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Abstract

Solid tumours often develop regions that are poorly oxygenated (hypoxic). Hypoxic
tumour cells are resistant to radiation and are associated with poor patient outcome. “Chronic
hypoxia” develops where vascular density is insufficient, causing tumour cells beyond ~70-100
um from blood vessels to receive little oxygen. “Transient hypoxia” occurs in solid tumours
where fluctuating microregional perfusion exposes tumour cells to cycles of hypoxia and
reoxygenation. The fundamental understanding of transient hypoxia in vivo is lacking, and there
are no available strategies to eliminate transient hypoxia. This thesis hypothesizes that transiently
hypoxic tumour cells are long-lived radiation resistant cells and that eliminating the development
of transient hypoxia will improve tumour radiation response.

This thesis first investigated the rate of hypoxic cell turnover in vivo. Exogenous hypoxia
reporters were used to label hypoxic tumour cells, while loss of labelled cells over time indicated
loss of hypoxic cells. The perfusion-modifying drug pentoxifylline was used to control which
hypoxic populations were labelled and therefore which populations were lost over time. We find
that transiently hypoxic tumour cells survive longer than neighbouring chronically hypoxic cells,
further justifying transient hypoxia as an important therapeutic target.

To better study tumour perfusion-modifying interventions, this thesis next validated 2-
8F-fluoroethanol as a novel reporter of solid tumour perfusion compatible with positron
emission tomography. We found 2-!'8F-fluoroethanol to effectively respond to established tumour
perfusion-modifying interventions and applied 2-'8F-fluoroethanol to characterize novel
interventions aiming to modify tumour perfusion and transient hypoxia.

This thesis then focused on the angiotensin II type 1 receptor blocker telmisartan.
Telmisartan treatment reduced tumour collagen 1 content, increased and stabilized tumour
perfusion, reduced the development of transient hypoxia, and improved tumour radiation
response. This presents the target of telmisartan, cancer associated fibroblast activity and tumour
collagen 1 content, as a potential microenvironmental cause of transient hypoxia.

Overall, this thesis provides insight into the basic biology of transient hypoxia in vivo,
validates a novel non-invasive reporter of solid tumour perfusion, and identifies telmisartan as a
clinically relevant treatment to stably reduce the development of transient hypoxia in solid

tumours and improve radiation response.
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Lay Summary

Solid tumours are often supplied with lower levels of oxygen than is normal for most of
the body. This is actually a problem because poorly oxygenated (hypoxic) tumour cells are
resistant to radiotherapy and chemotherapy and are more likely to spread throughout the body.
Thus, hypoxia makes tumour cells more difficult to kill and more aggressive.

“Transient hypoxia” may occur in tumours due to changes in blood flow over time
leading to changes in oxygen delivery to the tumour. Transient hypoxia has been difficult to
study because there are no known specific causes of dynamic blood flow in tumours. This thesis
provides important insight into the biology of transient hypoxia that will guide future research
towards developing treatments against this source of therapy resistance. This thesis also finds
that certain drugs usually used to treat high blood pressure are able to reduce transient hypoxia

and improve tumour response to radiation.
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Chapter 1: Introduction

1.1  Solid tumour microenvironment

Cancer is traditionally described as a genetic disease. Mutations in individual cells lead to
uncontrolled cell growth and thus define a problem that is intrinsic to tumour cells. However,
tumour cells interact with and even depend upon their host. One of the most fundamental
interactions between tumour cells and the host system is the development of a vascular network
that provides tumour cells with oxygen and nutrients with which to maintain tumour growth. The
balance of tumour growth with angiogenesis leads to biological phenomenon that impact disease
progression across tumour sites and in tumours with distinct genetic signatures. This thesis
investigates the connection between the solid tumour vasculature, its function and dysfunction,
and tumour response to radiation therapy.

The solid tumour microenvironment describes both the non-cancerous cells found in
tumours and the extracellular matrix housing the cells. Inflammatory signals and growth factors
produced by tumour tissue recruit and activate local fibroblasts. Fibroblasts found within solid
tumours are commonly described as cancer associated fibroblasts (CAFs) to recognize their
increase in growth factor production and activity for extracellular matrix remodelling. Solid
tumours commonly contain significant fibrosis, which is attributed to CAF activity. Tumour
fibrosis will be discussed for its potential impact on the vascular microenvironment (Chapter
1.1.2). Inflammatory signals also recruit a wide range of immune cells. Aside from roles in anti-
tumour immunity, or immune suppression, immune cells may also contribute to the processes of
angiogenesis and fibrosis via production of cytokines and growth factors. Immune cell
populations will not be a focus of this thesis as the majority of the work was conducted in mice
deficient of adaptive immune cells. Instead, this thesis introduction will discuss relevant
background in solid tumour perfusion (Chapter 1.1), oxygen within solid tumours (Chapter 1.2),
the turnover of hypoxic tumour cells (Chapter 1.3), the relation between oxygen and radiation
response (Chapter 1.4), and some specific methods and interventions relevant to the thesis work

(Chapters 1.5 and 1.6).



1.1.1  Perfusion physiology and solid tumours
1.1.1.1  Perfusion physiology

The mammalian circulatory system is a set of physical structures including a pump (i.e.
the heart) and vessels within which blood is transported. The total volume of blood flowing out
of the left ventricle of the heart per unit time is termed the cardiac output, which is equal to the
product of stroke volume (i.e. volume ejected by the left ventricle each contraction) and heart
rate (i.e. contractions per unit time)'. Blood flow, referring to the volume of blood passing
through a vessel per unit time, throughout the circulatory system is proportional to the pressure
gradient between two points in the system and inversely proportional to the vascular resistance
(Hagen-Poiseuille equation displayed in Appendix A.1)2. To deliver the proper cardiac output to
each organ, the body must therefore regulate flow based on pressure gradients and vascular
resistance.

Left ventricular contraction creates high blood pressure in the aorta, driving blood flow
through the rest of the vascular tree. Vascular resistance creates friction to flow that
progressively decreases the perfusion pressure as blood traverses the circulatory system!?.
Vascular resistance is therefore how the body regulates blood flow downstream of the large
arteries. Vascular resistance is determined by vessel diameter, viscosity of the blood, vessel
length, and extravascular mechanical forces acting on the vessel'2. Blood viscosity and vessel
length are largely not dynamic in healthy tissue; thus, these factors will not be discussed until
later as causes of tumour vascular dysfunction (Chapter 1.1.1.2). Rather, the most potent
modulator of vascular resistance and most dynamic of these variables in normal physiology is
vessel diameter. Vessel diameter is determined by vessel structure, compliance (i.e. ability to
expand in response to high pressure), and in turn by extravascular forces that limit compliance.
In healthy vessels, diameter is dynamic in the case of elastic arteries that are highly compliant,
and in arterioles that possess a layer of circumferential smooth muscle cells that respond to local
and systemic signals to either dilate or constrict the arteriole. Arterioles are the small vessels
carrying oxygenated blood from the heart that are just upstream of exchange capillaries. The
constriction or dilation of arterioles therefore controls vascular resistance to regulate blood flow
to exchange vessels. In most cases, the majority of the perfusion pressure provided by cardiac
left ventricle contraction is lost at the stage of arterioles!. The drop in perfusion pressure is likely

beneficial for safe flow in thin-walled capillaries and reduces blood velocity for more efficient



blood-to-tissue exchange in capillaries*. However, the loss in perfusion pressure leaves
downstream flow from capillaries to the venous system reliant on small pressure gradients that
are susceptible to pressure deregulation, as will be discussed in the next section (Chapter
1.1.1.2). In healthy vasculature, output flow from capillaries to venules and veins is supported by
the very low vascular resistance in the venous system and, ultimately, by the negative pressure in
the right ventricle during ventricular relaxation!->. Overall, tissue perfusion is dependent on
regulating vascular resistance to maintain a functional pressure gradient that both favours input
flow to tissue capillaries and output flow to collecting venules.

Blood flow reaching an organ of interest is often described as ‘organ perfusion’.
Perfusion refers to the blood flow (vol per unit time) to a particular tissue per unit volume or
mass of the organ or tissue in question. As a relative quantification, perfusion is commonly
reported as the percent cardiac output per gram of tissue. Thus, a highly perfused tissue would be
one with a greater percent cardiac output than its percentage of body mass, e.g. resting kidney.
The term ‘perfusion’ will be used throughout this thesis in both the macroscopic sense described
here for blood flow to a tissue relative to the mass of the tissue, as well as a granular sense as in

to describe blood flow to microscopic regions of a solid tumour.

1.1.1.2  Structure and function of tumour vasculature

Newly formed tumours use the local host vasculature for nutrient supply, although this
becomes inadequate for a tumour mass beyond approximately 1 mm in diameter. Thereafter,
continuous tumour growth occurs with significant and continuous signaling for the construction
of new blood vessels to feed the tumour®. Angiogenesis refers to recruitment and proliferation of
local host endothelial cells to create branches from existing blood vessels in the direction of pro-
angiogenic signals. Vasculogenesis is the process of recruiting bone-marrow derived endothelial
progenitor cells to the tumour, where the recruited cells incorporate into the neo-vasculature.
Angiogenesis is the better understood process of the two and currently accepted as the primary
method of neo-vascularization in untreated tumours. However, the regrowth of tumours after
irradiation, when proliferation of local endothelial cells may be inhibited, and the development
of resistance to anti-angiogenic therapies suggest that alternatives to angiogenesis may be

sufficient to produce vasculature for tumour growth®®. Tumour vascularization achieves varying



degrees of success between and within tumours. This section will discuss patterns of dysfunction
in solid tumour vascular networks.

Poor blood flow in solid tumours may be attributed to a combination of the dysfunctional
structure of the vessels and complications from the surrounding microenvironment. Many of the
fundamental observations of solid tumour vascular structure come from intra-vital imaging of
solid tumours grown as subcutaneous implants between glass plates on the backs of mice or rats,
or in the cheek pouch of hamsters. With this set-up, vessels may be observed repeatedly
throughout tumour growth to observe the process of angiogenesis and describe the overall
structure of the vascular network. Further, individual vessels may be characterized for size,
direction of flow, erythrocyte flux, and dynamics of flow. Multiple reports across tumour models
agree on some general observations. Firstly, new vessels sprout preferentially from venules,
distinguished from arterioles and capillaries based on vessel diameter and direction of blood
flow!%!3, Sprouting vessels elongate towards tumour tissue and form hairpin loops by
anastomosing with other venule sprouts. As this process continues over time patterns emerge in
the final product. Few vessels within subcutaneous tumours are smaller than 10 pm in diameter
and therefore do not fit the typical description of capillaries. Instead, tumours contain a network
of vessels more similar to venules, supplied by a relatively small number of arterioles*!0-12.14,
Secondly, tumours are commonly characterized by a vascular capsule that communicates with
input arterioles and output venules. Vessels inside the tumour mass are described as tortuous
with a low rate of branching, creating long vessels running radially towards the tumour
centre!"!*, The abundance of large diameter unbranching vessels as the main exchange vessels in
tumours represents a failure in developing a hierarchical vascular network.

The lack of vascular hierarchy in solid tumours leads to pressure dysfunction in tissue
exchange vessels as perfusion pressure cannot be optimally directed from input arterioles to
tissue exchange vessels then to outflow venules. Studies employing micro-pressure measurement
apparatus operated by a micromanipulator have assayed intravascular pressure of individual
vessels in normal and tumour tissue. The first observation of note is that the intra-vascular
pressure of arterioles supplying tumour tissue is similar to that of normal tissue, approximately

2,12,15-17

20-40 mmHg and increasing with arteriole diameter . However, pressure of venule-sized

2,12,15-17

vessels in tumours is either similar or reduced compared to normal tissue . As venule-

4,10—

sized vessels are the dominant vessels within tumours*!%-!1214_ this represents a poor pressure



gradient for flow out of the tumour into the venous system. With the pressure deregulation of
solid tumours in mind, it is unsurprising that independent intra-vital imaging studies reliably
report hemostasis and flow reversal within individual tumour blood vessels without any acute

4,10—

changes in vessel diameter*!%-!12, Many researchers also observe ‘vascular shunting” wherein

flow to exchange vessels is bypassed due to the lack of hierarchical structure and poor perfusion

gradients®10-12.18

. Thus, blood flow in tumours may be dysfunctional based on poorly regulated
perfusion pressures resultant from a poor vascular structure, as opposed to the widely discussed
dependence of tumour perfusion stasis on vascular collapse. Overall, the tumour angiogenic
process produces vascular networks that are dominated by large venule-like vessels with poor or
no hierarchy, resulting in poor perfusion gradients and abnormalities in blood flow.

Shortfalls of the angiogenic process in tumours can be further assessed at the level of the
vascular wall. A fully formed capillary should have a smooth luminal surface with low
permeability to support laminar flow, a complete basement membrane, and potentially pericyte
coverage to provide structural and growth factor support for endothelium. However, the constant
production of angiogenic signals in solid tumours limits the ability of endothelium to initiate the
resolution stage of angiogenesis'®. Production of the angiogenic factor vascular endothelial
growth factor A (VEGFA) is indeed significantly upregulated in many tumours. Tissue from
breast, colorectal, and prostate cancer patient tumours has been found to contain between 5-10
times greater concentration of VEGFA than control healthy tissue’. Meta-analysis of clinical data
concluded that the angiogenic signalling from tumours is significant enough to increase plasma
and urine concentrations of VEGFA by 2-5 fold in most patients, despite many solid tumours
being a very small percentage of body mass relative to the main basal producer of VEGFA,

skeletal muscle®. Without resolution of the angiogenic signaling, pericytes are either absent or

20,21 21,22

abnormal in tumours="~" and vessel basement membrane is often too sparse or excessive
Tumour vessels have been observed to possess fenestrations in diameter up to 500 nm and gaps
between endothelial cells of up to 5000 nm in diameter, although permeability and vessel wall
morphology may vary between tumours?®. Tumour vessel permeability may reflect incomplete
angiogenesis, suggested by electron microscopic observation of various abnormal endothelium
protrusions into the vessel lumen, which likely contribute resistance to blood flow?!-23-24,
Alternatively, permeability may reflect individual endothelial cells initiating a new angiogenic

response; exposure of endothelial cells in vivo to VEGFA induces permeability to 70 kDa ficoll



in capillaries and venules?® (unsurprisingly, a lesser used name of VEGFA is ‘vascular
permeability factor’). In either scenario, the ongoing angiogenesis in solid tumours appears to
produce vascular permeability. However, in modelling reports, vascular permeability alone is not
predicted to directly modify blood flow. A greater predictor of blood flow is vessel compliance
(i.e. ability to increase radius in response to an increased input perfusion pressure). Vessel
compliance in turn is dependent on the local physical forces placed upon the vessel wall.
Interstitial fluid pressure (IFP) is one of the sources of external compression on tumour vessels.
Solid tumours are widely characterized to exhibit high IFP, which is attributed to a combination
of the vascular permeability allowing for fluid and solute leakage to the interstitial space?*-0,
and an absence of functional lymphatics to drain the interstitial fluid?®3!-32, Alleviating IFP is
associated with improved blood flow during the vascular normalization response of solid

2629 Overall, vascular permeability in solid

tumours treated with anti-angiogenic therapy
tumours is a common structural error that is most likely due to endothelial cell response to the
high and continuous angiogenic signalling. Vascular permeability may indirectly increase
vascular resistance by increasing IFP and limiting vessel compliance.

Dysfunction in the tumour vasculature may also arise from within the vessels. Resistance
to flow is proportional to the viscosity of the fluid being transported. Local hematocrit is a major
determinant of blood viscosity?®. To circulate erythrocytes in small capillaries, the healthy
circulatory system takes advantage of erythrocyte deformability and the Fahraeus-Lindqvist
effect. The Fahraeus-Lindqvist effect is the observation that the apparent viscosity of blood tends
to decrease as vessel diameter decreases, beginning below a diameter of 300 um and reaching a
minimum at the typical diameter of erythrocytes between 6-8 um?*34. This phenomenon occurs
as erythrocytes concentrate at the centre of the vessel with a lubricating layer of fluid between
the erythrocytes and the vessel wall. This is most striking in capillaries of diameter below 10 um
where erythrocytes tend to flow single-file, easily observable in glass capillaries®. In order to
achieve the Fahraeus-Lindqvist reduction in viscosity, erythrocytes must maintain their
deformability. Mammalian erythrocytes are unique cells with no nucleus or mitochondria, and a
biconcave cell membrane shape that allows them to bend or stretch in order to flow within small
capillaries®®. This deformability of erythrocytes depends on the integrity of the cytoskeleton that
gives the cells their unique shape and on regulating ATP levels in order to operate plasma

membrane ion pumps that maintain cell volume homeostasis®>. Stiffening of erythrocytes by ex



vivo exposure to either glutaraldehyde or hyperglycemia significantly increases measures of
viscosity in glass capillaries and measures of apparent viscosity via perfusion through isolated
tumour tissue®S. In turn, treatment with the phosphodiesterase inhibitor pentoxifylline increases
erythrocyte deformability and decreases blood viscosity, attributed to an increase in cellular
cAMP signaling®”.

Solid tumours pose a problem to almost each facet of regulating local blood viscosity.
Firstly, apparent viscosity of blood increases with decreased flow rate*’, and as noted above
blood flow is at high risk of hemostasis and slow flow in solid tumours due to small pressure
gradients and high resistance*!%-1214 Secondly, the over-abundance of venule-like vessels and
lack of small capillaries reduces the benefits of the Fahraeus-Lindqvist effect in tumours. Finally,
the permeability of tumour vessels allows for plasma leakage that increases the local

hematocrit2¢-3°

. It is therefore no surprise that for a given perfusion pressure with blood of
known erythrocyte concentration, that the apparent blood viscosity is 50% greater when perfused
through isolated solid tumours than for healthy skeletal muscle®.

Overall, solid tumours commonly develop a dysfunctional vascular network that results

4,10—

in poor tissue perfusion with abnormalities in blood flow*!%-1218, This vascular dysfunction is

due in part to a lack in vascular hierarchy that creates poor perfusion gradients®!>!>-17 and allows

for vascular shunting®!0-12.13

. Tumour vascular dysfunction is further a result of the high vascular
resistance in solid tumours, which is brought about by a combination of the following: (1) long
tortuous vessels due to the low rate of vascular branching!!-!4, (2) the lack of resolution in the
angiogenic process leading to high vascular permeability, increased IFP, and ultimately poor

vascular compliance?®°, and (3) high blood viscosity3¢4°,

1.1.1.3  Methods for perfusion measurement and characterization

There are three variables of interest for characterizing solid tumour perfusion as concerns
this thesis work: (1) bulk tumour perfusion or estimates of percent cardiac output, (2) density of
perfused blood vessels or perfusion distribution, and (3) stability of microregional perfusion.

The ideal method for quantification of percent cardiac output delivered to an organ would
be the input of a known quantity of a substance into the left ventricle that would be delivered to
capillary beds throughout the body. The ideal substance would be completely extracted from the
blood on the first pass through any tissue capillary bed and not rapidly diffuse to other tissues.



The ideal substance would also be detectable by methods of sufficient resolution to distinguish
organs of interest. The substance that currently best fits these descriptions, for terminal endpoints
in pre-clinical study, are radioactive plastic microspheres. Microspheres employed for perfusion
assays are selected to be a diameter sufficiently small to reach capillaries but oversized to
traverse the capillary and therefore become trapped. Microspheres used for this purpose are often
greater than 10 pm in diameter*'~#. Upon harvest, the radioactivity of a given organ divided by
the known amount of total radioactivity injected to the left ventricle will indicate the percent
cardiac output delivered to each organ*!#*4, This strategy of injecting a known amount of a
substance into the circulation and detection after distribution is central to quantification of tissue
perfusion.

There is of course a desire for non-terminal and clinically applicable measures of tissue
perfusion. An alternative to microspheres is the use of small molecules. Molecules applied for
perfusion reporting are often non-polar, structurally stable, not metabolized preferentially by any
organs, and are either positron emitters for compatibility with positron emission tomography
(PET), gamma emitters for compatibility with single photon emission tomography (SPECT), or
otherwise radioactive. Examples include: ?O-H,O (30 is PET compatible, half-life: 2
minutes)*>*+4¢_150-butanol*’, ’N-NH3*® (1*N is PET compatible, half-life: 10 minutes),
rubidium-chloride (3*Rb is PET compatible, half-life: 1.25 minutes)**~°, thallium-201 (>°!'Tl is
SPECT compatible, half-life: 73.1 hours)’!, technetium-99m sestamibi (*T¢ is SPECT
compatible, half-life: 6 hours)!, and *C-iodoantipyrine (**C-IAP; “C is neither PET or SPECT
compatible, half-life: >5000 years)**. Compatibility with non-invasive imaging provides the
ability to conduct non-terminal measures, including repeated measures on the same individual
before and after perfusion modifying interventions and the possibility for clinical
translation*>#>4652, However, data from small molecule perfusion reporters must be interpreted
with limitations relative to microspheres. Small molecule extraction from the blood may be
incomplete®, allowing for a second pass exposure to the radiotracer that could exaggerate
differences between organs if conducting a cross-sectional measurement. Thus, uptake of small
molecule perfusion reporters following intravenous injection provides estimates of percent
cardiac output that are useful for indicating response to perfusion modifying interventions, but,
contain error in measurement of absolute percent cardiac output in mL*g ! *min-! 53->*, For

absolute measurement, the rate of radiotracer uptake can be corrected for the amount of



radiotracer being delivered in the arterial system by measurement of the arterial input function
through repeated arterial sampling or image-based methods>>>¢. Overall, validated small
molecule perfusion reporters provide a means to compare perfusion and investigate the ability of
various interventions to increase or decrease organ perfusion.

To this end, multiple of the above reporters have been validated for reporting tumour
perfusion and response to interventions modifying tumour perfusion**->*237-° However, no '8F-
based perfusion reporters have been validated to report solid tumour perfusion. '®F provides
benefits relative to other positron emitting radioisotopes including: (1) smallest positron range,
and therefore greatest resolution, of all positron emitting radioisotopes used in PET®’, and (2) a
half-life of ~110 minutes, which is orders of magnitude larger than the half-life of other
radioisotopes used in PET-based perfusion reporters. The extended half-life of '*F allows for
delayed imaging and the possibility for ex vivo radiography, which allows for greater comparison
with immunofluorescent microscopy to relate PET data with microscopic tumour biology. This
thesis validates a novel '®F-based reporter of solid tumour perfusion for use with PET, 2-!8F-
fluoroethanol (2-'8F-FEtOH; Chapter 3)°2, and therefore the technology of PET will be briefly
described and contrasted with SPECT in the following paragraphs.

SPECT and PET are two non-invasive imaging technologies widely used to quantify
tissue perfusion, particularly for the identification of cerebral and cardiac ischemia®~*. Both
technologies employ a large number of high energy photon detectors to quantify radioactivity
emitted by intravenously injected radiotracers and then determine the origin of the emitted
radioactivity in 3-dimensional (3D) space in order to create a 3D image of radiotracer
distribution. PET determines the location of radioactivity emission based upon the nature of
positrons. Positrons emitted from radioactive isotopes travel a short distance (~0.5-4 mm on
average depending on isotope®) before colliding with an electron. Positrons are the anti-matter
counterpart of electrons, thus upon collision the particles are destroyed and converted into
energy, in the form of a pair of anti-parallel gamma rays that may be detected by the PET
machine. Images are reconstructed based on identifying coincident anti-parallel gamma ray pairs,
which allows for accurate determination of the location of positron annihilation’!.

SPECT scanners detect high energy photons from photon-emitting radioisotopes. This
means there are no gamma ray pairs to determine the origin of emission. Instead, SPECT

scanners contain collimators that restrict photon access to the detectors within a small angular



range so that the direction a photon travelled to reach the detector is known. The use of
collimators reduces the sensitivity (i.e. percent of emitted radioactivity that is actually detected)
of SPECT relative to PET, and the ability to detect gamma ray pairs in PET allows for greater
spatial resolution than SPECT?!. Further, positron emitting radioisotopes include elements that
are found in biological molecules (e.g. oxygen and fluorine), allowing for the incorporation of
positron-emitting isotopes into biological molecules. This allows for radiotracers that are
minimally modified biological molecules, while there are no such radioisotopes fit for use with
SPECT. However, SPECT machines are significantly cheaper to acquire and operate, are more
plentiful in Canada compared with PET, and the radioisotopes are more readily accessible®!.
Overall, the advantages of SPECT are largely logistical, and PET is considered the superior
technology for non-invasive quantification of bulk tissue perfusion. Previous data clearly
demonstrate that PET perfusion reporters are fit for quantifying perfusion in tissue sub-regions
and for quantifying the response of tissue perfusion to perfusion-modifying interventions**>%-32-
45759 Therefore, this thesis employed PET for quantification of bulk tumour perfusion
(Chapters 3 & 4).

Beyond bulk tumour perfusion, it is of interest to understand the spatial and temporal
differences in tumour perfusion. A major consideration for these measures is spatial resolution.
The resolution of PET is on the order of 1 mm for rat and mouse sized ‘micro-PET’ machines or
2-3 mm for clinical PET machines®?, compared to the 1-2 pm resolution achievable with widely
available immunofluorescent microscopy. The ability to characterize individual blood vessels in
microscopy provides information that can be more directly connected with the biology of tumour
hypoxia. For this reason, it is preferable to use fluorescent reporters injected intravenously and
detected via microscopy. Fluorescent reporter options include Hoechst 3334263-6> DiOC5
carbocyanine’*-6466-99 lectin proteins’®, or fluorescent nanoparticles®®. These reporters label
endothelial cells and neighbouring extravascular cells of functionally perfused blood vessels.
Fluorescent reporters may be imaged in combination with immunofluorescent identification of
CD31+ vascular endothelium to quantify function of individual blood vessels. It is therefore
possible to determine the fraction of perfused blood vessels, density of perfused blood vessels,
and response of these measures to perfusion-modifying interventions. Characterization of
Hoechst 33342 and DiOC> in particular has demonstrated that fluorescence is proportional to

vessel blood flow®*-¢%7! Therefore, by administering Hoechst 33342 followed by DiOC7 at a
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later time point, the change in blood flow for an individual blood vessel may be quantified in
relative terms based on any change in fluorescence intensity®* 667!, However, unlike radioactive
reporters, it is not possible to input a known amount of ‘fluorescence’ and report the fraction of
reporter delivered to a particular tumour region. Thus, fluorescent reporters are not suitable for
quantification of percent cardiac output delivered to a tumour or tumour sub-region. Overall,
fluorescent perfusion reporters do not relay information on bulk tumour perfusion but allow for
investigating microregional perfusion with individual-vessel resolution not possible with PET
based reporters. In order to fully understand the response of a tumour to a perfusion modifying
strategy, it is advantageous to quantify both measures of bulk tumour perfusion and measures of

microregional function, as is conducted in Chapters 3 and 4 of this thesis.

1.1.2  Cancer associated fibroblasts and tumour extracellular matrix

Beyond the vasculature and the tumour cells themselves, solid tumours also contain
varying amounts of fibroblasts. Fibroblasts found in tumours are more active than those found in
healthy tissue; they are proliferative, exhibit increased production of growth factors and
cytokines, actively produce collagen, and remodel the extracellular matrix’?. These activated
fibroblasts found in tumours are broadly termed cancer associated fibroblasts (CAFs) to
distinguish them from the quiescent normal fibroblasts’>”3. CAFs themselves are a
heterogeneous population of cells that have inspired controversy in the field of cancer research.
The controversy is largely due to a lack of unique and reliable cellular markers for CAFs or CAF
sub-populations, as well as observations that many cell types appear able to acquire CAF-like
activity. It is therefore worth discussing the current state of the literature regarding CAF
phenotypes based on the most common markers and the most likely origins of CAFs.

Fibroblast specific protein 1 (FSP1) expression is observed in both quiescent normal
fibroblasts and bone marrow-derived mesenchymal stem cells (MSCs)*. Both normal fibroblasts
and MSCs may be activated by co-culture with tumour cells, culture with conditioned media
from tumour cells, or treatment with transforming growth factor B (TGFp)’>76. Activation is
indicated by increased mRNA expression of FSP1, among many other genes. FSP1 has been
employed to identify CAFs’’, however, many reports suggest that activated fibroblasts in solid
tumours are negative for FSP1 protein expression. Loss of FSP1 despite increased gene

expression is attributed to secretion of FSP1 upon activation’®”?. Data from FSP1 knockout mice
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or implanting tumours mixed with a population of FSP1+ CAFs indicate a strong supportive role
of FSP1+ cells for tumour growth, promoting angiogenesis, extracellular matrix remodeling, and
promoting metastasis’® 8, These observations support that FSP1+ cells are recruited to tumour
tissue and become activated ‘CAFs’ that support tumour growth. Overall, FSP1 is upregulated
upon fibroblast activation, but, FSP1 protein expression is a more reliable marker of quiescent
fibroblasts than for CAFs.

A recent 2020 community consensus publication recommends that CAFs be identified by
staining for one of two markers: fibroblast activation protein (FAP) or a-smooth muscle actin
(aSMA)’3. Multiple observations suggest a multi-step model of CAF activation wherein FAP+
cells may be further activated to express aSMA. Firstly, aSMA+ cells can be observed as a clear
sub-population of FAP+ cells in clinical samples and pre-clinical tumour models®! %3, FAP
expression may be induced in normal fibroblasts or MSCs by tumour cell conditioned media or
co-culture with tumour cells, while aSMA induction is more specific to treatment with
TGFR7>768, Expression of aSMA is further suggested to be, in part, dependent on autocrine
signaling of already activated CAFs. Specifically, CAFs isolated from tumours and cultured ex
vivo secrete TGFp, activate extracellular TGFp, and gain aSMA expression®>#6, This self-
activation may be inhibited by treatment with losartan, an angiotensin II type 1 receptor blocker
(ARB) demonstrated to reduce CAF ability to activate extracellular TGFP as well as reduce CAF
TGFp production®>-8¢. ARB drugs have been further demonstrated to reduce aSMA+ CAFs in
vivo in over a dozen human and murine tumours®—°. These data suggest that CAFs must be
activated in order to produce, cleave, and respond to TGFp, which is required for aSMA
induction.

Targeted depletion of CAF populations further supports the model of multi-step CAF
activation. Mice genetically modified to express viral thymidine kinase in cells that express
aSMA (aSMA-tk mice) allow for specific depletion of aSMA+ cells upon treatment with
ganciclovir, which is converted by thymidine kinase to a cytotoxic product. Depletion of aSMA+
cells in tumours significantly depletes the aSMA+ CAF population, but, does not decrease the
FAP+ population®!. Conversely, pharmacological inhibition of FAP or pro-drugs targeted to
FAP+ cells induce apoptosis in aSMA+ cells and reduce the aSMA+ population in tumours®>?3,

Overall, these data suggest that aSMA+ cells are an activated sub-population of CAFs.
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aSMA+ CAFs are associated with high production of Coll in inflammatory injuries and
in solid tumours’. Accordingly, treating CAFs with TGFp not only induces aSMA expression,
but also increases Coll production’>76:84-86.9495 Depletion of aSMA+ CAFs by ganciclovir in
aSMA-tk mice®!, by ARB treatment®?, or treatment with inhibitors against other CAF-
activating receptors including platelet derived growth factor receptor (PDGFR)**%, fibroblast
growth factor receptor (FGFR)**>, or CXCR4 all significantly reduce collagen 1 (Coll)
content in solid tumours. These data support that aSMA in particular is a marker for Coll-
producing CAFs.

The tumour extracellular matrix constitutes large masses of protein in the extracellular
space. A dense extracellular matrix in tumours builds mechanical pressure within the tumour as

8586.97 These compressive forces are

proliferative tumour cells push against a network of collagen
understood to inhibit local vessel perfusion by reducing vessel compliance and increasing
vascular resistance®®>%-9798 “ Accordingly, collagen abundance is shown to negatively correlate
with net tumour perfusion, and regions within individual tumours with increased collagen
abundance exhibit fewer perfused blood vessels®®. Inhibiting the deposition of collagen has been
shown to improve drug delivery, suggestive of improved perfusion, in both murine and human
tumours in pre-clinical study®83-86-88-90,

Overall, the abundance of aSMA positive cells is strongly linked with the production of
collagen in solid tumours. The abundance of collagen is well demonstrated to modify net tumour
perfusion and microregional perfusion. Desmoplasia (pathology descriptor of tumour fibrosis), a
high stroma-to-tumour ratio in pathology, and the abundance of aSMA+ cells all independently

99-102 "and pre-clinical data support that collagen limits delivery of

predict poor patient outcome
chemotherapeutics. Thus, aSMA positive cells and collagen deposition are targets of interest to
modify tumour perfusion and tumour response to therapy. Chapter 4 will target this pathway

with the aim of improving tumour perfusion and reducing tumour hypoxia.

