyte can be
reliably detected and quantified. Each analyte must be at least 3 times the peak area (PA)
of background noise with a %CV of less than 20% (FDA, 2001). The LOQ for irinotecan was
1 ng/ml and 0.5 ng/ml for SN38 and SN38-G. LOQ was slightly higher than the LOD
presumably due to the increased background created by endogenous proteins in the
supernatant after centrifugation as opposed to the cleaner methanol standard (without

protein) used for LOD analysis.
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Figure 3.3 A merged chromatogram displaying the retention times for each compound of interest.
Retention times were as follows, irinotecan (6.82 minutes), SN38 (9.80 minutes), SN38-G (6.13
minutes), NPC (6.41 minutes), tolbutamide (10.28 minutes) and irinotecan-d10 (6.61 minutes).
Irinotecan-d10 and tolbutamide were used as internal standards for irinotecan and SN38,

respectively.
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Figure 3.4 Example standard curves for each compound of interest.

Standard curves were made fresh from master stocks of irinotecan, SN38, SN38-G and NPC and run
on the LC-MS/MS each day. (a) Example of a typical ‘high’ concentration standard curve starting at
1000 ng/ml and diluted 1:1. (b) Example of a typical ‘low’ concentration standard curve starting at

100 ng/ml and diluted 1:1.
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Figure 3.5 Chromatograms depicting the limit of detection (LOD) for SN38.

To determine the LOD, decreasing amounts of SN38 in methanol were examined by LC-MS/MS. (a-
b) The black rectangle highlights the SN38 peak at 10.40 minutes for both concentrations (a=1
ng/mg and b = 0.1 ng/ml). (c) No peak was detected in the blank methanol sample. LOD for SN38 is
100 pg/ml as shown in (b). (a-c) Y-axis shows extracted ion intensity (%) and x-axis shows time in

minutes.
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Table 3.1 Limit of detection (LOD) for irinotecan, SN38 and SN38-G.

To determine the LOD, decreasing amounts of a 10 ng/ml solution of SN38 in methanol were
examined by LC-MS/MS. LOD for irinotecan and SN38-G was 0.5 ng/ml and 0.1 ng/ml for SN38. The
level of agreement between standards and actual concentrations were determined as the level of
concordance (%) and calculated from the mean of 5 samples. Standard deviation (SD), coefficient of

variation (CV).

Concentration

Analyte (ng/ml) Concordance (%) SD (%) CV (%)
Irinotecan 10 100 0.0 0.0
1 100 62 62
0.5 74 104 141
SN38 10 100 0.0 0.0
1 95 33 35
0.1 148 85 58
SN38-G 10 100 0.0 0.0
1 97 31 32
0.5 111 37 33

Table 3.2 Limit of quantification (LOQ) for irinotecan, SN38 and SN38-G.

To determine the LOQ, decreasing amounts of a 10 ng/ml solution of all three compounds in drug-
free murine plasma were examined by LC-MS/MS. LOQ was 1 ng/ml for irinotecan and 0.5 ng/ml for
SN38 and SN38-G. The level of agreement between standards and actual concentrations were

determined as the level of concordance (%) and calculated from single samples.

Analyte Concentration (ng/ml) = Concordance (%)
Irinotecan 10 100
1 87
0.5 -
SN38 10 100
1 109
0.5 124
SN38-G 10 100
1 100

0.5 102
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3.1.6. Stability of compounds over 18-hours

The stability of the compounds of interest were investigated over time to ensure the
average run times at 8°C were not having a deleterious effect. Standards were kept in the
sample chamber at 8°C and analysed by LC-MS/MS every 2-hours over an 18-hour period
to imitate the approximate run time overnight (Figure 3.6). The %CV for human clinical
trial analysis is cut off at 15%, however for pre-clinical PK study below 20% was acceptable
(FDA, 2001). Both irinotecan and SN38 had a %CV below 15%, within the acceptable range.
However, SN38-G had a %CV of 16.5%, indicating it was less stable than the other two

compounds, but within the limits for pre-clinical studies.
3.1.7. Sample carry-over

The carry-over between samples in LC-MS/MS should ideally be less than 1% to ensure
that there is no cross-contamination of samples (FDA, 2001). No detectable carry-over of
any analyte was found when analysing the blank vials run in-between samples. Examples
of clear chromatograms are shown in Figure 3.7, and this suggests that samples were not
cross-contaminated during the run process. At higher drug concentrations, carry-over may
have occurred but concentrations were kept below 1 pg/ml as the LC-MS/MS was highly
sensitive and the in vivo doses administered were very low and from a late time-point.
Standards were always run from lowest to highest concentration to minimise any

possibility of cross-contamination.
3.1.8. Stability of compounds after repeated cycles of freeze-thaw

Murine tissue samples were stored at -80°C following collection and the extraction process
was performed on ice at 4°C where possible. Once processed, samples were analysed by
LC-MS/MS. However, in instances of machine failure which occurred several times,
samples had to be re-frozen and run at a later time. To ensure freeze-thaw did not affect
sample analysis, drug standards (1 pg/ml) were frozen on dry ice (-80°C), followed by rapid
thawing to 37°C. This process was repeated for a total of 5 cycles. Control standards were
kept at 4°C and did not undergo freeze thaw, serving as a reference. Freeze-thawed
samples had a %CV of less than 0.2% for SN38 and 1.2% for SN38-G, but irinotecan gave
8.2% and may be susceptible to degradation through multiple freeze/thaw cycles which

should therefore be avoided (Table 3.3).
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3.1.9. Extraction efficiency of the LC-MS/MS method

Extraction efficiency is the percentage recovery of an analyte spiked and extracted from a
biological matrix in comparison to the analyte spiked and extracted from the extraction
solvent (methanol) (FDA, 2001). It is determined to ensure the method of extraction is

producing a reliable percentage recovery of the compounds of interest.

A hand-held Turrex blender was used to homogenise tissues and extract the compounds in
methanol at 1:4 tissue:methanol (w/v) followed by centrifugation to obtain a clear
supernatant which was analysed by LC-MS/MS. Accuracy was determined as the
agreement between the compound spiked into methanol compared to the same
concentration spiked into tissues and reported as percentage analyte recovery (%AR) and
should be 100% + 20% (FDA, 2001). Table 3.4 displays the %AR for each compound of
interest. Samples resulting in more that 100% AR were due to the reduced volume after
proteins were pelleted from the homogenate and indicated none was bound to the protein
fraction. The hand-held blender gave high extraction efficiency for each compound from
each tissue. Tumour, liver, kidney and colon were all within the acceptable range,
however, only one sample was analysed per tissue. Serum did not require homogenisation
and therefore the %AR is simply methanol extraction and centrifugation and shows none is
bound to the protein fraction. This homogenisation method was time consuming, as it
required cleaning between each sample (potential cross-contamination) and also produced
heat (potentially degrade compounds of interest), despite this it gave a good %AR for each

tissue investigated.
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Figure 3.6 Stability of irinotecan and its metabolites.

A concentration of 1 ug/ml was injected from the same sample every 2-hours for each compound.
Stability of compounds over 18-hours at 8°C (temperature of the sample chamber), indicated
acceptable %CV for each. All compounds exhibited acceptable stability within this time period.
Average peak area (PA) is given for each injection, standard deviation (SD), percentage coefficient of

variation (%CV). A linear regression trend line is shown for each compound.
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Figure 3.7 Example chromatograms for analysis of sample carry-over (cross-contamination).
Chromatograms from methanol blanks run between 1 ug/ml concentrations of irinotecan, SN38,
SN38-G and NPC to detect potential carry-over (a-e). No peaks were detected within the RT range of
the analytes (6-11 minutes), indicating no carry-over at these concentrations. (a-e) Y-axis shows

extracted ion intensity (%) and x-axis shows time in minutes .
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Table 3.3 Freeze-thaw (F/T) cycles on stability of compounds.

Drug standards of 1 ug/ml underwent a total of 5 cycles of freezing (-80°C) and thawing (37°C).
Samples that did not undergo freeze-thaw cycles served as references (standard). Irinotecan may be
susceptible to degradation through multiple F/T cycles and should be avoided. Peak area (PA) is

given for each compound (n=1), standard deviation (SD), percentage coefficient of variation (%CV).

Irinotecan (PA) SN38 (PA) SN38-G (PA)
Freeze/thaw 42929 50854 95843
Standard 38220 50689 94291
Mean 40575 50772 95067
SD 3330 117 1097
%CV 8.2 0.2 1.2

Table 3.4 Extraction efficiency of irinotecan, SN38 and SN38-G in murine tissues (by LC-MS/MS).
Tissue homogenates were spiked with 1 pg/ml of irinotecan, SN38 and SN38-G and compared to
100% methanol spiked with the same to give percentage analyte recovery (%AR) shown. More than
100% AR was due to the reduced volume after proteins were pelleted from the homogenate and
shows none was bound to this protein fraction. %AR values are single samples. *Serum did not

require homogenisation.

Tissue Irinotecan AR (%) SN38 AR (%) SN38-G AR (%)
Tumour 86.8 106.9 108.1
Liver 112.0 115.0 119.2
Kidney 97.4 113.9 119.8
Colon 104.6 120.7 134.3

Serum* 103.0 114.1 124.4
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3.2. Whole organ ex vivo metabolism of irinotecan

3.2.1. Exvivo metabolism of irinotecan using LC-MS/MS

The validated LC-MS/MS method was first applied to an ex vivo metabolism study using
fresh whole murine liver and human CRC xenograft tissue. Whole organ, ex vivo drug
metabolism experiments are useful for correlating in vitro and in vivo drug dosing by
providing insight into carboxylesterase enzyme kinetics. Irinotecan is converted to SN38 in
vivo by carboxylesterases 1 and 2 predominantly located in the liver (Guichard et al.,
1999). It was therefore important to assess whether the liver and tumour tissue used in
the in vivo model of CRC contained the required enzymes to convert irinotecan to its active
form and at what rate this could be achieved. To investigate ex vivo PK of irinotecan, fresh
liver and human SW480 CRC xenografts were harvested from female CD1 nude mice and
used to create crude ex vivo metabolism models. Irinotecan was spiked into homogenised
tissues at concentrations of 10 pg/ml, sampled overtime at 37°C and analysed by LC-
MS/MS. Rates of irinotecan and SN38 metabolism were determined for each tissue over a

3-hour time period.

The formation of SN38 was linear for both liver (R? = 0.98) and tumour (R? = 0.86) over the
sampling period of 185-minutes (Figure 3.8). The liver produced four times more SN38
than tumour tissue, with a SN38 percentage change increase of 344%, whereas tumour
produced just 44%. The rate of conversion to SN38 in the liver was 12-times the rate of
production in the tumour tissue, 33.9 compared to 2.8 ng/min, respectively. These data
show that livers of CD1 nude mice can metabolise irinotecan to SN38. SW480 tumours also
metabolised irinotecan at a lesser extent but produced SN38 concentrations within the ICso
found in vitro for SW480 cells (Section 4.1). The LC-MS/MS method developed successfully

extracted and detected concentrations of irinotecan and SN38 from mouse tissues.
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Figure 3.8 Ex vivo metabolism study of irinotecan in murine liver and xenograft tumour.

Ex vivo metabolism of irinotecan to SN38 by (a) murine liver and (b) human SW480 CRC xenograft
tissue from a CD1 nude mouse. Tissues were homogenised in PBS, spiked with irinotecan and
incubated at 37°C for the duration. Samples were analysed by LC-MS/MS to give concentrations per
gram of protein (n=1 for each time point). Liver produced 4-times more SN38 than tumour within a
total time period of 3-hours. SN38-G was not detected in any of the samples analysed, presumably
the low concentrations of SN38 meant SN38-G would be below the limit of detection. Red line =
SN38 concentration over time, black line = linear regression (rate = slope + standard error), each

time point is n=1.
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3.3. PKstudy of free irinotecan in a murine model of CRC

An in vivo PK study of irinotecan in CD1 nude mice was performed to investigate the
impact of dose on PK including biodistribution, metabolic profiles and clearance times in
human CRC xenografts, major organs and blood. This study was performed to facilitate
direct comparison to the concentrations detected in murine tissues following thMB drug

delivery of irinotecan.

3.3.1. LC-MS/MS analysis of mouse tissues and serum for the detection of

irinotecan and its metabolites

The newly validated LC-MS/MS method was successfully applied to determine the tissue
and serum concentration-time profiles of irinotecan and its metabolites following systemic
delivery. Figure 3.9 and Figure 3.10 show the PK profiles of two doses (50 mg/kg and 2.4
mg/kg) of single administration of i.v. irinotecan over 1-72 or 1-24 hour time periods,
respectively. After 1-hour, low dose irinotecan at 2.4 mg/kg showed rapid diffusion into
tissues and after 24-hours a near total clearance was observed. High dose irinotecan at 50
mg/kg gave the highest concentrations of irinotecan in tissues and serum. After 24-hours
concentrations detected were within the pharmaceutically active range and by 72-hours
the drug had been cleared. Both doses of irinotecan gave initial maximum concentrations
in liver > spleen > kidney. The highest concentrations of SN38 were found in liver > kidney
> serum, and for SN38-G, liver > kidney > colon. It was difficult to directly compare high
and low doses, additional timepoints would have given greater insight into whether the
profiles of metabolism and excretion were dose dependant. However, these doses were
useful for comparison of metabolism and retention to irinotecan delivered using thMBs

(Section 3.4).
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Figure 3.9 In vivo pharmacokinetic (PK) study of high-dose irinotecan.

A single i.v. bolus of 50 mg/kg irinotecan was administered to CD1 nude mice bearing human SW480
CRC xenografts. Tissues and serum were analysed by LC-MS/MS. Irinotecan, SN38 and SN38-G
concentrations depreciated in a time dependent manner, with none detected after 72-hours. Each

time point is a single mouse. LOD indicates none detected or less than the limit of detection.
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Figure 3.10 /In vivo pharmacokinetic (PK) study of low-dose irinotecan.

A single i.v. bolus of 2.4 mg/kg irinotecan was administered to CD1 nude mice bearing human

SW480 CRC xenografts. Tissues and serum were analysed by LC-MS/MS. Irinotecan, SN38 and SN38-

G concentrations depreciated in a time dependent manner and were detectable after 24-hours

(with the exception of serum). Each time point is a single mouse. LOD indicates none detected or

less than the limit of detection.
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3.4. Targeted, triggered drug delivery using irinotecan thMBs

LC-MS/MS was used to determine tissue concentrations of irinotecan and its metabolites
from an in vivo study which used thMBs to deliver liposomally encapsulated irinotecan
(~2.4 mg/kg) in combination with an US-trigger (x5 doses every 2-3 days). 72-hours post
final treatment, tissues were collected for analysis. Dr N Ingram (Postdoctoral Researcher
within the group), performed the experiment and kindly gifted tissues for analysis by Laura
McVeigh using facilities at the Institute of Cancer Therapeutics, University of Bradford

(UK).
3.4.1. Irinotecan thMBs: Quantification of drug loading by HPLC

For targeted US-triggered delivery of irinotecan, liposomes were attached to MBs to
produce thMBs (Figure 1.11). Initial drug concentrations of irinotecan liposomes
preparations were estimated using UV-Vis (as determined by Dr R Abou-Saleh, School of
Physics and Astronomy, University of Leeds, data not shown). These estimates were used
to load thMBs at a dose of 60 pg per mouse (2.4 mg/kg) per treatment. Based on these

estimated doses, a control of free drug was administered at the same dose (2.4 mg/kg).

HPLC was used to determine the irinotecan concentration of thMBs at the end of the in
vivo experiment. Due to the limited lifetime of the thMBs, it was not possible to
predetermine their drug concentration prior to injection, therefore a portion of each
sample was kept for analysis by HPLC at a later date. Two samples of irinotecan
encapsulated liposomes (samples 1 and 2) gave concentrations of 22.1 mg/ml and 13.1
mg/ml, respectively (Table 3.5). The variation in drug loading between samples was high,
with the second sample containing just over half the concentration of irinotecan as the
first. In order to compensate for the lower drug concentration, liposome numbers were
adjusted so that the irinotecan dose remained the same throughout the treatment
schedule. However, this may have affected the number of liposomes bound to the MBs
and/or free liposome may have been present in the dose delivered. Liposomes were
prepared weekly and used to drug load thMBs made on each day of treatment. The

average dose administered was 67.5 + 8.3 ug equivalent to 2.7 £ 0.3 mg/kg see Table 3.6.
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Table 3.5 Quantification of irinotecan in liposome preparations.

Irinotecan concentrations were quantified using HPLC. Mean irinotecan concentration was 17.6 +
6.3 mg/ml. Liposome preparations (samples 1 and 2) were used to drug load MB preparations,
shown in Table 3.6. Liposome sample 1 was used to produce the thMB samples 1-3, and 2 was used
to produce thMB samples 4-5. Irinotecan was measured at a wavelength of 373 nm. Standard

deviation (SD).

Liposome sample Irinotecan (mg/ml)

1 22.1
2 13.1
Mean 17.6
SD 6.3

Table 3.6 Quantification of irinotecan thMB preparations.

Irinotecan concentrations were quantified using HPLC. Irinotecan was measured at a wavelength of
373 nm. Mean dosage was 2.7 * 0.3 mg/kg. Dosage was calculated using the average weight of the
CD1 female mouse cohort (0.025 kg). Five thMB samples were analysed (a total of 5-treatments)

and the mean shown * standard deviation (SD).

thmB Irinotecan = Dose per 150 pl Dosage
sample (ug/ml) injection (ug) (mg/kg)
1 392.8 58.6 2.3
2 488.3 72.9 2.9
3 489.6 73.1 2.9
4 499.4 74.5 3.0
5 390.0 58.2 2.3
Mean 452.0 67.5 2.7

SD 55.5 8.3 0.3




93

3.4.2. Irinotecan thMBs: Biodistribution using LC-MS/MS

LC-MS/MS was also used to determine tissue concentrations of irinotecan, SN38 and SN38-
G, from the longitudinal in vivo experiment that used targeted, triggered thMB drug
delivery of liposomally encapsulated irinotecan (Figure 3.11). A dosing schedule of 5-
treatments over a 2-week period was carried out using a xenograft mouse model of human

CRC (SW480). 72-hours post final treatment, tissues were harvested for analysis.

Irinotecan thMBs + US statistically significantly inhibited tumour growth compared with
equivalent low dose free irinotecan and vehicle control after 5-treatments, p < 0.05 and p
< 0.001, respectively (Figure 3.12). thMBs + US resulted in 41% tumour growth inhibition
compared to the vehicle control at end-point. There was no significant reduction in tumour
growth in the thMBs - US group suggesting that an US-trigger was required for effective

drug release, penetration and/or retention in tumour.

Of the three groups that received irinotecan, the only tumours to contain detectable
concentrations of irinotecan and SN38 were those that had received targeted, triggered
thMB delivery (thMB + US) (Figure 3.13). The two other groups thMB - US or Free, had no

detectable levels of any analyte in tumour tissue.

Tissue biodistribution for all groups are shown in Figure 3.14. Irinotecan and SN38 were
not detected in any other tissue apart from the thMBs - US and Free cohorts, with the
exception of colon. The US-trigger appears to be responsible for the drug retention
observed in tumour as well as other, off-target tissues (liver, kidney, spleen, colon). In the
thMB + US group tissues, the highest concentrations of irinotecan were found in the liver
and spleen, followed by kidney, tumour and colon. The highest concentrations of the
active metabolite SN38, were found in colon, tumour and liver. Spleen and kidney had only
1/8 samples with SN38 detected at very low concentrations (7/8 samples were below the

limit of detection). SN38-G was below the limit of detection in all the samples analysed.
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Figure 3.11 Irinotecan thMB cohorts and treatment schedule.

Tumour PK response was investigated. (a) Abbreviated nomenclature and treatment groups are
shown with (n = number of mice per group). (b) Treatment schedule depicted. Treatments were
initiated one-week post subcutaneous inoculation with SW480 CRC cell line (Day 1). Five doses of
2.4 mg/kg irinotecan (thMBs or Free) or a control (Vehicle) without drug were administered via i.v.
injection over a 2-week period. End-point and tissue collection was 72-hours post final treatment.
ThMBs were targeted to VEGFR2 and the US-trigger was a tumour localised 5-second ‘tone burst’
administered 4-minutes post bolus injection. Irinotecan thMB production and in vivo experiments
were performed by Dr Nicola Ingram (Leeds Institute of Biomedical and Clinical Sciences, University

of Leeds, UK).
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Figure 3.12 Low dose irinotecan delivery using US-triggered thMBs inhibits tumour growth.

Effect of thMBs on tumour volume measured by HFUS imaging (mean (+ SEM) ratio-to-day 0. A total
of 5-treatments of irinotecan (~2.4 mg/kg) were given over a 2-week period, for treatment schedule
and cohorts see Figure 3.11. Irinotecan thMB + US significantly inhibited tumour growth compared
to control groups. Day 7 thMBs + US significantly different to Vehicle *p = 0.033, day 14 thMBs + US
significantly different to Vehicle **p = 0.002, day 18 thMBs + US significantly different to Vehicle
*¥***p =< 0.0001, thMBs — US *p = 0.036, and Free is also significantly different to Vehicle *p =
0.049. All statistics using Mann Whitney (two-tailed). ThMBs were targeted to VEGFR2 and the US-
trigger was a tumour localised 5-second ‘tone burst’ administered 4-minutes post bolus injection.
Irinotecan thMB production and in vivo experiments were performed by Dr Nicola Ingram (Leeds

Institute of Biomedical and Clinical Sciences, University of Leeds, UK).
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Figure 3.13 Tumour concentrations of irinotecan and its metabolite SN38 after irinotecan thMBs
treatments.

Therapeutic microbubbles (thMBs) with or without US-trigger (+ US or - US) were compared to the
equivalent free irinotecan dose. A total of 5-treatments of irinotecan (~2.4 mg/kg) were given over a
2-week period (Figure 3.11). Samples were collected for LC-MS/MS analysis 72-hours post final
treatment. thMBs + US was the only cohort with detectable drug concentrations in tumour tissues.
SN38-G was not detected in any of the samples analysed. Cohort number: thMBs + US (n = 8),
thMBs - US (n = 8), Free (n = 7). Median value denoted by the bar. No data points indicate none
detected (or less than the LOD). ThMBs were targeted to VEGFR2 and the US-trigger was a tumour

localised 5-second ‘tone burst’ administered 4-minutes post bolus injection.
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Figure 3.14 Tissue biodistribution of irinotecan and its metabolite SN38 after irinotecan thMBs
treatments.

Therapeutic microbubbles (thMBs) with or without US-trigger (+ US or - US) were compared to the
equivalent free irinotecan dose. A total of 5-treatments of irinotecan (~2.4 mg/kg) were given over a
2-week period (Figure 3.11). Samples were collected for LC-MS/MS analysis 72-hours post final
treatment. (a-d) thMBs + US gave detectable drug concentrations in all tissues. (d) Colon was the
only tissue to contain detectable drug concentrations in the other cohorts (thMBs - US and Free).
SN38-G was not detected in any of the samples analysed. Group sizes: thMBs + US (n = 8), thMBs -
US (n = 8), Free (n = 7). Median value denoted by the bar. No data points indicate none detected (or
less than the LOD). ThMBs were targeted to VEGFR2 and the US-trigger was a tumour localised 5-

second ‘tone burst’ administered 4-minutes post bolus injection.
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3.4.3. Irinotecan thMBs: Relative percentages of irinotecan and its metabolites

in comparison to free irinotecan

The LC-MS/MS method developed here was not able to distinguish encapsulated from free
drug. Therefore, it was unable to inform as to whether the irinotecan detected in tissues
was liposomally encapsulated and protected from metabolism, or ‘free’ drug that had
been released and available for metabolism. Plotting the data from Figures 3.10, 3.13 and
3.14 as relative percentages allows the comparison of the proportions of the parent drug
with its metabolites, independent of concentration (Figure 3.15). Comparing thMBs + US
(72-hours post final treatment) with 2.4 mg/kg free drug delivery at 1, 3 and 24-hours, can

give insight into the mechanism of drug release when using thMBs for drug delivery.

The conversion of irinotecan to SN38 is dependent on the levels of carboxylesterase
enzymes present in each tissue or blood. Liposomes typically release drug slowly and the
presence of SN38 was evidence of drug release. The highest percentages of SN38 from the
thMBs + US group (Figure 3.15 a) were detected in the colon, and tumour had the second
highest. Liver, spleen and kidney all had ~100% irinotecan suggesting the irinotecan
detected in these tissues was encapsulated or perhaps retained within the macrophage-

monocyte system i.e. unavailable for metabolism.

