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Thesis abstract

As oncolytic treatments continue to improve and patient survival times increase, cancer cells have
more and more time to metastasise from the primary tumour to other locations in the body. This is
particularly dangerous when metastases spread to the brain; the sensitivity of cerebral tissue means
that brain metastases often cause severe morbidity or mortality before they are large enough to detect
clinically. Current treatments for this condition are palliative and woefully inadequate; their lack of

targeting causes such severe side effects that many patients choose to forgo them.

Originally used for clinical imaging, ultrasound is being developed as a low cost, non-invasive and
non-ionising therapeutic modality. Microbubbles, originally developed as ultrasound contrast agents,
are capable of encapsulating a wide range of therapeutic agents and encouraging uptake of these
agents into tissue. The combination of focused ultrasound and circulating microbubbles is capable of
locally and transiently permeabilising the blood brain barrier, the main obstacle to drug delivery in

the brain.

Chapters 2 and 3 of this thesis show that the specificity of ultrasound-mediated blood-brain barrier
disruption (US-BBBD) can be increased by actively targeting microbubbles to disease sites in the
brain before ultrasound exposure, removing the need for prior knowledge of the disease site. Chapters
4 and 5 of this thesis show that the efficacy of US-BBBD can be increased by optimising the lipid
composition of microbubbles. This increases the delivery to in brain tissue without requiring an
increase in ultrasound energy. If successfully translated to clinic, the combination of these techniques

has the potential to deliver the first safe, effective and non-invasive therapy for brain metastases.
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Abbreviation Meaning
ALS Amyotrophic Lateral Sclerosis
Anti-VCAM-1 The monoclonal antibody to VCAM-1
AV-MBs Microbubbles conjugated with anti-VCAM-1
BBB Blood brain barrier
BBBD Blood brain barrier disruption (without ultrasound)
Biot-MBs Microbubbles coated in biotin
BTB Blood Tumour Barrier

Control-MBs

Microbubbles used as controls

CT Computerised Tomography
DC Duty Cycle
ECAM Endothelial Cell Adhesion Molecule
EPR Enhanced Permeability and Retention (effect)
FUS Focused Ultrasound
GBM Glioblastoma Multiforme
Gd-DTPA Gadolinium-DTPA (ultrasound contrast agent)
GP Generalised Polariseation
ICAM Intracellular Cell Adhesion Molecule
IFP Interstitial Fluid Pressure
IgG Immunoglobulins
IgG-MBs Microbubbles conjugated with immunoglobulins
Lyso-MBs Microbubbles containing lysolipid
MAdCAM Mucosal Vascular Addressin Cell Adhesion Molecule
MB Microbubble
MPIO Microscopic particle of iron oxide
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MRI Magnetic Resonance Imaging
NBD Nitrobenzoxadiazole
PBS Phosphate Buffered Saline
PC Phosphatidylcholine
PCD Passive Cavitation Detector
PE Phosphatidylethanolamine
PEG Poly-ethylene glycol
PET Positron Emission Tomography
PNP Peak-negative prtessure
PRF Pulse Repetition Frequency
RMT Receptor-mediated transcytosis
SRS Stereotactic Radio Surgery
Strept-MBs Microbubbles conjugated with streptavidin
TE Time to Echo
TR Repetition Time
UFUS Unfocused Ultrasound
UsS Ultrasound
USPIO ‘Ultra-small” particle of iron oxide (relative to MPIO)
VCAM-1 Vascular Cell Adhesion Molecule-1
VEGF Vascular Enothelial Growth Factor
WBRT Whole-Brain Radiation Therapy

Page 15



Chapter 1.
Introduction
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“The stark fact remains that the worldwide burden of
cancer remains huge and is escalating, and advanced
or metastatic disease is mostly intransigent to
treatment. Billions of dollars are riding on the premise
that personalized medicine and targeted therapy will

come to the rescue.”

- WHO World Cancer Report 2014°



1. Introduction

1.1. Metastatic brain tumours

As treatments for primary tumours improve and patient survival times continue to increase, there is,
unfortunately, an increased risk of cancer cells breaking away from the primary tumour in which they
first formed, traveling via the blood or lymph system and forming new tumours elsewhere in the
body. Due to their invasive and aggressive characteristics, these metastatic tumours are the leading

cause of cancer-related deaths worldwide.>*°

Brain
metastasis Metastatic— .,
\ tumor /_V,;ZR

\ f

Cancer cells in

Cancer spreads to other
lymph system

parts of the body .

Lung ;
metastasis Cancer cells
in the blood

. Primary

cancer /

Figure 1.1.1: Cancer metastasis, from the National Cancer Institute.”

The first part of this Chapter describes the formation, characteristics and the healthcare burden of
brain metastases. The key challenges that currently prevent successful treatment of this disease are
then discussed, followed by an outline of how the techniques explored in this thesis could provide

solutions to these challenges. This is followed by a thesis summary.

1.1.1. Formation of brain metastases
The spread, or metastasis, of cancer cells away from the primary tumour is a highly selective, non-
random process consisting of a series of linked, sequential events.® This process has been described

as the ‘metastatic cascade’® and is summarised in Figure 1.1.2.
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1 Motility and invasion 2 Arrestin capillary 3 Extravasation 4 Angiogenesis and
proliferation

Tumour cells enter the blood Tumour cells must adhere to Tumour cells then extravasate Tumours then respond to
and lymphatic vessels at the capillary beds in the brain to into the brain parenchyma growth factors and form their
site of the primary tumour begin to form metastases own blood vessels

Figure 1.1.2: The metastatic pathway.
A primary tumour consists of a genetically heterogeneous group of cells containing subpopulations
of cells with varying degrees of metastatic potential.® Primary tumours close to major blood

1011 with an immature neo-vascular system'? and a high interstitial pressure'® are more likely

vessels
to release haematogenous tumour cells. Once in the circulation, these intravascular tumour cells are
subject to non-specific mechanical forces, such as haemodynamic turbulence, which may cause

mechanical destruction of the cells, either before or during the extravasation process. The entry into

and survival in the blood stream is termed intravasation.®

Once they reach the brain vasculature, in order for clinical metastases to form, these tumour cells

must arrest in blood vessels, extravasate into the brain parenchyma, induce angiogenesis, and

proliferate in response to growth factors.'*!®

Tumour cells primarily arrest at sites of slow blood flow within the capillary bed at vascular branch

20,21

points,! with size restriction’>?! and specific adhesive interactions® also playing a role. This causes

t?? as the tumour cells encounter brain vascular

early changes in the brain microenvironmen
endothelial cells, which seem to promote metastatic tumour cell growth and invasion.'* Cell
motility, cell adhesion, and enzymatic remodelling of the extracellular matrix (ECM) are all involved

in local brain invasion by the cancer cells.® Degradation of the ECM is thought to further aid tumour

invasion by clearing a pathway for the invading tumour cells.?*** Several genes are known to play a
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key role in mediating the migration of cancer cells into the brain tissue,?® and integrins such as

owPB3272% and B12* control tumour cell arrest and adhesion to the vasculature.

Different tumour types are more likely to spread to certain organs; prostate cancer frequently
metastasises to bone, whilst melanoma frequently metastasises to the lung, liver and brain.?-** The
propensity of cancer cells to spread to specific sites has been hypothesised to depend upon two factors:
the cancer cell (the ‘seed’) and the receiving organ environment (the ‘soil’).*! This hypothesis is
widely regarded as fundamentally correct,” and has been expanded to include suggestions that cancer
cells (seeds) may bring their own host cells (soil) to the site of metastasis®> and that in the brain,
cancer cells may be able to use the existing vascular basement membrane as ‘soil’.** Physiologically,
this occurs because endothelial cells in the vasculature of different organs express different cell-

surface receptors®® and growth factors that can support or inhibit the growth of metastatic cells.>

Once cancer cells have extravasated into brain tissue, the growth and proliferation of metastatic
tumours is dependent on an adequate blood supply being established.>*” Tumour cells can either
grow along pre-existing blood vessels (perivascular growth)*® or recruit new blood vessels
(angiogenesis). If vascular growth fails, tumours cannot grow further than 200um away from the pre-
existing blood vessel as their growth is limited by the maximum distance of diffusion of oxygen in

tissue.>® However, tumours up to 3mm long can grow along pre-existing blood vessels.*’

For successful metastasis, all steps of the cascade need to be completed.® For example, failure to
stimulate angiogenesis leads to regression of lung adenocarcinoma cell brain metastases and the
inability to locate cerebral vessels for co-option leads to activation of cell death programmes in
melanoma brain metastases.!® As each step of the cascade can be a rate-limiting step, this process is
highly inefficient,”*' with only 0.1%° of haematogenous cancer cells successfully forming
metastases. Therefore, therapeutic strategies can target both the cancer cells and the homeostatic

factors that promote tumour-cell growth, survival, angiogenesis, invasion, and metastasis.*?
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1.1.2. Characteristics of brain metastases

Even though few cancer cells complete the metastatic cascade, certain aspects of the brain
microenvironment act to protect any metastatic tumours that do form. The endothelial cells in the
brain (the blood brain barrier (BBB) or blood tumour barrier (BTB), reviewed further in Section 1.5.2)
protect metastases from the cytotoxic effects of chemotherapy.® Unlike endothelial cells in other parts
of the body, the endothelial cells in the brain constitutively express transporters that mediate the efflux
of many chemotherapeutic agents and other small-molecule targeted therapies.’ Astrocytes, glial cells
that provide biochemical support to the endothelial cells within the brain microenvironment, might
also serve to protect brain metastases from cytotoxicity induced by chemotherapeutic drugs,* with
protective effects having been demonstrated in human melanoma cell lines,** breast cancer cells and

lung cancer cells.*

Once formed, the new blood vessels in metastatic brain tumours have significantly larger diameters,
thicker basement membranes and lower microvascular density than the blood vessels in the
surrounding brain parenchyma.*® As these vessels are structurally and functionally abnormal, they
exhibit heterogeneous blood flow and hyperpermeability.**° This creates regions of hypoperfusion
where the supply of nutrients and oxygen is reduced and waste removal is impaired. This creates an
abnormal metabolic environment, characterised by hypoxia and acidosis.?! Drug penetration into
these tumours is then hindered by the interstitial hypertension and the lack of convective transport.**"!
It is thus clear that the molecular and cellular changes within metastatic brain tumour vasculature and
the microenvironment should be considered when designing strategies to improve the delivery and
efficacy of therapeutic agents.’!

The distribution of brain metastases in the brain correlates with blood flow and tissue volume, with

80% detected in the cerebral hemispheres, 15% in the cerebellum, and 5% in the brainstem>>>%,
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1.2. Motivation

Metastases are the leading cause of cancer-related deaths worldwide.® Metastases to the brain are
particularly dangerous; they are the most prevalent of intracranial malignancies® and the median

survival for untreated patients is only 5 weeks. ®>’

The median time from primary diagnosis to clinical presentation with a brain metastasis is 12 months,
ranging from 3 to 53 months depending on the type of cancer.’® For patients who undergo treatment
for their metastatic disease, the median duration from presentation with brain metastases to death is
4 months, ranging from 3 to 13 months depending on the cancer cell type.’® Incidence varies with
primary tumour type, ranging between approximately 10% to 30% and 6% to 10% in adult and child
cancer patients respectively.’*®! This incidence is estimated to be between 3 and 10 times higher than
the incidence of solid brain tumours.®? As formal diagnosis is sometimes not obtained if the patient

is extremely unwell, the incidence of metastatic brain tumours is found to be even higher at autopsy.**

Most brain metastases originate from primary cancers in the lung (40-50%), breast (15-25%) or from
melanoma (skin cancer) (5-20%).54%° Each year in the United States, an estimated 97,800 to 200,000
new cases of brain metastasis are diagnosed.’®~¢%® This number is increasing as a result of the
increased ability of magnetic resonance imaging (MRI) to detect small metastases and improvements
in systemic therapy of the primary tumours, leading to longer patient survival.®*¢1:¢7-% There has also
been a global increase in cancer prevalence that has occurred during this time, in particular with
cancers such as lung cancer that have a tendancy to metastasize to the brain. The risk of brain relapse

71-73

for cancer patients today is also increasing, partly as a consequence of systemic large-molecule

drug therapies that are more effective against extracranial than intracranial cancer deposits.>>"

Most patients exhibit multiple tumours at the time of brain metastasis diagnosis.®’

Neuropsychological testing demonstrates cognitive impairment in 65% of patients with brain

75,76

metastases, which might be a result of destruction or displacement of brain tissue by the
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expanding tumour, peritumoural edema leading to further disruption of surrounding white matter

tracts, increased intracranial pressure, and/or vascular compromise.®’

The spread of cancer to the brain is a devastating complication that is associated with very poor
prognoses. This has been the case for decades, largely because of a lack of effective therapeutics to
augment surgery and radiotherapy.’® In their 2014 World Cancer Report, the World Health
Organisation identified the lack of targeted therapies specific for brain metastases as one of the major

unmet clinical needs in global cancer care.’
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1.3. Current clinical therapeutic techniques
Current clinical treatments for brain metastases include surgery, whole-brain radiation therapy
(WBRT), stereotactic radiosurgery (SRS), chemotherapy, growth factor inhibitors, or a combination

of these therapies.®” These are summarised in Figure 1.3.1.

Surgical removal Chemotherapy Stereotactic radiosurgery Whole brain radiotherapy

Figure 1.3.1: Schematic representations of the four main treatments currently used in the clinical
management of brain metastases

These treatments are, however, palliative and the non-invasive techniques (WBRT, SRS and

chemotherapy) have such severe side effects that many patients choose to forgo them.

Surgery is the preferred treatment for accessible, symptomatic lesions in patients with controlled
extracranial disease and a good performance status.”’ The addition of radiotherapy to surgery does
increase local control.””~”? Whilst surgery relieves symptoms in 60-90% of patients,***2 local tumour
recurrence is a persistent problem, occurring in 5-40% of cases.”’” One key advantage of surgery is
the ability to study the excised tumour for biomolecular markers which may enable personalisation

of subsequent treatments.>> These markers differ from those of the primary tumour in many cases.?*

Any survival benefit arising from the use of existing therapeutics is primarily due to the stabilisation
of extracranial disease, rather than from measurable effects on brain metastases.”> Aside from the side
effects arising from off-target delivery, the efficacy of chemotherapy in the treatment of brain

metastasis is severely limited by several factors. Chemotherapeutics have poor blood-brain barrier
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(BBB) penetrability and many patients develop multiple resistance mechanisms due to prior rounds
of chemotherapy for their primary tumour. It is for this reason that patients with brain metastases

have historically been excluded from clinical trials testing new agents.?!->>

Radiotherapy may be used as the primary treatment for local tumour control, particularly in patients
with comorbidities who have multiple, deep, inaccessible lesions.”> Radiotherapy is more effective
on tumours that have metastasised from certain types of primary tumours, and tumours that are small
(below 10mm diameter).>>®” When considering radiotherapy, the total tumour volume is a better
predictor of successful disease control than the number of individual lesions (providing it is under

250mm?). 8687

Survival for patients with brain metastases treated with WBRT typically ranges from 4—6 months, but
can be as long as 12-24 months for selected patients.’* Randomized clinical trials have shown that
surgery or SRS combined with WBRT improves overall survival when compared with WBRT alone
in patients with a single metastasis in the brain. In patients with four or fewer brain metastases, SRS
results in equivalent overall survival but worse intracranial disease control compared with SRS plus
WBRT.?* The combination of radiotherapy and chemotherapy improves response rate and/or

progression-free survival in some studies, but not overall survival.”*!

It should be noted that the use of immune checkpoint inhibitors to treat brain metastases is generating
increasing interest due to their ability to modulate the immune system to recognise tumour antigens
and therefore treat widespread disease.”” Six clinical trials using immunotherapy to treat brain
metastases have concluded so far,”> with the most promising showing a response in 56% of patients
and 25% showing complete elimination.”® However, upregulating the immune system can present

serious risks and unique neurologic toxicities to patients with brain metastases.”

Page 25



1.4. Current clinical imaging techniques

As established in Section 1.3, current therapeutic techniques do not provide a means of satisfactorily
treating brain metastases. This fact, combined with a lack of patient screening and a lack of clinical
imaging modalities capable of distinguishing micro-metastases (<Imm diameter) means that

treatment benefits are only incremental.”

By the time treatment begins, brain metastases are often
already resistant to multiple lines of therapy and are equipped for efficient adaptation to new selection

pressures.>’

Brain imaging is not routinely performed after treatment for primary cancer unless there is a specific
indication or new symptoms are presented.’>> The decision has both an economical and clinical basis;

misdiagnosis can lead to unnecessary physical harm and serious psychological stress.>

Computerised tomography (CT) and MRI are the modalities which have traditionally been used to
assess metastatic disease to the central nervous system?®. An inherently better soft tissue contrast
resolution, stronger contrast enhancement, lack of bone artefacts, partial volume effects and direct
multi-planar imaging enables MRI to pick up smaller sized as well as a higher number of metastases
than a CT scan.”’”® A technique that has grown rapidly is the combination of Positron Emission
Tomography (PET), CT scans and the use of radiolabelled drugs.”” However, PET is limited by its
relatively poor spatial resolution as reconstruction algorithms typically trade off resolution for
reduced noise.'” Even the most advanced algorithms can only resolve objects approximately 3 mm
in diameter.'®! Therefore, contrast-enhanced MRI remains the gold standard imaging modality; PET

is able to detect only 61-68% of the metastatic lesions found by MRI.!%%103

Significant research efforts are being directed towards the application of machine learning methods

in image analysis, %1%

and it is becoming possible to correlate more subtle image parameters with
the development of brain metastases.'’®!"”” However, contrast-enhanced MRI relies on passive

contrast enhancement arising from blood brain barrier (BBB) breakdown, something that is
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physiologically not present in micro-metastases.'® MRI scanners are also very expensive, making

cost a limiting factor.'"!

It is the lack of ability to reliably locate all of the metastatic tumours within a brain, especially those
that are small and asymptomatic, that leads to the widespread use of non-targeted treatments which
often have incredibly harmful side effects. It is therefore imperative that novel imaging techniques
capable of elucidating micro-metastases from healthy brain tissue, such as the antibody targeted MRI

contrast agents upon which Part 1 of this thesis is based,'*®!%” remain a top research priority.
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1.5. Treatment challenges
Whilst there are many problems that need to be overcome before a safe, effective and widespread
treatment for metastatic tumours in the brain is realised, this thesis focuses on two key challenges that

have fundamentally limited the efficacy of all treatments so far.

1.5.1. Key challenge 1: Targeting therapy

1.5.1.1. Motivation

More effective techniques for delivering therapeutics directly to the site of disease are widely sought
after in many healthcare applications, and particularly in oncology. In the treatment of brain
metastases, as established in Section 1.3, the systemic therapies that are currently available are
inadequate. The first reason for this is a lack of localised drug delivery technologies''® that enable the
majority of the compound to interact with the target tissue.''! The ability to target the delivery of
these therapeutics directly and selectively to the site of brain metastases would lead to a step change

both their clinical efficacy and reducing off-target toxicity.

To be effective, a chemotherapeutic must accumulate in sufficient local concentration at the target
site. However, achieving this without causing severe off-target damage to healthy tissues in the body
has, so far, proved to be an insurmountable obstacle. Thus, chemotherapy doses are limited by the
ability of the patient to withstand the side effects, rather than the amount required to eliminate the
tumour.'!? This is because the traditional mode of action of chemotherapeutics has been to target fast-
dividing cells, which, alongside cancer cells, includes hair cells, bone marrow cells and cells in the

gu‘[.113

Biological therapeutics, including antibodies and oncolytic viruses, may not exhibit the same degree
of systemic toxicity but they do suffer from either rapid clearance from the circulation or
neutralisation before they reach their targets.!'*!!* This class of therapeutics has shown reasonable
success with intra-tumoural delivery, but not for systemic delivery, and thus treatment of metastatic

disease has been severely limited.''* Of the 24 studies investigating one oncolytic virus (the vaccinia
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virus) clinically, only the studies delivering the virus via intra-tumoural injection showed improved
survival.''® Therefore, whilst the ability of these therapeutics to infect, propagate and spread
throughout poorly diffused tumours may prove critical in the fight against cancer, the fact that they
cannot be delivered intact to the site of deep or widespread, microscopic tumours will remain an

intrinsic limitation.'"

As outlined in Section 1.4, the inability of currently available clinical imaging techniques to elucidate
micro-metastases in the brain leads to a widespread use of non-targeted therapies. The two targeted
therapies in widespread use, surgery and stereotactic radiosurgery (SRS), are incapable of removing
micro-metastases, especially once they are widespread throughout the brain. The gold-standard MRI
techniques rely on blood-brain barrier (BBB) breakdown by the tumours. Studies of brain metastasis
models in mice have indicated that breakdown of the BBB does not occur until tumours are >500um
in diameter.'® The current size limit of clinical detection of brain metastases is 2-5 mm although
they are more typically detected between 5 mm and 1 ¢cm in diameter.''® This is when the BBB around

the tumour becomes permeable to contrast agents.'!’

By the time that metastases are large enough to image, the physical condition of patients is often very
poor. On top of this, micrometre-scale tumours (that are currently too small to image) have not yet
developed a poorly perfused and hypoxic core, and so are often more susceptible to standard
therapeutics. For these two reasons, the ability to treat early stage metastases before BBB breakdown

occurs is highly desirable.

Drug delivery in the brain can be targeted invasively, relying primarily on disrupting the BBB
integrity by direct intracranial drug delivery through intracerebroventricular, intracerebral or
intrathecal administration.!!® However, these approaches are severely limited by poor distribution

into the brain parenchyma.'"’

Non-invasive attempts to target therapeutics in the brain, such as lipophilic drug analogues, prodrugs,

carrier-mediated drug delivery, receptor/vector-mediated drug delivery and intranasal drug delivery
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can be summarised into two categories; passive and active targeting. These approaches are

summarised in Figure 1.5.1.
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Figure 1.5.1: A summary of the targeting strategies available for targeting therapeutics in the brain.
1.5.1.2. Passive targeting

Passive targeting strategies rely on the preferential accumulation of drug molecules into tumour
cells.' This preferential accumulation, first described by Maeda and Matsumura in 1986,'*! applies
to particles with a nanometre size range and aims to exploit both the leaky vasculature and impaired
lymphatic drainage around larger tumours.'?* This is referred to as the enhanced permeability and

retention (EPR) effect.

The high levels of cell growth and metabolism in the spatially confined volume in which tumours
form causes solid stress and hypoxia.'** To maintain tumour growth, the establishment of a new blood
supply is mandatory for tumours larger than ~1-2 mm in diameter,'?* resulting in the production of
pro-angiogenic factors, such as vascular endothelial growth factor (VEGF).!*® VEGF is responsible
for endothelial cell survival, sprouting and vascular leakiness,'?® thereby providing the basis for EPR-

mediated tumour targeting. Newly formed blood vessels often lack a smooth muscle layer and
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pericytes;'?” they have a larger lumen and wider fenestrations. These fenestrations have sizes of up

to 4.7 um, with most being in the range of 1-100 nm.'?3

The ability of nanoparticles to permeate into tumour cells is greatly affected by the solubility of any
lipids, surface characteristics, the molecular weight, and the presence of tight junctions.'?%!3
Examples of commonly-used nanoparticles include polymeric particles, polymeric micelles,
dendrimers, and liposomes.'** Nanoparticles represent versatile tools to encapsulate various types of
drugs by altering their physicochemical parameters and pharmacokinetic profiles.'*! Some of these
nanoparticle formulations contain polymers such as polylactic-co-glycolic acid (PLGA) with high
cell adhesion properties, designed to increase the contact time between the drug carrier and the target

cells.!*?

An important approach for altering the pharmacokinetic behaviour of nanoparticles involves coating
them in polyethylene glycol (PEG) to improve the circulation half-life and tissue distribution
pattern.'*® PEG mainly protects these particles from being removed by natural particle elimination
mechanisms (primarily phagocytosis)'** and has been shown to significantly increase the clearance
time of doxorubicin.'*> PEGylated liposomal doxorubicin has been shown to increase the
concentration of drug within intracranial tumours by a factor of 20 when compared to free drug."*® A
particle must be at least 10 nm in diameter to avoid clearance by first-pass renal filtration and the
optimal size range of 100-180 nm will ensure longer circulation time, increased accumulation within
the tumour mass and lower renal clearance.'*”-13® It should, however, be noted that some nanoparticles

can produce serious adverse side effects.!*

However, it has become apparent that the EPR effect is almost non-existant. It accounts for only 3%
of nanoparticle uptake into tumours, with the remainder of the uptake accountable to active
processes.'* Any EPR effect that does exist is highly heterogeneous, with significant variation
occurring between pre-clinical and clinical studies, between tumours of the same origin, between

different stages of tumour development and among tumours and metastases within the same
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patient.'*1*2 This is because the vascular perfusion in tumours tends to be impaired and blood flow
is often sluggish.!*!** The lack of a fully functioning lymphatic drainage system causes a high
interstitial fluid pressure (IFP) to develop. This attenuates nanomedicine accumulation and
penetration, especially in the core of tumours.'* This high pressure also contributes to the
compression of blood and lymphatic vessels, further adding to the high IFP, causing blood vessel
collapse and inefficient tumour perfusion.'*®!*” On top of this, the fenestrations in the blood vessels
often have malfunctioning endothelial cells blocking them.!*® A study that compiled the results of
more than 100 preclinical studies into larger tumours found that the EPR effect leads to an overall
median accumulation in tumours of 0.7% of the injected dose.!* Considering the heterogeneity of
the results, this may be sufficient for some patients, and it is much higher than what standard cytotoxic
compounds can typically achieve.'’*!>2 As an example, one passive targeting study found that
paclitaxel-loaded nanocarriers achieved a final concentration of drug in the tumour 3 times greater
than free paclitaxel, even though this final concentration amounted to only 0.6% of the total injected
dose.!> Translation of EPR-based passive targeting to clinics has struggled in part due

overestimations of this effect; most pre-clinical models are fast-growing xenografted mice models

154,155

with a dense vasculature that do not recapitulate the majority of solid tumours in humans.

PEG coated nanoparticles Leaky blood vessels Mechanical stimuli
prevent phagocytosis and extend at tumour sites create fenestrations large Can be used to temporarily increase
the drug’s circulation time enough for particles to pass through the permeability of target tissues
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Figure 1.5.2: Some of the key mechanisms for passively targeting therapeutics

Whilst it is clear that there are issues with relying on the EPR effect for tumour targeting, perhaps the
most pertinent criticism is that tumours can only be treated once they are large enough to disrupt the
vasculature. Whilst this may be sufficient for treating glioblastoma multiforme (GBM), if treatment
of brain metastases requires tumours to reach this size, such treatments will almost certainly remain

palliative.

Another strategy for encouraging passive targeting in the brain is the use of systems that use physical
stimulation (e.g. ultrasound, electricity, magnetism and photonic emission technologies'>®) to
mechanically disrupt the BBB in target locations within the brain. To be effective, these techniques
currently require accurate knowledge of the location of all tumours. The use of ultrasound to disrupt
the BBB will be described in detail later in this Chapter. Some of the key passive targeting

mechanisms mentioned in this Section are shown schematically in Figure 1.5.2.

1.5.1.3. Active targeting

Active targeting strategies utilise molecules (ligands, antibodies, antibody fragments and peptides'>”)
with a high affinity for receptors and/or antigens that are overexpressed in the tumour vicinity or
phagocytose therapeutics to shield them and then exploit specific influx transport systems within the
blood-tumour barrier (BTB).!?*!>% Active cellular targeting aims to increase the targeting efficiency

of nanocarriers and increase their retention at the target site.'**'®! A schematic of the active targeting

mechanism employed in Chapters 2 and 3 of this thesis can be found in Figure 1.5.3.

Receptors that have previously been targeted in this way include the ovfB3 and oyfs integrins. These
are both overexpressed on the endothelial cells around tumours.'®> A therapeutic targeting of these
integrins has been shown to significantly slow metastatic tumour progression.'®® Targeting the oup;
integrin and its endothelial ligand, vascular cell adhesion molecule-1 (VCAM-1), forms a major focus

of this thesis and is reviewed in more depth in Chapter 2. Other targets that have been explored for
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targeting brain metastases include mTOR, PI3K, HER2, EGFR, VEGF, VEGFR, BRAF, CLTA-4

and PARP.'%

Once the specific receptor or antigen has been targeted, receptor-mediated transcytosis can then be
employed to transport the conjugate across the BBB.!® This can increase the delivery of cytotoxic
agents to tumours cells whilst simultaneously limiting their exposure to healthy tissues.'®* The low-
density lipoprotein receptor-related protein-1 (LRP-1) is one of the receptors capable of mediating
transcytosis across the BBB. Targeting LRP-1 has previously been used to increase the transport of

an anti-HER?2 antibody,'*® paclitaxel'®” and doxorubicin.!¢16°
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Figure 1.5.3: The active targeting mechanism employed in Chapters 2 and 3 of this thesis. Particles
coated in the antibody for VCAM-1 (anti-VCAM-1) selectively bind to cells expressing VCAM-1.

Carrier-mediated transcytosis utilises circulating phagocytic cells such as monocytes or macrophages
as ‘Trojan horse’ vehicles to deliver drug molecules into the brain.!”® Such cells are able to endocytose
colloidal materials, including nanoparticles, microparticles and liposomes and then release these
materials into their surroundings.!”! The ability of this technique to deliver nanoparticles to within
less than the diameter of a tumour cell from brain metastases has been demonstrated.'”? This
technique is particularly powerful as macrophages are able to reach lesions behind an intact BBB,'”
meaning that a leaky vasculature is not required. On top of this, macrophages may also be able to

hone in on metastases elsewhere in the body.!”?

This leads to a key advantage that active targeting strategies have over passive strategies: whilst the

EPR effect can act as an aid, it is not a requirement. Combined with this, the ability of these strategies
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to treat a disease that is dissipated around the body opens the door to the treatment of early stage
metastatic tumours.'’* These mechanisms could also be extended to treat haematological

malignancies (e.g. leukaemia and lymphoma).!”

Active targeting also has the potential to achieve
targeting with a cellular level of precision, enabling selective treatment of diseased cells even if they

are interspersed amongst healthy cells.

The biggest challenge for active targeting strategies is choosing a suitable target receptor or antigen.
Traditionally based on overexpressed disease markers, these targets are often highly relevant for
therapeutic monoclonal antibodies but may not be suitable for nanocarriers largely because these
nanocarriers then struggle to escape from the blood stream and into the surrounding tissue.'” This
issue is addressed if the nanocarrier is a microbubble capable of permeabilising the BBB and

encouraging uptake as in this thesis.

The heterogeneity within and between tumours adds further complexity.!”®> Most active, cell-specific
nanocarriers target a single cell-surface receptor on tumour cells, thus disregarding tumour
heterogeneity and promoting selection toward the survival of resistant clones.!”* Consequently,
current treatment usually results in apparent partial or complete responses, immediately followed by

disease relapse.!’®

Due to the high cost and complexity of active targeting, GMP manufacture and regulatory approval
has proved challenging: 15 passively targeted nanocarriers have been approved for clinical use,
whereas no actively targeted nanocarriers have yet advanced past clinical trials.!”* Passive targeting
strategies typically require simpler bioconjugate structures which are more easily synthesized with

high yield, reduced cost and a high stability profile.!*?

1.5.1.4. Drug release
If drugs are integrated into a carrier system to target them to the site of metastases and/or to shield
them during systemic circulation, these drugs can also then be released from these carriers either

passively or actively. Passive delivery typically involves coating agents in a polymer that biodegrades
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over a pre-determined timescale.!”” Active release requires an external stimulus (e.g. pressure, pH or
temperature) to induce delivery and can potentially be controlled much more precisely.!”® For
successful therapy there must also be sufficient uptake of the drugs by the target tissue. This can be
179

as a result of the cell’s natural metabolic processes but can also be encouraged by external stimuli.

A comparison of active and passive drug release can be found in Figure 1.5.4.

Mechanical stimulus

-

-ﬁ*-@“ ﬂ"g d‘. ’

000*3 o»)

Active release

Passive release

CIaE0EC=ECS

Figure 1.5.4: Active and passive release of drug from carriers into the blood stream. Actively
releasing carriers are capable of releasing therapeutics when exposed to an external stimulus;
passively releasing carriers release therapeutics over a pre-determined timescale.