1.2 Patterns of tumour hypoxia

Solid tumours often develop regions with low oxygen content (i.e. hypoxia). Hypoxia is
well characterized to directly provide tumour cells with resistance to radiation (the mechanism
behind this will be detailed in Chapter 1.4)!%-19 and is associated with poor patient
outcome!%%:197, Direct measurement of oxygen content in clinical and pre-clinical solid tumours
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with oxygen electrode probes inserted directly into the tumour mass demonstrates that tumours
are commonly very poorly oxygenated!'?’. The dysfunctional vascular network in solid tumours
contributes to the development of tumour regions with poor oxygen content (i.e. hypoxia).
However, tumours are variable in terms of their vascular function. It is therefore worth noting
that tumours are also variable in their hypoxic phenotypes, including pre-clinical tumour models
and clinical tumours that do not develop an appreciable level of hypoxia or necrosis®>!%. Thus,
the following discussion of tumour hypoxia should be considered to describe phenomena that are
pervasive, although not universal.

Hypoxia manifests in solid tumours in particular spatial and temporal patterns. Currently,
two patterns of hypoxia are widely accepted to exist, chronic hypoxia and transient hypoxia. This
section will discuss the evidence that describes the current understanding for both chronic

hypoxia and transient hypoxia.

1.2.1  Chronic hypoxia

A critical observation in the balance of tumour growth with oxygen supply was made in a
1955 publication studying clinical bronchus carcinoma. The structure of these tumours was
known to be that the carcinoma cells would proliferate to produce layers of tumour cells, but that
the vascular supply was restricted to the adjacent stroma. In this system it was observed that
layers of tumour cells reliably did not grow beyond ~150 um in width, beyond which existed
regions of necrosis!®. This limit of growth was attributed to the limit of oxygen diffusion from
the vasculature, calculations of which aligned more strongly with the onset of necrosis than
calculations of glucose diffusion limits'®. Later, the oxygen diffusion equation was solved for
modeling diffusion of oxygen radially outwards from a central blood vessel supplying a
surrounding cylinder of tumour cells!!?. This structure of a single blood vessel supplying a
cylinder of tumour cells is referred to as a ‘tumour cord’. Tumour cord structures have since
been identified extensively in clinical and preclinical tumours. In clinical and pre-clinical
samples, maximum tumour cord radius is reported to range from 40-200 pm!®-13, Thus,
tumours develop common substructures of tumour cells dependent on local blood vessels and
tumour-characteristic distances for the onset of necrosis.

If necrosis occurs at distances from blood vessels where anoxia is reached, then the

maximum tumour cord width would be dependent on vascular oxygen content, tumour cell
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density, and tumour cell oxygen consumption rate. Oxygen consumption rates of tumour tissue
have been measured by growing tumours in mice, harvesting the tumour, and cutting ~2 mm
sided ‘tumour cubes’!!*, The maximum oxygen diffusion distance into the tumour cube can then
be determined in culture and the cellular oxygen consumption rate determined mathematically.
Thus, the oxygen consumption rate can be determined accounting for cellular density that was
present in vivo. The interesting observation from these studies is that the rate of oxygen
consumption between central and peripheral tumour regions is similar, despite regional
differences in the amount of hypoxia that would be present in vivo!!*!!4, The tumour-cube data
imply that the occurrence of hypoxia must be dependent on oxygen supply and not intra-
tumoural differences in oxygen consumption. The dependence of tumour cord maximum width
on oxygen supply is further confirmed via gassing mice with either low (10% O2) or high (100%
0O.) gas for 68 hours. In one study employing this strategy, mean tumour cord radius decreased in
mice subject to low O, and increased in mice subject to high O, gas!!2. Overall, a similar oxygen
consumption rate across a tumour cell population within a tumour means that hypoxia, and
necrosis, will occur at a predictable distance from a functionally perfused blood vessel based on
vessel oxygen content. Thus, hypoxia will occur beyond the oxygen diffusion distance in regions
where vascular density is sufficiently low. The onset of hypoxia will be tumour-specific, but
often hypoxia is observed in tumour cells that exist beyond ~70-100 um from the nearest
perfused blood vessel!%114115 This pattern of hypoxic cells at a distance from functional blood

vessels is termed ‘chronic hypoxia’ or ‘diffusion-limited hypoxia’ (Figure 1.1).

1.2.2  Transient hypoxia

The oxygen content of a vessel will clearly modify the diffusion distance of oxygen, in
turn modifying the distance from a perfused blood vessel at which hypoxia will occur. This is
perhaps most obvious in the scenario of unstable microregional perfusion. As described in
Chapter 1.1.1., microregional tumour perfusion may be dysfunctional for a number of reasons.
The following paragraphs will further discuss the observations of unstable tumour perfusion and
then describe their implications for hypoxia.

Researchers have observed fluctuations in erythrocyte flux in both model and clinical
tumours. One method of detecting erythrocyte flux is laser doppler flowmetry (LDF), which is

essentially a motion detection system that can sense flow of erythrocytes. By setting a number of
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Figure 1.1 Chronic and transient hypoxia

Chronically hypoxic tumour cells reside beyond the oxygen diffusion limit of functional blood vessels, typically
beyond ~70-100 um from perfused blood vessels. Fluctuations in microregional perfusion may cause periods of low
or poor blood flow, which may expose additional cell layers to hypoxia. These transiently hypoxic tumour cells may
be reoxygenated if blood flow returns. Beyond ~150 pm from perfused blood vessels, oxygen and nutrients are so
limiting that tumour cells may no longer survive and undergo necrosis. Figure created with BioRender.com.
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LDF probes in different locations of a tumour, studies have made multiple important
observations. Firstly, total erythrocyte flux summed across all LDF probes of a single tumour
generally remains stable over time!!®, This indicates that bulk tumour perfusion is largely stable
over time for solid tumours. However, across murine tumours, rat tumours, human tumour
xenografts, and human clinical tumours, in almost all cases a sub-set of LDF probes report
significant fluctuations in erythrocyte flux. The specifics of the fluctuations vary (i.e. magnitude
and frequency), however, significant fluctuations that were maintained for 10-40 minutes before

116-119 'These two observations are evidence that unstable

reversal were observed across species
regional perfusion is a common feature of solid tumours, that perfusion may be stable in some
tumour regions and not others, and that regional perfusion instability is not likely due to changes
in bulk tumour perfusion.

Unclear from the LDF experiments is how fluctuations occur at the level of a tumour
cord. Since this has implications for the development of hypoxia, microregional perfusion
fluctuations have been assayed for individual tumour blood vessels by administering the
fluorescent perfusion dyes Hoechst 33342 and DiOC5 intravenously between 0-60 minutes

130.63.63.67.68.71 Depending on the tumour, between 0 and 30% of vessels may be identified as

apar
experiencing a significant mismatch between the perfusion dyes, i.e. a perfusion
fluctuation®®-53-67-"!, Durand et al employed this strategy and observed that the fraction of vessels
experiencing a fluctuation increased as the separation time between dyes increased up to 10
minutes. The fraction of vessels experiencing a fluctuation was similar with 10 minutes through
60 minutes of separation between perfusion dyes’!. These data suggest that a significant portion
of the microregional perfusion fluctuations take at least 10 minutes to be realised and that
quantification of longer cycles in this assay may be masked by reversal of the more rapid cycles.
Overall, the data from fluorescent perfusion dye mismatch provide confirmation that significant
fluctuations in LDF data can be recapitulated in the function of individual blood vessels and
within similar time frames.

The observation that individual blood vessels may experience significant fluctuations in
function provides the possibility that hypoxia may occur during periods of poor blood flow.
Intravital microscopy provides a means to combine observation of the physical vascular network

and time course quantification of erythrocyte flux with matched perivascular oxygen electrode

probe measures. In these studies, fluctuations in erythrocyte flux are reflected by a positively
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correlated change in perivascular oxygen content in most, but intriguingly not all blood
vessels!!%120, The positive correlation between erythrocyte flux and oxygen content supports that
the degree of change in erythrocyte flux will contribute to deciding if hypoxia occurs due to a
drop in blood flow. The observation that not all perivascular oxygen readings reflect changes in
erythrocyte flux support that at least a second variable is at play. A potential explanation for
vessels whose perivascular oxygen content does not acutely respond to fluctuations in
erythrocyte flux is compensatory oxygen supply from nearby blood vessels. Oxygen electrode
probes employed for these studies are cited to possess a spatial resolution of ~50 pm, and
therefore in tumour regions of high vascular density the oxygen readings may be affected by
multiple vessels. In agreement with this explanation, intra-vital imaging experiments report that
the response of oxygen readings to erythrocyte flux is inversely linear with local vascular
density!!?. That is, the perivascular oxygen content is more sensitive to vascular erythrocyte flux
in tumour regions with lower vascular density. The interesting implication of the above studies is
that tumour regions most sensitive to fluctuations in local perfusion are the same regions that are
most likely to exhibit chronic hypoxia, due to low vascular density. Thus, tumour cords that
contain chronic hypoxia due to limited oxygen diffusion may also contain cell layers subject to
intermittent hypoxia during periods of low erythrocyte flux.

To review, intravital imaging studies reveal that fluctuations in erythrocyte flux induce
significant fluctuations in oxygen delivery and subject additional tumour tissue to hypoxia.
Further, these studies reveal that oxygenation in tumour regions with poor vascular density will
be most sensitive to fluctuations in erythrocyte flux. Finally, these studies display explicitly that
the fluctuations in erythrocyte flux do induce reversible fluctuations in oxygenation. These
observations are further validated in studies employing only oxygen electrode probes, where
fluctuations within the 10-60 min length observed in LDF and Hoechst 33342-DiOC,
experiments may be observed across model tumours, spontaneous canine tumours, and human
clinical tumours!!8!11%:121-125 Thege data strongly support the existence of a population of tumour
cells that are subject to reversible hypoxia. This pattern of hypoxia is referred to by a variety of
names in the literature, such as “acute hypoxia”, “cycling hypoxia”, and “transient hypoxia”. In
this thesis it will be referred to as “transient hypoxia” (Figure 1.1).

LDF data and fluorescent dye mismatch suggests that microregional perfusion fluctuates

commonly in tumours, although to different degrees between tumours. Fluctuations in
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erythrocyte flux correlate with significant fluctuations in local oxygenation for tumour regions
with low vascular density, and this creates transient hypoxia. However, low vascular density also
causes chronic hypoxia because in regions of low vascular density it is more likely that tumour
cords will contain tumour cells beyond the oxygen diffusion limit. Since a defining feature of
transient hypoxia is being non-hypoxic during periods of ‘normal flow’, it is hypothesized that
transiently hypoxic tumour cells will reside more proximal to blood vessels than chronically
hypoxic cells. If this model were true, then it should be possible to observe some hypoxic
phenotype constant in cells at greater distances from blood vessels and variable over time in cells
more proximal to blood vessels.

To provide evidence for transient hypoxia and in turn demonstrate the significance of
transient hypoxia, researchers have made clever usage of Hoechst 33342. Hoechst 33342 diffuses
outwards from perfused blood vessels, labelling cells with fluorescent intensity inversely
correlated with distance from the blood vessel. Thus, fluorescence activated cell sorting may be
applied to sort cells based on distance from perfused vessels. Two experimental designs in KHT
murine sarcoma and SCCVII murine squamous cell carcinoma have yielded important
observations. Firstly, if Hoechst 33342 is intravenously injected immediately prior to irradiation,
then tumour cell survival from irradiation is inversely correlated with Hoechst 33342
fluorescence®%>%, This indicates that tumour cells further away from blood vessels that are
functional at the time of irradiation are most likely to be radiation resistant and hypoxic.
Secondly, if Hoechst 33342 is intravenously injected 20 or 30 minutes prior to irradiation, then
both Hoechst-bright and Hoechst-dim cell populations exhibit survival similar to the Hoechst-
dim population from the first experiment®*%>, These experiments provide two pieces of
information: (1) that the oxygenation status of the Hoechst-bright cells must have decreased, and
(2) that well-oxygenated cells are not contributing significantly to tumour cell survival at the
radiation doses employed, otherwise the Hoechst 33342 bright cells should always exhibit
reduced survival. That the survival of the Hoechst dim cells remains similar implies that the
major population of the Hoechst dim cells are chronically hypoxic cells. These observations
indicate that perfusion status is only predictive of radiation response at the time of irradiation,
strongly supporting a link between microregional perfusion status and radiation response and

supporting that periods of poor perfusion may expose tumour cells to hypoxia sufficient to

19



provide cells with resistance to radiation. These data also support the model that transient
hypoxia occurs more proximal to blood vessels than chronic hypoxia (Figure 1.1).
Collectively, these observations describe the model of hypoxic tumour cords; well
oxygenated tumour cells most proximal to blood vessels, transiently hypoxic cells at
intermediate distances from blood vessels, and chronically hypoxic cells at greater distances on

the border with necrosis (Figure 1.1).

1.3 Tumour cell turnover

Identification of the fraction of tumour cells in a solid tumour that are proliferative yields
values between 20-50% for most tumours®”-%%:126.127 Multiple methods for determining the in
vivo cell cycle time have been published, although data suggest it is similar to in vitro cell cycle
time for many cell lines'?®!2°, With both the growth fraction and cell cycle time known, one
could hypothesize that a tumour will double in size in a matter of time equal to the cell cycle
time divided by the growth fraction (sample tumour kinetics calculations in Appendix A.2). This
value represents the ideal potential doubling time (Tyot) of the tumour. However, measuring
model tumours by imaging or calipers indicates that tumours often do not double in the time
predicted by Tpot. If the true doubling time (Tp) does not match Ty, the difference is attributed
to cell loss. The cell loss factor (calculation in Appendix A.2) represents the relation between Tp
and Tpot; a cell loss factor of zero indicates growth fitting Tyt With no cells lost, a cell loss factor
of 1.0 indicates loss of one cell per cell division and no tumour growth!'3°, Tumours exhibit a
range of cell loss factors, although many are greater than 0.5, indicating inefficient tumour

128-130 Tumour cells may be lost from the tumour due to

growth with significant cell loss
necrosis, apoptosis, immune cell killing, or metastasis. Metastasis is usually disregarded as a
minor contribution to cell loss, and apoptosis disregarded as tumour cells are generally resistant
to apoptosis. The significant increase in growth rate of murine tumours implanted in
immunodeficient mice instead of their syngeneic host indicates that immune cell killing is a

significant source of cell loss!3!

. However, immune cell killing may be ignored if studying
human tumour xenografts in immunodeficient mice. Therefore, in human tumour xenografts
tumour cell loss to necrosis is regarded as the major source of cell loss.

Necrosis is often observed beyond approximately 150 um from perfused blood vessels in

1199-113 ' The tumour
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cord model depicts chronically hypoxic tumour cells existing at the border between viable cells
and necrosis. Thus, tumour cell turnover is in essence reflecting the turnover of hypoxic tumour
cells. Three distinct methods have provided evidence that tumour cells typically ‘flow’ radially

outwards from perfused blood vessels based on cell proliferation, i.e. as a normoxic tumour cell
divides one of the daughter cells is pushed outwards, pushing a ‘downstream’ cell into a region

of chronic hypoxia, and in turn a chronically hypoxic cell into a region of necrosis.

The first example of this tumour cell flow comes from injecting tumour-bearing mice
with a single bolus dose of a uridine analogue to label cells that are actively proliferating. Many
reports agree that tumour cells more proximal to blood vessels are more likely to be proliferating,
and this is reflected in uridine analogue labelling!!!:'2’. However, over time uridine labelled cells
are observed to occupy tumour cell layers at greater distances from blood vessels. As the uridine
analogues are incorporated into the DNA of labelled cells, it is unlikely that the label is released
and transferred to more distant cell layers. Instead, it is concluded that daughter cells of the
initially proliferating tumour cells come to occupy more distant cell layers.

A second observation of outward flow of tumour cells comes from hypoxia-induced

luciferase. Harada et al'3?

produced tumours cells that would constitutively express luciferase
after cleavage of an inhibitory gene sequence, dependent upon hypoxia-induced Cre expression.
Cre expression is induced by hypoxia via inclusion of hypoxia response elements in the gene
promoter, which are targeted by the hypoxia inducible factor (HIF) transcription factor in
hypoxic cells. Temporal specificity was provided by the ER'? technique, wherein Cre-ER™? is
only active in the presence of tamoxifen. Thus, treatment of mice bearing these tumours with
tamoxifen induces constitutive expression of luciferase in tumour cells hypoxic at that point in
time. Luciferase labelled cells were compared against staining for HIF1a, a HIF subunit only
detected in hypoxia, and pimonidazole, an exogenous hypoxia reporter administered 2 hours
prior to harvest. Twenty-four hours after tamoxifen treatment, tumour cord structures were
observed with cells layered outwards from perfused blood vessels as follows: triple-negative
non-hypoxic cells, cells positive for both luciferase and HIF 1 a, cells positive for only
pimonidazole, and regions of necrosis. Forty-eight hours after tamoxifen, the distance from
perfused blood vessels to either HIF1a or pimonidazole positive cells did not change as these
report hypoxia at the time of harvest. However, the average distance from perfused blood vessels

to luciferase positive cells increased to a value similar to the pimonidazole-positive cells.
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Seventy-two hours after tamoxifen, luciferase positive cells were on average further from
perfused blood vessels than both HIF1a and pimonidazole positive cells. Further, the total
number of luciferase cells decreased each day after the initial 24-hour observation point,
suggesting cell loss. These data show that hypoxic tumour cells ‘flow’ outwards from blood
vessels and into regions of necrosis. Importantly, if tumours were irradiated 48 hours after
tamoxifen (when luciferase positive cells were in pimonidazole positive regions), then the loss of
luciferase positive cells was inhibited. This data supports that the flow of hypoxic tumour cells is
due to proliferation of well-oxygenated tumour cells, which was inhibited following irradiation.

Finally, Van Der Kogel’s research group published a report on the turnover of hypoxic
tumour cell populations by administering pimonidazole 2, 24, 48, 72, 96, or 120 hours prior to
CCI-103F (another exogenous hypoxia reporter), and CCI-103F always 2.5 hours prior to
harvest!?®. CCI-103F and pimonidazole were shown to exhibit good agreement when
administered only 2 hours apart. With this strategy the change in the fraction of positive cells
over time was interpreted as turnover of hypoxic tumour cells, e.g. if the amount of tumour area
labelled by pimonidazole is 50% of the area labelled by CCI-103F then 50% of the hypoxic
fraction was lost in the separation time. Similar to Harada et al'*2, with increased separation
between the 2-nitroimidazoles the total tumour area positive for pimonidazole decreased and
pimonidazole came to exclusively label cells bordering regions of necrosis. Reported hypoxic
cell half-lives ranged from only 17 hours in the rapidly proliferating C38 murine colon
carcinoma, to still only 49 hours in the SCCNij3 human laryngeal carcinoma. To date, this is the
only publication explicitly reporting a value for the expected rate of turnover for specifically
hypoxic tumour cells. A limitation of this study is a lack of consideration for other potential
sources of 2-nitroimidazole loss, which will be considered in Chapter 2 when this thesis
investigates hypoxic cell turnover. This study, along with the study by Harada et al, indicates that
a significant number of hypoxic cells are likely to turnover within 48 hours after labelling.

Taken together, these three experimental approaches display the connection between
tumour cell proliferation and passive movement of tumour cells radially outwards from perfused
blood vessels. These studies indicate that turnover of hypoxic tumour cells is continuous and that
the half-life of hypoxic cells may be within two to three days. Further, these data support that
hypoxic cell turnover is due to flow of cells into regions of necrosis. However, these studies do
not consider distinguishing between chronic and transient hypoxia, and to date the relative
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lifetime of each hypoxic population is unknown. Addressing this gap in knowledge will be the

focus of the research in Chapter 2.

1.4 Ionising radiation and oxygen

Perhaps the most well-known effect of tumour hypoxia is that it provides tumour cells
with resistance to radiation. The presence of hypoxia predicts for poor tumour response and
worse patient outcome, indicating that hypoxic tumour cell radiation resistance is clinically
significant!'%%133:134 This thesis is interested in addressing tumour hypoxia in order to improve
tumour radiation response. This section will briefly introduce radiation, radiotherapy, discuss
how radiation is toxic to cells, and discuss the importance of oxygen for radiation cytotoxicity.
For discussing radiotherapy, this section will focus on external beam radiation and not
brachytherapy (implanting a radioactive source into the tumour).

Radiation is any emitted or transmitted energy in the form of particles or photons. The
biological response of cells to irradiation may differ between particle and photon radiation. This
thesis will be focused on photon radiation as this is currently much more widely used for
radiotherapy. lonising radiation is radiation that possesses sufficient energy to liberate an
electron from an atom and thus break covalent bonds. This threshold in energy is achieved by x-
rays and gamma-rays, while ultraviolet radiation is the highest energy form of non-ionising
electromagnetic radiation. It may be noted that the standard energy level of radiation produced
by experimental x-ray machines is 250 keV (kiloelectron volts), while clinical linear accelerators
may produce radiation with energy levels in excess of 1 MeV. Thus, radiation for radiotherapy
generally refers to high-energy x-rays.

Radiation dosing is measured in “gray” (Gy). One gray is defined as the absorption of
one joule per kilogram of matter. For scale, the annual background radiation exposure for a
person living in Vancouver, Canada is equivalent to 1.3 mGy, mild symptoms of radiation
sickness may arise from exposure to as low as ~300-500 mGy if received within a short period of
time (order of minutes), a single-exposure dose of 4 Gy is often lethal if a large portion of the
body is exposed, and an entire clinical course of radiotherapy is often in excess of 50 Gy!3>13¢,
Clearly, radiotherapy protocols must minimize normal tissue exposure in order to limit side
effects. The most obvious method to protect normal tissue is to target the radiation to the tumour

site with most of the body shielded. However, normal tissue at the margins of the tumour is often
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intentionally included within the radiation field in order to ensure killing of microscopic disease
outside of the obvious tumour mass. Further, some normal tissue may be difficult or impossible
to shield due to the location of a tumour, e.g. for a centrally located lung tumour the radiation
must travel through and expose the skin, skeletal muscle, and some normal lung. Due to the
inevitable exposure of normal tissue, traditional radiotherapy reduces the acuteness of radiation
by spreading out a patient’s total clinical dose (~50-70 Gy) into “fractions”. Fractionated
radiotherapy typically consists of 2 Gy per day five days per week. Dose fractionation is
conducted based upon understanding that normal cells are more capable of repairing damage
induced by radiation than tumour cells, thus the time in between doses may allow normal cells to
recover while still killing tumour cells'*. However, improvements in imaging and engineering of
radiation-delivering devices are progressively allowing for reduced normal tissue exposure,
motivating many to test “hypo-fractionated” radiotherapy protocols with increased dose per
fraction and fewer total fractions required. Overall, tissue response to radiation depends on the
magnitude of radiation dose received and the time frame within which the radiation dose is
delivered.

As mentioned above, ionising radiation has the potential to liberate electrons from atoms
and therefore break covalent bonds. Radiation may disrupt the structure of a variety of biological
macromolecules, however, radiation cytotoxicity is dependent on damaging cellular DNA. A
fundamental observation in support of this fact was performed by precise irradiation of hamster
fibroblasts with alpha particles emitted from a microneedle; T.R. Munro found that high doses of
irradiation to the cell cytoplasm had no effect on cell proliferation, but, that substantially smaller
doses of irradiation targeting the cell nucleus were lethal'3”. This observation made clear that
chemical changes induced by radiation outside of the nucleus are not lethal and justifies focusing
on radiation-induced damage to nuclear material, of which DNA is the major concern.

Radiation may damage DNA by directly liberating electrons in DNA molecules,
producing a DNA radical (i.e. molecule with an unpaired electron) that may resolve by breaking
chemical bonds!®. If radiation ionizes a molecule in the phosphate-sugar backbone of DNA, it
has the potential to cause a break in the strand of DNA. Radiation as low in energy as 1-5 keV
has potential to induce DNA strand breaks!3*:140, thus it is clearly possible for experimental and
clinical x-rays in excess of 100 keV to directly induce DNA strand breaks. Alternatively,
radiation may deposit energy in molecules near to DNA. As 70-80% of cell composition is
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water, it is useful to consider the case of radiation-induced ionisation of water molecules nearby
a DNA molecule!*°, Tonisation of water molecules may induce DNA strand breaks in two ways:
(1) the released electron from the ionisation event (H.O = H,O" + ¢) is a form of radiation
itself, commonly of 10 keV in energy, that may produce DNA strand breaks'3*1%° and (2) the
resulting hydroxy radical (H,O" + H,O - H30" + HO") may cause DNA strand breaks by
extracting an electron from the DNA backbone, leaving behind a DNA radical that may resolve
as a strand break!3%138-140 Qverall, radiation may cause ionisation of DNA into a DNA radical,
either directly or indirectly, leading to DNA strand breaks.

Upon ionisation into a radical, the fate of a DNA molecule depends upon the chemical
milieu. As mentioned just previously, left alone a DNA radical may resolve as a strand break!3®,
DNA radicals may also be resolved through redox reaction with intranuclear thiols such as
glutathione to restore the stable DNA molecule!?>!38141 This observation is supported by
experiments that treated cells with buthionine sulfoximine to deplete cellular glutathione prior to
irradiation and found increased DNA damage after harvesting cells within 20 seconds of
irradiation'®. Alternatively, molecular oxygen (O>) is highly reactive with radicals and can react
with radicals in DNA ribose groups to form an organic peroxide, which leads to release of
phosphodiester bonds and causes DNA strand breakage!3%!38, This role of O, comes from a
number of experiments that demonstrate: (1) the presence of O at the time of irradiation
significantly increases the number of induced DNA strand breaks and reduces cell survival!®-
105,142-148 "and (2) that addition of O to previously anoxic cells within ~50-100 ps after
irradiation produces similar cell kill and DNA damage as when Oz is present during
irradiation!®. The latter experiment is interpreted to exclude the possibility that O, sensitizes
cells to irradiation by contributing to production of DNA radicals. Instead, these experiments
indicate that O, reacts with DNA radicals produced by radiation in order produce stable DNA
strand breaks. Herein lies the ‘oxygen fixation hypothesis’ where the presence of oxygen at the
time of irradiation fixes (i.e. makes permanent) radiation-induced damage in the form of stable
DNA strand breaks!3?. Of course, hypoxic tumour cells possess less oxygen and therefore fewer
DNA breaks are induced by radiation. This is the accepted mechanism for why hypoxic tumour
cells are resistant to radiation therapy across tumour sites.

Implied in the discussion of the oxygen fixation hypothesis above is that DNA strand
breaks directly lead to cell death. In a simplified sense this is true, as the probability of cell
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survival is inversely proportional to the number of DNA strand breakages observed following

149-151 However, cells contain machinery to repair DNA breaks, which makes some

irradiation
DNA damage more harmful than others. Single strand breaks (SSB) refer to a breakage in one of
the two DNA backbone chains. SSBs may be repaired by processes of base excision repair
(BER) or nucleotide excision repair (NER). SSB repair involves, briefly, excision of nucleotides
on the damaged strand of DNA in the vicinity of the lesion, followed by fresh polymerization
based on the in-tact template strand, and then ligation'’. Error in repair of isolated SSBs may
result in mutation, but error is unlikely to significantly disrupt cell function as the DNA molecule
will remain in-tact. Further, the number of SSBs induced by radiation is reported to be on the
order of thousands per Gy per cell and therefore the induction of SSBs does not match the
modest cytotoxicity of low radiation doses!3!32, Overall, SSBs are abundant DNA lesions
induced by radiation, but in isolation are not toxic.

If two or more SSB occur on opposing DNA strands in relative proximity, then the DNA
molecule may break into two pieces. This describes a double strand break (DSB). DSBs may be
repaired by two mechanisms, homologous recombination (HR) and non-homologous end joining
(NHEJ). A cell in the G2 cell cycle phase may employ HR, which entails use of a sister
chromatid as a template to reconstruct and ligate the broken strands. In cells lacking sister
chromatids, the only option remaining is attempting to rejoin the ends of two broken pieces of
DNA via NHEJ. Experimentally based estimates for the induction of DSBs by radiation range
from 20-60 DSBs per Gy per cell!3%152-155 The majority of the initial DSBs produced by
irradiation are rejoined within 1 hour of irradiation via NHEJ, leaving ~20% that are repaired
slowly by either NHEJ or HR!>%157, Notably, unlike SSB repair, error in DSB repair may result
in chromosome abnormalities if DNA fragments are ligated to incorrect partners or not ligated at

all (e.g. large deletions or dicentric chromosomes)!30:158

. DSBs may therefore result in significant
disruption to cellular function.

In normal cells, the DNA damage response pathway will ultimately signal for apoptosis if
DNA cannot be adequately repaired. Tumour cells commonly exhibit mutations in DNA repair
and apoptosis pathways, which allows tumour cells to progress through the cell cycle despite the
presence of unrepaired DNA damage or chromosome abnormalities. However, chromosome

abnormalities may cause significant loss of genetic material in daughter cells upon mitosis,

leading to cell death. This form of cell death is often termed “replicative cell death” or “mitotic
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cell death” and is the dominant form of cell death induced by radiation for tumour cells.
Cornforth and Bedford!>® quantified radiation-induced chromosomal aberrations in human
fibroblasts and reported a number of significant findings. First, the average number of
chromosome abnormalities increased from ~1.0 per cell following 4 Gy radiation to ~5.5 per cell
following 12 Gy, and the abundance of chromosome abnormalities was significantly greater in
fibroblasts with reduced capacity for DSB repair. Together these observations indicate that
chromosome aberrations are a result of erroneous or incomplete repair of DSBs induced by
radiation. Second, the average number of chromosome aberrations per cell inversely correlates
nearly one-to-one with the natural logarithm of cell survival, as would be expected from a
random distribution of lethal chromosome aberrations. Finally, the fraction of cells without
chromosome aberrations correlates strongly with the fraction of cells that survive radiation.
Together, these observations strongly suggest that chromosome aberrations are the lethal lesion
induced by radiation as a result of erroneous or incomplete DSB repair.

To review, radiation may produce DNA radicals either directly or indirectly, the presence
of Oz significantly increases the likelihood that DNA radicals resolve as DNA SSBs, multiple
SSBs in proximity of one another may produce DSBs, which if inefficiently repaired may induce
apoptosis in normal cells or lead to lethal chromosome abnormalities. Importantly, oxygen is the
main factor within this process that will vary strongly within a given tumour. The oxygen
dependence of tumour cell radiation response may be assessed by simply irradiating tumour cells
in vitro and quantifying cell survival or the induction of DSBs. The extreme scenario, comparing
anoxic cells gassed with N» against aerobic cells (atmospheric 21% O), yields the observation
that across a wide range of radiation doses anoxic cells require ~2.5-3 times the radiation dose to
induce similar cell kill as for aerobic cells!3*13%10, This factor of 2.5-3 is referred to as the
oxygen enhancement ratio (OER). By repeating in vitro experiments with varying O2
concentrations, multiple studies observe the O, concentration that induces half-maximal
radiosensitization is approximately 0.5% O, (~3.8 mmHg)!43:15%-160 T jttle change in radiation
sensitivity is observed by increasing O, concentrations above 2% (~15 mmHg)!43:15%10 Thus, to
optimize radiation response the population of tumour cells below 0.5% Oz should be minimized,
and ideally the population of tumour cells above 2% O should be maximized.

Alternatives to increasing oxygen content at the time of irradiation include novel

strategies for radiation itself. Photon radiation is an example of low linear energy transfer (LET)
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radiation, a measure of the amount of energy deposited by radiation per unit distance travelled.
In other words, photon radiation deposits energy relatively sparsely, which limits the probability
of SSBs occurring in close enough proximity to produce DSBs. Conversely, particle radiation —
whether proton or heavy ion — deposits energy more densely, i.e. with high LET. Pre-clinical
data display clearly that with increasing LET there is a reduced OER!®!, Hypotheses to explain
the reduced OER observed with increasing LET radiation are varied'¢!. These range from a
simple suggestion that oxygen is no longer required if the LET radiation is able to induce
sufficiently dense DNA breaks to cause cytotoxicity, to suggesting that high LET radiation
actually generates oxygen along the tracks of radiation particles via radiolysis of water!¢2,
Regardless, proton and carbon ion radiation therapy are being applied for clinical care in some

parts of the world and may provide a solution to hypoxia-induced radiation resistance.