For 2.4 mg/kg free drug (Figure 3.15 b), tumour, liver, kidney, spleen and colon all had a
similar metabolism profile, with the relative percentage of irinotecan falling over time with
increasing SN38 and low percentages of SN38-G. The highest relative percentages of SN38
were found in serum, followed by tumour, liver, kidney/colon and spleen. In serum, after
1-hour equal percentages of SN38 and SN38-G were found with low circulating irinotecan.
After 3-hours SN38-G was lower leaving equal irinotecan and SN38 until 24-hours where

SN38-G was completely cleared leaving less irinotecan than SN38.

As no drug or metabolites were detected after 72-hours (2.4 mg/kg x5 doses or 50 mg/kg
free irinotecan), it suggests that it is this drug accumulation and retention in tumours that
has improved the therapeutic window of irinotecan. The metabolic profiles of free drug
indicated a fall in total irinotecan over time with increasing SN38, and completely
eliminated by 72-hours. The thMB tissues had high percentages of irinotecan with SN38
mostly found in tumour and colon. This suggests that thMBs have increased the
therapeutic window of irinotecan allowing not only drug retention but more importantly

higher percentages of the active metabolite within tumour tissues after 72-hours.
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Figure 3.15 Relative percentages of irinotecan and its metabolites SN38 and SN38-G.
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Relative percentages of irinotecan and metabolites after (a) Irinotecan thMBs (+ US) 2.4 mg/kg x5,

collected 72-hours post final treatment (n=8). Each bar represents median (+ 95% Cl) percentage.

Plotted from data presented in Figure 3.13 and Figure 3.14. (b) Free irinotecan 2.4 mg/kg single

dose over time (1, 3 and 24-hours). Each bar represents data from a single mouse. Plotted from data

presented in Figure 3.10. High relative percentages of irinotecan (a) suggests the drug has remained

encapsulated and protected from metabolism when compared to free drug (b).
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3.4.4. Irinotecan thMBs: Irinotecan and metabolites detected in murine colon

The only other tissue with detectable concentrations of analytes from thMBs - US and Free
cohorts was colon. ThMBs + US had the highest levels of irinotecan and SN38 detected in

8/8 and 7/8 respectively followed by thMBs - US which had 4/8 colons with irinotecan and
SN38 detected, lastly free irinotecan had 2/7 colons with irinotecan and just one colon had

detectable levels of SN38 (Figure 3.16).

Further metabolism of irinotecan to SN38 by carboxylesterases in the gut, combined with
intrahepatic recycling of SN38-G to SN38, may explain the higher percentage ratio of SN38
to irinotecan found in the colons of all groups. Linear regression curves are shown for each
group (Figure 3.16 a) and combined (Figure 3.16 b) (p = <0.005 and 0.0001 respectively).

However, the free group has just one value and it falls outside of the 95% probability lines.

Despite detection of irinotecan and SN38 in the colons from all groups, these
concentrations of SN38 would be considered very low. None of the mice experienced
diarrhoea, a dose-limiting side effect of irinotecan in humans, suggesting that there was no

adverse effect at these concentrations.
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3.5. Discussion

This chapter presents a newly developed and validated LC-MS/MS method to quantify
concentrations of irinotecan and its metabolites in murine xenograft tumours, tissues and
blood samples. The method was successfully applied to study ex vivo metabolism and PKs
of free irinotecan and finally was used to determine whether targeted, triggered thMBs

could successfully deliver irinotecan to tumours using an in vivo model of human CRC.

Irinotecan is a prodrug whereby hydrolysis by carboxylesterases transforms it into its
active form SN38, a highly toxic topoisomerase | poison (Mathijssen et al., 2001; Chabot,
1997). However, a low percentage of total irinotecan is actually metabolised to the active
SN38 in humans (Senter et al., 2001; Zamboni et al., 1998). SN38 formation within tumour
is an important aspect of its anticancer effect (Xu et al., 2002). SN38 is then further
deactivated by glucuronidation to SN38-G and it is the rate of glucuronidation which

impacts its efficacy (Tobin et al., 2006).

3.5.1. Optimisation and Validation of LC MS/MS: Detection of Irinotecan, SN38
and SN38-G

A validated and optimised method using LC-MS/MS was successfully applied to determine
concentrations of irinotecan and metabolites from murine xenograft tumours, tissues and
blood samples (Section 3.1). This has been performed previously in pre-clinical plasma and
tumour samples from rabbit, porcine and human (Khan et al., 2005; Goldwirt et al., 2012;
Park et al., 2014; Chen et al., 2012). However, the LC-MS/MS method presented here
required optimisation, determination of limits of detection and the extraction method
validated using our own drug standards, in order to provide the sensitivity and accurate
drug and metabolite quantification required to access thMB delivery in vivo. This LC-
MS/MS method represents the first quantitative determination of irinotecan and SN38

after in vivo delivery of targeted, US-triggered thMBs.

The LOD for irinotecan and SN38-G was 0.5 ng/ml and for SN38 was 0.1 ng/ml. In plasma,
the LOQ was 0.5 ng/ml for both SN38 and SN38-G and for irinotecan was 1 ng/ml. The
differences seen between LOD and LOQ were to be expected, with more background signal
created by endogenous proteins from the plasma and typical of tissue homogenate
supernatants (FDA, 2001). Analyte standards were stable over average run times with no
detectable carry-over observed between samples. Freeze-thawing should be avoided for
irinotecan but SN38 and SN38-G showed little variation over 5-cycles. Analytical recovery

was high using the extraction method described with all compounds and tissues within the
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100 + 20% efficacy range, despite being time-consuming. This could be improved in future
with the use of a bead homogeniser which rapidly processes samples in bulk with no risk of

sample cross-contamination.

In addition, this method required only 20 ul of sample supernatant for analyte
guantification, useful for small tumour samples or low volumes of blood. Taken as a whole,
the LC-MS/MS method described is sensitive, precise and accurate and allows rapid
simultaneous quantification of irinotecan and metabolites from murine blood and tissue
samples. This method was used to analyse irinotecan metabolism, PK and biodistribution
studies using murine models of human CRC and further studies using SN38 thMB

throughout this thesis.
3.5.2. Exvivo drug metabolism study using irinotecan

Spiking liver and tumour ex vivo provided an insight into the metabolism of irinotecan and
whether the metabolites produced would be at detectable levels (Section 3.2). Irinotecan
at 10 pg/ml was used to emulate concentrations delivered with in vivo dosing using thMBs
and was a way of observing metabolite formation over time and whether these
concentrations would be detectable at low doses. Irinotecan spiking produced detectable
levels of SN38 but other metabolites SN38-G and NPC were not detected (or below the
LOD). Therefore, detection of SN38-G or NPC from low levels of irinotecan was deemed

unlikely.

A blender homogeniser was used creating a tissue homogenate containing tissue pieces,
whole cells and lysed cells. Potentially this homogenisation method was not efficient
enough to lyse all cells and release the necessary enzymes in sufficient concentrations to

produce detectable concentrations of metabolites.

Ex vivo spiking is uncommon, microsomal assays using pooled liver samples with various
centrifugation, dialysation and protein quantification steps are normally used to collect
enzymes for metabolism studies (Senter et al., 2001; lyer et al., 1998; Lu et al., 2015).
Murine liver microsomes were available commercially but not for the strain of mouse or
the human CRC tumour used for the in vivo study. However, ex vivo spiking was a rapid and
easy way to determine the presence of the required enzymes for irinotecan conversion
and ability to produce SN38 at therapeutic concentrations (Guichard et al., 1999). Although
it was limited and potentially an inaccurate way of assessing drug metabolism of
irinotecan, it determined SN38 could be formed in both liver and SW480 xenograft

tumours from CD1 nude mice, vital for its anti-tumour effect. This study also validated that
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irinotecan and SN38 could be extracted from murine tissues using the newly developed LC-

MS/MS method.
3.5.3. PK study of free irinotecan

A PK study (Section 3.3) was used to quantify irinotecan and its metabolites in mouse
tissues and serum after i.v. injection of free irinotecan at 50 mg/kg (equivalent to clinical
dosage) and 2.4 mg/kg (approximate amount delivered by thMBs). This study enabled the
determination of irinotecan and metabolite clearance times to allow direct comparison to
thMB delivery using the same model. After 24-hours, the 2.4 mg/kg dose showed near
total clearance of SN38, and the 50 mg/kg dose was totally cleared by 72-hours. A similar
study by Kalra et al. (2014) used 40 mg/kg free irinotecan and resulted rapid clearance
from the plasma of NOD/SCID mice within 8-hours, with 90% of irinotecan cleared from

the xenograft tumour within 24-hours and less than 48-hours for SN38 (Kalra et al., 2014).

The half-lives of irinotecan and SN38 in murine plasma are approximately 0.6 and 7.4-
hours respectively (Bissery et al., 1996). The half-lives for SN38-G and NPC have not been
defined in the literature for mice. However, with such few data points in this study, it is
difficult to compare to other PK studies. Increasing the number of mice per time point
would greatly improve confidence of each data point, and facilitate determination of PK
parameters such as AUC, Cnax and half-life of free drug in this model of human CRC. This
would also allow precise clearance times and therefore determine how much longer thMB
delivery extends the therapeutic window of irinotecan delivered in this way. Most PK
studies only establish plasma profiles however, this study included major organs and
tumours, all important to understanding potential side effects and tumour efficacy.
Tumour PK analysis is not easy in humans, but has been shown has many benefits, such as
predicting efficacy via drug concentrations reaching the tumour tissues and its rate of
degradation and also in assessing potential drug resistance (Susan, 2015; Cummings et al.,

2003).

Comparing the 2.4 mg/kg PK to the ex vivo metabolism study over 3-hours, SN38-G was
detected at similar levels to SN38 in all tissues after 1 and 3-hours. This indicates that
homogenisation of the tissues before spiking with irinotecan was potentially inefficient (as
previously discussed) and needs further optimising. However, like the ex vivo study, liver
had much higher concentrations of SN38 than tumour (but more irinotecan found in the
liver than tumour). Comparing the relative percentage of irinotecan and SN38, tumour had

a higher percentage of SN38 than liver after 3-hours, but similar levels after 1-hour. This
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may be explained by the differences between ex vivo and in vivo metabolism studies. Ex
vivo metabolism takes place in a closed experimental system whereas in vivo is much more
complex, with the rates of excretion changing the PK profiles. A high proportion of
irinotecan is rapidly excreted unmetabolised via the hepatobiliary route, which may

explain the differences between liver and tumour tissues in vivo, in this study.

This study enabled the determination of irinotecan and metabolite clearance times and
metabolism profiles to allow direct comparison to thMB delivery using the same model of

human CRC.
3.5.4. Irinotecan thMBs: HPLC quantification of drug loading

HPLC was successfully used to determine concentrations of irinotecan encapsulated in the
liposomal formulations used for each of the x5 treatments over 2-weeks (Section 3.4.1).
The dose loaded onto thMBs was thought to be the same as the free-drug (low dose)
control, predetermined by UV-Vis to calculate irinotecan concentration upon liposome
manufacture. The mean irinotecan dose per thMB treatment was 67.5 + 8.3 ug (2.7 £ 0.3
mg/kg), the free irinotecan dose was 60 ug (2.4 mg/kg, diluted from fresh stock,
concentration not determined). The inability to accurately pre-determine drug
concentration prior to delivery was a problem which needed to be overcome. The use of
HPLC or LC-MS/MS to quantify drug concentrations in liposomes before thMB production
would have ensured more accurate drug loading. Quantities of liposomes required for
whole experiments could be produced, aliquoted and freeze dried for storage to ensure
treatment doses were reproducible throughout. These changes will be introduced to

ensure the accuracy and reproducibility of drug doses in future pre-clinical studies.
3.5.5. Irinotecan thMBs: Biodistribution of irinotecan and SN38

The first known targeted, triggered thMB drug delivery of irinotecan has been
demonstrated here and may have extended the therapeutic window of low dose
irinotecan in a model of human CRC. End-point tumour growth inhibition was statistically
significantly different to free irinotecan, and the vehicle control with no observable toxic
effects. A previous study had shown that irinotecan (free drug) in combination with MBs
and US increased doubling times of human glioblastoma xenograft tumours compared to
irinotecan alone, but did not investigate biodistribution as in this study (Escoffre et al.,

2013b).

The validated LC-MS/MS method was then used to quantify irinotecan, SN38 and SN38-G

in murine CRC xenograft tumours and tissues from this study where US was used to deliver
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irinotecan in VEGFR2-targeted liposomes attached to MBs (thMBs). The tissues were
harvested 72-hours after the last dose of irinotecan had been delivered. The results
showed that only the mouse cohort given thMB + US had detectable irinotecan and SN38
in their tissues (with the exception of colon). This thMB delivery method has seemingly
extended the ‘therapeutic window’ of irinotecan, a low dose was given yet using this
modality, both irinotecan and SN38 were detected after 72-hours, but no SN38-G.
Presumably the detection of SN38-G would be unlikely at such low SN38 concentrations

and likely well below limit of detection.

The overall findings of the irinotecan thMB delivery study found tumour concentrations of
SN38 were on average 6.7 times higher than those of liver, however not statistically
significant. It is presumed that the addition of the US-trigger aided in the delivery of
irinotecan to the tumour tissues via mechanisms of sonoporation and/or increased
endocytosis (Lentacker et al., 2014; MclLaughlan et al., 2013; Ferrara, 2008). The
concentrations of SN38 found were in the low ng/ml range, comparable to the SW480 ICso
value found in vitro of for 72-hour SN38 treatment (Section 4.1), and therefore in the
range for therapeutic effect. The tumour volumes for the experiment showed a 41%
tumour growth inhibition compared to the vehicle control (Figure 3.12). Taken in
combination with the tumour drug retention shown by LC-MS/MS, it appears that thMB +

US improve the therapeutic index of irinotecan delivered in this way.

Interspecies differences in carboxylesterase enzyme levels and substrate kinetics are
important factors to consider (Lian et al., 2018). In rodents, metabolism of irinotecan to
SN38 is up to 50%, whereas in humans it is less than 8% (Senter et al., 2001; Zamboni et
al., 1998). This suggests humans may require much higher doses of irinotecan to have
similar SN38 concentrations and the associated anti-cancer efficacy. Delivery of SN38
directly could improve tumour responses in man as carboxylesterase concentrations are a
limiting factor for irinotecan efficacy (lyer et al., 2015) and in turn reduce interpatient
variability. Due to its hydrophobic nature and pH-dependent activity, liposomal
encapsulation has been a popular delivery option (Lei et al., 2004; Pal et al., 2005; Ahmad
and Zhang, 2005) and ideal for loading onto the MB shell, an important factor for MB drug
delivery (De Cock et al., 2016).

Using a higher dose of irinotecan is limited by its liposomal encapsulation efficacy, with
batch to batch variation high (Table 3.5). Irinotecan thMBs given in combination with
vascular disrupting agent combretastatin A4 phosphate (CA4P), anti-angiogenic

monoclonal antibody bevacizumab or EGFR-targeted monoclonal antibody cetuximab
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(Wildiers et al., 2004; Kuroda et al., 2010; Wilke et al., 2008) may improve tumour growth
inhibition. However, combinations must be carefully considered to avoid adverse PK
interactions such as the case of inhibition of glucuronidation or reduced clearance times

(Gupta et al., 1996; Gupta et al., 1997).

The extended therapeutic window of irinotecan may be due in part to the liposomal
formulation of the drug before attachment and delivery via MBs (Cool, Geers, et al., 2013).
A study by Sadzuka et al., (1998) demonstrated that liposomes gave a protective effect in
normal tissue, in addition to improving the tissue distribution profile but conversion to
SN38 was not improved (Sadzuka et al., 1998). It is possible that this protective effect
allowed the accumulation and slow release of irinotecan from the liposomes once it had
been delivered to tissues and why after 72-hours both it and SN38 remained at detectable

levels.

It is well known that liposomalisation of chemotherapy drugs can improve anti-cancer
effect and reduce dose limiting side effects (Gill et al., 1995; Sadzuka et al., 1997). A
previous study by Sadzuka et al.,(1998) found liposomalisation of irinotecan reduced
intestinal side effects, which may explain why the mice in this study did not experience
diarrhoea, a major side effect of irinotecan (Sadzuka et al., 1998). A study by Kalra et al.,
(2014) found that using a nanoliposomal formulation of irinotecan (5-times lower than free
drug) compared to the same dose of free irinotecan used in this PK study (50 mg/kg), had
detectable concentrations of irinotecan and SN38 more than 168-hours post injection
(Kalra et al., 2014). As in this study, 90% of the free irinotecan had been cleared from
circulation after 24-hours. This thMB study used a 25-times lower dose and was detectable

72-hours later. Exactly how long irinotecan is retained for remains unknown thus far.
3.5.6. Effect of the US-trigger

Liposomalisation of irinotecan alone does not explain why the control group thMB - US did
not extent the therapeutic window, containing the same dose of loaded liposomes but
without US-trigger. The US-trigger was an unfocused narrow beam with a mechanical index
(M1) of 0.21 by Church approximation (Church, 2005) and a duty cycle of 1%, which was
deployed over the xenograft tumour for a total of 5-seconds. The beam would presumably
destroy thMBs flowing through and attached to the tumour vasculature. The US may have
had the power to pass a bit beyond the tumour (especially the smaller tumours), deeper
into the abdomen of the mouse. However, the beam would quickly lose its power and

would no longer have the acoustic pressure to destroy MBs. The beam was narrow with an
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estimated the angle of divergence of 4° (personal communication Dr J McLaughlan). The
possibility of the US-trigger destroying thMBs in other organs unlikely. It is more likely that
the increased drug retention seen in other organs and tissues after 72-hours in the thMBs
+ US group is due to the US-trigger releasing liposomes from the thMBs within the tumour
region to be taken up by cancer cells via endocytosis or via sonoporation effects. Those
liposomes not rapidly taken up then circulate and tumour uptake may be increased further
via EPR effect or retained in other tissues (Maeda, 2015; Fang et al., 2018). The thMBs - US
group would have circulating intact thMBs which are too large to escape the vasculature,
MBs in the literature are quickly taken up by the cells of the macrophage-monocyte system
and cleared relatively quickly. Those left in circulation, are prone to shrinkage as gas leaks
out of the MB, forming MB lipid/liposomes clumps, this increased size compared to a
single circulating liposome would have an increased clearance times. The larger the

particle, the quicker the clearance (Alexis et al., 2008).
3.5.7. Side effects of irinotecan thMBs

The murine colon tissues were the only tissues to have detectable levels of irinotecan and
SN38 in all three cohorts of experimental animals following irinotecan delivery. This may
have been due to the well documented ‘enterohepatic recirculation’ of irinotecan and
SN38. It is this phenomenon that often leads to delayed, stage 3-4 diarrhoea experienced
by patients receiving irinotecan chemotherapy treatment. No diarrhoea side effects were
observed in any of the experimental cohorts used, not even with the highest dose of free-
irinotecan used. Presumably, higher doses are needed to induce this side effect in mice.
Other side effects to monitor in future experiments would be blood parameters for
neutropenia, colon crypt deformation, fatty or inflamed liver and liver enzyme levels such

as ALT and AST.
3.6. Summary

This chapter has presented a newly developed and validated LC-MS/MS method to
qguantify concentrations of irinotecan and its metabolites in murine xenografts, tissues and
serum samples. The method was successfully applied to study ex vivo metabolism and PKs
of free irinotecan and finally was used to determine that thMBs could successfully deliver
low dose irinotecan to tumours with significant tumour growth inhibition using an in vivo
model of human CRC. Increased accumulation and/or retention of irinotecan and SN38 in
tumours (although not preferentially) may have increase the therapeutic index of drug

delivered in this way. Further optimisation of the liposome drug loading is necessary to
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ensure that treatments are uniform throughout the experiments and also for further

clinical translation.
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Chapter 4

SN38 thMBs:

In Vitro to In Vivo PK and PD Studies
of Very Low Dose SN38



111

Introduction

Irinotecan is a prodrug, requiring carboxylesterases to transform it to the more active
metabolite SN38 (Mathijssen et al., 2001; Humerickhouse et al., 2000). This conversion is
vital for efficacy of the drug but human liver is inefficient with only 2-5% of irinotecan
converted to SN38 (Senter et al., 2001). Local conversion by tumour carboxylesterases is
thought to play a role and may explain the variable response of solid tumours to irinotecan
chemotherapy (Xu et al., 2002). SN38 delivered directly would eliminate this rate limiting
dependence on carboxylesterase presence. However, SN38 is severely hydrophobic and
can therefore not be administered at therapeutic doses in any pharmaceutically suitable
solvent. One solution to this would be to formulate SN38 into a protective nanostructure
such as a liposome, micelle or polymersome (Sepehri et al., 2014; Zhang et al., 2013; lyer
et al.,, 2015; Pal et al., 2005). The advantages of encapsulation are many, not only making
SN38 ‘deliverable’, but keeping it in its pH-dependent active form and protecting the
payload until it has reached its target, thereby reducing off-site toxicity. In addition,
targeting ligands can be attached to the outside of the nanoparticle to target or enhance
delivery to cancer cells as shown in in vitro studies (Geers et al., 2013; McLaughlan et al.,

2013).

The aim of this chapter was to determine ICso values for SN38 in vitro and compare these
with liposomal formulations produced and optimised by Dr R Abou-Saleh, School of Physics
and Astronomy, University of Leeds. These liposomes were then used in vivo to investigate
tumour and tissue SN38 and metabolite profiles over time by comparing thMBs + US drug
delivery with that of free drug. A longitudinal study was used to determine the tolerability,
tumour inhibition and drug deposition after multiple treatments of very low dose SN38
thMBs. A further investigation on the effect of the US-trigger alone on tumour

pharmacodynamics (PD) was also undertaken.

4, Results

4.1. SN38 cytotoxicity in vitro

Cytotoxicity assays were performed on human and mouse CRC cell lines and a mouse
endothelial cell line to determine ICso values. ICsg is the half maximal inhibitory
concentration; the concentration of a drug required for 50% growth inhibition (Sebaugh,

2011). The lower the ICso value, the greater potency.
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The SN38 ICs values for human CRC cell lines SW480, SW620, HCT116 and mouse CRC and
endothelial cell lines MC38 luclla and SVR, respectively, were measured by MTT cell
proliferation assays with a broad range of SN38 concentrations. Due to the hydrophobic
nature of SN38, sonication of the drug in tissue culture medium prior to cell application
was necessary to ensure solubilisation. To confirm that the sonication step was not having
an effect on the drug prior to application, LC-MS/MS was used to compare SN38 before
and after 20-minutes sonication. No statistical differences were observed between the

samples and SN38 was therefore assumed to be unaffected by the process (Table 4.1).

The dose-response curves at 24 and 72-hours for each cell line tested are shown in Figure
4.1, each fitting a typical sigmoidal profile with the exception of the HCT116 cell line which
was biphasic (Figure 4.1 aiii.). SN38 was found to be highly cytotoxic, being most sensitive
with HCT116, SW480 and SW620 cell lines, followed by the MC38 luc11A cell line (Table
4.2). The endothelial cells (SVR) were most resistant to SN38. All the mean ICso values
reported were determined from three independent experiments and were in the low
ng/ml range. These values were 100-2000 times lower than those determined using
irinotecan (Dr N Ingram, personal communication). No statistical differences were found
between SW480 and SW620 ICso values, presumably as they were derived from the
primary and secondary tumours from the same patient (Leibovitz et al., 1976). ICso values
between treatment times of 24 and 72-hours showed little variation, apart from the
HCT116 and MC38luc11A cell lines. The 72-hour exposure in HCT116s showed a slight fall
in cell viability compared to 24-hours in both ICs values p = 0.003 and 0.01 for highest and
lowest values (unpaired t-test (two-tailed)). Whereas in the MC38 lucl11A the opposite was
evident, 72-hour exposure showed an increase in cell viability compared to 24-hour I1Cso

values p = 0.011 (unpaired t-test (two-tailed)).

4.2. Topoisomerase |: Protein concentrations in human CRC cell

lines

Topoisomerase | concentrations play an important role in DNA replication and
transcription, and tumour levels may be a biomarker of chemotherapeutic efficacy of
topoisomerase | inhibitors such as SN38 (Pfister et al., 2009; Burgess et al., 2008). An ELISA
was used to determine topoisomerase | protein concentrations within the human CRC cell
lines previously described (Section 4.1, Figure 4.2). No statistical differences were found
between SW480 and SW620 cell lines in terms of ICsg values (with the exception of the

biphasic HCT116), or topoisomerase | protein concentrations, suggesting that
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Table 4.1 Sonication of SN38 prior to chemosensitivity assays does not have detrimental effect on
the drug.

Due to the hydrophobic nature of SN38, sonication of the drug in tissue culture medium prior to
chemosensitivity assay application (Figure 4.1 and Table 4.2) was necessary to ensure solubilisation.
Peak areas (PA) were compared between sonicated and non-sonicated samples (n=3). No
differences were found between groups, suggesting sonication did not have a detrimental effect on

the compound. Standard deviation (SD), percentage coefficient of variation (%CV).