1.5.1.5. Transfer across the BBB

Once the drugs have both reached the site of the tumour and have been released from any carrier,
their diffusion into the brain can be divided into paracellular diffusion (between the endothelial cells)
and transcellular diffusion (through the endothelial cells).'?* To date, clinical BBB-crossing strategies
have largely consisted of exploiting either a transcellular lipophilic pathway or transcytosis.'®
However, as is clear from the remainder of this thesis, focused ultrasound is a promising modality for

safely, locally and reversibly increasing the permeability of the BBB to large molecule compounds.
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1.5.2. Key challenge 2: The blood-brain barrier

The blood-brain barrier (BBB) is a selective barrier between the systemic circulation and the
cerebrospinal fluid that regulates brain homeostasis and prevents an uncontrolled flow of substances
from the blood into the brain.'®! It is formed by specialized endothelial cells lining the cerebral
microvasculature, together with pericytes and astrocytes.!®® As a morphological and physiological

barrier, the BBB exists to protect the brain,'8318

The junctions between the endothelial cells in the brain are =100 times tighter than the junctions
elsewhere in the body.!¢ These tight junctions between adjacent cells force most molecules to pass
through, rather than around, endothelial cells.?! Only very small or gaseous molecules, such as
water,carbon dioxide and glucose can pass through with ease.'®’13° For molecules to passively diffuse
through the BBB, they generally must have high lipid solubility, low polar surface area, and low
molecular weight.'®* The molecular weight cut-off for transmembrane diffusion varies between 400
and 600 Da depending on the molecule class.!® P-glycoprotein substrates with a molecular weight

191

above 400 Da have no measurable brain uptake,””" whereas numerous peptides and proteins have been

known to cross the BBB in sufficient quantity to affect CNS function.'® The largest molecule known

192

to cross the BBB via transmembrane diffusion has a molecular weight of 7800 Da.

Astrocytes
Pericytes

Basement membrane

Cell-cell tight junctions

Fenestration

Tumour cells

Figure 1.5.5: End-on view of a single blood vessel in the brain highlighting the key components of
the blood-brain barrier (BBB) and blood-tumour barrier (BTB).
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For these reasons, the BBB is an incredibly important consideration in the treatment of all brain
pathologies; the vast majority of large molecule drugs and over 98% of small molecule drugs cannot
cross the BBB.!® The components of the BBB continuously adapt in response to various
physiological changes in the brain.'”* These adaptations act to further frustrate drug delivery; at

disease sites, the BBB is ‘strengthened’ via two key mechanisms: the upregulation of multiple drug

195,196 195,197-199

resistance genes and the upregulation of multiple major trans-membrane efflux pumps.

Studies have shown that this directly limits the efficacy of chemotherapeutics in brain tumours.?*-2%!

When these alterations occur at tumour sites, the BBB’s structure is altered to form a blood-tumour

barrier (BTB).!%’

Once metastatic tumours grow beyond 1-2 mm in diameter within the brain parenchyma, the BTB
becomes structurally and functionally compromised.?*>>* This has led to many investigations into
whether the EPR effect can be exploited to enhance passive accumulation of drug in tissue. However,
as discussed extensively in Section 1.5.1, this BTB disruption is heterogeneous and more

sophisticated techniques for transferring therapeutics across the BTB are highly desirable.

To transport larger substances into the brain, the BBB has vesicular transport mechanisms involving
either receptor-mediated transcytosis (RMT) or adsorptive-mediated transcytosis.'® Hijacking these
mechanisms has been attempted to enhance the ability of drugs to reach the parenchyma.?’**"7 Cell-
penetrating peptides have also been exploited; capable of transporting proteins or peptides into cells
in a nonspecific, receptor-independent manner, they have lower off-target effects on the immune
systems than antibody-assisted techniques.'”> A PEGylated doxorubicin-peptide conjugate has been
shown to accumulate in diffuse cerebral metastases’”® and a combination of 3 peptides has been used
to induce mitochondrial damage and cellular apoptosis in metastases.””” By taking advantage of the
rapid angiogenesis in an aggressive tumour, drug moieties conjugated with angiopep-2 have also
shown promise.?'’ However, as the function of the BBB efflux pumps is preserved, the receptor-
mediated mechanisms work both ways (receptor-mediated exocytosis) and the receptors are rarely

brain tumour specific, the success of these techniques has so far been limited.
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Further pharmacological attempts to enhance drug transport across the BBB, for example, reducing
the relative number of polar groups on the drug molecule, have also been attempted.'"” However,

these strategies often lead to a loss of activity of the drug.?!!

More broadly, previous attempts to circumvent the BBB include invasive techniques such as
stereotactically guided drug insertion through a catheter, intracerebral drug implants and osmotic

213214 and  direct carotid

disruption.!?2!1:212 Both  high-dose intravenous chemotherapy
chemotherapy?!>!” have been attempted but are associated with major systemic adverse effects and
short-term benefits. Interstitial wafer application in the surgical bed is a further single-use approach

that is associated with infections, meningitis and minimal drug distribution.?'®2!?

In summary, no current techniques enable safe, localised, effective and reversible opening of the
BBB. As the BBB acts to protect cancer cells from the cytotoxic effects of chemotherapy, especially
for microscopic tumours, it represents the second major challenge that needs to be overcome before

a successful treatment for brain metastases can be achieved.

1.5.3. Summary

In summary, any eventual therapeutic solution for brain metastases will need to fulfil four criteria:

1. The ability to shield therapeutics during systemic delivery to prevent off-target toxicity
and/or pre-target neutralisation by the immune system.

2. Site specific targeting to the vascular endothelium surrounding microscopic tumours
such that a leaky vasculature is not a required feature of the tumour targets.

3. A safe, effective and transient way of transporting the therapeutic agent across the
blood-brain barrier (BBB).

4. A mechanism for encouraging drug transport deep into the tumour.

This thesis aims to develop a therapeutic technology capable of addressing all of these challenges

simultaneously. This approach is outlined in Section 1.7.
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1.6. Ultrasound, microbubbles and US-BBBD

This Section provides an overview of both ultrasound and microbubbles and then details how the
combination of these modalities is capable of temporarily increasing the permeability of the blood
brain barrier (BBB) in a process known as ultrasound mediated blood brain barrier disruption (US-
BBBD). How the research described in this thesis utilises ultrasound, targeted microbubbles and US-

BBBD to tackle the challenges outlined in Section 1.5 is then detailed in Section 1.7.

1.6.1. Ultrasound

Ultrasound is defined as sound with a frequency beyond the range of human hearing, i.e. above 20
kHz. Widely used as an imaging modality for over 50 years, ultrasound is associated with numerous
beneficial qualities including safety, low cost, portability and ‘real-time’ imaging. The ability of
ultrasound to induce bio-effects has been known for almost 100 years*?® and these effects have gained
increasing interest over the past 3 decades. Amongst other uses, therapeutic ultrasound has been used

221-226 mechanical tissue fractionation,??’ drug activation,??®*?° mild

for shock-wave lithotripsy,
hyperthermia,”*° thermal ablation,*! breakdown of blood clots,** delivery of genes,>* delivery of
chemotherapeutic agents,** delivery of oncolytic viruses,?*® increasing membrane permeability to

236-238

molecules and enhancing transport of drugs across the blood-brain barrier.?*’

A large proportion of these bio-effects are induced or enhanced by acoustic cavitation. Cavitation can
arise from changes in fluid pressure or temperature, pressure waves or the absorption of radiation**

and can lead to further therapeutic effects such as the intracellular delivery of molecules,*! high

2 243

intensity focused ultrasound (HIFU) surgery®** and lithotripsy.?*> Whilst a major advantage of
ultrasound is the ability to focus in tissue, allowing close control of when and where cavitation occurs,
the heterogeneity of endogenous cavitation between tissues means that tissue cavitation is
unpredictable and requires relatively high pressure amplitudes.?*’ To address this, acoustically active

cavitation agents that allow bubbles to be generated more reproducibly and at lower pressure

amplitudes are often used to augment both ultrasound imaging and ultrasound mediated therapy.
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1.6.2. Microbubbles

Microbubbles (MBs), consisting of a gas core surrounded by a lipid, protein or polymer coating,?**%¢

are the most widely studied artificial nuclei to date.?*® The key components of the microbubbles used
in this thesis are shown in Figure 1.6.1. The key to the use of MBs as drug delivery vehicles is their
activity when exposed to ultrasound; expansion and contraction of the gas core during the rarefaction
and compression phases of the pressure wave leads to a wide range of bio-effects.?*” At clinically
relevant ultrasound frequencies, the pressures required to produce therapeutically relevant amplitudes
of oscillation are typically less than 1 MPa, which is notably lower than the majority of other cavitation
agents.”* MBs are theranostic agents; they can provide simultaneous and co-localized diagnostic

imaging and therapeutic delivery.?*’

Microbubble constituents

Perfluorocarbon core
Phospholipid shell

Not shown: Polyethylene
glycol (PEG) chains

Figure 1.6.1: The key constituents of the microbubbles used in this thesis and in many microbubble
formulations used pre-clinically and clinically worldwide

Originally developed as contrast agents for ultrasound imaging, MBs are now used clinically in
echocardiography andto measure blood flow using Doppler ultrasonography.?*® MBs are in clinical
development for therapeutic applications such as focused ultrasound surgery, sonothrombolysis,
ultrasound-mediated blood brain barrier breakdown (US-BBBD) and enhancement of the delivery of
a wide range of therapeutics.?*’ Clinically approved MB formulations include Optison (albumin shell,
perflutren core), Definity (lipid-based shell, perflutren core), Sonovue (lipid shell, sulphur

hexafluoride core) and Sonozoid (lipid shell, perfluorobutane core).?°

To reduce off-target toxicity, increase target dose and increase cellular uptake,' drugs can be

conjugated to MB shells.?*>?** Hydrophobic drugs can be encapsulated between the gas core and the
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MB shell and hydrophilic drugs can be conjugated to the outer surface of the MB.?** Liposomal drugs
can also be conjugated to the outer surface of MBs.?> As is discussed extensively in Chapters 2 and

3 of this thesis, MBs can also be actively targeted to sites of disease in the body.

MBs have also been loaded with therapeutic gases such as oxygen and nitric oxide.?*® Incorporating
iron-oxide nanoparticles into MB shells enables magnetic resonance imaging and magnetic
targeting.”’ 2% The polyethylene glycol (PEG) coating that is commonly incorporated into MB
formulations acts to enhance stability and delay clearance by minimising recognition by the immune
system.>

One disadvantage of microbubbles is that they typically have a half-life in the body of a few

minutes,?®!-262

whereas the particles with smaller hydrodynamic diameters exhibit delayed clearance
from the body.?%® The relatively large size of MBs (~2 um diameter) also limits their extravasation

from the vasculature, even when inside the leaky vasculature of tumours. Actively targeting

microbubbles acts to mitigate both of these issues.?¢*

Smaller cavitation agents have been developed. These include nanodroplets, nanoscale particles of
liquid perfluorocarbon (PFC) stabilised with a phospholipid outer shell.?*> Nanodroplets exhibit
higher stability and higher cavitation thresholds than MBs, and are theoretically able to pass through
the endothelial gaps of the defective blood vessels surrounding tumours.?**2% Solid cavitation nuclei

such as sub-micron gas-trapping polymeric cups and gold nanocones have also been developed.?’%"!

Whilst many studies have been published that optimise the ultrasound parameters for different drug
delivery applications,?’>"¢ the studies that have compared MB formulations have mainly compared

size distributions,>”’*"8

with the most in-depth investigations making minimal effort to elucidate the
complex interactions between different microbubble formulations and the surrounding tissue.?”® This
is despite evidence that constituents of lipid-shelled MBs exchange with the lipids in cell membranes,

and that this exchange affects the structural properties of cell membranes.*** Chapters 4 and 5 of this

thesis exploits this effect to enhance the delivery of model drugs in vitro and in vivo.
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1.6.3. Ultrasound-mediated blood brain barrier disruption (US-BBBD)

Ultrasound-mediated blood-brain barrier disruption (US-BBBD) is a promising approach for
noninvasively, safely and reversibly increasing the permeability of the blood-brain barrier to
therapeutics in a localised and targeted manner. As MBs in the brain pass through the ultrasound focus,
they undergo volumetric oscillations, displacing the surrounding fluid and transiently opening the
BBB. As this technique is not specific to the therapeutic agent delivered, it has the potential to
transform the treatment of a wide range of brain diseases and disorders by allowing free passage of
molecules up to 2000 kDa into the brain.?®!%? This thesis aims to develop two complementary
mechanisms to improve the specificity of US-BBBD by actively targeting the MBs (Chapters 2 and 3)
and the efficacy of US-BBBD by optimizing the lipid composition of the MB formulations used

(Chapters 4 and 5).

Demonstration of temporary disruption of the blood-brain barrier by ultrasound and microbubbles
(US-BBBD) was first published almost immediately after the clinical approval of the ultrasound
contrast agent Optison.?** The combination of microbubbles and ultrasound provided repeatable BBB
opening without damage to surrounding tissue, a feat that was not accomplished with focused

ultrasound alone.?33-284

1.6.3.1. Mechanisms of US-BBBD

Microbubble-cell proximity appears critical to the efficacy of US-BBBD, reinforcing the benefit of
active targeting strategies.?**2% Increased drug delivery following US-BBBD appears to result from a
combination of cell-cell tight junction widening, increased endocytosis and endothelial cell
fenestration.”®® Sonoporation (the formation of pores in cellular membranes following ultrasound
exposure) is also hypothesized to play a role. Two distinct sub-populations have been found following
exposure to ultrasound and MBs suggesting that cellular responses at low acoustic pressures may be
dominated by endocytosis spurred by membrane deformation, and at higher acoustic pressures by pore

formation.?®” It is unlikely that thermal mechanisms play a major role in US-BBBD (as studied using
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by MRI-based thermometry) and inertial cavitation is not necessary for US-BBBD (as studied by

monitoring acoustic emissions).”***

Both ultrasound and microbubble properties can be optimized to adjust the size of molecules that can
cross the BBB, offering the potential for size-selective delivery.’’> Passing small molecule
chemotherapeutic agents (MW ~500 Da) into the brain has been shown to only require stable
cavitation, whereas it has been suggested that inertial cavitation is required to deliver larger molecules
including antibodies (MW ~150 kDa) and gene vectors (MW ~4 MDa).?’”> The rate at which drugs
enter the brain and the disruption time also varies with both ultrasound pressure and blood vessel

diameter.?®’

Pore formation occurs when transient holes appear in the cell membrane through which extracellular
substances passively diffuse into the cell. An ultra-high speed camera (25 Mfps) has been combined
with a confocal microscope and used to obtain direct and simultaneous video footage of both cavitating
microbubbles and pore formation in cell membranes as direct evidence of this phenomenon.*”® One
study estimated the theoretical maximum pore size at around 100 nm, although this is not a conclusive
measurement.”! It should be noted that sonoporation mechanisms typically occur on timescales of
seconds to minutes whereas US-BBBD can last for hours to days, making it unlikely that sonoporation

acts alone.?88-289-292

There is also strong evidence for ultrasound and microbubble induced endocytosis.?®’-2%32%* [t is

hypothesised that endocytosis is the main route into cells for large molecules, and that small

molecules are more readily transported through membrane pores following sonication.?>-%

The mechanical phenomena hypothesized to underlie ultrasound and MB mediated cell membrane
permeabilisation include fluid shear stresses and acoustic radiation forces pushing the microbubble
into the cell with sufficient force to cause membrane rupture.”’ 2% Shear stress can be generated by
ultrasound alone through acoustic streaming®*® or from a combination of ultrasound and MBs in the

form of an oscillatory shear from the pushing and pulling of the microbubble on the fluid. These
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oscillatory shear stresses have been predicted to be in the order of ~10?-103.303% A steady shear can
also be generated from cavitation microstreaming.>** A single microbubble (~2 pm diameter) can
generate flow streaming patterns with a diameter up to 1 mm and flow speeds up to 1 mm/s.* If there
is sufficient asymmetry in the acceleration of the fluid on either side of a collapsing bubble, a high-
velocity liquid microjet will be developed.’® Microjetting is also thought to contribute to the increase

in permeability of cell membranes during ultrasound mediated drug delivery.*®

Extracellular mechanical forces that strain the cellular membrane result in conformational changes in
the structural proteins of the cytoskeleton. The mechano-sensors of the cell include transmembrane
proteins (e.g. integrins), receptor proteins in the plasma membrane (e.g. VEGF receptors) and adhesion
molecules.*®” The fluidity of cell membranes also decreases following a step-change in shear stress.>%
Hundreds of genes, including those that code for proliferation, apoptosis, migration and permeability,
are also modulated by shear stress.’*®” An in vivo increase in stress-sensing proteins following US-

310

BBBD has also been found.*” A spatial gradient in membrane fluidity’'” and an increase in

397 was found when exposed to a step change in shear stress (analogous

vasodilation of ex vivo vessels
to the change arising from ultrasound and MBs) but not when exposed to shear stress with a gentle

temporal gradient.

Chemical phenomena are also likely to play a role in US-BBBD; ultrasound increases the production
of reactive oxygen species (ROS) resulting in oxidative stress.>!!!* Ultrasound induced increases in
the production of ROS have been linked to changes in the cytoskeleton and a transient increase in the

permeability of cell-cell tight junctions.*!?

It is also worth noting that US-BBBD causes localized down-regulation in the expression of cellular
efflux pumps, one of the significant barriers to conventional chemotherapy and current techniques for
transporting therapeutics across the BBB (as reviewed in Section 1.5.2).3'* This expression remains

inhibited up to 48 hours after sonication.®'?
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1.6.3.2. Uses, efficacy and safety of US-BBBD

Critically, under appropriate exposure conditions, US-BBBD is a transient and reversible process. The
time taken for the BBB to close after sonication varies by animal model tested, with times of 3-8

hours®'%3!7 (rabbit), 6-24 hours®!®*!? (rat), 2 days*?**?! (mouse) and 6 days®*? (primate) all being

reported. The safety of this technique has been demonstrated in rats,>"” rabbits,***-*** primates®**3?°

and humans.>?® Safety parameters investigated include lack of histological lesions, lack of behavioral

consequence, lack of motor consequence and healthy PET scans, MRI scans and EEG signals.

However, it is worth noting that recent studies have found evidence that US-BBBD results in sterile
inflammation in the brain. A rapid increase in damage-associated molecular pattern (DAMP) factors
and an increased expression of both heat shock proteins and inflammatory markers, including I1-1f,
the cytokine used in this thesis.**”**® This neuroinflammation lasts up to 24 hours and it has been

recommended that the neuroinflammatory potential of sonication parameters should be evaluated prior

to clinical trials.’?’

US-BBBD has been widely found to cause between a 30 and 500% increase in the uptake of

chemotherapeutics in the brain, a factor that has been widely associated with increased survival in

319,330-334 336,337

vivo. Enhanced delivery of drugs including doxorubicin, paclitaxel,** temozolomide,

and carboplatin®***** has been shown. This has led to improved tumour control in animal models

d331,333,336,340—342

being widely reporte and both progression-free and overall survival of human patients

being dramatically increased.>** US-BBBD has also been used to enhance the delivery of other classes

286,344 345,346

of therapeutics, including antibodies, and genes.

Oxygen loaded MBs have been used to deliver oxygen to metastatic tumours which, in turn, enhanced
their response to radiotherapy.**” US-BBBD has been used to enhance the delivery of doxorubicin,
348-351

trastuzumab, immune cells and antibody-drug conjugates to metastatic tumour models.

However, all of these model tumours had a diameter ranging from 1.5-3 mm when treatment began,
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so their location was known and the BBB surrounding them would have been compromised. None of

these studies used actively targeted microbubbles.

One of the main obstacles to clinical US-BBBD is focusing ultrasound through the skull; complex
correction schemes are required due to attenuation, distortion, and defocusing of the ultrasound beam.
Three systems, utilizing very different transducer strategies, have been approved for US-BBBD in a
clinical setting so far. These are the Exablate Neuro, manufactured by InSightec, the NaviFUS system,
and the SonoCloud system manufactured by CarThera.*>* Consisting of 1024 individual ultrasound
transducers (at 220kHz) in a hemispherical array that fits on the head, the Exablate system is designed
to be MR guided.*>* Over 2000 patients have been treated with this system in 47 treatment centers
globally.>* The NaviFUS system eliminates the need for stereotaxy and consists of a frameless
ultrasound array designed to operate at frequencies as low as 28kHz.%>>%%® The SonoCloud is a single
element transducer (11.5mm diameter) that is surgically implanted within the skull bone such that it is

directed towards the tumour site, thus removing the need for corrective strategies.*’

1.6.3.3. US-BBBD clinical trials

Two clinical trials using US-BBBD have already taken place. In the first, the SonoCloud system
was used to disrupt the BBB of 17 patients with glioblastoma multiforme (GBM) on a monthly basis
whilst they were given systemic chemotherapy.’®’ US-BBBD was achieved in the majority of all
sonications at pressures of 0.8MPa and above, and no treatment-related serious adverse effects were
noted.*’ In the second, the Exablate system was used to open the BBB of five patients with moderate

Alzheimer’s disease.>?

BBB opening was achieved predictably at 50% of the power required to
generate cavitation and again, no patient experienced any serious side adverse effects.>* These results
are promising and at the time of writing, ten more clinical trials involving US-BBBD are either active
or recruiting (five for GBM, three for Alzheimer’s disease, one for ALS and one for Parkinson’s

disease).>>
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Beyond these, two further clinical trials are also planning to investigate the feasibility of using US-

BBBD to treat metastatic tumours in the brain:

e The first of these, trial NCT03714243, currently recruiting 10 patients at the Sunnybrook
Research Institute in Toronto, plans to use the ExAblate Model 4000 Type 2 “Neuro-System”
to disrupt the blood brain barrier in a temporary and localized fashion in patients with brain
metastases from Her-2 positive breast cancer.”®® As this is a safety and feasibility study, no
therapeutic agent will be used and patients will be followed up with regular post-procedure
MRI scans for 12 weeks. Crucially, the first exclusion criterion of this trial is: “brain metastases
not visible on the pre-therapy imaging”. This highlights the critical need for a technology
capable of treating metastases before they grow large enough to disrupt the BBB.
Simultaneously, it demonstrates the appetite of clinical trials centers, regulators and healthcare
professionals to both develop US-BBBD technologies and find a treatment for brain

metastases.

e The second of these, trial NCT04021420, not yet recruiting 21 patients at the Hopitaux de
Paris, plans to use the Sonocloud device and Nivolumab (an anti PD-1 monoclonal
antibody) to treat patients with brain metastases from melanoma.*** The inability of this
technique to treat widespread, microscopic tumours is highlighted by the third trial inclusion
criteria: “[Patients must have] at least one measurable brain metastasis between 5 mm and
35 mm in diameter, not previously treated with surgery and/or radiosurgery and located less

than 5 cm from the skull.”

Whilst US-BBBD represents one of the most promising upcoming therapeutic techniques for a wide
range of cerebral pathologies, it is not without its limitations. The need to know the exact target
location in the brain prior to treatment represents a particular barrier, particularly to the treatment of
metastatic tumours in the brain. Actively targeting microbubbles (removing the need to know the

tumour locations) presents one solution to this issue and is addressed in Chapters 2 and 3 of this thesis.
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Difficulties in focusing ultrasound deep within the brain without causing significant pre-focal bio-
effects represents another challenge. Microbubbles optimized to cause more widespread US-BBBD
with the same acoustic energy may provide a solution to this and are developed in Chapters 4 and 5 of

this thesis.
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1.7. Thesis structure and overview

1.7.1. Challenges and structure
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Figure 1.7.1: A visual overview of the aim of this thesis. This thesis aims to progress from the systemic
injection of chemotherapy (represented at the top) to the non-invasive and targeted delivery of
chemotherapy at the site of microscopic tumours in the brain (represented at the bottom). To do this,
solutions to the two principal challenges in the treatment of brain metastases that utilise ultrasound,
microbubbles and ultrasound mediated blood brain barrier disruption are developed.
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This thesis is formed of two parts, each addressing one of the two challenges identified in Section
1.5. In both parts, mathematical modelling is combined with in vitro and in vivo experimentation in
an attempt to delineate the key obstacles that currently prevent successful treatment of brain
metastases. The two challenges and the corresponding solutions developed in this thesis are

represented schematically in Figure 1.7.1.

1.7.2. Part 1

Chapters 2 and 3 of this thesis focus on the first of the challenges identified in Section 1.5:
Challenge 1: Targeting therapy selectively to the site of brain metastases

As anti-VCAM-1, the antibody for vascular cell adhesion molecule 1 (VCAM-1) has previously been
found to enable sensitive and selective detection of early stage brain metastases, it is hypothesised
that MBs conjugated with anti-VCAM-1 (AV-MBs) could use the same mechanism to actively target
and then deliver therapy at the site of these tumours. Hence, Part 1 aims to answer two research

questions:

1. Are antibody-conjugated microbubbles capable of selectively binding to target regions in
the brain?
2. Once bound, are antibody-conjugated microbubbles then capable of causing US-BBBD

selectively in the target region?

After in vitro demonstrations of the targeting ability of AV-MBs, their ability to deliver a model drug

to target regions in the brain in vivo is then tested.

1.7.3. Part 2

The second part of this thesis (Chapters 4 and 5) focuses on the second of the challenges identified in

Section 1.5:

Challenge 2: Enhancing therapeutic delivery across the blood brain barrier
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US-BBBD is a temporary and reversible method of permeabilising the blood brain barrier. Increasing
the amount of drug that crosses the BBB in US-BBBD without increasing the acoustic energy required
(through manipulation of the physical properties of the MBs) is thus highly desirable for the treatment
of a wide range of brain pathologies, including microscopic brain tumours. Part 2 of this thesis
investigates whether lipid exchange mechanisms between MBs and cells can be exploited to enhance
both cell membrane permeabilisation (in vitro) and US-BBBD (in vivo). This is represented

schematically in in Figure 1.7.1. Two further research questions are addressed:

3. How does lipid transfer from microbubbles affect cell membranes?

4. Can microbubble-cell transfer be exploited to enhance therapeutic delivery?

If these questions can be answered satisfactorily, this will demonstrate a novel optimisation process
for MBs intended for use in drug delivery. MBs that are capable of increasing the quantity of drug
delivered without increasing the ultrasound energy required could lead to more effective treatment
deeper within the brain and other areas of the body where the off-target bio-effects of US would be

dangerous.
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“No targeted therapies exist that are specific for brain
metastases, and the median survival for untreated

patients is 5 weeks.”

- WHO World Cancer Report 2014°

Page 54



Chapter 2.
Targeting therapy
In vitro



2. Targeting therapy in vitro

Abstract

In this Chapter, microbubbles conjugated to anti-VCAM-1 (AV-MBs) are developed. Anti-VCAM-
1 is an antibody with a selective affinity for early stage metastases that has previously allowed
detection of tumours 3 orders of magnitude smaller than those currently visible on MRI. These AV-
MBs are then shown to be capable of selectively binding to mouse brain endothelial cells that are

overexpressing VCAM-1 in a physiologically relevant flow system.
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Attributions

The research in Part 1 of this thesis (Chapters 2 and 3) set out to investigate whether the impressive
antibody targeting capabilities developed by Professor Nicola Sibson’s group (Department of
Oncology, University of Oxford) could be adapted to target ultrasound-mediated therapy specifically
to brain tumours. Therefore, the understanding of the use of anti-VCAM-1 in the context of tumour

targeting was already in place at the beginning of this PhD.

In all of the experiments involving cells in Chapter 2, I worked with Dr. Sarah Peeters from the

Department of Oncology. Dr. Peeters carried out all in vitro cell culture and cell stimulation.

This work forms the backbone of one of the principal ‘Work Packages’ in the Oxford Centre for Drug
Delivery Devices Research Grant. Professors Eleanor Stride and Nicola Sibson manage the Work
Package. Dr. Luca Bau and Luke Richards are also part of the same Work Package, with Dr. Bau
researching the formulation of other anti-VCAM conjugated cavitation agents and Luke researching

the design of a transducer system designed to expose the whole brain to a uniform ultrasound field.
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2.1. Introduction

Section 1.5 identified the two principal challenges that currently limit the treatment of metastatic
tumours in the brain: selectively targeting therapy to tumour sites and then delivering this therapy
across the blood-brain-barrier (BBB). As outlined in Section 1.7, this thesis is split into two parts
each aimed at addressing one of these challenges. Part 1 of this thesis (consisting of Chapters 2 and
3), aims to investigate the feasibility of using an ultrasound and microbubble mediated therapy to

tackle the first of these:
Challenge 1: targeting therapy selectively to the site of brain metastases

To do this, the feasibility of combining antibody-targeted MBs with unfocused ultrasound to deliver
US-BBBD at target sites is investigated. This technique takes advantage of the ability of antibodies
to target cells on a molecular level, whilst simultaneously removing both the need for prior knowledge
of the tumour position and the need to focus ultrasound in the brain. The distinctions between this

technique and previous US-BBBD studies are shown schematically in Figure 2.1.1.

Previous US-BBBD studies This US-BBBD study

Focused
ultrasound

Antibody
conjugated

JRcrobubbles microbubbles

. |

,ﬂ |

: Whole-brain
I ultrasound
|
|
I
|

* Focal area same size as ‘grain of rice’
» Requires prior knowledge of tumour location
* Requires focusing ultrasound inside the skull

+ Molecular specificity of antibody targeting
* Prior knowledge of the tumour location not necessary
* No need to focus ultrasound inside the skull.

Figure 2.1.1: A schematic representation of the differences between this “whole-brain” US-BBBD
study and previous US-BBBD studies.

This is a powerful concept; if successful, this technique has the potential to deliver therapy selectively
to microscopic tumours before they have grown large enough to disrupt the blood brain barrier (BBB).

More broadly, this concept could improve ultrasound-mediated treatments for other pathologies,
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especially those for which candidate receptors for active targeting are known and accurately

positioning an ultrasound focus is challenging.
As outlined in Section 1.7, Part 1 of this thesis aims to address two key research questions:

1. Are antibody-conjugated MBs capable of selectively binding to target regions in the brain?
2. Once bound, are antibody-conjugated MBs then capable of causing US-BBBD selectively

in the target region?

In this Chapter, an antibody with a high selective affinity for early stage brain metastases is first
conjugated to microbubbles. The ability of these antibody-conjugated microbubbles to selectively

bind to cells in a physiologically relevant flow system is investigated.

2.1.1. Biomarkers of metastasis

As metastatic tumours form in existing blood vessels in the brain they activate the vascular
endothelium (i.e. the cells lining the blood vessels).>**® During one of the earliest steps in the
metastatic cascade, tumour cells use inducible cell adhesion molecules (CAMs) to promote their
adhesion to the endothelium.*®*'=%* Tumour cells can use CAMs to determine how their tissue
distribution around the body.**> CAMs, which mediate leukocyte rolling, adhesion and transmigration
across the BBB are rapidly up-regulated in response to disease or injury.**® In particular, vascular cell
adhesion molecule-1 (VCAM-1) has been shown to play an important role in transporting white blood

cells into diseased brains both in animals and humans.?¢7-37°

There is a close association of early stage tumour colonies with the existing cerebral vasculature in
both murine models of brain metastasis and human post mortem brain tissue containing metastatic
tumours.”>*" The activation of the vascular endothelium during metastasis development leads to a
local up-regulation of VCAM-1 in the very early stages of metastasis in the brain.'”® This up-
regulation has been quantified in two further studies. Both static and dynamic in vitro adhesion assays

demonstrate that melanoma cells adhere to cytokine pre-treated endothelial cell monolayers through
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contact with VCAM-1.371372 Some studies have also shown that cancer cells release a cytokine (I1-

la) in concentrations sufficient to upregulate VCAM-1.373-374

Anti-VCAM-1 is a monoclonal antibody that binds with human VCAM-1.>”> In animal models of
metastasis, the increase in tumour proliferation following cytokine injection can be attenuated by

injection of anti-VCAM-1 showing the crucial role VCAM-1 plays in successful metastasis.’’®>"®

As microvascular endothelial cells in normal, non-inflamed tissues express minimal levels of VCAM-
1,” coating MRI contrast agents with anti-VCAM-1 has previously allowed detection of VCAM-1
expression with high sensitivity in vivo.**® By conjugating MRI contrast agents with anti-VCAM-1,
it is possible to detect brain tumour volumes two to three orders of magnitude smaller (0.3-3 x
10° cells) than those volumes currently detectable clinically (10’-10% cells) due to the increase in

expression of VCAM-1 around cerebral metastases.'®

Beyond its selective overexpression at the disease site, VCAM-1 has two key advantages over other
receptors or antigens commonly associated with microscopic tumours. Firstly, VCAM-1 is
overexpressed on the endothelial cells near to tumours (rather than on the tumour cells themselves)
which facilitates active targeting directly from the blood stream. Secondly, whereas many other
targets, e.g. vascular endothelial growth factor (VEGF), are overexpressed once metastatic tumours
are large enough to undergo angiogenesis, the overexpression of VCAM-1 occurs as soon as
metastatic cells begin to adhere to the vascular endothelium in the brain. This is because VCAM-1
and its ligand B integrin are important mediators of lesion initiation.*' VCAM-1 is not
constitutively expressed on the cerebral vascular endothelium, but is up-regulated with endothelial
activation.’?