1.5 Detection & characterization of tumour hypoxia

Hypoxia in solid tumours is largely quantified by one of four methods: direct
measurement of oxygen content using oxygen electrode probes, inference of hypoxia based on
the presence of tumour cells resistant to radiation, labelling of cells by exogenous markers of

hypoxia, or detection of cells expressing proteins induced by hypoxia.

1.5.1 Oxygen electrode probes

The gold standard for quantifying oxygen content in solid tumours is with an oxygen
electrode probe. An oxygen electrode probe is the only method capable of reporting a particular
local oxygen content in mmHg, allowing for tumour oxygenation to be directly correlated with
tumour biology or patient outcome. Oxygen electrode probes have been widely applied to
quantify oxygenation in clinical tumours, particularly in tumour sites where measurements can
be made relatively non-invasively such as head and neck cancers, prostate cancer, or cervical
cancer. By taking numerous readings across multiple tumour regions it is possible to make
generalizations of the oxygen content in the tumour and correlate these measures with outcome.
A drawback of oxygen electrode probes is the requirement to define a threshold for hypoxia with
which to divide a patient population and compare survival curves. This has produced variability
in the published reports of oxygen readings from clinical tumours with no consensus definition

for a ‘hypoxic’ tumour. Although, hypoxic tumours are most commonly defined as exhibiting a
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median oxygen reading being below 5-10 mmHg pO». Regardless, the direct quantification of
oxygen content with electrode probes has yielded valuable data on tumour oxygenation and
correlating oxygen content with patient outcome. Firstly, oxygen electrode probe readings have
made it clear that oxygenation is significantly lower in solid tumours relative to most normal

13,107,163,164

tissue . Oxygen electrode probe readings demonstrate that poorly oxygenated tumours

are associated with worse patient outcome than better oxygenated tumours across tumour sites

whether patients receive chemotherapy, radiotherapy, or even curative-intent surgery!3106:133.164-

166 Overall, oxygen electrode probes have provided the most direct quantification of tumour
tissue oxygenation and the clearest evidence that poor oxygenation predicts poor patient

outcome.

1.5.2 Radiation-based assays

Two significant limitations of using oxygen electrode probes for pre-clinical study
include the lack of single cell resolution and the potential of unknowingly quantifying oxygen
within regions of necrosis, which may underestimate the oxygenation of viable tumour cells. To
address these concerns researchers traditionally applied the knowledge that hypoxic tumour cells
are significantly resistant to ionising radiation!'%*13%167 Numerous radiation-based survival
assays may be applied, typically comparing the survival of untreated tumours to paired tumours
that are made completely hypoxic (e.g. clamping off the blood supply to the tumour during
irradiation for tumour control assays or asphyxiating the host animal prior to irradiation and
harvest of the tumour cells for ex vivo survival assay)'¢”1%® In a paired ex vivo survival assay, a
series of untreated and hypoxic tumours are irradiated with different radiation doses. The
survival of the tumour cells from the untreated mice is demonstrated to produce a biphasic curve.
With low doses of irradiation there is a steep slope in survival reflecting the high sensitivity of
the well-oxygenated tumour cells. With higher radiation doses (= ~10 Gy) the slope of tumour
cell survival slows, reflecting the radiation resistance of hypoxic tumour cells. The hypoxic
phase of the survival curve for tumour cells from untreated mice is demonstrated to be parallel to
the survival curve produced from tumour cells of asphyxiated mice. The ratio of tumour cell
survival in cells from the untreated mice over the cells from the hypoxic mice gives the fraction

of cells that were hypoxic in the untreated tumours (Figure 1.2)!%’. In summary, radiation-based
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Figure 1.2 Theoretical survival curves for determining the hypoxic fraction

Theoretical survival curves for tumour cells derived from tumours with varying populations of radiobiological
hypoxia. Survival is plotted on a logarithmic scale. With increasing dose, the survival curves become parallel to
that of a tumour made to be 100% hypoxic. The hypoxic fraction of a tumour is determined by comparison of
survival against the 100% hypoxic curve. For example, consider the surviving fraction plotted for a radiation
dose of 20 Gy: 0.01 for the 100% hypoxic tumour, 0.001 for a tumour that is 10% hypoxic, and 0.0001 for a
tumour that is 1% hypoxic. Figure adapted from Van Putten LM and Kallman RF. JNCI. 40(3):441-451.
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assays determine the hypoxic fraction characteristic of a particular tumour line by comparison of
untreated tumours with a paired set of tumours made to be hypoxic.

The assumptions of radiation based assays include (1) that cells in tumours made to be
hypoxic will respond to radiation similarly to those that are naturally hypoxic, (2) that nothing
else in the tumour is altering radiation response other than tumour cell oxygenation, and (3) that
the untreated tumours contain only two populations, a well-oxygenated sensitive population and
a hypoxic resistant population. Setting aside the first assumption, the second assumption is a
concern for tumour control assays, where tumours are not harvested following irradiation and the
hypoxic fraction is inferred based upon the dose required to cure 50% of the tumours. It is now
well demonstrated that large single doses of radiation above ~8 Gy induce apoptosis of tumour
endothelial cells, resulting in the killing of large populations of tumour cells regardless of
oxygenation at the time of irradiation'¢®!’°, Tumour control assays often rely upon high doses in
excess of 30 Gy'®, Thus, the hypoxic fraction estimate from tumour control assays will carry a
significant error in determining the fraction of cells that were hypoxic at the time of irradiation.

Regarding the third assumption, it can be shown in vitro that tumour cell sensitivity to
radiation decreases incrementally below approximately 15 mmHg pO2 (~2% O), reaching 50%
of the sensitivity of matched well-oxygenated cells at approximately 3.8 mmHg pO- (0.5% O>),
and reaching minimal sensitivity in anoxia!*’. Thus, radiation resistance versus oxygenation is
continuous, not a step function. Oxygen electrode readings clearly indicate that tumours should
be expected to contain regions of both severe (< 5 mmHg) and intermediate (5-15 mmHg pO>)
levels of hypoxia!*!7!, However, it is likely that radiation-based assays of the ‘hypoxic fraction’
are specific to the severely hypoxic population. Firstly, the ‘hypoxic fraction’ calculated from the
radiation assays correlates more strongly with the fraction of oxygen electrode readings below 5
mmHg pO> (~0.65% O) than with the fraction of oxygen readings below 10 mmHg pO> (~1.3%
0,)!7>173, Secondly, intermediately hypoxic tumour cells are predicted in modelling studies to
contribute to tumour cell survival following modest radiation doses and to not modify survival
following relatively high (> ~10 Gy) doses!”*. Further, it is likely that the paired hypoxic
tumours (e.g. asphyxiated mice) contain exclusively severely hypoxic cells and therefore
survival ratios will calculate the content of severely hypoxic cells'’*. Thus, it is likely that
radiation-based determinations of the ‘hypoxic fraction’ reflect tumour cells that are very
hypoxic, likely below or well below 5 mmHg pO: (~0.65% O-). Publications today more
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commonly describe the results of radiation-based assays as estimations of the ‘radiobiological

hypoxic fraction’.

1.5.3 2-Nitroimidazoles

Radiation-based assays provide an estimate of the whole tumour hypoxic fraction
characteristic for the studied tumours, but these assays are restricted in that hypoxic cells may
not be identified without the significant intervention of irradiation and these assays cannot be
applied to clinical tumours. Exogenous reporters of hypoxia that label tumour cells based on
oxygenation address these issues by allowing for antibody-based detection of labelled hypoxic
cells. The most widely used exogenous hypoxia reporters are 2-nitroimidazole compounds.
When 2-nitroimidazoles are taken up into cells they may be reduced to a nitro radical by various
nitroreductase enzymes in the cell. Molecular oxygen is highly reactive to radicals, thus in the
presence of oxygen the 2-nitroimidazole radical may be rapidly oxidized back to the neutral
parent compound. In the absence of oxygen, the 2-nitroimidazole radical may undergo further
reduction to a hydroxylamine, which may covalently bind to protein thiols in the cell!’>:176
(Figure 1.3). Binding of the reduced hydroxylamine to protein traps the 2-nitroimidazole inside
of the cell, effectively labelling the cell. Therefore, the degree of 2-nitroimidazole labelling is
dependent upon the following: (1) cell viability as functional nitroreductase enzymes and
reducing equivalents are required for the reaction, (2) degree of hypoxia as the production of the
2-nitroimidazole radical is rapidly reversible in the presence of oxygen, and (3) concentration of
2-nitroimidazole and duration of cell exposure to 2-nitroimidazole in hypoxia. The latter point
refers to the mechanism of cell labelling as an accumulation of 2-nitroimidazole adducts to
thiols, which may increase with time and 2-nitroimidazole concentration. Numerous 2-
nitroimidazoles have been developed and validated based on this principle of oxygen-sensitive
cell labelling. This thesis work includes the use of the 2-nitroimidazoles pimonidazole and EF5
(Figure 1.3).

The most common readout of 2-nitroimidazole labelling for pre-clinical study is
fluorescence intensity in flow cytometry or microscopy. Antibody detection of 2-nitroimidazoles
and fluorescence-based readouts of 2-nitroimidazole cell labelling appear reasonable based upon
in vitro experiments observing excellent correlation between radioactivity and fluorescence

intensity of cells labelled with radioactive EF5'77:178, However, in either flow cytometry or

32



(A) ® "\ K
N F

OH o
oA LA
X 0
(C) (D)
o RI‘ NADPH NADP* T
\f\\l* N v N
of \(J N \(J
N oy 0, N
3 NADH
3 NAD*
(F) (E)
R" Protein-SH H"
S-R
e ) 2 74 /H '
X7 L )
N N

Figure 1.3 2-Nitroimidazole structure and reduction

(A) Pimonidazole, (B) EF5. Mechanism of 2-nitroimidazole labelling is displayed. (C) 2-Nitroimidazole base
structure, R = side group. (D) Nitro-radical anion intermediate. The conversion of (C) to (D) is reversible in the

presence of oxygen. (E) Hydroxylamine intermediate. (F) 2-Nitroimidazole adduct bound to intracellular protein

thiols (S-Ro).
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immunofluorescent microscopy analysis, it is standard to set a threshold and binarize the tumour
cell population as either 2-nitroimidazole positive or negative, and in turn hypoxic or non-
hypoxic. It is therefore important to consider at which oxygen tension 2-nitroimidazole labelling
will result in significantly greater fluorescence intensity compared with background. Binding
curves for 2-nitroimidazoles have been produced in vitro and through a variety of methods in
vivo. EF5 fluorescence assessed by flow cytometry from multiple cell lines cultured with EF5 in
vitro found that fluorescence intensity increased incrementally as oxygen decreased from 5% O»
to 0.5% O2. Above 5% O little change in 2-nitroimidazole labelling is observed, and below
0.5% O, the rate of change in fluorescence intensity decreased!””!’8. In murine tumours, mean
tumour EF5 fluorescence intensity in microscopy was non-linear when plotted as a function of
mean tumour oxygenation determined prior to sacrifice using electron paramagnetic resonance
oximetry. In these experiments, the greatest increase in fluorescence intensity occurred in
tumours with a mean oxygenation below 0.5% O5!”. In comparison with radiation-based assays
in tumour xenografts, the fraction of EF5 positive tumour cells assessed from flow cytometry
was shown to have a strong correlation with radiation-based estimates of the hypoxic fraction,
indicating strong correlation with severe hypoxia. In one study EF5 exhibited a weak correlation
with the fraction of oxygen electrode readings below SmmHg, although the oxygen electrode
readings were similarly only weakly correlated with radiation assays, suggesting bias in the

1797181 ° A for pimonidazole, in vitro pimonidazole labelling detected by

electrode readings
ELISA found strong labelling in cells cultured in 0.5% O- or below compared with cells cultured
in 5% O or above!®2. Pimonidazole is reported to exhibit a similar labelling curve as
misonidazole, an earlier generation 2-nitroimidazole, which was demonstrated to label tumour
cells in spheroids where oxygen electrode readings dropped below 10 mmHg pO> (~1.3%)'%.
Finally, pimonidazole positive tumour area in IHC of orthotopically implanted murine mammary
carcinomas strongly correlated with the oxygen electrode readings and estimations of the
radiobiological hypoxic fraction of matched tumours'®*!85, In summary, EF5 and pimonidazole
are well validated compounds that label viable cells below approximately 1% Oz with
fluorescence intensity increasing as oxygen content during exposure decreases. Reports for both
pimonidazole and EF5 have observed the strongest increase in labelling for cells cultured at or

below 0.5% O.. Overall, the oxygenation threshold leading to identifying a tumour cell as

34



positive for EF5 or pimonidazole, and therefore identified as hypoxic, likely lies between 0.5-1%
O..

Both pimonidazole and EF5 have shown strong ability to distinguish hypoxic from well-
oxygenated tumour cells across multiple tumour models, as well as accurately identifying
hypoxia in non-tumour tissues!'?’-176-178:182 The published literature suggests that the oxygen
dependency of pimonidazole and EF5 labelling is robust enough to accurately distinguish
hypoxic and non-hypoxic cell populations within a tumour despite potential cell intrinsic
differences such as nitroreductase enzyme expression. However, differences in relative
fluorescence intensity across tumour xenografts does suggest caution in applying 2-
nitroimidazoles as a means to compare absolute oxygen tensions between tumour types.

An additional benefit of exogenous hypoxia reporters is the potential for radiolabelling
and non-invasive imaging of hypoxia using PET. The first 2-nitroimidazole tested for non-
invasive detection of hypoxia in clinical tumours was fluorinated misonidazole (FMISO), a
precursor to compounds including pimonidazole, in non-small cell lung cancer, head and neck
cancer, and prostate cancer!8¢. Fractional hypoxic volumes ranging from 0-95% indicated a
strong dynamic range of the radiotracer, suggesting utility of non-invasive imaging to distinguish
well-oxygenated from poorly-oxygenated tumours!®®. Optimization of PET hypoxia radiotracers
is a balance between increasing diffusion into tumour tissue to increase uptake signal in hypoxic
regions, against achieving rapid clearance of the tracer so as to reduce background. To achieve
greater tissue distribution at the cost of clearance, the relatively lipophilic EF5 has been
radiolabelled for PET imaging. Initial study with '8F-EF5 in head and neck cancer observed that
tumour regions of high '8F-EF5 uptake corresponded to regions with low perfusion, indicated by
low 30O-H,0 uptake'®’. Follow-up studies in head and neck cancer patient concluded that '*F-
EF5 uptake was predictive of radiation response and patient outcome!8%18% supporting further
use of *F-EF5 in head and neck sites, with pre-clinical studies suggesting utility in additional
sites such as prostate and lung cancers'**!°!. Other 2-nitroimidazoles have been developed that
are more hydrophilic than '8F-EF5 and FMISO with the goal of optimizing clearance to improve
the signal over background ratio. These include fluoroetanidazole (FETA),
fluoroerythronitroimidazole (FETNIM), fluoroazomycinarabinofuranoside (FAZA), and HX4!%°,

Despite ongoing clinical trials for multiple radiolabelled 2-nitroimidazoles, many agree that
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head-to-head comparisons will be required to determine if any radiotracer is superior to another,

and this may have to be conducted on a site-by-site basis!6:192,

1.5.4 HIF and endogenous hypoxia markers

The 2-Nitroimidazoles pimonidazole and EF5 provide a means to assess hypoxia in
microscopy, allowing for researchers to relate hypoxia with other features of tumour biology in
pre-clinical and clinical samples. However, 2-nitroimidazole labelling itself is not necessarily
identifying all cells that are responding to low oxygenation. The primary and most well
characterized cellular response to poor oxygenation is formation of the hypoxia inducible factor
(HIF) transcription factor. HIF is a heterodimer of an alpha and beta subunit. Mammalian cells
constitutively transcribe and translate both HIF1a, HIF2a, and HIF 1. The formation of HIF is
controlled by regulating the degradation of the alpha subunits. The enzymes primarily
responsible for regulation of HIF alpha subunit degradation are iron, 2-oxoglutarate, and oxygen
dependent prolyl hydroxylase (PHD) 1-3 enzymes!®*!**, In oxygenated conditions, PHD
enzymes consume oxygen to hydroxylate two proline sites of the oxygen degradation domain
present in both HIF 1o and HIF2a. This hydroxylation creates a binding site on HIF1o and HIF2a
for the ubiquitin ligase protein Von Hippel Lindau tumour suppressor protein (VHL). VHL
activity directs the ubiquitination of the HIF subunits, which targets the proteins for proteasomal
degradation. The activity of PHD enzymes is inhibited in hypoxia, thus, in hypoxia HIFla and
HIF2a are not targeted for degradation and can instead dimerize with HIF 1 to initiate

transcriptional activity!®

. While not regulating HIF subunit degradation, HIF activity is also
regulated in an oxygen dependent manner by the factor inhibiting HIF (FIH) protein. FIH carries
out oxygen-dependent hydroxylation of an asparagine in either HIF 1o or HIF2a, which inhibits
dimerization with HIF1B!%4. Some evidence suggests greater affinity of FIH for HIF 1o compared
with HIF2a, providing a mechanism for differential regulation of the alpha subunits!®®. The
majority of research on focuses on HIF 1a rather than HIF2a. The oxygen tension leading to
stabilization of HIF 1o varies between cell lines, although HIF 1 a protein or its transcription
targets are often detectable in cells cultured in up to 2% 0!°. The number of genes induced by
HIF1 is recently reported to be greater than 1500!°7. HIF1 binds to hypoxia responsive elements
(HRESs) in gene promoters that contain the sequence NCGTG (N is either A or G), directly

upregulating the expression of proteins that aid in cell survival under hypoxia and nutrient
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deprivation, including anaerobic metabolism, pH regulation, angiogenesis, and autophagy!®’.
Thus, HIF1 and its transcriptional targets provide potential endogenous markers of cells that are
experiencing hypoxia. HIF1a itself, carbonic anhydrase IX (CAIX), and glucose transporter 1
(GLUT1) in particular have been widely assessed in microscopy of pre-clinical and clinical
tumours to quantify hypoxia'%. Across solid tumours, it is clear that the majority of 2-
nitrimidazole labelled cells are also positive for HIF1a or its transcription targets!!>!32, However,
HIF1a and its transcription targets are also reliably found a few tumour cell layers more
proximal to perfused blood vessels than 2-nitroimidazole positive cells, thus confirming the in
vitro observations of HIF1a stabilization at oxygen concentrations greater than 2-nitroimidazole
labelling, approximately 1-2% O and 0.5-1% O, respectively!!>!32198 Qverall, HIF 1o and its
transcription targets indicate cellular response to hypoxia, but this occurs at higher oxygen
concentrations than 2-nitroimidazole detection.

In summary, tumour hypoxia refers to tumour regions with poor oxygenation. Traditional
methods of radiation-based assays likely relate to oxygenation well below 5 mmHg pO-
(~0.65%). However, biological responses to hypoxia begin altering cell activity below
approximately 15 mmHg pO2 (~2%). 2-Nitroimidazoles mildly label cells below 10 mmHg pO2
(~1.3%) and strongly label cells below approximately 5 mmHg pO; (~0.65%). The use of
oxygen-detecting electrode probes, exogenous hypoxia reporters, or endogenous hypoxia
reporters has overwhelmingly and reliably found hypoxia to predict poor patient outcome across
tumour sites, whether patients receive curative intent surgery, radiotherapy, or

Chemotherapyl%’ 133,164-166,199-201

, suggesting each method has some degree of validity in
identifying clinically relevant hypoxia.

The interest of this thesis with regards to hypoxic tumour cells is tilted towards the
response of tumour cells to radiation. However, radiation-based assays are limited by an inability
to concurrently assess the hypoxic fraction while investigating tumour biology. Therefore, this
thesis work will generally define hypoxic tumour cells as cells that label positive for 2-
nitroimidazoles. The benefits of this include restricting the hypoxic cell population to cells viable
at the time of 2-nitroimidazole exposure, the strong correlation between 2-nitroimidazoles and

radiation response, the well understood if somewhat mismatched relation between 2-

nitroimidazole labelling and HIF 1« stabilization, and the ability to differentially detect
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pimonidazole and EF5. The latter point allows for determination of a cell’s oxygenation at

different points in time by separating pimonidazole and EF5 administration.

1.6 Tumour perfusion modifying interventions

The impact of oxygen content on tumour response to radiation has inspired a number of
interventions aiming to increase tumour oxygenation. Not discussed here include interventions to
increase the oxygen carrying capacity of the blood (e.g. erythropoietin)?*? or to decrease tumour
cell oxygen consumption (e.g. metformin)?°*2%4, Instead, this section will discuss interventions
aiming to improve tumour perfusion and therefore oxygen delivery. Two distinct groups of
interventions are clear: (1) those that are short lasting and are delivered just prior to irradiation,
and (2) those that attempt to modify the tumour microenvironment to stably reduce the hypoxic
fraction. Regarding the former, this thesis will focus on pentoxifylline (Chapters 2, 3, & 4), and

regarding the latter this thesis will focus on angiotensin system inhibitors (Chapter 4).

1.6.1 Short-term interventions and pentoxifylline

Short-term improvement of solid tumour perfusion is challenging because of the
dysfunctional nature of the tumour vasculature and microenvironment (Chapter 1.1). For
example, classic vasodilators are an intuitive strategy to briefly increase flow and oxygen
delivery to peripheral tissue. However, administration of hydralazine to mice bearing
spontaneous or implanted human or murine tumours has the opposite effect of nearly eliminating

52.205-208 ‘Hydralazine-induced loss

tumour perfusion and significantly increasing tumour hypoxia
of tumour perfusion is attributed to vasodilation of local healthy tissue vessels and an inability of
tumour blood vessels to dilate. This combination favours blood flow to the adjacent normal
tissue at the expense of tumour perfusion and is referred to as the ‘steal effect’, which is so
significant that hydralazine has instead been tested for ability to increase activity of hypoxia-
activated pro-drugs®®. Overall, work with hydralazine has led to the conclusion that traditional
vasodilators are not viable options to acutely improve tumour perfusion.

Returning to the causes of tumour vascular dysfunction, another source of vascular
resistance to target is the heightened blood viscosity in tumours (Chapter 1.1.1.2). Pentoxifylline
is a phosphodiesterase inhibitor that increases erythrocyte deformability with the functional

effect of decreasing blood viscosity, attributed to an increase in erythrocyte cAMP signaling®’-%°.
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Pentoxifylline-induced cAMP signaling leads to protein kinase A (PKA) activation. In
erythrocytes, PKA signaling stimulates glycolysis, leading to increased activity of cellular
membrane ion pumps that maintain homeostatic cell volume to optimize deformability?!°.
Activated PKA may also directly phosphorylate cytoskeletal elements that may result directly in
increased erythrocyte deformability?!'!. Pentoxifylline-induced PKA activation has been observed
to reduce NF«kB activation in human mononuclear cells, leading to reduced production of
inflammatory cytokines such as tumour necrosis factor o (TNFa)?!2. Despite some potential off-
target effects on glycolytic metabolism or inflammatory cytokines, pentoxifylline has been
studied in a number of pre-clinical tumour models where it is observed that pentoxifylline
increases tumour perfusion and reduces hypoxia>%->%171213-223 Thjg thesis makes repeated use of
pentoxifylline and therefore the following paragraphs will delve deeper into the experimental
evidence for the effects of pentoxifylline on tumour perfusion and tumour hypoxia.

The pharmacokinetics of pentoxifylline in mice suggest some saturation of clearance
mechanisms, as the blood half-life of the parent compound increases with dose from ~5 min after
10 mg/kg up to ~7-9 min after 50 mg/kg, and ~10 min after 100 mg/kg, when administered
intraperitoneally or intravenously??2224+-22¢_ Pentoxifylline is metabolized to an active metabolite
that is at least similarly as effective in reducing erythrocyte viscosity as the parent
compound??7228, The active metabolite of pentoxifylline has a similar half-life of ~6 min in mice,
and may increase the blood 0-60 minute area under the curve of pentoxifylline activity by up to
30%7224°226, Pentoxifylline is demonstrated to exhibit significant reductions in erythrocyte
viscosity at concentrations as low as 1-2 pg/mL for healthy donor erythrocytes, and as low as
0.03 pg/mL for stiffened erythrocytes??’28. In pre-clinical study of tumour-bearing mice or rats,
pentoxifylline dosage is commonly 50 mg/kg by intraperitoneal injection®%>2171:213-223 '\hich
reportedly results in a maximum blood concentration of ~50-70 pg/mL 5 minutes after injection.
With an 8 min half-life, pentoxifylline would therefore be expected to exhibit blood viscosity-
reducing effects for healthy erythrocytes for ~5 half-lives, or ~40 min, without consideration of
active metabolites. Overall, for pre-clinical study of 50 mg/kg doses of pentoxifylline it should
be expected that the drug will reduce blood viscosity in mice for at least 40 minutes.

The reduced blood viscosity provided by pentoxifylline treatment should be expected to

reduce vascular resistance in solid tumours and impact tumour perfusion. Pentoxifylline

213,221 213,216
b

treatment increases erythrocyte flux in LDF plots for murine tumours , rat tumours
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and clinical tumours from mixed sites??’. Increased erythrocyte flux was often observed as early
as 10-15 minutes post-injection and did not appear to decrease 60 minutes post-injection in any
study. These data indicate that pentoxifylline is having a prolonged effect on tumour perfusion,
but, are collected from only a few LDF probe measurements per tumour. Bulk tumour perfusion

has been reported following pentoxifylline treatment using multiple radioactive perfusion

50,52 213,215,222,223

reporters. Human tumour xenografts > and murine tumours show mixed responses
to pentoxifylline. The average case appears to be an approximate 50% increase in tumour
perfusion peaking 15 minutes after pentoxifylline>®. Overall, pentoxifylline increases erythrocyte
flux and bulk tumour perfusion, although the bulk tumour perfusion response is brief and the
increase in erythrocyte flux is prolonged.

WiDr human colorectal adenocarcinoma tumours are previously characterized to exhibit
a relatively high rate of microregional perfusion fluctuations and transient hypoxia within the
time frame of 10-40 minutes described in previous sections (Chapter 1.2.1)°%67-22° Thus, it is
also of interest to determine the effect of pentoxifylline on the perfusion status of individual
blood vessels throughout WiDr tumours. To investigate this, previous researchers administered
Hoechst 33342 followed by DiOC7 35 minutes later, with pentoxifylline administered 15 or 30
minutes prior to DiOC5. Pentoxifylline 30 minutes prior to DiOC7 increased the fraction of
vessels that experienced an increase in perfusion dye fluorescence, with a trending decrease in
the fraction of vessels that experienced a decrease in perfusion dye fluorescence. These data
suggest that pentoxifylline increased the perfusion of a significant fraction of tumour blood
vessels, above what would occur naturally due to perfusion fluctuations. The bulk perfusion
response of WiDr tumours was a sharp increase 15 minutes post-injection of pentoxifylline that
returned to baseline 30 minutes post-injection®’. Thus, the WiDr data reiterate the LDF
observations in that individual blood vessels may exhibit a prolonged increase in blood flow
without the presence of a concurrent increase in bulk tumour perfusion. Together, these data are
conceptualized as increased distribution of perfusion to more tumour regions and represent the
first suggestion that pentoxifylline may affect transient hypoxia.

Increased erythrocyte flux, increased tumour perfusion, and improved microregional
perfusion suggest that pentoxifylline may increase oxygen delivery to solid tumours. Firstly, it is
worth noting that pentoxifylline treatment does not alter rat or mouse subcutaneous tissue

(location of most model tumours) blood flow or oxygen electrode readings, and does not affect
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arterial oxygen content?!821%-222. These observations suggest that any effects on tumour
oxygenation are due to a change in local perfusion and not increased vascular oxygen content.
The effect of pentoxifylline on tumour oxygen electrode readings is largely reliable. Noting that
the median pO; reading for many model tumours is below 10 mmHg, in the majority of tumours
pentoxifylline treatment reduces the number of pO> readings in the most hypoxic data bin
(usually <5 mmHg), but the median pO> reading remains below 10 mmHg!7!216-219.221.223 Thege
data agree with reports that pentoxifylline does not increase vascular oxygen content, but instead
that pentoxifylline improves microregional perfusion to reduce the population of severely
hypoxic tumour cells. These observations would be consistent with pentoxifylline-induced
reoxygenation of transiently hypoxic tumour cells.

If pentoxifylline is reducing the population of severely hypoxic tumour cells, then
pentoxifylline should increase tumour sensitivity to radiation. As previously discussed in Chapter
1.4, half-maximal radiation resistance occurs at approximately 3.8 mmHg. Therefore, even if
pentoxifylline does not increase the median pO; reading in tumours it may still be significant to
reduce the population of tumour cells below 5 mmHg. Multiple studies have indeed found
pentoxifylline to reduce tumour cell clonogenic survival following single-dose x-irradiation,
including in tumours where there was no significant change in median pO> reading®®2!"-222, This
latter observation is particularly suggestive of transient hypoxia reoxygenation in that radiation
response may be modified by re-distributing tumour oxygen delivery without increased blood
oxygen carrying capacity.

The specificity of pentoxifylline-induced reoxygenation and radio-sensitization for
transient hypoxia may be further investigated by sorting cells based on distance from perfused
blood vessels. As described in previous sections (Chapter 1.2), tumour cord structure is layered
outwards from perfused blood vessels as follows: normoxic cells, transiently hypoxic cells if
present, and chronically hypoxic cells most distal from blood vessels. To parse the responses of
each population to pentoxifylline, cellular fluorescence of intravenously injected Hoechst 33342
may be applied as a means to sort viable tumour cells based on distance from perfused blood
vessels36%230 Sorted cell populations are referred to as “sort fractions”. To confirm the accuracy
of this method, hypoxic cells labelled by pimonidazole may be compared with cells labelled by
exogenous uridine analogues as an indicator of cells that are currently normoxic and

proliferating. In WiDr tumours, pimonidazole labels a greater number of cells with increasing
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distance from perfused blood vessels®®127:229:230 Conversely, the uridine analogue
iododeoxyuridine (IdUr) labels a decreasing number of cells with increasing distance from
perfused blood vessels®®127230, When co-administered, very few cells are double-positive for
pimonidazole and IdUr%!'?7, This is the baseline experimental condition that confirms tumour
cells are not likely to be proliferating while concurrently hypoxic. A second set of experiments
repeatedly administered pimonidazole over a 38-hour period, followed by a single dose of IdUr.
This experimental approach increases the likelihood that a transiently hypoxic cell will be
hypoxic at some point in time during the repeated pimonidazole doses, but also be reoxygenated
and proliferating at the time of IdUr administration. In WiDr tumours, there is a clear appearance
of a double-positive tumour cell population in cells at intermediate distances from perfused
blood vessels, with very few double-positive cells in either the most proximal or most distal sort
fractions®®. The inverse experiment, repeatedly administering IdUr followed by a single dose of
pimonidazole, yields similar results (unpublished data at BCCRC by Durand RE). These data
support that transiently hypoxic tumour cells occupy cell layers at intermediate distances from
Hoechst 33342 perfused blood vessels in WiDr tumours.

If pentoxifylline-induced reoxygenation is specific to transient hypoxia then it should be
specific to WiDr tumour cells at intermediate Hoechst 33342 sort fractions. WiDr tumour-
bearing mice were therefore treated with pentoxifylline, followed by 10 Gy x-irradiation,
followed immediately by Hoechst 33342 and tumours harvested 20 minutes thereafter. As
expected, there was reduced clonogenic survival in tumour cells from bright sort fractions (i.e.
well-oxygenated cells close to blood vessels) compared to dim sort fractions. Pentoxifylline
significantly reduced the clonogenic survival of tumour cells, specifically in intermediate sort
fractions with no effect on survival of tumour cells in the most proximal or distal sort fractions®.
These data indicate that pentoxifylline reoxygenates specifically tumour cells at intermediate sort
fractions in WiDr tumours, the same sort fractions demonstrated to contain transient hypoxia.

Collectively, pentoxifylline may briefly increase bulk tumour perfusion but induce more
prolonged increases in microregional tumour perfusion. This is accompanied by a reduction in
the fraction of severely hypoxic (<5 mmHg) pO: readings and a reduction in tumour cell survival
following irradiation, with minimal or no increase in median pO>. These observations are
consistent with pentoxifylline-induced reoxygenation of transiently hypoxic tumour cells via

reduced flow resistance and improved flow to blood vessels that would otherwise be non-
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perfused or more poorly perfused, increasing oxygen delivery without increasing blood oxygen
carrying capacity. The radiosensitization of tumour cells at intermediate distances from Hoechst
33342 positive blood vessels, and not cells distal to Hoechst 33342 positive vessels, supports that
the reoxygenation induced by pentoxifylline is specific to transiently hypoxic tumour cells and

excludes chronically hypoxic tumour cells.

