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ABSTRACT

NOVEL "H MR PROBES TO INTERROGATE THE TUMOR MICROENVIRONMENT

Praveen K. Gulaka, PhD
The University of Texas at Arlington, 2011

Supervising Professor: Vikram D. Kodibagkar
The term “tumor microenvironment” usually refers to the description of the
physiological and metabolic conditions within solid tumors (primary or metastatic), and is
significantly different from that of normal tissues. Assessment of factors like pH, tissue oxygen
tension (pO,) and gene expression in the tumor microenvironment and the ability to image them
in vivo can provide useful prognostic information. For example, hypoxia (low pO,), typically
distributed heterogeneously in solid tumors, is known to affect both radiation sensitivity and the
development of metastases thereby influencing the response to treatment. This dissertation
research focuses on the evaluation of novel probes to interrogate the tumor microenvironment
using proton (*H) magnetic resonance imaging (MRI), specifically hypoxia and gene expression.
For the assessment of hypoxia, hexamethyldisiloxane (HMDSO) has been reported as
a 'H MR based pO, reporter molecule by in vivo spectroscopy and imaging using Proton
Imaging of Siloxanes to Map Tissue Oxygenation Levels (PISTOL) technique. In further
improvement of the technique, | evaluated HMDSO based nanoemulsions and various other

siloxanes as quantitative 'H MR pO, reporter molecules (Chapter 2). These reporter molecules
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exhibited a linear dependence of the spin lattice relaxation rate (R;) on pO,. HMDSO based
nanoemulsions were further used in an in vivo feasibility study showing dynamic changes in rat
thigh tissue oxygenation following an intramuscular injection in response to hyperoxic gas
(normobaric and hyperbaric oxygen) breathing, thus showing the feasibility for use of these
nanoemulsions as pO, nanoprobes for systemic delivery.

Another strategy for hypoxia imaging has been the use of 2-nitroimidazole based
agents which selectively accumulated in hypoxic regions. In this dissertation, | report the in vitro
and in vivo evaluation of GADOTA monoamide conjugate of 2-nitroimidazole, GdADO3NI, as a
novel hypoxia targeting MRI T, contrast agent (Chapter 3). A higher uptake of GADO3NI was
observed in cells incubated under hypoxic conditions as well as hypoxic regions of Dunning
R3327 AT1 prostate tumors. The MR observations were validated through inductively coupled
plasma mass spectroscopic analysis. Further, | demonstrated the ability of GADO3NI in
monitoring the effect of hyperoxic (100% oxygen) gas breathing on modifying hypoxia in AT1
and HI tumors. Thus, GdADO3NI shows promise as a hypoxia targeting small molecular contrast
agent, enabling the assessment of hypoxia at very high spatial resolution.

For the assessment of gene expression, development of noninvasive imaging based
reporter molecules has been an active area of study. In this dissertation, | evaluated a novel
platform with enhanced T, and T, relaxation properties, for detecting (-gal activity in lacZ
transfected cells using novel analogs of the product of cleavage of commercially available
substrate S-Gal® (Chapter 4). The synthesized mono and di- galactopyranosides (MGD and GD
respectively) showed differential relaxation enhancements in vitro and the molecule C3-GD was
identified as the optimal candidate for in vivo studies. Following intra-tumoral injection of C3-GD
and ferric ammonium citrate solution in the lacZ transfected tumors, a pronounced shortening of
T, & T, values was observed when compared to baseline, and persisted over 2 hours. This is
attributed to the formation of an iron complex following chelation of aglycones produced by -

gal activity. Thus C3-GD shows great promise as a 'H MR gene reporter molecule.
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CHAPTER 1

INTRODUCTION

1.1 Tumor microenvironment

Cancer is a disease characterized by uncontrolled proliferation of abnormal cells with
reduced apoptosis and potential to metastasize. In most cases, this uncontrolled cell growth
causes the formation of tumors, either solid or dispersed (1). In solid tumors, cancer cells
proliferate in one place forming a mass which might further metastasize to other organs (e.g.
cancers of lung, breast, prostate, brain etc). In dispersed or non — solid tumors the abnormal
cells are dispersed throughout the body (e.g. leukemias, lymphomas).