Sample Sonicated (PA) Not sonicated (PA)

1 99907 102827
2 100859 100089
3 95153 94152
Mean 98640 99023
SD 3057 4435
%CV 3.1 4.5

Table 4.2 Table of ICso values from SN38 chemosensitivity assay.

Human and mouse CRC (SW480, SW620, HCT116, MC38 luc11A) and mouse endothelial (SVR) cell
lines, were treated with SN38 for 24 or 72-hours, followed by MTT assay. SN38 was highly toxic to
all cell lines evaluated, with ICso values in the nano molar (nM) concentration range. HCT116 had a

biphasic response and therefore two values have been given.

1Cs (NM)
Species Cell line 24 h 72 h
Human SW480 7.2 6.4
SW620 3.3 4.4
HCT116 3.0 2.4
0.6 0.4
Mouse MC38 lucllA 19.0 28.5

SVR 196.4 157.2
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Figure 4.2 Concentrations of topoisomerase | detected in human CRC cell lines.
An ELISA was used to quantify topoisomerase | protein concentrations which were normalised to ug
of total protein. a) The standard curve used to quantify topoisomerase | protein concentrations
from b) human CRC cell lines (SW480, SW620 and HCT116). No statistical differences between cell

lines were found. Mean (+ standard deviation) are shown, three samples per cell line and each run

in duplicate on a single ELISA plate.
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topoisomerase | may indeed be a biomarker of SN38 response in this cohort of CRC cell

lines.
4.3. SN38 liposome characterisation

Liposomes encapsulating SN38 were produced and optimised by Dr R Abou-Saleh,
following the patented method for the lipid based formulation of SN38 (Ahmad and Zhang,
2005). The liposomes were fully characterised prior to their use in production of SN38
thMBs. Liposomes were aliquoted, freeze-dried and stored at -20°C until needed. Sterility
of the liposomes was established prior to characterisation. Liposome characterisation was
carried out to determine the size, concentration, drug concentration, structure, stability

over time and cytotoxicity in vitro.
4.3.1. Sterility

For in vitro and in vivo studies, it was important to determine sterility of the samples prior
to use. Liposomes were rehydrated using sterile 10 mM acetate buffer (pH 2) at 4°C and
sterility was confirmed for each preparation by co-incubation of liposomes and tissue
culture medium for 72-hours at 37°C. No contamination was found by inspection using
x100 maghnification or medium colour change suggesting both liposomes and acetate
buffer were sterile. As an extra precaution, liposomes were also filtered aseptically

through a 200 nm pore directly prior to use.
4.3.2. Size and concentration

Liposome size needed to be within an optimal range (50-450 nm) for medical use (Bozzuto
and Molinari, 2015) and of a suitable concentration for the optimal and reproducible
loading of thMBs. The size and concentration were measured using the gNano (iZON), a
tunable resistive pulse sensing technique (200 nm pore size). The mean diameter of
particles within this preparation was 242 + 65 nm with a concentration of 4 x 10*?

liposomes per ml (Figure 4.3).
4.3.3. Stability

UV-Vis was used to investigate stability of SN38 concentration within the liposome batch
by sampling each week over a three-week period (performed by Dr R Abou-Salah) (Figure
4.4). Drug concentration appeared to be stable over this period and in the following

experiments liposomes once reconstituted, were used within this time frame.
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Figure 4.3 SN38 liposome size and concentration (qNano).
The gNano was used to determine the mean diameter of 242 £ 65 nm. Concentration was

determined as 4 x 102 liposomes/ml (diluted 1:20 prior to reading).
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Figure 4.4 SN38 liposomes: Drug stability over time
UV-Vis was used to investigate SN38 concentration by sampling liposomes (n=1) over a three-week

time period. Drug concentration appeared stable during this time.
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4.3.4. SN38 concentration in liposomes

LC-MS/MS was used to determine the concentration of SN38 within the liposome
preparation. Five aliquots were sampled from the original preparation and analysed by LC-
MS/MS on the same day. The mean concentration of SN38 was 233.6 + 45.9 ug/ml (Table
4.3). Variability between aliquots was high with a range of 179.3-299.5 pg/ml, despite

being from the same preparation.
4.3.5. Cytotoxicity assays

The liposomal ICso values of SN38 were determined by MTT cell proliferation assays using
the SW480 CRC cell line (Figure 4.5). The cytotoxicity curves of SN38 liposomes were
compared to free drug controls. Both liposomes and free drug were highly cytotoxic with
ICso values in the low nano-molar range and exhibited very similar cytotoxicity curves.
SW480s were slightly more resistant to liposomal SN38 giving ICso of 8.2 and 10.5 nM
compared to free drug ICso of 2.8 and 2.5 nM after 24 and 72-hour treatments,
respectively. The differences in ICsos between liposomal and free were not statistically
significant, but variations could be due to the drug being protected in a liposome shell and
released more slowly than the direct application of free drug, or the different cell response

and cell internalisation pathways between free and liposomal SN38.

4.4. Optimising the LC-MS/MS method for very low dose SN38

detection in murine tissues

4.4.1. Improving sensitivity using an additional drying step

SN38 has been found to be 100-2000 times more potent than irinotecan in vitro.
Therefore, SN38 was used at much lower doses than irinotecan in the preliminary in vivo
experiments. In order to improve detection of very low dose SN38 in mouse tissues a more
sensitive LC-MS/MS method was developed. To do this, an additional step was added to
concentrate the extracted samples and improve the likelihood of detection. SN38 and
SN38-G standard curves were compared before and after sample drying to determine any
detrimental effect of pressure, heat and light experienced in the drying chamber on the
standards. The slope of the standard curves did not differ for dried or undried samples
suggesting that drying was an acceptable method to concentrate the samples (Table 4.4).
Despite this, standard curves were always performed using dried samples and the internal
standard tolbutamide was added to both samples and standards to improve reliability of

the data with the additional steps and low expected concentrations.
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Table 4.3 Concentration of SN38 in first liposome preparation (LC-MS/MS).
LC-MS/MS was used to determine a mean SN38 concentration of 233.6 + 45.9 pg/ml (mean

standard deviation (SD) of five samples).

Sample  SN38 (pg/ml)

1 179.3
2 255.5
3 299.5
4 209.5
5 224.2
Mean 233.6

SD 45.9




121

a b
24h treatment 72h treatment
150 -e- Liposomes 1507 -e- Liposomes
) = Free ) -=- Free
[3} [Z}
—_c —_c
<€ 100- < '€ 100-
28 28
=T =T
|5 |5
s & 507 S 8 501
£ £
<] <]
L L
0+ 0
10 102 10" 10° 10" 102 10° 10* 10° 10 102 10" 10° 10" 102 103 10* 105
Concentration of SN38 (nM) Concentration of SN38 (nM)
1C5o (NM)
SN38 treatment 24 h 72 h
Liposomes 8.2 10.5
Freedrug 2.8 2.5

Figure 4.5 Chemosensitivity curves and ICso values using SN38 liposomes.

SW480 CRC cells were treated with either SN38 liposomes or equal concentrations of free drug for
(a) 24 or (b) 72-hours, I1Cso values given below. No significant differences were observed between
treatments or time points. Each data point is a mean of three MTT assay experiments run in

quadruplet. SN38 liposome concentrations were determined via LC-MS/MS prior to use.
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Table 4.4 Standard curves for SN38 and SN38-G were unaffected by additional concentration step.
A comparison of the slopes from the standard curves for (a) SN38 and (b) SN38-G. The standard
curves were unaffected by the additional concentration step to improve detection of very low
concentrations of drug and its metabolite from murine tissue samples. Values given are peak areas
from LC-MS/MS analysis. Mean + standard deviation (SD) of three analyses, percentage coefficient
of variation (%CV). Each standard curve was prepared fresh from master stock and run on non-

consecutive days.

a SN38-G b SN38
Slope Control Dried Slope Control Dried
1 86.9 87.0 1 353.1 351.7
2 91.5 95.3 2 335.6 336.4
3 89.4 88.3 3 342.3 340.1
Mean 89.3 90.2 Mean 343.7 342.7
SD 2.3 4.4 SD 8.8 8.0

%CV 2.6 4.9 %CV 2.6 2.3
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4.4.2. Analytical recovery using bead homogeniser

To improve sample processing time and reduce potential cross-contamination prior to LC-
MS/MS analysis, a bead homogeniser was used instead of the Turrex blender described in
Section 3.3.9. The bead homogeniser was capable of processing 24-small volume samples
in 90-seconds in a closed vessel (no risk of cross-contamination). Accuracy was determined
as the agreement between the compounds spiked into methanol compared to the same
concentration spiked into tissues and reported as the percentage analytical recovery.
Table 4.5 displays the percentage analytical recovery for irinotecan, SN38 and SN38-G
from homogenised murine tissues. The bead homogeniser gave high extraction efficiency.
All compounds of interest were above 83% for all tissues investigated, within the
acceptable range 100 + 20% (FDA, 2001). Samples resulting in more than 100% recovery
were due to the reduced volume after the protein had been pelleted from the
homogenate and confirmed that none had bound to the protein fraction. The bead
homogeniser was rapid, processing 48-samples in 80-seconds, with no risk of cross-
contamination, minimal heat production and resulted in high analytical recovery. This

method was therefore adopted in all further experiments.
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Table 4.5 Bead homogenisation: Analytical recovery of compounds of interest from murine
tissues.

Murine tissue homogenates were spiked with 1 pg/ml of irinotecan, SN38 and SN38-G and
compared to methanol spiked with the same. Percentage recovery is given and shows good
analytical recovery from tissues when compared to methanol at 100%. More than 100% recovery
was due to the reduced volume after proteins had been pelleted from the homogenate and shows
none was bound to the protein fraction. Mean percentage of three replicates + standard deviation.

*Plasma did not require homogenisation.

Tissue Irinotecan{%) SN38{%) SN38-G{H%)
Tumour 92.3 + 2.2 934 + 12 883 0.5
Liver 102.8 £ 9.0 96.1 + 3.2 857 6.3
Kidney 89.2 + 25 91.1 + 3.0 87.1 £2.2
Colon 88.4 + 3.7 933 +16 851 +5.6
Spleen 82.6 £ 2.2 90.0 £+ 3.8 90.2 £6.3
Lung 90.9 + 6.3 90.3 + 43 889 5.1
Skin 109.1 £+ 0.5 106.6 £+2.0 994 +26
Plasma* 1079 £+ 1.4 100.7 + 2.6 859 +1.0
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4.5. SN38 thMBs: In vivo PK and biodistribution profiles

For targeted US-triggered delivery of SN38, liposomes were attached to MBs to produce
thMBs (Figure 1.11). In order to determine in vivo PK and biodistribution of the SN38
thMBs (0.04 mg/kg), a single dose was administered intravenously into CD1 nude mice
bearing CRC xenografts. An US-triggered destruction pulse was administered to the tumour
post injection. A control of SN38 free drug was administered in the same way (without US-
trigger) and time dependent tissue distribution of SN38 and SN38-G was determined by LC-
MS/MS (Figure 4.6).

As seen in Figure 4.6 a. i, SN38 was detected in all tissues 1-hour post thMB
administration, with the exception of brain. Peak levels of SN38 were seen in all tissues
after 1-hour between 100 — 0.5 ng/g (liver > spleen > colon > kidney/lung > heart > tumour
> ovary > plasma), although colon levels peaked after 3-hours. Highest concentrations
were found in liver which was the only tissue to have SN38 at more than 3-hours and up to
48-hours post injection. The inactive metabolite SN38-G followed a similar pattern to SN38
(Figure 4.6 a. ii), with peak concentrations after 1-hour ranging from 40 — 0.3 ng/ml (liver >
tumour > colon > kidney/ovary/lung > plasma > heart), again colon levels peaked after 3-
hours with even higher concentrations than those found in liver tissue. None was detected
in spleen or brain. At 3-hours SN38-G was only found in colon, liver and kidney, and none

was detectable after this time-point.

The free SN38 control (see Figure 4.6 b. i), again gave peak tissues concentrations after 1-
hour post i.v. SN38. Concentrations ranged between 20 — 0.8 ng/ml (liver > lung/spleen >
heart > colon), with none detected in tumour, kidney, plasma, ovary or brain tissue. SN38
concentrations were approximately ten-times lower than those found after thMB delivery
when detected in the same tissues, although lung tissues did not follow this pattern,
having similar concentrations by both doses. The only tissues which had detectable SN38
after 3-hours were liver and heart, with liver the only tissue to have detectable levels of
SN38 at 24-hours. No SN38-G was detected in any tissues, with the exception of liver

having very low levels (2.5 ng/g) at 1-hour (Figure 4.6 b. ii).

Taken as a whole, this data has demonstrated that the LC-MS/MS method was able to
determine tissue concentrations of SN38 and its metabolite after very low doses of SN38
were administered. It also shows that SN38 thMB delivery has increased circulation

times/reduced elimination of the drug when compared to the same dose of free.
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Figure 4.6 ThMB pharmacokinetic (PK) profiles of SN38 and its metabolite SN38-G.

Single dose (0.04 mg/kg) SN38 was used to compare thMBs with free drug in vivo. (a) SN38 thMBs
PK profiles for (i) SN38 and (ii) SN38-G. ThMBs were targeted to VEGFR2 and the US-trigger was a

tumour localised 5-second ‘tone burst’ administered 4-minutes post bolus injection. (b) SN38 free
drug PK profiles for (i) SN38 and (ii) SN38-G. SN38 thMBs extended the PK profile for both tumour
and other tissues whereas free drug was rapidly metabolised and excreted. Concentrations were

detected by LC-MS/MS and each data point was a mean of two or a single animal. LOD = limit of

detection.
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This was particularly obvious in tumour tissue where SN38 and SN38-G were detectable 1-

hour after thMB drug delivery but absent after free drug.

4.6. SN38 thMBs: Longitudinal study investigating tumour PD

responses and end-point biodistribution

To investigate the effect of very low dose SN38 thMBs on growth of human CRC
xenografts, the same treatment protocol was used as shown previously for irinotecan
thMBs (Figure 3.11). Very low doses of SN38 were used to determine tolerability at this

dosing schedule, effect on tumour growth inhibition and end-point drug biodistribution.
4.6.1. Quantification of SN38 in thMB preparations

The SN38 dose delivered by thMBs was confirmed by LC-MS/MS once the longitudinal
experiment had ended. The amount of SN38 delivered was 0.04 + 0.004 mg/kgor 1.1 +£0.1
ug per dose, giving a total dose of 6.0 ug over 2 weeks (Table 4.6).

4.6.2. Very low dose SN38 delivery using thMBs inhibits tumour growth

A total of five treatments over a 2-week period were given, see Figure 4.7 for cohort
description and treatment schedule. After two thMB treatments there was significant
inhibition of tumour growth compared with control group at day 14 (p < 0.05) (Figure 4.8
a). Tumour growth was also inhibited compared with control at day 21 and day 25 after
four and five treatments respectively, but did not reach statistical significance. However,
two tumours in the thMBs + T regressed after treatment with SN38 thMBs pointing
towards a tumour growth inhibition effect. Tumour doubling time, an indicator of tumour
growth rate was not significantly different between thMBs and control (Figure 4.8 b)
although 2/8 tumours exhibited growth regression. The median value of the control was
higher than the thMB group at 6-days and 4-days doubling time, respectively. Notably, one
tumour from the control group had a rapid doubling time of more than ten times the
doubling time of the rest of the group. Final day tumour mass (Figure 4.8 c) was not
significantly different between thMBs and control. However, the median tumour mass of

the control was higher than the thMB group, 0.41 g and 0.28 g respectively.

Body mass was used as an indicator of animal health and well-being, with weight-loss
normally associated with poor health. The percentage change in body mass between the
start and end-point was determined and was not significantly different between groups
(Figure 4.8 d). The mean (+ SD) percentage body mass change of the thMB group was -0.4

1 2.7% compared to the control 1.7 £ 4.5%, suggesting the treatments were well tolerated.



128

Table 4.6 Quantification of SN38 thMB preparations.

SN38 concentrations in the five thMB treatments were quantified using LC-MS/MS. Mean (£
standard deviation (SD)) dosage was 0.04 + 0.004 mg/kg SN38. Dosage was calculated using the
mean mass of the thMB cohort of CD1 female mice (0.027 kg).

thMB SN38 SN38 dose per 100 Dosage
sample (ug/ml) pl injection (ug) (mg/kg)
1 11.5 1.2 0.043
2 11.7 1.2 0.043
3 13.6 1.4 0.051
4 10.6 1.1 0.039
5 10.8 1.1 0.040
Mean 11.6 1.2 0.043

SD 1.2 0.1 0.004
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Figure 4.7 SN38 thMB cohorts and treatment schedule.

(a) Abbreviated nomenclature and treatment groups are shown with (n = number of mice per
group). (b) Treatment schedule depicted, treatments were initiated one-week post subcutaneous
inoculation with SW480 CRC cell line (Day 1). Five doses of 0.04 mg/kg SN38 thMBs or a vehicle
control without drug were administered via i.v. injection over a 2-week period. ThMBs were
targeted to VEGFR2 and the US-trigger was a tumour localised 5-second ‘tone burst’ administered 4-

minutes post bolus injection. End-point and tissue collection was 72-hours post final treatment.
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Figure 4.8 Very low dose SN38 delivery using US-triggered thMBs inhibits tumour growth.

Tumour pharmacodynamic (PD) response was investigated. (a) Effect of thMBs on tumour volume
measured by HFUS imaging (mean (x SEM) ratio-to-day 0). * p = 0.0188 Mann Whitney (two-tailed).
(b) Tumour volume doubling time in days (bars represent median value). (c) End-point tumour mass
(bars represent median value). (d) A comparison of initial and end-point body mass for each group
(bars represent mean value). Tumours and measurements were collected for analysis 72-hours
post-final treatment. ThMBs were targeted to VEGFR2 and the US-trigger was a tumour localised 5-
second ‘tone burst’ administered 4-minutes post bolus injection. Red = 5x 0.04 mg/kg SN38 thMBs +
US-trigger (n = 8), Blue = 5x Vehicle (PBS + 2.4% DMSO) + US-trigger (n=9).
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4.6.3. PD analysis of tumour response after very low dose SN38 delivery using

US-triggered thMBs

To investigate mechanisms by which SN38 thMBs inhibited tumour growth, we assessed
tumour PD responses consistent with the known mechanisms of action of SN38 (Figure

4.9).

Mitotic bodies were used as a marker of proliferation. Tumour histology showed the
number of mitotic bodies were not significantly different between the control and thMBs
treated tumours, median values were 7 and 10 mitotic bodies/0.25 mm?, respectively
(Figure 4.9 a). However, the thMB group contained two tumours where no mitotic bodies
were found. Double stranded DNA breaks was used as a marker of SN38 efficacy, however
no significant differences were found between control and treated tumours (Figure 4.9 b).
Median values were 1.3 and 1.5% positive pH2AX staining per mm? of tumour tissue,
respectively. Apoptosis was used as a marker of controlled cell death, a potential effect of
SN38 treatment. There were no significant differences between the control and thmMB
group, median values were 1.3 and 1.4 % positive cleaved caspase-3 staining per mm? of
tumour tissue, respectively (Figure 4.9 c). Over all the data indicate that SN38 thMB had

not had significant effect of tumour PD at these very low doses.

Vessel density is an important factor for successful thMB delivery, as MBs are vascular
agents and targeting to endothelial cells was used. Again, no significant differences were
found between groups (Figure 4.9 d). Median values were 14 and 11 CD1 positively stained
vessels per 0.25 mm? of tumour tissue for control and treated groups, respectively. This
suggested that SN38 delivered in this way did not have an effect on vessel density or that

the vessels reformed within 72-hours post-treatment.



132

a b
Mitosis Double-stand breaks
15+ 6
]
| ] L] & L
2 n £
Q
k-] n E
8 109 gy ] 4+
L E P °
o E ° H
L= — 00— v -
€3 ]
s~ 54 0.e° g 1
] LA T — L d
2 2 = —e—
B u oq0
0, u (]
e .F L] c L] L]
thMBs + US Vehicle + US thMBs + US Vehicle + US
c d
Apoptosis Vessel density
6= 50
e "
£ " T 404 L]
- [ 3.
g 4= | ° g NE
] [ 30+
© - L]
@ 8 < 204 .
g 2 LIPS 8 g °
° [T L c 10 w %
—e gt o = °
: n ... 4 .'.
S °
c L] L] c L] L]
thMBs + US Vehicle + US thMBs + US Vehicle + US

Figure 4.9 Pharmacodynamic (PD) analysis of very low dose SN38 delivery using US-triggered
thMBs.

Five treatments of SN38 thMBs or vehicle, both followed by an US-trigger. (a) Number of mitoses
per mm? of tumour tissue. (b) Double-stranded DNA breaks and (c) apoptosis per mm? of tumour.
(d) Number of vessels per 0.25 mm? of tumour. No significant differences were found between
treatment groups, suggesting SN38 thMBs were ineffective at these very low doses. The median
value for each group is denoted by a bar (a - d). Tumours were collected for analysis 72-hours post-
final treatment. ThMBs were targeted to VEGFR2 and the US-trigger was a tumour localised 5-
second ‘tone burst’ administered 4-minutes post bolus injection. Red = 5x 0.04 mg/kg SN38 thMBs +
US-trigger (n = 8), Blue = 5x Vehicle (PBS + 2.4% DMSO) + US-trigger (n=9).
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4.6.4. Blood parameters associated with SN38 toxicology

Myelosuppression and neutropenia, are known side effects of clinical irinotecan
chemotherapy. End-point blood parameters were investigated to determine SN38 thMB
treatment on red blood cells, white blood cells and granulocytes (mainly neutrophils)
counts. Red blood cells numbers were within the normal range for CD1 female mice for
both thMB and control groups, 5.1 and 6.1 x103/ul of blood (mean values), respectively.
White blood cells numbers were also within the normal range for CD1 female mice for
both thMB and control groups, 7.6 and 5.7 x103/ul of blood (mean values), respectively. No
statistical differences were found between control and treated groups, suggesting SN38

thMB treatments had not been detrimental to these parameters (Figure 4.10 a - b).

Granulocytes are a type of white blood cell, specifically neutrophils, eosinophils, and
basophils. The granulocyte counts for both groups were not significantly different, median
values were 1.7 and 1.2 x103/ul of blood for thMBs and control groups, respectively (Figure
4.10 c). Over all the data indicate both white blood cells and granulocyte concentrations

were unaffected 72-hours post final treatment.

4.6.5. SN38 biodistribution following thMB treatment (72-hours post final

treatment)

Tumours were harvested at end-point, along with liver, kidney, spleen, colon and plasma
to determine SN38 concentrations by LC-MS/MS. As very low doses (0.04 mg/kg) were
delivered in vivo, additional steps were added to the extraction protocol to improve

detection (Section 4.4).

Low levels of SN38 were detected in tumour, liver and kidney tissues, whilst none was
detected in spleen, colon or serum (Figure 4.11). 7/8 samples had SN38 in the tumour
(range 0.01 to 0.57 ng/g) at 72-hours post final treatment. At these very low doses, the
drug was deposited and/or retained preferentially in the tumour tissues. In liver 4/8 had
detectable levels of drug ranging from 0.02 to 2.7ng/g, and 4/8 kidney samples had
detectable levels of SN38 in the range 0.10 to 0.13 ng/g. SN38-G was not detected in any

of the samples analysed.
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Figure 4.10 Blood parameters associated with clinical toxicity of SN38.