Targeting VCAM-1 has been also used to detect acute brain inflammation following multiple

0

sclerosis®®® and atherosclerosis.’®*3% As VCAM-1 participates in other inflammatory conditions
p p Yy

386,387 389,390

including atherogenesis, renal inflammation,*®* transplant rejection®®® and other cancers,

VCAM-1 targeting may allow for therapeutic targeting of a wide range of pathologies.**!***
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In Part 1 of this thesis, anti-VCAM-1 conjugated microbubbles (AV-MBs) are developed and tested
for their ability to selectively bind to target cells and then deliver a measurable therapeutic effect

without requiring focused ultrasound.

It is worth noting that other receptor targets for metastatic brain tumours exist and could be tested in
future. These include other CAMs, for example ICAM-1, E-selectin and P-selectin.*®3-?>34 Targeting
three of the genes known to play a key role in the migration of cancer cells into brain tissue enhances
brain metastasis free survival.’?® The integrin a.ps, responsible for upregulating VEGF, could be
inhibited to discourage angiogenesis and the formation of a hypoxic tumour core.?” Inhibition of the
HER2 gene would decrease the incidence of brain metastases.>*> The BRAF gene and corresponding
BRAF protein that encourage cancer cells to grow and divide is present in around 50% of patients
with metastatic melanoma, leading to efficacy of small molecule targeted therapies.>*® The potential
of vascular endothelial growth factor (VEGF), an angiogenic growth factor, as a suitable target for
brain metastases has been widely explored.'®3%126:360397 VEGF inhibition has decreased vascular

18,398

permeability at tumour sites,**’ decreased tumour proliferation'®*?® and increased apoptosis.**®

2.1.2. Targeted microbubbles

As established in Section 1.5.1, targeted drug delivery has many notable advantages over systemic
delivery, including higher localised drug concentrations, greater therapeutic efficacy and lower off-
target side effects. Active targeting methods such as antibody binding*®® benefit from excellent
specificity, and could potentially be used to target pathologies without prior knowledge of their

location.*%°

Actively targeting microbubbles presents numerous advantages over other drug targeting strategies,
particularly for the treatment of brain metastases. This technique has the potential to meet all four of

the requirements for a brain metastases treatment, first identified in Section 1.5.3:
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1. The ability to shield therapeutics during systemic delivery to prevent off-target toxicity and/or
pre-target neutralisation by the immune system.
As described in Section 1.6.2, microbubbles have the ability to shield therapeutics during systemic

delivery, preventing both off-target toxicity and pre-target neutralisation by the immune system.

2. Site specific targeting to the vascular endothelium surrounding microscopic tumours such that
a leaky vasculature is not a required feature of the tumour targets.
Actively targeted microbubbles, particularly those targeted to a receptor as selective as VCAM-1,
have the potential to achieve specific targeting to the blood vessel endothelial cells surrounding early

stage metastases such that a leaky vasculature is not a required feature of the tumour targets.

3. A safe, effective and transient way of transporting the therapeutic agent across the BBB.
As described in Section 1.6.3, ultrasound and microbubble mediated blood brain barrier disruption
(US-BBBD) presents one of the most promising technologies for safely, effectively and reversibly
transporting therapeutic agents across the BBB. The efficacy of US-BBBD further enhanced in Part

2 of this thesis.

4. A mechanism for encouraging drug transport deep into the tumour.
Section 1.6.3 also found that US-BBBD enhances the uptake of a wide range of therapeutics into

tumours and has a significant impact on both tumour progression and survival.

Targeting of microbubbles to VCAM-1 has been successfully demonstrated in previous studies.

Pathologies imaged in vivo using diagnostic ultrasound and MBs conjugated with anti-VCAM-1 (AV-

383400402 carotid plaques,*® Crohn’s disease*** and tumours.*® In these

MBs) include atherosclerosis,
studies, an increase in contrast enhancement through vascular accumulation was the only objective.

AV-MBs have also been used to enhance the delivery of microRNA and DNA to abdominal aortic
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aneurysms and smooth muscle cells respectively.**®*"” These studies combine to demonstrate that
AV-MBs are capable of accumulating in vivo in a wide range of vessel types and sizes. Whether this
accumulation in the brain sufficient and selective enough to cause localised US-BBBD at the site of
disease remains to be seen.

MBs have also been widely targeted to other receptors. VEGF-conjugated MBs have been used to

408-412 413

image tumour angiogenesis, stroke*!® and prostate tumours.*'* P-selectin-conjugated MBs have

been used to target renal tissue injury,*'> myocardial ischaemia,**° activated platelets,*'¢ thrombosis*'”

8

and inflammatory bowel disease.*’® ECAM-conjugated MBs have been used to image

inflammation,*'®* MAdCAM-1-conjugated MBs to target Crohn’s disease*** and ICAM-1-conjugated

MBs have been used to image endothelial inflammation surrounding atherosclerosis.??4%!

Whilst the vast majority of these MBs were manufactured using a biotin-streptavidin-biotin bridging
strategy, some studies have used pre-made avidin coated bubbles.**>*** Manufacturing protocols with
a single incubation step are desirable as they increase the likelihood of targeted microbubbles that
can be personalised to different patient/tumour types in a clinical setting. Other studies have
successfully conjugated targeting ligands to MBs using a maleimide-thiol link.*****® This is

advantageous as streptavidin is immunogenic, potentially impeding application in humans.***

To address some of the disadvantages of antibody targeting, including low targeting efficiency**’ and
strong dependence on flow conditions,*® magnetic microbubbles have also been developed. Whilst
the use of these was not explored in this thesis, it is worth noting that magnetic MBs conjugated with
antiVCAM-1 have also been developed.*”® Use of a magnet significantly increased the binding of
these AV-MB:s to atherosclerotic plaques in vivo**® highlighting a line of research that could, in future,

be pursued to further improve the results from Chapters 2 and 3 of this thesis.

A different, but related strategy for increasing the specificity and efficacy of US-BBBD has been to
combine antibody-targeted, drug loaded liposomes and non-targeted MBs. One study used

doxorubicin-loaded liposomes targeted to interleukin-4 and SonoVue to enhance drug uptake into
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glioblastoma.*** This technique resulted in a higher concentration of drug in the tumour than in the

surrounding, healthy tissue.**°

Further strong supporting evidence for the feasibility of utilising AV-MBs and unfocused ultrasound
to cause US-BBBD selectively at the site of brain metastases comes in the form of three studies
published by a multi-centre Taiwanese team.*'™* Using a combination of MBs targeted to either
folate or VEGF and focused ultrasound, delivery of both small molecule drugs and genetic material
to solid brain tumours (glioblastoma multiforme) in vivo. Crucially, therapeutic accumulation in the
tumour tissue was found to be much greater and distinctly different than that in neighbouring, healthy

tissue, both of which were inside the ultrasound focus (see Figure 2.1.2).

Folate targeted microbubbles Non-targeted microbubbles

tissue

Blue = DAPI stain for all cells

Figure 2.1.2: Figure adapted from Fan et al. 2016"? showing distinct spatial differences in cellular
uptake of a therapeutic between tumour cells and healthy tissue for targeted microbubbles but not for
non-targeted microbubbles

In summary, the aim of Chapters 2 and 3 of this thesis is test whether AV-MBs, in combination with
unfocused whole-brain ultrasound are capable of selectively opening the BBB selectively at the site

of increased VCAM-1 expression.

If possible, this technique has wider applications; by removing the need for prior knowledge of the
disease site, the specificity of molecular targeting can be taken advantage of. As established
throughout this introduction, VCAM-1 and other disease targets are, in principle, widely
interchangeable. On top of this, removing the need to focus ultrasound inside the skull may remove

many of the complexities currently associated with achieving US-BBBD in the clinic.
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2.2. Microbubble manufacture
2.2.1. Formulation overview

The anti-VCAM conjugated microbubbles (AV-MBs) used Chapters 2 and 3 of this thesis were

prepared using a biotin-streptavidin-biotin bridging methodology.

AV-MB manufacture began with the preparation of biotinylated microbubbles (biot-MBs). These
biot-MBs were centrifugally washed three times, then incubated with streptavidin to form strept-MBs.
These were then washed three more times, before incubation with biotinylated anti-VCAM. These
AV-MBs were then washed once more to remove excess antibody from the suspension, and then
sized and counted before use in experiments. For all in vitro experimentation (this Chapter), NBD-
DSPE (Avanti Polar Lipids Inc., US) was also added to the initial biot-MBs to enable fluorescence

imaging of the microbubbles.

A schematic overview of the microbubble formulations used in Chapters 2 and 3 can be found in

Figure 2.2.1.

2.2.2. Preparation of biotinylated microbubbles (biot-MBs)

DBPC, DSPE-PEG2000 and DSPE-PEG2000-Biotin (Avanti Polar Lipids Inc., US) were mixed in a
glass vial in the quantities given in Table 1. If the AV-MBs were to be used for fluorescence
microscopy in vitro (all experiments in this Chapter), DSPE-NBD was also added at this point. The
mixture was heated on a hotplate at 58°C for 12h, to allow for the chloroform (in which the lipids are
supplied) to evaporate to form a lipid film. This lipid film was suspended in 5 mL of filtered phosphate
buffered saline (PBS) solution (ThermoFisher Scientific, UK) for 1h on a hotplate at 85°C under
constant magnetic stirring. Lipids were then dispersed for 90s using a sonicator (XL 2000, probe
diameter 3 mm, 20 W, 22.5 kHz, Misonix, US) with the tip completely immersed in the lipid-PBS
solution (power setting 4). The glass vial was then placed in an 85°C water bath for 60s to keep the
solution above the melting point of the lipids. The solution was then sonicated for a further 30s at

power setting 4 to ensure homogeneous dispersion. Biot-MBs were then formed by
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Figure 2.2.1: A schematic of the microbubble formulations used in Chapters 2 and 3: (A)
Microbubbles conjugated with biotin (Section 2.2.2), (B) Microbubbles conjugated with streptavidin
(Section 2.2.4), (C) Microbubbles conjugated with streptavidin Pacific-Blue (Sections 2.3.1 and
2.4.1), (D) Multi-step conjugation strategy used to verify binding of anti-VCAM-1 to AV-MBs
(Sections 2.3.2 and 2.4.3), (E and F) Microbubbles conjugated with anti-VCAM-1 that were used for
in vitro and in vivo experimentation respectively (Chapters 2 and 3), (G and H), Microbubbles
conjugated with IgG-1 that were used for in vitro and in vivo experimentation respectively (Chapters

2 and 3).
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placing the sonicator tip at the air-water interface under constant sulphur hexafluoride (SFs) flow
(The BOC Group plc, UK) and sonicating for 30s (power setting 14). Immediately after production,
the vial containing the biot-MB suspension was capped and placed in ice for at least 20 minutes. A

schematic of the biotinylated microbubble formulation can be found in Figure 2.2.1A.

Component Mass (mg) Molar ratio
DBPC 14.6 90
DSPE-PEG2000-Biotin 2.7 5
DSPE-PEG2000 2.53 5
DSPE-NBD (only added for in vitro experiments) | 0.17 1

TOTAL 20

Table 1: The molar ratios of the constituent components of biot-MBs

2.2.3. Microbubble washing

To ensure efficient and uniform binding of the streptavidin to the biot-MBs, it was important to first
remove the free DSPE-PEG2000-Biotin from solution. This was done via centrifugal washing and is

shown schematically in Figure 2.2.2.

1. Biot-MBs were added to a 10ml syringe (BD life sciences, US). This syringe was then capped
and placed inside a 50ml centrifuge tube.

2. The biot-MBs were then centrifuged at 350g for 5 minutes at 4°C.

3. The syringe plunger was then gradually lowered to remove the subnatant, leaving only the
biot-MB cake in the syringe.

4. The biot-MBs were then re-suspended by drawing 2ml PBS into the syringe.

5. Steps 2 to 4 were repeated for each washing step. To incubate microbubbles with the next
solution (e.g. streptavidin or antibody), the 2ml PBS in Step 4 is replaced with the desired

solution.
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Figure 2.2.2: Centrifugal microbubble ‘washing’

2.2.4. Preparation of streptavidin coated microbubbles (strept-MBs)

To generate microbubbles coated with streptavidin, biot-MBs were washed three times to remove
excess biotinylated lipid in solution. After the third centrifugal wash, the cake of biot-MBs was re-
suspended in a solution at 4°C made from 2ml PBS and 0.2mg streptavidin (ThermoFisher Scientific,
UK). This mixture was mixed gently for 15 minutes using a roller shaker (Cole-Palmer, UK). A

schematic of the streptavidin coated microbubble formulation can be found in Figure 2.2.1B.

2.2.5. Preparation of anti-VCAM-1 coated microbubbles (AV-MBs)

To generate microbubbles coated with anti-VCAM-1, strept-MBs were washed three times to remove
excess streptavidin in solution (not bound to the microbubble surface). After the third centrifugal
wash, the cake of strept-MBs was re-suspended in a solution at 4°C made from 1.2ml PBS and 0.8ml
Rat Anti-Mouse CD106-BIOT at 0.5mg/ml in PBS/NaN3s, (Southern Biotech, US). This mixture was
mixed gently for 30 minutes using a roller shaker (Cole-Palmer, UK). These microbubbles were then
washed a final time to remove excess antibody. A schematic of the anti-VCAM-1 conjugated

microbubble formulation can be found in Figure 2.2.1 E and F.
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2.2.6. Preparation of IgG-1 coated microbubbles (IgG-MBs)

IgG coated microbubbles (IgG-MBs) were prepared using the same method as AV-MBs, except the
antibody used was Rat IgG1-BIOT at 0.5mg/ml in PBS (0116-08, Southern Biotech, US). A
schematic of the IgG-1 conjugated microbubble formulation can be found in Figure 2.2.1 G and H.
These IgG-MBs will serve as control microbubbles throughout the Part 1 of this thesis (Chapters 2

and 3 of this thesis) as a control for non-specific antibody binding.

2.2.7. Microbubble size and concentration matching

For quantification of microbubble size and concentration, 10 uL. of the microbubble suspension was
transferred onto a Neubauer improved cell counting chamber (Hausser Scientific Company, US)
under a 24 mm X 24 mm glass coverslip (VWR International, US). At least 10 images of microbubbles
were acquired at 40x magnification using a Leica DM500 microscope (Leica Microsystems GmbH,
Germany) coupled with a CCD camera (MicroPublisher 3.3 RTV, QImaging, Canada). Microbubble
sizing and counting was performed using a purpose-written code in MATLAB® (The MathWorks

Inc., US).43

2.2.8. Theoretical antibody loading on microbubbles

The average concentration of biot-MBs immediately after production was 1.67 x 10° microbubbles
per ml, so that the total number of biot-MBs in 5ml of microbubbles was approximately 8.36 x 10°
microbubbles. Normalising this figure against the average microbubble size distribution immediately
post-sonication (before any microbubble washing) allows an estimation of the total surface area of

biot-MBs as 1.43 x 10''um?, or 0.143m?>.

Applying the assumption that all of the biotinylated lipid (DSPE-PEG2000-Biotin, 0.895uM total) in
the lipid film prior to sonication was both completely incorporated into the microbubbles and evenly
distributed around the microbubble shells gives an approximate maximum density of biotin molecules
on the microbubble surface of 3.77 x 10° biotin molecules per pm?. This density is related to the

molar ratio of lipids in the microbubble shell. Thus, the highest possible density of biotin molecules

Page 70



that could be expected on the surface of a stable bubble (9:2 ratio of shell lipid to PEG-biotinylated

lipid) would be 15.1 x 10° biotin molecules per pm?.

Conjugated species  Approximate microbubble surface density (x10° molecules per pm?)

Biotin 3.77
Streptavidin 0.0211
Anti-VCAM-1 0.0154

Table 2: Approximate maximum microbubble surface densities of biotin, streptavidin and anti-
VCAM-1.

As the vast majority of the microbubbles that are lost during washing are lost during the first two
washes (evident from the clear subnatent from the third microbubble wash onwards), it can be
assumed that both the streptavidin and antibody encounter microbubbles with a concentration and
size distribution very similar to that of the final AV-MBs. The microbubbles lost during washing are
the smaller bubbles meaning that the distribution’s peak moves from 0.688um to 1.376pum after the
washing steps. Analogous calculations give the approximate microbubble surface densities of

streptavidin and anti-VCAM-1 as 2.11 x 10* and 1.54 x 10* molecules per pm? respectively.

For comparison, the anti-VCAM-1 conjugated micro-particles of iron oxide (AV-MPIOs) that
achieved the sensitive detection of brain metastases upon which this work is based had a maximum
potential anti-VCAM-1 surface density of 5.11 x 10* molecules per pm?.!%3%" Liposomes conjugated
to anti-VCAM-1 with a surface density of 2.4 x 10° molecules per um? also showed effective and
selective accumulation in tumours up to 24 hours later.**> This indicates that the time scales over
which anti-VCAM-1 conjugated microbubbles remain bound to tumours in vivo are likely to be
limited by the stability of the microbubbles in the circulation rather than the antibody-antigen

interaction.
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2.2.9. Theoretical VCAM-1 concentration in tumours

Whilst the co-localisation of VCAM-1 overexpression and metastatic brain tumours has been well
established immunohistochemically in both animals and ex vivo human tissue,'*® this overexpression
has proved difficult to quantify due to the extreme heterogeneity of tumours. The most relevant
quantification*®® found that VCAM-1 expression increased from 28 to 98 nanograms of VCAM-1 per
gram of brain tissue after 28 days (whole brain comparisons between healthy brains and brains of
mice with a heavy non-cranial tumour burden). This measurement was obtained from a pulmonary
metastasis model where only 25% of the animals had yet developed histological evidence of cerebral
metastases. On top of this, the cell line used in this study (B16-BL6), despite having aggressive extra-
cranial metastatic characteristics,**® is unable to form metastases in the parenchyma and as such, all
cerebral metastases are confined to the leptomeninges and ventricles.**” This figure is also an average
of the whole brain, and so the actual ratio of VCAM-1 expression between metastatic sites from other

cell lines and healthy brain tissue is likely to be much greater.

A reasoned estimation of the true ratio is as follows. Exact volumetric tumour burdens of brain
metastases are rarely quantified due to the tumour heterogeneity and the practical difficulties
associated with making such measurements, particularly with widespread tumours. However, as only
25% of the mice had yet developed visible cerebral metastases, it is reasonable to assume that the
average cerebral tumour burden was not more than 1%. A brain weight of 400mg**® gives a maximum
tumour weight of 4mg. Given that the molecular weight of VCAM is ~100kDa,**° 28 ng VCAM-1/g
brain gives an estimated 1.69 x 10'! VCAM-1 molecules in a healthy brain (4.4 x 10> VCAM-1
molecules/mm® assuming total brain volume of 380 mm® **%). Assuming that the increase of 70 ng
VCAM-1/g brain arising from the presence of tumours (an extra 4.23 x 10'' VCAM-1 molecules) is
all in close proximity of the tumours, the estimated tumour concentration of VCAM-1 molecules is

then 1.11 x 10" VCAM-1 molecules/mm?>.
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This simple analysis therefore suggests that the volumetric concentration of VCAM-1 molecules
inside tumours may be over two orders of magnitude greater than that in healthy brain tissue. This
figure may be even higher in certain parts of tumours/certain stages of metastasis development due
to the heterogeneity of the processes involved. The experimental sensitivity of anti-VCAM-1
conjugated MRI contrast agents (MPIOs) to brain metastases provides intuitive support for this

result.'%®

Whilst it is possible to distinguish a single MPIO using MRI,'®#4! the lowest local concentration of
microbubbles required to cause detectable US-BBBD is not known. The few studies that have
investigated the effect of microbubble concentration on US-BBBD have used a range of doses, all
higher than the extremely low equivalent doses likely to arise from antibody conjugation.***4% As
established in Section 2.1.2, previous studies with VEGF targeted microbubbles indicate that US-

BBBD can be enhanced by exploiting antibody targeting; what remains to be seen is whether antibody

targeting alone enables a sufficient number of bubbles to bind to open the blood brain barrier.

This Chapter now proceeds to test the microbubble formulations developed in this Section to
investigate the feasibility of antibody conjugation and the ability of microbubbles to bind to cells in

physiologically relevant flow conditions. Chapter 3 then covers further in vivo investigation.
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2.3. Experimental Methods
2.3.1. Verification of streptavidin conjugation to MBs

Streptavidin Pacific-Blue (ThermoFisher Scientific, UK) was used to verify that the streptavidin
conjugation strategy (detailed in Section 2.2.4) resulted in uniform and consistent coating of
streptavidin on the strept-MBs. Strept-MBs were manufactured using the protocol in Section 2.2.4,
with the streptavidin being replaced with 0.2mg streptavidin Pacific-Blue to form strept-PB-MBs.
These strept-PB-MBs were then centrifugally washed once (as detailed in Section 2.2.3) to remove
excess Pacific-Blue from solution. A schematic of the streptavidin Pacific-Blue conjugated

microbubble formulation can be found in Figure 2.2.1C.

10ul of these strept-PB-MBs were then placed between a glass microscope slide (ThermoFisher
Scientific, UK) and a glass coverslip (VWR International, US). They were then imaged in the
fluorescence channels of NBD (green, excitation/emission maxima ~463/536 nm), Pacific Blue (blue,
excitation/emission at 410/455 nm) and brightfield on a Nikon Eclipse Ti microscope (Nikon, USA).
NBD and Pacific-Blue fluorescence images were then compared to enable visual verification of

streptavidin-Pacific Blue binding on each MB.

As a control in this experiment, the binding of streptavidin Pacific-Blue to non-biotinylated

microbubbles was also tested using the same method. The results can be found in Section 2.4.1.

2.3.2. Verification of anti-VCAM-1 conjugation to MBs

To verify the uniform conjugation of anti-VCAM-1 to AV-MBs, AV-MBs were incubated with a
solution of fluorescent VCAM-1 protein at 4°C for 60 minutes to form AV-647-MBs. This solution
was prepared by incubating 10ng of polyhistidine-tagged Mouse VCAM-1 protein (50163-MO8H,
Sino Biological, Beijing, China) with 10ng of Alexa Fluor 647 anti-His Tag Antibody (ThermoFisher,
US) in 2ml PBS at 4°C for 30 minutes. These AV-647-MBs were then centrifugally washed once (as
detailed in Section 2.2.3) to remove excess Alexa Fluor-647 from solution. A schematic of the AV-

647-MB formulation can be found in Figure 2.2.1D.
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10ul of these AV-647-MBs were then placed between two glass coverslips (VWR International, US)
and imaged in the fluorescence channels of NBD (green, excitation/emission maxima ~463/536 nm)
and Alexa Fluor 647 (red, excitation/emission at 650/665 nm) on a Zeiss LSM 780 confocal
microscope (Carl Zeiss AG, Germany). NBD and Alexa Fluor 647 fluorescence images were then

compared to enable visual verification of anti-VCAM binding on each MB.

As a control in this experiment, the binding of Alexa Fluor 647 to IgG-MBs was also tested using the

same method. The results can be found in Section 2.4.3.

2.3.3. Cell preparation

B.end3 cells (mouse brain endothelial cells, Sigma Aldrich, US) were cultured in DMEM Ham-F12
medium with 10% FBS and 2mM L-glutamine for use in both the static flotation tests of AV-MBs
(Section 2.3.4) and the flow testing of AV-MBs (Section 2.3.5). Cells were seeded on day 0 in 35mm
p-Dishes or p-Slides (Ibidi, Germany) for the static flotation and flow testing respectively. After 24
hours, the culture medium was removed and replaced with fresh medium, either with or without
lipopolysaccharide (LPS, 10pg/ml). Exposure to LPS increases the expression of VCAM-1.4#

Binding experiments were conducted at least 20 hours post LPS stimulation.

2.3.4. Static flotation testing

Antibody conjugated MB binding to LPS stimulated endothelial cells was tested using static flotation.
A 2ml solution of either AV-MBs or IgG-MBs (at 5x10” per ml) in PBS was added to a 35mm p-
Dish (Ibidi, Germany) containing cells. The dish was then inverted and placed on a shaker (Cole
Palmer, UK) for 5 minutes. This allowed the MBs to float into contact with the cells and ensured
gentle mixing. After the incubation, the cells were washed twice gently with PBS, then incubated for
5 minutes with 1pl of CellMask Deep Red plasma membrane stain in 1ml PBS. After a further 2
gentle washes with PBS, dual fluorescence microscopy (Eclipse Ti, Nikon, US) was used to visualise

any MBs (using the NBD stain in the MB shell) still on the cell membrane (using the CellMask stain).
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ImageJ**

software was then used to threshold each image and count the number of pixels that were
cells and MBs rather than background. MB-cell binding efficiency for each condition was then
calculated by dividing the number of green (MB) pixels by the number of red (cell) pixels. These

results are presented in Section 2.4.4.
2.3.5. Flow testing

Endothelialcells
expressingVCAM

flow

Anti-VCAM bubbles

Figure 2.3.1: Schematic diagram showing the arrangement of cells and microbubbles in the u-Slides.

The ability of antibody conjugated MBs to bind to LPS stimulated cells and stay bound under flow
was tested using p-Slides containing B.end3 endothelial cells (introduced in Section 2.3.3). A 3ml
solution of either AV-MBs or IgG-MBs (at 1.25x10® per ml) was loaded into a syringe (BD Life
Science, US). This syringe was then connected via Teflon tubing to a p-Slide channel and placed in
a syringe pump. The flow rate of the syringe pump was calculated such that the wall shear stress
experienced by the cells was 10 dynes/cm? (1 Pa). This was chosen as a representative mean wall
shear stress for the capillaries and small venules (varying between 5 and 20 dynes/cm? *46447) as this
is where brain metastases are most likely to occur. It is worth noting that wall shear stresses in
diseased, arterial vessels with stenosis can reach 1500 dynes/cm?.**® The cells were then gently
washed twice with PBS using the protocol recommended by the p-Slide manufacturer to remove any
MBs still in suspension, before the addition of CellMask Deep Red plasma membrane stain at a 1000
times dilution in PBS. After allowing 5 minutes for the CellMask incubation, the cells were washed
gently twice more. As with the static flotation testing, dual fluorescence microscopy (Eclipse Ti,
Nikon, US) was then used to visualise any MBs (using the NBD stain in the MB shell) still on the

cell membrane (using the CellMask stain).
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These images were then processed in the same way using Image software. These results are

presented in Section 2.4.5.

2.4. Results

2.4.1. Microbubble size

Figure 2.4.1 shows the normalised average size distributions of AV-MBs and IgG-MBs used
experimentally. There is a slightly higher proportion of IgG-MBs in the 2.6 to 5.7um range when
compared to the AV-MBs and this may have had a small influence on MB targeting as larger MBs
experience greater viscous drag forces in fluid flow. However, there is no significant difference
between the mean and modal sizes of these MB distributions and so the size distributions are not

expected to materially impact the targeting results shown elsewhere in this Chapter.

Microbubble size distribution
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Figure 2.4.1: Size distribution (microbubble diameter) of AV-MBs and IgG-MBs. Averaged over all
formulations used experimentally and normalised. The shaded areas show the standard deviation of
the populations.

MBs were manufactured on the day of each experiment and stored at 4°C until immediately prior to
use. MB concentrations were matched to remove the impact of any inconsistencies arising from the

MB manufacturing process.
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2.4.2. Verification of streptavidin conjugation

MBs conjugated with streptavidin Pacific-Blue (strept-PB-MBs) were prepared as detailed in Section
2.3.1 and Figure 2.2.1C. A uniform coating of Pacific-Blue was observed on all strept-PB-MBs, in

contrast to non-biotinylated MBs that had been incubated with streptavidin Pacific-Blue and washed

Brightfield NBD (in bubble shell) Pacific-Blue (on streptavidin
Pacific-Blue)

equally (Figure 2.4.2).

Non-biotinylated
microbubbles

20x objective
Monolayer

Biotinylated

microbubbles
20x objective
Monolayer

Figure 2.4.2: Representative brightfield and fluorescence microscopy images of biotinylated and
non-biotinylated MBs that were incubated with streptavidin Pacific-Blue (strept-PB) and then
washed. Green shows the NBD in the microbubble shells. Blue shows the strept-PB that was only
observed (after washing) on the biot-MBs. Images taken at plane of maximum fluorescence intensity
on a Nikon Eclipse Ti microscope.

2.4.3. Verification of anti-VCAM-1 conjugation

Same microbubbles Same microbubbles

lgG-1
microbubbles

o .

microbubbles

Page 78



Figure 2.4.3: Representative fluorescence microscopy images of AV-MBs and IgG-MBs that were
incubated with a solution of fluorescent VCAM-1 protein as detailed in Section 2.3.2 and Figure
2.2.1D. Each pair of images shows the same microbubbles, imaged in the red and green fluorescent
channels respectively. Red shows the Alexa Fluor 647 on the VCAM-1 protein and is only visible
(after washing) on the AV-MBs. Green shows the NBD in the microbubble shell. Images taken at
plane of maximum fluorescence intensity on a Nikon Eclipse Ti microscope.

AV-MBs and IgG-MBs were incubated separately with a solution of fluorescent VCAM protein as
detailed in Section 2.3.2 and Figure 2.2.1D. A uniform coating of Alexa Fluor 647 was observed on
all AV-MBs, in contrast to [gG-MBs where no Alexa Fluor 647 fluorescence was observed (Figure

2.4.3).

2.4.4. Static flotation testing

One of the in vitro techniques used to quantify MB-cell binding was static flotation (as detailed in
Section 2.3.4). Figure 2.4.4 shows representative dual-fluorescence microscopy images of the three
conditions tested. It is immediately clear that whilst some IgG-MBs bound non-specifically to the
membranes of LPS stimulated cells (Figure 2.4.4B), the binding of AV-MBs was much higher (Figure
2.4.4A). Some AV-MBs also bound to non-stimulated cells (Figure 2.4.4C), but this was to be

expected due to the fact that non-stimulated cells are not fully quiescent.

AV-MBS, cells+LPS lgG-MBS, cells+LPS AV-MBS, cells-LPS

Figure 2.4.4: Representative images showing MB-cell binding in each of the three conditions tested.
AV-MBs exhibited a much higher binding to LPS stimulated cells (A) than IgG-MBs (B). There was
also some visible binding of AV-MBs to non-stimulated cells (C).

Figure 2.4.5 compiles the results from multiple cell samples and Figure 2.4.6 shows that, although

there is a slight difference between the confluence of the cell samples at the time of testing, there is

no correlation between the MB-cell binding and the cell confluence.
Page 79



Microbubble-cell binding in static flotation tests
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Figure 2.4.5: Graph showing MB-cell binding efficiency in static flotation tests. Binding percentage
calculated by the proportion of each dual fluorescence microscopy frame occupied by microbubbles
divided by the proportion of the frame occupied by cells. N = 5 per group.
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Figure 2.4.6: (4) The average confluence of the cells used in the testing of each condition (B) A plot
showing the confluence and MB-cell binding of each sample tested. No obvious correlation is
apparent.

2.4.5. Flow testing

The second in vitro test of the ability of AV-MBs to bind to LPS stimulated cells was conducted in
p-Slides as described in Section 2.3.5. This test was more physiologically relevant than the static
flotation testing as the MBs had to remain bound to the cell endothelium when exposed to a wall
shear stress of 10 Dynes/cm? (1 Pa). As the results from this test agreed well with those from other

very similar tests with AV-MBs, other wall shear stresses were not tested.
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AV-MBS, cells+LPS lgG-MBS, cells+LPS AV-MBS, cells-LPS

Figure 2.4.7: Representative dual fluorescence microscopy images showing the AV-MBs and IgG-
MBs bound to B.end3 endothelial cells exposure under flow as described in Section 2.3.5.
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Figure 2.4.8: The binding of AV-MBs and IgG-MBs to B.end3 endothelial cells. Binding percentage
calculated by the proportion of each dual fluorescence microscopy frame occupied by microbubbles
divided by the proportion of the frame occupied by cells.