1.6.2 Angiotensin system inhibitors

The renin angiotensin system (RAS) is a signaling cascade that maintains blood pressure
homeostasis. The RAS precursor angiotensinogen is continuously secreted into the blood by the
liver. The detection of low blood pressure stimulates glomerular cells in the kidney to convert

231

circulating pro-renin into the active enzyme renin=". Renin cleaves circulating angiotensinogen

into the decapeptide Angiotensin I, followed by cleavage into the octapeptide angiotensin II
(AnglI) via angiotensin converting enzyme (ACE) on the luminal surface of endothelial cells?!.
Angll binds to Angiotensin II type 1 receptors (AT1R) throughout the body to increase blood
pressure both directly by stimulating vasoconstriction, and indirectly by promoting aldosterone
production, which in turn promotes fluid retention?}!. The potent blood pressure-increasing
activity of Angll may be naturally antagonised by expression of angiotensin II type 2 receptors
(AT2R), which induce vasodilation, and by ACE2, which cleaves AngllI into the heptapeptide

231 However,

Ang(1-7). Ang(1-7) stimulates Mas receptors (MasR), which are also vasodilatory
expression levels of AT2R, MasR, and ACE2 in adults are significantly lower compared to the
ATIR signaling axis, resulting in Angll being a potent blood pressure increasing signal.
Angiotensin system inhibitors have been developed for treatment of hypertension, including
renin inhibitors?*2, ACE inhibitors (ACEi)?**, and ATIR blockers (ARB)***. ARBs and ACEi
have already been successful with approved indications including hypertension, heart failure,
diabetes, atrial fibrillation, and cardiovascular disease risk reduction. In addition, angiotensin
system inhibitors are more recently demonstrated to have anti-fibrotic and anti-inflammatory
effects with potential for treatment against a variety of fibrotic diseases.

A series of articles recently found the ARB losartan to reduce the activity of cancer
associated fibroblasts (CAFs) in solid tumours. CAFs isolated from tumours may become
activated and express aSMA via autocrine TGFp signaling®. However, treatment of CAFs in

culture with losartan inhibited the cleavage and activation of TGFp, reduced CAF expression of
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aSMA, and reduced CAF Coll production®. These effects have been replicated in murine and
human tumour xenografts where losartan treatment reduced the abundance of aSMA positive
CAFs, reduced Coll in tumours, reduced mechanical compression of tumour blood vessels, and
improved drug delivery to the tumour®>383-90 The improvement in drug delivery is indicative of
increased tumour perfusion. Importantly, the anti-fibrotic effect of losartan was lost in ATIR-
null mice, but unaltered in AT2R-null mice, supporting that losartan activity is acting through
ATI1Rs on host cells®. Thus, aSMA positive cells in solid tumours are sources of tumour
fibrosis, largely constituted by Coll, and treatment with ARBs is able to reduce Coll deposition
by CAFs to reduce tumour fibrosis and improve tumour perfusion.

A benefit of studying angiotensin system inhibitors is the potential for retrospective
analysis as it can be expected that a sub-set of patients will be coincidentally taking these drugs
at the time of cancer diagnosis and throughout treatment. To this point, a 2017 meta-analysis
summarized 55 retrospective studies covering over 170,000 cancer patients across tumour sites,
stages, and treatments. In the majority of retrospective trials assessed, ACEi/ARB users
represented 15-30% of all patients. This meta-analysis found a global hazard ratio of 0.82
favouring ACEi/ARB users compared with non-users?*°. Based on the pre-clinical data that ARB
treatment may improve drug delivery to tumours and these retrospective data indicating that
angiotensin system inhibition provides a survival benefit, a prospective clinical trial is currently
underway testing losartan in pancreatic cancer patients®*¢. However, implications of ARB
treatment on tumour hypoxia are poorly characterized and it remains unknown if ARB treatment
will be beneficial for radiotherapy. Chapter 4 of this thesis investigates the effects of ARB

treatment on the tumour microenvironment, tumour hypoxia, and tumour radiation response.

1.7 Research objectives

The overarching hypothesis of this thesis is that poor and dysfunctional tumour
perfusion is a significant source of tumour resistance to radiation and that fluctuating
microregional perfusion in solid tumours produces transient hypoxia that increases the
radiation resistant population. The field currently has a poor understanding of nature of
transiently hypoxic tumour cells in vivo, which has resulted in highly varied methods for
modeling transient hypoxia in pre-clinical work. Further, there are currently no specific factors

identified that predict or identify tumours that will exhibit microregional perfusion fluctuations
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and transient hypoxia. In turn, there are no drugs that have been demonstrated to stably eliminate
the development of transient hypoxia for pre-clinical or clinical applications. Investigation on the
fundamental biology of transient hypoxia will significantly advance the field of radiation biology
by providing greater understanding of the nature of transiently hypoxic tumour cells in vivo. The
development of an intervention to improve and provide long-term stabilization to tumour

perfusion, as well as new methods to quantify drug-induced changes to tumour perfusion,

represents useful advancement for both pre-clinical study of solid tumour perfusion and transient

hypoxia with the potential for clinical translation.

1.7.1 Specific aims
I.  To quantify the lifetime of hypoxic tumour cells in solid tumour xenografts while
distinguishing between chronic and transient hypoxia. This aim will provide specific
information that can be applied in pre-clinical modeling of transient hypoxic populations
and provide broader insight into the environment that different hypoxic cells experience
in vivo.

I.  To validate 2-'8F-fluoroethanol as a novel reporter of solid tumour perfusion. This aim
will validate the first '8F based reporter of solid tumour perfusion and demonstrate the
ability of this reporter to quantify tumour response to perfusion modifying drugs.

II.  To test the effects of angiotensin II type 1 receptor blockers on transient hypoxia and
radiation response. This aim hypothesizes that reducing Coll deposition in solid tumours
represents a method to not only increase solid tumour perfusion but to stabilize
microregional perfusion, reduce the development of transient hypoxia, and improve
tumour radiation response. This aim will further investigate the potential utility of ARBs

in cancer treatment by testing these drugs for efficacy with radiation treatment.

1.7.2  Thesis overview

The subsequent chapters will address each of the specific aims listed above. Chapter 2
will apply 2-nitroimidazoles to quantify the lifetime of hypoxic tumour cells. This chapter will
strategically apply pentoxifylline to differentiate between hypoxic cell loss that may be attributed
to chronic and transient hypoxia in order to reach conclusions on the order and rate in which

hypoxic cells turnover. This chapter will compare two tumour models that have been well
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characterized in our group?%-67:68.128.229.230237.238 " the WiDr human colorectal adenocarcinoma and
SiHa human cervical squamous cell carcinoma. As subcutaneous tumours, WiDr tumours
develop with significantly more microregional perfusion fluctuations and transient hypoxia than
SiHa tumours. Thus, for this thesis WiDr tumours will be tested as the model containing both
chronic and transient hypoxia, while SiHa tumours will be tested as the model containing only
chronic hypoxia. Chapter 2 will reach conclusions on the in vivo lifetime of chronically and
transiently hypoxic tumour cells, which will provide novel recommendations on the maximum
length of time that cells should be exposed to cycling hypoxia in pre-clinical study in order to
appropriately model the in vivo experience of transiently hypoxic tumour cells.

Chapter 3 will validate 2-!8F-fluoroethanol as a reporter of solid tumour perfusion. This
chapter will compare two well characterized tumour models, the well-perfused 67NR murine
mammary carcinoma and the syngeneic poorly perfused 4T1 mammary carcinoma. This chapter
will directly compare 2-'8F-FEtOH with an established reporter of tumour perfusion, *C-
iodoantipyrine, in tumour and healthy tissue. This chapter will further test for the response of
67NR and 4T1 tumours to short-term perfusion modifying drugs including pentoxifylline,
nicotinamide, and hydralazine.

Chapter 4 will test the ARBs losartan and telmisartan for effects on tumour perfusion and
transient hypoxia. This chapter will apply 2-*F-FEtOH PET to quantify bulk tumour perfusion
and again will compare WiDr and SiHa tumours. Losartan and telmisartan will be first
investigated for effects on CAFs and Coll in each tumour to confirm that ARB activity in our
models agree with the proposed mechanisms published elsewhere. This chapter will then
investigate the effects of ARB treatment on microregional perfusion stability, transient hypoxia,
and radiation response.

Chapter 5 will provide a thesis summary, discuss the significance of the advancements
offered by the work within this thesis, and discuss potential future directions for research within

the field of solid tumour perfusion and radiation biology.
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Chapter 2: The lifetime of transiently hypoxic cells in solid tumours.
The contents of this chapter have been submitted for publication as: Brennan J Wadsworth, Che-
Min Lee, Kevin L Bennewith. “The lifetime of transiently hypoxic tumour cells in solid tumour

xenografts”

SYNOPSIS

Solid tumours develop regions of hypoxia where tumour cells reside beyond the oxygen
diffusion limit of local vasculature, referred to as diffusion-limited or chronic hypoxia. Unstable
microregional perfusion in solid tumours exposes some tumour cells to cycles of hypoxia and
reoxygenation, termed transient hypoxia. The lifetime of hypoxic cells in solid tumours is poorly
characterized, and any differences between chronic and transient hypoxic cell turnover is
unknown. To improve the fundamental understanding of tumour hypoxia, this study investigated
the rate of hypoxic cell turnover while distinguishing between chronic and transient hypoxia.

Hypoxic cells were labelled using 2-nitroimidazoles and turnover quantified as the loss of
labelled cells over time. The perfusion-modifying drug pentoxifylline was applied to reoxygenate
transiently hypoxic cells prior to 2-nitroimidazole administration, causing 2-nitroimidazoles to
specifically label chronically hypoxic cells. In the pentoxifylline-treated experiments, loss of 2-
nitroimidazole positive cells could therefore only be attributed to loss of chronically hypoxic
cells. The rate of turnover of transiently hypoxic cells was determined by comparison between
control and pentoxifylline-treated mice.

The majority of hypoxic cell loss occurred within 72 hours after labelling. In
pentoxifylline treated tumours the rate of hypoxic cell loss was similar to untreated tumours for
the first 48 hours after 2-nitroimidazole labelling, indicating that primarily chronically hypoxic
cells are lost in the first 48 hours. In pentoxifylline-treated tumours, the rate of hypoxic cell loss
was reduced 72 hours after labelling, indicating that transiently hypoxic cells are lost between 48
and 72 hours after 2-nitroimidazole labelling.

Our observations suggest that the majority of hypoxic cells in vivo turnover within 72
hours. We observe ordered hypoxic cell loss; chronically hypoxic cells in the first 48 hours after
labelling, followed by transiently hypoxic cells between 48 and 72 hours after labelling. These

data suggest a maximum lifetime of 72 hours for transiently hypoxic tumour cells.
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2.1 Introduction
Solid tumours often develop regions with low oxygen content (i.e. hypoxia). The
presence of hypoxia in tumours is associated with resistance to radiation and

239,240

chemotherapies , while exposure of tumour cells to hypoxia either in vitro or in vivo

increases many pro-metastatic phenotypes?*!-242

. These observations have provided rationale for
the development of hypoxia-activated prodrugs®?, exogeneous reporters to quantify hypoxia in
tumours?**, and models for predicting the impact of hypoxia on radiation response!’*. Implicit in
these directions of study is that hypoxic cells live long enough to be detected and to be
therapeutically relevant.

Hypoxia occurs where tumour cells reside in areas of limited oxygen supply. Oxygen
diffuses effectively from functioning blood vessels in solid tumours through 70-100 um of
metabolically active tumour tissue!*>!''°, beyond which cells are provided low levels of oxygen
(i.e. less than 0.5% O). Hypoxia produced as a result of this limiting oxygen gradient from
functioning blood vessels is termed diffusion-limited or chronic hypoxia. In recent decades
tumour oxygenation has been described as more dynamic due to observations of perfusion that is

245

unstable over time“*. Unstable perfusion is reported in studies employing fluorescent markers of

63,71

vessel function in murine tumours®:"!, and using laser doppler flowmetry to monitor erythrocyte

118

flux combined with oxygen electrode probes in rat tumours'!'®, spontaneous canine tumours'?!,

and human tumours!!’

. The period for blood flow and oxygen fluctuations is relatively consistent
across organisms with the most common hypoxic period lasting between 10-40 minutes. These
observations led to the description of perfusion-limited or transient hypoxia as a second
population of hypoxic cells that are hypoxic only during periods of poor oxygen delivery and
exist at intermediate distances from perfused blood vessels®®2%. Study of tumour cell response to
cycles of hypoxia and reoxygenation in vitro and in vivo have found increased expression of
metastasis related genes?*® and increased metastatic growth compared to chronic exposures of

hypOXia242’247

. Further, the observation that transiently hypoxic tumour cells may be more
resistant to radiation than chronically hypoxic tumour cells?*® highlights the potential therapeutic
importance of transient hypoxia.

The spatial relationship of chronically and transiently hypoxic tumour cells comes from
previous studies that have sorted tumour cells using fluorescence activated cell sorting (FACS)

based on fluorescence intensity for intravenously injected Hoechst 33342 fluorescent dye. With
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this method, tumour cells proximal to perfused blood vessels in vivo label brightly, and those
distal from perfused blood vessels are dim. If Hoechst 33342 is intravenously injected
immediately prior to irradiation, then tumour cell survival irradiation is inversely correlated with
Hoechst 33342 fluorescence®%>% indicating greater survival of tumour cells distal from
perfused blood vessels. In tumours demonstrated to exhibit transient hypoxia, if Hoechst 33342
is intravenously injected 20 or 30 minutes prior to irradiation, then Hoechst-bright and Hoechst-
dim populations exhibit similar survival®#>-6°, This demonstrates that tumour cells with a stable
radiation-resistant phenotype are those that are distal to perfused blood vessels, while tumour
cells with a dynamic radiation-resistant phenotype reside more proximal to perfused blood
vessels, i.e. chronically and transiently hypoxic cells respectively.

Further characterization applying Hoechst 33342 has split tumour cells into six or eight
‘sort fractions’ based on Hoechst 33342 fluorescence. From these studies it is clear that tumour
cells distal to perfused blood vessels label strongly with hypoxia reporters such as 2-
nitroimidazoles and are radiation resistant®®!2%-22%-24% In turn, tumour cells more proximal to
blood vessels are sensitive to radiation and are more likely to be proliferating, indicated by
labelling by detectable nucleosides, such as iododeoxyuridine (IdUr)%%!!, Tumour cells are
unlikely to be dual labelled for simultaneously administered pimonidazole and
iododeoxyuridine®®. Thus, tumour cells are unlikely to be concurrently hypoxic and proliferative.
However, if the 2-nitroimidazole pimonidazole is administered repeatedly over a 38-hour period
followed by a single dose of IdUr just prior to harvest, this increases the likelihood that a
transiently hypoxic cell will be hypoxic at some point in time during the repeated pimonidazole
doses, but also be reoxygenated and proliferating at the time of IdUr administration. In tumours
demonstrated to exhibit transient hypoxia, there is a clear appearance of a double-positive
tumour cell population in cells at intermediate distances from perfused blood vessels, with very
few double-positive cells in either the most proximal or most distal sort fractions®®. Thus,
transiently hypoxic tumour cells occupy cell layers more proximal to perfused blood vessels than
chronically hypoxic cells.

Necrosis is often observed beyond approximately 150 um from perfused blood vessels in
solid tumours, where nutrients become too limiting for tumour cell survival!®-113, Thus, tumours
can be modelled as units of cylindrical ‘tumour cords’ with cells layered as follows: central

blood vessel, well-oxygenated proliferating cells, transient hypoxia if present, chronic hypoxia,
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and necrosis®°. Studies monitoring cells labelled by IdUr, 2-nitroimidazoles, or hypoxia-induced
luciferase over time each independently demonstrate that tumour cells typically ‘flow’ radially
outwards from perfused blood vessels based on cell proliferation (further detail in Chapter
1.3)!1L128,129.132 1§ e as a normoxic tumour cell divides one of the daughter cells is pushed
outwards, pushing a ‘downstream’ cell into a region of chronic hypoxia, and in turn a chronically
hypoxic cell into a region of necrosis. Thus, tumour cell turnover occurs by proliferation causing
necrosis of hypoxic tumour cells.

Hypoxic tumour cells may be labelled in vivo by administration of 2-nitroimidazoles such

182 and EF5'77. Cellular reductive metabolism reduces 2-nitroimidazoles to

as pimonidazole
metabolites that covalently bind intracellular macromolecules, although this process is strongly

inhibited by oxygen!78251:252_ The circulation half-lives of pimonidazole and EF5 (in mice 30

253 254

minutes*>> and 40 minutes™" respectively) allows for time-integrated labelling of hypoxic cells,
including the majority of rapidly cycling (i.e. fluctuations within 1 hour) transiently hypoxic
cells??®. Turnover of tumour cells in vivo has been quantified by the rate of disappearance of
labelled cells after administration of proliferation indicators or 2-nitroimidazoles!?%!11:128, Pagt
studies have observed relatively rapid turnover of hypoxic cells with a majority of 2-
nitroimidazole labelled hypoxic cells disappearing from tumours within 24 or 48 hours'?*132, In
tumour lines with a cell cycle time close to 24 hours this suggests that at any time a large portion
of hypoxic cells may be on the edge of being pushed into necrosis.

Alternatively, as transiently hypoxic cells are understood to exist more proximal to
perfused blood vessels and further from regions of necrosis compared to chronically hypoxic
cells, we hypothesized that transiently hypoxic cells would have an extended lifetime in
untreated tumours compared to chronically hypoxic cells. An extended exposure to hypoxia in
vivo could result in greater cumulative expression of hypoxia-induced and pro-metastatic genes
that would further identify transient hypoxia as an important population of cells for contributing
to the association between tumour hypoxia and poor patient outcome. In this study we follow
hypoxic cells over time by administering pimonidazole and EF5 separated in time to tumour
bearing mice. We find in vitro that pimonidazole-labelled cells can be detected above
background after 3-4 cell divisions and conclude that dilution via proliferation of hypoxic cells is
unlikely to be a source of labelled cell loss. In vivo we distinguish between transient hypoxia and
chronic hypoxia by applying the perfusion modifying drug pentoxifylline, which is previously
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characterized to specifically reoxygenate transiently hypoxic cells®’. We compare two tumour
models that we have previously characterized for transient hypoxia; SiHa tumours that contain
chronic hypoxia, and WiDr tumours that contain both chronic hypoxia and transient
hypoxia®®??°, Our data indicate that in WiDr tumours there is indeed a delay in the turnover of
transiently hypoxic cells compared to some chronic hypoxia populations. Overall, transient
hypoxia may represent a relatively long-lived population of hypoxic tumour cells worthy of

further focus in research on the impact of tumour hypoxia on cancer biology.

2.2 Materials and methods
2.2.1 Cells and mice

10-week-old male NOD/SCID-gamma mice were housed under specific pathogen-free
conditions. WiDr?*3, human colorectal adenocarcinoma, and SiHa?*°, human cervical squamous
cell carcinoma, cell lines were maintained in minimal essential medium +10% fetal bovine serum
and used within 25 passages. Tumours were produced by subcutaneous injection of 1x10° cells
in 100 pl into mouse flanks. All experiments were performed in accordance with institutional and
Canadian Council on Animal Care guidelines. For irradiation experiments, mice were fixed in a
lead jig such that only the tumour was subjected to x-irradiation delivered at 250 keV with a dose
rate of approximately 3 Gy/min (X-RAD320, Precision X-ray). Upon mouse sacrifice, tumours
were removed and cut in half. One half was embedded in optimal cutting temperature medium
(Tissue Tek) and frozen for sectioning and microscopy. The remaining half was processed into
single cell suspension as previously described?? for flow cytometry and clonogenic assays. For
clonogenic assays, cells were counted, plated in triplicate at multiple dilutions, incubated for two
weeks in standard culture conditions, and then stained with malachite green for colony counting.
Data displayed are the ratio of observed colonies over the number of cells plated, after correction
for plating efficiency of cells isolated from non-irradiated tumours.

For in vitro experiments, cells were cultured at 37 °C 5% CO:z in either standard cell
culture incubators (ThermoFisher Scientific), a hypoxia chamber maintained at 1% O», or in a
bench top incubator for cycling hypoxia experiments. To cycle O in vitro, cells were plated in
T25 flasks (Corning) and individually gassed with variable Oz, 5% carbon dioxide, balance N»
gas mixtures (Praxair). Cycling hypoxia exposures were 25 minutes of 0.5% O- followed by 25
minutes of 5% O». To ensure rapid oxygen equilibration, culture flasks were on a table-top
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rocker within the incubator. O, concentration was measured in parallel flasks with contactless
optical oxygen sensor spots and FireStingO2 (FSO2-2) meter (Pyroscience). Upon switching the
input O, the measured O> tension was found to reach within 95% of the target O setting within
5 minutes.

For in vitro growth rate experiments, growth rate was calculated as:

()

t

Where g is the reported growth rate, N; and Nr are the initial and final number of cells
respectively, and t is the time elapsed in hours. Cells counts were made by trypsinization of cell
culture and counting of single-cell suspensions using Beckman Z2 Cell and Particle Counter
(Beckman). Growth rate may be interpreted as the number of population doublings per hour. In
vitro cell viability was quantified using automated Trypan Blue assay on Vi-Cell Cell Viability
Analyzer (Beckman).

2.2.2  Chemicals

The following agents were administered to mice by intraperitoneal injection: 50mg/kg
pentoxifylline (Millipore Sigma), 100mg/kg pimonidazole (Hypoxyprobe), and 60mg/kg EF5
(Millipore Sigma). Intravenous injection of 1mg Hoechst 33342 10 minutes prior to mouse
sacrifice was used to label cells surrounding functional perfused blood vessels®*%. For in vitro
experiments cells were labelled with pimonidazole in media at a concentration of 200 uM for
three hours in 1% Oa. The cyclin dependent kinase 4/6 (CDK) inhibitors Abemaciclib
(MedChemExpress) and Palbociclib (MedChemExpress) were used to induce G1 cell cycle

arrest for in vitro experiments at concentrations of 10 and 50 uM respectively.

2.2.3 Flow cytometry and immunofluorescent microscopy

For tumours from mice injected with Hoechst 33342, slides were imaged for Hoechst
33342 immediately following sectioning and then placed overnight in phosphate-buffered saline
(PBS) with 2% fetal bovine serum and 0.1% triton X-100 for blocking, cell permeabilization,
and to wash out the fluorescent dye signal prior to staining for other markers. Pimonidazole was

detected using monoclonal antibody (Hypoxyprobe) conjugated to fluorescein isothiocyanate
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(FITC). EF5 was detected using the ELK3-51 antibody conjugated to Cy5 (Millipore Sigma).
Slides were stained for CD31 (Novus Biologicals) or carbonic anhydrase IX (CAIX, Novus
Biologicals), with secondary antibody conjugated to Alexa 594 (Life Technologies). Slides were
stained with 2 uM 4,6-diamidino-2-phenylindole (DAPI) to label cell nuclei. Immunofluorescent
microscopy image acquisition system consisted of a robotic fluorescence microscope (Zeiss
Axiomager Z1), a cooled, monochrome CCD camera (Retiga 4000R, QImaging), a motorized
slide loader and x-y stage (Ludl Electronic Products), and customized ImagelJ software (public
domain program developed at the U.S. National Institutes of Health). Images were acquired with
a resolution of 1.5 um/pixel. Individual fields of view were automatically stitched together to
create images of full tumour sections for analysis. Three sections cut 150-200 pm apart were
imaged for technical replicates of each tumour. Images were analyzed using in-house macros
with Image] software. Positive pixels were identified using automatic thresholding following
background correction. Regions of necrosis were manually removed from analysis based upon
DAPI and hypoxia marker staining.

For flow cytometry, permeabilized cells were labelled with 100 uM propidium iodide to
measure DNA content for cell cycle analysis. To track cell divisions in vitro, cell cultures were
provided a 20-minute exposure of 10 uM CellTrace Yellow (CTY) (ThermoFisher Scientific) in
phosphate buffered saline. Flow cytometry was conducted using either a FACSCalibur (BD
Biosciences) or Fortessa (BD Biosciences) flow cytometer. Flow cytometry analyses were

conducted using FlowJo 7.6 software (Tree Star, Inc).

2.2.4 Statistical analysis
Statistical hypothesis testing was performed using Graphpad Prism 8 software, p values
less than 0.05 were considered significant. Specific statistical tests used are listed in figure

legends.

2.3 Results
2.3.1 Pimonidazole fluorescence in vitro

We planned to utilize 2-nitroimidazoles to label hypoxic tumour cells and track the loss
of labelled cells over time. However, the loss of 2-nitroimidazole labelled cells over time could

be due proliferation of labelled cells diluting the number of 2-nitroimidazole adducts per
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daughter cell, eventually preventing detection of the 2-nitroimidazole positive cells compared
against background cells. We thus first aimed to quantify the rate of pimonidazole fluorescence
loss over time in vitro. Cells were synchronized overnight by serum starvation prior to labelling
with pimonidazole in 1% O, followed by labelling with CTY to model proliferation associated
loss of fluorescence signal. Cells were then incubated in either standard culture conditions (21%
02) or a 1% O> hypoxia chamber for 24, 48, 72, or 96 hours before flow cytometry analysis.
WiDr and SiHa cell CTY and pimonidazole mean fluorescence intensity (MFI) decreased over
time in both 21% Oz and 1% O; culture (Figure 2.1A-H). Pimonidazole MFI was significantly
greater than background control cells, which were not provided pimonidazole but were stained
with the pimonidazole detection antibody, for up to 72 hours for cells in 21% O> and throughout
the 96-hour experimental protocol for cells in 1% O (Figure 2.1E-H). In Figure 2.1 MFI is log,-
transformed so that changes by a factor of 2, as expected for marker dilution due to cell division,
may be observed more clearly. The change in CTY MFI indicates that WiDr cells had undergone
~3.5 divisions after 72 hours in 21% O; and ~4.8 divisions after 96 hours in 1% O, while SiHa
cells had undergone ~3.7 and ~ 4.3 divisions in similar conditions and time frames (Figure 2.1A-
D). These data suggest that labelled cells retained fluorescence greater than background for 72-
96 hours, or 3-4 cell divisions.

To determine if the loss of pimonidazole MFI over time correlates with cell division, we
asked if there was a linear relationship between pimonidazole MFI and CTY MFI. Log-
transformed MFI of pimonidazole versus CTY (Figure 2.11,J) indicated a strong linear
relationship with significantly non-zero slope in both normoxia and hypoxia for WiDr (mean *
SEM; normoxia slope = 0.90 £ 0.08, r> = 0.90, hypoxia slope= 0.78 + 0.11, r>=0.80) and SiHa
cells (mean + SEM; normoxia slope = 0.96 + 0.06, > = 0.95, hypoxia slope = 0.86 + 0.07, > =
0.92). These data indicate that the decrease in pimonidazole over time occurred in proportion to
cell division. The difference between pimonidazole-CTY slopes in normoxia and hypoxia was
not significant, suggesting that pO; is not strongly modifying the relationship between
pimonidazole MFI and cell division.

The data in Figure 2.1 indicate that pimonidazole MFI may decrease over time in
proportion to cell division. We next aimed to determine if that decrease in pimonidazole MFI
over time was dependent on cell division and not simply coincident with cell division. To

address this possibility, we next asked whether or not addition of a cytostatic agent to arrest cells
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Figure 2.1 Pimonidazole loss in in vitro tracks with cell divisions.

CTY MFI for WiDr cells cultured in (A) normoxia (21% O:) and (B) hypoxia (1% O3), and SiHa cells cultured
in (C) normoxia and (D) hypoxia. Sidak’s multiple comparisons test results indicated comparing each time point
to the preceding time point, * p <0.05, ** p <0.01, *** p <0.001, N = 3, mean + SD. Pimonidazole MFI for
WiDr cells cultured in (E) normoxia and (F) hypoxia, and SiHa cells cultured in (G) normoxia and (H) hypoxia .
Dunnett’s multiple comparison test results indicated comparing each time point to the no-pimonidazole control:
*p <0.05, ¥ p<0.01, *** p <0.001, NS p >0.05, N =3, mean + SD. (I) WiDr and (J) SiHa log2(pimonidazole
MF]I) plotted against log2(CTY MFI). Dotted line indicates the average MFI of control cells that were not
exposed to pimonidazole but were stained with pimonidazole detection antibody. Linear regression lines
displayed, statistics reported in the main text.
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in G1 would block loss of pimonidazole MFI over time. We labelled cells with pimonidazole and
CTY as above and treated WiDr cells with one of two cyclin CDK inhibitors, Abemaciclib or
Palbociclib. Inhibitors were added to the media after pimonidazole and CTY labelling and
maintained in the media until harvest. We observed no difference in viability for cells treated
with CDK inhibitors compared to dimethyl sulfoxide (DMSO) controls (Figure 2.2). DNA
content indicated by propidium iodide fluorescence confirmed that in normoxia and hypoxia both
Abemaciclib and Palbociclib were able to significantly reduce the proportions of cells in S and
G2/M cell cycle phases at all time points (Figure 2.3A,B). The rate of pimonidazole loss was
slowed by addition of either Abemaciclib or Palbociclib in both normoxia and hypoxia, as
evidenced by a significant reduction in slope of the linear regression lines from the
log2(pimonidazole MFT) versus time plots (Figure 2.3C,D). The inhibition of pimonidazole loss
over time by cytostatic treatments supports that loss in fluorescence intensity of pimonidazole
over time could largely be attributed to dilution via proliferation. However, collectively the data
of Figure 2.1 and Figure 2.3 suggest that fluorescence intensity of pimonidazole labelled tumour

cells may remain greater than background for at least 72-96 hours, or 3-4 cell divisions.

2.3.2  WiDr growth rate in vitro

The design and interpretation of further experiments therefore depends on the number of
cell divisions that could be expected of hypoxic tumour cells in vivo. Therefore, we further
investigated the effect of O tension on cell proliferation. Within cell type, the growth rate for
both WiDr and SiHa cells was similar for cells cultured in 5% and 1% O (Figure 2.4A,B).
However, culture in 0.5% O significantly reduced SiHa cell proliferation and halted WiDr cell
proliferation (Figure 2.4A,B). This is in agreement with many data that severe hypoxia induces a
G1 cell cycle arrest and that hypoxic cells (e.g. 2-nitroimidazole-positive) in vivo are unlikely to
be proliferating!!:113:128  Cell labelling with 2-nitroimidazoles in vivo is demonstrated to increase
most dramatically in cells below 0.5% oxygen!7®17, thus, it is unlikely that any sizeable
population of chronically hypoxic tumour cells labelled with 2-nitroimidazoles will undergo
multiple cell divisions in the days following 2-nitroimidazole labelling.

We were next concerned with the possibility of transiently hypoxic tumour cells
undergoing multiple cell divisions. Cells were cultured while cycling between 25 minutes of 5%

O and 25 minutes of 0.5% O,. We found that the growth rate of the oxygen-cycling WiDr cells
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Figure 2.2 Cell viability over time with CDK4/6 inhibitors

WiDr cell viability in trypan blue assay following culture in (A) normoxia or (B) hypoxia, with media containing
either 10 uM Abemaciclib, 50 uM Palbociclib, or DMSO control, for the indicated time period. Viability expressed
relative to time matched DMSO controls. N = 6, mean + SD. Dunnett’s multiple comparisons test comparing
treatment groups within time points, no significant differences were observed at any time points.
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Figure 2.3 Loss of pimonidazole in vitro can be inhibited by cytostatic agents.

WiDr cells were labelled with pimonidazole and CTY as in Figure 2.1, but cultured with either 10 pM
Abemaciclib, 50 pM Palbociclib, or DMSO control for the remainder of the experiment. To assess ability of the
inhibitors to cause a cell cycle arrest we quantified the percentage of cells in S or G2/M cell cycle phases by
propidium iodide flow cytometry. For each treatment group the percentage of cells in either S or G2/M cell cycle
phases are displayed for (A) cells in normoxia (21% O:) and (B) cells in hypoxia (1% O2). The rate of loss in
pimonidazole fluorescence is shown in plots of logz(pimonidazole MFI) versus time with linear regression lines
displayed for each treatment group in (C) normoxia and (D) hypoxia culture conditions. Closed circles represent
DMSO controls, squares Abemaciclib treated cells, and triangles Palbociclib treated cells. Also displayed are
plots of statistical comparison of slopes for each line. Dunnett’s multiple comparison test results are shown
comparing each group to DMSO control, *** p <0.001, ** p <0.01, * p <0.05. N =3, mean + SEM.
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Figure 2.4 Cells cycling between hypoxia and normoxia exhibit intermediate growth rates.