(a) Red blood cells (mean £ SD), (b) White blood cells (mean + SD) and (c) granulocytes counts
(median + 95% Cl) were within the normal range for CD1 nude mice and were not significantly
different between groups, suggesting SN38 thMB treatments had not been detrimental to these
parameters at this time point. A total of five treatments of SN38 (0.04 mg/kg) were given over a
two-week period. Samples were collected for analysis 72-hours post-final treatment. Data
presented are n=1. ThMBs were targeted to VEGFR2 and the US-trigger was a tumour localised 5-
second ‘tone burst’ administered 4-minutes post bolus injection. Red = 5x 0.04 mg/kg SN38 thMBs +

US-trigger (n = 8), Blue = 5x Vehicle (PBS + 2.4% DMSOQ) + US-trigger (n=9).
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Figure 4.11 SN38 thMBs: Biodistribution of SN38 by LC-MS/MS

SN38 thMBs were targeted to VEGFR2 and the US-trigger was a tumour localised 5-second ‘tone
burst’ administered 4-minutes post bolus injection. A total of five treatments of SN38 (0.04 mg/kg)
were given over a two-week period. Samples were collected for analysis 72-hours post-final
treatment. SN38 was detected in tumour, liver and kidney samples, with none detected in spleen,
colon or serum. A total of 8 samples per tissue group were analysed, absent data point(s) indicates

none detected (or less than the LOD). Median value denoted by the bar. SN38-G was not detected

in any of the samples analysed at this time point.
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4.7. Investigation of US-trigger alone on tumour response

To investigate the effect of the US-trigger alone on human CRC xenografts, the same
treatment protocol was used as shown with irinotecan thMBs and SN38 thMBs (Figure 4.7)
with 2 treatment groups comparing vehicle with an US-trigger (+ US) against a vehicle
control without an US-trigger (- US). After five treatments, tumour growth between the
groups were similar, with no significant differences found at any time point (Figure 4.12 a).
Notably, one tumour from the + US group exhibited rapid tumour growth compared to the
rest of the group. Tumour doubling time, was not significantly different between groups
(Figure 4.12 b). The median value of the control was lower than the + US group, 7 days and
8 days doubling time, respectively. Final day tumour mass (Figure 4.12 c), was not
significantly different between - US and + US groups, 0.7 g and 0.5 g respectively. Data
taken as a whole suggested that the US-trigger alone was not having a significant effect on

tumour growth inhibition.

The percentage change in body mass between the start and end-point was determined
and again not significantly different between groups (Figure 4.12 d). The median
percentage body mass change was 2% compared to the control -2%, suggesting that

treatments were well tolerated.
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Figure 4.12 US-trigger alone does not inhibit tumour growth.

Five treatments of vehicle (PBS/2.4% DMSO) followed by an 5-second ‘tone burst’ US-trigger (+ US)

or the same without US-trigger (- US). (a) Effect of the US-trigger alone on tumour volume was

measured by HFUS imaging (ratio-to-day 0). (b) Tumour volume doubling time in days (bars

represent median value). (c) End-point tumour mass (bars represent median value). (d) A

comparison of initial and end-point body mass for each group (bars represent median value). No

significant differences were found between groups (a-d) suggesting US-trigger alone did not inhibit

tumour growth. Blue = Vehicle + US-trigger (n=7), Green = Vehicle without US-trigger (n=5).
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4.8. Discussion

This chapter presents the first known demonstration of VEGFR2-targeted, triggered drug
delivery of SN38 using thMBs in combination with US. Initial cytotoxicity assays using CRC
and endothelial cell lines gave ICso values for SN38 free drug and verified its high potency.
Topoisomerase | protein concentrations were determined for the human CRC cell lines and
were not significantly different, but a potential biomarker of SN38 efficacy. SN38 was
encapsulated in a liposomal formulation and characterised prior to use. An additional step
was added to the previously used LC-MS/MS protocol to increase detection of very low
concentrations of SN38 and SN38-G used in the SN38 in vivo experiments. A PK and
biodistribution study was used to demonstrate enhanced tumour-specific drug release
after a single thMB dose. This was followed by a longitudinal study involving multiple thMB
treatments which confirmed tumour growth inhibition and preferential tumour drug
deposition and/or retention over other tissues after 72-hours. SN38 ICso values were used
to verify that the concentrations detected in tumour tissues were below the range of those
needed for growth inhibition in vitro. Further investigation of the US-trigger and its
negative effect on tumour growth inhibition (Choijamts et al., 2011; Alamolhoda and

Mokhtari-Dizaji, 2015), were unfounded.
4.8.1. SN38 cytotoxicity in vitro

The SN38 ICsq values for human and mouse CRC cell lines and a mouse endothelial cell line
were determined for 24 and 72-hour treatments. A protocol was developed (Section 4.1)
to ensure the drug solubilised in tissue culture media prior to treatment. Using this
optimised method, ICsg values were reproducible and all values were in the nano-molar
range, 100-2000 times less than the ICsg values for irinotecan (micro-molar range) (Dr N
Ingram, personal communication). These differences correlate to those determined by
other groups (Chabot, 1997; Danks et al., 1999; Kawato et al., 1991) and was not surprising
as irinotecan is a prodrug and its toxicity is reliant on its conversion to SN38 which is
responsible for its mode of action. The SN38 ICso values were determined in vitro in order
to assess whether concentrations of SN38 detected in human CRC xenografts were in the

range to have an anti-cancer effect.

All the dose-response curves were sigmoidal in shape, apart from the HCT116 cell line
which was biphasic. The different response profiles may be explained by the mechanism of
action of SN38, particularly the induction of double-stranded DNA breaks (Wu et al., 2002)

however, the investigation of the specific mechanisms is beyond the scope of this study.
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Comparisons to the literature were limited, most studies have quoted ICso values and when
a dose-response curve was shown it was limited to 3-5 concentrations, to few to
determine the shape (Liu et al., 2014; Mosallaei et al., 2016; Dinarvand et al., 2015; Sayari
et al., 2014). This study used 20 concentrations between 8 Logs, giving a precise

demonstration of the dose-response.

All cell lines had ICsg values in the nano-molar range. Values found in the literature for
comparison were minimal, using different assays, cell lines, controls and treatment times
(Sapra et al., 2008; Liu et al., 2014; Dinarvand et al., 2015; Sayari et al., 2014; Mosallaei et
al., 2016). The National Cancer Institute (NCI) ‘Cancer Screen National data’ gave a mean
Glso (50% growth inhibition) value of 30 ng/ml for SN38 using six human CRC cell lines
(Developmental Therapeutics Program NCI) (Shoemaker, 2006). These values were in

keeping with the same nano-molar potency range determined using this method.

ICso values were not statistically different between SW480 and SW620, both were derived
from the primary and secondary tumours, from the same patient (Leibovitz et al., 1976).
The metastatic line SW620 was isolated from a mesenteric lymph node after recurrence
and could have been presumed more resistant (Hammond et al., 2016) but the trend is the
opposite. However, chemotherapy was not initiated until after the lymph nodes were
resected therefore no possibility of drug induced resistance between the two cell lines

(Hewitt et al., 2000).

The potency of SN38 after 24 and 72-hour treatment periods resulted in little difference.
Typically, prolonged exposure enhances therapeutic effect. This can be attributed to the
cell-cycle specific nature of the drugs used. SN38s mechanism of action takes place during
the S-phase of the cell cycle and therefore the longer the exposure the greater the
cytotoxicity, as a higher proportion of the cells would have entered in the S-phase
(Nakajima et al., 2008). Cell cycle analysis of the treated cells may give more insight into
this observed effect. This protocol used single treatments of SN38 for as long as 72-hours,
it is possible the drug degraded in that time and daily treatments would have been more
appropriate. However, this protocol reflected the treatments for the longitudinal in vivo
study (Section 4.6.2), where a single dose was delivered every 3-4 days and may therefore
more accurately reflect the concentrations of SN38 detected in human CRC xenografts and

their effect on cell proliferation.

SVR cells displayed marginally less sensitivity to SN38 of all the cell lines tested. Most
cytotoxicity studies test only cancer cell lines but the addition of an endothelial cell line as

done here is advantageous in terms of assessing SN38 efficacy using thMBs delivered via
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the vasculature. SVR cells express VEGFR2, a vascular endothelial cell marker and target for
thMB targeting and adhesion to tumour blood vessel walls. As SN38 was shown to be 100-
2000 times more toxic than irinotecan, it would be potentially more suited for thMB
delivery as currently MB drug-loading is low. In the literature, in vitro studies are most
commonly performed under ‘static’ conditions. A group using ‘flow’ conditions (mimicking
venous flow), found sonoporation was reduced under these conditions, an important point
to consider with future in vitro studies using thMBs and endothelial cell lines (Park et al.,

2011).

SW480 cells were subsequently chosen as the cell line for in vivo xenograft studies using
SN38, due to their high drug sensitivity, high take rate in CD1 nude mice and in order to
directly compare to the previous irinotecan thMB in vivo experiment (Section 3.4), which

used SW480 xenografts and the same dosing regimen.
4.8.2. Topoisomerase l: protein concentrations in human CRC cell lines

High topoisomerase | levels in tumours are potential indicators of SN38 sensitivity (Pfister
et al., 2012; Pfister et al., 2009). No significant differences were found between human
CRC cell lines in this study. However, this was in keeping with the SN38 ICs values
presented (Section 4.1). One study determined topoisomerase | protein concentrations for
HCT116 as more than 70-times the values reported in this study (Jensen et al., 2016).
Another study determined topoisomerase | protein concentrations for human CRC cell
lines in the region of 3-10 ng/ml/ug protein (Pfister et al., 2009) up to 100 times the mean
value of 0.1 ng/ml/ug protein determined in this study. These differences may be
accounted for by the different methods used to quantify the protein or alternatively that
the freeze/thaw method used for cell lysis was not adequate. Current literature is
conflicting as to whether camptothecin efficacy is indeed positively correlated to
topoisomerase | protein concentrations. Three studies have found high topoisomerase |
protein or mRNA levels to be associated with sensitivity (Burgess et al., 2008; Sugimoto et
al., 1990; Kotoh et al., 1994), whereas others have been inconclusive (Jansen et al., 1997,
Perego et al., 1994). It has been suggested that other factors such as the rate of
proliferation or drug resistance mechanisms may play a role and perhaps drug-induced
topoisomerase | cleavable complexes may be a more suitable marker of SN38 efficacy

(Goldwasser et al., 1995).
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4.8.3. SN38 liposome characterisation

The SN38 liposomes used in the in vivo studies in the chapter, were characterised prior to
use. Sterility was confirmed before in vitro and in vivo work commenced, as contamination
would have severely compromised experiments. There are many ways to sterilise
nanoparticles but they may not be applicable to liposomal formulations, aseptic technique
and filtering are recommended (Cagdas et al., 2014). The mean liposome diameter was
determined as 242 nm, slightly larger than nanoparticles used in other in vivo tumour
studies where less than 200 nm was optimal (Prabhakar et al., 2013; Maeda, 2015).
Nanoparticles with a diameter of more than 500 nm are associated with rapid clearance by
the macrophage-monocyte system, however particles with a diameter of less than 6 nm
are excreted quickly via the kidneys (Longmire et al., 2008; Sun et al., 2017). Liposome
sizes in this study may not play such an important role as they were attached to MBs for
targeted triggered drug delivery, but it is important to note that larger liposomes, have
greater drug loading capacity. However, once thMBs are destroyed, intact circulating
liposomes may also act to increase tumour drug delivery. Therefore, liposome size may
play a role in increasing circulating times and therefore tumour accumulation via the EPR
effect (Maeda et al., 2013; Prabhakar et al., 2013), as discussed previously for irinotecan

thMBs.

Future determination of the zeta potential of the SN38 liposomes is needed as surface
charge also plays a role in the way liposomes interact with each other and biological

systems (Bozzuto and Molinari, 2015).

SN38 concentration of the liposome batch was 233.6 pug/ml, with 20% intra-sample
variability despite samples being aliquoted from the same preparation. Preparation
variation was also high with irinotecan liposomes (Section 3.4.1) and therefore a large
batch of SN38 liposomes was produced, aliquoted and freeze-dried, with significant
improvements to the final SN38 thMB concentrations (Section 4.6.1). SN38 concentration
remained stable in the liposomal preparation when investigated over a 3-week period and
samples were always used within that time frame. A major challenge in SN38 delivery is
the stability of the drug during the shelf-life and physical encapsulation with liposome
formulations having most success (Palakurthi, 2015). SN38 liposomes formulated using the
same method, were stable up to 6-months with minimal drug release over 120-hours when

liposomes where diluted in PBS (in the case of i.v. administration) (Zhang et al., 2004).
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Liposomes were slightly less toxic when compared to the same concentrations of free drug
in vitro, suggesting liposomal formulation was protecting the drug or perhaps the method
of internalisation and distribution with cells was different to that of free drug (Przybylo et
al., 2016). Previous groups investigating SN38 liposomal cytotoxicity have not used free
SN38 controls (Lei et al., 2004; Fang et al., 2016; Zhang et al., 2004). Perhaps the surface
charge and incorporation of PEG into the liposome shell (to increase circulation times), has
resulted in less toxicity as it has previously been shown to reduce cellular uptake and
endosomal escape (Hatakeyama et al., 2007; Li and Huang, 2011). The lack of availability of
controls such as none-PEGylated liposomes or empty liposomes (without drug) in order to

test this hypothesis, was a limitation of this study.
4.8.4. SN38 thMBs: In vivo PK and biodistribution profiles

The efficiency of chemotherapy has relied on high plasma concentrations of drug in order
to increase tumour drug concentrations for cancer treatment. Liposomes as drug delivery
systems have been advantageous due to increasing circulation time and improving the
therapeutic index of drugs, but often fail due to non-specific tissue distribution (Bozzuto

and Molinari, 2015).

In this PK study, very low dose SN38 thMBs in combination with an US-trigger showed
enhanced tumour-specific drug release and extended time of exposure compared to free
drug. Free SN38 was rapidly excreted and none was detected in tumour tissues using these
low doses. Comparisons to other literature was limited as SN38 is extremely hydrophobic
and delivery is only possible using high concentrations of DMSO. Fang et al., 2018 has
compared the plasma PK profiles of free and liposomal SN38 (10 mg/kg) over 6-hours and
found no significant differences in a non-tumour mouse model. The final biodistribution
showed highest concentrations of SN38 in heart, lung > liver, spleen > kidney after free
drug (Fang et al., 2018). Other PK and biodistribution studies of SN38 liposomes in mice,
found highest concentrations in liver, spleen and lung tissues, however SN38-G
concentrations were not determined (Li and Wang, 2016; Pal et al., 2005; Fang et al.,
2018). This study found a similar pattern of distribution with both free and thMB delivery,
although the thMB group gave similar levels in the colon and kidney as the spleen,

indicating different metabolism/excretion mechanisms at play.

Due to the very low doses of SN38 used in this study and therefore relatively rapid
excretion, earlier time points would have been more useful for interpreting the differences

between free and thMB drug delivery. Higher doses of SN38 with additional time points
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may give more insight into the ADME profiles of thMBs. Higher doses of free drug would
not be possible as the high concentrations of DMSO necessary would not be ethical. SN38
liposomes would have made a more reliable control (and more clinically relevant) in this

comparison, however, due to the limited supply of liposomes this was not possible.

Tumour SN38 concentrations detected after 1-hour were lower than those required to
show toxic effect determined in vitro (Section 4.1). Interestingly, tumour SN38-G in the
thMB group was almost 10-times the levels of SN38, more than any other tissue
investigated. The enzyme UGT1A1 is responsible for the metabolism of SN38 to the
inactive, water-soluble SN38-G for excretion. Low levels of this enzyme in tumours may act
as a predictive marker of SN38 efficacy, as the longer the exposure to SN38, the greater
the cytotoxic effect. High levels of UGT1A1 have been found in mouse liver and
gastrointestinal tract, and in cancers of both of these tissues (Lu et al., 2015; Chen et al.,
2013). Determining the UGT1A1 protein concentrations within mouse tissues and human
CRC xenografts may give insight into the particularly high SN38-G concentrations observed

in this study.
4.8.5. Quantification of SN38 in thMB preparations

LC-MS/MS was successfully used to determine concentrations of SN38 in the very low
doses of SN38 thMBs samples, post administration. The mean dose of SN38 per thMB
treatment was 0.04 + 0.004 mg/kg. The standard deviation was low despite findings of 20%
variability in the liposomal SN38 concentrations (Section 4.3.4). However, having used LC-
MS/MS to determine SN38 concentration prior to use appears to have rectified accuracy

issues as seen with irinotecan thMBs using UV-Vis for drug quantification (Section 3.4.1).

4.8.6. SN38 thMBs: Longitudinal study investigating tumour PD responses and

end-point biodistribution

The first known targeted, triggered thMB drug delivery of SN38 has been demonstrated
here and shown to reduce tumour volume and extend the therapeutic window of very low
dose SN38 in a model of human CRC. Preclinical activity of liposomal SN38 has been shown
to be a potent inhibitor of tumour growth (Pal et al., 2005; Lei et al., 2004; Fang et al.,
2016). Previous groups have used SN38 nanoparticles in doses as low as 2 mg/kg (Lei et al.,
2004; Zhang et al., 2004; Liu et al., 2014; J. Wang et al., 2015), 50-times more per

treatment than those used in this study.

Treatments were well tolerated at 0.04 mg/kg with no diarrhoea or significant differences

in blood parameters or body mass. Two canine plasma PK studies of liposomal SN38 at a
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dose 10-times that used in this study gave peak concentrations after 10-minutes and was
well tolerated, however multiple treatments resulted in some blood parameter changes (Li
and Wang, 2016; Pal et al., 2005), a known side effect of SN38 treatment. The very low
doses used in this study were presumably the reason side effects were not observed and

one of the benefits of this type of delivery system.

End-point tumour volumes were not significantly different from the control group,
although two tumours from the thMB group did regress. Therefore, unsurprisingly analysis
of PD response indicated no significant differences in tumour responses (Section 4.6.3). LC-
MS/MS analysis of end-point tissues, discovered that not only was drug present but it had
preferentially deposited and/or retained in tumour (Section 4.6.5). This was surprising as
the previous PK and biodistribution study of single dose SN38 thMBs (Section 4.5) did not
detect SN38 in tumour after more than 1-hour. It is feasible that multiple dosing had an
accumulation effect after five-doses every 3-4 days, as low dose irinotecan thMBs were
also detected after 72-hours post the final treatment using the same dosing schedule
(Section 3.4). The EPR effect may have also played a role by allowing SN38 liposomes to

accumulate in the tumour over time (Maeda et al., 2013).

Concentrations of SN38 detected in the tumour tissues were much lower than those
required to show toxic effect as determined in vitro (Section 4.1), perhaps the low levels
reached between treatments gave tumour cells time to recover and thus PD response was
limited. Future experiments using higher doses of SN38 may maintain higher levels within
the tumour for increased tumour growth inhibition. Interestingly, tumour volumes were
statistically different on Day 7, after 2-treatments had been given. This might suggest that
at early time points delivery was so successful that future drug delivery is compromised in

terms of VEGFR2 targeting or that drug resistance mechanisms may have developed.

SN38-G was not detected at this late time point and was previously shown to have a higher
clearance rate than SN38, even with liver conversion of SN38 to SN38-G up to 40%, the
extremely low concentrations of SN38 detected in this study made it unlikely to detect the

metabolite (Section 4.5).
4.8.7. Investigation of US-trigger alone on tumour response

Sonodynamic therapy is the combination of low-intensity US with sonosensitisers. It has
been widely used pre-clinically for its non-invasive tumour growth inhibition effects
(Costley et al., 2015; Wood and Sehgal, 2015). US used with sufficient peak negative

pressures induces inertial cavitation (the use of sonosensitisers increases this effect). It is
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this phenomenon which has been shown to form free radicals, which in turn induces
necrosis in cancer cells (Christman et al., 1987, Umemura et al., 1999; Shankar and Pagel,
2011). The previous longitudinal study used very low dose SN38 thMBs + US-trigger
(Section 4.7) resulting in insignificant differences in end-point tumour volumes when
compared to the vehicle + US-trigger control group. Therefore, it was hypothesised the
vehicle + US-trigger may have been having an effect on tumour growth and an additional
control should have been used. The US-trigger used in this study was a high amplitude, low
frequency tone burst (MclLaughlan et al., 2016), with a Ml of 0.21 (Church, 2005) and a
thermal index in soft tissue of 0.09. These parameters were well within the safe range for
clinical use (The British Medical Ultrasound Society guidelines) and not enough power to
induce hyperthermic effects. Tumour growth was compared between one group receiving
a sham i.v. injection, while the other group received sham followed by an US-trigger. No
differences in tumour growth rate, end-point tumour mass or tumour doubling time were
found, but data indicated a possible trend towards the US-trigger having had a slight

tumour growth inhibition effect.

Comparisons of this study with US-mediated drug delivery described in the literature are
made difficult by the extreme variability of US conditions used and the inconsistent
parameters described for each study. One group using low dose irinotecan in combination
with US for the treatment of uterine sarcoma used similar US parameters, a Ml of 0.25 but
a duty cycle of 50% compared to our 1% (Choijamts et al., 2011). Their US only group
displayed reduced tumour volume and prolonged survival in vivo compared to the control.
Their study was run over a total of 8-weeks with daily US treatments, whereas this study
received just five-treatments over 2-weeks. Another group investigating multiple US
treatments with hematoporphyrin (an US sensitiser), used a dual frequency system to
create inertial cavitation to specifically generate free radicals and successfully reduce
tumour volumes compared to controls (Alamolhoda and Mokhtari-Dizaji, 2015). A Ml of
0.21 and 0.24, were comparable to this study, but they used a duty cycle of 100%, and

treated for 30-minutes, compared to the 5-second US-trigger in this experiment.

Any slight differences between + US and — US groups may have been caused by the
induction of free radicals, however compared to other groups’ US-parameters, the
percentage duty cycle, total sonication time and number of treatments in this study were

much less.
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4.9. Summary

This chapter has presented the first known demonstration of targeted, triggered drug
delivery of SN38 using thMBs in combination with US. Initial cytotoxicity assays verified its
high potency, with topoisomerase | protein concentrations a potential biomarker of SN38
efficacy. A PK and biodistribution study was used to demonstrate enhanced tumour-
specific drug release after thMBs compared to free, followed by a longitudinal study which
confirmed preferential tumour drug deposition over other tissues after 72-hours.
However, higher SN38 concentrations maybe needed for tumour growth inhibition and PD

effect.
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Chapter 5

SN38 thMBs:

PK and PD Studies of Low Dose SN38

in Combination with US-triggers
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Introduction

The lowest efficacious dose of nanoformulated SN38 found in murine models to have
tumour growth inhibition effects was 2 mg/kg (Lei et al., 2004; Zhang et al., 2004; Liu et al.,
2014). Higher doses of SN38 thMBs than those described previously (Chapter 4) may
further inhibit tumour growth rate, but still be considered ‘low dose’ in comparison to
doses cited in the literature. As MB-mediated drug delivery enhances intratumoral drug
concentrations overtime, low doses can be used with equivalent tumour growth inhibition

potentially increasing the therapeutic index and reducing off-site toxicity.

The US-trigger used in combination with thMBs may itself be further improved for optimal
intratumoral drug delivery. Chirp US sequences have been shown in vitro to improve
intracellular drug delivery through sonoporation mechanisms (McLaughlan et al., 2013),
whereas further optimisation of acoustic pressures has been demonstrated to maximise
MB cavitation which in turn increases intracellular drug delivery (De Cock et al., 2015;
Kooiman et al., 2014). Targeted MBs have also been described to enhance intracellular
delivery when combined with US in vitro and in vivo (Skachkov et al., 2014; Geers et al.,

2013; Warram et al., 2011).

The aim of this chapter was to investigate higher dose SN38 drug delivery using thMBs in
combination with an US-trigger using a murine xenograft model of human CRC. PD and

biodistribution studies were used to determine tumour growth inhibition effect and drug
distribution. Further investigation of the US-trigger in terms of intratumoral drug delivery

and mechanisms of drug release and/or uptake using thMBs was evaluated.

5. Results

5.1. SN38 liposome characterisation

Liposomes encapsulating SN38 were produced and optimised by Dr R Abou-Saleh, School
of Physics and Astronomy, University of Leeds. These liposomes were aliquoted, freeze-
dried and stored at -20°C until needed. Sterility of the liposomes was established prior to
characterisation, as before (Section 4.3.1). Liposome characterisation was carried out to

determine the size, concentration, surface charge and drug concentration.
5.2.1. Size and concentration

For effective drug delivery and reproducibility, liposome size needed to be controlled and

within an optimal range. The NanoSight (Malvern Instruments Ltd, UK) was used to
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determine size and concentration, with increased accuracy compared with the previously
used gNano (Momen-Heravi et al., 2012; Filipe et al., 2010). The NanoSight uses
nanoparticle tracking analysis software to track liposomes moving under Brownian motion
to calculate hydrodynamic diameters and concentration. Samples were diluted 1:1000 and
the size and concentration were measured. The mean hydrodynamic diameter of
liposomes within this second preparation was 423.1 + 10.1 nm with a modal value of 341.7

+ 4.0 nm (Figure 5.1). The concentration was 7.68 x 10! + 7.75 x 10% liposomes per ml.
5.2.2. Zeta potential

Nanoparticle surface charge is measured in zeta potential, an important parameter which
affects long-term stability of the liposomes. The Zetasizer was used to determine the

electrophoretic mobility and calculate the zeta potential for the SN38 liposomes. The zeta
potential was determined as -50.2 + 7.7 mV, suggesting these liposomes would have long

term stability with minimal aggregation.
5.2.3. SN38 concentration by LC-MS/MS analysis

LC-MS/MS was used to determine the concentration of SN38 within the liposome
preparation. Three aliquots were sampled from the original batch and analysed by LC-
MS/MS. The mean concentration of SN38 was 388.7 + 36.0 ug/ml (Table 5.1), nearly twice

the concentration of the first liposome preparation (Section 4.3.4).
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Figure 5.1 SN38 liposome size and concentration.