The term “tumor microenvironment” usually refers to the description of the physiological
and metabolic conditions within solid tumors (primary or metastatic), and is significantly different
from that of normal tissues (2). These differences arise due to the irregular vasculature of
tumors causing significant perfusion heterogeneities resulting in hypoxic regions. Changes in
acid — base homeostasis results in reduced buffering capacity of tumor interstitial fluid when
compared to normal tissue and this, in combination with poor perfusion and increased lactic
acid secretion (3) results in acidic extracellular pH (pHg) in tumors . The low pH, and low tissue
oxygen tension (pO,) in tumor microenvironment have been shown to up-regulate proteolytic
enzyme expression and enhance their enzymatic activities (4). Collectively these
factors, promote metastasis and invasion, inhibit DNA repair mechanisms and induce resistance
to therapies (5).

As the tumor microenvironment has such a crucial role in carcinogenesis and
metastasis, it represents a target not only for cancer therapy but also for preventive strategies.
Therefore, accurate noninvasive imaging of pO, pH, perfusion, enzymatic and metabolic

characteristics in the tumor microenvironment are critical. This dissertation research primarily
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focuses on the in vitro and in vivo evaluation of novel probes to interrogate the tumor
microenvironment using proton (‘*H) magnetic resonance imaging (MRI), specifically hypoxia

and gene expression.

1.1.1 Vasculature and oxygenation

Tumor vasculature is created through two processes: cooption of normal
vasculature and angiogenesis. The first process, cooption of normal vasculature, occurs
because the tumors are abnormal cells that gradually replace the normal tissue. The second
means of forming tumor vasculature, angiogenesis, occurs due to the biochemical signals sent
by the tumor cells to the nearby vessels when they outgrow the diffusion distance of oxygen (6).

Additionally, due to the rapid growth of the tumors, the blood vessels tend to be poorly or

abnormally developed.

v

Figure 1.1 Scanning electron microscopic images of vascular casts of a) Normal colon tissue
and b) nearby colorectal cancer [Adapted from (7)].
This abnormal / immature vasculature typically has characteristics such as increased
permeability, vessel diameter, vessel length, vessel density and tortuosity resulting from

incomplete endothelium, lack of pericytes and other components of the vessel wall (8).



All these factors make tumor vasculature both structurally and functionally different
from normal vessels and lead to an impaired oxygen supply to tumor cells. This reduction in
supply compounded by the increase in consumption leads to creation of hypoxic (pO, < 10
mmHg) regions in tumors. Another important characteristic of tumor microenvironment is the
dearth of lymphatic vessels. This leads to a decrease in the drainage of interstitial fluids and to
an increase of interstitial pressure; causing some of the tumor blood vessels to collapse, further

reducing the supply of oxygen and nutrients to tumor cells.
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Figure 1.2 Schematic illustration of tumor cells growing around feeding capillaries from which
the cells receive their oxygen and nutrient supply. The left side shows that as oxygen diffuses
out from the vessel it is consumed thus creating an oxygen gradient, with the outermost viable
cells becoming oxygen deprived or chronically hypoxic. On the right side, blood perfusion
through the vessel has been temporarily stopped, thus making all the cells oxygen deprived or
acutely hypoxic. Figure modified from (9).



Consequently, tumor tissues are characterized by the presence of two types of
hypoxia. Limited diffusion of oxygen into tissues due to the particular characteristics of tumor
vasculature generates chronic hypoxia also termed diffusion limited hypoxia. Alternatively, poor
blood perfusion in the tumor blood vessels leads to acute hypoxia also known as perfusion

limited or cyclic hypoxia (Fig 1.2).