Figure 2.4.7 shows representative dual-fluorescence microscopy images of MBs (green, from the
NBD in the MB shell) and cells (from the CellMask Deep Red plasma membrane stain). Again,
visibly more AV-MBs (Figure 2.4.7A) bind to stimulated cells than IgG-MBs (Figure 2.4.7B), and
this is again larger than the number of AV-MBs that bind to unstimulated cells (Figure 2.4.7C). These
results are corroborated by the full results shown in Figure 2.4.8. In contrast to the results in Section
2.4.4, there is very minimal binding of AV-MBs to unstimulated cells when under flow. Figure 2.4.9A

shows that there were no significant differences in the mean cell confluence for each of the tested
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groups. However, Figure 2.4.9B shows that, by chance, the lowest cell confluence in both of the
control groups was lower than the lowest cell confluence in the experimental group. Whilst there is
potentially a slight relationship between cell confluence and MB-cell binding, it is clear from these
plots that the MB-cell binding in the experimental group is much larger than that in either of the

control groups.
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Figure 2.4.9: (4) The average confluence of the cells used in the testing of each condition (B) A plot
showing the confluence and MB-cell binding under flow of each sample tested. No obvious
correlation is apparent.
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2.5. Discussion of in vitro results

The results presented in this Chapter demonstrate that both streptavidin and anti-VCAM-1 can be
conjugated to the surface of microbubbles using a relatively simple manufacturing protocol. Whilst
fluorescence microscopy is not a quantitative measure of streptavidin or antibody loading, the
distinctly visible differences seen in Figure 2.4.2 and Figure 2.4.3 provide sufficient evidence of

conjugation.

Evidence that AV-MBs selectively bind to LPS-stimulated mouse brain endothelial cells in both a
static system and under physiologically relevant fluid flow is also shown (Figure 2.4.4 and Figure
2.4.7). Minimal binding was observed between either the AV-MBs with unstimulated cells or 1gG-
MBs (with equivalent surface concentrations of unbound streptavidin and/or biotin) and inflamed
cells. This confirms first that binding was due to the antibody, and second, since the anti-VCAM-1
antibody has a selective affinity for the VCAM-1 protein, that the AV-MBs were binding selectively

to the VCAM-1 on the endothelial cells.

There are several important differences between the flow system used to test these microbubbles and
physiological conditions. These include the presence of blood, pulsatility in the flow, varying vessel
diameters, vessel compliance and vessel junctions. Whilst some in vitro models have been developed
that could address some of these concerns, it has been shown that the binding results of AV-MBs in
flow systems with similar limitations translate well to in vivo experimentation.*”® Therefore, the next
Chapter focuses on in vivo testing to provide data that is more clinically relevant than further in vitro

data.

In Chapter 3, AV-MBs are injected in vivo and then exposed to unfocused ultrasound to investigate
whether this combination is capable of selectively increasing US-BBBD in the target region.
Measuring US-BBBD is important; many teams have used antibodies to target agents to brain
metastases, and many teams have used ultrasound to transport therapeutics across the BBB. To the
author’s knowledge, this is the first time that these techniques have been combined.
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If targeted US-BBBD is achievable without focusing the ultrasound transducer, the door is then
opened to future investigations that compare the therapeutic efficacy and off target side effects of this

technique with those that arise from systemic delivery.

The extent to which the research questions of Chapters 2 and 3 are answered is discussed in full in

Section 3.4.
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2.6. Conclusion

The in vitro results in this Chapter indicate that microbubbles conjugated with anti-VCAM-1 (AV-
MBs) are capable of binding to the endothelium of cells stimulated with lipopolysaccharide (LPS).
This binding enables bubbles to be retained under physiologically relevant flow rates and in
significantly larger numbers than either [gG-MBs with stimulated cells or AV-MBs undergo to non-
stimulated cells. These findings indicate that the anti-VCAM-1 on the AV-MBs selectively binds to
the elevated VCAM-1 expression on stimulated cells and separately, that they should be capable of
inducing wide reaching bio-effects. Hence, further in vivo investigation is warranted into the ability
of AV-MBs to bind to areas with increased VCAM-1 expression in the brain and then deliver a

therapeutic effect. This investigation is the subject of the next Chapter.
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3. Targeting therapy in vivo

Abstract

Whilst ultrasound and microbubble mediated blood-brain barrier disruption (US-BBBD) presents one
of the most promising techniques for safely and transiently increasing the uptake of therapeutics into
the parenchyma, all clinical and pre-clinical studies so far have used focused ultrasound. This presents
numerous practical challenges; most crucially, prior knowledge of the disease site is required. The
research in this Chapter asks whether the combination of antibody targeted microbubbles and
unfocused ultrasound could be used to deliver therapeutics selectively. Such a technique has the
potential to achieve a molecular level of specificity for pathologies whose exact location is unknown,

for example cerebral metastases.

An injection of a cytokine (Interleukin-1p, I1-1P) into the left striatum was used to cause a localised
upregulation of VCAM-1. The AV-MBs (developed in Chapter 2) were then injected via the tail vein
and given time to clear from the systemic circulation. An ultrasound transducer aligned co-axially
with the centre of the brain was then used to expose the whole brain to ultrasound. Ultrasound-
mediated blood brain barrier breakdown was then measured using both MRI (gadolinium uptake) and

histology (serum IgG extravasation).

AV-MBs caused a significant increase in US-BBBD between the inflamed area and the non-inflamed
area. This did not occur with microbubbles conjugated with a non-specific Rat-IgG, indicating that
this specificity arose from VCAM-1 binding in the brain. This also did not occur in animals that

underwent analogous intra-striatal injections of PBS.

This demonstrates the potential of an exciting new approach for targeting drug delivery in the brain

and warrants further testing in an in vivo model of brain metastases.

Page 87



Graphical Abstract
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3.1. Introduction
3.1.1. Chapter aim

The aim of the work described in Chapter 3 was to test the ability of the AV-MBs (developed in
Chapter 2) to bind selectively to target regions in the brain, and then, in combination with whole-
brain ultrasound, cause ultrasound-mediated blood brain barrier breakdown (US-BBBD) selectively

in the target regions.

3.1.2. Model used: an intra-striatal injection of cytokine

To create a target region in the brain that imitates the VCAM-1 upregulation surrounding metastatic
tumours, an injection of cytokine into one striatum of the brain was used. When this cytokine,
interleukin-1beta (II-1P) is injected, the endothelium is activated selectively in the cerebral
hemisphere that received the injection, particularly in the striatum and around the injection site. The
ensuing inflammation leads to a local upregulation of VCAM-1 (in the injected hemisphere) and has
been used previously as a proxy for both multiple sclerosis**® and brain metastases.'” A schematic

for the injection is shown in Figure 3.1.1.

Overexpression of VCAM-1

Cytokine
injection

3 hours

Figure 3.1.1: A schematic of the intra-striatal injection of cytokine and subsequent inflammation (and
upregulation of VCAM-1) in the left cerebral hemisphere particularly close to the site of injection.
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This model is a highly relevant precursor to an in vivo brain metastasis model, particularly with
regards to the aim of Part 1 of this thesis. By upregulating VCAM-1 expression selectively in one
half of the brain, the ability of antibody targeted MBs and whole-brain ultrasound to cause US-BBBD

in a selective area of the brain can be measured by comparing the US-BBBD in each half of the brain.

3.1.3. Advantages of the cytokine injection model

This model was chosen for scientific, experimental and ethical reasons. Firstly, the upregulation of
VCAM-1 and other effects on the cerebral microenvironment from an intra-striatal injection of 11-18

d 109,380,394,449
3

have been well characterise and shown to provide a relevant model for predicting the

selective targeting efficacy of anti-VCAM-1 conjugated contrast agents to metastatic tumours,'?%4>°

Secondly, early stage metastatic tumours consist of only a few thousand cells and are therefore too
small to image on MRI and challenging to accurately locate using histology. An intra-striatal injection

109,380,394,449

of I1-1P causes an upregulation of VCAM-1 at a pre-defined target site, making it straight-

forward to compare US-BBBD between the target site and the remainder of the brain.

Finally, animals that undergo an intra-striatal injection of II-1p are exposed to ultrasound and
microbubbles after 3 hours, and are alive for a maximum of 5 hours after cytokine injection. This is
in contrast to the timescale of days or weeks over which animals implanted with tumour cells have to
be kept alive in order for metastatic tumours to develop. Therefore, it is ethically more appropriate to

use a cytokine injection for initial testing.
3.1.4. Weaknesses of the cytokine injection model
This model is, however, not a perfect replica of the conditions around metastatic tumours.

The increase in VCAM-1 expression arising from an intra-striatal IL-1p injection is far smaller than
the estimated difference between the expression of VCAM-1 in early stage metastases and healthy
brain tissue.*! Section 2.2.10 of this thesis estimated that the expression of VCAM-1 surrounding

brain metastases is 2 to 3 orders of magnitude greater than that in healthy brain tissue., see).
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By contrast, preliminary experimental work conducted by Dr. Sarah Peeters found that the VCAM-1
expression in the injected hemisphere was, on average, only 2.3 times greater than the VCAM-1
expression in the non-injected hemisphere. Similar analysis by Dr. Vanessa Johanssen found that, in
the region of the brain close to the injection site, the number of blood vessels with histologically
visible VCAM-1 expression in the cytokine injected hemisphere was only double that in the non-

injected hemisphere. These increases were also associated with a high inter-animal variability.

The number of microbubbles capable of binding to the VCAM-1 upregulation after a cytokine
injection may also be low; a comparison between micrometre-scale (MPIO) and nanometre-scale
(USPIO) MRI contrast agents (both conjugated with anti-VCAM-1) found that while MPIOs could
sensitively detect the cytokine injection site, USPIOs could not as not enough of them accumulated

in the inflammed region.'?”

Beyond the upregulation of VCAM-1, the cytokine injection may also have other physiological
effects on the brain vasculature, most notably influencing the BBB and the cerebral blood flow. These
are effects that may or may not be present around early stage metastases and may impact the results

in this Chapter, something that is discussed in detail in Section 3.4.

3.1.5. Experimental procedure

An overview of the in vivo experimental protocol used in Chapter 3 can be found in Figure 3.1.2. A
full experimental timeline and description can be found in Section 3.2.1. Briefly, once VCAM-1 has
been upregulated at the injection site, microbubbles are injected and allowed to clear from the
systemic circulation. Then, ultrasound is applied to the whole brain. If there is a sufficient difference
between the number of microbubbles bound to the target site and the rest of the brain, a corresponding

difference in US-BBBD would be expected.
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1 Overexpression
of VCAM-1

Whole-brain 4
ultrasound

If sufficient
microbubbles bind
to the overexpression
of VCAM-1, selective
US-BBBD would be
observed

Wait 10 minutes...

Allow unbound
microbubbles to be
cleared from the
bloodstream

Anti-VCAM-1 conjugated
microbubbles

Figure 3.1.2: The experimental protocol using mice with a local upregulation of VCAM-1 in the brain
(in the cerebral hemisphere that received the intra-striatal injection of cytokine). Microbubbles
(conjugated with either anti-VCAM-1 or Rat-IgG-1) are injected and then allowed to clear from the
systemic circulation. After ten minutes of clearance, the whole brain was exposed to ultrasound using
a transducer co-axially aligned with the centre of the brain. If there is a sufficient difference in the
concentration of microbubbles bound to the injected hemisphere and the non-injected hemisphere, a
corresponding difference in US-BBBD would be expected.

3.1.6. Experimental groups

Control group for Control group for
Treatment group physiological effects of non-specific
cytokine injection microbubble binding

) | EE

Y | o

Anti-VCAM-1 Rat-1gG Anti-VCAM-1
microbubblesin microbubblesin microbubblesin
brains with locally brains with locally brains no VCAM-1

upregulated VCAM-1 upregulated VCAM-1 upregulation

Figure 3.1.3: The experimental groups used in this Chapter. In the treatment group, AV-MBs were
injected into mice that had received an intrastriatal injection of IL-1p to upregulate VCAM-1 in the
left cerebral hemisphere of the brain. In the second group, IgG-MBs were injected into mice that had
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also undergone this injection of IL-1p. This was designed to control for physiological effects of the
cytokine injection. In the third group, AV-MBs were injected into mice that had received an analgous
intrastriatal injection of PBS. This was designed to control for any effects of the injection itself on
BBB disruption. These groups are detailed in full in Sections 3.1.6.1, 3.1.6.2 and 3.1.6.3.

Three experimental groups were used in this Chapter. These are outlined in Figure 3.1.3 and detailed
one by one in Sections 3.1.6.1, 3.1.6.2 and 3.1.6.3. The results from all three groups can be found in
Section 3.3 and the implications of these results for this Chapter’s research questions is discussed in

Section 3.4.

3.1.6.1. Treatment group

In the treatment group, the AV-MBs developed in Chapter 2 were injected into mice that had
undergone a cytokine injection (and therefore had an upregulation of VCAM-1 at the target site). If
the combination of AV-MBs and whole-brain ultrasound is capable of selectively causing US-BBBD
at the target site, a difference in US-BBBD between the injection site and the non-injected hemisphere

would be expected from this group.

3.1.6.2. Control for physiological effects of the cytokine

In the second group, designed to test for any physiological effects that the cytokine may have had on
the brain, the IgG-MBs developed in Chapter 2 were also injected into mice that had undergone a
cytokine injection. If the cytokine injection acted to enhance BBB breakdown in mechanisms other
than via the upregulation of VCAM-1, this group would also show a difference in US-BBBD between

the injection site and the non-injected hemisphere.

However, as IgG-1 antibodies play an important role in the body’s immune response, and there is a
high cross-reactivity between mouse and rat**4>* (IgG-MBs are conjugated with Rat IgG-1), some
non-specific binding of IgG-MBs in the brain may occur. Moreover, as one of the principle roles of
IgG-1 antibodies is to defend the body from harmful foreign substances and toxins, an increase in

non-specific binding at the site of the cytokine injection could also reasonably be expected.

Therefore, the results for this control need to be analysed with care.
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3.1.6.3. Control for non-specific binding of AV-MBs
The third group, designed to test for US-BBBD arising from either AV-MBs bound to endogenous
VCAM-1 expression or remaining in the systemic circulation, underwent analogous intra-striatal

injections of phosphate buffered saline (PBS) and injections of AV-MBs.

3.1.7. Measurement techniques

Blood brain barrier disruption was measured using two different methods; gadolinium uptake into the
parenchyma was measured on MRI and serum IgG extravasation was measured histologically.
Acoustic emissions from brain were collected using a single element passive cavitation detector
(PCD). Details of the exact methods used and the results from each of these measurement techniques

can be found in Section 3.2 and Section 3.3 respectively. These techniques are also summarised in

Figure 3.1.4.
. Blood brain Acoustic
Measuring: barrier disruption emissions
PCD

Amplitude

Frequency

Information on

Gadolinium uptake  Extravasated serum

into the parenchyma IgG can be cavitation activity can
can be measured on measured using be obtained using a
MRI histology single element PCD

Figure 3.1.4: The measurement techniques used in this Chapter
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3.2. Experimental Methods
3.2.1. Experimental timeline

Gadolinium uptake into the parenchyma and serum IgG extravasation were used to compare the US-
BBBD caused by both Lyso-MBs and Control-MBs. Female BALB/C mice (8-11 weeks old, Charles
River, UK) were anaesthetized using isoflurane (1.5-2.0%) in 30% O2: 70% N>0), then had the top
of their head shaved before an intra-striatal injection of cytokine (Section 3.2.2) was carried out to
induce unilateral vascular activation (inflammation only in the injected cerebral hemisphere).'?-3%
Three hours later, mice were then placed in an MRI cradle with purpose built compatibility with the
ultrasound set-up used and were injected with 1 x 10® microbubbles (either AV-MBs or IgG-MBs,
Section 2.2.1). A first MRI scan was conducted (Section 3.2.4) followed by positioning of the mouse
on the ultrasound setup using the same cradle to maintain the animal’s position between MRI scans.
10 minutes after microbubble injection and 30 seconds after 30ul of gadolinium was injected, mice
were exposed to ultrasound for 2 minutes (500 kHz, 820 kPa, 1 Hz PRF, 1% DC, Section 3.2.3). The
10 minute delay was included to allow clearance of the MBs from systemic circulation, leaving
behind only those bound to the endothelium. This time was determined experimentally by observing
US-BBBD on naive animals; if naive mice were exposed to ultrasound 10 minutes after microbubble
injection no increase in US-BBBD was observed relative to the US-BBBD that occurs in the absence
of microbubbles. The ultrasound frequency was chosen as it is most practical for transmission through
the skull in clinical translation and the pressure and PRF were chosen based on the US-BBBD

efficacies observed in Chapter 5.

A second MRI scan was then performed. Comparison of the pre- ultrasound and post-ultrasound MRI
scans allowed quantification of gadolinium uptake in the parenchyma (Section 3.2.4). Mice were then
sacrificed using an overdose of pentobarbitol administered via intraperitoneal injection, followed by
transcardial perfusion and fixation to preserve the blood vessels for histological analysis (Section

3.2.5). A summary of the full experimental timeline can be found in Figure 3.2.1
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Comparison of the pre and post ultrasound MRI scans allowed quantification of gadolinium uptake
in the parenchyma. All animal procedures were performed in accordance with the guidelines of the
University of Oxford and approved by the UK Home Office. A summary of this timeline can be found

in Figure 5.2.1.

Intra-striatal Microbubble Move to Ultrasound off
injection of injection ultrasound Ultrasound on Second Termination
cytokine setup MRI scan
Gd-DTPA
First MR injection
l l scan ¢
/ L
7/ .
2 minutes
3 hours 10 minutes
30 seconds

Figure 3.2.1: Timeline of in vivo experiments in this Chapter.
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Figure 3.2.2: Diagram showing the cytokine injection site relative to the brain and the left striatum.

All animal procedures were performed in accordance with the guidelines of the University of Oxford
and approved by the UK Home Office. Female BALB/C mice (8-11 weeks old, Charles River, UK)
were anaesthetized using isoflurane (1.5-2.0% in 30% Oa: 70% N>0O), hair on the scalp was removed
and the animal was placed in a stereotaxic frame. The skin on the scalp was then opened by a sterile
incision followed by the drilling of a burr hole in the skull (co-ordinates from bregma: anterior

+0.5mm; left 2.0mm; depth 2.5mm, Figure 3.2.2). Mouse recombinant interleukin-1f (1 ng, IL-1p,
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Peprotech EC, UK) in 1 pl sterile PBS was injected using a glass microcannula to induce unilateral
vascular activation. After suturing the scalp, the mice were recovered from anaesthesia. After 3 hours,
the mice were imaged using MRI and then treated with microbubbles and ultrasound as detailed in

Section 3.2.1.

3.2.3. Ultrasound exposure

Ultrasound exposure was carried out using a purpose built setup that allowed reproducible exposure
of mice in an MRI cradle (Figure 3.2.3). The ability to maintain the position of the mouse skull
relative to the MRI cradle via a stereotaxic frame allowed comparison of the pre and post ultrasound
MRI scans, thus allowing visualisation of image hyperintensity caused by gadolinium uptake into the
parenchyma and thus visualisation of US-BBBD. It also maintained anaesthesia throughout

ultrasound exposure via cheek bars and a nosecone.
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Figure 3.2.3: A schematic diagram of the key components in the set-up used to expose mice to
ultrasound.

The setup consisted of a H107 transducer (Sonic Concepts, US), mounted directly below a holder for
the MRI cradle. The ultrasound transducer was driven through a matching transformer by a 0.5 MHz
sinusoidal signal from a function generator amplified 55 dB by a radiofrequency amplifier (E&I
1040L, Rochester, NY). The distance between the transducer and the mouse’s brain was calibrated
such that the brain lay directly in the ultrasound focus. The mouse was inverted to allow ultrasound
to pass through the top, rather than the bottom, of the skull. The mouse’s head was shaved and coupled
to the water tank using degassed ultrasound gel and a mylar window. The water in the tank was
degassed prior to experimentation and held at 37°C using an aquarium thermometer. Importantly, the
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MRI cradle was simple to align in the ultrasound setup ensuring that the focal volume of the
ultrasound transducer was aligned coaxially down the centre of the brain. This ensured that there were
no discrepancies between the pressures experienced by each half of the brain. The MRI cradle was

also simple to transfer to the MRI machine, allowing straightforward pre and post ultrasound imaging.

Ten minutes after microbubble injection (to allow clearance of non-bound microbubbles from the
brain), and 30 seconds after gadolinium injection (to ensure the presence of circulating gadolinium if
the BBB was permeabilised), the mice were exposed to 120 seconds of 0.5MHz ultrasound at 820kPa

peak negative pressure. A 1 Hz pulse repetition frequency and a 1% duty cycle was used.

3.2.4. MRI analysis of gadolinium extravasation into the parenchyma

All MRI procedures were performed using a horizontal wide-bore superconductive 7.0 T MRI system
(Agilent Techonologies Inc., US) with a 26mm inner diameter transmit/receive birdcage RF coil
(Rapid Biomedical, Germany). All mice were imaged pre- and post- gadolinium injection/ultrasound
exposure using a Spin Echo Multi Slice (SEMS) sequence. The parameters were Repetition Time
(TR) = 500ms, Time to Echo (TE) = 8ms, number of averages = 4, field of view = 22.5x22.5x22.5

mm?, acquisition matrix size = 128x128x32, with a scan time of 4 minutes and 24 seconds.

To analyse differences in BBB breakdown, grey intensity on the pre- versus post-treatment scan were
measured and compared between hemispheres. Both pre and post- scans were masked and the post-
treatment scan was split in a left and right hemisphere using Matlab®. Average grey intensity per
slice was calculated from the pre-treatment MRI and these averages were corrected for gadolinium
injection (calculated on naive animals). On the post-treatment MRI scan, voxels having values more
than 3 standard deviations above the corrected mean of the pre-treatment scan (thus indicating
enhanced gadolinium uptake into the parenchyma) were considered to be hyper-intense voxels. A
purpose written Matlab® script was then used to compare the number of hyper-intense voxels

between the left and the right hemisphere for each animal. The number of hyper-intense voxels in the
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front, mid and rear thirds of the brain was also calculated to allow more detailed comparisons of the

spatial distribution of US-BBBD. These results can be found in Section 3.3.1.

3.2.5. Histological analysis of serum IgG extravasation

After perfusion and fixation of the mice, brains were isolated and kept in PLP-light for 4 hours, after
which they were placed in a 40% sucrose solution until they sank. Brains were frozen in isopentane
and stored at -20°C. Each brain was sectioned into slices 20 pm thick, collecting the region of the
brain that contains the striatum in a series of 10. This meant that when used for staining, every 10

slice was stained with the same protocol, and these slices were 200 um apart from each other.

Slides were then air dried and rehydrated in PBS, placed in 1% H>O; in methanol for 20 minutes, and
washed in PBS and PBS-tween. After blocking in 10% Tris-NaCl-blocking buffer (TNB), slides were
washed in PBS, and then exposed for 45 minutes to a secondary antibody (biotinylated anti-mouse
IgG) at a dilution of 1:100 in PBS. After, they were washed, incubated with an Avidin-Biotin
Complex solution (Vector Labs, UK) and washed again. Slides were then exposed to DAB-peroxidase
substrate solution in 0.1M phosphate buffer, counterstained using cresyl violet (to show neurons),

dehydrated in an increasing concentration of alcohol followed by Xylene, and mounted in DPX.

Images of the histology slides were analysed using Aperio ImageScope® (Leica Biosystems,
Germany). After manually marking the areas of the histology slices corresponding to the left and right
cerebral hemispheres, pixels with a value of 0-175 in the red channel (corresponding to the areas with
dark DAB staining) were considered to be locations of serum IgG extravasation. These pixels are
referred to as IgG positive elsewhere in this Chapter. The total number of IgG positive pixels for each

cerebral hemisphere of each animal was then calculated. These results can be found in Section 3.3.2.

3.2.6. Acoustic emissions monitoring

Acoustic emissions monitoring during in vivo experiments was achieved using a single element

passive cavitation detector (PCD) with a 3.5MHz centre frequency (Olympus, US) co-aligned with
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the H107 ultrasound transducer. This allowed subsequent analysis of any acoustic emissions from the

brain.

A HS3 digital oscilloscope (TiePie, The Netherlands) and the PCD were triggered with a function
generator. The PCD signal was first passed through a 500 kHz notch filter (hardware) to remove the
fundamental. Each recorded voltage trace from the PCD was then truncated in the time domain to
remove the portion of the signal prior to the first reflection. A Hanning window was applied to the
voltage trace to reduce edge effects. Matlab® (Mathworks, US) was used to compute the fast Fourier
transform (FFT) and the power spectral density (PSD) for each voltage trace. The harmonic and
ultraharmonic signal powers were determined by integrating the power spectral density with respect
to frequency over 30 kHz bands at each harmonic and ultraharmonic from 1 to 8 MHz. The broadband
power was determined by integrating the power spectral density with respect to frequency over the
remaining frequencies between 1 and 8 MHz. The total energy of acoustic emissions for each sample
was calculated by integrating the powers (harmonic, ultraharmonic and broadband) with respect to

time. These results can be found in Section 3.3.3.
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3.3. Results
3.3.1. MRI results

This Section details the US-BBBD in each of the three experimental groups, calculated from the MRI

hyper-intensities arising from gadolinium uptake into the parenchyma as detailed in Section 3.2.4.

Figure 3.3.1 shows heat maps of the transverse and sagittal distributions of US-BBBD for each
experimental group; the brighter the pixel, the higher the aggregate US-BBBD in that location. The
colour of each pixel corresponds to the number of hyper-intense pixels either vertically (for the

transverse plots) or horizontally (for the sagittal plots), aggregated all 6 animals in each group.

Figure 3.3.2 plots the average US-BBBD for each experimental group, split by cerebral hemisphere
and brain region. The three sections of the brain (the anterior, mid and posterior thirds) correspond to

those indicated by the dashed white lines in Figure 3.3.1.

As the aim of this chapter is to investigate the ability of antibody conjugated microbubbles and whole-
brain ultrasound to cause US-BBBD selectively in the target region, the key comparisons to be made
are between the left (target) and right (non-targeted) hemispheres, particularly close to the site of the

injection (the striatum).

In the treatment group (cytokine + AV-MBs), there is a visible difference between the left and right
hemispheres in Figure 3.3.1, particularly close to the injection site. This difference is not apparent in
either of the control groups. This is reinforced in Figure 3.3.2 as the only statistically significant
differences between hemispheres are for the whole brain and for the injection site (mid brain) in the
treatment group. As all MRI enhancements are calculated relative to the endogenous uptake of
gadolinium in the brain in the absence of microbubbles and ultrasound, Figure 3.3.1 and Figure 3.3.2
indicate that the [gG-MBs underwent some non-specific binding to both hemispheres of the brain and
that in the PBS control, some AV-MBs were either still circulating 10 minutes after microbubble
injection or bound to endogenous VCAM-1 sufficiently to cause detectable US-BBBD, particularly

in the posterior of the brain.
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Figure 3.3.1: Transverse and sagittal heat maps of the distribution of US-BBBD in the brains for
each experimental group. The colour scale corresponds to the number of hyper-intense voxels in each
location for each projection. The MRI data for all 6 animals in each group has been overlaid. The
approximate location of the injection site is shown. The dashed lines show how the brain was divided
up for plots in Figure 3.6.2. With regards to the aim of this Chapter, inspection of the difference in
US-BBBD between left (target) and right (non-targeted) hemispheres is warranted at the mid brain
(injection site). A difference is only visually apparent for the treatment group (cytokine + AV-MBs).
All colour bars have the same scale for ease of comparison between experimental groups.
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Figure 3.3.2: Average US-BBBD for each of the three experimental groups (6 animals in each group)
as measured by gadolinium uptake into the parenchyma. All plots are split between left (target) and
right (non-target) cerebral hemispheres to allow comparisons of the locations of US-BBBD. Hyper-
intense voxels are those in the post-ultrasound MRI scan that have a brightness higher than 3
standard deviations above the average intensity of the brain in the pre-ultrasound MRI scan. (A) The
US-BBBD for the whole brain; only the treatment group (cytokine + AV-MBs) has a significant
difference between the hemispheres (p<0.01). (B) The US-BBBD for the mid brain (the site of the
cytokine or PBS injection). The treated group has a significant (p <0.001) difference in US-BBBD
between hemispheres. The elevation of the IgG-MBs control above the PBS control suggests non-
specific binding of the IgG-MBs in both hemisphere of the brain. (C and D) The US-BBBD results in
the anterior and posterior of the brain where none of the experimental groups had a significant
difference between hemispheres.

Figure 3.3.3 acts to reinforce the results from Figure 3.3.2B. The percentage change between left and
right cerebral hemispheres at the injection site is significantly greater for the treatment group than for
either of the controls. There is also a significant difference in the absolute US-BBBD between the
two groups with AV-MBs, demonstrating an increase in gadolinium delivery that correlates spatially
with the upregulation of VCAM-1. The lack of significant difference in either percentage or absolute
increase in US-BBBD between the two control groups indicates that the cytokine injection had no

greater effect on the BBB than the PBS injection and therefore the increase in delivery in the treatment
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group are attributable to the increase in VCAM-1 in the target hemisphere, not secondary

physiological effects of the cytokine. These results will be discussed further in Section 3.4.
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Figure 3.3.3: The average percentage and absolute increase in US-BBBD as measured by MRI
between the left (target) and right (non-target) cerebral hemispheres for the mid brain (injection site).
The significant differences shown in (4) indicate that the increase in US-BBBD in the treatment group
in Figure 3.3.2B did not arise from effects of the cytokine apart from the upregulation of VCAM-1.

3.3.2. Histology results

This section details the results of the US-BBBD measurements obtained by staining histology slices
for extravasated serum immunoglobulins (IgG) as detailed in Section 3.2.5. These slices cover the
striatum and thus are analogous to the mid brain results in Figure 3.3.2B. This technique is

complementary to the MRI measurements of US-BBBD in Section 3.3.1.

Figure 3.3.4 shows the number of pixels that have IgG positive staining (defined in Section 3.2.5).
IgG positive staining indicates that the permeability of the BBB to immunoglobulins (IgG) and other

endogenous proteins has increased.

In agreement with Figure 3.3.2A and B, the treatment group (cytokine + AV-MBs) was the only
group that had significantly more US-BBBD in the left (target) hemisphere than the right (non-target)
hemisphere. This reinforces the findings in Section 3.3.1 and helps to answer this Chapter’s research

questions.
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In the first control (cytokine + IgG-MBs), both hemispheres had significantly greater US-BBBD than
the non-injected hemisphere of the PBS group. This indicates non-specific binding of IgG-MBs in
both hemispheres arising from cross-reactivity between the mouse endothelium and Rat-IgG-1. In
contrast to the MRI results, the difference between left and right hemispheres in the first control is
close to being significant (p = 0.059). Whilst this elevation is likely to have arisen from increased
IgG binding to inflammatory markers around the cytokine injection site, the physiological effects of
the cytokine on the BBB should not be immediately discounted. This will be discussed further in

Section 3.4.

Similar to the results in Section 3.3.1, the US-BBBD measured in the second control (PBS + AV-
MBs) shows that either residual AV-MBs were present in the systemic circulation at the time of
ultrasound exposure or sufficient AV-MBs had bound to endogenous VCAM-1 to cause detectable

US-BBBD.

US-BBBD as measured by IgG histology
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Figure 3.3.4: US-BBBD for each of the three experimental groups as measured by immunostaining
for extravasated serum IgG. A significant increase (p<0.05, two tailed t-test) in US-BBBD between
left (target) and right (non-target) hemispheres was observed in the treatment group. A significant
difference was almost (p=0.059, two tailed t-test) also observed in the first control group (cytokine
+ IgG-MBs), but not in the PBS injection + AV-MBs group. The US-BBBD in both IgG-MB injected
hemispheres was significantly elevated above that in the non-injected hemisphere of the PBS group.
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Figure 3.3.5: A representative immunostained histology slice for each animal in the three groups,
showing extravasated serum IgG in the red-brown colour of the DAB-peroxidase stain used. The
extravasation of serum IgG is used as a measure US-BBBD. Cresyl violet staining of all cells in the
brain can also be seen. The distribution of US-BBBD clearly differs between experimental groups,
and also between animals within one experimental group. A clear left-right difference is visible in
both the treatment group. The IgG-MBs control seems to have caused localised US-BBBD around
major blood vessels and brain structures, whereas the treatment group seems to have had a lower
level but more widespread effect. Some suspected damage from the injection itself can be seen in both
of the control groups (red circles).