The NanoSight was used to determine the mean hydrodynamic diameter and liposome
concentration. Five readings were taken of diameter and concentration. The mean diameter and
concentration (+ standard error of the mean) is plotted. The mean diameter was 423.1 + 10.1 nm

and the concentration was 7.68 x 10%' + 7.75 x 10%° liposomes per ml.
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Table 5.1 Concentration of SN38 in the second liposome preparation.

LC-MS/MS was used to determine SN38 concentrations from three separate aliquots of liposome
samples from the second preparation of SN38 liposomes. Mean + standard deviation (SD) of three
samples was 388.7 + 36.0 ug/ml. The SN38 concentration of the second preparation was on average

1.7-times higher than the first (Table 4.3).

Sample SN38 (ug/ml)

1 395.5
2 420.9
3 349.8
Mean 388.7

SD 36.0
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5.2. Single dose SN38 liposomes: In vivo dose escalation

5.2.1. Dose escalation

Single i.v. doses of 0.1, 0.2 and 0.4 mg/kg were used in an in vivo dose escalation study to
confirm that a dose ten-times higher than previous used (Chapter 4) would be tolerated by
female CD1 nude mice with SW480 CRC xenografts. Doses were given in a step wise
manner from lowest to highest with a 20-minute interval to monitor immediate behaviour
and/or side effects. After 24-hours, behaviour was normal, no loss in body mass or signs of
diarrhoea. All doses were well tolerated and therefore for maximum tumour growth

inhibition effect the highest dose was used for in vivo thMB studies in Chapter 5.
5.2.2. Biodistribution profile of SN38 liposomes (0.4 mg/kg)

A single i.v. dose of 0.4 mg/kg SN38 liposomes was used to investigate the biodistribution
profile 24-hours post-delivery (Figure 5.2). The aim was to compare with SN38 thMB
delivery and also to ensure the mice would tolerate the higher dose of drug. The highest
dose was calculated from the maximum number of liposomes which could be loaded on
1x10® MBs and later confirmed by LC-MS/MS analysis (Table 5.2). Biodistribution indicated
rapid clearance, with SN38 below the LOD in kidney, colon and plasma after 24-hours. LC-
MS/MS analysis of other tissues revealed highest concentrations of SN38 in lung (5.2 ng/g),
nearly twice the concentration detected in liver (2.4 ng/g), followed by spleen (2.1 ng/g),
with lowest in the tumour tissue (0.7 ng/g). SN38-G was not detected in any of the tissues

analysed.
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Figure 5.2 Biodistribution of SN38 liposomes.

SN38 concentration in tissue is shown following a single i.v. dose of 0.4 mg/kg SN38 PEGylated
liposomes after 24-hours. Data is from a single mouse with a human CRC xenograft (SW480). High
concentrations of SN38 were found in lung tissue, followed by liver, spleen and tumour. SN38 was
not detected (N/D) or below the limit of detection (< 0.01 ng/ml) in kidney, colon and plasma tissue.

SN38-G was not detected in any of the samples analysed.
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5.3. Higher dose SN38 thMBs: Longitudinal study investigating

tumour PD responses and end-point biodistribution

For targeted US-triggered delivery of SN38, liposomes were attached to MBs to produce
thMBs (Figure 1.11). A longitudinal study was used to investigate whether a higher dose of
SN38 (0.4 mg/kg) would be well tolerated while having a greater effect on tumour growth

inhibition as seen in the previous chapter (Section 4.6).

5.3.1. Higher dose SN38 delivery using US-triggered thMBs inhibits tumour

growth

A total of four treatments over a period of 11-days were given, see cohorts and treatment
schedule (Figure 5.3). After two thMB treatments there was significant inhibition of
tumour growth compared with control group at Day 7 (p < 0.05 Mann Whitney (two-
tailed)) (Figure 5.4 a). Tumour growth was inhibited by 93% compared with control at Day
15 (p < 0.05 Mann Whitney (two-tailed)) after four treatments, and three tumours in the

thMBs + T cohort regressed.

Tumour doubling time, an indicator of tumour growth rate (Figure 5.4 b) confirmed that
3/5 tumours exhibited growth regression while 1/5 had a doubling time of 112 days. The
median value of the control was higher than the thMB group at 7 days and -3 days
doubling time, respectively. Final day tumour mass (Figure 5.4 c) nearly reached statistical
significance between the thMB and control groups (p = 0.08 Mann Whitney (one-tailed)).
Median tumour mass of the treated group was almost 60-times less than that of the
control, 0.09 g and 0.52 g, respectively. Taken together, these data point to SN38 thMBs

having had significant anti-cancer effect against the growth of SW480 xenograft tumours.

Body mass was used as an indicator of animal health and well-being, with weight-loss
being associated with poor health and/or stress. The percentage change in body mass
between the start and end-point was determined and was significantly different between
groups (p < 0.05 Mann Whitney (two-tailed)) (Figure 5.4 d). Two mice from the thMB
group lost weight (-4.5 and -1.3%), but the body mass of the group did not change over
time, compared to the control which gained weight, +3.2% (median values), suggesting the

treatments were well tolerated as a whole.
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Figure 5.3 SN38 thMB cohorts and treatment schedule

(a) Abbreviated nomenclature and treatment groups are shown with (n = number of mice per
group). (b) Treatment schedule depicted, treatments were initiated one-week post subcutaneous
inoculation with SW480 CRC cell line (Day 1). Four doses of 0.4 mg/kg SN38 thMBs or a vehicle
control without drug were administered via i.v. injection over a 12-day period. ThMBs were
targeted to VEGFR2 and the US-trigger was a tumour localised 5-second ‘tone burst’ administered 4-

minutes post bolus injection. End-point and tissue collection was 72-hours post final treatment.
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Figure 5.4 SN38 thMBs (0.4 mg/kg) inhibited tumour growth over time.

Tumour pharmacodynamic (PD) response was investigated. (a) Effect of thMBs on tumour volume
measured by HFUS imaging (mean (x SEM) ratio-to-day 0), Day 7 * p = 0.048, Day 15 * p = 0.016
Mann Whitney (two-tailed). (b) Tumour volume doubling time in days (bars represent median
value). (c) End-point tumour mass (bars represent median value), p = 0.0754 Mann Whitney (one-
tailed). (d) A comparison of initial and end-point body mass for each group (bars represent median
value). * p =0.0159 Mann Whitney (two-tailed). ThMBs were targeted to VEGFR2 and the US-trigger
was a tumour localised 5-second ‘tone burst’ administered 4-minutes post bolus injection. ThMBs =
4x 0.4 mg/kg SN38 thMBs + US-trigger (n=5), Vehicle = 4x PBS + 10% liposome buffer + US-trigger
(n=5).
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5.3.2. PD analysis of tumour response after higher dose SN38 delivery using US-

triggered thMBs

To investigate mechanisms by which SN38 thMBs inhibited tumour growth, we assessed
tumour PD responses consistent with the known mechanisms of action of SN38 (Figure

5.5).

Mitotic bodies were used as a marker of proliferation. Number of mitotic bodies was not
significantly different between the control and thMBs treated tumours, median values
were 6 and 13 mitotic bodies/mm?, respectively (Figure 5.5 a). However, one tumour from

the thMB cohort completely regressed and therefore no mitotic bodies were found.

Double stranded DNA breaks were used as a marker of SN38 efficacy, with significant
differences found between control and treated tumours (p < 0.05 Mann Whitney (one-
tailed)) (Figure 5.5 b). Median values were 0.1 and 0.5% positive pH2AX staining per mm?
of tumour tissue, respectively. ThMBs had five-times more double strand-breaks than the

control cohort, a result in keeping with the known mode of action for SN38.

Apoptosis was used as a marker of controlled cell death, a potential effect of SN38
treatment. Significant differences were found between the control and thMB group (*p <
0.05 Mann Whitney (two-tailed)), median values were 0.3 and 1.2 % positive cleaved
caspase-3 staining per mm? of tumour tissue, respectively (Figure 5.5 ¢). ThMB tumours
had four-times the percentage apoptosis than the control cohort, a known mode of action

of SN38 treatment (Souza et al., 2005).

No significant differences were found between groups in terms of vessel density (Figure
5.5 d). Median values were 5.2 and 5.9 CD31 positively stained vessels per 0.25 mm? of
tumour tissue for control and treated groups, respectively. Indicating thMB treatment was
not having an effect on the tumour vasculature at this time point, despite VEGFR2
targeting. However, vessels would regrow in tumours unless complete regression

occurred.
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Figure 5.5 Pharmacodynamic (PD) analysis of SN38 thMB (0.4 mg/kg).

Four treatments of SN38 thMBs or vehicle, both followed by an US-trigger were used as shown in
Figure 5.3 and tissue collection was 72-hour post final treatment. (a) Number of mitoses per mm? of
tumour tissue. (b) Double-stranded DNA breaks (* p = 0.0317 Mann Whitney (one-tailed)) and (c)
apoptosis per mm? of tumour (* p = 0.0159 Mann Whitney (two-tailed)). (d) Number of vessels per
0.25 mm? of tumour. The median value for each group is denoted by a bar (a - d). ThMBs were
targeted to VEGFR2 and the US-trigger was a tumour localised 5-second ‘tone burst’ administered 4-
minutes post bolus injection. ThMBs = 4x 0.4 mg/kg SN38 thMBs + US-trigger (n=5), Vehicle = 4x PBS

+ 10% liposome buffer + US-trigger (n=5).
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5.3.3. Blood parameters associated with SN38 toxicology

Myelosuppression and neutropenia, are dose limiting side effects of SN38 chemotherapy
in human clinical trials (Hamaguchi et al., 2010; Norris et al., 2014; Burris et al., 2016;
Kurzrock et al., 2012). End-point blood parameters were investigated to determine any
effect of SN38 thMB treatment on red blood cell, white blood cell and granulocyte counts

following the treatment schedule shown in Figure 5.3.

Red blood cells were within the normal range for CD1 female mice for both thMB and
control groups, 6.6 and 7.6 x103/ul of blood (median values), respectively (Figure 5.6 a).
White blood cell numbers were again within the normal range for both thMB and control
groups, 2.3 and 3.5 x103/ul of blood (median values), respectively (Figure 5.6 b).
Granulocytes are a type of white blood cell of the innate immune system, specifically
neutrophils, eosinophils, and basophils. The granulocyte median values were 1.0 and 1.2
x103/ul of blood for thMBs and control groups, respectively (Figure 5.6 c). No statistically
significant differences were found between control and treated groups, indicating that

SN38 thMB treatments had not been detrimental to cell numbers.

Elevated liver enzyme levels are a biomarker of liver inflammation/injury. Alanine
transaminase (ALT) is a liver enzyme which is monitored clinically during chemotherapy
treatment, as anti-cancer drugs are known to induce hepatotoxicity. ALT levels were
analysed using the Beckman Coulter AU680 Clinical Chemistry Analyser via
spectrophotometry. No statistically significant differences were found between control
and treated groups, median values were 205 and 241 U/I, respectively (Figure 5.6 d). For
mouse ALT liver enzymes, normal range is 7-46 U/, but up to 300 U/l is not abnormal.
However, values greater than 500 U/l would be indicative of liver injury (Gowda et al.,
2009). The control group had one anomaly, a particularly elevated value of 2135 U/I for
reasons unknown. Overall the data indicate ALT levels were unaffected by SN38 thMB

treatments compared to the vehicle control.
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Figure 5.6 Blood parameters associated with clinical toxicity of SN38.

(a) Red blood cells, (b) white blood cells and (c) granulocytes counts were within normal range for
CD1 nude mice and were not significantly different between groups. (d) ALT liver enzyme levels
were within the normal range in both groups. The median value for each group is denoted by a bar.
ThMBs were targeted to VEGFR2 and the US-trigger was a tumour localised 5-second ‘tone burst’
administered 4-minutes post bolus injection. ThMBs = 4x 0.4 mg/kg SN38 thMBs + US-trigger (n=5),
Vehicle = 4x PBS + 10% liposome buffer + US-trigger (n=5).
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5.3.4. Colon histology

Evaluation of any toxicity of SN38 in the colon was performed by histological analysis using
H&E staining. No obvious tissue damage was observed 72-hours post final treatment with
SN38 thMBs or vehicle control. The colonic mucosa showed a regular alignment of normal
villi for both groups, with no inflammatory infiltrates, erosion or fibrosis evident (Figure
5.7). Presumably the low doses and liposome encapsulation of SN38 protected the colon

from drug-related damage.
5.3.5. Lung histology

Evaluation of any toxicity and potential damage from SN38 thMBs which may collect in the
lung was performed by histological analysis using H&E staining. No obvious tissue damage
was observed 72-hours post final treatment with SN38 thMBs or vehicle control. The lung
appeared normal with no inflammatory cell infiltrate or fibrosis (Figure 5.8). Presumably
the doses of SN38 used were too low to have a toxic/damaging effect from thMBs

potentially trapping in lung.
5.3.6. Liver histology and perivascular inflammation

Evaluation of the toxicity of SN38 in the liver was performed by histological analysis using
H&E staining. No obvious tissue damage was observed 72-hours post final treatment with
SN38 thMBs or vehicle control. The liver appeared normal with no inflammatory cell
infiltrate or steatosis (Figure 5.9). Perivascular inflammation (PVI) was quantified for both
groups and no statistically significant differences were found (Figure 5.10). The low doses
and encapsulated SN38 presumably protected the liver from drug-related inflammation

and steatosis.
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Figure 5.10 Quantification of perivascular inflammation in the liver.

Mouse liver tissue was collected 72-hour post final treatments with thMBs + US-trigger (0.4 mg/kg
SN38) or vehicle + US-trigger (PBS + 10% liposome buffer). ThMBs were targeted to VEGFR2 and the
US-trigger was a tumour localised 5-second ‘tone burst’ administered 4-minutes post bolus
injection. Histopathological examination of mouse liver sections stained with H&E were scored by
determining the percentage area of inflammation and was not significantly different to the control.

Median value indicated by the bar. n=5 for each group.
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5.3.7. Quantification of SN38 in thMB preparations

The SN38 dose delivered by thMBs was confirmed by LC-MS/MS once the longitudinal
experiment had ended. The dosage delivered was 0.4 £ 0.03 mg/kg or 7.5 + 0.7 ug per
dose, giving a total dose of 30.1 pg over 11 days (Table 5.2).

5.3.8. SN38 biodistribution after thiMBs

Tumours were harvested at end-point, along with liver, lung, kidney, spleen, colon and
plasma to determine SN38 concentrations by LC-MS/MS. As low doses (0.4 mg/kg) were
delivered in vivo, additional steps were added to the extraction protocol in an effect to

improve detection (Section 4.4).

Low levels of SN38 were detected in all tissues, with the exception of plasma (Figure 5.11).
4/4 samples had SN38 in the tumour ranging from 0.6 to 3.2 ng/g, with a median value of
1.6 ng/g at 72-hours post final treatment. One tumour had completely regressed and
therefore there was not enough tissue for LC-MS/MS analysis. Lung and liver tissues had
the highest concentrations of SN38, 2015 ng/g and 1173 ng/g respectively. Followed by
spleen, kidney and colon 131 ng/g, 6 ng/g and 3 ng/g, respectively. SN38-G was not

detected in any of the samples analysed.
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Table 5.2 Quantification of SN38 thMBs (LC-MS/MS).
SN38 thMBs samples were analysed by LC-MS/MS and concentrations of SN38 quantified. Dosage

was calculated using the mean mass of the thMB cohort of CD1 female mice (0.02 kg).

SN38 dose per 200 Dosage
thMB sample  SN38 (ug/ml)  ulinjection (ug) (mg/kg)

1 394 7.9 0.39
2 41.5 8.3 0.42
3 35.6 7.1 0.36
4 34.1 6.8 0.34
Mean 37.6 7.5 0.38

SD 3.4 0.7 0.03
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Figure 5.11 Biodistribution of SN38 thMBs by LC-MS/MS.
ThMBs with US-triggered destruction. A total of four-treatments of SN38 (0.4 mg/kg) were given

over 11-days. ThMBs were targeted to VEGFR2 and the US-trigger was a tumour localised 5-second
‘tone burst” administered 4-minutes post bolus injection. Samples were collected for analysis 72-
hours post-final treatment. A total of 5 samples per tissue group were analysed, absent data
point(s) indicates none detected (or less than the LOD) with the exception of tumour where there

was only 4 samples. Median value denoted by the bar. SN38-G was not detected in any of the

samples analysed.
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5.4. Investigation of thMB drug delivery to human CRC xenografts

using different US-sequences

ThMBs required an US-trigger for tumour drug retention and accumulation (Chapter 3). By
analysing metabolism profiles, greater insight into early drug release and uptake may be
determined. Within the tumour vasculature, thMBs are bound to endothelial cells via
VEGFR2 targeting as well as free flowing. The US-trigger allows tumour targeted drug
release, with MB inertial cavitation potentially driving intracellular uptake. Currently it is
unknown whether inertial cavitation or stable cavitation is more favourable, in terms of in
vivo thMB drug delivery. Previous in vitro MB studies suggested that a 5 MHz chirp
sequence (stable cavitation) may offer superior drug uptake compared to the 2.2 MHz tone

‘burst’ (inertial cavitation) (McLaughlan et al., 2013).

5.4.1. Tone burst US-trigger compared to chirp US sequence to aid SN38 drug

delivery to tumours using thMBs

To determine whether destruction or oscillation of the thMBs was more efficient in terms
of drug release and/or uptake, a tone burst US-trigger (used in previous in vivo
experiments) was compared to a 5 MHz chirp US-trigger. The effects of the two US-triggers
on drug release and metabolism were compared in human CRC xenografts, 1-hour post
injection of 0.4 mg/kg SN38 thMBs. SN38-G concentrations were used as an indicator of

drug release and intracellular uptake.

SN38 and SN38-G were detected in all tumours from both groups (Figure 5.12). However,
there was significantly more SN38-G in the tone US-triggered group (p < 0.05 Mann
Whitney (two-tailed)). SN38-G concentrations were indicative of greater intracellular SN38
metabolism, with an average of 4-times the concentrations of SN38-G than SN38, with one
tumour having nearly 5-times this. This significant difference was not seen in other tissues

(Figure 5.13), suggesting that the tone US-trigger was inducing a tumour-specific effect.
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Figure 5.12 The influence of tone versus chirp US-trigger on tumour concentrations of SN38 and
SN38-G following thMB drug delivery.

Concentrations of SN38 and its inactive metabolite SN38-G detected in tumours by LC-MS/MS, 1-
hour post single treatment with VEGFR2 targeted SN38 thMBs (0.4 mg/kg) followed by either a 5-
second ‘tone burst’ or chirp US-trigger localised to the tumour (n = 4 per group). SN38-G
concentrations were used as an indicator of drug release and intracellular uptake, which

significantly higher in the tone group (*p = 0.029, Mann-Whitney (two tailed)).
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Figure 5.13 The influence of tone versus chirp US-trigger on the biodistribution of SN38 and SN38-

G following thMB drug delivery.
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Concentrations of SN38 and its inactive metabolite SN38-G detected in murine tissues by LC-

MS/MS, 1-hour post single treatment with VEGFR2 targeted SN38 thMBs (0.4 mg/kg) followed by

either a 5-second ‘tone burst’ or chirp US-trigger localised to the tumour (n = 4 per group). No

significant differences between groups were found. Median value depicted by a bar.
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5.4.2. Increasing the sonication duration of the tone burst US-trigger to improve

intratumoral drug delivery

The US-trigger used in previous in vivo experiments had a total sonication duration of 5-
seconds. It was hypothesised that a longer total sonication time may increase drug delivery
to tumour tissues. A pilot study was setup to determine whether increasing the US-trigger
duration from 5-second to 120-seconds would result in greater intratumoral delivery of
SN38 when using thMBs. The 5 and 120-second tone burst US-triggers were compared in
terms of SN38 and SN38-G concentrations in tissues, 30-minutes post administration
(Figure 5.14). Median SN38 concentrations were 83.0 and 99.5 ng/g after the 5 and 120-
second US-trigger, respectively. Median SN38-G concentrations were 104 and 97 ng/g after
the 5 and 120-second US-trigger, respectively. No significant differences were found
between groups and therefore the 5-second US-trigger appears to be sufficient for drug
delivery, with no significant rise in intratumoral drug concentrations with the longer US-
trigger. However, one tumour from the 120-second had almost twice the concentration of
SN38-G than the tumours in the 5-second cohort (a marker of intratumoral SN38 delivery),

suggesting further investigation is needed with larger cohort sizes.

Whole body biodistribution from the same pilot experiment is shown (Figure 5.15), with no
significant differences determined between groups per tissue (liver, lung, kidney, spleen

and colon) or in plasma.
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Figure 5.14 Increasing the duration of the US-trigger and effect on SN38 and SN38-G
concentrations in tumours (Pilot study).

Single administration of VEGFR2 targeted SN38 thMBs (0.4 mg/kg) were followed by a tone burst
US-trigger, either 5- or 120-seconds in duration. Tumour tissue was collected 30-minutes post
administration and SN38/SN38-G concentration was determined by LC-MS/MS. No statistical
significance differences were found between groups (although sample size low), suggesting US-
trigger does not affect intratumoral drug delivery. ThMBs + US 5s = 5 second tone burst (n=2),

thMBs + US 120s = 120 second tone burst (n=4). Median value depicted by the bar.
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Figure 5.15 The influence of increased duration of US-trigger on the biodistribution of SN38 and
SN38-G following thMB drug delivery (Pilot study).

Single administration of VEGFR2 targeted SN38 thMBs (0.4 mg/kg) were followed by a tone burst
US-trigger, either 5- or 120-seconds in duration. Tissues/blood were collected 30-minutes post
administration and SN38/SN38-G concentration was determined by LC-MS/MS. No significant
differences between groups were found in (a) liver, (b) lung, (c) kidney, (d) spleen, (e) colon or (f)
plasma, indicating the duration of US-trigger does not affect off-site drug concentrations. ThMBs +
US 5s = 5 second tone burst (n=2), thMBs + US 120s = 120 second tone burst (n=4). Median value

depicted by the bar.
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5.5. Biodistribution of VEGFR2-targeted and non-targeted SN38
thivBs

VEGFR2 has been demonstrated to be an effective tumour target (Deshpande et al., 2011;
Willmann, Paulmurugan, et al., 2008) for the binding of MBs within the tumour
vasculature. It is this binding which may enhance intracellular drug delivery once the US-
trigger is applied. A pilot study was performed to compare targeted thMBs with non-
targeted thMBs in terms of intratumoral drug delivery and off-site accumulation in other

tissues.

5.5.1. Intratumoral drug accumulation and metabolism using VEGFR2-targeted

and non-targeted SN38 thMBs

VEGFR2-targeted and non-targeted SN38 thMBs were compared in vivo to determine
whether targeting to a vascular receptor enhanced intracellular drug delivery to tumours.
The targeted and non-targeted thMBs (followed by a 5-second tone burst US-trigger) were
compared in terms of tumoural SN38 and SN38-G concentrations, 30-minutes post
administration (Figure 5.16). The median values of SN38 (+ range) were 83 (63-103) and
127 (111-132) ng/g for targeted and non-targeted, respectively. SN38 concentrations were

1.5 times higher when thMBs were untargeted, although this did not reach significance.

SN38-G was used a marker of intratumoral SN38 delivery. The median values of SN38-G (+
range) were 102 (100-104) and 137 (98-137) ng/g for targeted and non-targeted,
respectively. The non-targeted cohort gave a higher SN38-G concentration in 2/3 tumours
compared to the VEGFR2-targeted cohort’s tumour concentrations. Median values were
1.3 times higher when thMB were non-targeted, however again this did not reach
statistical significance, presumably due to the low sample numbers used. This may indicate
greater intratumoral drug delivery to tumour tissues in the absence of vascular targeting.
Power calculations could be used to estimate cohort numbers for statistical significance for

future experiments.
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Figure 5.16 Intratumoral drug delivery using VEGFR2-targeted thMBs compared to a non-targeted
control (Pilot study).