(A) WiDr and (B) SiHa cells were cultured in flasks individually gassed with either 5% Oz, 1% Oz, 0.5% Oz, or
25 minutes of 5% O: followed by 25 minutes of 0.5% O: for 48 hours. The growth rate values reported should be
interpreted as the number of times that the cell population doubles per hour. N = 6 mean + SEM, Tukey multiple
comparisons test results displayed, * p <0.05, ** p <0.01, *** p <0.001.
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was intermediate of the growth rates for cells cultured chronically in 5% and 0.5% O; (Figure
2.4A). This is in agreement with our previous reports on WiDr tumours observing that cells in
vivo are unlikely to be dual labelled by simultaneously administered pimonidazole
andiododeoxyuridine®®. Overall, these data support that transiently hypoxic WiDr tumour cells
are likely only proliferative during phases of normoxia and that their rate of proliferation in vivo
will be reduced relative to normoxic cells. Durand et al found the in vivo cell cycle time of WiDr
cells labelled by iododeoxyuridine to be approximately 24 hours!28. If transiently hypoxic
tumour cells proliferate at half this rate, the limit of any experiment studying the loss of 2-
nitroimidazoles in these cells may therefore be as long as 144 hours to allow for no more than
three cell divisions from any cell in this population. Further, published reports suggest that
tumour cells are pushed into layers further from functional blood vessels over time due to
normoxic cell proliferation. This flow of cells outwards from blood vessels will push tumour
cells into regions of more severe hypoxia and therefore progressively less supportive of

proliferation with time!2%132:249.250

. Overall, our data and reasoning from published data support
that multiple cell divisions capable of diluting pimonidazole below the level of detection against
background is unlikely to occur within either chronically or transiently hypoxic tumour cells
within 144 hours after initial labelling. Previous reports observe rapid loss of hypoxic cells
within 48 hours followed by a plateau'??, suggesting the majority of hypoxic cell loss may be
captured well within 144 hours. We therefore moved forward with a limit of 96 hours between
pimonidazole administration and tumour harvest, which our data suggests is well within the time

frame to exclude the possibility of significant pimonidazole adduct dilution in labelled

chronically or transiently hypoxic tumour cells.

2.3.3 Stabilization of hypoxic fraction in vivo

In order to quantify the lifetime of hypoxic tumour cells in vivo we next investigated
growth of WiDr and SiHa tumours in NSG mice to select the optimal 96-hour window. In
previous experiments from tumours grown in NSG mice we have harvested SiHa tumours either
21, 25, or 29 days post-implant, while we have harvested WiDr tumours at various points
between 21- and 45-days post-implant. Gompertzian growth curves indicate that in a four day
period a 300 mg SiHa tumour will increase in mass by approximately 50% and a 300 mg WiDr

tumour will increase in mass by approximately 25% (Figure 2.5A,B). With this change in tumour
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Figure 2.5 Hypoxic fraction stabilizes during tumour growth

Fraction of tumour area positive for EF5 and tumour mass as functions of harvest date post-implant for (A) SiHa
and (B) WiDr tumours. N = 11-29, mean + 95% CI, Tukey multiple comparisons test results displayed, a vs b p
< 0.01. No significant differences in SiHa hypoxic fraction data.

61



mass we next asked if there was a change in the average hypoxic fraction. In tumours
administered EF5 3 hours prior to sacrifice, we observed no change in the total EFS5 positive
hypoxic fraction in SiHa tumours across harvest time points. In WiDr tumours the hypoxic
fraction was stable beginning at least 26 days post-implant. Stabilization of the hypoxic fraction
is in agreement with past studies employing a variety of hypoxia detection methods?7-2°, Based
on these observations, further experiments were conducted within 96-hour time frames of a
stable hypoxic fraction. SiHa tumours were harvested 29 days post-implant, with 2-
nitroimidazole injections as early as 25 days post-implant. WiDr tumours were harvested 32 days

post-implant with 2-nitroimidazole injections as early as 28 days post-implant.

2.3.4 Pimonidazole and EFS positive tumour area over time

With the time frame and days post-implant specified we next conducted experiments
tracking the rate of loss of 2-nitroimidazole labelled tumour cells in order to quantify the rate of
hypoxic cell turnover. Our experimental design was to administer pimonidazole between 3 and
96 hours prior to mouse sacrifice and EF5 always 3 hours prior to sacrifice (Figure 2.6A). As
predicted by the data in Figure 2.5A-B, we found that the EF5 positive tumour area was
consistent within tumour types (Figure 2.6B-D). Also as expected, the area positive for
pimonidazole decreased as separation between pimonidazole administration and sacrifice
increased (Figure 2.6B-D). When pimonidazole and EF5 are co-administered 3 hours prior to
mouse sacrifice we observed strong agreement between the two markers, with 4-6% of tumour
area singly-labelled for pimonidazole or EF5 in either WiDr or SiHa tumours (Figure 2.7A,B).
As separation between pimonidazole administration and mouse sacrifice increased, the area
singly-labelled for EFS5 increased and the area singly-labelled for pimonidazole decreased or did
not change, in both WiDr and SiHa tumours (Figure 2.7A,B).

Based on the observations of Figure 2.5 indicating that the EF5 positive hypoxic fraction
is stable over time and the agreement between co-administered pimonidazole and EF5 (Figure
2.6C,D), we interpreted the EF5 positive tumour fraction as an estimate of the hypoxic fraction
that was present at the time of pimonidazole administration. Thus, calculating the difference in
the fraction of tumour area positive for EF5 and pimonidazole provides a change-from-baseline
quantification of pimonidazole positive tumour area that was lost. This value was interpreted to

indicate dying of pimonidazole labelled cells. This value of pimonidazole cell loss is displayed

62



A Pimonidazole EF5 Sacrifice

|
3hr

1
I 0-93hr -
I 7 7
I

Pimonidazole to sacrfice time:

3 hours (co-injection) 24 hours 72 hours 96 hours

48 hours

—

SiHa

WiDr

C

SiHa EF5 SiHa Pimonidazole WiDr EF5 WiDr Pimonidazole
0.6 .s 06— 5 0.6 = .5 0.6
J ° - - ° 4
5 o 5 o
w o w a
£ 0.4 — 0.4 £ 0.4 Y 0.4 a
g 0.4 T 0 § T 0.4
I E o - sy L ® . b
) <] T ) b
o 0.2 3 0.2— o 0.2- N 0.2- c
w 3 w T
w p c o w . c o
g g
0.0 & 0.0- 0.0- & 0.0-
3 24 48 72 96 3 24 48 72 96 3 24 48 72 96 3 24 48 72 96
Pimonidazole to Sacrifice Time (hr) Pimonidazole to Sacrifice Time (hr)

Figure 2.6 2-Nitroimidazole positive tumour area over time

(A) Timeline of in vivo experiments. (B) Representative images of SiHa and WiDr tumours for indicated pimonidazole to
sacrifice separation times. Pimonidazole is shown as green, EF5 as red, overlap of the two is yellow, the tumour outline is
indicated in white, and a 500 pm scale bar is displayed for each image. Images are displayed as they would be analyzed,
each channel is binarized and regions of overt necrosis (N) have been removed. The fraction of tumour area positive for
EF5 and pimonidazole is displayed for (C) SiHa and (D) WiDr tumours. The average EFS5 positive fraction was consistent
across all groups for both tumour types, while pimonidazole decreased over time in both groups. N = 9-12, mean + 95%
CI, Tukey multiple comparisons test results displayed, a vs b p <0.05, a vs ¢ p <0.001, b vs ¢ p < 0.01.
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Figure 2.7 Pimonidazole and EFS singly-labelled tumour area over time

The fraction of tumour area positive for only a single hypoxia marker plotted versus the time between pimonidazole
administration and mouse sacrifice for (A) WiDr and (B) SiHa tumours. N = 9-12, mean + SD, Kruskal-Wallis test
results displayed. Statistics were calculated comparing each data point with the 3-hour time point within hypoxia
marker groups, * p <0.05, ** p <0.01, *** p <0.001, **** p <0.0001.
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for SiHa and WiDr tumours for each time point (Figure 2.8B,C, closed circles). Our data indicate
a half-life for pimonidazole-labelled tumour cells of 42 hours and 54 hours for SiHa and WiDr

tumours respectively.

2.3.5 Pentoxifylline reoxygenation of transient hypoxia

We were next interested in distinguishing between the loss of chronically hypoxic cells
and transiently hypoxic cells. To do so, we applied the acute perfusion modifying drug
pentoxifylline. Pentoxifylline is an anti-hypertensive hemorheologic agent that reduces blood
viscosity by increasing erythrocyte deformability. In the context of solid tumours this has the
functional effect of increasing the fraction of perfused blood vessels and reoxygenating transient
hypoxia. We have previously characterized WiDr tumours, and not SiHa tumours, to exhibit
rapid mismatch of vessel perfusion status consistent with timelines of transient hypoxia®’.
Accordingly, pentoxifylline increases the perfusion indicator Hoechst 33342 labelling of blood
vessels in WiDr but not SiHa tumours®. Further, we have previously found pentoxifylline to
improve radiation response of tumour cells at intermediate distances from perfused blood vessels
in WiDr tumours with no effect on cells at greater distances from blood vessels, and no effect in
SiHa tumours’. These past data indicate that pentoxifylline specifically reoxygenates transiently
hypoxic cells in WiDr tumours.

To validate that pentoxifylline was functioning to reduce 2-nitroimidazole labelling of
transiently hypoxic tumour cells in this study, we administered pentoxifylline 15 minutes prior to
EF5 (Figure 2.9A). As expected, when pentoxifylline is administered 15 minutes prior to EF5
we observe no difference in the EF5 positive fraction of SiHa tumours (Figure 2.9B). However,
we observed a 26% decrease in the fraction of EF5 positive tumour area in WiDr tumours treated
with pentoxifylline compared with controls (Figure 2.9B). This indicates that transiently hypoxic
tumour cells constitute approximately 26% of the hypoxic fraction in WiDr tumours. Further, we
compared EF5 labelling with the well characterized hypoxia-induced protein carbonic anhydrase
IX (CAIX). CAIX has been used as an endogenous reporter of hypoxia that is expressed by

246 in part because it has a long expression half-life even

chronic and transiently hypoxic cells
upon reoxygenation (approximately 40 hours)*$!. Thus, tumour regions positive for CAIX but
negative for an administered 2-nitroimidazole may indicate reoxygenated tumour cells. There

was no effect of pentoxifylline treatment on the fraction of tumour area positive for CAIX
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Figure 2.8 Time course of hypoxic area lost

(A) Experiment timeline. For (B) SiHa and (C) WiDr the difference between EF5 and pimonidazole positive
tumour fraction was calculated to indicate the loss of pimonidazole-labelled hypoxic tumour area. The average
EF5 positive tumour fraction across all time points is displayed as the dashed line for controls and the dotted line
for pentoxifylline-treated mice. For the SiHa plot only the dashed line is shown as this overlaps with the average
EF5 area for pentoxifylline treated SiHa tumours. Comparisons were made between control and pentoxifylline
groups within time points, N = 9-12 mean + 95% CI, Sidak multiple comparisons test results are displayed, ** p
<0.01.
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Figure 2.9 Perfusion limited hypoxia in WiDr tumours is reoxygenated by pentoxifylline.

(A) Experiment timeline. (B) EFS5 positive tumour area is reduced in WiDr tumours, but not SiHa, when
pentoxifylline is administered 15 minutes prior to EF5. N = 19-46 mean + 95% CI, Mann-Whitney test **** p <
0.0001. Pentoxifylline does not reduce (C) CAIX positive tumour area in WiDr tumours but does increase the
mismatch between EF5 and CAIX as indicated by the change in (D) tumour area positive for CAIX and negative
for EF5. N = 15-20 mean + 95% CI, Mann-Whitney test ** p <0.01.
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(Figure 2.9C). In WiDr tumours we observe some CAIX-positive EF5-negative tumour area in
control mice, which is in agreement with past data that demonstrate hypoxia inducible factor 1a

)32, However,

stabilizes at oxygen tensions greater than 2-nitroimidazole labelling (Chapter 1.5
pentoxifylline treatment significantly increased the amount of CAIX-positive EF5-negative
tumour area (Figure 2.9D). These data demonstrate that pentoxifylline treatment is
reoxygenating previously hypoxic CAIX positive tumour cells, resulting in reduced EF5

labelling of transiently hypoxic tumour cells.

2.3.6 Rate of chronic and transient hypoxic cell loss

We next applied pentoxifylline to distinguish between the rate of cell loss in chronic
versus transient hypoxia. We compared experiments tracking the loss of pimonidazole positive
tumour area over time with and without administering pentoxifylline 15 minutes prior to both
pimonidazole and EF5 (Figure 2.8A). Pentoxifylline administered prior to both pimonidazole
and EF5 reoxygenates the transiently hypoxic population and therefore removes this population
from the time course, i.e. the loss of pimonidazole in pentoxifylline treated mice could not
indicate loss of transiently hypoxic cells as they were never labelled and therefore the loss of
pimonidazole must be attributed to chronically hypoxic cells. Thus, the difference in the rate of
pimonidazole loss between control and pentoxifylline treated mice indicates loss of transiently
hypoxic cells. Pentoxifylline treatment prior to pimonidazole and EF5 did not affect the total
EF5 positive fraction or the loss of pimonidazole positive cells in SiHa tumours at any time point
compared with control mice (Figure 2.8B). From this data we conclude that transiently hypoxic
tumour cells do not contribute to pimonidazole loss in SiHa tumours. This data agrees with our
past characterization that SiHa tumours do not exhibit rapid oxygen cycling®*67-2%,
Pentoxifylline treatment reduced the total EF5 positive fraction in WiDr tumours (Figure 2.8C).
Pentoxifylline treatment prior to both pimonidazole and EF5 did not affect the loss of
pimonidazole positive cells in WiDr tumours compared with control mice when pimonidazole
was administered 24 or 48 hours prior to sacrifice (Figure 2.8C). This observation indicates that
the major population of hypoxic cells lost in the first 48 hours after labelling are chronically
hypoxic cells. However, pentoxifylline treatment significantly reduced the loss of pimonidazole

positive cells at all later time points (Figure 2.8C). These data suggest that transiently hypoxic
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cells are protected from cell loss in the first 48 hours after labelling but begin dying in the third
day after labelling.

In WiDr tumours we observe that chronically hypoxic tumour cells outnumber transiently
hypoxic cells significantly, approximately 3:1 indicated by the fraction of tumour area labelled
by EF5 in control mice (0.33 = 0.07, mean + SD; chronic + transient hypoxia) and pentoxifylline
treated mice (0.25 + 0.09, mean =+ SD; chronic hypoxia alone), i.e. transient hypoxia constitutes a
fraction of approximately 0.08 of the tumour area (Figure 2.9B). Comparing the pimonidazole
area lost in WiDr tumours between control and pentoxifylline-treated mice with 72 hours of
separation between pimonidazole and sacrifice (control = 0.20 + 0.06, pentoxifylline =0.11 +
0.03, mean + SD) and 96 hours of separation (control = 0.23 £ 0.08, pentoxifylline = 0.15 + 0.05,
mean + SD; Figure 2.8C) suggests that approximately 0.08-0.09 of the pimonidazole area lost
can be attributed to transient hypoxia. Thus, these data suggest that transiently hypoxic tumour

cells are completely lost within 72 hours after pimonidazole labelling.

2.3.7 Radiation-induced vascular failure

A major implication of tumour hypoxia is the survival of hypoxic tumour cells following
irradiation. We have previously found that pentoxifylline-sensitive transiently hypoxic tumour
cells contribute to tumour radiation resistance when tumours are harvested shortly after
irradiation for clonogenic assay>’. However, radiation doses greater than ~8 Gy cause endothelial
cell apoptosis that leads to additional tumour cell death!®®!7°_ 1t is currently unknown whether
radiation-induced vascular destruction preferentially kills chronically or transiently hypoxic
tumour cells. To investigate the response of hypoxic populations to both direct radiation cell
killing and indirect cell killing via vascular destruction, we compared multiple irradiation
protocols and two harvest time points. Tumours were either irradiated with a single dose of 5 Gy
or a single dose of 10 Gy (Figure 2.10A), and based on previous studies we predicted that only
the latter would induce vascular destruction!®®. For comparison of equivalent cumulative doses,
parallel tumours were irradiated with two doses of 5 Gy administered 6 hours apart (Figure
2.10A). The separation time was provided to allow for repair of DNA damage induced by the
first dose. Radiation-induced endothelial cell apoptosis following large single radiation doses
takes 4-6 hours to occur, and additional time is required for subsequent tumour cell

starvation!®®!70, Thus, to investigate the response of the tumour microenvironment to each
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Figure 2.10 Radiation-induced vascular failure

(A) Experiment timeline. The density, per square mm, of perfused blood vessels identified by
immunofluorescent microscopy detection of Hoechst 33342-positive CD3 1-positive vessel objects within viable
tumour regions is displayed for WiDr tumours subject to (B) a single dose 5 Gy, (C) two doses of 5 Gy 6 hours
apart, and (D) a single dose of 10 Gy. Closed circles indicate control tumours, open circles indicate
pentoxifylline treated tumours. (E) The fraction of tumour area positive for EF5 in control tumours.
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radiation exposure, we compared tumours harvested 3 hours after the final radiation dose and 27
hours after their final dose (Figure 2.10A).

We first investigated the response of the tumour microenvironment to each irradiation
protocol. All mice were administered EF5 3 hours prior to sacrifice and Hoechst 33342 20
minutes prior to sacrifice (Figure 2.10A). For mice sacrificed 3 hours following irradiation EF5
was administered immediately following irradiation. We quantified the density of Hoechst 33342
positive CD31 positive blood vessels in WiDr tumours as an indicator of microregional vessel
function. There was no effect of harvest time on the density of Hoechst 33342 positive vessels in
the tumours exposed to 5 Gy or 2x5 Gy (Figure 2.10B,C). These data indicate that neither 5 Gy
or 2x5 Gy radiation treatments induced destruction of tumour vasculature. However, we
observed a significant reduction in the density of Hoechst 33342 positive CD31 blood vessels in
the tumours harvested 27 hours following 10 Gy irradiation compared to those harvested 3 hours
post-irradiation (Figure 2.10D). These data are in agreement with past studies reporting that
single doses of x-irradiation greater than 8 Gy are sufficient to induce vascular failure within 24
hours of irradiation'®17%, Pentoxifylline treatment 15 minutes prior to irradiation did not affect
Hoechst 33342 positive vessel density for any radiation treatment (Figure 2.10B-D). We
hypothesized that a functional effect of the vascular failure would be an increase in tumour
hypoxia. To investigate this, we quantified the fraction of tumour area positive for EFS5. Further
in agreement with vascular dysfunction, we observed a significant increase in the fraction of
tumour area positive for EF5 when tumours were harvested 27 hours following 10 Gy irradiation
compared to 3 hours post-irradiation (Figure 2.10E). There was no effect of harvest time on the
fraction of tumour area positive for EF5 in the tumours subject to 5 Gy or 2x5 Gy (Figure
2.10E), consistent with no change in the density of perfused blood vessels. These data indicate
that a single dose of 10 Gy x-irradiation induces vascular destruction in WiDr tumours, while 5

Gy and 2x5 Gy doses do not!®-170,

2.3.8 Hypoxic cell survival following irradiation

Tumour cell survival was quantified via clonogenic assay. As expected, 10 Gy x-
irradiation induced greater cell kill than either 5 Gy or 2x5 Gy (Figure 2.11A-C). Mice receiving
pentoxifylline 15 min prior to each radiation dose were compared with controls. Clonogenic

survival of WiDr tumour cells harvested 3 hours after the final dose of irradiation was decreased

71



5 Gy 2x5 Gy 10 Gy
0.8 0.8 0.15-
c a a a
o
= 06-2 b b 06=- 2 a b
S ., 010-F
= 0.4 3 ? 0.4 ’ ° cc
2 04s % . % . % . % - %
> . .05 =
$ 0.2 2" % % E
a .
0.0—— — 0.0-— — 0.00—— T
0 24 0 24 0 24
Time (hr) Time (hr) Time (hr)

Figure 2.11 Hypoxic cell response to direct and indirect effects of irradiation.

Clonogenic survival of WiDr tumour cells from (A) a single dose 5 Gy, (B) two doses of 5 Gy 6 hours apart, and (C)
a single dose of 10 Gy are displayed. Note the different range in the y-axis used for (C). Closed circles represent
control tumours, open circles represent pentoxifylline treated tumours. Clonogenic survival data shown are after
correction from plating efficiency calculated from 5 non-irradiated tumours of each group. N=5, mean + SD, Tukey
multiple comparisons test results displayed; a vs b p <0.05, a vs ¢ p <0.001, b vs ¢ p < 0.05.
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by pentoxifylline for all radiation schedules (Figure 2.11A-C), indicating that transiently hypoxic
cells are resistant to direct radiation cell killing. Pentoxifylline reduced tumour cell survival by
approximately 28%, 35%, and 30% for tumours irradiated with 5 Gy, 2x5 Gy, and 10 Gy
respectively. These data suggest that transiently hypoxic tumour cells represent between 28-35%
of radiation-resistant tumour cells. As we found transiently hypoxic cells to represent
approximately 26% of the hypoxic population in WiDr tumours (Figure 2.8, Figure 2.9), these
data suggest similar resistance to radiation between chronic and transiently hypoxic tumour cells.

For control tumours administered a single dose of 5 Gy or 2x5 Gy, clonogenic survival of
tumour cells was similar whether tumours were harvested 3 hours post-irradiation or 27 hours
post-irradiation (Figure 2.11A,B). Further, clonogenic survival was similar at both harvest time
points for pentoxifylline-treated tumours administered 5 Gy or 2x5 Gy. These data indicate that
there was no significant indirect radiation-induced cell killing of either chronically or transiently
hypoxic tumour cells following either 5 Gy or 2x5 Gy, consistent with no change in perfused
vessel density and hypoxic fraction (Figure 2.10).

However, we observe a significant reduction in the clonogenic survival of control WiDr
tumour cells 27 hours after a single dose of 10 Gy compared to 3 hours post-irradiation (Figure
2.11C). This indicates the loss of some hypoxic cells due to an indirect effect of irradiation,
consistent with our observation of vascular destruction following 10 Gy irradiation (Figure 2.10).
In the 24-hour period after 10 Gy irradiation, the surviving fraction in control tumours dropped
from 0.101 £ 0.004 to 0.050 £ 0.010 (mean = SEM). This data indicates killing of tumour cells
due to an indirect effect of irradiation, consistent with our observation of vascular destruction
following 10Gy. This indicates that the fraction of cells that survived the direct effects of
irradiation but died to the indirect effects was ~0.051.

To determine the contribution of chronic and transient hypoxia to the fraction of tumour
cells that was lost to the indirect effects of irradiation we compared the survival of control
tumours with pentoxifylline-treated tumours. In pentoxifylline treated tumours, we again observe
a significant decrease in tumour cell survival when tumours were harvested 27 hours post-
irradiation compared with 3 hours post-irradiation (Figure 2.11). This indicates loss of
specifically chronically hypoxic tumour cells due to an indirect effect of irradiation. In the 24-
hour period after 10 Gy irradiation, the surviving fraction in pentoxifylline-treated tumours
dropped from 0.071 + 0.005 to 0.046 £+ 0.005 (mean + SEM). These data indicate that the
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majority (0.046/0.071 = 64%) of chronically hypoxic tumour cells that survive the direct effects
of irradiation also survive the 24-hour period following 10 Gy. These data further indicate that
the fraction of tumour cells that were chronically hypoxic at the time of irradiation, survived the
direct effects of irradiation, and died in the 24-hour period following 10 Gy was equal to ~0.025.

Thus, death of chronically hypoxic cells in the pentoxifylline-treated group cannot fully
account for the death of tumour cells due to indirect effects of irradiation. The remaining fraction
of tumour cells that survived the direct effects of irradiation but died in the 24-hour period
following 10 Gy irradiation is equal to approximately ~0.026 and must be attributed to
transiently hypoxic tumour cells. Our data indicate that the fraction of tumour cells that were
transiently hypoxic cells at the time of irradiation and survived the direct effects of radiation was
~0.030 (0.101 £ 0.004 vs 0.071 £ 0.005, mean £ SEM, 3-hour harvest control vs pentoxifylline).
Thus, these data indicate that the majority (0.026/0.030 = 87%) of transiently hypoxic tumour
cells that are radiation resistant die due to 10 Gy radiation-induced vascular destruction.

The data from the irradiation studies suggest that pentoxifylline-sensitive transiently
hypoxic cells are sufficiently hypoxic during periods of low oxygenation to exhibit resistance to
the direct effects of 5 Gy, 2x5 Gy, and 10 Gy x-irradiation. We observe no significant loss of
transient hypoxia or chronic hypoxia clonogens in the day following 5 Gy or 2x5 Gy, indicating
that the rate of loss for both populations observed in untreated tumours is inhibited by low doses
of irradiation. The data also suggest that both hypoxic populations are sensitive to cell loss
attributable to 10 Gy radiation-induced vascular dysfunction, although transiently hypoxic

tumour cells appear particularly sensitive.

2.4 Discussion

Research interested in the phenomenon of fluctuating microregional perfusion and
oxygen supply is widely varied in terms of the methodology used for hypoxia-reoxygenation
cycle frequency, pO- range, and total duration. The variability in methodology is due in part to a
poor understanding of the in vivo experience of transiently hypoxic cells. In this study, we
present evidence on the basic understanding of transient hypoxia in solid tumours by
investigating the turnover of these cells in untreated and irradiated tumours. We hypothesized
that transiently hypoxic cells would have a greater lifetime than chronically hypoxic cells based
on relative distance to necrosis. In WiDr tumours, we observed loss of preferentially chronically
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hypoxic cells in the first 48 hours after labelling with pimonidazole, followed by loss of
transiently hypoxic cells between 48 and 72 hours after labelling (Figure 2.8). Further, we
observe that the amount of hypoxic cell loss that could be attributed to transiently hypoxic cells
was similar to the total amount of transiently hypoxic cells estimated to exist in WiDr tumours
(Figure 2.8), suggesting that the majority of transiently hypoxic cells were lost in this time
period. These data would therefore recommend that future studies modelling transient hypoxia
limit the total experimental protocol duration to 72 hours!'?.

However, for modelling of transient hypoxia, it is also relevant that transiently hypoxic
tumour cells are likely to eventually occupy sites of chronic hypoxia. In this study we observe
loss of chronically hypoxic cells followed in sequence by transiently hypoxic cells (Figure 2.8)
in support of the ordered layering of tumour cells outward from blood vessels; normoxic,
transiently hypoxic cells, chronically hypoxic cells, and necrosis. If or when transiently hypoxic
cells transition into layers of chronic hypoxia is currently unclear, the study of which would
benefit from a method that positively labels transient hypoxia cells as opposed to the negative
selection in this study. However, our data suggest that it takes 48 hours to deplete the chronically
hypoxic tumour cells layers in tumour cords prior to loss of initially transiently hypoxic cells
(Figure 2.8). Therefore, it should be expected that initially transiently hypoxic cells will take 48
hours to traverse the chronically hypoxic cell layers as well. Therefore, the results of this study
would recommend that future studies modelling transient hypoxia limit the duration of hypoxia
cycles to 24 hours with the possibility for exposure to chronic hypoxia for up to 48 hours
afterwards.

The next question in improving the modelling of transient hypoxia is the degree of
hypoxia. Transiently hypoxic cells, as this study demonstrates, are capable of being labelled by
2-nitroimidazoles (Figure 2.9) and exhibit significant radiation resistance up to at least 10 Gy x-
irradiation (Figure 2.11), which is in agreement with past study of transient hypoxia®°. Studies
monitoring erythrocyte flux concurrently with local oxygen tension have found that cycles of
oxygen delivery fitting with timelines of transient hypoxia match with a wide range of changes
in oxygen tension, although the majority of these fluctuations are within 5-10 mmHg, or
approximately 1% pO-!!%. Further, oxygen supply to tumour cells directly at the blood vessel
wall have been estimated as low as 2-5% p0,2%2%3, Fluctuations of erythrocyte flux as opposed

to complete vessel collapse are more consistent with observations that transiently hypoxic cells
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exist at intermediate distances from perfused blood vessels® and the rapid switch from loss of
chronically hypoxic cells to transiently hypoxic cells observed in this study (Figure 2.8).
Transiently hypoxic cells therefore likely experience some intermediate oxygenation below the
pO: at the vessel wall during periods of oxygen delivery, which would allow for a drop in
oxygen supply of only 5-10 mmHg to drop these cells to an oxygen tension sufficient to both
strongly label with 2-nitroimidazoles and exhibit radiation resistance. Therefore, the upper limit
for Oz exposure to transiently hypoxic cells should be kept below 5% O., as opposed to the
hyper-oxic 21% Oz exposures applied in some studies?®*. The O, content during ‘hypoxic’
phases should reflect the radiation resistance (Figure 2.11)%, 2-nitroimidazole labelling (Figure
2.8), and lack of proliferation (Figure 2.4)% of transiently hypoxic cells, and should therefore be
kept at or below 0.5% O.

Further understanding of transient hypoxia that is currently unclear in the literature is the
de novo generation of transient hypoxia. In WiDr tumours we observe that chronically hypoxic
tumour cells outnumber transiently hypoxic cells significantly, approximately 3:1 indicated by
the fraction of tumour area labelled by EF5 in control mice and pentoxifylline treated mice
(Figure 2.9), and that the majority of transiently hypoxic tumour cells die within 72 hours after
labelling with pimonidazole (Figure 2.8). This suggests that transient hypoxia does not contribute
to the population of hypoxic cells that survived the 96-hour experiment and that transient
hypoxia likely develops primarily in tumour regions with necrosis. Transiently hypoxic tumour
cells residing exclusively in tumour cords that also contain chronic hypoxia and necrosis agrees
with previous reports finding that tumour cord oxygenation is most sensitive to perfusion
fluctuations in regions with low vascular density!'®. In turn, the chronically hypoxic population
contributes both to the hypoxic cells that are lost early after labelling and to the hypoxic cells
that survive the 96-hour experiment. These data indicate that chronically hypoxic cells likely
reside both in tumour cords with necrosis, where they are in cell layers between transiently
hypoxic cells and necrosis, and tumour cords without necrosis. Studies investigating a wider time
range than the current study may be necessary to investigate the kinetics of how, or if, tumour
cords with chronic hypoxia but no necrosis develop into tumour cords with transient hypoxia
and/or necrosis.

We find that both chronically and transiently hypoxic tumour cells contribute to tumour

cell survival following each radiation schedule tested, 1x5Gy, 2x5Gy, and 1x10Gy, in similar
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proportion to their estimated abundance in WiDr tumours (Figure 2.9, Figure 2.11). This further
supports the existing evidence that transiently hypoxic tumour cells are important considerations
for tumour radiation resistance>%:106:108:202.214.244 ‘\We fyrther find that 10 Gy of x-irradiation
induced a decrease in the density of Hoechst 33342 perfused CD31-positive blood vessels 24
hours post-irradiation, leading to an increase in tumour hypoxia and induction of tumour cell
killing (Figure 2.10, Figure 2.11). This was not observed with either a single dose of 5 Gy or two
doses of 5 Gy 6 hours apart. These observations are in agreement with past reports that
endothelial cell apoptosis is induced by single doses of irradiation greater than ~8 Gy!%-170,
Importantly, we observed that transiently hypoxic tumour cells were disproportionately affected
by radiation-induced vascular destruction compared with chronically hypoxic tumour cells, and
only a small minority (<15%) of transient hypoxia-derived clonogens survived the indirect cell
killing following 10 Gy (Figure 2.11). This suggests that transiently hypoxic tumour cells may be
killed by large single doses of radiation that induce vascular destruction.

The killing of transiently hypoxic tumour cells by radiation-induced vascular destruction
has implications for studies investigating interventions aiming to reoxygenate transiently hypoxic
tumour cells. The majority of North American radiotherapy protocols apply fractionated
radiotherapy with individual doses below the observed threshold to induce vascular destruction
(often 2 Gy), while the majority of pre-clinical studies apply large single doses (often > 10 Gy)
in order to assay the population of severely hypoxic tumour cells. The goal for an intervention
aiming to reoxygenate transiently hypoxic tumour cells, such as nicotinamide or pentoxifylline,
is to increase the direct cell killing of radiation as this will be the main form of cell death induced
by radiation in fractionated protocols. Direct radiation-induced cell killing will be captured if
tumours are harvested soon after irradiation for clonogenic survival assays>, but the effect of
any reoxygenating intervention may be masked by death due to vascular destruction if tumours
are not harvested and instead monitored in a tumour control or growth delay assay?®°. Therefore,
studies aiming to reoxygenate transiently hypoxic tumour cells at the time of radiation should
consider the potential effects of cell killing due to vascular destruction.