Figure 3.3.5 shows a representative stained histology slice from each of the animals tested. This gives
an overview of the inter-animal variation and differences between US-BBBD patterns between
experimental groups. Comparing the first two columns illustrates how the cytokine + IgG-MBs group
seemed to cause damage in isolated spots around key brain structures and major blood vessels,
whereas the treatment group tended to cause lower level but wider spread BBB disruption. It is clear
that at least some of the BBB disruption in the PBS injected group arose from the injection itself,
something that is less visible in the first two groups. This damage from the injection is one of the
inherent weaknesses of the intra-striatal injection model. These results will be discussed further in

Section 3.4.

3.3.3. Acoustic emissions

Figure 3.3.6 shows the average power-time and total energy plots of the harmonic, ultraharmonic and
broadband components of the acoustic emissions measured by the single element passive cavitation
detector (PCD) during the experiments in this Chapter. Section 3.2.6 details how these signals are

obtained.

It is clear from large shaded areas (each shaded area represents + 1 standard deviation) that there is
large inter-animal variability primarily due to the large effect that small variations in animal structure
or positioning have on the reflected acoustic signal. Cavities elsewhere in the PCD focus (e.g.
jawbone) can also have a large impact on the PCD signal. This is especially pertinent for the in vivo
acoustic emissions in this Chapter, as the experimental protocol did not allow the baseline acoustic

response of each animal to be established prior to microbubble injection (unlike in Chapter 5). This
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makes extracting the signal (acoustic signal from microbubble cavitation) from the noise (acoustic
signal from reflections from elsewhere in the mouse/set-up).The elevations in the PCD signals at the
beginning of the time traces qualitatively correspond to the acoustic emissions arising from the mouse

brains themselves and other inconsistencies in the experimental setup (as observed in Section 5.3.3).
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Figure 3.3.6: The average acoustic signals received by the passive cavitation detector (PCD) during
ultrasound exposure for each experimental group. A, C and E show the harmonic, ultraharmonic and
powers against time. Shaded area represents + 1 standard deviation. B, D and F show the harmonic,
ultraharmonic and broadband energies associated with each experimental group (calculated as the
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integral of the power-time plot for each experimental group). Both groups injected with cytokine
appear to exhibit sustained cavitation throughout ultrasound exposure, although, due to the large
inter-animal variability, there is only one significant difference in total energies between
experimental groups (p<0.03, two tailed t-test, in D).

However, the use of a notch filter to remove the fundamental, a PCD with a high centre frequency
relative to the fundamental and filtering in the time domain allows a clear difference between the
experimental groups to be seen. Whilst there is only one significant difference in acoustic energy
between groups (Figure 3.3.6D), both of the cytokine injected groups exhibit sustained emissions,

especially when compared to the rapid decrease in emissions observed for the PBS injected group.

These plots are consistent with the hypothesis that both the treatment group and the IgG-MBs +
cytokine group exhibited cavitation activity whilst bound within the brain. In contrast, the acoustic
response of the AV-MBs + PBS appears to diminish during ultrasound exposure, implying either a
low concentration of AV-MBs bound to endogenous VCAM-1 within the brain or low concentrations
of microbubbles in systemic circulation being cleared. These results will be discussed further in

Section 3.4.
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3.4. Discussion
3.4.1. Discussion overview

Chapters 2 and 3 of this thesis aim to investigate whether or not a combination of unfocused
ultrasound and antibody targeted microbubbles could be used to address the first of the key challenges

for the treatment of brain metastases that was identified in Section 1.5:
Challenge 1: targeting therapy selectively to the site of brain metastases
To do this, two research questions are addressed:

1. Are antibody-conjugated MBs capable of selectively binding to target regions in the brain?
2. Once bound, are antibody-conjugated MBs then capable of causing US-BBBD selectively in

the target region?

In the treatment group in this Chapter, anti-VCAM-1 conjugated microbubbles (AV-MBs) were
injected into mice that had undergone an intra-striatal injection of cytokine into the left cerebral
hemisphere. This cytokine injection induces inflammation, and hence an upregulation of VCAM-1,
in the injected hemisphere, particularly close to the injection site. Hence, the treatment group was
designed to test the ability of AV-MBs to bind selectively to overexpression of VCAM-1 and, once
bound, cause a measurable increase in US-BBBD at the injection site. Thus, the spatial distribution

of US-BBBD was analysed to address both of this Chapter’s research questions simultaneously.

In the first control group, designed to test for any physiological effects of the cytokine injection on
BBB breakdown, the treatment group was replicated aside from the use of microbubbles conjugated
to Rat-IgG-1 (IgG-MBs) instead of AV-MBs. In the second control group, designed to test for both
non-specific binding and binding to endogenous VCAM-1 of AV-MBs, the cytokine injection was

replaced with an analogous injection of PBS.
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3.4.2. Discussion on the results of the treatment group

Both techniques used to measure US-BBBD (Sections 3.3.1 and 3.3.2) found that in the treatment
group, AV-MBs caused a significant increase in US-BBBD in the target hemisphere when compared
to the non-target hemisphere. The US-BBBD in the target hemisphere is also significantly greater
than that measured in either of the hemispheres in the PBS + AV-MBs group. These differences are

amplified when only the area around the injection site (the mid brain) is considered (Figure 3.3.2B).

The sustained acoustic emissions (implying sustained cavitation activity of microbubbles in the brain)
in the treatment group (Figure 3.3.6), compared to the PBS control, correlates with the elevation in
US-BBBD observed. Moreover, the average difference in US-BBBD between left and right
hemispheres (roughly double) is very similar to the estimated increase in VCAM-1 expression

between the two hemispheres (Section 3.1.4).

As the VCAM-1 elevation in metastatic tumours is expected to be 2 to 3 orders of magnitude higher
(Section 2.2.9), it is reasonable to expect that the selective targeting of AV-MBs would be even higher

in metastatic tumours than it was in these experiments.

The ultrasound focus was coaxially aligned with the centre of the mouse brain, and these aggregate
left-right differences cannot therefore be attributed to differences in ultrasound pressures. However,
it is important to establish whether or not the left-right differences in the treatment group could have
been enhanced by other physiological effects that the cytokine injection may have had on the brain
(beyond the upregulation of VCAM-1). For this, it is important to consider the results of the IgG-
MBs control group (which also received a cytokine injection, Section 3.4.3) and analyse any effects

of the cytokine (Sections 3.4.4 and 3.4.5).

Taking into account the pressure distribution of the transducer focus, the assumption that the
ultrasound focus is co-axially aligned with the centre of the brain and the assumption that the
ultrasound focus has not been distorted in anyway by the skull, the volume weighted mean pressure

received by both the left and right halves of the brain is approximately 575 kPa PNP.
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3.4.3. Discussion on the results of the IgG-MBs control group

There was no significant difference in US-BBBD between the hemispheres injected with IgG-MBs
in either the MRI or histology measurements (Figure 3.3.2 and Figure 3.3.4). Figure 3.3.3 indicates
that any differences that did arise were no greater than those arising from the injection itself in the
PBS group. However, in the histology measurements, this difference in US-BBBD is almost
significant (0.1>p>0.05, two tailed t-test). Therefore, it is important to analyse where this difference

may have arisen from.

The first, and most probable cause, is related to cross-reactivity of the Rat-IgG-1 bound to the I1gG-
MBs. Two other potential causes related to the presence of cytokine are analysed in Sections 3.4.4

and 3.4.5.

As established in Section 3.1.6.2, IgG-1 is an immune antibody primarily responsible for the removal
of toxins. Section 3.1.6.2 also established that there is a high cross-reactivity between rat and mouse.
Combining these two facts leads to the conclusion that [gG-MBs bound non-specifically in the brain,
and that this binding increased in the presence of the cytokine. This is corroborated by the fact that
the US-BBBD in the right (non-injected) hemisphere of the IgG-MB control group is higher than that
in the right hemisphere of the PBS control group (statistically significant when measured using
histology (p < 0.05, Figure 3.3.4) and nearly significant in all MRI measurements (0.1>p>0.05, Figure
3.3.2). The most probable cause of this difference is non-specific binding of the Rat-IgG-1 to the

brain.

3.4.4. Effect of cytokine on the BBB

It is possible that the inflammation arising from the cytokine injection weakens the BBB sufficiently
to enhance US-BBBD and is therefore a possible contributing factor to the high US-BBBD in the
injected hemisphere in both the treatment group and the IgG-MBs control. Indeed, many studies**

5% have linked cerebral inflammation caused by other sources (e.g. traumatic brain injury) to a
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weakened or permeable BBB. In vitro studies***~*%? have also shown an increase in the permeability

of brain derived cellular monolayers in response to exposure to I11-f.

Set against this, however, two studies®****° that used an intrastriatal injection of I11-B (with an near-
identical experimental method) demonstrated that the injection alone does not increase the
permeability of the BBB to gadolinium complexes (the BBB permeability indicator used in the MRI
section of this Chapter) or have an observable effect on the brain structure over the time scales used
this Chapter.

463465 466-468

A pertinent point is that primary brain tumours, metastatic brain tumours, and many other

brain diseases**® 7!

cause severe local neuro-inflammation similar to the inflammation induced by
the cytokine injection used in this chapter. Indeed, at least one study*®® has found that the modulation
of I1-1P (the cytokine used in this Chapter) is nearly 6 times higher in glioblastoma patients. Thus, if
the cytokine injection did act to enhance US-BBBD in the cytokine injected hemispheres in this

Chapter, it can reasonably be expected that this enhancement is somewhat representative of the

physiological conditions at the disease site.

3.4.5. Effect of cytokine on cerebral blood flow

It is also possible that the inflammation arising from the cytokine injection increased blood flow to
the injected hemisphere, something that has been shown to occur on experimentally relevant
timescales using MRI perfusion imaging.** It is possible that a mismatch in blood flow between
hemispheres may have increased the proportion of microbubbles flowing through the inflamed

hemisphere when compared to the control hemisphere.

However, this increase in cerebral blood flow this would have decreased the transit times of these
microbubbles through the brain. Therefore, to obtain an increase in acoustic emissions in the brain
(Figure 3.3.6), these microbubbles would still have to be bound to the endothelium, thus this

Chapter’s research questions have still been addressed.
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3.4.6. Differences in the spatial distribution of US-BBBD

Further evidence against the cytokine having a non-negligible impact on the BBB breakdown
observed in this Chapter can be found by comparing the the spatial distributions of BBBD in the two
cytokine injected groups. As discussed in Section 3.3.1, the spatial distributions have clear
differences. This even more apparent in the histology slices in Figure 3.3.5 where it is visibly apparent
that [gG-MBs tended to cause US-BBBD and visible damage in spots around key brain structures and
in major blood vessels, whereas AV-MBs caused lower level, wide spread US-BBBD around the
whole injection site. Differences in microbubble binding is the only probable explanation for these

differences.

3.4.7. Summary of discussion

In summary, the data presented in this Chapter provides convincing evidence that AV-MBs, in
combination with whole-brain ultrasound, were able to bind sufficiently to an increase in VCAM-1
expression to selectively enhance US-BBBD in the target region, thus addressing both of this
Chapter’s research questions. As the MRI detection of US-BBBD relied on the uptake of a small
molecule compound (gadolinium) into the parenchyma, this is a good initial proxy for the selective

transfer of a detectable quantity of a small molecule drug across the BBB.

From the above discussion, it is also apparent that the expected increase in VCAM-1 expression
around early stage metastatic tumours (relative to the VCAM-1 expression arising from the cytokine
injection used here) would be expected to further enhance the selective US-BBBD efficacy of AV-

MBs in a clinical treatment for brain metastases.

Whilst it can be concluded, from the analysis conducted here, that the cytokine had a negligible effect
on the observed enhancement in US-BBBD around the target region, the effect of the cytokine can
never be entirely eliminated when using the experimental model in this Chapter. Thus, further testing

of this technique in an in vivo model of metastatic tumours is warranted. This is discussed further in
Chapter 6.
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3.5. Conclusions

Chapter 3 follows on from the microbubble development and in vitro testing in Chapter 2 to test the
ability of anti-VCAM-1 conjugated microbubbles (AV-MBs) to bind selectively to an area of the
brain with increased VCAM-1 expression. Significant differences in ultrasound-mediated blood brain
barrier breakdown (US-BBBD) between the target and non-target regions of the brain were observed
in the treatment group indicating the potential of antibody-conjugated microbubbles, in combination
with whole brain ultrasound, to bind to target regions and selectively enhance the transfer of small

molecule compounds across the BBB.

Whilst further testing is required to establish whether this result translates to metastatic brain tumours,
these findings represent the development of a novel drug delivery concept that promises to the ability
to safely, reversibly and predictably open the blood brain barrier with a molecular level of disease-

targeting specificity.

Page 116



Part 11.
Enhancing

Therapy



“The blood-brain barrier excludes ~100% of large-
molecule neurotherapeutics and more than 98% of all

small-molecule drugs from the brain”

- W.M. Pardridge, 2005*">
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4. Enhancing therapy in vitro

Abstract

The permeabilisation of cell membranes following exposure to microbubbles and ultrasound
(sonoporation) has considerable potential for therapeutic delivery. Recent studies have demonstrated
that material transfers between phospholipid-coated microbubbles and cell membranes, especially
during ultrasound exposure. This Chapter investigates the impact of this transfer on cell membrane

properties and cell sonoporation

The molecular packing of cancer cell membranes was found to be significantly affected by the transfer
of different phospholipids from microbubble shells to the cell membrane. This was then exploited to
develop microbubbles containing lysolipids (Lyso-MBs) which promoted a ~5-fold increase in the

cellular uptake of a model drug compared to control microbubbles.
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Attributions & Publication

The sonoporation and lipid order studies described in this Chapter were performed in collaboration
with Dr. Miles Aron as, owing to the timescales involved, performing the experiments required two
people. This research has been published in Langmuir under the title “Investigating the Role of Lipid

Transfer in Microbubble-Mediated Drug Delivery”.?

The measurements of lysolipid transfer from microbubble shells to cell membranes (in Section 7.4)

were performed in collaboration with Veerle Brans, another PhD student in BUBBL.
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4.1. Introduction

Section 1.5 identified the two key challenges that currently limit the treatment of metastatic tumours
in the brain; selectively targeting therapy to tumour sites and then delivering this therapy across the
blood-brain-barrier (BBB). As outlined in Section 1.7, this thesis is split into four research Chapters,

each aimed at addressing one of these challenges either in vitro or in vivo.

Whilst the uptake of gadolinium (a model drug) into brain tissue was demonstrated in Chapter 3, the
ability of antibody targeted microbubbles to cause US-BBBD is likely to be limited by the number of
microbubbles bound to each cell. There are also difficulties associated with the creation an ultrasound
field of sufficient intensity to cause US-BBBD at locations deep within the brain. This is due to pre-

focal skin and tissue heating, and pre-focal microbubble cavitation.

If microbubbles could be optimised to deliver therapy across cellular membranes and cellular barriers,
in particular the BBB, this could either reduce the ultrasound pressures required for US-BBBD or

increase the volume of tissue that experiences US-BBBD.

Part 2 (Chapters 4 and 5) of this thesis details the steps taken towards enhancing the ability of
ultrasound and microbubbles to address the second challenge associated with the treatment of brain

metastases:

Challenge 2: Enhancing therapeutic delivery across the blood brain barrier
To do this, two research questions are addressed:
1. How does lipid transfer from microbubbles affect cell membranes?

2. Can microbubble-cell transfer be exploited to enhance therapeutic delivery?

Firstly, the potential effect of different lipids on cellular membranes is discussed theoretically. The
ability of microbubbles containing different combinations of these lipids to disorder cell membranes
and to promote cell sonoporation is then measured in vitro, along with the propensity of similar lipids

to transfer from microbubble shells to cell membranes. The ability of the most promising microbubble
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formulation to increase US-BBBD in vivo relative to that caused by a control microbubble

formulation is then measured in Chapter 5.

To the author’s knowledge, this is the first time that microbubbles have been engineered in this way.
It is conceivable that microbubbles which to act sensitize cells for therapeutic delivery could achieve
ultrasound mediated drug delivery with lower ultrasound energies in the clinic, reducing the
likelihood of ultrasound related off-target effects and/or damage. It also increases the likelihood of a
low concentration of microbubbles causing a therapeutic effect. This is particularly useful if the

microbubbles are antibody-targeted as in Chapters 2 and 3 of this thesis.

4.1.1. Phospholipids

The term ‘lipids’ refers to any substances of a biological origin that are soluble in nonpolar solvents,
consisting of glycerides (fats and oils), phospholipids and steroids.*”* Lipids play an important role
in the physiology and pathophysiology of living systems.*’*47> Unless specified otherwise, the term

lipids in this Chapter is used to refer to phospholipids.

Amphiphilic phospholipids, formed of a polar (hydrophilic) phosphate “head”, and two hydrophobic
fatty acid “tails” are a major component in cell membranes. Certain phospholipids arise naturally,

including derivatives such as egg-PC and soy-PC, although many are synthetically manufactured.

Phosphatidylcholines (PCs) are phospholipids that have a choline head group and, along with
phosphatidylethanolamines (PEs), are among the most abundant lipids in biological membranes.*’®
PCs and lyso-PCs (PCs that have been partially hydrolysed such that one fatty acid tail is removed)

are the phospholipids analysed extensively in this Chapter.

For brevity, lipids in this Chapter are referred to by the length of their carbon chains and head group.
For example, 1,2-dibehenoyl-sn-glycero-3-phosphocholine (DBPC) is referred to as 22PC in
reference to the 22 carbon atoms in each fatty acid tail and the phosphocholine head group. One

lysolipid is used predominantly in this Chapter and has a fatty acid tail with 16 carbon atoms in its
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tail. Therefore, this lysolipid is referred to as lyso-PC unless otherwise specified. Figure 4.1.1 shows

an overview of the different lipids used in this Chapter.

Abbreviation Full name Structure
10PC 1,2-didecanoyl-sn-glycero-3-phosphocholine o o 10PC
(DDPO) PRGN p
0 o-P~o -
12PC 1,2-dilauroyl-sn-glycero-3-phosphocholine /Z(H\ o \/\fl"\
(DLPC) i ¢
14PC 1,2-dimyristoyl-sn-glycero-3-phosphocholine L |
(DMPC) . ‘
- - - Saturated fatty acid tails
16PC 1,2-dipalmitoyl-sn-glycero-3-phosphocholine | |1 |
(DPPC)
o o]
18PC 1,2-distearoyl-sn-glycero-3-phosphocholine P YN e
(DSPC) O/E(H\OOF Oy
22PC 1,2-dibehenoyl-sn-glycero-3-phosphocholine W
(DBPO) 22pC
Lyso-PC 1-palmitoyl-2-hydroxy-sn-glycero-3- °
phosphocholine PO UL :
0" ¢ o-P-o. -
[P aaats

Figure 4.1.1: An overview of the lipids used in this Chapter

4.1.2. Phospholipids in microbubbles

As discussed in Section 1.6.2 and elsewhere in this thesis, microbubbles are acoustically responsive
cavitation agents consisting of a gas-core, stabilised by a lipid, protein or polymer coating®**2%¢ As
three of the four microbubble formulations approved for clinical use are lipid-shelled, this is perhaps
the most relevant type of microbubble to optimise. The amphipathic properties of lipids provide
excellent stabilization of the gas core hydrophobic liquids and can be loaded with therapeutic
compounds including DNA, chemotherapeutics, antibodies, and liposomes to increase local drug
concentration at a target site while reducing off-target side-effects. To increase the in vivo lifetime of

microbubbles, steric stabilisers such as poly(ethylene)glycol (PEG) chains are often incorporated into

their outer surface.*’’

4.1.3. Phospholipids in cell membranes

Mammalian cell membranes consist of a lipid bilayer composed primarily of phospholipids and
cholesterol.*’® Other proteins that have important cellular functions, such as receptors, transporters,

and enzymes are also embedded in the lipid bilayer. Cells actively modulate the composition of the
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cytoplasmic (inner) and outer leaflets of their membranes with phosphatidylethanolamines (PEs)
being predominantly confined to the cytoplasmic side of the lipid bilayer.*”” On the other hand,
phosphatidylcholines (PCs) and sphingolipids are enriched in the outer layer of the lipid bilayer.*3*-
482 Considerable metabolic energy is expended in both synthesizing the wide variety of fatty acids
that comprise the cell membrane and in ensuring that each membrane and each phospholipid class
maintain a characteristic composition.*®* Unlike longer chain PCs, short to medium chain length (e.g.
10 to 14) PCs are found only in scarce quantity in biological membranes. These shorter chain PCs are

known to transfer more readily to cell membranes than their longer chain length counterparts.*®*
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Figure 4.1.2: Summary of the some of the main factors that influence cell membrane fluidity and
therefore the permeability of the lipid bilayer to small molecule compounds.

The cell membrane can be characterised in terms of'its “lipid order”, a term arising from the parameter
used in NMR studies of hydrocarbon chains of the lipids in the bilayer.**>**7 The lipid order is

inversely related to the membrane permeability to water, ions, and small molecules.*3% 4%

Lipid exchange between cells and the surrounding environment is commonplace. Cells can take up
large quantities of phospholipids from uni-lamellar vesicles without their viability being affected.*”!

About 20-30% of this uptake remains within the cell membrane, with the rest transferring into the
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nuclear membrane, mitochondria, and Golgi apparatus.*’® At 37°C, the predominant lipid-transfer
mechanism that occurs is fusion of the lipid vesicle with the cell membrane**? whereas at lower
temperatures, phospholipid exchange occurs between the outer leaflet of nearby lipid vesicles and

cell membranes.*”> Phospholipids that incorporate into cell membranes in this way include PEs and

PCs 494-497

The composition of lipids in a cell membrane, particularly the ratio of saturated to unsaturated lipids,
has a large effect on the structural integrity and permeability of that cell membrane.**>**3°! Whereas
saturated lipids fit neatly together in the cell membrane, the ‘kink’ in the hydrocarbon chains of
unsaturated lipids (arising from the carbon-carbon double bond) disorders the bilayer and increases
the permeability of that bilayer.**®4% The membrane permeability is also affected by a range of other

factors,’? summarised in Figure 4.1.2.

It follows that lipid transfer between the cell membrane and the cell’s microenvironment could be
exploited to modulate the lipid composition of target cells and thus modulate the permeability of the

cell membrane to small molecules.

4.1.4. Phospholipid transfer between microbubbles and cell membranes

When phospholipid-shelled microbubbles cavitate, they shed lipids into the surrounding fluid.>*® This
results in a deposition of microbubble lipids into surrounding lipid bilayers during ultrasound
excitation.’® One study”®® has shown that this lipid transfer influences the lipid order of cell
membranes. Critically, this effect was found to be highly dependent on the MB formulation (i.e. lipid
chain length, PEG emulsifier, and molar ratio of lipid to emulsifier). Direct visualisation of transfer
of a fluorescently-tagged lipid between microbubble shells and cell membranes can be found in
Section 7.4 of this thesis. Cavitation-assisted deposition of lipids in the rat kidney has been
demonstrated in vivo, suggesting that lipid deposition plays a broader role in many in vivo drug

delivery studies.>*
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It is important to recognise that, in addition to causing localised lipid deposition, microbubble

cavitation also influences cell membranes and lipid behaviour in other ways. These include pore-

291,506 287,293,295

formation in cell membranes increased rates of endocytosis, penetration of cell

287294 and cell membrane distension.’?’”%® The mechanical and chemical effects

membranes
associated with cavitation also modify lipid thermal behaviour.’*”>!® Shear stresses with high
temporal and spatial gradients associated with microbubble microstreaming and the reactive oxygen
species generated by collapsing microbubbles also affect lipid order.’”*!95!2 Qther cavitation-
mediated bio-effects that would be expected to influence lipid order include degradation of the actin

cytoskeleton, opening of ion channels and rapid hyperpolarisation of the cell membrane.?80-29>-311.513-

517

Whilst it is clear that there are many cavitation-mediated effects on cell membranes, it is not known
whether the microbubble-mediated modulation of the lipid composition of these lipid bilayers can be
can be exploited to enhance cellular drug delivery and ultrasound-mediated blood brain barrier

breakdown (US-BBBD).

4.1.5. Effect of lipid shape on cell membrane stability

As mentioned in Section 4.1.3, the shape of phospholipids in cell membranes can impact the
permeability of lipid bilayers to small molecules. Phospholipids can be grouped into three groups
depending on their shape: cylindrical, conical and inverted conical, (Figure 4.1.3). As these lipids
exert curvature stresses on cell membranes, it was hypothesised in Part 2 of this thesis that certain
lipids, once transferred from the microbubble shell to the cell membrane, would act to destabilise
those membranes, allowing enhanced transfer of small molecules into the cell. Moreover, any lipids
which acted to stabilise pores formed in the cell membrane by microbubble cavitation would further

enhance therapeutic uptake.

Page 128



By balancing the energy required to perturb a lipid bilayer with the energy released by the reduction
in bilayer surface area, the following equation can be derived® for the minimum energy required to

form a single cylindrical pore in a continuous, uniform lipid membrane as:

w3 l 2
wE =25 (L)
16 ah'eq

Where 4E. is the energy required, B is the head group repulsion strength, / is the length of the

hydrocarbon chains and a; is the average area of the bilayer that the head of a single lipid molecule
occupies including a proportional share of any free space between adjacent lipid molecules. B
primarily arises from electrostatic contributions, can be further defined under various assumptions as
desired.’'® Interestingly, as the derivation of this equation is based on energies per unit length of pore
circumference, the pore radius does not feature in the critical energy equation above. This is because

the energies are associated with the creation of a 2D micelle-like region at the boundary of the pore

and the bilayer.

INVERTED CONE CYLINDRICAL CONICAL
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Figure 4.1.3: Phospholipids can be grouped into three categories depending on their shape. Some,
for example phosphatidylethanolamines (PEs), have an inverted conical shape, some, for example
phosphatidylcholines (PCs), have a cylindrical shape and some, for example lyso-
phosphatidylcholines (lyso-PCs), have a conical shape. A simplified schematic of how these lipids
might co-exist to create curved lipid bilayers is also shown. Intuitively, it follows that lipid bilayers
containing a high concentration of lipids with a geometrical pre-disposition to exert curvature strains
on the bilayer would require less energy to porate or permeabilise.
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From this equation, it can be seen that the energy required for pore formation is directly related to the

characteristics of the lipid molecules. Specifically, the ai term relates to the geometric shape of the
h

lipid molecules surrounding the site of pore formation. Typically, for disordered lipid bilayers, there
is greater space between lipid molecules (a; increases), resulting in a decrease in the energy required

for pore formation. The opposite is true for ordered lipids.

Aslipids transfer from microbubble shells to cell membranes, they are able to modulate the lipid
composition of those cell membranes. If microbubble shells contain lipids that have a geometrical
pre-disposition to destabilise lipid bilayers, once these lipids transfer to the cell membrane (from the
microbubble shells), these cells may be less stable and thus more susceptible to cavitation-mediated

delivery of small molecules.

As the lipid chain length is reduced, the solubility of PCs in aqueous solution increases, resulting in
higher lipid transfer rates to membranes.’ In addition to the altered transfer kinetics, shorter PCs
introduce a chain-length mismatch in cell membranes, promoting increased hydration and decreased
lipid order. The equation above suggests that transfer of shorter PCs into the cell membrane (lowering
the average cell membrane lipid chain length (/) whilst maintaining the same head group area (ax))
would reduce the energy required for pore formation. Therefore, as detailed in Section 4.4.6, PCs

with a range of hydrocarbon chain lengths are tested in this Chapter.

Alternatively, it can be seen from the above equation that as a lipid becomes more conical, the ai
h

term decreases. This is under the assumption that the volume of lipid molecules with the same lipid
chain length remains constant (if both volume and I remain the same, a, must increase), an assumption
under which the energy equation above is derived. Even if this assumption is not entirely accurate
and lipid volumes do not remain constant, it is likely that an does increase as conical lipids are well

known to exert curvature stresses on lipid bilayers.
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Crucially, the value of head group repulsion strength (B) is almost entirely related to the properties
of the lipid head group. As the experiments in this Chapter work entirely with PCs, the B is considered

to remain constant throughout.

! : .
Thus, as the — term decreases, the energy required for pore formation is lowered. Consequently,
h

conical lipids act to stabilize pores. It was therefore hypothesized that lipids more conical in shape
such as lyso-PCs would be better suited to promoting pore formation and pore stability in cell
membranes. This concept has been employed previously in the design of thermosensitive liposomes
that use lyso-PCs to stabilize liposomal pores upon exposure to mild hyperthermia, enabling triggered
release.’’” Lyso-PCs, PCs with one hydrocarbon chain removed by hydrolysis, are more soluble in
aqueous solution than PCs of equivalent chain length giving them higher lipid transfer rates. The
reduction of the hydrophobic region of lyso-PCs compared to PCs gives them negligible transverse
diffusion or membrane “flip-flop” rates, meaning that they are confined to the extracellular membrane
leaflet, imparting significant curvature stresses in the cell membrane. Lyso-PC is also known to have

effects on cell membrane lipids in red blood cells.****!

As detailed in Section 4.4.6, the ability of lyso-PCs (once they have been incorporated into

microbubbles) to enhance cellular delivery is tested in this Chapter.

Lysolipid MB

O (vO

\>Oo

o outside cell o
@) @

O O
O inside cell O

pore

outside cell
inside cell

Figure 4.1.4: A schematic of the lipid transfer from microbubble shells to cell membranes and the
pore stabilising effect of lysolipids that was hypothesised to enhance the delivery of model drugs in
Chapters 4 and 5 of this thesis. Green lipids are lysolipids (lyso-PCs) and blue lipids are non-
hydrolised lipids (PCs).

Page 131



4.1.6. Experimental overview

Previous work?®” has shown that lipids transfer from microbubble shells to cell membranes, especially
in the presence of ultrasound. This Chapter investigates the effect that this transfer has on cell
membranes, and then investigates whether this mechanism can be exploited to enhance the cellular
delivery of model drugs (sonoporation). This work provides the motivation for the in vivo experiments

described in Chapter 5.

To do this, two sets of experiments were carried out. Firstly, the effect of various lipids on cell
membrane lipid order was established to allow the identification of two candidate lipids that may, by
altering the physiochemical environment of the cell membrane, enhance cell sonoporation (Section
4.5). These two candidate lipids, 12PC and 16-lyso-PC, were then either mixed with or incorporated
into microbubbles to determine their effect on sonoporation relative to that achieved by Control-MBs
alone. Both 12PC and 16-lysoPC significantly altered the cell membrane fluidity, although only 16-
lyso-PC had a significant effect on sonoporation efficacy (Section 4.6). The results are discussed in

Section 4.7.

4.1.7. A note on terminology

To keep this Chapter concise, the term sonoporation is used to describe all transfer of model drug
from the exterior to the interior of cells. Poration is used for the same process in the absence of
ultrasound. However, from the analyses performed in this Chapter, it is impossible to elucidate the
exact mechanism via which model drug has entered the cell, as it is likely a combination of membrane

permeabilisation, the formation of pores, endocytosis and other membrane transfer mechanisms.

In a similar way, US-BBBD is used as an umbrella term for all Gadolinium and serum IgG
extravasation in the brain in Chapter 5. In the absence of ultrasound, this process is referred to as

blood brain barrier disruption (BBBD).
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4.2. Microbubble design

4.2.1. Lipid overview

In the cell lipid order experiments in Section 4.5, cells are exposed to various lipids in PBS. These
lipids are phosphatidylcholines (PCs) with hydrocarbon chain lengths ranging from 10 to 22 carbon
atoms (10PC to 22PC). A medium chain length conical lipid, with 16 carbon atoms in its hydrocarbon

chain (16-lyso-PC) is also used. These lipids are shown schematically in Figure 4.2.1.