Single dose VEGFR2 targeted or non-targeted SN38 thMBs (0.4 mg/kg) were followed by a 5-second
‘tone burst’ US-trigger. Tumour tissue was collected 30-minutes post administration and
SN38/SN38-G concentration was determined by LC-MS/MS. No statistical significance differences
were found between groups (although sample size low), however the data may suggest non-
targeted thMBs (thMBs — T, n=3) exhibited higher concentrations of SN38 and SN38-G in
comparison to VEGFR2-targeted (thMBs + T, n=2). Median values depicted by the bar.
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5.5.2. Biodistribution of VEGFR2-targeted thMBs compared to non-targeted

control

VEGFR2 expression is not tumour-specific, expression in other tissues may inadvertently
enhance off-site drug delivery. VEGFR2 expression has been assessed previously within the
animal model used, with VEGFR2 present in the fenestrated endothelial cells of the liver
sinusoids, kidney cortex and red pulp of the spleen (Dr N. Ingram, personal
communication). It has been hypothesised that drug delivery to non-cancer tissues/major

organs could be circumvented by focusing the US-trigger to the tumour region only.

The potential for increased off-site drug accumulation was investigated using VEGFR2-
targeted SN38 thMBs with a non-targeted control. These cohorts were compared in terms
of the biodistribution of SN38 and SN38-G, 30-minutes post administration. Tissues/plasma
analysed determined no significant differences between VEGFR2-targeted and non-
targeted groups (Figure 5.17 b - f), with the exception of liver (Figure 5.17 a). SN38
concentrations detected within the liver were 1.7 times higher in the targeted group and
significantly different (p < 0.05 Mann Whitney (one-tailed)). Off-site VEGFR2 binding of
thMBs may contribute to significantly increased drug concentrations in liver tissue or
possibly the antibody loading of the thMBs increases uptake by liver Kupffer cells for more

rapid clearance.

It is interesting to note that SN38-G concentrations were lower than SN38 concentrations,
particularly striking in liver, lung and spleen at this early time-point. This may indicate low
levels of UGT1A1 enzymes within these tissues or that SN38 was encapsulated within the

thMBs/liposome construct, and therefore protected from intracellular glucuronidation.
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Figure 5.17 VEGFR2-targeted thMBs may enhance off-site delivery when compared to a non-
targeted control (Pilot study).

Single dose VEGFR2 targeted or non-targeted SN38 thMBs (0.4 mg/kg) were followed by a 5-second
‘tone burst’ US-trigger. Tissues and plasma was collected 30-minutes post administration and
SN38/SN38-G concentration was determined by LC-MS/MS. (a) Liver tissue; thMB + T group
exhibited higher concentrations of SN38 compared to the thMB - T group (*p = 0.0286 Mann
Whiney (one-tailed)). (b - f) Lung, kidney, spleen, colon and plasma; no significant differences were
found between targeted (thMBs + T, n=2) and non-targeted (thMBs — T, n=3) cohorts. VEGFR2
expression in liver tissue may allow binding of thMBs and therefore enhance off-site drug delivery.

Median values depicted by the bar.
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5.6. UGT1A1 protein concentrations in human CRC cell lines,

xenograft tumours and murine tissues

UGT1A1 is an intracellular enzyme which glucuronidates SN38 to the inactive SN38-G, for
excretion. Concentrations of this protein within tumours can be used as a predictor of
irinotecan efficacy in patients, as the more UGT1A1 is present the quicker SN38 is
inactivated and therefore reduced time to exert its anti-cancer effect (Schulz et al., 2009).
Also, mutations in UGT1A1 increase likelihood of irinotecan/SN38 associated toxicity as
SN38 cannot be metabolised and excreted as quickly (Takano and Sugiyama, 2017; Gagné
et al., 2002). UGT1A1 concentrations in other tissues may give further insight into the SN38

metabolism profiles post thMB drug delivery.
5.6.1. UGT1AL1 protein concentrations in human cell lines

UGT1A1 protein concentrations were determined for four human CRC cell lines (SW480,
SW620, HCT116 and HT29), and one human endothelial cell line (EA.hy926)(Figure 5.18 a
i.). CRC cell line UGT1A1 concentrations ranged between 0.7 to 1.7 ng/mg of protein, with
a median value of 1.0 ng/mg of protein. The highest concentrations were detected in
Sw480, followed by HT-29, SW620 and HCT116. The single endothelial cell line had the

lowest concentration, with 0.4 ng/mg of protein.
5.6.2. UGT1AL1 protein concentrations in human CRC xenografts

UGT1A1 protein concentrations were determined for three CRC xenografts tumours
(SW480) of a similar size with a mean volume of 833 + 65 mm? (Figure 5.18 aiii.). Tumour
concentrations ranged between 0.2 to 0.9 ng/mg of protein, with a median value of 0.4
ng/mg of protein. These concentrations were over four-times less than those determined
directly from SW480 cancer cells, with infiltrating mouse connective tissue and stroma

presumably reducing the total UGT1A1 concentration.
5.6.3. UGT1A1 protein concentrations in murine tissues

UGT1A1 protein concentrations were determined for murine tissues and plasma (Figure
5.18 b). Liver had the highest concentrations with 595 ng/mg of protein, followed by
kidney with 398 ng/mg of protein and lung with 70 ng/mg of protein, respectively. Colon
and spleen had similar concentrations, 53 and 52 ng/mg of protein, respectively. UGT1A1
was not detected in plasma or in the mouse endothelial cell line (SVR) samples. Further
experiments would be needed for reliability and to compared differences in UGT1A1

concentrations between individual mice.
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5.7. Discussion

This chapter presents the successful demonstration of targeted, triggered drug delivery of
a higher dose of SN38 using thMBs in combination with US. SN38 was encapsulated in a
liposomal formulation and characterised prior to use. This was followed by a longitudinal
study involving multiple thMB treatments which confirmed tumour growth inhibition and
tumour drug deposition after 72-hours. Further investigation of the US-trigger on
intratumoral drug delivery confirmed high acoustic pressures were required, but a 5-
second US-trigger was not significantly different when compared to a longer pulse. In a
small pilot experiment, VEGFR2-targeted thMBs were not significantly different to non-
targeted in terms of drug delivery to tumour but may increase off-site drug concentrations.
Determination of UGT1A1 protein levels in CRC cell lines, xenografts and mouse tissues

may give further insight into SN38 metabolism profiles for free and thMB drug delivery.
5.7.1. SN38 liposome characterisation

The SN38 liposomes used in the in vivo studies in the chapter, were characterised prior to
use. The most important physiochemical factors relating to nanoparticle cellular uptake
are size, shape and surface charge. Mean diameter was determined as 423 nm, 1.7-times
larger than the previous batch, and hence why the liposome concentration was lower
(Section 4.3.2). As discussed previously, the size of liposomes is an important factor for
drug encapsulation as well as clearance and EPR effect (Section 4.8.3). Due to the increase
in diameter, the concentration of SN38 was 1.7-times higher, 389 pug/ml compared to 234
pg/ml, resulting in a maximum dose of 0.4 mg/kg per 200 pl injection per mouse, 10-times

the previous in vivo dose of SN38 (Chapter 4).

The zeta potential (surface charge) was determined as anionic (-50 mV), indicating these
liposomes would be highly stable, with minimal aggregation and flocculation due to the
strong electrostatic repulsion between particles (Labhasetwar et al., 1994). In terms of
surface charge on cellular uptake in vivo, most studies have concentrated on cationic
liposomes due to positive results in vitro and in vivo for drug delivery studies (Honary and
Zahir, 2013). Liposome systems have been associated with complement activation-related
pseudoallergy (CARPA), an acute hypersensitivity syndrome of which anionic surface
charges and increased liposome size are related factors (Szebeni and Barenholz, 2009;
Laszl6 et al., 2014). Therefore, size and surface charge should be carefully controlled to

minimise risks.
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A single dose of SN38 liposomes (0.4 mg/kg) was used to determine tolerability at this
higher dose and biodistribution after 24-hours. Multiple mice and more time points are
needed to compare to thMB delivery, as this study used a single mice and a time-point of
24-hours. The high concentrations detected in the lung were not in line with SN38
liposomal biodistribution in the literature, which typically found SN38 in highest
concentrations in the liver and spleen (Atyabi et al., 2009; Li and Wang, 2016), although a
recent study using targeted SN38 liposomes (< 100 nm) in a non-tumour model found a
similar distribution after 6-hours (Fang et al., 2018). If these liposomes had been attached
to MBs it would be assumed that the lung was filtering the thMBs and therefore SN38 was
trapped, as circulating MBs are trapped in the capillary beds of the lung (Butler and Hills,
1979; Bouakaz et al., 1998). As the liposomes were untargeted, levels of VEGFR2 in the
lungs does not account for these high levels. The size of the liposomes may be the
influencing factor, as larger liposomes/nanoparticles (> 150 nm) have been shown to
preferentially accumulate in lung followed by liver and spleen (Maruyama et al., 1990;
Abra et al., 1984; Blanco et al., 2015). Fang et al., 2018 has hypothesised that PEGylation of
the liposomes may have increased circulation time and therefore increased accumulation

in well perfused organs such as the lungs (Fang et al., 2018).

SN38-G was not detected in any of the tissues after 24-hours, SN38 may have remained
entrapped within the liposomes construct (unavailable for metabolism) and/or slowly
releasing drug in low concentrations and therefore metabolite was far below the limit of

detection.
5.7.2. Higher dose SN38 thMB longitudinal study

Successful targeted, triggered thMB drug delivery of SN38 has been demonstrated here
and shown to reduce tumour volume and extend the therapeutic window of very low dose
SN38 (0.4 mg/kg) in a model of human CRC. In preclinical trials, SN38 liposomes have been
shown to be potent inhibitors of tumour growth (Pal et al., 2005; Lei et al., 2004; Fang et
al., 2016) using various doses with the lowest at 2 mg/kg (Lei et al., 2004; Zhang et al.,
2004; Liu et al., 2014; J. Wang et al., 2015), which were 5-times more per treatment than
those used in this study. Other groups have used nano-formulated SN38 as low as 8 mg/kg
in mouse models of human CRC and demonstrated 81-91% tumour inhibition (Fang et al.,
2016; Zhang et al., 2004; Lei et al., 2004). In this study 93% tumour inhibition and tumour
regression were achieved using thMB treatments 20-times less SN38 per treatment, yet

with improved tumour inhibition and minimal side effects.
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Treatments were well tolerated at 0.4 mg/kg, no diarrhoea or significant differences in
liver enzyme levels or blood parameters (Section 5.3). Groups using nanoformulated SN38
at 2.5 - 40 mg/kg doses found no differences between control and treated blood counts
(Sepehri et al., 2014; Xu et al., 2015). Encapsulation of the drug must reduce blood-related

side effects such as myelosuppression and neutropenia in mice.

Body mass was significantly different to the control, with one mouse exhibiting a 4.5% loss
between initial and final weights, although such loss would not be considered detrimental,
a weight loss of 10-15% over a few days would be indicative of serious health
complications (Foltz and Ullman-Cullere, 1999). However, the median value of the thMB
group indicated no change in body mass over all (Section 5.3.1). Other groups using from
5-20 mg/kg dosing of SN38 nanoparticles reported minimal weight loss, with no significant
differences to control groups at experimental end-points (Kim et al., 2016; Fang et al.,
2016; Hu et al., 2015; Peng et al., 2011). The very low doses used in this study and the
protective effect of liposomal formulation were more than likely the reason side effects

were not observed and one of the benefits of this type of delivery system.

End-point tumour mass showed a trend towards significance compared to the control
group (p = 0.075 Mann Whitney (one-tailed), and three tumours from the thMB group
exhibited regression, with one of which regressed completely (Section 5.3.1). Analysis of
PD response indicated significant differences in tumour responses in keeping with the

known mechanisms of action of SN38 (Section 5.3.2).

Histological analysis of colon, lung and liver tissues resulted in no observable toxicity
(Sections 5.3.4 - 6) between control and thMB treated cohorts. Presumably, it is the
liposomal encapsulation which protects and spares the non-target tissues from SN38
toxicity. Another group using SN38 liposomes (10 mg/kg x3), observed no changes in
histology when investigating lung, liver and kidney (Fang et al., 2016). Another study using
maximum tolerated doses of SN38 (30 mg/kg) in a micelle formulation, detected SN38 for
several weeks post-treatment, with no observable toxicity in terms of symptoms or
histology or changes in liver enzyme levels (Takahashi et al., 2010). Another group showed
that the colon was also better protected when SN38 was in a nanoparticle formulation
when compared to irinotecan, and therefore less mucosal damage and diarrhoea (Nagano
et al., 2009). The nanoformulation of SN38 therefore not only allows the delivery of this

hydrophobic drug but protects non-target tissues from its toxic effects.

SN38 is pH-responsive, the lactone form (active), is stable at pH less than 4.5, and exists

entirely in the carboxylate form (inactive), above pH 8 (Thakur et al., 2010). The instability
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of the active form in physiological pH is a major problem, limiting its therapeutic
capabilities. However, liposomal SN38 is protected, and the form of the drug released is
therefore dependent on the pH of the microenvironment. At physiological pH 7.4, the
lactone form would exist at just 15%, compared to tumour microenvironment (pH 6.8),
where the lactone form would increase to 40% (Thakur et al., 2010). This pH-dependent
response may also act to protect non-target tissues. Kobayashi et al., (1999) also
investigated the pH-dependent uptake of SN38 in intestinal cells and found higher uptake
rate in human CRC cell line (HT29) with decreasing pH. This may explain the
gastrointestinal toxicity experienced by patients receiving irinotecan, and potentially how
liposomal formulations may help to protect the intestinal tract from high levels of free

SN38 (Kobayashi et al., 1999).

LC-MS/MS analysis of end-point tissues, detected SN38 in all tissues (excluding plasma),
after 72-hours post final treatment (Section 5.3.8). This was not surprising as the previous
biodistribution of multiple doses of both irinotecan and SN38 thMBs (Sections 3.4.2 and
4.6.5) were also detectable after 72-hours post final treatment, after using a similar dosing
schedule. The EPR effect may have also played a role by allowing SN38 liposomes to
accumulate in the tumour over time (Maeda et al., 2013). Concentrations of SN38
detected in tumour tissues were in keeping with those required to show toxic effect
determined in vitro (Section 4.1), and the PD responses observed. Future experiments
using higher doses or more treatments of thMBs may maintain higher SN38 levels within

the tumour for increased tumour growth inhibition, as 2/5 tumours did not regress.

Highest concentrations of SN38 were detected in the lung, followed by the liver and
spleen, the same biodistribution pattern observed previously with single dose liposomes
(Section 5.2). The size of the particle directly correlates to the amount which gets
entrapped by the lungs, and by the known biodistribution/excretion of MB contrast agents,
as previously discussed (Section 5.7.1). Although no toxicity was observed in the lung after
multiple doses of thMBs, this was not a favourable biodistribution profile due to the vital

importance of this organ.

Nanobubbles (< 1 um) in combination with smaller liposomes (< 150 nm) would be less
likely to be filtered out by the lung capillary beds, giving a more favourable biodistribution
profile and reduce any possibility of lung toxicity in future pre-clinical experiments (H.

Huang et al., 2013).

SN38-G was not detected at this late time point, the concentrations of SN38 detected in

this study made it likely that SN38-G would be detected if SN38 was available for
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metabolism, indicating that the drug remained protected by the liposome/MB lipids

and/or the slow sustained release resulting in SN38-G below the limit of detection.
5.7.3. thMB drug delivery: Investigation of the US-Trigger

Two US-triggers were compared to determine whether inertial or stable cavitation of
thMBs were optimal for tumour drug delivery. This study has shown significantly higher
concentrations of SN38-G within tumours 1-hour post tone US-trigger compared to chirp
(Section 5.4). No differences were determined in other tissues suggesting the those found
in tumour were due to the tumour localised US-trigger. MclLaughlan et al., has previously
demonstrated the increased sonoporation efficiency of chirp in vitro (McLaughlan et al.,
2013), however in this in vivo study this was not the case, suggesting that MB destruction
is required in vivo, in agreement with in vitro and in vivo studies (Lai et al., 2006; Qiu et al.,
2010; Tinkov et al., 2010). The MB jetting phenomenon from inertial cavitation may

contribute to the mechanism of tumour drug uptake in vivo (Kooiman et al., 2014).

Total sonication time of the US-trigger was increased from 5-seconds to 120-seconds in an
attempt to further increase drug delivery to tumours, however, no differences were
determined between the two groups in terms of SN38 or SN38-G concentrations in
tumours or other tissues. The 5-second US-trigger presumably caused the whole thMB
population within the tumour vasculature to inertially cavitate, and therefore any
additional sonication time was futile. Another group has also demonstrated in vitro, that
additional pulse lengths, 0.02 ms (10 cycles/pulse) up to 60 ms (30,000 cycles/pulse), did
not significantly increase calcein uptake in cells (Guzman et al., 2001). If inertial cavitation
can occur rapidly, as shown by one group to occur after just one acoustic cycle (Flynn and

Church, 1988), than the total sonication time would be made irrelevant, as shown here.

The thMB population that has accumulated within the tumour vasculature (4-minutes post
i.v. injection), is presumably a mixed population of VEGFR2-bound and free flowing thMBs.
Once the US-trigger is applied and the MBs have been destroyed, any free flowing thMBs
from the circulation which enter the US beam are immediately destroyed and may not add
to tumour drug delivery as efficiently, also shown by (Eggen et al., 2014). Perhaps more
time between pulses may have allowed thMBs to re-accumulation within the tumour
vasculature and would have aided drug delivery more successfully. One group has
demonstrated that microvascular flow rate must be estimated to accurately determine the
time it takes MBs to re-fill blood vessels (Qin et al., 2009). Another group has suggested

that 10-seconds is enough time for MBs to re-enter between pulses, and is more successful
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than continuous insonication (Miller and Quddus, 2000). By increasing the pulse repetition
period shown here, from 10 ps ‘on’/90 us ‘off’ to incorporate 10-seconds ‘off’ periods
(destruction replenishment method), may be more efficient than just extending the total
sonication time as shown here, although it is unknown whether VEGFR2 would remain

viable after MB inertial cavitation.

Even greater tumour responses may be possible by using a higher Ml to target central
tumour areas and multi-frequency US-triggers to enhance extravasation and penetration

(Eggen et al., 2014).
5.7.4. Targeting to VEGFR2

VEGFR2 targeting of thMBs did not significantly enhance drug delivery of SN38 to tumours
when compared to non-targeted thMBs (Section 5.5). However, as the study numbers
were very small, further experiments would be required to demonstrate this conclusively.
Non-targeted DOX-loaded MBs in combination with US, have previously demonstrated
enhanced tumour drug delivery (Tinkov et al., 2010). Also, irinotecan co-delivered with
non-targeted MBs in combination with US decreased tumour volume 2-fold compared to
irinotecan alone (Escoffre et al., 2013a). Therefore, targeting may not be necessary for MB
drug delivery, but has been previously shown to be more effective than non-targeted MBs

(Fan et al., 2013; Chang et al., 2013; Tlaxca et al., 2013).

VEGFR2 is a candidate biomarker for diagnostic and therapeutic imaging in human CRC
development (Smith et al., 2010; Tardy et al., 2010; Fischer et al., 2010; Nasir et al., 2016)
and the VEGF family of proteins is widely targeted in antiangiogenic therapy. Previous
groups have shown that VEGFR2 allows MBs to bind and accumulate within tumour
vasculature (Deshpande et al., 2011; Willmann, Paulmurugan, et al., 2008). Therefore, by
targeting to tumour blood vessels, the concentration of thMBs anchored in close proximity
to the vessel walls may increase. It is this proximity which presumably aids intracellular
drug delivery when the US-trigger is applied (De Cock et al., 2016). Tumour-specific
targeting of the thMBs via the US-trigger may have exerted enough acoustic radiation
force to direct the thMBs toward the vessel wall before inertial cavitation. Previous work
performed within the group had suggested that there was sufficient VEGFR2 to act as a
viable tumour vascular endothelial target (Dr N Ingram, personal communication). Further
studies to improve the binding and adherence of thMBs, include varying ligand linker
length (Ham et al., 2011), deflating MBs (Rychak et al., 2006) and optimising the antibody

density used for more effective targeting (Colombo et al., 2016).
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In terms of biodistribution of VEGFR2-targeted and non-targeted thMBs, no differences
were seen in tissues or plasma, with the exception of the liver where targeted thMB had
significantly more SN38 than non-targeted. Previous work performed by the group to
assess potential off-target binding, detected VEGFR2 in the fenestrated endothelial cells of
the liver sinusoids but not in endothelial cells of the hepatic venules, with weaker
immunostaining in kidney cortex and red pulp of the spleen, and showed SMS signals in
vivo (Dr N Ingram, personal communication). Although VEGFR2 was therefore not a
tumour-specific target, drug delivery to non-tumour tissues from thMBs would potentially
be avoided by localizing the US-trigger to the tumour. However, it is possible that off-site
binding of thMBs to liver VEGFR2 may have resulted in the increased concentrations of
SN38 detected. Another possibility is that VEGFR2 antibodies may have increased the
diameter of each thMB slightly, increasing clearance rates by Kupffer cells lining the walls
of the sinusoids in the liver, and would explain why a significant increase of SN38-G was
not seen. Very recently, a group has demonstrated that pre-treating mice with chloroquine
has been shown to improve the biodistribution profile of delivery systems by reducing
accumulation of nanoparticles by the macrophage-monocyte system (Wolfram et al.,
2017). Perhaps Kupffer cell inhibition may improve thMB drug delivery to tumours,
although so far this technique has had only modest improvements in increased tumour
delivery of nanomaterials of just 2% of the total dose (Tavaresa et al., 2017). Another
approach to increase tumour delivery could be the reduction of antibody density applied
to the thMBs, reducing the diameter slightly may reduce clearance times (Colombo et al.,
2016). Despite VEGFR2 being a well-studied, proven tumour target, targeting has not
increased tumour drug delivery, but significantly increased drug concentrations in the liver,

therefore targeting will need to be investigated further.
5.7.5. UGT1A1 protein concentrations

Low levels of UGT1A1 were detected in human colorectal cell lines and SW480 xenografts
(Section 5.6), indicating these cells lines may be susceptible to SN38 treatment. SN38 has
been shown to be metabolised most effectively by the UGT1A1 enzyme, although other
isoforms of the enzyme do play a role in its metabolism (Cummings et al., 2003; Gagné et
al., 2002). Varying levels found in xenograft tumours may explain the variation between
tumour concentrations of SN38 after multiple treatments (Section 5.3.8). The
glucuronidation activity of clinical specimens comparing normal with corresponding colon
cancer biopsies has revealed stark differences not only between sample of the same

patient but also up to ten-times differences of activity between patients (Cummings et al.,
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2003). This variability between samples could have been investigated further by
determining UGT1A1 levels of each xenograft after multiple treatments with SN38 thMBs
to correlate concentrations of SN38-G with UGT1A1 and resulting tumour growth
inhibition.

The human colorectal cell line HCT116 contained the least and may be even more
susceptible to SN38 treatment. However, one study found higher levels of UGT1A1 mRNA
in HCT116s compared SW620s (Landmann et al., 2014), whereas this study found the
opposite in terms of protein levels, although both were considered to have low
concentrations. Interestingly, Landmann et al., (2014) also showed that human CRC cell
lines had similar variations in UGT1A1 gene expression as primary human CRC samples.
Therefore, these cell lines may make reliable and translatable models when investigating

the UGT1A1 metabolism of SN38.

In terms of clinical tumour levels of UGT1A1, high levels may indicate SN38 resistance, as
SN38 would be metabolised quickly, with less time to exert its anti-cancer effects
(Landmann et al., 2014). The high levels of this enzyme detected in liver, kidney and colon
will rapidly glucouronidate SN38 and therefore help prevent toxicity. Similarly, lower levels
found in lung and spleen may indicate potential toxic effects in these organs as saturation
of the enzyme may result in delayed inactivation. UGT1A1 protein levels could be used to

give further insight into the metabolism profiles of SN38.

UGT1A1 was not detected in plasma, therefore circulating SN38 would not be at risk of
metabolism. Therefore, any SN38-G detected in plasma would be due to metabolism from
other organs (liver/kidney/colon), having had escaped from excretion routes to re-enter

circulation (enterohepatic recirculation ) (Younis et al., 2009).

UGT1A1 was also absent from mouse endothelial cells (SVR cell line), therefore endothelial
cells may be at risk of toxicity. Tumours are actively undergoing angiogenesis, and these
actively dividing endothelial cells may be subject to SN38-induced apoptosis, potentially a
vascular disrupting effect. Irinotecan has been found to have vascular normalising effects
in tumours, perhaps SN38 is responsible for this effect (Tong et al., 2004; Vredenburgh et
al., 2007; Verreault et al., 2011). Normalisation of the tumour vasculature would be ideal

for thMB delivery systems, increasing the concentration of MB which could be delivered.

After multiple treatments, 72-hours post final treatments (Figure 5.11), despite high levels
of SN38 and high tissues levels UGT1A1 (except plasma), SN38-G was not detected. This

may be due to all available ‘free’ SN38 having been metabolised and/or excreted. The
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SN38 which has been detected is therefore not bioavailable, protected from metabolism
by liposome/MB construct and/or slow release and therefore below the level of detection.
In vitro studies investigating the release rate of SN38 from liposomes and also from thMBs
after US-trigger may give further insight into early and late time points described in this

thesis.