Overall, we observe that transiently hypoxic tumour cells survive in untreated WiDr
tumours for up to 72 hours after labelling with pimonidazole. Transiently hypoxic tumour cells
survive longer than neighbouring chronically hypoxic cells, which die within the first 48 hours
after pimonidazole labelling. However, the longest-lived hypoxic cells in WiDr tumours are
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likely chronically hypoxic cells that reside in tumour cords without necrosis. We find that
transiently hypoxic tumour cells are resistant to radiation, confirming that these cells are
important targets to modify tumour radiation response. However, the potential to induce transient
hypoxic cell death due to radiation-induced vascular destruction must be considered when
interpreting the effects of interventions aiming to reoxygenate transiently hypoxic cells at the

time of radiation.
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Chapter 3: 2-'3F-Fluoroethanol is a novel positron emission tomography

reporter of solid tumour perfusion

The contents of this chapter are published: Brennan J Wadsworth, Jinhe Pan, lulia Dude,
Nadine Colpo, Momir Bosiljcic, Kuo-Shyan Lin, Francois Benard, and Kevin L Bennewith.
(2017) 2-18F-Fluoroethanol is a PET reporter of solid tumor perfusion. J Nucl Med. 58:815-820.

SYNOPSIS

Solid tumour perfusion is a proven variable of interest for predicting cancer aggression
and response to therapy. Current methods for non-invasively imaging tumour perfusion with
positron emission tomography (PET) are limited by restricted accessibility and short half-lives of
perfusion radiotracers. This study presents 2-!8F-fluoroethanol (2-!8F-FEtOH) as a perfusion
reporter that can distinguish between tumours of varying perfusion levels and can be applied to
screening drugs that modify tumour perfusion.

Uptake of 2-"8F-FEtOH in 4T1 and 67NR murine mammary carcinoma tumours grown in
mice was measured using ex vivo radiography as well as static and dynamic PET imaging.
Uptake of 2-'8F-FEtOH was directly compared with the '*C-Todoantipyrine perfusion reporter
and perfusion-modifying drugs nicotinamide, pentoxifylline, and hydralazine were utilized to
manipulate tumour perfusion before 2-'*F-FEtOH quantification.

Uptake of 2-8F-FEtOH was greater in 67NR tumours compared with 4T1 tumours,
consistent with known perfusion differences within and between these tumours. Uptake of 2-!8F-
FEtOH corresponded well with “C-Todoantipyrine with a strong dynamic range to distinguish
between 4T1 tumours, 67Nr tumours, and brain tissue. Uptake of 2-'8F-FEtOH was increased in
tumours following treatment with either nicotinamide or pentoxifylline, and uptake was reduced
by treatment with hydralazine.

These data indicate that 2-'8F-FEtOH is a novel '*F-based radiotracer for investigating
tumour perfusion with PET imaging. Quantification of 2-*F-FEtOH uptake can be used to
distinguish between tumours of varying perfusion, and to screen the efficacy of blood flow

modifying drugs for use as adjuvants to existing cancer therapies.
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3.1 Introduction

Non-invasive imaging modalities are critical components of cancer care that can visualize
the varied and widespread nature of cancer. PET is a workhorse technique for non-invasive
imaging. The utility of PET has evolved from detecting metabolically active tumours with 2-!8F-
fluorodeoxyglucose towards a broader ability to characterize the tumour microenvironment.
Within this trend are radiotracer indicators of tumour hypoxia (i.e. regions of low oxygen
content), such as '8F-fluoromisonidazole, '*F-fluoroazomycin arabinoside, and '*F-EF5. Tumour
hypoxia is associated with reduced overall survival and poor prognosis in multiple cancer
types!'% because hypoxic cells are resistant to therapy and exhibit multi-faceted support of
metastasis?®®. Successes of PET hypoxia reporters in patient studies include distinguishing
aggressive high-grade glioblastoma multiform from less aggressive astrocytoma and
oligodendrioma?$” as well as prediction of resistance to primary endocrine therapy in breast
cancer®%s,

Hypoxia develops in tumours from a combination of high metabolic demand and
insufficient delivery of oxygenated blood (Chapter 1.2). Tumour vasculature is typically
abnormal, exhibiting low vascular density and a dysfunctional architecture prone to leakiness
and regional perfusion loss (Chapter 1.1)%**. Tumour perfusion itself is also a primary variable of
interest with potential effects on tumour metabolism and delivery of chemotherapeutics®>°.
Measuring tumour perfusion either at baseline or before and after a therapy cycle has predicted

disease free survival in patients with breast cancer>®-2¢°

, response to chemotherapy in head and
neck cancer?’’, response of cervical cancer to radiation therapy?’!, and response of glioblastoma
to anti-angiogenic therapy?’2. In addition to complementing hypoxia reporters and independently
providing prognostic data, non-invasive imaging of tumour perfusion could be used pre-
clinically to study strategies for modifying tumour perfusion for either radio-sensitization or
manipulating chemotherapy delivery.

The gold standard in PET based imaging of perfusion is '>O-H>O (half-life: 2 minutes).
The initial development of °O-H,O was for myocardial perfusion imaging*** and cerebral
perfusion imaging*®, although '>O-H,O has recently been used for imaging tumour perfusion’’~
59, The main challenge with using '*O-H>O and other established PET reporters of perfusion with

rapid half-lives, such as 'O-butanol*’” and '*N-NH3* (half-life: 10 minutes), is the requirement

of an on-site cyclotron for production and nearby administration. Rubidium-82 (32Rb, half-life:
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1.25 minutes) is a validated perfusion reporter® that can be produced using a 82Sr/3?Rb generator,
thus alleviating the need for an on-site cyclotron. However, 32Rb suffers from a long positron
range®’, which reduces PET resolution. #2Rb also exhibits relatively low tissue extraction from
the blood, at least in myocardium studies, which results in poor contrast between well-perfused
and poorly-perfused regions>. Development of an 8F (half-life: 110 minutes) based reporter of
tumour perfusion will provide both logistical and accessibility benefits, while possessing the
shortest positron range (and therefore highest PET resolution) of the radioisotopes discussed®.

This study presents 2-'8F-fluoroethanol (2-'*F-FEtOH) as a novel reporter of tumour
perfusion. We have previously shown that 2-'8F-FEtOH indiscriminately labels well-perfused
organs in the body, exhibits relatively low rates of defluorination, and provides a large window
of time for imaging due to an extended plateau of activity that is protected from biological
clearance?”. This plateau is believed to arise from intracellular conversion of 2-!8F-FEtOH to
BF-fluoroacetate followed by conversion to !8F-fluoroacetylCoA and '®F-fluorocitrate, both of
which are trapped inside cells?*’*. We predict that this 2-'8F-FEtOH-mediated accumulation of '*F
inside well-perfused cells will enhance contrast against poorly perfused cells to provide strong
resolution of intra-tumoural regional differences in perfusion status and allow for imaging of
tumour perfusion well after the injection of the radiotracer.

We aimed to validate 2-!8F-FEtOH as a reporter of tumour perfusion using PET in
murine tumour models. We assessed if 2-'8F-FEtOH uptake would discriminate between tumours
with differing perfusion phenotypes by comparing 67NR and 4T1 murine mammary
carcinomas®”. To determine if 2-'8F-FEtOH uptake is specific to perfusion status we conducted
direct comparison to the established perfusion reporter *C-iodoantipyrine (**C-IAP)*, we
conducted kinetic analysis of dynamic PET scans to ensure 2-'*F-FEtOH uptake was dependent
on plasma input, and we manipulated tumour perfusion with the blood flow modifying agents
nicotinamide, pentoxifylline, and hydralazine. Our data indicate that 2-'3F-FEtOH is a novel
radiotracer applicable to quantifying native or drug-induced changes in tumour perfusion by

PET.

3.2 Materials and methods
3.2.1  2-3F-Fluoroethanol synthesis

2-18F-FEtOH was synthesized as described previously?”>.
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3.2.2 Gamma counting and liquid scintillation counting

4C-Todoantipyrine and 2-'F-FEtOH were co-injected into anesthetized mice, which were
sacrificed 2 minutes post-injection for tissue harvest. Harvested tissue was subject to gamma
counting for detection of '8F activity using a Wizard2 2480 automatic gamma counter (Perkin
Elmer) followed by *C counting using a RackBetal219 liquid scintillation counter (LKB
Wallac).

3.2.3 Tumour models

10 week old female BALB/c mice were purchased from Taconic (Germantown, NY) and
housed in the Animal Resource Centre at the BC Cancer Agency Research Centre under specific
pathogen-free conditions. 67NR and 4T1 murine mammary carcinoma cell lines (gifts from Dr.
Fred Miller, Karmanos Cancer Institutes, Detroit, MI) were maintained in RPMI 1640 medium +
10% FBS and used within 20 passages. All animal experiments were performed in accordance

with Institutional and Canadian Council on Animal Care guidelines.

3.2.4 Antibodies

Tumour sections were stained with unconjugated CD31 antibody (BD Pharmingen) with
Alexa 594 secondary antibody (Invitrogen), and FITC-conjugated antibody against pimonidazole
(Hypoxyprobe). 100mg/kg pimonidazole was injected intraperitoneally 1.5 hours prior to mouse
sacrifice. Images were captured with a Retiga EXi camera (QImaging) using an Axiovert S100

microscope (Carl Zeiss Canada).

3.2.5 Exvivo radiography experiments

Mice received tail vein injections of 20 MBq 2-'8F-FEtOH followed 55 minutes later by
tail vein injection of 50 puLL of 10 mg/mL Hoechst 33342 (Thermo Fisher Scientific). Drug treated
mice received either 500 mg/kg nicotinamide (Sigma-Aldrich) 30 min prior to 2-'8F-FEtOH, 10
mg/kg hydralazine (Sigma-Aldrich) 15 min prior to 2-18F-FEtOH, or 50 mg/kg pentoxifylline
(Sigma-Aldrich) 15 min prior to 2-'*F-FEtOH. Tumours were harvested and immediately
embedded in OCT, sectioned onto microscope slides, and incubated on a phosphor screen for 90

min before detection using a Typhoon FLA 9500 scanner (GE Life Sciences).
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Phosphor images were analyzed using ImageJ software. Activity histograms were
gathered from regions of interest drawn around individual tumours. The line profile function on
ImageJ was used to quantify regional differences in 2-!8F-FEtOH activity. This tool returns the
pixel intensity at each point along a line drawn across the full width of each tumour radiography
image. To quantify the presence of central ischemia, the intensity of '3F activity at the centre of
each tumour was calculated as the average of the 11 pixels closest to the mid-point of each line.
Tumour-centre intensity values were divided by the maximum intensity value of the entire
tumour to express the tumour-centre values as a fraction of the maximum. Three line profiles

were drawn and data averaged for each tumour image.

3.2.6 PET imaging experiments
PET imaging was conducted as previously published?”®. Rate of irreversible 2-'8F-FEtOH
uptake was determined with the Patlak method?’¢ using image-derived input functions from the

vena cava as previously published® and analysis conducted with MatLab software (MathWorks).

3.3 Results
3.3.1 2-BF-FEtOH uptake depicts regional perfusion differences

Immunofluorescent images of 67NR and 4T1 (Figure 3.1A) tumours grown
orthotopically in contralateral mammary fat pads show distinct phenotypes of vascular density
and blood vessel function. CD31 vascular endothelium staining was significantly more prevalent
in 67NR than in 4T1 tumours (Figure 3.1B; tumour area positive for CD31 equal to 10.0 = 0.7%
in 67NR vs 4.4 £ 0.2% in 4T1; mean + standard error of the mean (SEM)), indicating greater
vascular density in 67NR tumours. We also assessed uptake of intravenously administered
Hoechst 33342 fluorescent dye, which diffuses out of perfused blood vessels to intercalate into
cellular DNA. Nearly twice as much tumour area stained positive for Hoechst 33342 in 67NR vs
4T1 tumours (Figure 3.1B; 10.3 + 0.7% vs 5.8 + 0.6% mean + SEM) indicating that 67NR
tumour blood vessels are relatively well-perfused. Consistently, we observed greater staining of
the exogenous hypoxia reporter pimonidazole in 4T1 tumours than in 67NR tumours (Figure
3.1B; 23.0 £ 2.5% vs 0.5 £ 0.2% mean + SEM). Overall, the 4T1 tumours were found to exhibit
low blood vessel density, poor perfusion, and large amounts of hypoxia, which opposes their

syngeneic counterpart 67NR tumours and agrees with past research?’7-278,
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Figure 3.1 4T1 and 67NR hypoxia and vascularity

(A) Immunofluorescent images of 67NR and 4T1 tumours; perfusion indicated by Hoechst 33342 (blue), vascular
endothelium by CD31 (red), and hypoxia by pimonidazole (green). Scale bar 250 pm. (B) Percent tumour area
positive for Hoechst 33342, CD31, and pimonidazole (N=8, mean + SEM, unpaired t-test, ***p<0.0001).
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The microenvironment of 4T1 tumours provides a model for assessing regional perfusion
differences. The peripheral regions of 4T1 tumours contain perfused blood vessels, indicated by
Hoechst 33342 staining, while the centres of 4T1 tumours are poorly perfused and do not contain
viable tissue, as indicated by a lack of Hoechst 33342 staining (Figure 3.2A). This is again in
contrast to 67NR tumours that display perfusion throughout the tumour (Figure 3.2A). We
exploited this feature as a first test for 2-18F-FEtOH as a reporter of tumour perfusion,
hypothesizing that the radiotracer would be present only in the periphery of 4T1 tumours and
throughout 67NR tumours.

Ex vivo radiography of 2-*F-FEtOH conducted on tumours excised 55 minutes post-
injection displayed similar patterns to Hoechst 33342; low activity was observed in central
regions of 4T1 tumours, moderate activity in the periphery of 4T1 tumours, and high activity
throughout 67NR tumours (Figure 3.2B). To quantify these observations, the pixel intensities
were assessed in line profiles drawn across the width of each tumour’s radiography image
(Figure 3.3). Values of the 11 pixels closest to the midpoint of the line profile were averaged to
represent the 2-18F-FEtOH activity in the tumour centre. These values were compared to the
maximum intensity in the entire associated tumour image. We observed that pixel intensities in
the centre of 67NR tumours were 88 + 2.0% the value of the maximum 67NR intensity, while
the centre of 4T1 tumours were only 65 £ 5.7% of tumour maximums (Figure 3.2C). These
results suggest that 2-'*F-FEtOH uptake provides intra-tumoural resolution of perfusion status
that is in agreement with blood vessel density, perfusion status, and hypoxia in 4T1 and 67NR

tumours.

3.3.2 2-BF-FEtOH uptake agrees with *C-iodoantipyrine

To link 2-'*F-FEtOH uptake with tissue perfusion, we co-injected 2-'8F-FEtOH with #C-
IAP, which is a validated perfusion reporter used to study cerebral and tumour perfusion®”-281,
We found that 2-'8F-FEtOH and '*C-IAP radioactivity in brain tissue and in 67NR and 4T1
tumours provided clear distinction of each tissue type, with a general progression from poorly
perfused 4T1 tumours through 67NR tumours, and up to well perfused brain tissue. Activity of
2-8F-FEtOH and '*C-TAP were significantly correlated, and the dynamic range of 2-'F-FEtOH
activity was greater than *C-IAP with a slope of 1.16 + 0.14 %ID/g across all tissues analyzed
(Figure 3.4).
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Figure 3.2 Comparison of 2-3F-FEtOH ex vivo radiography with Hoechst 33342
(A) Fluorescent microscopy of Hoechst 33342 in 4T1 and 67NR tumours, identifies central necrosis (N) in 4T1
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border, dashed lines are examples of where line profiles are drawn. (C) Tumour-centre '®F intensity expressed
relative to tumour-max intensity displays the low 2-'3F-FEtOH uptake in the centre of 4T1 tumours (N=7, t-test
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Figure 3.3 Sample line profiles
Sample line profile data for 67NR and 4T1 tumours from the radiography images displayed in Figure 3.2.
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Figure 3.4 Comparison of 2-8F-FEtOH uptake with “C-IAP

2-8F-FEtOH was co-injected with "“C-IAP and bulk tissue radioactivity measured to determine uptake of each

radiotracer. Linear regression trend line across all three tissues is displayed in black with associated statistical data

displayed to the right of the figure.
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3.3.3 2-BF-FEtOH provides distinction between 67NR and 4T1 tumours

We measured 2-'8F-FEtOH uptake in 67NR and 4T1 tumours for 55 minutes post-
injection using dynamic PET imaging. Based upon previous work showing stable uptake of 2-
BF-FEtOH into cells?’4, we hypothesized that 2-*F-FEtOH activity would reach plateaus
reflective of tumour perfusion status. In baseline scans, 2-*F-FEtOH uptake into 67NR tumours
plateaued at approximately 5.8 %ID/g after 2 minutes and activity did not significantly change
over the remaining protocol (Figure 3.5A). In 4T1 tumours, 2-'8F-FEtOH activity did not reach a
plateau until 30 minutes post-injection at approximately 4.5 %ID/g, after which no further
increase was observed (Figure 3.5A). In 67NR tumours, 2-'8F-FEtOH activity was significantly
greater than 4T1 from 1 minute until 12 minutes post-injection (Figure 3.5A). We performed
static PET scans 55 minutes post-injection of 2-8F-FEtOH to further assess this late time point
in mice not anesthetized during tracer uptake (Figure 3.5B). Pairwise assessment of mean 2-!8F-
FEtOH activity in each tumour revealed greater activity in 67NR versus the same-mouse 4T1
tumours in eleven out of twelve mice (Figure 3.5C). Further analysis computed static PET data
into cumulative frequency plots to calculate the 2-'8F-FEtOH activity level representative of the
50% and 90" voxel percentiles. Results showed that both the 50 and 90" percentile activity
levels were greater in the 67NR tumours (7.8 = 0.2 %ID/g vs 6.6 + 0.3 %ID/g, and 9.3 + 0.2
%ID/g vs 7.7 + 0.2 %ID/g respectively, mean + SEM p<0.05). These data confirm that the 2-!8F-
FEtOH radiotracer successfully distinguishes 67NR and 4T1 tumours using dynamic PET
imaging or static PET imaging, including the potential for 2-'8F-FEtOH to report perfusion for a

longer period of time compared to previously published PET-based perfusion reporters.

3.3.4 Irreversible uptake rate of 2-1¥F-FEtOH is dependent on perfusion

We hypothesized that 2-'8F-FEtOH is irreversibly taken up into cells, fitting with a two
tissue compartment model. While this allows for the signal stability displayed in Figure 3.5, it
poses the risk of having 2-!8F-FEtOH uptake select for cells and tissues better able to metabolize
FEtOH. To address this concern we conducted Patlak modeling?’® of 2-'8F-FEtOH uptake into
67NR and 4T1 tumours using image-derived input functions (sample in Figure 3.6) based on
voxels of '8F activity derived from dynamic PET images of the mouse vena cava™ after injection
of 2-18F-FEtOH. The Patlak method outputs an irreversible uptake rate constant ‘Ki’ that is

dependent on both metabolism of the radiotracer and its concentration in the plasma. Thus, Ki
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Figure 3.5 2-8F-FEtOH PET uptake distinguishes between 4T1 and 67NR tumours

2-BF-FEtOH distinguishes 67NR from 4T1 tumours. (A) Mean tumour 2-'8F-FEtOH activity during dynamic PET
(N=4, mean + SEM, two-way ANOVA with Bonferroni multiple comparisons 67NR vs 4T1 *p<0.05). (B) Sample
whole body static PET image 55 minutes post-injection. (C) Mean tumour 2-'8F-FEtOH activity from static PET
(N=12, paired t-test ***p<0.0001).
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Figure 3.6 Sample arterial input function

Image derived input functions were produced based on the voxels within the Vena Cava, identified during the
first pass of the 2-'8F-FEtOH bolus after the tail vein injection. Displayed is the input function averaged across
four dynamic scans from untreated mice. Data points were produced every 5 seconds across the first 2 minutes,
then every 30 seconds up until 5 minutes post-injection, and finally every 5 minutes until the end of the 60-
minute PET scan.



Reflects both possible intrinsic differences between cells and the delivery of 2-'8F-FEtOH
through perfused vasculature. When Ki values were determined based on tissue activity curves of
full tumour volumes, the Ki was significantly greater in 67NR tumours than 4T1 tumours (1.6-
fold difference, data not shown). However, regions of interest drawn in well-perfused peripheral
4T1 regions produced similar Ki values as whole 67NR tumours (Figure 3.7). In contrast, the
poorly perfused center 4T1 regions possessed Ki values that were significantly lower than 67NR
tumours or peripheral regions of 4T1 tumours. These data support that differences in 2-'3F-

FEtOH uptake are due to perfusion differences and not differences in FEtOH metabolism.

3.3.5 2-BF-FEtOH uptake is modified by perfusion-modifying drugs

We next tested three blood flow modifying agents to observe if 2-'8F-FEtOH uptake into
4T1 and 67NR tumours would reflect the perfusion changes. We utilized two agents to increase
tumour blood flow, nicotinamide®® and pentoxifylline®, and used hydralazine as an agent to
reduce tumour blood flow?%. Mice were treated with one drug prior to 2-'®F-FEtOH injection
and tumours were harvested 55 minutes later for ex vivo radiography. Nicotinamide increased 2-
8F-FEtOH uptake in both 67NR and 4T1 tumours, indicated by the rightward shifts towards
greater pixel intensity on histograms (Figure 3.8A). This is consistent with the known activity of
nicotinamide to improve solid tumour perfusion. Similarly, pentoxifylline increased 2-3F-
FEtOH uptake in both tumours (Figure 3.8B), with a more modest rightward shift compared to
nicotinamide. Hydralazine induced a leftward shift in 4T1 tumour histograms (Figure 3.8C),
indicating a reduction in perfusion that is consistent with the known activity of hydralazine.
However, 67NR tumours did not display a reliable shift in response to hydralazine at this time
point when tumours were harvested 55 minutes after 2-'8F-FEtOH injection (Figure 3.8C).

To further investigate the responses of 67NR and 4T1 tumours to hydralazine, we
performed dynamic PET imaging of 2-'8F-FEtOH uptake after hydralazine administration
compared to baseline images (sample images in Figure 3.9). 67NR tumours treated with
hydralazine displayed a significant reduction in 2-'8F-FEtOH activity over the first 10 minutes of
dynamic PET imaging (Figure 3.10A). 67NR 2-!8F-FEtOH activity in control and hydralazine
groups converged within 55 minutes, agreeing with the ex vivo radiography data (Figure 3.8B).

The mean 2-'8F-FEtOH activity in 4T1 tumours was reduced throughout the dynamic scan
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Figure 3.7 Patlak modeling of dynamic 2-'®F-FEtOH uptake

Patlak irreversible rate constant ‘Ki’ was computed for whole 67NR tumour volumes and compared to select regions
of 4T1, the poorly perfused tumour center and well-perfused periphery. (N=4, one-way ANOVA with Tukey
multiple comparisons test, ***p<0.0001)
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Figure 3.8 2-'3F-FEtOH uptake in response to perfusion modifying drugs

Perfusion modifying drugs alter 2-'*F-FEtOH uptake into 4T1 and 67NR tumours. Mice were administered one of
(A) nicotinamide, (B) pentoxifylline, or (C) hydralazine prior to 2-'*F-FEtOH injection. Radioactivity was detected
using radiography and expressed as histograms. (N=5, mean + SEM). Control histogram is indicated in black, drug-
treated histogram is overlaid in colour with the drug indicated in individual figure titles.
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Figure 3.9 Sample 2-*F-FEtOH images from dynamic PET

Representative images from dynamic PET scans of the same mouse imaged for untreated baseline images (top) on
the first day, and images following hydralazine treatment on the subsequent day (bottom). Images left to right are 1-
minute post-injection of 2-'8F-FEtOH, 10 minutes post-injection, and 55 minutes post-injection.
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Figure 3.10 Response of 2-'3F-FEtOH uptake to hydralazine in dynamic PET

Hydralazine slows 2-'8F-FEtOH delivery. 2-'8F-FEtOH mean activity in dynamic PET comparing baseline (closed
circles) scans and hydralazine (open circles) scans for (A) 67NR and (B) 4T1. (N=4, mean = SEM, Bonferroni

multiple comparisons *p<0.05).
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(Figure 3.10B). These data indicate that response of tumour perfusion to blood flow modifying

drugs is best reflected by 2-"*FEtOH uptake within 10 minutes post-injection.

3.4 Discussion

This study presents 2-'*F-FEtOH as a novel radiotracer for measuring tumour perfusion.
We have found that uptake of 2-'®F-FEtOH is dependent on regional perfusion status, with 2-!8F-
FEtOH uptake in agreement with the intra-tumoural heterogeneity of Hoechst 33342 staining
(Figure 3.2). Uptake of 2-'8F-FEtOH also accurately reflected the perfusion statuses of two
tumour models with distinct vascular and hypoxic phenotypes (Figures 3.1 — 3.4). There was
strong agreement between uptake of 2-'8F-FEtOH and '*C-IAP into 67NR tumours, 4T1
tumours, and brain tissue, while 2-'8F-FEtOH uptake displayed a greater dynamic range in
distinguishing each tissue (Figure 3.4).

We also show that 2-'*F-FEtOH uptake can be used to measure the effects of
pharmacological agents that modify tumour perfusion (Figure 3.8 and Figure 3.10). We tested
two vasoactive drugs (nicotinamide and hydralazine) as well as pentoxifylline, which improves
perfusion by improving the flexibility of red blood cells to facilitate their flow through tortuous
tumour vessels*>!7!, Further experiments with hydralazine displayed that the effects of perfusion-
modifying agents are best quantified by 2-*F-FEtOH within 10 minutes of radiotracer injection
(Figure 3.10). Taken together, our data show the potential for 2-'8F-FEtOH uptake quantified by
dynamic PET imaging to be used to screen blood flow-modifying agents for use as therapeutic
adjuvants to existing cancer therapies.

The extended half-life of the '®F isotope relative to other isotopes used in PET perfusion
reporters provides 2-18F-FEtOH with the benefits of accessibility and eased protocol timelines. It
is previously observed that 2-'3F-FEtOH is also stably taken up into cells and produces an
activity plateau in many well-perfused healthy tissues?’®. An extended half-life and activity
plateau provides a unique opportunity to detect perfusion at later time points post-injection, with
activity plateaus lasting up to 30 minutes and later time points exhibiting only a small increase in
activity (Figure 3.5 and Figure 3.10).

The data displayed in this study presents the utility of 2-'®F-FEtOH as a general indicator
of tumour perfusion, distinguishing well-perfused and poorly perfused regions. To support that

perfusion is the driving factor in 2-'"®F-FEtOH uptake in this study and not cellular differences in
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metabolic trapping, we applied the Patlak method to determine the irreversible uptake rate
constant Ki. The value of Ki is reflective of both the concentration of 2-'8F-FEtOH delivered to a
tissue and the ability for the tissue to metabolize the radiotracer into cell impermeable
metabolites. In this study, Ki values did not vary between 67NR tumours and well-perfused
regions of 4T1 tumours in the same animal (Figure 3.7), suggesting no significant difference in
metabolic trapping between tumour types. Rather, Ki values varied strongly within 4T1 tumours
in a regional manner, with the lowest Ki values associated with 4T1 tumour centres (Figure 3.7),
which we also showed to be poorly perfused (Figure 3.2). Together these observations suggest
that differences in 2-'"*F-FEtOH uptake are due to the concentration of 2-!'8F-FEtOH delivered to
tumour tissue, i.e. regional tumour perfusion. These modeling data are somewhat limited by the
use of an image derived input function instead of direct blood draws to assess 2-'*F-FEtOH in
the bloodstream, although image analysis methods have fared well when directly compared to
blood collection methods®. Future kinetic modelling of 2-'8F-FEtOH should include analysis of
FEtOH metabolites and assessment of enzymes that will relate to enhanced metabolic trapping.

Future studies should evaluate 2-'*F-FEtOH uptake as a measure of tumour perfusion in
other solid tumour types. Of additional interest will be investigating the oxygenation of tumour
regions with low 2-!'8F-FEtOH activity to distinguish between poorly perfused and poorly
oxygenated tumour regions. Of additional interest is comparison of 2-!8F-FEtOH perfusion and
PET-based hypoxia measurements to predict patient response to radiation therapy and
particularly chemotherapy, where other perfusion reporters have provided strong prognostic data
on tumour response. The accessibility benefit of 2-8F-FEtOH over '°O perfusion reporters and
the ability to image 2-'8F-FEtOH 55 minutes post-injection would also make 2-'*F-FEtOH an
appealing candidate to monitor tumour response during therapy to determine how tumour
perfusion responds to therapy. Previous work showing 2-!'8F-FEtOH uptake in normal tissues?”®
suggest that 2-'8F-FEtOH-based perfusion measurements may have applicability beyond solid
tumours, with potential for measuring tissue perfusion in other disease states. Taken together, our
data support the further development and application of 2-'8F-FEtOH as a PET-based marker of
tissue and solid tumour perfusion.

These data demonstrate that 2-'8F-FEtOH uptake provides intra-tumour resolution of
perfusion, discriminates well-perfused and poorly perfused tumours, responds to tumour-

perfusion modifying pharmaceuticals, and provides an extended window of detection compared
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to current PET perfusion reporters. We will apply 2-'8F-FEtOH to quantify bulk tumour

perfusion in response to ARB treatment in Chapter 4.
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Chapter 4: Angiotensin II type 1 receptor blocker telmisartan inhibits the

development of transient hypoxia and improves response to radiation.

Parts of this chapter have been submitted for publication as: Brennan J Wadsworth, Rachel A
Cederberg, Che-Min Lee, Natalie S Firmino, S Elizabeth Franks, Jinhe Pan, Nadine Colpo, Kuo-
Shyan Lin, Francois Benard, Kevin L Bennewith. “Angiotensin Il type I receptor blocker
telmisartan inhibits the development of transient hypoxia and improves tumour response to

)

radiation.’

SYNOPSIS

Hypoxic tumour cells are resistant to radiation therapy and are associated with poor
therapeutic outcome. Solid tumours can contain regions with unstable tumor perfusion, exposing
tumor cells to varying oxygen tensions over time and creating “transiently”” hypoxic cells.
Transiently hypoxic tumor cells are thought to be important, yet poorly understood, limitations to
cancer therapy and represent intriguing therapeutic targets. Recent evidence suggests that
angiotensin II type 1 receptor blockers (ARBs) can improve tumour perfusion by reducing
collagen deposition from cancer associated fibroblasts (CAFs). However, the influence of ARBs
on transient tumour hypoxia and response to radiation therapy is unknown.

We tested how the ARBs losartan and telmisartan affected the microenvironment in
human tumor xenografts, using fluorescent perfusion dyes and positron emission tomography to
quantify tumour perfusion, and a combination of hypoxia markers and the hemorheological agent
pentoxifylline to assess transient tumour hypoxia. We found CAF-containing tumors have
significantly reduced collagen I levels in response to the ARB telmisartan, but not losartan.
Telmisartan significantly increased tumour blood flow, stabilized tumor perfusion, and reduced
the development of transient tumour hypoxia. Telmisartan-treated tumors were also more
responsive to treatment with ionizing radiation, indicating that telmisartan reduces a
therapeutically important population of transiently hypoxic tumour cells.

Our findings indicate telmisartan is capable of modifying the solid tumour
microenvironment to stabilize tumour perfusion, reduce transient hypoxia, and significantly

improve tumour radiation response.
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4.1 Introduction

A hallmark of solid tumour growth is angiogenic signalling that tends to form immature,
poorly functional blood vessels in an inefficient, low density network within the tumour.
Dysfunctional tumour vasculature contributes to poor tissue perfusion?, inhibited delivery of

chemotherapeutics®>-86

, and the development of regions within tumours with low oxygen content
(i.e. hypoxia)!'!*, Multiple studies have observed that perfusion, and indeed oxygen supply, is
unstable in many solid tumours®. Fluctuations in oxygen supply can occur in repeated patterns
of hypoxia and reoxygenation that result in populations of tumour cells being exposed to
transient hypoxia®”!1822%_ This transient hypoxia is sufficient to induce expression of hypoxia-

induced genes and increase metastasis?4>246

. It is well established that oxygenation at the time of
radiation is a major modifier of radiation response!®:!74, and transient hypoxia can contribute to
radiation resistance’®%4. Thus, modifying the tumour microenvironment to reduce the hypoxic
tumour cell population and eliminate transient hypoxia could significantly improve tumour
response to radiation therapy.