10PC  12PC  14PC  16PC  18PC  22PC  16-lyso-PC

Cylindrical | Conical
lipids ' lipid

Figure 4.2.1: A schematic representation of the lipids used in this Chapter. The effect of these lipids
on the fluidity of A-549 cell membranes is measured in Section 4.5. Two of these lipids (12PC and
16-lyso-PC) are assessed for their ability to potentiate sonoporation in Section 4.6.

These lipids were chosen to allow a systematic analysis of both lipid size and shape on cell membrane
properties, particularly regarding those lipids that have a realistic potential of being incorporated into
microbubbles in a clinical setting. Of the four commercially available microbubble agents worldwide,
three are based on phospholipids combined with lipid emulsifiers (SonoVue® (Bracco, Italy),

Definity® (Bristol Myers Squibb, US) and Sonazoid® (GE Healthcare, US)). It should be noted at
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this point that the effects of other coating materials upon cellular membranes, and hence therapeutic

delivery, are also worthy of investigation.

Table 3 shows a quantitative estimation for the critical energy required for pore formation in a uniform
lipid bilayer of each of the lipids used in this Chapter. B, the head group repulsion strength, is assumed
to be equal for all lipids as they are all PCs and so will have the same electrostatic repulsion.”** The
average area of the bilayer that the head group of a single lipid molecule occupies, an, and the lipid
chain length, 1, has been measured for 12PC, 14PC, 16PC and 18PC.>* Linear extrapolation has been
used to estimate the values of ay and 1 for 10PC and 22PC. The lipid chain length of 16-lyso-PC is
assumed to be equal to that of 16PC, whilst the an of 16-lyso-PC is estimated based on the conical
shape assumption (rather than cylindrical shape assumption of 16PC) and the assumption that lipids

with the same chain length occupy the same volume in the lipid bilayer.

These approximate calculations reveal that, for a uniform lipid bilayer, the energy requirements for
pore formation in 16-lyso-PC are an order of magnitude lower than that of 18PC and 22PC, the two
most common shell lipids for microbubbles. These energy requirements are also 6 times lower than

the shortest cylindrical lipid tested in this Chapter, 10PC.

It is important to acknowledge that these are approximate calculations and that these pore energies

will differ greatly in a real cell membrane where there is a wide range of lipid and protein molecules.

Lipid B (J.nm?) ap (nm?) 1 (nm) AE: (J x 102)
10PC 2.14 x 1020522 5.86 1.49 0.85
12PC 2.14 x 1020522 6.08 °3 1.63 5% 0.95
14PC 2.14 x 1020522 5.99 523 1.84°3 1.24
16PC 2.14 x 1020522 6.4 523 1.95°3 1.22
18PC 2.14 x 1020522 6.3 523 2.12°8 1.44
22PC 2.14 x 1020522 6.67 2.43 1.75
16-lyso-PC 2.14 x 1020522 19.2 1.95 0.14

Page 134



Table 3: An estimation of the minimum energy required to form a single, cylindrical pore in a
continuous, uniform lipid bilayer of each of the lipids used in this Chapter.

18PC is the principle lipid component of SonoVue and 16PC is the principle lipid component of
Definity. As the effect on cellular membranes is expected to increase with decreasing hydrocarbon
chain length (due to the reduction in similarity between the added PC and endogenous lipids), 10PC,
12PC and 14PC were also tested. 22PC, the longest lipid tested was chosen to study the effect of
increasing lipid chain length above that commonly used in MB formulations. As 22PC had no
measurable effect on the fluidity of the lipids on cell membranes, it represented an ideal lipid to use

in the Control-MBs.

4.2.2. Microbubble overview

In this Chapter, five different microbubble formulations are considered. These are Control-MBs,
consisting of 22PC and polyethylene glycol (40) stearate (PEG40S) in a 9:1 molar ratio, two
formulations of microbubbles incorporating 16-lyso-PC (Lyso-MBs) and two incorporating 16PC

(PC-MBs). These formulations, their constituents and their molar ratios are summarised in Figure

4.2.2. This information is also tabulated in Table 3.

Microbubble formulation Constituents Molar Ratio
Control-MBs 22PC, PEG40S 9:1
Lyso-MBs 22PC, PEG40S, 16lyso-PC 9:1:1
Lyso-MBs 22PC, PEG40S, 16lyso-PC 9:1:4
Lyso-MBs 22PC, PEG40S, 18:1 NBDlyso-PC 9:1:0.1
PC-MBs 22PC, PEGA40S, 16PC 9:1:1
PC-MBs 22PC, PEG40S, 16PC 9:1:4

Table 4: The microbubble formulations, their constituents and their molar ratios.
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PC-MBs were employed as a control for the inclusion of a second lipid in the MB shell. 22PC is used
for the shell of Control-MBs due to it having the least effect on cell membrane fluidity (as seen in
Section 4.5). Of all of the lipids analysed in this Chapter, 22PC is expected to have the lowest lipid

transfer rate due to it having the longest hydrocarbon chain length.*3

A microbubble formulation that incorporated a fluorescent lysolipid (NBD-lyso-MBs) is also shown
in Figure 4.2.2. NBD-lyso-MBs were employed to visualise the transfer of a lysolipid from

microbubble shells to cell membranes (Appendix, Section 7.4).
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Figure 4.2.2: A schematic representation of the microbubbles used in this Chapter, their constituents

and their molar ratios
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4.3. Experimental Methods
4.3.1. Lipid preparation

The chloroform in which all of the lipids are supplied (Avanti Polar Lipids Inc., US), was first
removed by leaving the lipids on a hotplate at 60°C overnight to make a lipid film. Filtered phosphate
buffered saline (PBS) solution (ThermoFisher Scientific, UK) was then added to the lipid film, which
was then heated to 85°C and magnetically stirred for 30 minutes. The solution was then fully dispersed
using a low power sonication and it is assumed that, due to the hydrophobic tails and hydrophilic

heads of the PCs, they self-assembled into liposomes.

4.3.2. MB preparation

The MBs in this Chapter were manufactured using a very similar protocol to that used to produce the
biot-MBs in Chapter 2. Briefly, the relevant lipid (Avanti Polar Lipids Inc., US) and emulsifier
(Sigma Aldrich, US) constituents in chloroform were added to a glass vial in the molar ratios detailed
in Figure 4.2.2 such that the total weight of 22PC and PEG40S was 20mg. This mixture was then

heated on a hotplate at 58°C for 12h, to allow the chloroform to evaporate to form a lipid film.

This lipid film was suspended in 5 mL PBS for 1h on a hotplate at 85°C under constant magnetic
stirring. Lipids were then dispersed for 90s using a sonicator (XL 2000, probe diameter 3 mm, 20 W,
22.5 kHz, US) with the tip completely immersed in the lipid-PBS solution (power setting 4). The
glass vial was then placed in an 85°C water bath for 60s to keep the solution above the melting point
of the lipids. The solution was then sonicated for a further 30s at power setting 4 to ensure

homogeneous dispersion.

MBs were then formed by placing the sonicator tip at the air-water interface under constant sulphur
hexafluoride (SFs, The BOC Group plc, UK) flow (flowrate estimated to be 7 x 10 litres/second)
and sonicating for 30s (power setting 14). Immediately after production, the vial containing the MB

suspension was capped and placed in ice for at least 20 minutes.
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4.3.3. Measuring MB size and concentration

The size and concentration measurements of MBs were obtained using the same protocol as detailed
in Section 2.2.7. Dilution for concentration matching was always performed immediately prior to

experimentation to limit the effects of dilution on MB size distribution, concentration, and stability.

4.3.4. Cell culture

Immortalized human alveolar adenocarcinomic cells (A-549s), were grown in Dulbecco’s Modified
Eagle Medium (DMEM) with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S).
Cells were grown in a temperature and CO: controlled incubator at 37°C and 5% CO.. Cells were
removed from T-75 culture flasks at ~80% confluence by ~2 min exposure to 0.25% trypsin/EDTA.
Cells were then suspended in 10 ml culture medium (DMEM with 10% FBS) to deactivate the trypsin
and centrifuged for 5 min at 200g to form a pellet. Cells were then re-suspended in 10 ml culture
medium. Cell concentration and viability was measured using trypan blue and a Countess®

Automated Cell Counter (Invitrogen).

Cells were plated at ~40% seeding density in 8-well Ibidi p-Slides for cell GP experiments, in 6.5mm
Corning Transwell plates for lipid transfer experiments, and 35 mm Ibidi p-Dishes for sonoporation
experiments and were used in experiments ~16 hours after plating. Sub-confluent cells were used to
improve the reliability of image segmentation and to reduce uncertainty of the effect of cell-cell
contacts on cell membrane properties at confluence. All cell culture materials were purchased from

ThermoFisher Scientific, unless stated otherwise.

4.3.5. Measuring cell membrane lipid order

To measure the effect of the addition of different lipids on the lipid order of the lipids in A-549 cell
membranes, the generalised polarisation (GP) of the cells’ lipids were quantified using C-Laurdan.>*
C-Laurdan is an environmentally-sensitive probe that has different fluorescent emissions depending

on the lipid order of any surrounding lipids. This reveals how densely packed those lipids are.’*
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C-Laurdan fluorescence emission spectra were measured for each pixel at 63X magnification by
spectral imaging on a confocal microscope equipped with a 32-channel GaAsP detector array (Zeiss
LSM 780, Carl Zeiss AG, Germany), following a method previously reported.’*® C-Laurdan was
excited at a wavelength of 405 nm and emissions with wavelengths between 415nm and 69 1nm were

measured. GP was calculated as follows:

Iyao — 1
Gp = 440 490

Bl 14-4-0 + 14-90

In this equation, I440 and l490 correspond to the fluorescence intensity at 440 nm and 490 nm emission
wavelengths respectively. 440 nm corresponds to a blue emission in the wavelength spectrum and is
associated with a less fluid cell membrane, resulting in GP =+1 when only this wavelength is emitted.
This indicates higher lipid order and means that lipids are in the gel-phase. Conversely, 490 nm
corresponds to a red emission and is associated with greater hydration and polarity, resulting in GP =

—1. This indicates lower lipid order and the prevalence of a liquid-crystalline phase.

For experiments, A-549 cells were cultured in an 8 well p-Slide (Ibidi, Germany) as detailed in
Section 4.3.4. After washing once with PBS, the relevant PC (outlined in Section 4.2.1) was added to
the cells. Between 90 seconds and 10 minutes later (depending on the experiment), the lipid solution
was removed, cells were washed again with PBS, and labelled with 400 nM C-Laurdan in PBS for

60 seconds before imaging.

Temperature control (37°C) was achieved using the incubation chamber of the confocal microscope
and verified using a thermocouple. PBS was also preheated in a water bath. Samples were measured
with a thermocouple after imaging was completed to confirm temperature control to within £1°C. A
custom image processing routine>>’ for batch processing spectral images was then used to obtain a

GP value for both the cells and cell membranes.
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4.3.6. Measuring cell viability in lipid order experiments

To assess cell viability after GP measurements (for 10PC, Section 7.1 and 16-lyso PC, Section 4.5.3),
cells were washed with PBS, and then labelled with 15 uM propidium iodide (PI) to identify cells
with compromised cell membranes. Calcein-AM at 5 uM was also used to identify living cells. Cell
permeabilisation and viability were then assessed qualitatively by confocal microscopy. Whilst not a
direct measure of cell viability, cells with only PI staining were never observed to recover over the

timescales tested.

4.3.7. Cell sonoporation

Cells for sonoporation experiments were cultured in 35mm Ibidi p-Dishes as detailed in Section 4.3.4.
For the sonoporation experiments with 12PC, 1ml of SmM 12PC was added to the p-Dish for either
5 or 10 minutes prior to ultrasound exposure. Analogous incubations prior to ultrasound exposure
were also used in experimental groups designed to investigate the impact of lipids on cell membrane
integrity (when not part of the microbubble formulation). Immediately prior to ultrasound exposure,
the p-Dish was fitted with a ‘Sonolid’, a thin PDMS lid designed for ultrasound exposure.’?® A 10 ml
solution of microbubbles (5.5 x 107 microbubbles/ml final concentration) and propidium iodide (40
uL at 10 mg/ml) prepared at 37°C was then added to the cells via needle injection through the Sonolid
inlet, ensuring that there were no entrapped air bubbles. The MBs were either Control-MBs, Lyso-
MBs or PC-MBs depending on the particular experiment and were warmed to this temperature just
prior to experimentation due to their reduced stability at 37°C. The ‘Sonolid’ inlet and outlet were

then plugged and the p-Dish was inverted to increase microbubble-cell proximity.

Ultrasound exposure for the sonoporation experiments was conducted in a water tank system (~1 L)
consisting of a IMHz ultrasound transducer (Imasonic 8233 A101, 40 mm diameter, 120 mm radius
of curvature), a purpose-built sample holder, acoustic absorber, and passive cavitation detector (PCD,
7.5 MHz centre frequency, V320 Panametrics, Olympus). The acoustic absorber was placed opposite

the transducer to attenuate reflections. The sample holder was designed to hold cell culture dishes (p-
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Dishes, Ibidi) with plastic substrates much thinner (~100 um) than the acoustic wavelength in water
enclosed with a custom polydimethylsiloxane (PDMS) lid (~1.2 mm thick). The ultrasound
transducer was driven by a 1 MHz sinusoidal signal from a function generator amplified 55 dB by a
radiofrequency amplifier (E&I 1040L, Rochester, NY). Figure 4.3.1 shows both a schematic diagram

and a photograph of this ultrasound setup, along with a plot of the normalised spatial distribution of

the ultrasound pressure amplitude (Figure 4.3.1B).

A Passive
Cavitation _
Detector [P 1 coustic absorber
7.5 MHz centre
frequency
-%?O@ A-549 cells
o : ez i ®) ]
35mm Ibidi p-Dish [ 1] ;oo ° Oi MBs
+ PDMS "Sonolid’ e : '
A
| Imasonic 8233 A101 transducer
250 kPa PNP 10% DC, 1kHz PRF
1MHz, 15 seconds exposure
B C

Pressure Amplitude (normalised)

/ —mean

/ = = mean : 1std
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Radius (mm)

Figure 4.3.1: The ultrasound system used for cell sonoporation experiments. (A) A schematic diagram
of the setup. Cells were placed in the pre-focal region of a IMHz transducer such that the MBs could
float into contact with the cells. An acoustic absorber reduces reflections and the PCD allows
acoustic emissions monitoring. (B) The circumferentially averaged radial pattern of the ultrasound
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pressure field in the ultrasound setup measured ~32 mm above the transducer. (C) Photograph of the
ultrasound setup.

The p-Dish was placed into the ultrasound system such that it was in the pre-focal region of the
ultrasound source in order to expose a broad (~19mm diameter) area of the culture dish to a spatially
average peak negative pressure of 0.25 MPa (hydrophone measurement uncertainty +/- 10%). The
water in the setup filled with filtered, distilled, deionised, and degassed water at 37°C and exposed to
15 seconds of ultrasound at 1 MHz, 0.25 MPa PNP with a 10% duty cycle and 1 kHz PRF, during
which acoustic emissions were monitored using the PCD (Section 4.3.8). These ultrasound settings
were found to reliably produce both sonoporation in around 10% of the cells and negligible cell death

by the time the cells were imaged in each control sample.

Upon removal from the water tank, the Sonolid was removed from the p-Dish, the cells were washed
twice with PBS and incubated at 37°C with Calcein-AM (5 pM) for five minutes prior to imaging.

Further details on how cell sonoporation was evaluated can be found in Section 4.3.9.

All sonoporation was conducted at 37°C. This was achieved by preheating degassed water in a water
bath and then pouring it into the ultrasound system immediately prior to each sonication. A
thermocouple was used to verify the temperature of a no-cell sample under equivalent preparation

each day of experiments to confirm temperature control to within +1°C.

4.3.8. Acoustic emissions monitoring during in vitro ultrasound exposure

Acoustic emissions monitoring during both sonoporation and lipid transfer experiments using a PCD
allowed for characterization of inter-sample variability and differences in cavitation dynamics
between MB formulations. A digital oscilloscope (Handyscope HS3) and the PCD were triggered
with a function generator. The PCD signal for sonoporation experiments was passed through a 2.0
MHz high-pass filter, amplified by a factor of 5 (Stanford Research Systems), and sent through a 50Q
coupler to maximise power transmission of the signal. For the lipid transfer experiments in Section
7.4, a 500 kHz notch filter was used. For each recorded voltage trace from the PCD, the voltage

sample was then truncated in the time domain to include only the portion with cavitation noise and a
Page 143



Hanning window was applied to the voltage trace to reduce edge effects. The fast Fourier transform
(FFT) was computed for each voltage trace along with the power spectral density (PSD). The
harmonic and ultraharmonic powers were determined by integrating the power spectral density with
respect to frequency over 30 kHz bands at each harmonic and ultraharmonic from 3 to 8 MHz. The
broadband power was determined by integrating the power spectral density with respect to frequency
over the remaining frequencies from 3 to 8 MHz. The total energy of acoustic emissions for each
sample was calculated by integrating the powers (harmonic, ultraharmonic and broadband) with

respect to time.

4.3.9. Assessment of cell membrane sonoporation

Upon removal from the ultrasound system, the cells were washed with PBS and incubated with
Calcein-AM for five minutes before imaging as mentioned in Section 4.3.7. Propidium iodide (PI),
and Calcein-AM staining were evaluated using dual wavelength fluorescence microscopy (Nikon
Eclipse Ti, Melville NY, USA) with multipoint scanning to account for inhomogeneity of the

ultrasound field and other area effects that may originate from cavitation events.

Figure 4.3.2: An enhanced dual fluorescence microscopy image showing cells stained with just
Calcein-AM (green, alive and not sonoporated), just PI (red, dead) and both Calcein-AM and PI
(sonoporated)

PI is normally cell impermeant and thus is widely used as a model drug as its uptake indicates

membrane permeabilisation.’” Calcein-AM is cell permeant and converts to green fluorescent
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calcein upon uptake by viable cells thus providing a useful indicator of toxicity.>** The microscopy
images from both the green (Calcein-AM) and red (PI) channels were first merged using ImageJ
software to create RGB Tiff image. The brightness and contrast were also adjusted to allow easier
visual analysis of the cells. An example of an enhanced two-channel microscopy image showing a
high percentage of sonoporated cells is shown in Figure 4.3.2. To count the number of sonoporated
cells in each sample, a purpose written MATLAB® script used Otsu’s method>*! and size filtering to

extract red stained nuclei.
The percentage of sonoporated cells was is calculated by:

number of red (PI stained) nuclei

sonoporation % =
p ° total number of cells

Where:

area of dish covered in cells

total number of cells =
average area of a cell
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4.4. Microbubble properties

Figure 4.4.1 shows the normalised average size distribution of Control-MBs and Lyso-MBs and
representative images of both formulations. Control-MBs are formed of 22PC and PEG40S in a 9:1
molar ratio, Lyso-MBs are formed of 22PC, PEG40S and 16-lysoPC in a 9:1:4 molar ratio.

Microbubbles were formed by the sonication method described in Section 4.3.1.
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Figure 4.4.1: Normalised average size distributions and representative microscope images of
Control-MBs and Lyso-MBs. Images captured at 40x and microbubbles diluted by a factor of 50 prior
to imaging.

Control-MBs and Lyso-MBs are used in both the cell sonoporation experiments in this Chapter and
in vivo US-BBBD experiments in Chapter 5. For sonoporation experiments, microbubbles were

diluted to 5.5x10” MBs/ml. For the in vivo experiments in Chapter 5, 1 x10® microbubbles were

injected.
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4.5. Cell membrane lipid order results
In this Section, generalised polarisation (GP, Section 4.3.5) is employed as a quantitative measure of
whole cell and cell membrane lipid order. As cell lipid order increases, the fluidity of those

membranes decreases and vice versa.

The aim of this Section is to quantify the effects that the addition of different PC lipids has on
membrane lipid order, and to identify lipids that may enhance ultrasound mediated drug delivery via

lipid exchange from the microbubble shell to the cell membrane.

4.5.1. Effect of different chain length lipids on cell membrane lipid order

This Section summarizes the effect that a 90 second exposure to PCs with different chain lengths (5
mM, ranging from 10PC to 22PC) had on both the cell membrane GP and the whole cell GP. GP was

measured using the methodology detailed in Section 4.3.1.
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Figure 4.5.1: The effect of saturated phosphatidylcholine (PC) lipids of varying hydrocarbon chain
length on A-549 cell lipid order. Cells were exposed to SmM PC at 37°C for ~90 seconds prior to
spectral imaging with C-Laurdan (n = 5 each) as detailed in Section 4.3.1. (A) GP of whole cells and
(B) GP of segmented cell membranes.

Figure 4.5.1 shows the effect on both whole cell and cell membrane lipid order of the different PCs.
Only 10PC was found to induce a significant effect (p < 0.05, two-tailed t-test), reducing the
membrane GP by nearly the entire physiological range®** (AGP = —0.38). The effects of 10PC, 12PC

and 14PC are evaluated in more detail in Sections 7.1, 4.5.2 and 7.2 respectively.
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Figure 4.5.2 shows a representative spectral image of a C-Laurdan stained cell for each PC tested (90
seconds exposure at SmM). Visual inspection reveals a clear difference between the control and 10PC
cells, especially between the two cell membranes. In agreement with the results in Figure 4.5.1, this

effect reduces as the lipid chain length increases.

Control 10PC 12PC 14PC 16PC 18PC 22PC

Figure 4.5.2: A representative spectral image of a C-Laurdan stained cell after 90 seconds exposure
to each PC at SmM. Cells exposed to the shorter chain length lipids (10-14PC) have a visually
different membrane to control cells, in agreement with the GP measurements presented in Figure
4.5.1.

4.5.2. Further effects of 12PC on cell membrane fluidity

Unlike longer chain PCs, short to medium chain length (e.g. 10 to 14) PCs are found only in scarce
quantity in biological membranes. These shorter chain PCs are known to transfer more readily to cell

membranes than their longer chain length counterparts.*®

Having found that 10PC rapidly increased the fluidity of A-549 cell membranes (Section 7.5), it was
hypothesised that 12PC might be capable of altering cell lipid order with less severe consequences
and ideally without inducing widespread cell death. This hypothesis was based on the increased
similarity between 12PC (compared to 10PC) and endogenous lipids and the results in Figure 4.5.1.
Thus, these lipids may also be suitable for modulating the fluidity of cell membranes in such a way
that modulates the susceptibility of those cells to ultrasound and microbubble mediated therapeutic

delivery, whilst remaining non-toxic in the absence of ultrasound.

Figure 4.5.3 shows the results of 12PC exposure for different lengths of time on whole cell GP. 12PC
at 5 mM exhibited a time-dependent lipid disordering effect on A-549 cell membranes and
intracellular lipids, having a significant effect (p <0.05) on whole cell and cell membrane GP at 150

seconds and greater. This effect increased with exposure time until the longest time tested (10
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minutes). Exposure to 5 mM 12PC for 10 min lowered cell membrane GP by -0.12 compared to

control samples on average (Figure 4.5.3B).

Effect of 12PC exposure on cell lipid order

A Time (seconds)
Control 50 100 150 200 250 300 350 400 450 500 550 600

-0.05

-0.1

" 't T 7 9%

-0.25 * * * * * *

Whole cell GP

0.15
0.1

0.05

e

-0.1

Cell membrane GP
o

-0.15
Control 50 100 150 200 250 300 350 400 450 500 550 600

Time (seconds)

Figure 4.5.3: Effect of 12PC on A-549 lipid order. A-549 cells were exposed to 5 mM 12PC at 37°C
for 10 minutes and measured concurrently using C Laurdan and spectral imaging. A significant
(p<0.05) decrease in whole cell and cell membrane lipid order can be observed from 150 s exposure
onwards.

4.5.3. Effect of lysolipid on cell membrane fluidity

The lysolipid tested in this Chapter, 16-lyso-PC, was found to cause a significant decrease in the GP
of A-549 cell membranes. 16-lyso-PC at 80uM was found to have a significant disordering effect on
cell membranes after a 90 second exposure (Figure 4.5.4A). Cells were also counter-stained with PI

and Calcein-AM to assess cell membrane permeability (Figure 4.5.4B). Cells found to be
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permeabilised (PI staining in the nucleus) exhibited, on average, more disordered cell membranes.
The concentration of 16-lyso-PC required to permeabilise cells and significantly reduce GP in all

cells was over an order of magnitude lower than that of 10PC.

Effect of lysolipid on cell membrane lipid order
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Figure 4.5.4: (A) Effect of 16-Lyso-PC at 80 uM and 37°C on A-549 cell lipid order. Cells were
exposed for ~90 seconds. (B) Histograms for cell membrane GP from samples counter-stained with
propidium iodide for marking permeabilisation after exposure to 16-lyso-PC and spectral imaging
with C-Laurdan. Cells permeabilized by 16-lyso-PC exposure had lower GP on average
(GPpermeavitizea = 0.002 £ 0.034 and GPpot-permeavilizea = 0.058 + 0.055).

Therefore, along with 12PC, 16-lyso-PC was taken forward as a candidate lipid for incorporation into

MBs with the aim of enhancing cell sonoporation via lipid-exchange mechanisms.
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4.6. Cell sonoporation results

4.6.1. Cell sonoporation with 12PC

Of the different chain length phosphatidylcholine lipids (PCs) investigated in Section 4.5, results from
the 12PC were the most promising for non-toxically modulating cell membrane fluidity to enhance
sonoporation. 12PC significantly disordered both cell membrane lipids and intracellular lipids (Figure
4.5.3) without the rapid cytotoxic effects of 10PC. In this Section, cells were pre-treated with 12PC
for either 5 or 10 minutes prior to exposure and microbubbles. Pre-treatment was used instead of co-
injection with microbubbles to avoid the added complexity of 12PC potentially altering the acoustic

behaviour of the microbubbles.
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Figure 4.6.1: Effect of 12PC pre-treatment on sonoporation efficiency. Mean and standard deviation
of cell sonoporation percentage as a function of 12PC pre-treatment time (n = 6 for each condition).

Despite the significant effect on cell lipid order (Figure 4.5.3), it was found that pre-treatment with

12PC had no significant effect on sonoporation (Figure 4.6.1, p > 0.05, n = 6 for each condition).

Microbubble sizes were not statistically different and microbubble concentrations were matched to
5.5 x 107 microbubbles/ml across all experiments. Cell morphologies across the conditions tested
were qualitatively indistinguishable (Figure 4.6.2). No relationship between the slight variations in
cell density the percentage of cells sonoporated was found. No statistically significant differences
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were observed for average harmonic energies in the acoustic emissions between samples that did and

did not receive 12PC (Figure 4.6.3).

Figure 4.6.2: Representative microscopy images of cells following sonoporation with and without
pretreatment with 5 mM 12PC. Cells were exposed to ultrasound and microbubbles in the presence
of propidium iodide, a permeability tracer (red). Cells were then labelled with calcein-AM to mark
non-permeabilised cells (green). Cells in (A) were not exposed to 12PC. Cells in (B) and (C) were
pre-treated with 12PC for 5 minutes and 10 minutes respectively prior to sonoporation with
ultrasound and microbubbles. No overall differences in cell morphology were visibly evident across
the three conditions.
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Figure 4.6.3: Average harmonic energy in the acoustic emissions from Control-MBs during cell
sonoporation experiments at 37°C with and without pre-exposure of the cells to 12PC at 5 mM for 5
minutes (left) and 10 minutes (right). The data in these two plots were collected using different filters
and so comparison of absolute energies between these plots is to be avoided.

4.6.2. Cell sonoporation with lysolipid

This Section tests the ability of 16-lyso-PC, to enhance cell sonoporation by incorporating it into MBs

(Lyso-MBs, Section 4.2.2).

Lyso-MBs with a final 16-lyso-PC concentration of 80uM were found to significantly increase

sonoporation efficiency (p < 0.0001), achieving cell permeabilisation of 38.1 + 13.2% of cells (n =
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7), compared to 7.2 + 3.9 % of cells permeabilised following equivalent exposure to Control-MBs

(22:0 PC-PEG40S MBs) and ultrasound (n = 7) (Figure 4.6.4).

Interestingly, neither 25 pM or 80 uM Lyso-MBs without ultrasound significantly increased the
percentage of cells permeabilised when compared to Control-MBs without ultrasound (Figure 4.6.5).
This, along with the effect of 80uM 16-lyso-PC (Figure 4.6.5), suggests that lyso-PC was successfully

incorporated into the MB shell rather than exclusively forming 16-lyso-PC micelles.

Separately, it was found that adding 16PC lipids to MBs (to form PC-MBs as a control for inclusion
of the second lipid in the MB formulation), did not have a significant impact on sonoporation
compared to Control-MBs, (Figure 4.6.4). This provides evidence for attributing the enhancement of
sonoporation to the presence a lysolipid in the Lyso-MB formulation and not just the presence of a

second, shorter chain lipid.
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Figure 4.6.4: Effect of PC-MBs and Lyso-MBs (with two different concentrations of the second lipid)
on sonoporation efficiency relative to the sonoporation caused by Control-MBs. Cell
permeabilisation is measured using the method outlined in Section 4.3.9.
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To further investigate the effect of the Lyso-MBs on cell membrane permeabilization, cells were
exposed to either Lyso-MBs, destroyed Lyso-MBs, or Control-MBs spiked with Lyso-PC

immediately prior to exposure for ~90 s at 37°C (Figure 4.6.5).

Cell permeabilisation without ultrasound

Ul
o

*kkk

*kk

w 98] B S
o w (] ul

nJ
o

Cell permeabilisation (%)
[zS]
U

N.S.

—_
u

N.S.

NL.S.
N.S. - ‘

N I T o ==

Control-MBs  25pM Lyso-MBs 80pM Lyso-MBs Destroyed 80uM  25uM lysolipid  80pM lysolipid ~ Control-MBs +
Lyso-MBs 80uM lysolipid

—_
o

ol

Figure 4.6.5: Cell membrane permeabilisation without ultrasound. In the absence of ultrasound, the
permeabilisation caused by Control-MBs, free lysolipid at 25um and Lyso-MBs destroyed by
repeated heating to 85°C and sonication caused was not significantly different to the
permeabilisation caused by the Lyso-MBs. Exposure to both free lysolipid at 80um and Control-MBs
spiked with lysolipid at 80um significantly permeabilised cells (p < 0.001) relative to Lyso-MBs
providing strong evidence for the successful incorporation of the majority of the 16-lyso-PC into the
MB shell. 16-lyso-PC concentration was 5 uM, incubation time was ~90 s, and cells were kept at

37°C for all conditions.
There was no difference in cell permeabilisation between cells exposed to Lyso-MBs and destroyed
Lyso-MB. This provides further evidence that Lyso-PC was successfully incorporated into Lyso-MB

shells rather than forming Lyso-PC micelles exclusively. In addition, the Lyso-MBs do not appear to

be any more toxic to cells than Control-MBs for the exposure conditions tested.
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Figure 10: Representative fluorescence microscopy images of cells exposed to ultrasound and MBs.
The cells in (4) were exposed to 25uM PC-MBs. The cells in (B) were exposed to 25uM Lyso-MBs.
The cells in (C) were exposed to 80uM PC-MBs. The cells in (D) were exposed to 80uM Lyso-MB:s.
Propidium iodide (PI, red) indicates permeabilisation. Those cells that are not stained with PI and
exhibit calcein fluorescence (green) from calcein-AM staining, were not permeabilised. No
differences were visually apparent in the permeabilisation or morphology of the cells across all
conditions.
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Figure 4.6.6: Average harmonic energies of the acoustic emissions from sonoporation experiments
with Lyso-MBs and PC-MBs. Whilst PC-MBs containing 80uM 16PC produced greater acoustic
emissions, the p values were greater than 0.01 compared to the other conditions. Specifically, p =
0.031, p = 0.017, p = 0.044, and p = 0.064 for comparison with Control-MBs, PC-MBs at 25uM,
Lyso-MBs at 25uM and 80uM respectively.

The acoustic emissions from Control-MBs, Lyso-MBs (25 and 80uM), and PC-MBs (25 and 80uM)
were measured in sonoporation experiments by passive cavitation detection (PCD) using the methods

outlined in Section 4.3.8. The energy in the harmonic acoustic emissions was indistinguishable for

Control-MBs and Lyso-MBs at both concentrations of lysolipid used. The energy in harmonic
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acoustic emissions from PC-MBs was, however, more varied. Notably, two 80uM PC-MB samples
produced significantly more harmonic emissions than the other formulations tested. Nonetheless, it
is clear from these results that the significant increase in sonoporation efficiency between Lyso-MBs
containing 80uM 16-lyso-PC and the other conditions tested cannot be attributed to microbubble size

distributions, concentration, or acoustic emissions.
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4.77. Discussion of in vitro results
The aim of this Chapter was to identify lipid candidates that, through lipid exchange mechanisms,
were capable of modulating the permeability of cell membranes such that ultrasound and microbubble

mediated delivery of model drugs to those cells could be enhanced.