UGT1A1 is located within the endoplasmic reticulum, an intracellular organelle associated
with detoxification. In tumours, high levels of SN38-G were detected after tone burst US-
trigger (Section 5.4.1), suggesting that SN38 had been delivered intracellularly at a higher
concentration and/or faster rate of uptake. SN38-G levels detected in tumours must be
from drug reaching the cancer cells, as neither mouse endothelial cells (SVR) or plasma had

UGT1A1 at detectable levels.
5.8. Summary

This chapter has successfully investigated thMB drug delivery using SN38 for the treatment
of CRC. High tumour growth inhibition and regression of xenografts, supported by PK and
PD investigations has demonstrated the potential of thMB to deliver very low doses of
potent drug with no observable toxic side effects in mice. The 5-second tone US-trigger
proved optimal for tumour drug delivery, with VEGFR2-targeting needing further
investigation. Furthermore, additional controls such as SN38 liposomes may give more
credibility with the ability to better compare results to those from pre/clinical trials using

the nanoformulated drug.
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Chapter 6

Development of a Minimally-
Invasive, Orthotopic Model of CRC

Liver Metastases
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Introduction

Liver metastasis is the leading cause of death for patients diagnosed with CRC. Cancer cells
from the primary tumour are transported via hematogenous dissemination to secondary
sites in the liver (Chambers et al., 2002; Sheth and Clary, 2005). It is a multistep process
and the mechanisms which drive metastasis are not fully understood. Mouse models
recapitulating CRC and/or liver metastases are either genetically modified or
transplantable. Genetically modified models generally take a long time to establish and
have low predictability and reproducibility (Oh et al., 2017; Mcintyre et al., 2015).
Transplantable models are much quicker but involve direct surgical implantation of cancer
cells or tissues into the caecum or spleen, or injection of cells directly into the portal vein
(Manzotti et al., 1993; Flatmark et al., 2004; Céspedes et al., 2007; Thalheimer et al.,
2009).

The tumour microenvironment is thought to play an important role in influencing the
growth of tumours cells in vivo. Tumours grown subcutaneously do not accurately
represent the clinical tumour microenvironment which contains fibroblasts, immune cells
and an extracellular matrix which have all been shown to be influencing factors for tumour
establishment and growth (Wang et al., 2017). Therefore, orthotopic models which mimic
the clinical tumour environment would allow for more reliable and quicker translation of
therapeutics to the clinic. Therefore, the generation of in vivo models of advanced disease
in an orthotopic setting are necessary for further translation of novel therapies in order to

improve treatment outcomes.

The aim of this chapter was to develop an orthotopic model of CRC liver metastases, which
was minimally invasive, reproducible and enable tumour volume to be regularly monitored
quickly, cheaply and safely by using HFUS. To this end, a pilot study was performed using
SW620 human CRC cells in a BALB/c nude mouse. To compare the effect of the
microenvironment on SW620 tumour histology, intrahepatic tumours were then compared

to those grown subcutaneously.

6. Results

6.1. Non-invasive, US-guided intrahepatic injections

A total of 10 five-week old, female BALB/c nude mice(cohorts depicted in Figure 6.1 a)
were imaged using HFUS B mode (2D) and a 40 MHz (RM-704) transducer with the

VisualSonics Vevo 770 system, to determine and visualise the largest liver lobe (Figure 6.2
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a). This lobe was then used for US-guided intrahepatic injection of 5x10° SW620 CRC cells
in a volume of 40 pl (with, n=5 or without matrigel, n=5) (Figure 6.2 b). A video showing an
US guided injection performed by Laura McVeigh is included in Appendix A. The whole

procedure from induction of anaesthesia to recovery took less than 5-minutes.

6.1.1. 3D reconstructions and tumour volumes using high-frequency US imaging

(HFUS)

Mice were subsequently imaged using HFUS every week for a total of 35-days to monitor
and assess tumour growth rate and volumes (Figure 6.2 c). Tumours were imaged in 3D
mode using HFUS, as previously described (Section 6.1) using the minimum step size
possible for the length of tumour. A video showing HFUS imaging of an intrahepatic

tumour by Laura McVeigh is included in Appendix A.

3D reconstructions were generated post-image acquisition using Vevo 770 version 3
software (Fujifilm VisualSonics). A region of interest was outlined by hand every 5-10
frames, depending on tumour size, and tumour volume calculated by the software (Figure

6.3).
6.1.2. Resulting tumour morphology

Upon opening of the abdominal cavity, a large, single intrahepatic tumour was observed,
35-days post intrahepatic injection of CRC cells (Figure 6.4 a). Livers were dissected from
the abdominal cavity and single tumours were observed at the injection site (Figure 6.4 b).
All livers were of normal colour and texture, with no obvious tumour dissemination into

the abdominal cavity.
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Figure 6.1 Cohorts used for human SW620 CRC liver metastases mouse model development and
subsequent comparison to subcutaneously grown tumours.

Abbreviated nomenclature and treatment groups are shown with (n = number of mice per group)
(a) orthotopic model development with or without matrigel and subsequent comparisons to (b)

tumour free livers and (c) subcutaneous tumours.
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Figure 6.2 High-frequency US (HFUS) images of murine liver intrahepatic US-guided injections and
subsequent tumour formation.

Representative images of US-guided intrahepatic injection and subsequent tumour growth. (a) A
section of liver from the largest lobe. (b) HFUS guided intrahepatic injection of 5 x 10° SW620
human CRC cells in a volume of 40 pl with matrigel. Red arrow indicates direction of needle tip. (c)
Subsequent CRC tumour within the liver lobe, 35-days post inoculation. Red dashed line indicates
tumour region. Taken in B mode at a frequency of 25 MHz. S = skin, L = liver, N = needle, T = tumour.

Scale in mm.
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Figure 6.4 Orthotopic SW620 tumours in livers of intrahepatically injected mice.

5x 10° SW620 human CRC cells were injected intrahepatically with matrigel (SW620 + M) or without
(SW620). Images are shown from final-day collection (day 35). (a) Dissection revealed a clean cavity,
with normal organ colour and an obvious single tumour at injection site. L = liver, T = tumour
(dashed line indicates tumour region) (b) Dissected livers from all mice with tumours showed a

single tumour, site circled.

Table 6.1 End-point orthotopic SW620 liver tumour volumes determined by HFUS imaging.
SW620 CRC cells (5 x10%) were injected intrahepatically, and tumour volume was determined by in
vivo HFUS imaging after 35-days post inoculation (end-point). 4/5 tumours grew after CRC cells
were injected with matrigel. 2/5 tumours grew when the same number of cells were injected in the
same way, (3/5 with no tumour). Take rate was double when matrigel was used. One mouse did not
recover from general anaesthetic (non-recovery) and one tumour was positioned too low in the

abdominal cavity to observe (not observed).

Tumour volume (mm?)

Mouse With Matrigel Without Matrigel
1 93.23 81.56
2 81.39 Not Observed
3 54.08 No Tumour
4 30.32 No Tumour
5 Non-Recovery No Tumour
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6.1.3. In vivo and ex vivo analysis of intrahepatic tumour growth

Murine livers were imaged weekly using HFUS and tumour volumes were determined
(Figure 6.5 a). End-point tumour volumes, 35-days post tumour inoculation varied
between 30 — 93 mm? with a median volume of 81 mm?3for both groups (Table 6.1).
Matrigel was not necessary for tumour growth but when used in the intrahepatic
injections, success rate was doubled. Matrigel may provide a more favourable
environment for growth when using low cell numbers as determined by the low total
volume (40 pl) that could be injected intrahepatically. When tumours grew without
matrigel, there were no significant differences in size or rate of growth compared to the
matrigel group. Injections of cells with matrigel resulted in 4/5 mice growing tumours in
the liver. However, one mouse from the matrigel cohort did not recover post-procedure,
post-mortem examination did not reveal cause of death (the portal vein may have been
injected resulting in an embolism) and was therefore removed from the experiment. When
matrigel was not used 2/5 grew tumours. One of these tumours grew low down in the liver
lobe and was out of the imaging region. The use of matrigel may hold the cells at the

injection site by the formation of a plug and prevent slippage as seen in this instance.

End-point liver mass was used to determine any significant differences between livers with
tumours and those without (control group). Livers with tumours had significantly higher

mass than the control group, p > 0.05 (Mann Whitney (two-tailed)) (Figure 6.5 b).

Body mass change from injection day to end-point (35 days later) were not significantly
different, however mice with liver tumours increased body mass by 6% compared to the
control group which gained 2% (median values), presumably due to the additional mass of
the tumours (Figure 6.5 c). Weight-loss was not observed in any of the mice in any group

at any point during the experiment, an indication of good health and well-being.
6.1.4. Histological analysis of orthotopic tumours

Livers were analysed first by H&E staining on paraffin-embedded fixed tissue and all
revealed single tumours with distinct liver-tumour borders, representative images are
shown (Figure 6.6 a-b). Inmunostaining with the endothelial cell marker CD31,
demonstrated how highly vascularised liver tissue was compared to tumour (Figure 6.6 c).
The angiogenic marker VEGFR2 was detected and revealed staining of tumour endothelial
cells, the fenestrated endothelial cells of the liver sinusoids but not the endothelial cells of
the hepatic venules (Figure 6.6 d). Non-selective staining was high despite being the only

recommended anti-VEGFR2 antibody for IHC analysis (Smith et al., 2010).
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Figure 6.5 In vivo and ex vivo analysis of orthotopic SW620 liver tumour growth.

(a) Tumour volume was determined weekly by HFUS imaging. 4/4 tumours grew after SW620 CRC
cells (5 x10°) were injected intrahepatically with matrigel (SW620 + M group). 2/5 tumours grew
when the same number of SW620 cells were injected in the same way, but without matrigel (SW620
group), however one tumour was positioned too low in the abdominal cavity to image. (b) End-
point liver mass with tumours (Orthotopic group, n=6) was significantly higher than liver mass
without tumours (Control group, n=3), *p = 0.0476 (Mann Whitney (two-tailed)). (c) Body mass
change from injection day to end-point (35 days later). Both groups increased % body mass during
the experiment, indicating good health throughout with no significant differences. Median indicated

by the bar.
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VEGFR2

Figure 6.6 Histological analysis of orthotopic liver metastases.

(a - b) Livers with SW620 human CRC tumours were stained with H&E to reveal invasive borders
between liver (L) and tumour (T). (c) The endothelial cell marker CD31 was used to immunostain
blood vessels of the liver and tumour. (d) VEGFR2 staining was not tumour-specific, it was also
found in the fenestrated endothelial cells of the liver sinusoids but not the endothelial cells of the

hepatic venules.
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(a) Vessel density of CD31 or VEGFR2 positive vessels per 0.25 mm? of tumour. Median value
indicated by the bar (n=6). (b) Percentage of VEGFR2/CD31 double positive blood vessels related to
end-point tumour volume (95% confidence intervals shown by dashed line) Only 5/6 tumours had

tumour volume determined, hence one missing data point.
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To investigate whether VEGFR2 could be used as a target for future thMB drug delivery to
CRC liver metastases, CD31 and VEGFR2 immunostaining was assessed semi-quantitatively
to determine vessel density using each marker within the tumour region of the liver. CD31
positively stained vessels gave a vessel density of 11.1 per 0.25 mm? whereas VEGFR2
vessel density was 1.4 per 0.25 mm? (median values) (Figure 6.7 a). 12.6% of the CD31
positive vessels were also VEGFR2 positive. These data were plotted against end-point
tumour volume to determine whether tumour size has an effect on VEGFR2 density.
Tumour volume did not influence VEGFR2 density significantly (Figure 6.7 b), suggesting
VEGFR2 could be a potential target for metastatic tumours of the liver which are too

large/unsuitable for resection.

6.2. Histopathology of orthotopic and subcutaneous colorectal

xenografts

The tumour microenvironment plays an important role in influencing the growth of
tumours cells in vivo. To compare the effect of the microenvironment on SW620 tumour
histology, intrahepatic tumours were compared to those grown subcutaneously. 1x10’
SW620 human CRC cells without matrigel were injected subcutaneously in 10 CD1 nude
mice and tumours were grown for 25 days. Larger cell numbers were necessary for this
type of injection, and a larger volume can be injected under the skin compared to the

liver).

Tumour histology of SW620 cells grown in the liver were compared to those grown
subcutaneously (Figure 6.8). Orthotopic tumours characteristically had necrotic islands and
areas of geographic necrosis. Invasive borders into the liver parenchyma were common,
with inflammatory infiltrate and blood pooling in the sinusoids of the liver (potential
vascular congestion) (Figure 6.8 a - c¢). Extensive necrosis was observed in subcutaneous
tumours, a necrotic core with an obvious viable rim was observed typical of subcutaneous
xenografts. Islands of viable cells surrounding enlarged blood vessels were also common.
No muscular invasion was observed. (Figure 6.8 d - f). Both tumour microenvironments
showed poor glandular differentiation and mainly formed sheets of epithelial cells, typical

of SW620 tumours (Hewitt et al., 2000).

Subcutaneous tumours grew rapidly in comparison to the orthotopics, this may have been
due to the increased initial cell number injected (20-times more). Tumour volume was

significantly higher at end-point (*p > 0.05 Mann Whiney (two-tailed)), with the median
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volumes being 81 and 508 mm? for orthotopic and subcutaneous, respectively (Figure 6.9

a). Subcutaneous tumours had a much larger volume range, 19-982 mm?3 compared to 30-
93 mm? for the orthotopics. Differences between immunocompromised mice BALB/c nude
(orthotopic) and CD1 nude (subcutaneous) mice may have influenced tumour

microenvironment conditions in terms of immunological influences.

Tumour necrosis is a common feature of solid tumours, where blood supply cannot keep
up with rapid tumour growth. Percentage area of tumour necrosis was determined for
both microenvironments (Figure 6.9 b). Subcutaneous tumours had over 2-times more
necrosis than orthotopic tumours, which was statistically significant (p < 0.05 Mann
Whitney (two-tailed)). Orthotopic tumours had a median value of 27% necrotic tumour
area compared to subcutaneous which had 62%. This difference suggests inadequate
vascularisation of the subcutaneous tumour due to rapid growth from an area that is
poorly vascularised (between skin and peritoneum), therefore cells grow too fast for
vascular supply to form. Necrotic area was compared to tumour volume to determine
whether tumour size correlated with percentage necrotic area (Figure 6.9 c and d). The
orthotopic tumour showed no correlation with tumour volume however subcutaneous
tumours were significantly different to zero (p < 0.01, R? = 0.63) with larger tumours having

high percentages of necrotic area.

Number of mitotic bodies per mm? of tumour was used as a marker of proliferation. The
orthotopic tumour had a median of 20 mitotic bodies/mm?, in contrast to the
subcutaneous tumours with a median of 8 mitotic bodies/mm?, which did not quite reach
statistical significance (p < 0.06 Mann Whiney (one-tailed)) (Figure 6.10 a). Orthotopic
tumour cells were highly proliferative in comparison to the subcutaneous cells, perhaps
due to the vascular supply being able to support the growth of the orthotopic tumour,

potentially due to the difference in initial cell numbers injected.

Vessel density was used to determine whether the microenvironment changes the
vascularity of the tumours, however no significant differences were found between groups
(Figure 6.10 b). Median values were 11 CD31 positively stained vessels per 0.25 mm? of
tumour tissue for both groups, indicating that vessel density was the same irrelevant of
tumour placement and despite the range in tumour volumes. This may suggest that the
orthotopic tumours were not better vascularised in terms of vessel density but the vessels

were better functionally.

VEGFR2 is an important marker of tumour angiogenesis. VEGFR2 blood vessel density was

determined and was not found to be significantly different between groups. Subcutaneous
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Figure 6.8 A histological comparison of orthotopic liver metastases and subcutaneous human CRC
xenografts (SW620).

Representative images of orthotopic tumours: (a) Necrotic islands (NI), (b) Invasive boarder
between tumour (T) and liver (L), (c) Red blood cells pooling in sinusoids (arrows) with inflammatory
infiltrate (circled). Representative images subcutaneous tumours: (d) Viable rim (VR) with necrotic
core (NC), with islands of viable cells surrounding a blood vessel (arrows), (e) Island of viable cells
(VC) encircling an enlarged blood vessel (BV) surrounded by necrosis (N), (f) Tumour (T) has not
invaded skeletal muscle (arrows).Orthotopic tumours = 5 x10° intrahepatic inoculation into BALB/c
nudes, Subcutaneous = 1 x 107 subcutaneous inoculation into right flank of CD1 nudes. For scale

refer to scale bar, bottom-right for each image.
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Figure 6.9 A comparison of morphology of orthotopic liver metastases and subcutaneous human
CRC xenografts (SW620).

(a) End-point tumour volume determined by HFUS *p = 0.013 Mann Whitney (two-tailed). (b)
Tumour necrosis *p = 0.023 Mann Whitney (two-tailed). Median (+ 95% confidence interval) values
indicated by bar (a-b). (c) Orthotopic tumour necrosis showed no correlation to tumour volume
(deviation from zero not statistically significant). (d) Subcutaneous tumour necrosis was correlated
to tumour volume (deviation from zero p = 0.006, R? = 0.63). Dotted lines indicate 95% confidence
intervals. Orthotopic = 5 x10° intrahepatic inoculation into BALB/c nudes (n=6), Subcutaneous = 1 x

107 subcutaneous inoculation into right flank of CD1 nudes (n=10).
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Figure 6.10 A comparison of cellular phenotypes between orthotopic liver metastases and
subcutaneous CRC xenografts.

(a) Number of mitotic bodies per mm?, neared significance p = 0.057 Mann Whitney (one-tailed), (b)
CD31 positive vessel density per 0.25 mm?, (c) VEGFR2 vessel density per 0.25 mm? and (d)
percentage of VEGFR2/CD31 double positive blood vessels, no significant differences found
between groups. Median (+ 95% confidence interval) values indicated by bar. Orthotopic =5 x 10°
intrahepatic inoculation into BALB/c nudes (n=6), Subcutaneous = 1 x 107 subcutaneous inoculation
into right flank of CD1 nudes (n=10). Median (+ 95% confidence interval) values shown. All analyses

performed on a single tumour section.
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tumours had a median value of 0.8 positive vessels/0.25 mm?, compared to orthotopic
which had almost twice as many with 1.4 positive vessels/0.25 mm? (Figure 6.10 c). The
percentage double positive CD31/VEGFR2 blood vessels were determined for each tumour
group (Figure 6.10 d). The orthotopic tumours gave a median of 10% with a range of 2 —
26% double positive vessels, compared to subcutaneous which gave 7% with a range of

just 2 —9%.
6.3. Discussion

Early diagnosis of CRC (Stage 1) has a 5-year survival rate of 98%, in comparison to late
stage (Stage IV) where this falls to just 8% (Cancer Research UK, cancerresearchuk.org,
accessed March 2018). More than 50% of those diagnosed with CRC will go on to develop
liver metastases during their lifetime. Surgical resection of the metastasis is recommended
(if feasible), however 70% will go on to experience recurrence (Tomlinson et al., 2007).
Chemotherapy used neoadjuvantly (preoperatively) may aid in reducing tumour size and
therefore making a previously unresectable tumour resectable. Currently however, long

term survival is poor.

The influence of the microenvironment on tumour development is well known. However,
currently the use of orthotopic tumour models in translational research is far less common
than subcutaneous. Murine models of CRC and metastases in their clinical environment are

needed to improve and accelerate translation of future anti-cancer agents.

In this context, a murine CRC liver metastases model was developed, by intrahepatic, US-
guided injection of the human CRC cell line SW620, the metastatic variant of SW480
derived from lymph node (Hewitt et al., 2000). This model would be useful for
investigating the effects of novel anti-cancer agents such as thMBs. Although murine liver
metastasis models have previously been developed (Oh et al., 2017), this is the first

example of an alternative non-surgical method.
6.3.1. Minimally-invasive, US-guided intrahepatic injections

This minimally-invasive, US -guided intrahepatic injection technique for the formation of
CRC liver metastases, was an alternative to the more commonly used surgical
transplantation method. This technique was rapid to perform, and therefore required less
time under general anaesthetic than a surgical procedure. The procedure was technically
less challenging than surgery, and therefore easier to perform and minimised risks
associated with surgical intervention. No loss in mouse body mass or changes to normal

behaviour were noted at any point during the experiment. There was no abnormal


http://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/bowel-cancer
http://www.cancerresearchuk.org/
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behaviour such as hunched posture, piloerection or isolation from the group, all indicators
suggesting that the animals were in minimal discomfort after this technique. The use of a
30-gauge insulin needle to inject cells resulted in no visible wound, an advantage over
surgical inoculation which requires stitches to close the abdominal cavity, therefore less
inflammation and minimal healing time. Post-operative analgesics were also not necessary
with such a minimally-invasive technique, with unknown effects from the use of such drugs
on experimental outcomes. It has been widely suggested that pain and resulting stress can
impact experimental outcomes resulting in poor reliability and reproducibility of

experiments involving animals (Balcombe et al., 2004).

This model is an excellent example of the National Centre for the Replacement,

Refinement and Reduction of Animals in Research (NC3Rs https://www.nc3rs.org.uk/the-

3rs) principles involving refinement of technique and development of techniques which
minimise the ‘pain, suffering, distress or lasting harm’, directly improving welfare of
animals in research (Prescott and Lidster, 2017). The development of a minimally invasive,
non-surgical technique for the creation of a murine model of liver metastases represents a

refinement of current technique.

6.3.2. Matrigel improves cell engraftment in an orthotopic model of CRC liver

metastases

Matrigel is comprised of extracellular matrix proteins, collagen IV and growth factors which
can be used to improve cell engraftment in difficult to grow cell lines or primary patient
derived cancer cells (Gock et al., 2016; Pretlow et al., 1991). This orthotopic model when
incorporating matrigel into the injection had a 100% success rate compared to when
matrigel was absent which had only a 40% success rate. Low cell numbers (5 x 10°) were
used due to the small volumes that could be injected into the intrahepatic space and these
may have benefited from the additional growth factors within the matrigel, providing a
more favourable environment for growth. The use of matrigel may also hold the cells in
the injection site by the formation of a plug (it solidifies at body temperature) and
therefore prevents leakage of the cells in solution from the injection site, as seen in the
group without matrigel. Although the use of matrigel was not necessary for tumour

growth, it improved the take rate.
6.3.3. Intrahepatic human CRC tumours

Tumour burden consisted of an obvious single, large tumour at/near the injection site,

with no dissemination into the abdominal cavity and a 100% take rate when matrigel was


https://www.nc3rs.org.uk/the-3rs
https://www.nc3rs.org.uk/the-3rs
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used to inject the cells. Recently, a group has successfully demonstrated surgical
intrahepatic inoculation of hepatocellular carcinoma cells with 100% take rates, however
50% of these also showed abdominal and pelvic tumours from leakage during intrahepatic
injection or may be cell line specific (Rao et al., 2016). The non-surgical transplantation of

CRC cells into liver has not been done before.

The SW620 human CRC cell line was chosen for the liver metastasis model due to its
relationship with the SW480 cell line used previously to model CRC subcutaneously
(Chapters 3 - 5). SW620s were derived from a mesenteric lymph node metastasis removed
from the same patient as the primary colon carcinoma of which SW480s were derived
(Leibovitz et al., 1976). This metastatic cell line was therefore an interesting candidate for

direct intrahepatic injection to mimic metastatic colorectal liver metastasis.

The SW620s have been previously demonstrated to be a useful cell line for the formation
of liver metastasis when inoculated intracaecally (after 42 days 2/10 formed liver
metastases), when SW620s were compared to 11 other CRC cell lines which did not
metastasise to the liver of BALB/c nude mice (Flatmark et al., 2004). Other groups have
also confirmed that SW620 are able to form liver metastases (Hewitt et al., 2000; Zirvi et
al., 1991). However, a more recent paper has demonstrated that SW620s microinjected
into the caecal wall of Swiss nu/nu mice, did not form liver lesions after 130 days
(Céspedes et al., 2007). Therefore, published literature is conflicting as to the metastatic
ability of this cell line, and direct intrahepatic implantation may be a more reliable and

reproducible model of liver metastases using this particular cell line.

6.3.4. HFUS allows orthotopic tumour growth to be monitored longitudinally,

quickly and easily

The use of HFUS allowed the weekly determination of tumour volume and therefore is a
useful technique to quantitatively assess anti-cancer therapeutics such as thMBs. HFUS is a
cheap, quick and safe imaging modality as demonstrated here. Without the use of imaging,
the outcome may not be known until end-point dissection and histological analysis, which
would be time consuming and require many more mice to determine appropriate end-
points. As shown here, end-point liver mass can be used to quantitate the degree of
growth of the metastases, as livers with tumours increased in mass significantly compared
to control livers. Other imaging modalities such as MRI, bioluminescence or fluorescence

(Park et al., 2016; Magistri et al., 2017; W.Y. Lee et al., 2014) may also be used for in vivo
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tumour volume assessment but would not be as cheap, rapid or precise at measuring

tumour volume.