The solid tumour extracellular matrix (ECM) is a potentially modifiable source of tumour
vascular dysfunction. Tumour regions with greater fibrillar type 1 collagen (Coll) deposition
exhibit reduced perfusion and increased interstitial fluid pressure®®. In turn, injection of ECM
degrading enzymes into tumour xenografts has been shown to increase microregional
perfusion®®. An alternative strategy to stably improve tumour microregional perfusion is to
inhibit Coll deposition. A major source of Coll deposition in solid tumours are alpha-smooth
muscle actin (aSMA) positive cancer associated fibroblasts (CAFs)’>2%2. In recent years,
angiotensin II type 1 receptor blockers (ARBs) have been applied to reduce CAF activation to
ultimately reduce Coll deposition in the tumour. ARBs have been shown to reduce the
abundance of aSMA positive CAFs, reduce Coll, reduce vascular compression forces, increase
perfusion, and increase delivery of chemotherapeutics across multiple murine tumours and
human tumour xenografts®>3¢-8%, However, the influence of ARBs on transient hypoxia or
radiation response is unknown. We hypothesized that treatment of tumours with ARBs would
eliminate transient hypoxia from solid tumours, leading to increased radiation response. To
investigate transient hypoxia, we compared two human tumour xenograft models, the WiDr
colorectal adenocarcinoma and SiHa cervical squamous cell carcinoma. WiDr tumours exhibit

greater prevalence of rapidly fluctuating transient hypoxia while oxygenation in SiHa tumours is
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relatively stable’®722°, Herein, we show that the ARB telmisartan improves and stabilizes
tumour perfusion, reduces the development of transient hypoxia, and significantly improves

response to radiation.

4.2 Materials and methods
4.2.1 Cell lines and mice

WiDr?>? and SiHa?*® cells were maintained in standard culture conditions in minimal
essential medium +10% FBS and used within 30 passages. Flanks of NOD/Rag-gamma (NRG)
mice were inoculated by subcutaneous injection of 1 x 10° cells. All animal experiments were
performed in accordance with institutional and Canadian Committee on Animal Care guidelines.
Upon harvest, half of each tumour was embedded in optimal cutting temperature medium (Tissue
Tek) and frozen for sectioning. The other half of each tumour was processed into single cell

suspensions as previously described?? for clonogenic assays and/or flow cytometry.

4.2.2 Drugs

50mg/kg of Pentoxifylline (Millipore Sigma) was administered by i.p. injection as
indicated. Losartan (Millipore Sigma) was added to the drinking water of the mice at a
concentration of 300 mg/L, while acidified drinking water (pH 2.5) was used for telmisartan
(Millipore Sigma) treatment at a concentration of 75mg/L. Treated drinking water was provided
to mice ad libitum beginning the day of tumour implant and maintained until animal sacrifice.
Water bottles were weighed twice per week and the loss in mass attributed to mouse water
consumption in order to estimate drug dosage. To label hypoxic tumour cells, mice were
administered 100mg/kg of pimonidazole-HCI (Hypoxyprobe) by i.p. injection 90 minutes prior
to mouse sacrifice. Intravenous injection of 1mg Hoechst 33342 or 0.25mg of DiOC5

carbocyanine was performed to label cells surrounding perfused blood vessels®.

4.2.3 Flow cytometry and immunofluorescent microscopy

For tumours from mice injected with Hoechst 33342, slides were imaged for Hoechst
33342 and DiOC7 immediately following sectioning and then placed overnight in phosphate-
buffered saline (PBS) with 2% fetal bovine serum and 0.1% triton X-100 for blocking, cell

permeabilization, and to wash out the fluorescent dye signal prior to staining for other markers.
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Pimonidazole was detected using monoclonal antibody conjugated to fluorescein isothiocyanate
(FITC; Hypoxyprobe). Slides were stained for CD31 using (Pharmogen 553377) rabbit
monoclonal antibody. a-Smooth muscle actin was detected using clone 1A4 mouse monoclonal
antibody conjugated to FITC (Millipore Sigma). Collagen 1 was detected using LF-68 anti-
collagen alpha-1 antibody (Kerafast, Boston, MA). Secondary antibodies conjugated to Alexa
Fluor 488 or Alexa Fluor 594 (Life Technologies) were used to detect unconjugated primary
antibodies. Slides were stained with 2 pM 4,6-diamidino-2-phenylindole (DAPI) to label cell
nuclei. Immunofluorescent microscopy image acquisition system consisted of a robotic
fluorescence microscope (Zeiss Axiomager Z1), a cooled, monochrome CCD camera (Retiga
4000R, QImaging), a motorized slide loader and x-y stage (Ludl Electronic Products), and
customized Image] software (public domain program developed at the U.S. National Institutes of
Health). Images were acquired with a resolution of 1.5 pm/pixel. Individual fields of view were
automatically stitched together to create images of full tumour sections for analysis. Three
sections cut 150-200 um apart were imaged for technical replicates of each tumour. Images were
analyzed using ImagelJ software. Positive pixels were identified using automatic thresholding
following background correction. Regions of necrosis were manually removed from analysis
based upon DAPI and hypoxia marker staining. Flow cytometry was conducted using a
FACSCalibur flow cytometer (BD Biosciences) and FlowJo software (Tree Star, Inc., Ashland,
OR).

4.2.4 Mismatch of Hoechst 33342 and carbocyanine (DiOC)

To quantify microregional fluctuations in tumour perfusion we compared blood vessel
fluorescence following intravenous injection of Hoechst 33342 and DiOC- 20 minutes apart
based on established methods®*%7. Briefly, fluorescence intensity of each dye was quantified for
individual blood vessels in tumour sections and plotted as the ratio of fluorescence intensity,
DiOC7 over Hoechst 33342, and values below 1.0 were inversed. Fold change in fluorescence
intensity was binned as either greater than 3.0, between 2.0 and 3.0, or between 1.0 and 2.0, the

latter values classified as representing stable perfusion.
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4.2.5 Clonogenic assay and radiation growth delay experiments

Mice were subject to x-ray irradiation delivered at 250 keV with a dose rate of
approximately 3 Gy/min (X-RAD320, Precision X-ray). Mice were placed in a lead jig that
shields the majority of the mouse, leaving exposed the rear dorsal region of the mouse where the
tumours were inoculated. For clonogenic assays, upon harvest tumours were digested to a single

229 incubated for two weeks in standard culture

cell suspension as described previously
conditions, and then stained with malachite green for colony counting. For radiation growth
delay experiments, mice were irradiated and returned to animal housing. Tumours were
measured twice per week using digital calipers by animal facility staff blinded to irradiation
treatment. Tumour volume was calculated from caliper measurements according to the equation
V = (L x (W?))/2 where V is the volume in mm? and L and W are the length and width of the

tumour in mm. Tumour length was always the larger of the two perpendicular measurements.

4.2.6 PET imaging
2-F-FEtOH synthesis?’?, dynamic microPET/CT imaging, image reconstruction, and

volume of interest analysis were conducted as previously described>2.

4.2.7 Statistical analysis
Data are expressed as the arithmetic mean with variance as indicated. Statistical
hypothesis testing was performed using Graphpad Prism 5 or R software, with specific tests used

as indicated. Differences of p<0.05 were considered significant.

4.3 Results
4.3.1 Telmisartan reduces Coll in the tumour microenvironment

The ARBs losartan or telmisartan were administered to tumour-bearing mice via the
drinking water with estimated doses of 29 mg/kg/day and 8 mg/kg/day respectively (Figure
4.1A,B). Mice maintained on these doses for up to 28 days during tumour growth showed no
signs of weight loss compared to mice drinking untreated water, and neither SiHa nor WiDr
tumour masses were significantly different compared to controls at the time of harvest (Figure
4.1C-E). ARB treatment therefore did not significantly alter tumour growth.

To investigate whether ARBs altered the tumour microenvironment, we conducted
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Figure 4.1 Consumption and growth effects of losartan and telmisartan.
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(A) Estimated dosage of losartan over time for mice consuming water containing 300 mg/L losartan. Each data
point represents one cage of mice. (B) Estimated dosage of telmisartan over time. Each data point represents one
cage of mice. (C) Mouse mass was not affected by consumption of losartan or telmisartan treated water. (D)
Tumour mass was not different between any groups for WiDr tumours harvested 28 days after implant or (E)
SiHa tumours harvested 21 days after implant, both with treated water beginning day of implant. For C, D, & E;
H>0O = water, Los = losartan, HCI = acidified water, Tel = telmisartan, N = 8-16 mice per treatment, mean + SD.
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immunofluorescent microscopy for Coll and aSMA. We found 33 £ 5% (mean + SD) of WiDr
tumour area was positive for Coll compared with 15 + 6% (mean + SD) of SiHa tumour area
(Figure 4.2A-B). Losartan treatment did not significantly modify the Coll abundance in either
tumour (Figure 4.2A). Telmisartan treatment reduced Coll in WiDr tumours to 17 £ 6% (mean +
SD) of tumour area, with no effect in SiHa tumours (Figure 4.2A). We next investigated if the
reduction in Coll occurred with a change in aSMA+ CAFs, which are major producers of Coll
in solid tumours®-?#2, Notably, aSMA+ CAFs were common in WiDr tumours and virtually
undetectable in SiHa tumours (Figure 4.2). Losartan treatment did not affect the abundance of
aSMA+ CAFs in WiDr tumours, while telmisartan treatment reduced the abundance of aSMA+
CAFs in WiDr tumours (Figure 4.2C). To determine whether the reduction in CAFs and Coll
within WiDr tumours was functionally significant, we quantified CD31+ blood vessel perfusion
status based on fluorescent labelling of intravenously injected Hoechst 3334293, We observed no
change in the fraction of Hoechst 33342 perfused CD31+ blood vessels in either WiDr or SiHa
tumours of losartan-treated mice (Figure 4.2D). Telmisartan significantly increased the fraction
of perfused CD3 1+ blood vessels in WiDr tumours, while telmisartan did not affect the fraction
of perfused CD3 1+ blood vessels in SiHa tumours (Figure 4.2D). Overall, these data indicate
telmisartan reduces the abundance of aSMA+ CAFs, reduces Coll deposition, and increases the
fraction of perfused blood vessels in WiDr tumours. Telmisartan did not affect CAFs, Coll, or
perfusion in SiHa tumours that have inherently low levels of aSMA+ CAFs and Coll. In
addition, these data indicate that telmisartan is superior to losartan in modifying the tumour

microenvironment of WiDr tumours.

4.3.2 Telmisartan improves and stabilizes WiDr tumour perfusion

The increased fraction of perfused blood vessels in WiDr tumours treated with
telmisartan suggests a wider distribution of blood flow throughout the tumour. An increase in
blood flow distribution could occur with or without a net increase in whole tumour perfusion, as
both have been observed previously with tumour perfusion modifying drugs®®. To assess whole
tumour perfusion, we used dynamic positron emission tomography (PET) to quantify tumour
uptake of our newly developed 2-'®F-fluoroethanol (2-'8F-FEtOH) radiotracer (Chapter 3)°2. We
observed a significant increase in 2-'8F-FEtOH uptake in WiDr tumours of telmisartan-treated

mice compared with controls (Figure 4.3A,B). There was no effect of telmisartan treatment on 2-
106



oo oo
N W bHs O;

e
-

WiDr

%%é%

Tumour Collagen |
Fraction

-t
o

HCL

0.25
0.20
0.15
0.10
0.05
0.00

Tumour aSMA
Fraction

1 1 1 1
H,O LOS HCI TEL

WiDr

TEL

WiDr

w

%5*;

1.0
0.8 -
0.6 -
0.4 —
0.2
0.0

Perfused CD31
Fraction

I I | I
H,O LOS HCI TEL

WiDr

wh

$ai”

I I I I
H,O0 LOS HCI TEL

Tumour Collagen |

Tumour aSMA

Perfused CD31

Fraction

Fraction

Fraction

SiHa
0.5
0.4
0.3 .
0.2 $
TR
0.0 | S B —
H,O LOS HCI TEL
SiHa
HCL TEL

0.25
0.20
0.15
0.10
0.05
0.00

1.0
0.8
0.6 -
0.4
0.2 —

0.0

SiHa

H,O0 LOS HCI TEL

SiHa

«ti%

I I I I
H,O0 LOS HCI TEL

Figure 4.2 Telmisartan treatment alters the tumour microenvironment.

(A) Fraction of viable tumour area positive for Coll, with (B) sample fields of view for WiDr and SiHa tumours

DAPI
Col1l

treated with telmisartan adjacent controls. (C) Fraction of viable tumour area positive for aSMA. (D) Fraction of

CD31 blood vessels positive for Hoechst 33342. All data are mean + SD, N = 6-8. Comparisons made using
unpaired Student’s t-test with only significant differences displayed; * p < 0.05, ** p <0.01, **** p <0.0001.
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Figure 4.3 Telmisartan increases and stabilizes WiDr tumour perfusion.

(A) Tumour tissue activity curves during the first 10 minutes after intravenous injection of 2-'8F-FEtOH comparing.
(B) Sample axial cross sections of computed tomography and PET images of WiDr tumour bearing mice at the level
of tumour mid-point. WiDr tumour location is indicated on the back of the mouse. The imaging bed is visible below
the mouse in the computed tomography image. (C) WiDr 2-18F-FEtOH uptake averaged across time points 8-10
minutes after 2-'8F-FEtOH injection comparing controls with telmisartan treated mice with and without
pentoxifylline 15 minutes prior to 2-'8F-FEtOH. All data are mean + SD, N = 3-4. For A, Sidak’s multiple
comparison test comparing control versus telmisartan at individual time points, all comparisons indicated reach
significance of ** p < 0.01. For C, Tukey multiple comparisons test concluded that the only significant differences
present were in comparisons with the telmisartan(-)/pentoxifylline(-) group, * p <0.05, ** p <0.01. (D) After
intravenous injection of Hoechst 33342 and DiOC7 20 minutes apart, the fold change in fluorescent perfusion dye
intensity was measured for individual blood vessels. Blood vessels were binned as indicated with the percent of
vessels in each bin shown. Sidak’s multiple comparisons test between groups within bins, * p < 0.05, ** p <0.01,
N=7.
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BF-FEtOH uptake in SiHa tumours (Figure 4.3A). Our data therefore indicate that WiDr tumours
in telmisartan-treated mice have increased proportions of perfused blood vessels and increased
overall tumour perfusion.

We have previously shown that WiDr tumours exhibit transient changes in perfusion and

50.67.229 "and we were curious whether telmisartan reduces perfusion

hypoxia over time
fluctuations in these tumours. Pentoxifylline is a drug that increases erythrocyte deformability to
reduce blood viscosity3?, allowing blood to more readily flow through constricted vasculature.
We have previously shown that pentoxifylline temporarily reduces perfusion fluctuations and
reoxygenates transient hypoxic cells in WiDr tumours>, providing a tool to test whether
telmisartan inhibits the development of transient perfusion and hypoxia. We first validated the
effect of pentoxifylline on whole tumour perfusion by administering pentoxifylline 15 minutes
prior to 2-"*F-FEtOH dynamic PET, consistent with the rapid effect of this drug on tumour
perfusion®’. Measurements of 2-!'8F-FEtOH uptake were taken 8-10 minutes following
radiotracer injection, as we previously established this time point is indicative of tumour
response to perfusion modifying drugs®2. We found that pentoxifylline significantly increased 2-
BF-FEtOH uptake in WiDr tumours (Figure 4.3C), consistent with our previous work>°.
Interestingly, the high level of WiDr perfusion in telmisartan-treated mice was not further
increased by pentoxifylline (Figure 4.3C). We did not observe a significant effect of
pentoxifylline on 2-'8F-FEtOH uptake in SiHa tumours (Figure 4.4), consistent with our past
observations that SiHa tumours have minimal perfusion fluctuations and do not respond to
pentoxifylline®’. Taken together, these data indicate that telmisartan increases bulk WiDr tumour
perfusion and suggest that telmisartan-treated WiDr tumours have a remodeled tumour
microenvironment that may prevent the development of fluctuating perfusion.

We next investigated the effect of telmisartan on microregional perfusion fluctuations by
comparing fluorescent intensity of intravenously injected fluorescent perfusion dyes Hoechst
33342 and carbocyanine (DiOC7)>%367 Fluctuations in tumour perfusion commonly occur on
the order of 10-40 minutes in length!!®, and we therefore administered Hoechst 33342 and
DiOC7 20 minutes apart. In control WiDr tumours only 52.3 £ 0.07 % (mean + SD) of blood
vessels had stable perfusion, with the other ~48% of vessels experienced greater than 2-fold
changes in perfusion over the 20-minute span. Telmisartan significantly increased the proportion
of stable vessels in WiDr tumours, to 65.7 £ 0.06 % (mean £ SD), while also reducing the
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Figure 4.4 Pentoxifylline does not affect 2-13F-FEtOH uptake in SiHa tumours

SiHa tumour 2-'¥F-fluoroethanol uptake values averaged from imaging time points 8-10 minutes post-injection
of the radiotracer. There is a no difference between control (CTL) and pentoxifylline (pentox) treated mice. N =
3, Student’s t-test, p > 0.05.
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proportion of vessels with large (greater than 3-fold) changes in perfusion (Figure 4.3D). These

data indicate that telmisartan stabilizes perfusion in WiDr tumours.

4.3.3 Telmisartan reduces the development of transient hypoxia

We next investigated the effect of telmisartan on WiDr tumour hypoxia. Mice were
administered the hypoxia marker pimonidazole?*® 90 minutes prior to sacrifice. Regions of
chronic hypoxia could be easily identified in WiDr tumours from control and telmisartan-treated
mice (Figure 4.5A). CD31+ blood vessels that were negative or weakly positive for Hoechst
33342 were commonly observed in control WiDr tumours (Figure 4.5A). In central tumour
regions these blood vessels appeared proximal to pimonidazole labelled tumour cells (Figure
4.5A). We therefore mapped pimonidazole-labelled hypoxic cells based on distance from the
nearest Hoechst 33342 perfused blood vessel. In control WiDr tumours, the median
pimonidazole distance from perfused blood vessels was 35 + 13 um (Figure 4.5B). Telmisartan
significantly increased the median distance between perfused blood vessels and pimonidazole
positive hypoxic cells to 57 = 7 um (Figure 4.5B). There was no effect of telmisartan on the
median distance between perfused blood vessels and pimonidazole positive hypoxic cells in SiHa
tumours (Figure 4.5B). These data indicate that telmisartan preferentially increases oxygenation
of tumour cells that are within 58 um of perfused blood vessels. Our previous data indicate that
transiently hypoxic tumour cells are present in similar proximities to functional

30.64229  quggesting telmisartan may restrict the development of transient hypoxia in

vasculature
WiDr tumours.

To further investigate if the stabilized perfusion in telmisartan-treated WiDr tumours was
indicative of reduced transient hypoxia, we administered pentoxifylline to WiDr tumour bearing
mice 15 minutes prior to injection of pimonidazole. Consistent with our previous work, we
observed a significantly reduced fraction of hypoxic tumour cells in pentoxifylline-treated
tumours (Figure 4.5C)*. Telmisartan also reduced the fraction of hypoxic cells in WiDr tumours,
however, there was no additive effect of administering pentoxifylline to telmisartan-treated mice
(Figure 4.5C). Pimonidazole labelling in SiHa tumours was not affected by telmisartan or
pentoxifylline treatment (Figure 4.5C). Thus, telmisartan decreases perfusion fluctuations in

WiDr tumours and decreases tumour hypoxia by reducing development of transiently hypoxic

cells known to be responsive to pentoxifylline.
111



A Control Telmisartan

WiDr

Hoechst CD31
B WiDr SiHa C WiDr SiHa
E 1 T - S 06— S 0.6- .
g 100 - &% f 100 - I O * § wREh Wk WA g K > .
: | 8 ] ?[: T 04~ ¢ < 0.4 :Ti%
- E ) -
8 50 % 2 s- g < 5 ¢
(=] Q - 0.2 o 0.2— .
c c . c 2 .
._g 1 * B 7 5 &% &
. b= = 0 .

s 0 T s 0=/ g V0T T 5 00111

STl WL ciL &L Telmisartan — — + +  Telmisatan — — 4+ +

Pentoxifyline — + — + Pentoxifyline — + — +

Figure 4.5 Telmisartan reduces WiDr tumour hypoxia.

(A) Sample immunofluorescent microscopy images of Hoechst 33342 (blue), pimonidazole (green), and CD31 (red) in
WiDr tumours. Regions of necrosis indicated by ‘*’. Examples of CD31+ blood vessels in viable tumour regions with
weak Hoechst 33342 staining are indicated by white arrows. Scale bars = 500pum. (B) In immunofluorescent
microscopy, pimonidazole positive pixels were mapped based on distance from Hoechst 33342. From that analysis data
plots display the median distance of all pimonidazole positive pixels in terms of distance to the nearest Hoechst 33342
pixel for both WiDr and SiHa tumours. CTL = control, TEL = telmisartan. Unpaired Student’s t-test significant
differences displayed, ** p < 0.01. (C) Fraction of tumour cells positive for pimonidazole in flow cytometry for WiDr
and SiHa tumours. All data are mean + SD, N = 6-8. Tukey multiple comparisons concluded that the only significant
differences present were in comparisons with the telmisartan(-)/pentoxifylline(-) group, * p <0.05, ** p <0.01, *** p <
0.001, **** p < 0.0001.
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4.3.4 Telmisartan improves WiDr tumour radiation response

To assess whether telmisartan is reducing the abundance of a radiation resistant
population of hypoxic cells, we quantified clonogenic survival of tumour cells following
irradiation with 10 Gy. Firstly, neither telmisartan nor pentoxifylline affected WiDr or SiHa cell
survival when irradiated in vitro, indicating that neither drug is a direct radiation sensitizer
(Figure 4.6). Clonogenic survival for WiDr tumours in mice treated with either pentoxifylline or
telmisartan was reduced compared to controls, with no additive effect of combining telmisartan
and pentoxifylline (Figure 4.7A). There was no effect of telmisartan or pentoxifylline on
clonogenic survival of SiHa tumours (Figure 4.7B). These data indicate that telmisartan
treatment is eliminating the hypoxic population that is targeted by pentoxifylline in WiDr
tumours, and that this population would otherwise be sufficiently hypoxic to exhibit radiation
resistance.

We next measured WiDr tumour growth delay induced by radiation for telmisartan-
treated or control mice. Tumours were irradiated with 10 Gy 26-days post-implant when WiDr
tumours measured 356 + 106 mm? (mean + SD). The growth curves for each group are displayed
(Figure 4.8A), along with survival curves displaying time for all tumours in each group to exceed
1000 mm? (Figure 4.8B). Telmisartan did not affect the growth of non-irradiated WiDr tumours.
In survival plots, 10 Gy irradiation of control tumours induced a significant growth delay of 14
days compared with non-irradiated tumours (Figure 4.8B). Irradiation of telmisartan-treated
tumours with 10 Gy induced a 31-day growth delay compared with non-irradiated tumours
(Figure 4.8B). These data indicate a significantly greater radiation-induced growth delay in
telmisartan-treated WiDr tumours. Overall these data indicate that the reduction in hypoxia
provided by telmisartan inhibits the development of a therapeutically significant radiation

resistant population within WiDr tumours.

4.3.5 Improved radiation response from telmisartan treatment is dependent on altering
the development of the tumour microenvironment

Clinical trials are currently ongoing testing the ARB losartan as an intervention for
pancreatic ductal adenocarcinoma with the intention of increasing the delivery of chemotherapy
to the tumour as was observed in pre-clinical study®>-8%236, Patients selected to the losartan arm

236

of the trial will receive losartan for a week prior to beginning chemotherapy=°. We were
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Figure 4.6 Telmisartan and pentoxifylline do not modify radiation sensitivity in vitro.

Clonogenic survival following x-irradiation is displayed for in vitro exposure of (A) WiDr cells to telmisartan, (B)
SiHa cells to telmisartan, (C) WiDr cells to pentoxifylline, and (D) SiHa cells to pentoxifylline. WiDr and SiHa cells
were plated and left to adhere to plates for four hours in normal MEM media +10% FBS before switching to either
fresh media, media containing DMSO, or media containing DMSO with either 1pM or 10 pM of the indicated drug.
Cells were incubated for 60 minutes prior to indicated doses of x-irradiation. After irradiation cells were switched to
fresh media containing 10% FBS and penicillin-streptomycin, incubated for two weeks, stained with malachite
green and colonies counted. Relative survival is plotted versus non-irradiated control within groups. Dunnett’s
multiple comparison test comparing each group to the DMSO group at each radiation dose concluded no significant

differences in any experiment.
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Figure 4.7 Telmisartan treatment reduces WiDr tumour cell survival following irradiation

Mice were subject to 10 Gy x-irradiation targeting the tumour. Plots display the clonogenic survival of (A) WiDr
and (B) SiHa tumours after plating efficiency correction from parallel cohorts of mice that were not irradiated.
All data are mean + SD, N = 6-8. Tukey multiple comparisons concluded that the only significant differences
present were in comparisons with the telmisartan(-)/pentoxifylline(-) group, * p < 0.05, ** p <0.01, *** p <
0.001, **** p <0.0001.
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Figure 4.8 Telmisartan treated WiDr tumours exhibit a significant radiation growth delay.

(A) Growth curves from twice weekly caliper measurements and (B) survival plots with events defined as tumour
volume reaching 1000 mm>. CTL = control, TEL = telmisartan, IR = 10 Gy irradiated. N = 8-9 mice per group,
growth curve plots display mean £ SEM. Statistical comparisons made on survival plot data using Log-rank test and
correction for multiple comparisons made using Benjamini-Hochberg method with a false discovery rate of 5%;
there was no difference in time to 1000 mm? for WiDr tumours in non-irradiated control versus non-irradiated
telmisartan treated mice, all other comparisons were significant.
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therefore interested in modeling our observed improvement in radiation response from
telmisartan treatment based on the ongoing clinical trial with losartan.

To investigate the ability of telmisartan to improve radiation response as a therapeutic
intervention, we again conducted a radiation growth-delay experiment irradiating WiDr tumours
with 10 Gy x-irradiation 26 days post-implant. However, mice were not started on telmisartan
until 18 days post-implant, thus mice were on telmisartan for a full week prior to irradiation
(Figure 4.9A). At the time of randomization into control or telmisartan-treated groups, tumours
were approximately 100 mm? (Figure 4.9). A parallel cohort of mice was not irradiated on day 26
and instead the tumours harvested to investigate the effects of delayed telmisartan treatment on
the tumour microenvironment. Delayed telmisartan treatment did not significantly affect the
Coll content of WiDr tumours (Figure 4.9B). There was a trend (p=0.07) towards reduced
tumour area positive for aSMA in telmisartan-treated WiDr tumours (Figure 4.9C). Delayed
telmisartan treatment did not affect the fraction of CD31+ blood vessels labelled by
intravenously injected Hoechst 33342 (Figure 4.9D). The fraction of WiDr tumour cells positive
for pimonidazole in flow cytometry was similar between telmisartan-treated tumours and
controls (Figure 4.9E). Tumour measurements were made twice per week (Figure 4.9F) and
survival curves produced as before with events defined as when tumours reached 1000 mm? in
volume (Figure 4.9G). We observed no difference in the time for WiDr tumour volume to reach
1000 mm? between control and telmisartan-treated mice. These data suggest that one week of
telmisartan treatment is not sufficient to modify tumour radiation response. However, these data
do support that the improvement in radiation response observed in Figure 4.8 was in fact
dependent on the hypothesized mechanism of telmisartan-induced reduction in aSMA+ CAFs
early in tumour development, reduced Coll content, and improved tumour perfusion, leading to

reduced hypoxia, and not due to an off-target mechanism of telmisartan.

4.4 Discussion

The current study identifies WiDr tumours as collagen-rich tumours with abundant
aSMA+ CAFs that exhibit significant microregional perfusion fluctuations and hypoxia.
Telmisartan significantly reduced both Coll and aSMA+ cells in WiDr tumours (Figure 4.2),
while improving whole tumour perfusion (Figure 4.3), stabilizing microregional perfusion

(Figure 4.3), decreasing hypoxia (Figure 4.5), and improving radiation response (Figure 4.8).
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Figure 4.9 Delayed telmisartan treatment does not modify radiation response

(A) Experiment timeline. Parallel cohorts of mice were harvested at day 0 without irradiation exposure. Displayed are
immunofluorescent microscopy quantification of the fraction of viable tumour area positive for (B) Coll and (C) aSMA, as
well as (D) the fraction of Hoechst 33342 perfused CD31 blood vessels. (E) The fraction of tumour cells positive for
pimonidazole was quantified using flow cytometry. (F) Growth curves and (G) survival plots were constructed as described
for Figure 4.8. For B-E, meant SD, N =6, Student’s unpaired t-test results are displayed, n.s. p > 0.05. For F and G, mean +
SEM N = 6, statistical comparisons are discussed in the main text.
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This proposed mechanism is summarised in Figure 4.10. SiHa tumours were nearly devoid of
aSMA+ cells, exhibited significantly less Coll, and neither tumour perfusion nor hypoxia
responded to telmisartan treatment, consistent with previous work suggesting ARBs act
specifically through reducing aSMA+ CAF activity®>. We found that losartan was less effective
in reducing Coll than telmisartan, which agrees with telmisartan’s greater affinity for
angiotensin II type 1 receptors, greater antagonism of angiotensin II in vasoconstriction assays,

234

and extended biological half-life compared to losartan=*. While other studies have observed

significant tumour microenvironment remodelling and perfusion changes induced by

losartan85,86,88—90

, our observations are consistent with previous work showing telmisartan was
superior to losartan in reducing Coll and increasing perfusion in orthotopic A549 lung tumour
xenografts®®. The greater efficacy of telmisartan in our study highlights the need to test multiple
ARBEs in future pre-clinical and clinical interventions designed to modify the tumour
microenvironment.

Blood vessel compression in collagen-rich tumours may be a source of microregional
pressure deregulation that could be partially responsible for transient hypoxia. We previously
showed that WiDr tumours, but not SiHa tumours, contain significant perfusion fluctuations and
transient hypoxia, and that pentoxifylline temporarily stabilizes perfusion and decreases
hypoxia®®. The lack of an additive effect of administering pentoxifylline to telmisartan-treated
WiDr tumours indicates that telmisartan reduces the development of transient hypoxia in these
tumours. Telmisartan also significantly increased the median distance between perfused blood
vessels and hypoxic cells (Figure 4.5), consistent with our previous work showing transiently
hypoxic cells are in relatively close proximity to tumour blood vessels®.

Collectively, the stabilization of microregional perfusion, lack of response to
pentoxifylline, and reduced population of hypoxic cells proximal to blood vessels all suggest that
telmisartan reduces the development of transient hypoxia in WiDr tumours. In turn, this suggests
tumours with high abundance of Coll and aSMA+ CAFs may be more likely to exhibit transient
hypoxia. Interestingly, telmisartan dramatically altered the microenvironment in WiDr tumours
without affecting tumour growth rates (Figure 4.8), indicating that tumour volume does not
predict the level of hypoxia within a solid tumour. Moreover, telmisartan reduced hypoxia and
improved radiation response of genetically identical WiDr tumours implanted into the same

mouse strain, indicating that transient hypoxia and response to radiation are at least partly driven
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Figure 4.10 Proposed mechanism for the effect of telmisartan on the WiDr tumour microenvironment

Untreated WiDr tumours have high levels of aSMA+ CAFs and Coll that compresses tumour blood vessels. Blood
vessel compression causes reduced net tumour blood flow, unstable microregional perfusion, and transient tumour
hypoxia that limits radiation response of the tumour. Telmisartan-treated WiDr tumours have fewer aSMA+ CAFs,
decreased Coll, increased net tumour blood flow, improved microregional perfusion through functional blood
vessels, decreased transient tumour hypoxia, and improved radiation response. Chronic hypoxia does not appear to
be significantly affected by telmisartan treatment.
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by CAF-mediated Coll deposition during tumour development. Overall, this study identifies
telmisartan as an intriguing tool for future pre-clinical study into transient hypoxia as the only
intervention able to reduce the development of transient hypoxia in solid tumours.