Initially, in Section 4.5, different saturated phosphatidylcholine (PC) lipids (the primary component
in phospholipid-shelled microbubbles) were screened for their effect on cell membrane fluidity. These
lipids were cylindrical lipids with different hydrocarbon chain lengths and a conical lysolipid, 16-
lyso-PC. They were then investigated for their ability to enhance sonoporation (Section 4.6). The
solubility of PCs in aqueous solution increases as the chain length is reduced, resulting in higher lipid
transfer rates. Additionally, the transfer of shorter PCs to cell membranes introduces a chain length
mismatch. As expected, it was found that cells exposed to PCs exhibited cell membrane disordering
that was inversely proportional to the PC hydrocarbon chain length. The shortest PC investigated,
10PC, rapidly altered the lipid order of cancer cell plasma membranes and intracellular lipids. This
effect on cell membrane permeabilisation and cell cytotoxicity is found to be concentration-dependent
in Section 7.1. 12PC, which was found to significantly disorder cell membrane lipids without
permeabilising cells on its own, was further investigated for its impact on sonoporation. However,
exposure to 12PC prior to sonoporation did not increase the proportion of cells permeabilised. Due
to the discrete constraints of lipid properties, the results of this research suggest that enhancing non-
toxic sonoporation by a lipid-transfer mechanism from microbubbles is unlikely to be possible using

saturated PCs under the exposure conditions investigated here.

A further investigation into the role of PC shape in ultrasound-mediated drug delivery was conducted.
It was hypothesized that lipids more conical in shape, in this case saturated lysophosphatidylcholine
(lyso-PC), would be better suited to promoting pore formation and pore stability in cell membranes

for reasons discussed earlier in this Chapter.
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It was found that lyso-PCs had strong lipid disordering and permeabilising effects on cell membranes.
It was found that exposing cells to Lyso-MBs (containing lyso-PC) and ultrasound resulted in a ~5-
fold increase in the percentage of cells permeabilised compared to either Control-MBs or PC-MBs
(microbubbles containing the same quantity of a non-hydrolysed PC with an equal chain length
(16PC)). This enhancement could not be attributed to microbubble size distributions, concentrations,
microbubble stability or acoustic emissions. Thus, it can be concluded that sonoporation can indeed

be enhanced by designing microbubbles to exploit lipid transfer mechanisms.

Compelling evidence for the successful incorporation of lyso-PC into MB shells is presented in this
Chapter. Microbubbles spiked with lyso-PC caused widespread cell permeabilisation but when cells
were exposed to Lyso-MBs containing an equivalent concentration of lyso-PC, no significant change
in permeabilisation was observed. If the majority of the lyso-PC in solution was not incorporated into
Lyso-MB shells, significant permeabilisation would be expected without ultrasound exposure.
Furthermore, following ultrasound exposure, Lyso-MBs permeabilised more cells than Control-MBs
or PC-MBs. It thus appears that ultrasound exposure triggered the release of lyso-PC from Lyso-MBs
resulting in additional cell membrane permeabilisation. The results in Section 7.4 show direct
incorporation of a fluorescent lysolipid into MB shells, which then transferred to cell membranes

under ultrasound exposure.

From the acoustic emissions, which were sustained throughout ultrasound exposure, and by visual
inspection of samples after ultrasound exposure, it was clear that not all of the Lyso-MBs were
destroyed in the sonoporation experiments. Interestingly, exposure of cells to Lyso-MB previously
destroyed by heating and sonication did not result in the permeabilisation expected from exposure to
lyso-PC micelles. Taken together, this suggests that lyso-MB fragments resulting from MB
destruction may not transfer efficiently to cell membranes, owing to the presence of 22PC and/or
PEGA40S. It is thus hypothesised that lyso-PC, which is much more soluble in aqueous solution than
22PC, is preferentially shed from Lyso-MBs during sonication. Once released, the lyso-PC from

Lyso-MBs appears to promote cell permeabilisation by either directly permeabilising cells, or by
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reducing the energy barrier to pore formation such that cavitation-mediated permeabilisation is more

readily achieved.

The high lipid transfer rate of lyso-PC and the presence of specific enzymes for its clearance in vivo
are both beneficial and problematic for the clinical translation of lyso-MBs. These factors may lead
to the rapid onset of biological effects upon ultrasound triggered release followed by the enzymatic
degradation of lyso-PC. However, there is also a risk of blood toxicity if lyso-PC is not retained in
MB shells in vivo, and transfers to blood cells or the endothelium prior to ultrasound exposure. While
this must be evaluated experimentally, lyso-PC desorption from lyso-PC-containing thermosensitive

liposomes has already been used in clinical trials.”*? No blood toxicity has been reported.

It is likely that the lyso-PC in Lyso-MBs could be replaced by a number of structurally similar
synthetic lysolipids which may provide additional therapeutic benefit. For example, Edelfosine,
similar to Lyso-PC but with better metabolic stability in vivo has been shown to inhibit tumour cell
proliferation.’*® Edelfosine was also the first cancer drug to specifically target the cell membrane,
with a mechanism involving the disruption of lipid rafts which ultimately induces apoptosis.>**
Mitelfosine, which is lyso-PC without the glycerol residue, has also been investigated to this end but
its clinical translation, like that of Edelfosine, was hindered due to systemic toxicity.>*® Perifosine has
since been developed in which the head group on the Mitelfosine lipid is substituted to improve the
stability and half-life of the drug. Perifosine has had clinical success when orally administered in
combination with other cancer therapies and exhibits selective cancer kill in vitro.>*® The clinical
potential of these other lipids could be enhanced when incorporated into an ultrasound-mediated

triggered-release delivery system.

In summary, lyso-MBs have been found to cause a ~5 fold increase in cell sonoporation when
compared to microbubbles containing no lysolipid. This exciting result shows the potential

improvements in therapeutic efficacy that are possible from engineering the chemical properties of
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the microbubble formulation. Further investigations into whether these exciting cellular delivery

results translate to an in vivo setting are also warranted. For this, please see Chapter 5.
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4.8. Conclusions

The aim of the research in this Chapter was to investigate whether the transfer of material from lipid-
coated microbubbles into cell membranes would affect their sensitivity to sonoporation. The effects
of different phosphatidylcholines (PCs) were investigated, specifically those with varying

hydrocarbon chain lengths and a conical lyso-PC.

Changes in A-549 cancer cell membrane lipid order following exposure to ultrasound were quantified
by changes in generalized potential (GP) using spectral imaging. Permeabilisation was measured by
the proportion of cells showing the uptake of a model drug (propidium iodide) before and after
ultrasound exposure. Exposing cells to shorter-chain PCs lowered the membrane lipid order compared
to control samples, with 10PC exhibiting rapid toxicity. 12PC significantly reduced both cell

membrane and whole-cell GP after 10 minutes.

The lyso-PC tested significantly reduced cell GP and permeabilised cell membranes in the absence
of ultrasound. Microbubbles containing this lyso-PC were therefore prepared and found to produce a
~5-fold increase in the proportion of cells permeabilised to a model drug compared to control
microbubbles. Importantly, the lyso-PC was found to be incorporated within the microbubble shell
and only produced a permeabilising effect upon exposure to ultrasound. The transfer of a lysolipid
from microbubble shells to cells was observed to occur only under ultrasound exposure. These
findings indicate that potential improvements in therapeutic efficacy may be achieved by optimizing

the lipid composition of microbubbles to facilitate delivery.
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5. Enhancing therapy in vivo

Abstract

The research in Chapter 4 found that the molecular packing of cancer cell membranes can be affected
by the transfer of phospholipids from microbubble shells to the lipid bilayer and that this transfer can
be exploited to enhance drug delivery in vitro. Microbubbles containing lysolipids (Lyso-MBs)
promoted a ~5-fold increase in cellular uptake of a model drug compared to Control-MBs containing

no lysolipid.

This Chapter tests the ability of these Lyso-MBs to enhance ultrasound mediated blood brain barrier
breakdown (US-BBBD) in vivo. Lyso-MBs were shown to double the volume of brain in which US-
BBBD was detected compared Control-MBs. This enhancement could not be attributed to differences

in microbubble size, concentration or acoustic emissions.

These findings indicate that optimising the composition of microbubble shells has the potential to
improve the therapeutic efficacy of ultrasound mediated treatments, particularly in the brain. This is
particularly relevant for techniques where a low local concentration of microbubbles might be
expected, such as when antibody conjugated microbubbles are used to target brain metastases as in

Chapters 2 and 3 of this thesis.
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Graphical abstract
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S.1. Introduction

In Chapter 4, microbubbles containing lysolipid (Lyso-MBs) were shown to cause a 5 fold increase
in cell membrane sonoporation when compared to microbubbles without lysolipid (Control-MBs). It
has also been shown that lysolipids significantly affect the fluidity of cell membranes (Chapter 4),
transfer between microbubble shells and cell membranes under ultrasound exposure (Section 7.4) and
cause a transient reduction in trans-endothelial electrical resistance (TEER) in an in vitro model of
the BBB.>*° Therefore, this Chapter assesses whether Lyso-MBs are also capable of increasing US-

BBBD when compared to Control-MBs.

As discussed extensively elsewhere in this Thesis, the BBB is one of the major barriers to therapeutic
delivery, and as such, microbubbles that are capable of increasing US-BBBD without requiring an
increase in ultrasound energy requirements may permit safe ultrasound mediated treatments deeper
within the brain. More generally, if this enhancement is due to lipid exchange mechanisms, these
findings would warrant further research into the effect of other microbubble constituents on

therapeutic delivery.
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5.2. Experimental Methods
5.2.1. Method overview

Gadolinium uptake into the parenchyma and serum IgG extravasation were used to compare the US-
BBBD caused by both Lyso-MBs and Control-MBs. Female BALB/C mice (8-11 weeks old, Charles
River, UK) were anaesthetized using isoflurane (1.5-2.0%) in 30% O>: 70% N>0), then had the top
of their head shaved and were then placed in an MRI cradle with purpose built compatibility with the
ultrasound set-up used. Animals were then transferred to the ultrasound setup before 3 minutes of
ultrasound exposure (Section 5.2.2) to allow for the (highly variable) endogenous acoustic response
to be accounted for (Section 5.2.3). 30 seconds before the injection of 1 x 10® microbubbles (either
Lyso-MBs or Control-MBs), 30ul of gadolinium was injected into the tail vein. Ultrasound exposure
continued for a further 2 minutes whilst the microbubbles were circulating. The cradle was then
placed back in the MRI and a second MRI acquisition was performed using the same settings as for
the first scan. Mice were then sacrificed using an overdose of pentobarbitol administered via
intraperitoneal injection, followed by transcardial perfusion and fixation to preserve the cerebral
blood vessels for histological analysis (Section 5.2.5). Comparison of the pre and post ultrasound
MRI scans allowed quantification of gadolinium uptake in the parenchyma. All animal procedures
were performed in accordance with the guidelines of the University of Oxford and approved by the

UK Home Office. A summary of this timeline can be found in Figure 5.2.1.

First MRI Move to : N
ultrasound Ultrasound Microbubble injection Ultrasound Second .
scan Termination
setup on off MRI scan
Gd-DTPA
l injection l l

3 minutes 2 minutes

30 seconds

Figure 5.2.1: Experimental timeline of the experiments comparing US-BBBD potential of Lyso-MBs
and Control-MBs.
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5.2.2. Ultrasound exposure

Ultrasound exposure was carried out using a purpose built setup that allowed reproducible exposure
of mice in an MRI cradle (Figure 5.2.2). This setup was also used in Chapter 3 and is summarised in
Section 3.2.3. The ability to maintain the position of the mouse skull relative to the MRI cradle via a
stereotaxic frame allowed comparison of the pre and post ultrasound MRI scans, thus allowing
visualisation of image hyperintensity caused by gadolinium uptake into the parenchyma and thus

visualisation of US-BBBD. It also maintained anaesthesia throughout ultrasound exposure.

Mice were exposed to 120 seconds of 0.5 MHz ultrasound with varying peak negative pressures
(summarised in Table 3). A 1 Hz pulse repetition frequency and a 1% duty cycle was used.
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Figure 5.2.2: A schematic diagram of the key components in the set-up used to expose mice to
ultrasound.

5.2.3. Acoustic emissions monitoring

As in Chapter 3, acoustic emissions monitoring during in vivo experiments was achieved using a
single element passive cavitation detector (PCD) with a 3.5 MHz centre frequency (Olympus, US)
co-aligned with the ultrasound transducer. This allowed analysis of any acoustic emissions from
microbubbles in the brain. The powers and total acoustic energies of the harmonic, ultraharmonic and
broadband components of the emissions were calculated as in Section 3.2.6. In contrast to the
experiments in Chapter 3, subtraction of the background PCD noise (recorded immediately prior to
microbubble injection) was conducted to remove inter-animal variations in acoustic response (Figure

5.2.3).
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Figure 5.2.3: Diagram showing key elements of representative PCD trace from the in vivo
experiments in this Chapter. To reduce the influence of acoustic emissions arising from elsewhere in
the animal, the background PCD noise (B) was subtracted from the acoustic signature from the
microbubble injection (C). The acoustic signature of the animal (A) often had a greater power
amplitude than the subsequent microbubble injection.

5.2.4. MRI analysis of gadolinium uptake into the parenchyma

All MRI procedures were performed as in Section 3.2.4. However, it was not necessary to quantify
left/right differences in this Chapter.

5.2.5. Histological analysis of extravasated serum IgG

All histological analysis was performed as in Section 3.2.5.

5.2.6. Animal overview

Table 3 outlines each of the experimental groups for which US-BBBD was tested in this Chapter and
the number of animals in each group. The no ultrasound, ultrasound only and the lyso-PC groups
were used to investigate any measurable effect on the BBB of the different MB formulations, the

ultrasound alone and free lysolipid respectively.
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Condition Number of animals

No ultrasound 4 with Control-MBs, 4 with Lyso-MBs
160kPa PNP 5 with Control-MBs, 5 with Lyso-MBs
240kPa PNP 5 with Control-MBs, 5 with Lyso-MBs
320kPa PNP 8 with Control-MBs, 8 with Lyso-MBs
480kPa PNP 8 with Control-MBs, 8 with Lyso-MBs
US only (640kPa PNP) 4

Lyso-PC only (10x amount injected in MBs) | 4

Table 5: A summary of the number of animals in each group
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5.3. Results

5.3.1. MRI results

Transverse, coronal and sagittal distributions of hyperintense MRI voxels at 480kPa PNP
(volumetric sum across all 8 animals for each group)

Lysolipid MBs Control MBs

1 200
1180 L { I
Coronal projection ~ . Coronal projection

1160 \
1140 W .

‘ . - |
1120 [N \

80 Transverse projection

Number of hyperintense MRI voxels each location
(sum across all 8 animals in each group)

0 Sagittal projection Sagittal projection

Figure 5.3.1: Heat maps of the ultrasound-mediated blood brain barrier breakdown in all 8
animals for both Lyso-MBs and Control-MBs at the highest pressure tested (480kPa PNP). Plots
show sagittal, transverse and coronal projections of the volumetric sum of hyper-intense voxels (as
measured by MRI), summed across all 8 animals in each group. The colour scales are equal for
each plot to aid visual comparison between the two groups (brighter represents more US-BBBD).
An illustrative line is shown around each projection indicating the edge of the brain.

Figure 5.3.1 shows sagittal, transverse and coronal heatmaps of the average distribution of US-BBBD
for Lyso-MBs and Control-MBs at the highest pressure tested (480kPa PNP) as measured by MRI.
Visual inspection reveals a clear difference in gadolinium uptake between the two microbubble

formulations.

Figure 5.3.2 shows the US-BBBD in each of the experimental groups outlined in Table 3, calculated
from the MRI hyper-intensities as detailed in Section 5.2.4. The total number of MRI voxels with an
intensity greater than 3 standard deviations above background (hyper-intensity) is shown. In

agreement with the heat maps in Figure 5.3.1, these results show that Lyso-MBs caused significantly
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more US-BBBD than Control-MBs at 480kPa (p = 0.0026). There were no significant differences

between microbubble types at any other pressures.

US-BBBD as measured by Gadolinium uptake on MRI
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Figure 5.3.2: US-BBBD for each of the conditions tested (detailed in Table 3) as measured by
gadolinium uptake into the parenchyma. Hyperintense voxels are those that have a brightness higher
than 3 standard deviations above background when comparing the pre-US and post-US MRI scans.
At the highest pressure tested, Lyso-MBs significantly increase US-BBBD when compared to Control-
MBs (p<0.05, two tailed t-test). At all other pressures tested, there was no significant difference
between Control-MBs and Lyso-MBs.

When comparing the results at 320kPa and 480kPa, the only significant difference in US-BBBD is
with Lyso-MBs (p = 0.0008), with Control-MBs having a p value of 0.67. Both microbubble
formulations significantly increase US-BBBD between 240kPa and 320kPa whereas neither
microbubble formulation had a significant effect between 160kPa and 320kPa. Only Lyso-MBs have
a significant effect on US-BBBD between the no ultrasound and 160kPa groups. There are no
significant differences in BBBD between the ultrasound only, lysolipid only, and microbubble only
groups. These results indicate that Lyso-MBs are more effective than Control-MBs at the highest
pressure tested and should be analysed in tandem with the histological measurements of US-BBBD,

shown in Section 5.3.2.
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Whilst not a direct measure of toxicity, the MRI measurements of BBBD show that Lyso-MBs on

their own do not enhance Gd uptake across the BBB.

5.3.2. Histology results

This Section details the US-BBBD results obtained via immunostaining histology slices for
extravasated serum IgG as detailed in Section 5.2.5 for each of the experimental groups identified in

Table 3. This technique is complementary to the MRI/gadolinium enhancement results in Section

Representative histology slices from each animal at 480kPa PNP

Control-MBs Lyso-MBs

5.3.1.

Figure 5.3.3: A representative histology slice from each animal in the 480kPa group. Extravasated
serum IgG is visible in brown (DAB-peroxidase substrate solution). Differences in blue cresyl violet
staining arise from differences in the local concentration of dye and do not affect measurements of

US-BBBD.
Figure 5.3.4 shows a representative histology slice from each of the animals in the 480kPa groups.

The blue colouring is cresyl violet (a cellular stain) and the brown colouring is a DAB-peroxidase

substrate solution and acts as a stain for extravasated serum IgG (full protocol explained in Section
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5.2.5). While it is visibly clear that, on average, the animals injected with Lyso-MBs have more
widespread US-BBBD, the coronal distribution of US-BBBD is highly irregular in both groups. It is
likely that these differences result from slight differences in positioning of the animals within the
cradle and perhaps small differences in skull shape leading to the establishment of different

intracranial standing wave patterns.

Visual inspection reveals that the US-BBBD caused by Control-MBs appears more punctate than that
caused by Lyso-MBs, suggesting that it has arisen primarily around major blood vessels in the

ultrasound focus.

Figure 5.3.3 shows the mean number of strong positive voxels in the whole brain for each
experimental group. Strong positive voxels are those with dark DAB-peroxidase staining (with an

intensity value between 0 and 175 in the red channel). This is defined further in Section 3.2.5.

US-BBBD as measured by IgG histology
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Figure 5.3.4: US-BBBD for each of the conditions in Table 3 as measured by immunostaining for
extravasated serum IgG. In agreement with the MRI results, a significant increase (p<0.03, two tailed
t-test) in US-BBBD was observed between the Lyso-MBs and Control-MBs at 480kPa. Although not
significant, Lyso-MBs also cause more US-BBBD than Control-MBs at all other pressures tested.
The ultrasound only group represents a control for the extravasated serum IgG that is present around
major blood vessels and certain brain structures after ultrasound exposure.
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Figure 5.3.3 shows that Lyso-MBs caused a greater amount of US-BBBD than Control-MBs at every
pressure tested, but that this result was only significant (p<0.05, two tailed t-test) at the highest
pressure, in agreement with Figure 5.3.2. In the microbubbles only groups, Control-MBs caused
significantly more BBBD than Lyso-MBs. This result, combined with that for the ultrasound only
group, suggests that both microbubble formulations have an effect on the BBB on their own, but this
effect is lower with Lyso-MBs. In contrast to the results in Figure 5.3.2, free lysolipid (10 times the
amount of lysolipid present in an MB injection) has a significant effect on the BBB when compared

to the ultrasound only group.

5.3.3. Acoustic emissions

Acoustic emissions over time
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Figure 5.3.5: The average harmonic power of the acoustic emissions, split by microbubble type
(green — Lyso-MBs and blue — Control-MBs) at each pressure over the duration of ultrasound
exposure. Error bars indicate + 1 standard deviation.
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Figure 5.3.5 shows the average power of the harmonic acoustic emissions over the duration of
ultrasound exposure for all animals, split by microbubble type and ultrasound pressure. These results,
in combination with those in Figure 5.3.6, Figure 5.3.7 and Figure 5.3.8 show that there were no
significant differences in acoustic emissions between the microbubble types. This is particularly

important at 480kPa PNP which observed a significant difference in US-BBBD.

>

Harmonic energy
__1E+7
1E+6
1E+5
I 1E+4
1E+3
1E+2
1E+1

1E+0

160 240 320 480
Peak Negative Pressure (kPa)

Average broadband energy in
acoustic emissions (V2.s x10-12

o)

Ultraharmonic energy
1E+6

1E+5 _T_
1E+4

1E+3
1E+2
1E+1
1E+0
160 240 320

Average broadband energy in
acoustic emissions (V2.5 x10-12)

480
Peak Negative Pressure (kPa)
C Broadband energy
_1E+T
c od
2T 1E+6 T
o2
g e 1
< S 1E+4
§ 2 1E+3
+
35
€ 2 1E+2
S 5 e
[@)]
& 2 1E+0
g 2 160 240 320 480
o
[4+]

Peak Negative Pressure (kPa)

Page 176



Figure 5.3.6: An overview of the average acoustic emissions from the animals at all pressures. (4)
Average harmonic energy of acoustic emissions, (B) average ultraharmonic energy of acoustic
emissions, (C) average broadband energy of acoustic emissions. Blue bars represent Control-MBs,
green bars represent Lyso-MB:s.

Figure 5.3.6 shows the average harmonic, ultraharmonic and broadband emissions of the animals in
each group, split by microbubble type (blue bars represent Control-MBs, green bars represent Lyso-
MBs). At the highest pressure tested, the harmonic and broadband emissions of Lyso-MBs are slightly
higher those of the Control-MBs. However, the ultraharmonic emissions of the Lyso-MBs are lower.
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Figure 5.3.7: The relative amplitude of emissions as a percentage of the harmonic energy. Note the
log 1o scale on the y-axis.

The relative amplitude of harmonic, ultraharmonic and broadband components is important when
monitoring acoustic emissions from cavitation activity. Figure 5.3.7 shows the average amplitude of
the ultraharmonic and broadband components for each microbubble type normalised by the harmonic

component for that microbubble type. This allows quantification of any elevation in either
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ultraharmonic emissions or broadband emissions that is disproportionate to the increase in ultrasound

pressure. From this plot it can be seen that at the three lowest pressures, the relative elevation in either

ultraharmonic emissions or broadband emissions is greater for Control-MBs than for Lyso-MBs. At

the highest pressure where a significant difference in US-BBBD was observed, relative broadband

emissions are roughly equal and ultraharmonic emissions are higher for Control-MBs than for Lyso-

MBs. Figure 5.3.7 also shows that the only ultrasound pressure where the relative amplitude of the

ultraharmonic and the broadband emissions was comparable to the harmonic emissions was the

highest pressure. This correlates with the significant difference in US-BBBD between microbubble

types.
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Figure 5.3.8: Scatter graphs showing the relationship between the energy of harmonic emissions
(relative to the acoustic background of that animal, as defined in Section 5.2.3) and US-BBBD as
measured by IgG histology for each pressure. Circles represent Control-MBs whereas triangles
represent Lyso-MBs.
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Figure 5.3.8 shows the correlation between the harmonic component of the acoustic emissions and
the US-BBBD (as measured by histology) for each animal. The lack of clear correlations provides
further evidence that the difference in US-BBBD cannot be attributed to increased cavitation activity.
However, it should be noted that, despite the elevations in harmonic and ultraharmonic emissions

after microbubble injection, it is possible that microbubble cavitation was not actually detected.
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5.4. Discussion

Part 2 (Chapters 4 and 5) of this thesis set out to address to the second major challenge facing the

successful treatment of brain metastases:
Challenge 2: Enhancing therapeutic delivery across the blood brain barrier

The aim of the work in this Chapter was to discover whether the enhanced cellular delivery observed
with Lyso-MBs in vitro in Chapter 4 could be translated to an in vivo model and enhance US-BBBD
beyond the current capabilities of the phospholipid-shelled microbubbles used clinically. To do this,
animals were injected with either Control-MBs (containing no lysolipid) or Lyso-MBs. Ultrasound
was applied to the whole brain during which time acoustic emissions were monitored using a single
element PCD. US-BBBD was then measured by gadolinium uptake into the parenchyma (via MRI)

and by the extravasation of serum IgG (via histological immunostaining).

Lyso-MBs were found to significantly increase US-BBBD above that caused by Control-MBs at
480kPa PNP, something that is not attributable to differences in microbubble size, microbubble

concentration or microbubble cavitation activity (as measured by acoustic emissions).

Whilst all animals were positioned and aligned relative to the ultrasound transducer using the same
method, there are clearly large differences in the position of US-BBBD within the brains (Figure
5.3.4). It is likely that this occurs due to slight differences in both the physiological make-up of the
mice (e.g. skull thickness and brain perfusion) and slight differences in the position of the mice in the
cheek bars of the MRI cradle. Mouse positioning in these experiments was conducted by a scientist
with a wealth of experience with the positioning system used and so these differences represent the
practical difficulties associated with these experiments and demonstrate the need for many repeats to

establish confidence in the results.

The research goal of this Chapter was to test the hypothesis that the composition of microbubbles has
an effect on US-BBBD. Therefore, the systemic toxicity of the Lyso-MBs was not measured directly

in this experiment. Whilst, according to histology, free lysolipid caused some damage to the BBB,
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Lyso-MBs had significantly less effect than Control-MBs. In agreement with the results in Chapter
4, the incorporation of lysolipid into MBs seems to remove its harmful effects. The endpoint of this
experiment however did not permit measurement of the reversibility of the US-BBBD caused by

these MB formulations and should be investigated before further clinical developments.

Whilst no therapeutic effect was shown in this Chapter, the enhanced delivery of gadolinium serves
as a proxy for the enhanced delivery of small molecule therapeutics. Now that optimising the
composition of microbubbles has been shown to enhance transport across the BBB, future teams can
explore whether or not this enhancement translates linearly to similar small molecules and, if it does,

whether it leads to an enhanced therapeutic effect of those small molecules in the brain.

A final point of discussion is that the significant increase in US-BBBD was only observed at the
highest pressure. However, this correlates with the pressure at which both ultraharmonic and
broadband emissions were of comparable magnitude to the harmonic emissions, thus indicating that
this was the first pressure for which cavitation activity was detected. As the pressure inside the mouse
skull is likely to be at least 18% lower than that measured in free space,>*® higher pressures may see
a further enhanced effect. It is also worth noting that in the histology results (Figure 5.3.3) indicate
that US-BBBD was higher (although not significantly) for Lyso-MBs than Control-MBs at all other
pressures, apart from those without ultrasound, where Lyso-MBs caused significantly less damage to

the brain.

These results build on those in Chapter 4 to show that the lipid-transfer from microbubbles to cell
membranes can be exploited to enhance the ultrasound-mediated delivery of model drugs across the
blood brain barrier in vivo. This therefore represents a novel approach for optimising microbubbles
that may improve clinical treatments in the future. This is especially true for treatments for which low
local concentrations of microbubbles are expected at the disease site, such as those relying on actively

targeted microbubbles to treat pathologies such as metastatic brain tumours.
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5.5. Conclusions

The physical properties (size, size distribution, stability and acoustic response) of cavitation agents
and ultrasound exposure parameters have previously been optimised to increase drug delivery. The
results in Chapter 4 and Section 7.4 show that lipids transfer from microbubble shells to cell
membranes and that this transfer affects the membrane lipid order. Moreover, this transfer can be

exploited to enhance ultrasound-mediated cellular uptake of a model drug.

This research in this Chapter has shown that microbubbles containing lysolipid (Lyso-MBs)
significantly increase the ultrasound-mediated delivery of a model drug across the blood brain barrier
in vivo. These results cannot be attributed to microbubble size, microbubble concentration or
cavitation behaviour. Moreover, no toxic effects arising from the presence of lysolipid in the Lyso-

microbubbles were observed.

These findings show that the composition of microbubbles can be adapted to enhance ultrasound-
mediated blood brain barrier disruption, and therefore opens up an exciting new optimisation strategy

for the delivery of drugs in the brain.
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6. Thesis overview

6.1. Thesis summary
This thesis set out to exploit ultrasound and microbubbles to tackle two of the key challenges that

currently impede the successful treatment of brain metastases. These challenges are:
Challenge 1: Targeting therapy selectively to brain metastases
Challenge 2: Enhancing therapeutic delivery across the blood brain barrier
As outlined in Section 1.7, the following research questions were addressed:

1. Are antibody-conjugated microbubbles capable of selectively binding to target regions in
the brain?

2. Once bound, are antibody-conjugated microbubbles then capable of causing US-BBBD
selectively in the target region?

3. How does lipid transfer from microbubbles affect cell membranes?

4. Can microbubble-cell lipid transfer be exploited to enhance therapeutic delivery?

Questions 1 and 2 are tackled in the first part of this thesis (Chapters 2 and 3) which focuses on
targeting therapy specifically to the site of brain metastases. Questions 3 and 4 are tackled in the
second part of this thesis (Chapters 4 and 5) which focuses on enhancing the delivery of therapeutics
across the blood brain barrier, something that is critical for treating early stage metastatic tumours in

the brain.

The contributions of this thesis can be summarised as follows:

e Demonstrating that microbubbles conjugated to anti-VCAM-1, an antibody with a high,
selective affinity to early stage brain metastases, selectively bind to mouse brain endothelial
cells that are overexpressing VCAM-1 under physiologically relevant flow conditions. This

binding is much greater than that achieved by microbubbles conjugated to a control antibody.
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e Demonstrating that anti-VCAM-1 conjugated microbubbles can bind selectively in a region
of the brain where VCAM-1 expression is upregulated. This binding, combined with whole-
brain ultrasound, was sufficient to enhance US-BBBD selectively in the target zone. To the
author’s knowledge, this is the first time that the combination of targeted microbubbles and
unfocused ultrasound has been shown to be capable of causing selective US-BBBD. This
technique potentially has far reaching consequences as it removes the requirement for prior
knowledge of the disease site. This is particularly important for early stage metastases.

e Demonstrating that the lipids from phospholipid-shelled microbubbles transfer to cell
membranes under ultrasound exposure and this transfer influences the fluidity of the lipid
bilayer. Based on this optimisation, microbubbles containing lysolipid were developed and
shown to be capable of enhancing the delivery of model drugs to cells in vitro. Direct transfer
of a fluorescent lysolipid from microbubble shells to cell membranes is also shown.

e Demonstrating that microbubbles containing lysolipid were able to double the volume of the
brain in which US-BBBD was caused without increasing the ultrasound energy and without
causing any observable systemic toxicity or brain damage. Optimisation of microbubbles for
drug delivery purposes has the potential to increase the efficacy of treatments that are either
deep within the brain or treatments where the local concentration of microbubbles is low, for

example when the microbubbles have been antibody targeted to brain metastases.

The research in this thesis identifies, investigates and demonstrates the potential of two powerful,
novel concepts for the field of ultrasound-mediated therapeutic delivery. The concept developed in
Chapters 2 and 3 removes the need for knowledge of the disease site prior to treatment. The concept
developed in Chapters 4 and 5 enhances delivery in the brain without requiring an increase in
ultrasound energy. Whilst it is clear that a significant quantity of work is required to translate these
concepts to clinic, the findings in this thesis, when presented together, provide compelling evidence

that ultrasound and microbubbles have the potential to provide the first curative treatment for
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metastatic tumours in the brain. This presents the first realistic treatment option for the vast and

growing cohort of patients worldwide who suffer from this debilitating and terminal disease.