Recently an orthotopic CRC liver metastases model (intrasplenic injection) has been used
to compare imaging modalities, MRI, bioluminescence and HFUS, for the characterisation
of growth of intrahepatic tumours (Ramasawmy et al., 2016). MRI and US were found to
be the most accurate modalities, with US more sensitive than low-field MRl (Ramasawmy
et al., 2016). HFUS is therefore a cheap and rapid modality for tumour volume

determination.
6.3.5. A potential model for in vivo testing of thMBs

The liver was shown to be highly vascular, ideal for drug delivery using vascular agents
such as thMBs. As the liver metastases formed close to the surface of the liver the use of
an US-trigger would easily penetrate to those depths. The formation of a single tumour at
the injection site allows drug efficacy to be easily monitored throughout the experiment,
as opposed to multiple foci or many micro-metastases where efficacy may be more

difficult to confirm without lengthy histological evaluation.

Histological analysis of SW620 tumours confirmed that VEGFR2 could be used as a target
for thMB drug delivery, although not a tumour-specific marker, off-site delivery could be

minimised by localising the US-trigger to the liver metastases.

SN38 nanoparticles have been tested in just two orthotopic models of human CRC, a liver

metastasis model via a portal vein injection of human CRC cells (Takahashi et al., 2010) and
a dissemination model via intraperitoneally injected human CRC cells (Al-Kasspooles et al.,
2013). Therefore, further testing with a tumour model that more accurately represents the

tumour microenvironment of late stage disease is required.
6.3.6. Human CRC tumour models: Subcutaneous verses orthotopic

Subcutaneous inoculation of human cancer cells is the most commonly used murine cancer
model due to their ease of inoculation and palpability of subsequent tumours. However,
the effect of the microenvironment on cancer cells is of obvious importance, with the
influence of growth factors, angiogenesis and metastatic behaviour more like the clinical
representation and therefore the use of orthotopic models may lead to more reliable
translation. Comparison between SW620 human CRC cells grown in the liver parenchyma
and those grown subcutaneously were found to have stark differences. Orthotopic

tumours were significantly less necrotic despite having the same vessel density (CD31
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positive blood vessels). Perhaps the blood supply from the liver was more nutrient rich and
could support the rapid growth rate of the SW620 tumours, and hence why the cells found
in the orthotopic tumours were more proliferative. Subcutaneous SW620 tumours were
histologically typical of subcutaneous xenografts, displaying a necrotic core and viable rim.
These tumours had extensive necrosis with islands of viable cells surrounding blood
vessels, consistent with others (Hewitt et al., 2000). Subcutaneous models in general have
been poor predictors of drug efficacy in humans and hence the need for more predictive
models of human cancers. The orthotopic model described here has one main
disadvantage in that it does not mimic metastatic formation from a distant primary site
and so does not model extravasation, systemic circulation and intravasation. However, the
aim of this study was not to investigate the mechanisms of metastasis but rather to allow
reproducible tumour growth in the appropriate microenvironment, in order to assess
efficacy of anti-cancer agents as realistically as possible with the need for a minimal

number of animals.

The most commonly exploited models of CRC liver metastases are injection site-
dependent, either surgical inoculation of spleen or caecum involving implantation or
subserosal injection (Saxena and Christofori, 2013; Heijstek et al., 2005). Intrasplenic
injection results in the rapid formation of liver tumours by drainage into the hepatic portal
vein via the splenic vein but often involves the removal of the spleen; a vital immune
organ. Caecal injections are technically more difficult and with higher risk of postsurgical
complications, but with the advantage of allowing the study of invasion from the primary
site. However, caecal implantation results in the slow and unreliable formation of
metastases in the liver (up to four months), and with metastases also found in lung, lymph
nodes and peritoneum (Céspedes et al., 2007). However, this model (using matrigel)
reliably resulted in relatively quick formation (4-weeks), of single tumours which could
reflect late stage CRC, where large tumours in the liver would require de-bulking (i.e.
obstructing portal vein), via adjuvant chemotherapy or radiation, prior to surgical
resection. The formation of a single tumour allows for ease of monitoring of tumour
volume via HFUS, and therefore a means of testing efficacy of novel therapeutics quickly

and easily.

The technique of US-guided injection has the potential to create models of different
cancers. It has been used to model cholangiocarcinoma (Imeshi Wijetunga, personal
communication), using TFKLucB2 cholangiocarcinoma cells with the gallbladder as a

landmark for US-guided, intrahepatic inoculation. Another example involved US-guided,
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intrasplenic injections of tumour cells (Hawcroft et al., 2012). In this study, all mice
developed one or more liver metastases after intrasplenic injection of MC-26 mouse CRC
cells (Hawcroft et al., 2012). However, tumour burden consisted of either multiple, small
metastases throughout the liver parenchyma or a smaller number of discrete tumours at
the hilum and therefore end-point liver mass was used to determine significant differences

between cohorts rather than in vivo tumour volume determined by HFUS.
6.4. Summary

In summary, this chapter has successfully demonstrated the development of a minimally-
invasive model of CRC liver metastases, in which tumour volume was monitored
throughout using HFUS. This model provides a promising experimental tool for future

testing of thMBs or other anti-cancer agents for management of late stage disease.
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7. General Discussion

7.1. Final summary

At the beginning of the project, a sensitive LC-MS/MS method was developed and
validated to measure concentrations of irinotecan and its metabolites in murine xenograft
tumours, tissues and serum/plasma samples (Chapter 3). The development of this method
was essential to investigate the PK of thMB drug delivery as the doses of drug used were
so low. The method was successfully applied throughout this project to study PK of
irinotecan and/or SN38 using low dose free drug and thMBs + US-triggered delivery. It was
shown that thMBs could successfully deliver irinotecan and SN38 to tumours using an in

vivo xenografts model of human CRC (Chapter 3 - 5).

A PK and biodistribution study was used to demonstrate enhanced tumour-specific drug
release with US-triggered thMBs, followed by a longitudinal study which confirmed
preferential tumour drug deposition over other tissues after 72-hours (Chapter 4). An
increased SN38 dose resulted in high growth inhibition and regression of xenograft
tumours, with no observable toxic side effects in mice. The 5-second tone US-trigger
proved optimal over 120-second chirp for intratumoral drug delivery, with VEGFR2-

targeting needing further investigation (Chapter 5).

Finally, a minimally-invasive model of CRC liver metastases was developed (Chapter 6).
This method was minimally invasive, whilst fast and easy to perform and was amenable to
monitoring tumour growth regularly and economically via HFUS. Fewer animals were
required than with traditional orthotopic models of CRC, as tumour take rates were high
using matrigel and subsequent growth could be monitored non-invasively. Orthotopic
tumours grow differently to the commonly used subcutaneous models and therefore the
importance of using a model which takes into consideration the natural microenvironment
is vital for faster and more reliable clinical translation. This model provides a promising
experimental tool for future testing of thMBs or other anti-cancer agents for management

of metastatic CRC as well as primary liver tumours.

7.2. Potential mechanism of thMB drug delivery

Thus far, thMBs have demonstrated increased tumour drug accumulation/retention in
tumour (and other tissues) compared to free drug. Low doses of drug were used which

reduced the possibility of toxic side effects, but also resulted in high tumour growth
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Figure 7.1 Schematic to illustrate how drug delivery using thMBs may occur.

ThMBs are injected intravenously and (a) accumulate in the tumour vasculature via endothelial cell
targeting to VEGFR2. ThMBs are destroyed by a tumour localised ultrasound-trigger (US-trigger).
Destruction of thMBs via inertial cavitation at the target site locally delivers a payload of
chemotherapy drug and increases intracellular drug uptake via mechanisms of sonoporation such a
microjetting and shockwaves. MB fragments, targeted liposomes, free drug and MB lipids are swept
downstream and further diluted into systemic circulation and tissues. (b) In liver, in the absence of a
direct US-trigger, intact thMBs, MB fragments and/or liposomes accumulate in liver tissue for
hepatobiliary clearance. Liver macrophages (Kupffer cells) engulf thMBs, lipid fragments and/or
liposomes. Drug metabolism in liver reflects that of persistently encapsulated drug preventing

metabolism or release of drug thereby limiting toxicity.
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inhibition. This thesis taken as a whole has demonstrated that thMB drug delivery has the

potential to increase the therapeutic index of drugs delivered in this way.

US and MBs work together in two ways, delivering and destroying drug-loaded MBs in the
target area, and aiding drug uptake at a cellular level. Drug-loaded MBs are injected
intravenously and arrive at the tumour site, US is focused on the tumour region and the
MB are destroyed as they pass through the US beam (Figure 7.1 a). Destruction at the
target site locally delivers a payload of chemotherapy drug directly to the tumour.
Sonoporation caused by shockwaves and microjetting has been proposed as the main
mechanism of intracellular drug delivery. How thMBs increase drug retention over time (as
demonstrated by LC-MS/MS 72-hour post final treatment, Chapters 3-5) is as yet

unknown.

High acoustic pressures were shown to be necessary for in vivo drug delivery as shown by
improved intratumoral drug delivery after the tone burst US-trigger compared to a chirp
sequence. This implies that inertial cavitation or MB destruction improves in vivo drug
delivery to tumours compared to stable cavitation. Lower acoustic pressures have been
shown to shift uptake to endocytosis routes whereas higher acoustic pressures increase
uptake mainly via the formation of pores (De Cock et al., 2015). Shock waves and
microjetting are MB behaviours associated with high acoustic pressures and may play a
role in drug delivery/accumulation when using this thMB platform. This discovery
highlights the importance of selecting the correct acoustic pressure to optimise drug
delivery, and also the need for more MB behaviour-based, in vivo drug delivery

experiments.

In terms of off-site accumulation i.e. the liver (Figure 7.1 b), it has been shown that MBs
are rapidly engulfed by Kupffer cells, liver macrophages lining the walls of the sinusoids
and part of the macrophage-monocyte system. One study using VEGFR2-targeted MBs
showed Kupffer cells and splenic macrophages rapidly clear MBs from the circulation
within minutes in mice (Willmann, Cheng, et al., 2008). Liposomes have also been
observed in higher quantities in Kupffer cells compared to the liver hepatocytes (Huang et
al., 1992; Litzinger et al., 1994). This is consistent with the role of Kupffer cells in removing
nano and micro scale particles from the blood circulation and leads to less toxicity to the

hepatocytes.
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7.3. Future investigations

7.3.1. Targeting to VEGFR2

In this study targeting of thMBs to VEGFR2 did not increase drug delivery to SW480 CRC
xenografts compared with untargeted thMBs, however, very few animals were used
precluding definitive interpretation. The success of this approach depends on the
expression levels in tumour vasculature. Further studies are therefore needed to assess
whether there is a benefit of using targeted versus non-targeted MBs for MB and US

mediated drug delivery.

On-chip ‘wash steps’ are currently in development to add to the current microfluidic chip
used to make MBs. This would ensure that any unbound VEGFR2 antibody would be
washed away and ensure that no free antibody could bind to the receptor in vivo and block

thMBs from binding in this way.

VEGFR2 MBs which have been dual (VEGFR2, a,B3) and triple targeted (VEGFR2, a.Bs, P-
selectin) have also been described to enhance MB accumulation in models of cancer and a
similar strategy might prove useful in CRC (Warram et al., 2011; Willmann, Lutz, et al.,
2008). Another option would be to switch from a VEGFR2 antibody to a VEGFR2 affimer.
Affimer technology has been shown to be a viable alternative to using expensive
humanised antibodies, are smaller in size, more stable to heat and pH changes with high
affinity to target receptors (Tiede et al., 2017; Martin et al., 2018). Alternatively a VEGFR2
lipopeptide inserted directly into the shell of the MB would be used such as that in the
Bracco BR55 MB (Willmann et al., 2017; Tardy et al., 2010; Pochon et al., 2010).

Targeted MBs with shells that deflate to deform and increase the contact area between
MBs and the endothelial wall have been shown to increase MB-endothelial wall binding
(Rychak et al., 2006). Studies by other groups are on-going to improve the accumulation of
MBs in target regions, increasing number of targets (Warram et al., 2011), and shell

composition (Kooiman et al., 2012).
7.3.2. Attachment strategies for loading liposomes into MBs and clinical trials

Different attachment strategies for binding drug-loaded liposomes to the MB shell may be
required for use in human clinical trials i.e. neutravidin-biotin alternatives may be required
before thMBs can be translated to the clinic. MBs can be targeted by attaching ligands to

the outer shell. Although a simple concept, the attachment of ligands and/or drug
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encapsulated nanoparticles to the MB shell has not yet been fully optimised. Coupling of
the ligand to the MB or polymer is by either covalent or non-covalent bonding. Non-
covalent bonds such as avidin-biotin are common for preclinical proof-of-concept
experiments and can be easily exchanged for human compatible linker/covalent bonds.
Avidin is a biotin binding protein derived from egg whites and multiple dosing has been

shown to be immunogenic (Chinol et al., 1998; Scott et al., 1984; Lesch et al., 2010).

Avidin doses of 20-40 ug (5-10 times more than the neutravidin used in this study) in
BALB/c mice produce a much higher anti-avidin response in tested serum than PEGylated-
avidin (Chinol et al., 1998). Although avidin has been shown to be less immunogenic than
streptavidin (bacterial origin) in mice (Marshall et al., 1996; Chinol et al., 1998), new
attachment strategies such as maleimide-thiol conjugation are currently being developed
(Yeh et al., 2015), and for this reason many targeted MBs are still in the preclinical

development stages.

7.3.3. Tumour drug exposure

Further PK studies to determine how long SN38 is retained in tumour tissues after thMB
drug delivery may potentially allow for an alternative dosing schedule where fewer
treatments are needed per week minimising stress to the animals and still ensuring anti-
tumour growth efficiency. One study using a nanoliposomal formulation of irinotecan at
10 mg/kg, had detectable concentrations of irinotecan and SN38 more than 168-hours
post injection (Kalra et al., 2014). Another study has shown that single dose 10 mg/kg SN38
nanoparticles are detectable 72-hours later in blood and neuroblastoma xenograft
tumours (lyer et al., 2015). Doxorubincin PEGylated liposomes (6 mg/kg) had detectable
concentrations in plasma after 72-hours and orthotopic murine breast tumours 168-hours
after injection (Charrois and Allen, 2004). Tumour drug retention and efficacy is a fine
balance between the rate of tumour accumulation with the rate of drug release and
metabolism. Therefore, optimising accumulation and drug release may be key to improving

tumour drug exposures using nanoformulations (Charrois and Allen, 2004).

Further experimental controls using liposomal SN38 would make useful comparisons to
other pre/clinical trials and possible mechanisms of thMB drug release and/or retention. In
this thesis, liposomes were in limited supply as preparation relied on the kindness and

availability of Dr R Abou-Saleh.
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7.3.4. Tumour drug distribution

Tumour drug penetration is paramount for efficacy, with the distribution of many anti-
cancer treatments to all cancer cells inadequate (Minchinton and Tannock, 2006). Tumours
typically have torturous blood vessels, a result of rapid angiogenesis to feed quickly
dividing cancer cells. However, it is this poor vascularisation which leads to areas of
hypoxia and it makes it difficult for systemically delivered drugs to reach cancer cells.
Normal drug delivery relies on crossing blood vessels to reach cancer cells, but with an
abnormal blood supply not all cancer cells can be reached, or they may be exposed to only

low concentrations which may contribute to tumour drug resistance (Hambley, 2009).

Matrix-assisted laser desorption/ionisation mass spectrometry imaging (MALDI MSI), is a
technique which can be used to determine distribution of drugs within tissues, and also
the penetration depth of drug away from blood vessels (Morosi et al., 2013; Swales et al.,
2014). MB-mediated drug delivery has been previously shown to increase penetration
depth and overall drug distribution throughout tumours (Han et al., 2017). One group has
shown an increased penetration depth of paclitaxel using MBs and high intensity focused
US by imaging cross-sectional tumour tissues using near infrared fluorescence (Han et al.,
2017). It would be interesting to quantitate how far thMBs distribute drug from a tumour
blood vessel and how this effects overall tumour drug distribution compared to free drug

and may give further insight into the mechanisms of thMB drug delivery.

7.3.5. Could thiMBs be used to overcome multidrug resistance mechanisms?

thMB drug delivery has the potential to overcome drug resistance mechanisms by the use
of sonoporation rather than influx transporters to energetically deliver drug into cancer
cells. An jn vitro study using doxorubicin liposome loaded MBs and US was the first to
demonstrate reversal of multidrug resistance in doxorubicin resistance human breast
cancer cells (Deng et al., 2014). Rapid intracellular uptake and nuclear accumulation and
less efflux of the drug was found after US exposure (Deng et al., 2014). Another group have
replicated these finding, using ‘US-detonated nano bombs’, doxorubicin loaded hollow
mesoporous titanium dioxide with DNA capping (Shi et al., 2018). In vitro and in vivo
treatment gave enhanced therapeutic effect against a doxorubicin resistance human

breast cancer cell line and tumour model (Shi et al., 2018).

Recently, doxorubicin-resistant hepatocellular carcinoma cells were re-sensitised using

MBs and US with a combination of two therapeutic miRNAs in murine xenograft tumours



220

(Chowdhury et al., 2016). MB delivery of small interfering RNA (siRNA) to silence ABCG2
protein which induces doxorubicin resistance in breast cancer, were shown to increase
sensitivity of doxorubicin resistance xenograft tumours to doxorubicin (Bai et al., 2015).
Increasing the delivery of gene knockdown technology using MBs is a potential mechanism
of overcoming multidrug resistance in tumours. Future experiments using drug resistant

CRC cell lines may give further insight into its feasibility.

7.3.6. Therapeutic nanobubbles

The size of MBs limits them to the vasculature but nanobubbles (< 1 um in diameter) may
be able to extravasate and penetrate poorly perfused tumour areas and enhance drug
distribution through the tumour tissue (Cavalli et al., 2016). Nanobubbles, may also be
targetable to the cancer cells themselves (H. Huang et al., 2013; Cavalli et al., 2016; Fan et

al., 2016; Peyman et al., 2016).

7.3.7. Optimisation of the US-trigger used in combination with thMBs

Further optimisation of the US-trigger used in this thesis may involve increasing the total
exposure time using a continuous infusion of thMBs for much longer periods than used
here. Optimising the sequence of US may involve decreasing the pulse repetition
frequency from 1kHz may allow thMBs to reaccumulate within the tumour vasculature and
increase drug delivery more efficiently. One group has demonstrated that microvascular
flow rate must be estimated to accurately determine the time it takes MBs to re-fill blood
vessels (Qin et al., 2009). Another group has suggested that 10-seconds is enough time for
MBs to re-enter between pulses, and is more successful than continuous insonation (Miller
and Quddus, 2000). The exposure duty cycle could be changed to allow for this 10-second
reperfusion time, in-between US-pulses (destruction replenishment method), and may be

more efficient than just extending the total sonication time as shown in Chapter 5.

The optimal acoustic pressure for in vivo drug delivery is currently under debate (as
discussed in Section 7.2). The 5-second tone burst US-trigger used in this thesis created
peak negative pressure of 250 kPa whereas other groups have used pressures ranging from
50 kPa to 3 MPa (Kooiman et al., 2014; Yu et al., 2015). Low pressures of 150 and 200 kPa
have been shown to induce sonoporation in vivo using a chicken chorioallantoic membrane
(Skachkov et al., 2014). When using higher pressures (>200 kPa), frequency becomes less
important as the MBs collapse under high acoustic pressures. The use of higher acoustic

pressures has been shown to correlate with larger pore formations from inertial cavitation



221

(Fan et al., 2012; Qiu et al., 2010). It has been shown that cellular uptake of molecules
increases with increasing acoustic pressures and therefore increasing the pressures used
here may also increase tumour drug uptake in vivo (Yang et al., 2008; Lentacker et al.,
2014). However, risk of localised mechanical damage and heat generation would also

increase with increasing pressures.

The number of US cycles is also a parameter that could be further optimised, however
when high pressures are used inertial cavitation occurs rapidly and longer pulse lengths
may not be necessary (Lentacker et al., 2014). Increasing the number of US cycles may also
increase temperature locally and the FDA recommends US intensities where temperature
increases are less than 1°C to avoid unwanted thermal effects (Barnett et al., 2000; Mullick

Chowdhury et al., 2017).

Alternatively using monodispersed MBs in contrast to the polydisperse MBs used within
this thesis may also increase the overall percentage of MBs that are within the resonance
frequency of the US-trigger and therefore increase tumour drug delivery. Even greater
tumour responses may be possible by using a higher Ml to target central tumour areas and
multi-frequency US-triggers to enhance extravasation and penetration (Eggen et al., 2014).
However, currently concentrations of monodispersed MBs are too low for pre/clinical use
(Peyman et al., 2012), furthermore broadband acoustic excitation signals could be used to

excite polydisperse populations (McLaughlan et al., 2013).
7.3.8. Efficacy of SN38 thMBs in orthotopic mouse models

The next preclinical phase of development for thMBs will involve the use of thMBs to
deliver SN38 to the minimally invasive orthotopic model developed using US-guided
injection (Chapter 6). Of the in vivo studies which have previously evaluated SN38
(nanoparticles) using models of CRC, only two were orthotopic models, a liver metastasis
model via a portal vein injection of human CRC cells (Takahashi et al., 2010), and a
dissemination model via intraperitoneally injected human CRC cells (Al-Kasspooles et al.,
2013). This highlights the need not only for more pre-clinical testing of novel therapeutics
in orthotopic models, but also the need for more robust and rapidly established models of

cancer and advanced disease.

7.4. Future challenges

Future aims for SN38 thMBs are to move towards Phase | clinical trials. In order to produce

thMBs of the quality needed for human standard clinical trials, several steps need to be
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taken. Materials that have been produced in accord with good manufacturing practice
(GMP) and processed using good laboratory practice (GLP) are necessary standards to
accomplish a final human grade product. In particular, aspects such as how the liposome is
attached to the MB, the way in which the thMBs are functionalised and sterility of the end

product are key to clinical translation.

The Horizon MB platform is patented technology for one-step MB production developed
by The University of Leeds and Epigem and may one day be used in clinic for the rapid
production of drug (any) loaded MBs. This technology is being further developed to ensure

that thMB preparations can be produced in the quantities needed for human scale dosing.

Kotopoulis et al., (2013) has for the first time demonstrated the clinical feasibility and
safety of MBs co-delivered with gemcitabine in a clinical case study and later a Phase |
clinical trial using patients with advanced pancreatic cancer (Kotopoulis et al., 2013;
Dimcevski et al., 2016). Gemcitabine was delivered i.v. over 30-minutes as free drug, using
the standard recommended treatment protocol for pancreatic cancer 1000 mg/m? (once a
week for the first 7-weeks, then cycles of once weekly for 3 weeks out of 4), followed by
i.v. Sonovue® US contrast MBs (Kotopoulis et al., 2013; Dimcevski et al., 2016). Limitations
of these studies were mainly due to the use of clinical US systems where it was not
possible to generate the longer duty cycles which had previously been optimised by the
group in vivo using a custom-made single element US transducer (Kotopoulis et al., 2014).
The treatment area was limited to a 2D slice of the tumour, where a 3D US probe would
have been able to treat a greater area. Therefore, clinical US systems which allow control
over the US parameters for optimal drug delivery are necessary. Patients will present with
tumours of different volumes and depths, and conditions need to be personalised for

optimal efficacy.

It is clear that MBs in combination with US have the ability to enhance efficacy of
chemotherapeutics. The thMBs used in this project demonstrated that very low dose
irinotecan and/or SN38 can be used for enhanced drug delivery/retention in tumours
resulting in anti-cancer effect with minimal side effects, but this method could be used for
other cytotoxic drugs or tumour types. More preclinical trials are necessary to
demonstrate feasibility, safety and efficacy using a range or combinations of cytotoxics and

other types of solid tumours for quicker translation to clinical use.
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Appendix A

Supplementary information for Chapter 6

Video 1: Intrahepatic injection of CRC cells

HFUS guided intrahepatic injection of 5 x 10° SW620 human CRC cells. A needle tip can be
seen penetrating the skin and liver, cells injected and needle removed. Taken in B-mode

using a 40 MHz transducer. Video in real-time.
Video 2: Intrahepatic CRC tumour

HFUS video of an intrahepatic human CRC tumour (SW620), 20-days post injection. Taken

in B-mode using a 40 MHz transducer. Video in real-time.
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