1.1.2 Significance of measuring pO, and enzyme activity.

Oxygen delivery is crucial for the efficient functioning of most tissues. Hypoxia or low
tissue oxygen tension (pO, < 10 mmHg) has been shown to promote the malignant progression
of cancer, induce genes promoting angiogenesis, and reduce the efficacy of various therapies
(10-12). There is increasing evidence for tumor hypoxia as a powerful physiological stimulus
that can be exploited as a tumor-specific condition, allowing for the design of hypoxia-activated
anticancer drugs (13) or novel hypoxia-regulated gene therapy strategies (14). A strong
argument therefore exists for assessing the hypoxic fraction of tumors prior to patient treatment,
and to tailor this treatment accordingly. It has been hoped that modulation of tumor oxygenation
could be applied to enhance therapeutic efficacy, but till now effective oximetry methods have
been lacking in the clinic. Thus, the opportunity to measure pO, noninvasively may be
significant in understanding mechanisms of tissue function and in clinical prognosis.

The acidic pH. and hypoxia in the tumor microenvironment have been implicated in
activating several transcription factors (e.g; HIF-1) leading to the up-regulation of various genes
encoding matrix degrading enzymes (e.g; matrix metalloproteinases —MMPs, cathepsins etc)
(15). These enzymes are known to promote invasive growth and metastasis of tumors (4).
Therefore there exists a strong need for the development of noninvasive imaging methods
based on appropriate reporter molecules, to assess gene expression through enzymatic activity

thereby enabling gene therapy.



1.1.3 Existing methods for measuring pO,

Many MR and non-MR based techniques have been developed to assess tumor
oxygenation as reviewed recently (16,17). Non-MR-based methods include: polarographic
oxygen electrodes (18), fluorescence imaging (19), phosphorescence quenching (20), near-
infrared spectroscopy (21), SPECT (22) and PET (23,24) imaging. MR-based methods include:
blood oxygen level dependent (BOLD) imaging (25), electron paramagnetic resonance
(EPR/ESR) (26), fluorocarbon relaxometry (27) using echo planar imaging for dynamic oxygen
mapping (FREDOM) (28). MRI based approaches are particularly suitable for noninvasive,
multiple, repeat measurements to observe dynamic changes in tissue oxygenation in response
to intervention. Another popular way of assessing hypoxia exploits the principle of selective
enzyme mediated reduction of nitro group of 2-nitroimidazole containing compounds under
hypoxic conditions (16). Currently, [*°F]Fluoromisonidazole (**F-MISO) (29,30) and Cu-labelled
diacetyl-bis (N(4)- methyl thiosemicarbazone (Cu-ATSM) (23) are being used as hypoxia
targeting PET imaging agents whereas [lgF] Tri-Fluoromisonidazole (TF- MISO) (31) has been

used an MRI technique to qualitatively image hypoxia.

1.2 Magnetic resonance relaxometry

Introduction of a sample into a magnetic field, By, causes the nuclear spins to precess
about B, along the field direction. Excitation by an RF pulse forces the magnetic moments
(consequently, the magnetization vector) into phase unity, while increasing the angle between
the magnetization vector and the By field. Relaxation is the process by which the magnetization
returns to its equilibrium configuration. Recovery of the magnetization along the longitudinal axis
of the By field is called T, relaxation and the loss of phase coherence in the transverse plane is
described by T, relaxation. Relaxometry is the study of measuring characteristic relaxation

parameters with NMR or MRI.



1.2.1 Spin-lattice (Longitudinal) relaxation

The term spin-lattice or longitudinal (T,) relaxation refers to the recovery of the
magnetization component parallel to the external field following an RF excitation (Fig 1.3).
During the longitudinal relaxation process, spins dissipate extra energy (absorbed from the
excitation RF pulse) to their environment through spin-lattice interaction. This relaxation process
as represented in Eqn [1.1] is governed by an exponential time constant T,, which can be
measured by saturation recovery (90° RF pulse, a=1) or inversion recovery (180° RF pulse,

a=2) based sequences.

M, () = M, (1-ae'"“) [1.1]

Equilibrium  Excitation Relaxation

M (0) = M,

In the presence of a contrast agent

a =900

Tinew Tq Time (s}

Longitudinal relaxation time - T,

Figure 1.3 Schematic of the T, relaxation process following excitation by a 90°R F pulse.