ARBs are widely prescribed anti-hypertensive medications that are also used to reduce
pathogenic fibrosis in patients. A recent meta-analysis designed to assess the effects of
angiotensin II system inhibitors on cancer outcome showed that ARB or angiotensin II
converting enzyme inhibitor (ACEi) users commonly represent between 15-30% of all cancer
patients?®. The influence of ARBs and ACEi on cancer therapy is an important clinical question,
and this meta-analysis found a global hazard ratio of 0.82 significantly in favour of ARB and
ACEi users across fifty-five studies including over 170,000 patients and various tumour sites>®.
The majority of our data, Figure 4.1 through Figure 4.8, essentially model this case where
patients are coincidentally taking angiotensin system inhibitors at the time of cancer diagnosis
and were presumably taking the drugs for some time prior, i.e. during tumour development.
Pending confirmation of Coll content and tumour perfusion in clinical tumours of ARB users
and non-users, the retrospective data appears to agree with our data and pre-clinical data from
others in that ARB usage favourably modifies tumour development. However, our observation of
no benefit from delayed telmisartan treatment does highlight the potential pitfall of a mechanism
reliant on modifying collagen deposition in that ARB intervention may either require a
significant period of time to be effective or that ARB treatment must begin early in tumour
growth. Further research will be required to determine exactly how ARBs should be applied as
interventions for radiation therapy.

Our data show that the ARB telmisartan stabilizes microregional tumour perfusion,
reduces the development of transient tumour hypoxia, and significantly improves radiation
response in human tumour xenografts. Our study provides the first evidence that telmisartan
improves radiation response, supporting further consideration of ARB usage in patients being

treated with radiation therapy.
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Chapter 5: Conclusions and future directions

5.1 Summary and contributions to the research field from Chapter 2

Chapter 2 of this thesis addressed the poor basic understanding of transient hypoxia by
investigating the rate of hypoxic cell turnover and distinguishing between chronic and transient
hypoxic cell loss. Briefly, we observed that chronically hypoxic tumour cells were the major
contributor to hypoxic cell loss in the first 48 hours after labelling hypoxic cells with
pimonidazole (Figure 2.8). Cells that could be classified as transiently hypoxic cells at the time
of labelling were the major contributors to hypoxic cell loss between 48-72 hours after labelling
(Figure 2.8). Further, we observe that the amount of hypoxic cell loss that could be attributed to
transiently hypoxic cells was similar to the total amount of transiently hypoxic cells estimated to
exist in WiDr tumours (Figure 2.8, Figure 2.9), suggesting that the vast majority of transiently
hypoxic cells were lost in this time period. We also observe that radiation-induced vascular
destruction preferentially kills transiently hypoxic tumour cells compared with chronically
hypoxic tumour cells (Figure 2.11).

Firstly, these data support the hypothesized ‘flow’ of tumour cells outwards from blood
vessels suggested by previous studies, progressively pushing tumour cells into regions of poorer
oxygenation and ultimately into regions of necrosis!!!:12%:132_ Qur observation of ordered cell loss,
chronically hypoxic cells followed by transiently hypoxic cells, supports the tumour cord model
depicting cells layered outwards from perfused blood vessels as: normoxic cells, transiently
hypoxic cells, chronically hypoxic cells, and necrosis. This tumour cord model is the accepted
view for the relative location of chronic and transient hypoxia22,

These data provide a defined limit for the lifetime of transiently hypoxic tumour cells in
vivo of 72 hours, that until now was unknown. Our lifetime data has clear implications for pre-
clinical modeling of transient hypoxia. First, our data support that transiently hypoxic tumour
cells likely reside at intermediate distances from perfused blood vessels, are sufficiently hypoxic
during periods of poor flow to label with 2-nitroimidazoles (Figure 2.9), and contribute to
tumour clonogenic survival following 10 Gy x-irradiation (Figure 2.11). These observations
suggest that transiently hypoxic cells experience oxygenation at or below 0.5% O> during
hypoxic periods. The published data observing only modest increases in tumour oxygenation

following pentoxifylline treatment!”!216-219.221.223 "a]ong with the modest fluctuations in
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perivascular oxygen content observed in intra-vital imaging experiments!!®, together suggest that
transiently hypoxic tumour cells experience moderate oxygenation (more likely 1-2% O> than
5% 0O3) during periods of reoxygenation. The published data suggest that oxygen fluctuations
occur on the order of 10-40 minutes in length3%-67-6%.7L.116-119.229 'Co]lectively, these data suggest
that future studies modeling transient hypoxia should cycle tumour cells between 2% O and
0.5% for 10-40 minute periods. The data from Chapter 2 would suggest a maximum protocol
length of 72 hours. To further model the observed ‘flow’ of tumour cells outwards from blood
vessels and into regions of more chronic and more severe hypoxia, it would likely be accurate to
limit cell exposure to cycles of hypoxia to 24 hours and switch to chronic hypoxia for an
additional 48 hours. However, the time at which transiently hypoxic cells come to occupy
regions of chronic hypoxia is not perfectly clear and would be better investigated by methods
that positively label transiently hypoxic cells as opposed to the negative selection employed in
this thesis.

Chapter 2 provides further evidence to the lifetime of chronically hypoxic cells, that to
date was directly investigated by only one study'?’. Similar to Ljungkvist et al., we find the total
hypoxic cell half-life for human tumours is in the range of 48 hours (Figure 2.8)!%. However,
our data imply the existence of two populations of chronically hypoxic tumour cells in WiDr
tumours. First, there is the population of chronically hypoxic tumour cells that are lost within the
first 48 hours after labelling. We also observe a population of hypoxic cells that survives the 96-
hour protocol. We estimate that the vast majority of the transiently hypoxic cells are lost between
48-72 hours after labelling, thus the hypoxic cells that survive the 96-hour protocol must have
been chronically hypoxic cells at the time of labelling. As discussed in Chapter 2, this implies the
existence of chronic hypoxia both in tumour cords that contain necrosis and in tumour cords that
do not yet contain necrosis. However, in both SiHa and WiDr tumours harvested 72 or 96 hours
after pimonidazole administration, we observe pimonidazole positive tumour cells to reside
exclusively in tumour regions adjacent to necrosis. Together, this implies either the movement of
chronically hypoxic cells from tumour cords without necrosis into tumour cords containing
necrosis, or the development of necrosis at the edge of existing tumour cords. Additionally, our
data suggest that transiently hypoxic tumour cells reside exclusively in tumour cords that contain
necrosis as no transiently hypoxic tumour cells survived through the 96-hour protocol. This

observation is in agreement with past predictions made from modelling blood flow and oxygen
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in intra-vital imaging, which concluded that the oxygenation of tumour regions with low vascular
density were most vulnerable to fluctuations in blood flow!®.

We find that both chronically and transiently hypoxic tumour cells contribute to tumour
cell survival following each radiation schedule, in similar proportion to their estimated
abundance in WiDr tumours (Figure 2.9, Figure 2.11). This further supports the existing
evidence that transiently hypoxic tumour cells are important considerations for tumour radiation
resistance®%:106.108.202.214.244 ‘We further find that 10 Gy of x-irradiation induced a decrease in the
density of Hoechst 33342 perfused CD31-positive blood vessels 24 hours post-irradiation,
leading to an increase in tumour hypoxia and induction of tumour cell killing (Figure 2.10,
Figure 2.11). This was not observed with either a single dose of 5 Gy or two doses of 5 Gy 6-
hours apart. These observations are in agreement with past reports that endothelial cell apoptosis
is induced by single doses of irradiation greater than ~8 Gy!®*!7%, Importantly, we observed that
transiently hypoxic tumour cells were disproportionately affected by radiation-induced vascular
destruction compared with chronically hypoxic tumour cells, and only a small minority (<15%)
of transient hypoxia-derived clonogens survived the indirect cell killing following 10 Gy (Figure
2.11). This suggests that transiently hypoxic tumour cells may be killed by large single doses of
radiation regardless of interventions aiming to reoxygenate transient hypoxia at the time of
irradiation.

Our data therefore have implications for studies testing the efficacy of interventions that
aim to reoxygenate transiently hypoxic tumour cells at the time of irradiation, such as
nicotinamide or pentoxifylline, as the majority of pre-clinical studies apply large single doses of
irradiation. The important distinction to make is between those studies that reach conclusions
based on clonogenic assay of tumours harvested soon after irradiation®®, compared with studies
that apply tumour control or growth delay assays where tumours are not harvested and therefore
subject to indirect radiation cell killing such as that caused by vascular destruction?%. Studies
employing tumour control and growth delay assays may underestimate the effect of
reoxygenating transiently hypoxic tumour cells on the direct radiation cytotoxicity, as this may
be masked by death of transiently hypoxic cells due to vascular destruction. On the other hand,
studies employing clonogenic assay will assess the effect of reoxygenating transient hypoxia on
the direct cytotoxicity of radiation because there will be no opportunity for vascular destruction
to cause indirect cell death. Tumour control or growth delay assays will better assess the effect of
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reoxygenating transiently hypoxic tumour cells in producing a tumour response, making these
assays better if translating the data to clinical practice applying hypo-fractionated radiotherapy.
However, most North American clinical practice applies traditional fractionated radiotherapy. To
translate to fractionated radiotherapy practice, it is arguably more important to understand the
ability of an intervention to modify the direct radiation cytotoxicity to transiently hypoxic
tumour cells, which would support use of clonogenic assays. Of course, the best pre-clinical
model of fractionated radiotherapy would be to conduct fractionated radiotherapy and assess
tumour control or growth delay. However, the response of the tumour microenvironment
regarding microregional perfusion stability and transient hypoxia during fractionated
radiotherapy is poorly characterized and future study in this direction may be informative before
testing interventions against transient hypoxia in this manner.

Overall, our data indicate that transiently hypoxic tumour cells are radiation resistant
cells that live longer than neighbouring chronically hypoxic tumour cells. However, our data
indicate that the longest-lived hypoxic cells in solid tumours are likely chronically hypoxic cells

in tumour cords without adjacent regions of necrosis.

5.2 Summary and contributions to the research field from Chapter 3

The aim of Chapter 3 was to validate 2-*F-FEtOH as a novel PET-based reporter of solid
tumour perfusion that could be used to investigate tumour response to perfusion-modifying
interventions2. Briefly, Chapter 3 found that 2-'®F-FEtOH uptake agreed with the established
perfusion reporter *C-IAP (Figure 3.4), distinguished between 67NR and 4T1 tumours based on
differences in perfusion (Figure 3.5, Figure 3.7), and accurately responded to nicotinamide,
pentoxifylline, and hydralazine (Figure 3.8, Figure 3.10). These data indicate that 2-'*F-FEtOH
is a functional reporter of solid tumour perfusion.

While Chapter 3 focused on the 67NR and 4T1 murine mammary carcinoma tumour
lines, further study of 2-*F-FEtOH was later conducted on WiDr and SiHa human tumour
xenografts (Figure 4.3, Figure 4.4, Figure 5.1, and data not included in this thesis). Experiments
on WiDr and SiHa tumours further support the ability of 2-"*F-FEtOH to report tumour
perfusion, including response to perfusion-modifying interventions. For example, the bulk
tumour perfusion response of WiDr tumours to pentoxifylline treatment was previously

published from the 32RbCl assay as demonstrating a large increase 15 minutes post-injection of
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Figure 5.1 WiDr tumour 2-"®F-FEtOH uptake after pentoxifylline

Response of bulk WiDr tumour perfusion to pentoxifylline treatment is time dependent. WiDr tumour 2-13F-
FEtOH uptake averaged across 8-10 minutes after radiotracer injection, detected by dynamic PET scan. 50

mg/kg of pentoxifylline was administered at indicated times prior to 2-'8F-FEtOH. Different shapes correspond
to different experiment dates.
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pentoxifylline, and a return to baseline 30 minutes post-injection®’. We have quantified 2-!8F-
FEtOH uptake in WiDr tumours 15, 20, or 30 minutes after pentoxifylline and reproduced the
same time dependent trend (Figure 5.1). As previously published, pentoxifylline treatment has no
effect on SiHa tumour perfusion, and we observed no significant effect of pentoxifylline on SiHa
tumour 2-*F-FEtOH uptake (Figure 4.4)>. In chapter 4, we further find that telmisartan
treatment significantly increased 2-!8F-FEtOH uptake in WiDr tumours (Figure 4.3). While we
did not validate that telmisartan was improving bulk WiDr tumour perfusion by an independent
method, the past research indicating that ARB-induced reduction in Coll and aSMA+ CAFs
leads to improved tumour perfusion supports that 2-'*F-FEtOH is again properly reporting
increased WiDr tumour perfusion with telmisartan treatment. Further, we have attempted
preliminary experiments quantifying 2-'*F-FEtOH uptake in losartan-treated WiDr tumours. In
these experiments there was no effect of losartan treatment on 2-!'8F-FEtOH uptake (data not
shown), in agreement with the lack of effect from losartan on WiDr tumour Coll or aSMA+
CAF content. Overall, these data support that tumour 2-!'8F-FEtOH uptake is reporting bulk
tumour perfusion and is responsive to perfusion-modifying interventions.

Therefore, 2-'8F-FEtOH represents an '8F-based reporter of solid tumour perfusion, and
2-8F-FEtOH remains the only validated '*F-based reporter of solid tumour perfusion. The longer
half-life of '¥F (~110 minutes) provides benefits compared to the majority of other validated PET
perfusion reporters (e.g. >O-H,0, half-life = ~2 minutes). First, it is possible to label molecules
with '8F (half-life ~110 minutes) and transport the radiotracer to distant locations without an on-
site cyclotron?®3. Such accessibility is not possible for radioisotopes such as '*O with very short
half-lives. The extended half-life of '*F also makes 2-'*F-FEtOH fit for detection via ex vivo
radiography (extended half-life is required for processing time of tumour excision, mounting,
sectioning, and detection). Current beta-imagers report resolution as low as 10 pm, approaching
that of common fluorescent microscopes (1-2 pm). This means 2-!'8F-FEtOH uptake may be
quantified in a micro-regional manner that may be more meaningfully compared with fluorescent
biomarkers of interest (e.g. pimonidazole) than would be possible with PET imaging alone.
Overall, 2-'8F-FEtOH provides many benefits over current perfusion reporters and is an

appealing option for future pre-clinical research interested in solid tumour perfusion.
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5.3 Summary and contributions to the research field from Chapter 4

Chapter 4 aimed to investigate the effects of ARBs on the tumour microenvironment,
with the hypothesis that ARB treatment would reduce transient hypoxia and improve tumour
radiation response. The findings from Chapter 4 included, briefly, that telmisartan and not
losartan treatment altered the development of the WiDr tumour microenvironment to reduce
Coll and aSMA+ CAF content (Figure 4.2), increase and stabilize tumour perfusion (Figure
4.3), reduce transient hypoxia (Figure 4.5), and increase tumour radiation response indicated by
both clonogenic assay (Figure 4.7) and radiation growth delay (Figure 4.8). These data indicate
that ARB treatment may improve tumour radiation response by reducing the development of
transient hypoxia in solid tumours.

These data add to the growing mechanism of ARB modification to the tumour
microenvironment. The currently proposed mechanism is that inhibition of AT1R receptors on
CAFs prevents their ability to activate and respond to extracellular TGFp, preventing further
activation into aSMA+ CAFs%. This ARB-induced decrease in aSMA+ CAFs results in reduced
Coll deposition, which reduces tumour stiffness and decompresses blood vessels to increase
tumour perfusion®3°. The data from Chapter 4 builds upon this mechanism by demonstrating
that ARB-induced increases in tumour perfusion may also stabilize microregional perfusion
(Figure 4.3) and reduce the development of transient hypoxia (Figure 4.5). These observations
may further inform research and application of ARBs, but also provide predictive data for how
other interventions modifying aSMA+ CAFs or Coll deposition in solid tumours will affect
tumour hypoxia.

The proposed and published applications of ARBs for cancer treatment are to increase
chemotherapy delivery to solid tumours (i.e. increased tumour perfusion resulting in increased
drug delivery)®®% and more recently to increase tumour response to immunotherapy?®*. This
thesis work demonstrates that ARB-induced modifications to the tumour microenvironment are
also of significant interest for radiotherapy. Recent estimates are that approximately 39% of
Canadian cancer patients receive some form of radiotherapy?®>. Combined with the recent data
suggesting that 15-30% of cancer patients coincidentally take angiotensin system inhibitors?3>, it
is clear that investigating the effect of ARB usage on radiotherapy may impact a large proportion
of cancer patients. As our findings suggest that telmisartan usage is beneficial for radiotherapy

response (Figure 4.8), our data do not suggest action is required for those patients coincidentally
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taking ARBs at the time of diagnosis. However, we did observe that losartan was unable to
reliably modify the WiDr tumour microenvironment, consistent with the known weaker activity

of losartan compared with telmisartan®3

. While the majority of studies on ARBs and cancer have
focused on losartan, our data is the second study to demonstrate that telmisartan is a much
stronger option®’. This has implications for the possible translation of ARBs in cancer, and our
data would support two immediate changes to future research. Firstly, all future retrospective
analyses of clinical data should record and report which specific ARBs patients were taking at
the time of diagnosis, as well as any history of ARB usage. This recommendation may allow for
sub-group analysis to eventually determine from clinical data if there is a difference between
losartan and any newer generation ARB on patient outcome, which currently is not available in
most reports. Second, future pre-clinical studies should continue to compare losartan with
telmisartan or another newer generation ARB. In the scenario that early prospective clinical trials
testing losartan treatment prior to initiating therapy (including the ongoing pancreatic ductal
adenocarcinoma clinical trial?*®) are negative, data in support of further options for translating
ARB:s to cancer therapy will be required. Overall, Chapter 4 indicates that ARB usage in some
form is likely beneficial for radiotherapy outcome. However, the work is not done to determine if
or for whom losartan is sufficient versus more potent ARBs such as telmisartan.

Regarding the translation of ARBs into cancer treatment, our data are not in support of
telmisartan as an intervention, as delayed telmisartan treatment failed to significantly affect any
of aSMA+ CAFs, Coll, perfusion, hypoxia, or radiation response (Figure 4.9). While most
studies treating tumour-bearing mice with ARBs treat for two weeks or more, at least one study
has reported significant changes in solid tumour perfusion from as few as 5 days of losartan
treatment®®. Therefore, it may be possible for ARBs to be applied as interventions for some
tumours and not others. Our negative observation should implore future studies to investigate
factors that may make tumours more or less susceptible to ARBs, and to develop novel drugs
that will improve our ability to target CAFs.

Finally, the research of Chapter 4 carries implications for the study of transient hypoxia.
As mentioned in Chapter 1, prior to our work there were no specific factors demonstrated to
predispose tumours to transient hypoxia and no interventions able to stably reduce transient
hypoxia in solid tumours. The work of Chapter 4 demonstrates that ARB treatment is able to

reduce the development of transient hypoxia in solid tumours. We display that ARB treated
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WiDr tumours exhibit stabilized microregional perfusion (Figure 4.3), that the median distance
of pimonidazole positive cells from perfused blood vessels is increased in telmisartan-treated
tumours (Figure 4.5), and that the hypoxic fraction and radiation-resistant fraction of telmisartan-
treated WiDr tumours can no longer be reoxygenated by pentoxifylline (Figure 4.5, Figure 4.7).
All of these data strongly support that telmisartan reduces the development of transient hypoxia
in solid tumours. This thesis therefore presents high aSMA+ CAFs and/or high Coll content as a
tumour microenvironmental feature that may cause or predispose tumours to experience transient
hypoxia. This finding alone provides important insight into the development of transient hypoxia
that was otherwise lacking and opens the door for investigation into the potential role of CAFs in
the development of tumour hypoxia. Further, we demonstrate telmisartan treatment stably
reduces the development of transient hypoxia in solid tumours without genetic manipulation of
the tumour cells or a significant change to tumour growth. This identifies telmisartan an
appealing tool for pre-clinical study interested in the role of transient hypoxia in tumour biology
in vivo, which to date has only been investigated by the laborious and extreme intervention of
gassing mice with cycles of low O (~8%) and regular O, gas®*??47. Overall, the data of Chapter

4 opens many doors for future research into the biology of transient hypoxia.

5.4 Future directions

This thesis largely focused on WiDr and SiHa human tumour xenografts grown in
immunodeficient mice based upon thorough previous characterization of these tumours.
Specifically, that WiDr tumours exhibit greater transient hypoxia compared with SiHa
tumours>?-67:68-229.230 " Characterization of further tumour lines would aid in the characterization of
transient hypoxia. Future study should investigate our novel findings regarding the lifetime of
transiently hypoxic tumour cells and impact of aSMA+ CAFs on transient hypoxia. However, as
of yet the only other tumour lines that are thoroughly characterized to exhibit transient hypoxia
are the murine squamous cell carcinoma SCCVII line and murine KHT sarcoma ling®3-646%71,
Murine tumour cells generally exhibit more rapid rates of proliferation and therefore may exhibit
significantly different phenotypes regarding tumour cell turnover!?%!2°, Thus, investigation into

the lifetime of transiently hypoxic tumour cells in SCCVII and KHT tumours may be informative

for the study of transient hypoxia in murine tumours, but overall further study of murine lines
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may be limited in application to the study of human tumours relative to our data from WiDr
tumours.

Therefore, another important avenue of future research will be the identification and
characterization of further human tumour models that exhibit transient hypoxia. Of particular
interest would be the identification of tumours that do and do not exhibit significant transient
hypoxia within the same tumour site, instead of comparing a colorectal adenocarcinoma and
cervical squamous cell carcinoma as in this thesis. However, prior to our work there were no
reported specific causes of transient hypoxia and therefore no indicators to identify tumours that
are most likely to exhibit transient hypoxia. Thus, this thesis presents a significant contribution to
the field in that we have uncovered a potential cause of transient hypoxia in Chapter 4, high
tumour Coll content and/or high content of aSMA+ CAFs. Ongoing research within the
Bennewith lab will be screening tumour xenografts produced from cervical and head and neck
human tumour lines for Coll and aSMA+ CAF content and characterizing these tumours for
transient hypoxia. Cervical and head and neck sites will be studied because radiotherapy is
commonly used to treat these sites, desmoplasia (i.e. tumour fibrosis) is associated with poor
patient outcome, and aSMA+ CAFs are associated with poor patient outcome!%>28, Tumour
lines grown in mice will be assessed for perfusion, Hoechst 33342-DiOC7 mismatch, and
response of tumour hypoxia to pentoxifylline in order to correlate Coll and aSMA+ CAF
content with transient hypoxia phenotypes. Telmisartan treatment may then be applied to
confirm that transient hypoxia phenotypes are indeed associated with aSMA+ CAFs and Coll
content. Identification of further human tumour lines that develop transient hypoxia in
association with aSMA+ CAFs and Coll will provide a greater resource to study the cause of
transient hypoxia.

We hypothesize that transient hypoxia phenotypes will be associated with increased
content of aSMA+ CAFs. It therefore may be possible to determine specific causes of transient
hypoxia in terms of tumour cell mutations or gene expression by determining what causes
tumour cells to recruit and/or activate fibroblasts. For instance, the abundance of aSMA+ CAFs
in thyroid cancer has been associated with Braf and PTEN mutations in tumour cells?®’.
Expression of mutant KRAS in pancreatic and colorectal cancer cells is observed to cause CAF-
like activation of normal fibroblasts?*®2%°, Thus, a search for specific factors leading to CAF

activation and potentially the development of transient hypoxia may begin with in vitro assays
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assessing CAF migration and activation in response to conditioned media from tumour cells
transfected with siRNA against genes in epidermal growth factor receptor (EGFR) and
phosphoinositide 3 kinase (PI3K) signaling pathways. Determining a specific cause, or set of
causes, of transient hypoxia may provide a biomarker of tumours that are more likely to exhibit
transient hypoxia and therefore more likely to benefit from interventions that will stabilize
tumour perfusion, such as telmisartan. It should also be noted that environmental exposures may
also regulate CAF activation, as researchers have found that exposure to smoke particles cause
epigenetic alterations in fibroblasts that alter their ability to acquire an activated phenotype upon
tumour implant®>?%°, Thus, CAF activation and the potential connection with the development of
transient hypoxia could be influenced by environmental factors in addition to tumour cell
genetics.

Identification of tumours that exhibit significant transient hypoxia would also be
improved by biomarkers specific to transiently hypoxic cells. Currently there are no published
biomarkers for transiently hypoxic tumour cells that distinguish them from chronically hypoxic
cells. However, there is evidence of distinct biology. For example, exposure of tumour cells to
cycles of hypoxia increases expression of many metastasis-related genes compared with
exposure to chronic hypoxia?*¢, while extended exposure to hypoxia may reduce expression of

248 Thus, it may be possible to

many DNA repair genes compared to short hypoxic exposures
produce at least a gene signature that could distinguish between tumour cells cultured in either
chronic or cyclic hypoxia in vitro, for which this thesis provides specific guidelines in order to
accurately model transient hypoxia (Chapter 2). To generate data derived from a solid tumour
rather than in vitro, single-cell RNA-seq could be employed to identify sub-populations of
hypoxic tumour cells. To ensure the genes identified are robust markers for specifically transient
or chronic hypoxia, one could enhance the population of transient hypoxia by exposing mice to
cycles of low (8% O2) and normal oxygen content gas or reduce the transient hypoxia population
via telmisartan treatment. Any identified candidate biomarkers could then be validated in vivo
comparing the labelling of tumour cells for the biomarker versus 2-nitroimidazoles with and
without pentoxifylline. Identifying a biomarker of transient hypoxia will be critical for clinical

translation of research regarding transient hypoxia as no high throughput method exists to

specifically investigate the presence of transient hypoxia in patient tumours.
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This thesis did not delve into the intriguing connection between transient hypoxia and
metastatic growth?*>246.247 However, the data from Chapter 4 identifies telmisartan as a tool that
may be capable of reducing the transient hypoxia population within tumours without completely
removing hypoxia, genetically modifying tumour cells, or significantly altering tumour growth.
Thus, genetically identical tumours of similar size may be assessed for metastatic propensity,
with the knowledge that telmisartan-treated mice exhibit reduced transient hypoxia. For this
research direction, the connection between telmisartan treatment and transient hypoxia would
have to be teased apart from the intermediary steps, including potential for an off-target effect of
telmisartan on tumour cell metastasis and confirming that the telmisartan-induced reduction in
aSMA+ CAFs is not altering metastasis aside from effects on producing transient hypoxia. These
studies may therefore require co-implanting tumour cells with genetically modified fibroblasts or
mesenchymal stem cells (MSCs). Previous study demonstrates that co-implant of tumour cells
with fibroblasts or MSCs significantly affects tumour growth and that modifying the fibroblasts
or MSCs in culture prior to implant significantly modifies the CAF population found upon
tumour harvest, overall supporting that the co-implanted fibroblasts become the dominant CAF
population in the tumour®!-2%4, With this experimental set-up, stable knockdown of ATIR
protein expression in fibroblasts may be applied to investigate the specificity of telmisartan
activity for modifying CAF activation, and stable knockdown of Coll protein expression in
fibroblasts may be applied to test the specificity for CAF activity as acting through Coll
production. This strategy would be an informative addition to the field of research implicating
transient hypoxia as a promoter of metastatic growth, as well as again providing a link to clinical
data. As mentioned previously, a 2017 meta-analysis of cancer patients coincidentally taking
angiotensin system inhibitors (ARBs or ACE1) found a global hazard ratio of 0.82 in favour of
angiotensin system inhibitor users?*°. The cause of this reduced hazard ratio for ARB/ACE:i users

85-89,236 or

may be due to improved chemotherapy delivery as suggested by previous studies
improved radiotherapy response as suggested by the work in this thesis (Chapter 4). Based on
our observation that ARB usage may reduce transient hypoxia, and past evidence that transient

hypoxia promotes metastasis?4>246.247

, one could also hypothesize that the improved outcome for
ARB/ACE:i users is due to reduced development of transient hypoxia and a resultant reduction in

metastatic dissemination. Future research investigating the effects of telmisartan, or other ARBs,
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on tumour metastasis may therefore provide a potential clinical link for translation of transient
hypoxia research into clinical care.

Since 15-30% of cancer patients are taking ARBs/ACE:i at the time of diagnosis it is
impactful to study this population even if ARBs will not be an effective therapeutic intervention.
However, it is worth noting that some data suggest short term ARB treatment may be sufficient
to modify tumour perfusion®”. Regardless, investigating ARBs provides a means to study how
reducing Coll, reducing aSMA+ CAFs, improving tumour perfusion, and stably reducing
transient hypoxia may affect outcome with the possibility to confirm with retrospective patient
data based on coincidental ARB usage. Based upon the building evidence of benefit from ARB
usage, future research may therefore investigate other strategies to, potentially more potently,
reduce tumour Coll and aSMA+ CAF. For example, ongoing research at BCCRC and UBC is
investigating therapeutics to inhibit AT1R signaling in aSMA+ CAFs without the blood
pressure-reducing effects of ARBs. Such a drug would allow for increased dose without risk of
hypotension, possibly accelerating the effect of reducing CAF activation and improving the
chance of drug efficacy as a true intervention. Response to Interventions aiming to reduce
activity of CAFs could potentially be monitored non-invasively if the target CAF subtype is
well-characterized and an appropriate radiotracer available. For example, non-invasive imaging
agents against FAP have been recently produced?®>**® and could potentially identify tumours
responding to ARB or other treatments. If FAP is identified as an indicator of response to ARBs,
then patients could be monitored for response and potentially allow for decision making on
whether a patient requires stronger ARBs such as telmisartan or if losartan is sufficient.

Overall, the literature suggests that transiently hypoxic tumour cells may be significant
contributors to radiation resistance and metastatic growth. The major barriers to translation of
research on transient hypoxia are the lack of a biomarker, poor fundamental understanding of
transient hypoxia, highly varied pre-clinical modeling, a lack of connection with clinical data,
and lack of interventions to stably modify transient hypoxia. This thesis work improves the
fundamental understanding of transient hypoxia and provides data on the lifetime of transiently
hypoxic tumour cells. This information may guide future pre-clinical modeling of transient
hypoxia, resulting in further improvements in the ability to study this phenomenon and develop
strong biomarkers for transiently hypoxic tumour cells. This thesis work also identifies specific

potential tumour microenvironmental features associated with transient hypoxia, Coll and
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aSMA+ CAFs, which may be potential biomarkers for tumours that contain transient hypoxia
that can be assessed in IHC of clinical samples. Further, we demonstrate that ARB treatment
may reduce the development of transient hypoxia in solid tumours, providing a pre-clinical tool
for stable reduction in the transient hypoxia population. If the connection between Coll and
aSMA+ CAFs with transient hypoxia is reproducible in further tumour lines, and the mechanism
of ARB usage reducing Coll and aSMA+ CAFs is reproducible in patients, then ARB usage also
provides a connection between pre-clinical data modifying transient hypoxia with retrospective

clinical data that may accelerate the translation of research on transient hypoxia.
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Appendices
Appendix A
A.1  Hagen-Poiseuille equation of laminar flow
Hagen-Poiseuille equation of laminar fluid flow in a cylindrical vessel relates the flow

rate to the pressure gradient between two points in the vessel and resistance to fluid flow. Flow
rate is proportional to the pressure gradient and inversely proportional to resistance?”’:
_Adp  mr*dp

R 8uL

Q

Q is the volume of fluid flowing in the vessel

Ap is the pressure gradient

R is the resistance to flow

r is the vessel radius

u is the viscosity of the fluid

L is the length of the vessel, commonly substituted for 2r in cases of infinitely long or
continuous vessels.

As can be inferred from the above equation, resistance to flow is proportional to the
viscosity of the fluid and length of the vessel. Resistance is inversely proportional to the fourth

power of the vessel radius. Resistance may be expressed as follows:
_ 8uL
ot

A.2  Tumour Kinetics equations and examples

Potential doubling time (Tyor) is the time that it would take for a tumour to double in size
with no cell loss or turnover.

Tpot = Z_;'

Where T. is the cell cycle time and GF is the growth fraction. T and GF can be measured
in model tumours by labelling proliferating tumour cells with uridine analogues to identify cells
in S phase and harvesting at a known time later. Example, Tc = 24 hours, GF = 50% = 0.5.

T Tc _ 24hr
POL™GF 05

= 48hr
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Therefore, the potential doubling time of the above hypothetical tumour is 48 hours.
However, tumours do not typically grow at the rate predicted by Tpot. Instead, the cell loss factor
() is calculated by comparing the true doubling time (Tp), measured by imaging or calipers, to
Tpot:

Tpot
Tp

o=1-(7)

Where ¢ indicates how many tumour cells are lost from the tumour for each cell division.
For example, a ¢ of 1 indicates that 1 tumour cell is lost for each cell division. A ¢ of 1 indicates
no net tissue growth. A ¢ of 0 indicates that Ty and Tp are equal and therefore no cell loss
occurs during tumour growth. Tumours exhibit a wide range of ¢ values, although typically

greater than 0.5, indicating inefficient growth with cell loss.
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