It is important to recognise that whilst this research focuses on developing a treatment for brain
metastases, the principles of non-invasive and targeted therapy examined in this thesis could,

potentially, be extended to the treatment of many other pathologies, both in the brain and elsewhere.

Targeted drug delivery systems could facilitate the use of many types of pharmaceutical compound
that are currently ineffective if administered intravenously or orally. These include poorly soluble
drugs and large molecules such as proteins and DNA.>*” Furthermore, significantly increasing the
localised dose of existing drugs could reduce the need to develop new medicines, currently estimated
to cost between $500 million and $2.6 billion per drug.>***! Mitigation of patent expiry provides an
additional commercial motivation for the clinical development of novel drug delivery systems. In
addition, new delivery methods for existing products are in considerable demand due to the

commercial value of such systems and to mitigate patent expiration.>*?

As the incidence of metastatic cancers and the need for novel drug delivery systems continues to rise,
this research is both pertinent and timely. This thesis represents a small step on the collective quest

to achieve the curative treatment that the world is waiting for.

The key findings of this thesis are shown schematically in Figure 6.1.1.
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6.2. Future work

6.2.1. Chapter 2: further work (anti-VCAM-1 microbubbles in vitro)

Building on the work in Chapter 2, there are many additional in vitro studies that could be undertaken

on antibody conjugated microbubbles that warrant investigation by future teams.

Firstly, the microbubble formulations used could be further optimised. Whilst it is clear that anti-
VCAM-1 has been conjugated to these microbubbles, quantification of the exact antibody loading,
the free surface biotin and streptavidin, the inter-sample antibody loading variability and the stability
in blood are all required. Further quantification of the binding dynamics, targeting efficiency, flow

resistance (including in the presence of flow pulsatility or blood) is also necessary.

The in vitro experimental groups used show that the anti-VCAM-1 antibody is the moiety responsible
for attachment to inflamed cells and that this is capable of selectively distinguishing between inflamed
and non-inflamed cells. Experiments utilising capillaries conjugated with VCAM-1 protein or pre-
treating inflamed cells with anti-VCAM-1 antibody would act to further confirm the VCAM-1

specificity of AV-MBs.

Biotin-streptavidin-biotin conjugation is a simple and widely used strategy for actively targeting
microbubbles pre-clinically. However, further research into other conjugation strategies with less

immunogenic properties is important for eventual clinical translation.

Further enhancement of the targeting or retention capabilities, for example incorporating iron oxide
nanoparticles into the MB shell for magnetic targeting or adding a second antibody for dual targeting,

1s also warranted.

6.2.2. Chapter 3: further work (anti-VCAM-1 microbubbles in vivo)

Future teams could elucidate the exact mechanisms at work in the intra-striatal injection model by
further testing with MBs conjugated with antibodies that would be less susceptible to cross-species

reactivity (such as anti-goat or anti-horse IgG) and MBs without antibodies. A systemic injection of
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anti-VCAM-1 prior to MB injection could be used to establish the specificity of AV-MB binding in
vivo. More reliable fluorescence-based methods of measuring the upregulation of VCAM-1 following
cytokine injection could be used to more accurately quantify the VCAM-1 expression in the brain of
each individual animal. This would remove the influence of endogenous VCAM-1 expression and
remove the influence of other brain structures in the histological analysis. More detailed spatial

analysis of the co-localisation of VCAM-1 expression and US-BBBD could also be carried out.

It should be emphasised that the underlying motivation behind the work in Part 1 of this thesis is to
develop a targeted therapy for metastatic brain tumours, not neuro-inflammation. Therefore, in the
author’s opinion, this Chapter presents sufficient evidence for the ability of antibody-conjugated MBs
to cause targeted US-BBBD. The experimental resources of future teams would be much better
allocated to investigating the ability of AV-MBs to selectively cause US-BBBD around the sites of
microscopic tumours in an in vivo model. Suitable models include an intra-cardiac injection of
MDAZ231BR cells (metastatic human breast carcinoma) that preferentially metastasize to the brain
and begin to form microscopic brain metastases within 5 days.!°® It makes practical sense to begin
with a model that has been shown to work well, before moving on to other models/pathologies where

the target antibody is less clearly overexpressed relative to background.

6.2.3. Chapter 4: further work (lysolipid microbubbles in vitro)

The dependency of both microbubble-cell lipid transfer and enhanced cellular delivery on the
ultrasound parameters used warrant further investigation, especially as the in vivo results in Chapter
5 indicate a pressure dependence. Similarly, the response of other cell lines to these effects is
important; these results may reveal locations in the body and/or pathologies that are more susceptible
to treatment. The effects of lysolipids on the other mechanisms suspected to play a role in cellular
delivery and/or US-BBBD should also be investigated further. These include endocytosis and cell-

cell tight junction opening.
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Whilst a handful of lipids were investigated in this Chapter, there are many more that would be
reasonably expected to influence cellular uptake of therapeutics. These include structurally similar
synthetic lipids (discussed in Section 4.10) and lipids with different shapes (for example PEs). Other
microbubble components, e.g. emulsifiers, also have a significant effect on cell membrane properties
and are worthy of further investigation. In the same line of reasoning, it may be possible to design
microbubbles containing 3 or more different lipids that act synergistically to enhance therapy further.
It is important to recognise that the microbubble components that have been used interchangeably for

many years may have a significant effect on the outcome of ultrasound-mediated therapeutic studies.

6.2.4. Chapter 5: further work (lysolipid microbubbles in vivo)

Whilst a clear increase in US-BBBD was shown at the highest pressure tested in Chapter 5, there are
many further avenues of research which should be pursued to aid the progress of these techniques

towards clinical trial.

Further testing of the two microbubble formulations should be carried out with different ultrasound
settings, most notably higher pressures. As the research in this Chapter indicates that a significant
effect was only observed once cavitation activity was detected, it is hypothesised that the more
cavitation that microbubbles undergo, the more US-BBBD will occur. The use of passive acoustic

mapping in larger animals would provide further information on the onset of cavitation.

No cellular damage or lesion formation was observed in any of the brains. However, further analysis
of the systemic toxicity, clearance routes and longer term effects of microbubbles containing lysolipid
is required. On top of this, the reversibility of the US-BBBD caused by each type of microbubble is
an important consideration. It is likely that lyso-MBs could improve delivery to other tissues and
across other membranes in the body, especially those that are deep within the body where delivering
high ultrasound energies presents practical and safety challenges. Potential high-value targets include

delivery to the pancreas and crossing the tight cellular membranes in the kidney.
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Once the effect of a range of other microbubble constituents on in vitro cellular delivery and other
processes likely to affect US-BBBD have been analysed as proposed previously, testing them in vivo
is warranted. It is likely that the results of many ultrasound mediated delivery experiments could be

enhanced through engineering of the composition of the microbubble shell.
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6.3. Further discussions

6.3.1. FUS to UFUS?

Whilst Part 1 (Chapters 2 and 3) of this thesis supports the proposal that antibody conjugated
microbubbles and unfocused ultrasound (UFUS) can be combined to cause US-BBBD selectively at
the site of disease, it is important to emphasise the wider clinical applications that this technique could
have. Not needing to focus the ultrasound means that beam distortion, especially within complex
bone structures such as the skull, would become less of an issue. As microbubbles can produce
therapeutically relevant effects at much lower ultrasound pressures than the majority of other

cavitation agents, they are the most likely to see clinical translation for this application initially.

Figure 6.3.1 shows some of the other pathologies that may be susceptible to direct treatment using
AV-MBs. Also shown are some pathologies for which likely disease biomarkers are known but a
safe, selective and reversible method for opening the blood brain barrier at sites expressing those
biomarkers does not currently exist. Part 1 of this thesis is proposing UFUS and actively targeted

microbubbles as a potential viable solution.

B-amyloid

Alzheimer's Tau-fibrils

Brain metastases J

[ Anti-VCAM Spinal metastases J [ Blood l::raln Parkinson’s
barrier

Stroke Myelin proteins

H Alpha-Synuclein }
Stroke damage ]

Figure 6.3.1: Some of the other pathologies that could be targeted using anti-VCAM-1 conjugated
microbubbles (left) and some of the other pathologies that could benefit from the ability to actively
target US-BBBD with a molecular level of specificity in the brain (right).

6.3.2. Long-term feasibility of the solutions in this thesis

It was established in Section 2.1.2 that antibody-microbubbles meet the four essential requirements
(identified in Section 1.5.3) for a therapy for brain metastases. There are several additional desirable

characteristics that such a therapy should possess. These are:
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ii.

iii.

1v.

Low cost.

Formulation using FDA approved materials to accelerate regulatory approval.
Manufacturing protocols that are simple, robust, repeatable and possible on a large scale.
Practical suitability for use in real-world clinical settings.

Utility as a platform technology to allow personalised therapy, e.g. straightforward procedure

for adapting tumour targeting molecules for individual patients/tumour characteristics.

The suitability of the techniques developed in this thesis with regards to these additional

characteristics is now discussed:

1.

ii.

iil.

1v.

Microbubbles are low in cost compared to many therapeutics.>**>* Conjugation with an
expensive drug is the only factor likely to significantly increase this cost. The clinically
available ultrasound systems vary significantly in cost. The Exablate system costs between
$750,000 and $1.5 million and requires an MRI system for operation.>* The cost of the
SonoCloud system is not publicly available but as it is a single transducer and doesn’t require
MRI, the majority of the cost is likely to be associated with the surgery.

Three microbubble formulations (Optison, Definity, Sonozoid and Sonovue) have achieved
regulatory approval and are in widespread clinical use.’ The main components of Sonovue are
very similar to those in the microbubbles formulations tested in this thesis. As initial clinical
studies focus on enhancing the delivery of pre-approved therapeutics, approval of this
technique is not expected to face insurmountable regulatory challenges.

Microbubble manufacturing protocols do not present significantly greater manufacturing
challenges than the vast majority of systemic therapeutics.

In the clinic, Sonovue® is manufactured in less than 30 seconds via manual agitation.
Therefore, it is hoped that more advanced, actively targeted microbubble formulations would
also not present significant practical challenges during clinical use.

As is mentioned elsewhere in this thesis, there are many other receptors that could be targeted

for a wide range of intracranial diseases and many different ligand-microbubble conjugation
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strategies are available that has the potential to allow this technique to become a platform
technology for personalised therapy that can be adapted for individual patients/tumour

characteristics.

6.3.3. Implications of these results for potential therapies

As the principle aims of this study were not related to therapeutic outcomes, no direct link can be
drawn between the results here and eventual therapeutic benefits for patients with brain metastases.
However, there are several aspects that are clinically relevant and should act as the pre-cursor and
feasibility test for future therapeutic tests involving antibody targeted microbubbles and unfocused

ultrasound to enable drug delivery in the brain with a molecular level of specificity.

The small molecule compound (gadolinium-DTPA, a 590kDa, ionic MRI contrast agent) used in
Chapters 3 and 5 of this thesis is a widely used proxy for small molecule drugs. It has been shown to
be co-localised with the delivery of larger molecule compounds across the BBB>*® and some
estimations state that gadolinium may underestimate the true extent of BBB breakdown.'®* Therefore,
it can be assumed that if gadolinium can be selectively delivered across the BBB in the target region,
delivery of small molecule chemotherapeutics such as doxorubicin or paclitaxel should be a

straightforward extension.

The acoustic emissions recorded from the brains of the mice in this study found a significant increase
in cavitation activity arising from microbubbles bound within the brain. As an increase in
microbubble cavitation energy has been directly linked to more effective therapy in the brain, it can

be hypothesised that this cavitation would have a therapeutic effect on any nearby tumours.>*’~>>

US-BBBD is now widely regarded as a low risk technique for reversibly increasing the permeability
of the BBB (see Section 1.6.3). Although the longevity of BBB opening was not investigated in this
study, no brain tissue damage or intracerebral lesion formation was observed during histology of any
of the animals. This indicates that, if necessary, the acoustic energy delivered and/or microbubble

concentration could be further increased to enhance therapeutic efficacy
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6.3.4. Further challenges

Whilst the main two challenges associated with treating metastases have begun to be addressed in

this thesis, there are a host of other challenges to consider.

Once tumours get large enough to develop blood vessels of their own, they develop abnormal
perfusion dynamics, a high interstitial pressure and a hypoxic core. Whilst the aim of this thesis
is to treat tumours before these problems develop, the practical constraints of clinical diagnosis
mean that this is unlikely to happen all of the time. All of these factors would limit the efficacy
of the techniques in this thesis. However, they also limit the delivery of every other systemically
administered therapy.

At the time of diagnosis, metastases in the same patient normally span a wide range of
characteristics, most notably in size. Whilst microscopic tumours may be susceptible to the
techniques developed in this thesis, it is likely that larger metastases, due to the reasons outlined
above, would not. Therefore, it is likely that any clinical translation of these ultrasound-mediated
techniques would be combined with either surgery or stereotactic radiotherapy to treat larger
tumours.

The condition of patients with brain metastases presents another challenge. Most of these patients
will have undergone many previous rounds of surgery, chemotherapy and radiotherapy for
lesions elsewhere in the body. Therefore, whilst enhanced and more selective delivery of
chemotherapeutics will help, patients may have already developed resistance to many of the
small-molecule therapeutics that are most suitable for initial use with the techniques in this thesis.
The physical condition of patients is also likely to be very poor, limiting their willingness or
eligibility to trial novel clinical techniques.

All of the techniques in Part 1 of this thesis require the use of unfocused ultrasound transducers
capable of exposing large areas of the brain to a semi-uniform field without setting up dangerous

standing waves or under-exposing large swathes of the target region. The design, construction
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and clinical approval of a system capable of adapting to different patients with relative ease is
non-trivial.

e Whilst many components of this thesis are in either late-stage pre-clinical or early stage clinical
trials, combining them all together as suggested throughout this thesis would require a host of
new regulatory approval. The willingness of industry, regulators and academia to pursue this may
be limited in the short to medium term future.

e Most metastatic lesions in the brain are not detected until they are widespread, and currently none
are detected until they are large enough to disrupt the blood brain barrier on their own (1 - 2mm
diameter). By this stage, metastases have adapted to their microenvironment and undergone
clonal selection which greatly increases their resistance to all forms of treatment. Whilst various
methods for improving early stage detection are in late-stage pre-clinical trials, including the anti-
VCAM-1 conjugated MRI contrast agents upon which Part 1 of this thesis is based, none are yet

available clinically.

6.3.5. Combining lysolipids and VCAM?

As Part 1 of this thesis focuses on targeting therapy by exploiting the local overexpression of VCAM-
1 at the site of brain metastases, and Part 2 of this thesis focuses on incorporating lysolipids into
microbubble shells to enhance the delivery of small molecules across the blood brain barrier, it is
perhaps interesting to note that there is a wealth of information from over two decades ago on how
the presence of lysolipids upregulates the expression of VCAM-1.71">>7 Although nothing appears to
have been published since then, it follows that combining both Parts of this thesis could lead to a
synergistic feedback loop where microbubbles containing lysolipid and anti-VCAM-1 reach tumour
sites, then further upregulate VCAM-1, causing more microbubbles to bind and so on. In the author’s

opinion, this is an avenue of research worthy of investigation.
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7. Appendix

7.1. Further effects of 10PC on cell membrane fluidity

Effect of 10PC concentration on cell lipid order

A 10PC concentration (mM) B 10PC concentration (mM)
0 0.05 0.5 1 25 5

0 0.05 0.5 1
0'1 |+| ’+|
-0.1

2.5 5

-0.1

T iy

-03 * * * * -03 * * * *

Whole cell GP

Cell membrane GP

Figure 7.1.1: Effect of 10PC concentration on A-549 cell lipid order. Cells were exposed to 10PC at
a range of concentrations at 37°C for 90 s prior to spectral imaging with C-Laurdan. Results are
split into the GP of the whole cell (A) and the segmented cell membranes (B). For both, all
concentrations above 0.5mM significantly reduced GP when compared to the control.

In Section 4.5.1, it was shown that 10PC significantly reduces the lipid order of cells, an effect that
was not observed for the other hydrocarbon chain lengths. Figure 7.1.1 shows that this effect is
concentration dependant. At all concentrations tested above 0.5mM, 10PC is capable of significantly
reducing both cell membrane and whole cell GP in 90 seconds. This effect appears to saturate above

2.5 mM.

The permeability of cells exposed to 10PC was evaluated using a propidium iodide (PI) and calcein-
AM assay performed by confocal fluorescence microscopy (Figure 7.1.2). The permeabilisation of
cell membranes correlates with the lipid disordering induced by 10PC (Figure 7.1.1), and exhibits the

same concentration dependence and threshold levels for effect onset and saturation.

Figure 7.1.3 shows cells were labelled with both C-Laurdan for spectral imaging of lipid order and
PI and Calcein-AM for measuring permeabilisation after 90 seconds of 0.5mM 10PC exposure. These
results show that only the cells that have their membranes fluidised (lipids disordered) are

permeabilised. This makes it clear that in the concentrations at which 10PC has an effect on cell lipid
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order, it also completely permeabilises the cell membrane. 10PC is also cytotoxic (measured by MTS

assay’) at these exposure conditions.
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Figure 7.1.2: The effect of 10PC on A-549 cell permeability. (A) The percentage of cells
permeabilized by as the concentration of 10PC is increased, measured by Propidium lodide uptake.
(B) Representative fluorescence microscopy images of cells stained with Calcein-AM (green) and
Propidium lodide (red) exposed to 10PC at 0, 0.5, 1, and 5 mM.

Comparing the cell lipid order of permeabilised and non permeabilised cells
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Figure 7.1.3: This plot combines the findings of Figure 7.1.1 and Figure 7.1.2. A-549 cells
permeabilised by 10PC also exhibit modulated lipid order. Cells were exposed to 10PC at 37°C for
~90 s prior to spectral imaging with C-Laurdan and fluorescence microscopy with Calcein-AM and
Propidium lodide (PI). (4) Whole cell GP at different 10PC concentrations for permeabilised (Pl
staining) and non-permeabilised (Calcein-AM staining only) respectively. (B) Some representative
cells imaged by fluorescence microscopy with Calcein-AM (green) and PI (red), and spectral imaging
with C-Laurdan.
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Therefore, 10PC was not taken forward as a candidate lipid for modulating the fluidity of cell
membranes. As one of the key aims of this research is enhancing drug delivery in the ultrasound
focus, whilst reducing off-target side effects, 10PC is far from ideal, especially when compared to

some of the other lipids tested elsewhere in this Chapter, particularly 16-lyso-PC (Section 4.8.3).
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7.2. Further effects of 14PC on cell membrane fluidity

It was found that a 10 minute exposure of 14PC to A-549 cells significantly (p < 0.05) reduced
membrane lipid order at both SmM and 12.5mM (Figure 7.2.1). However, this decrease was smaller
than that observed with 12PC (Figure 4.5.3), and the 14PC exposure did not significantly affect the
whole cell GP over the same time period. Therefore, 12PC was chosen, along with 16-lyso-PC
(Section 4.5.3), as a candidate lipid for modulating cell membrane fluidity in the sonoporation

experiments in Section 4.6.

Effect of 14PC on cell membrane lipid order
0.2 *

0.15 .|. %
0.1 NS

| I p—

0.05 NS

O Control
O5mM 14PC
O12.5mM 14PC

-0.05

Cell membrane GP
[en]

-0.1

-0.15 ]- ]_ I

-0.2

Cell membrane Whole cell

Figure 7.2.1: Effect of 14PC on A-549 lipid order. A-549 cells were exposed to 14PC at either 5 mM
or 12.5 mM at 37°C for 10 minutes and measured using C-Laurdan and spectral imaging. Cell
membrane results are significant (p < 0.05) but whole cell results are not.
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7.3. Stability of Lyso-MBs

Figure 7.3.1 shows how the concentration and diameter of both Control-MBs and Lyso-MBs change
over time relative to their initial values. Figure 7.3.1A shows that the concentration of both Control-
MBs and Lyso-MBs decreases over time and Figure 7.3.1B shows that their diameter begins to
increase. These two plots combined indicate that the Control-MBs coalesced over time, whereas
Lyso-MBs do not over the timescales tested. As such, all experiments were conducted between 0 and

4 hours after MB manufacture.
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Figure 7.3.1: Stability of Control-MBs and Lyso-MBs as indicated by their diameter and
concentration changes over time. Data points have been shifted slightly relative to the axes to allow
easier visualisation of error bars.
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7.4. Lysolipid transfer between microbubbles and cells

7.4.1. Introduction

A fluorescently tagged lysolipid was also used to allow direct visualisation of any lipid transfer

between MBs and cells. However, it is not included in the main body of the thesis due to the

differences between the fluorescent lysolipid used (18:1 NBD-lyso-PE) and (16-lyso-PC). These

differences are due to commercial availability. The predicted effects of these differences on MB-cell

transfer and cell membrane fluidity are:

Chain length: Lipids with a longer hydrocarbon chain length transfer less readily to cell
membranes.*®* The 18 carbon version of 16-lyso-PC (18-lyso-PC) would be expected to have
less effect on the cell membrane fluidity than 16-lyso-PC due to the greater similarity in lipid
chain length to endogenous lipids and based on the cell lipid order for different chain length
lipids in Section 4.9.

Headgroup: 18:1 NBD-lyso-PE has a phosphotatidylethanolamine (PE) head rather than the
phosphotidylcholine (PC) headgroup that all of the other lipids analysed in this Chapter have.
A lysolipid with a PE head would be expected to have a lower effect on cell membrane fluidity
than a lysolipid with a PC head (and equivalent chain length) due to a PE head being smaller
than a PC head (causing a reduction in the conical nature of the lysolipid).

Fluorescent tag: The NBD molecule tagged to 18:1 NBD-lyso-PE may have affected both
lipid transfer and cell membrane fluidity. However, fluorescently tagging the lipid is the only
way to directly observe lipid transfer and so any influence of the fluorophore is unavoidable.

Previous work that has reported lipid transfer*

actually observed transfer of Dil, not the lipid
itself. Transfer of Dil does not guarantee lipid transfer.
Saturation: 18:1 NBD-lyso-PE is an unsaturated lipid (with a carbon-carbon double bond in

its hydrocarbon chain) whereas all other lipids in this Chapter are saturated (do not have the

carbon-carbon double bond). This double bond creates a kink in the hydrocarbon chain and
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removes the ‘conical’ shape. Unsaturated lipids have higher transfer rates and cause a greater
increase in cell membrane fluidity than saturated lipids®>®>>° due to their irregular shapes.
Therefore, 18:1 NBD-lyso-PE would definitely have a higher lipid transfer rate than 18:0
NBD-lyso-PE (the saturated equivalent) but due to the other differences outlined here, it is

uncertain whether the transfer rates would be greater or lower than those of 16-lyso-PC.

Despite the clear differences between 18:1 NBD-lyso-PE and the lysolipid (16-lyso-PC) used in
Chapters 4 and 5 of this thesis, 18:1 NBD-lyso-PE is the only commercially available fluorescently
tagged lysolipid. The lipid transfer results in this Section are the first time to the author’s knowledge
that a fluorescently tagged lipid has been observed to transfer between MBs and cells in response to

ultrasound.

7.4.2. Methods

A-549 human lung cancer cells were cultured in 6.5mm Transwell plates (Corning, Germany) as
detailed in Section 4.6.4. After washing once with PBS, 100ul of NBD-lyso-MBs (at 1 x 10® MBs
per ml, outlined in Section 4.5.1 and manufactured as in Section 4.6.2) was added to the cells. This
configuration was then exposed to ultrasound (180kPa PRP, 500kHz, CW, 60 seconds exposure) from

a H107 transducer (Sonic Concepts, US) in the setup shown in Figure 7.4.1.

— Acoustic absorber

6.5mm Transwell plate |- : NBD-lyso-MBs

NG NG NG A-549 cells

Passive (LS § SN }, LA
Cavitation
Detector

3.5 MHz centre

frequency | H107 transducer
180 kPa PRP, CW
500kHz, 60 seconds exposure
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Figure 7.4.1: Diagram of the ultrasound setup used in the lipid transfer experiments. Cells were
exposed to NBD-lyso-MBs in a 6.5mm Transwell plate, washed twice with PBS and then stained with
CellMask Deep Red plasma membrane stain. To quantify transfer of NBD tagged lysolipid from the
MBs to the cell membrane, cells were subsequently imaged using dual wavelength fluorescence
microscopy.

Cells were then washed twice more with PBS before being incubated for ten minutes with CellMask
Deep Red Plasma Membrane Stain (Thermofisher Scientific, US). Dual wave fluorescence
microscopy on a Zeiss LSM 780 confocal microscope (Carl Zeiss AG, Germany) allowed imaging of
both the CellMask in the cell membranes and any NBD-lyso-PE present in the cell membranes. The
differences between the fluorescent lysolipid used and the lysolipid used elsewhere in this Chapter
are outlined in Section 4.2.1. Images were collected of cells before exposure to NBD-lyso-MBs, after
exposure to just NBD-lyso-MBs and exposure to NBD-lyso-MBs plus ultrasound. All images were
captured with the same gain and exposure times, and were captured in the plane of maximum green
fluorescence. Quantification of the proportion of cells with visible uptake of NBD-lyso-PE was
carried out by eye. Quantification of the area and the average NBD fluorescence intensity of each cell

was calculated by manually segmenting each cell in Image].

7.4.3. MB washing

MBs were washed using the same protocol as detailed in 2.2.4. NBD-lyso-MBs were washed prior to
lipid transfer experiments to remove free fluorescent lysolipid from solution. No other MBs in this

Chapter were washed.

7.4.4. Verification of lysolipid incorporation into MB shells

NBD-lyso-MBs were prepared via the incorporation of 18:1 NBD lyso-PE into the MB shell as
described in Section 4.3.1. Figure 7.4.2 shows washed NBD-lyso-MBs imaged using both
brightfield and fluorescence microscopy on a Nikon Eclipse Ti microscope (Nikon, USA) at 4x and
20x. These images show that every MB has a uniform distribution in the shell and the NBD tagged
lipid is only in the MB shells. The fact that the fluorescence was visible after washing provides

strong evidence for the incorporation of the lipid into the bubble shell; washing MBs where the
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fluorophore was not bound to the MB (in Chapter 2) removes all fluorescence from the MBs such

that they are indistinguishable from background.
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Figure 7.4.2: Brightfield and fluorescence microscopy images of NBD-lyso-MBs after washing. The
NBD can clearly be seen incorporated into the bubble shell.
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Figure 7.4.3: Size distribution and representative microscope images of NBD-lyso-MBs and lyso-
MBs. The images, captured at 40x, show undiluted NBD-lyso-MBs and lyso-MBs that have been
diluted by a factor of 50 prior to imaging.

As unsaturated lipids have a kink in one of their hydrocarbon chains (arising from the carbon-carbon
double bond), monolayers or bilayers formed by unsaturated lipid molecules are much less tightly
packed, and therefore less stable. As 18:1 NBD-lyso-PE, the fluorescent lysolipid used in this Section,
is unsaturated, the NBD-lyso-MBs were larger and less concentrated than lyso-MBs (Figure 7.4.3).
It is worth noting that this size difference almost certainly arises from the unsaturated nature of these
lipids and is not due to either the NBD (fluorescent tag) or the PE headgroup; the MBs used for in

vitro experiments in Chapter 2 were formed with 1% NBD-DSPE (18:0 NBD-PE), a saturated lipid,

exhibited an indistinguishable size distribution from that of lyso-MBs.

7.4.6. Lipid transfer to cell membranes

NBD-lyso-MBs NBD-lyso-MBs
exposure only + US exposure

NBD-lyso-MBs

A-549 cells

Figure 7.4.4: Representative images showing cells after exposure to either NBD-lyso-MBs or NBD-
lyso-MBs plus US. Cell membranes are stained in Cellmask Deep Red (red) and the MBs have NBD-
lyso-PE in the shell (green). N = 3 for both MBs and MBs + US conditions. Scale bar = 20um.
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In this experiment, cells and NBD-lyso-MBs were exposed to ultrasound (US) to investigate whether
the fluorescent lysolipid in the MBs would transfer visibly to the cell (as detailed in Section 7.4.2).
After US exposure, the cells were washed with PBS to remove any extracellular fluorescent lipids

and then incubated with CellMask Deep Red plasma membrane stain.

Figure 7.4.4 shows cells imaged in dual wavelength microscopy before exposure to NBD-lyso-MBs,
after exposure to just NBD-lyso-MBs and exposure to NBD-lyso-MBs plus US (180kPa PNP,
500kHz, CW, 60 seconds exposure). All of the images were captured with the same gain and exposure
times, and were captured in the plane of maximum green fluorescence. From these images, it is clear
that after exposure to US, NBD-lyso-PE had been incorporated sufficiently into the cell membranes
to resist washing. It appears that only certain cells took up NBD-lyso-PE, and that those that did,

appeared to have widespread incorporation across the whole membrane.
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Figure 7.4.5: The percentage of A-549 cells with visible NBD-lyso-PE transfer to the cell membrane
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Figure 7.4.6: The relationship between cell area and the fluorescence intensity of NBD in the cell.
Each data point is a single cell (n = 300).

Even though each sample in the MBs + US group (n = 3) experienced identical US exposure, they
each underwent different amounts of cavitation (as shown by the harmonic, ultraharmonic and
broadband energies in the acoustic emissions). Figure 7.4.5 shows the relationship between
ultraharmonic cavitation energy delivered and the percentage of cells with visible NBD-lyso-PE
uptake. This graph shows that as the cavitation energy delivered increases, the percentage of cells

that incorporated NBD-lyso-PE also increased.

The results from Figure 7.4.4 and Figure 7.4.5 combine to indicate that lipid transfer from MB shells
to cell membranes both occurs and is enhanced by US. These results also indicate that such transfer
is not uniform between proximal cells, something that likely arises from non-spatially uniform

cavitation events such as microstreaming.*

Figure 7.4.6 shows the relationship between the cell area and the level of NBD fluorescence in the
cell. NBD fluorescence is quantified by the calculating the average intensity in the green fluorescence
channel over the area of each cell. It is plotted as a percentage of the background intensity to account
for slight variations in background fluorescence between images. This plot shows that there is a
negligible relationship between cell size and uptake of NBD-lyso-PE, and that the cells can
reasonably be seen to separate into two categories in accordance with the visual observations of the
images in Figure 7.4.4. The first group, with no observable NBD-lyso-PE uptake when compared to
background, can be seen to cluster in a band at the bottom of Figure 7.4.6. The second, with varying
levels of fluorescence, can be seen distributed in Figure 7.4.6, with an average NBD fluorescence
intensity ranging from ~500% to ~2000% the fluorescent intensity of the image background. It is
these cells that, by expressing visibly different fluorescence levels after washing with PBS, are

thought to have taken up NBD-lyso-PE.
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7.4.7. Lysolipid transfer summary

A fluorescent, unsaturated lysolipid (18:1 NBD-lyso-PE) was used to investigate lipid transfer

between MB shells and cell membranes. The findings of Section 7.4 can be summarised as:

Despite the fluorescent lysolipid used being unsaturated, it was able to incorporate into the
shells of MB. As the lysolipid used elsewhere in this Chapter is saturated, it is highly likely
that it is also able to incorporate into MB shells.

This fluorescent lysolipid transferred to the cell membrane. As the MBs were washed (to
remove lipids not in the MB shell), the cells were washed before imaging and imaging was
carried out 30 minutes after US exposure, these lysolipids are considered to have stably
incorporated into the cell membranes over timescales relevant for clinical translation.

These MBs are capable of cavitating at low ultrasound pressures (180kPa PNP, 500kHz, CW).
The more cavitation a cell sample experienced (as measured by broadband, harmonic and
ultraharmonic emissions), the higher the lipid transfer.

The lipid transfer is highly spatially variable. It is hypothesised that this is linked to spatially

variable cavitation effects, for example acoustic streaming of microbubbles (microstreaming).

Despite the differences between the fluorescent lysolipid used here and the lysolipid used in Chapters

4 and 5, these results indicate that lipids are capable of transferring from microbubble shells to cell

membranes. Previous work has shown transfer of a lipophilic dye between microbubble shells and

cell membranes, but this is the first time (to the author’s knowledge) that transfer of a fluorescently

tagged lipid has been observed in this way.
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