1.2.2 Spin-spin (Transverse) relaxation

Spin-spin or transverse relaxation is the process by which the magnetization in the
transverse plane loses its phase coherence. Excitation of the net magnetization by a 90° RF
pulse, flips the magnetization, My, into the transverse plane with phase coherence. Following
this, spins experience fluctuating dipole fields generated by the random motions of neighboring
nuclei. During this stochastic process, spins gradually collect different phases (dephasing) and
lose coherence manifesting into the attenuation of MR signal. This process follows an

exponential decay characterized by the transverse relaxation time constant T, as in Eqn [1.2].

Mxy(t) =My e /T [1.2]
Equilibrium  Excitation Relaxation
Z
=
B M,
T
M, (0} = M,
In the presence of a contrast agent
z 1y
o =90¢ = \

I N

Totiew T2 Time (ms)

- - *
Transverse relaxationtime—-T,

Figure 1.4 Schematic of the T,* relaxation process following excitation by a 90° RF pulse.
While T, relaxation is inherently a stochastic process arising from the random Brownian
motion of molecules, additional dephasing could happen as a result of molecular diffusion, field
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inhomogeneities and susceptibility gradients. This results in a shortened relaxation time called
apparent transverse relaxation time (Fig 1.4) and denoted as T,*. Dephasing due to magnetic
field inhomogeneities is determinative and its effect can be removed by applying a 180° RF
pulse. Therefore, the ‘true’ transverse relaxation time T, is measured using a spin echo (SE)
sequence with a 180° refocusing pulse, while the ap parent transverse relaxation time T,* is

measured using a gradient echo (GRE) sequence without a 180°refocusing pulse.

1.2.3 Paramagnetic relaxation enhancement

Paramagnetic species are substances which have unpaired electrons giving rise to a
permanent magnetic moment. In the absence of an applied magnetic field, these magnetic
moments align randomly but in the presence of an externally applied magnetic field, they align
in the field direction. The local magnetic field fluctuations produced by paramagnetic substances
enhances relaxation thereby shortens the spin-lattice (T,) and spin-spin relaxation times (T,) of
neighboring nuclei. This process is termed as paramagnetic relaxation enhancement (PRE)
(32). The paramagnetic contrast agents used to date are molecular oxygen, stable free radicals
(ex. nitroxide radical) and metal ions (ex. many transition metal ions and lanthanides).

The paramagnetic relaxation of the solvent nuclei originates from the dipole-dipole
interactions between the solvent nuclear spins and the fluctuating local magnetic field caused
by the unpaired electron spins of the paramagnetic contrast agent. Therefore relaxation rates
(R; = 1/T,; and R, = 1/T,) observed for solvent nuclei in the presence of paramagnetic solute
substances can be attributed to the diamagnetic (intrinsic) and paramagnetic (additional)
relaxations as given by Eqgn [1.3].

Riobsa = Ria* Rip i=1,2 [1.3]



where R; opsq IS the observed relaxation solvent relaxation rate in the presence of paramagnetic
species, R; 4 is the diamagnetic solvent relaxation rate in the absence of a paramagnetic
species and R; ; is the relaxation due to paramagnetic contributions.

In the absence of solute-solute interactions, the solvent relaxation rates are linearly

proportional to the concentration of the paramagnetic species [M] given by Eqn [1.4]

Ri obsa = Ri q + 1i[M] i=1,2 [1.4]

where ‘r{ is the relaxivity which is defined as slope of the relaxation rate and
concentration curve.

Further, solvent interaction with the metal ion is classified into three types (Fig 1.5): (1)
primary coordination sphere (inner-sphere relaxation), (2) hydrogen-bonded molecules in the

secondary coordination sphere, and (3) bulk solvent that translationally diffuses past the metal

ion (outer-sphere relaxation).

Figure 1.5 Schematic showing the relaxation coordination spheres of water: inner-sphere,
secondary-sphere, and bulk water in the presence of a paramagnetic Gadolinium chelate
[Adapted from (33)].

9



The inner sphere contribution is due to the interactions between paramagnetic electron
spins and the solvent nuclei in the first coordination sphere of the metal ion that are in constant
exchange with the bulk solvent. Second coordination sphere contribution to relaxation is not well
understood. It is often combined with the relaxation due to translational diffusion of solvent
molecules past the metal ion and termed as outer-sphere relaxation. Therefore the total
paramagnetic relaxation enhancement can be given by Eqn [1.5]

R

R + R

i, outer-sphere

i, p = ™, inner-sphere i=1,2 [1'5]
According to the Solomon, Bloembergen and Morgan theory, the inner-sphere contributions to
longitudinal and transverse relaxation can be expressed as functions of the mole fraction of
metal ion per solvent molecule (P,), the number of solvent nuclei per metal ion (g), and the

average residence time of the solvent molecule in the complex (t ., the reciprocal of the solvent

exchange rate) given by Eqns [1.6] and [1.7].

1 Png [1.6]

T1, inner-sphere Timt Tm

[1.7]
1 — Pt Tom(ti + Tom) + Ao,
T2, inner-sphere "t (T;rl + T_21m)2 + szm

The “m” subscript in Egn [1.7] refers to the solvent molecule in the inner-sphere, and
Ao, is the difference in Larmor frequencies between the inner coordination sphere and the bulk
solvent reference.

Outer-sphere relaxation is often described by translational diffusion of the solvent
molecules past the metal complex. This contribution to relaxation is approached based upon a
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rigid-sphere model where the solvent molecules and metal complex are treated as hard spheres
(33).

T, relaxation observed by using Gd** -based MR contrast agents is predominantly due
to the inner- sphere relaxation mechanism. T, / T,* relaxation observed when using super
paramagnetic iron oxide particles is due to outer-sphere relaxation (34). These particles exhibit
very high magnetic moments due to cooperative alignment of electron spins of individual ions

causing fluctuating dipole interactions with surrounding nuclear spins (altering water relaxation).

1.2.4 Quantitative MR oximetry using PISTOL

Quantitative MR oximetry based on exogenous pO, reporter molecules (35) has been
shown to be an extremely useful, minimally invasive technique for tumor stratification based on
response to hyperoxic gas breathing (35). Molecular oxygen is paramagnetic and therefore
tends to shorten nuclear spin-lattice relaxation times, T, in solution or in vivo. Most of the NMR
oximetry applications utilize the linear dependence of the longitudinal (spin-lattice) relaxation
rate (R;=1/T;) of reporter molecules on the partial pressure of oxygen (35). Two essential
characteristics of the reporter molecules that are critical for in vivo oximetry are high oxygen
solubility and hydrophobicity. Hydrophobicity ensures the exchange of gases between the
reporter molecule and surrounding tissue, while preventing the exchange of aqueous ions,
which could affect R;. Most perfluorocarbons (PFCs) and siloxanes (linear and cyclic polymers
of HMDSO) satisfy these criteria.

Our research group has previously measured tumor oxygen dynamics with respect to
growth and respiratory challenge by = spectroscopy and imaging (28,36-41). The technology
using the reporter molecule, hexaflurobenzene, exploits the exceptional response of the °F
NMR spin-lattice relaxation rate to changes in oxygen tension (38). The technique has many
virtues for investigating solid tumors in animals. Unfortunately, most centers do not currently

have a clinical MR system with YE MR capabilities and this has impeded the use of =
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based tissue oximetry in the clinical setting. Hence, 'H pO, reporter molecules could be

valuable clinical tools to routinely measure tissue oxygenation.
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Figure 1.6 a) Structure of hexamethyldisiloxane (HMDSO). b) Effect of temperature on the
relationship between R; and pO, of HMDSO. Linear fit to data at 37 T (dotted line) from 0-160
torr yields R; [s™] = 0.1126 + 0.0013* pO, [torr] (R*>0.999).

Dr. Kodibagkar and our group has previously identified the potential of
hexamethyldisiloxane (HMDSO) as a ‘H based pO, reporter molecule by in vivo spectroscopy

(42) and imaging (43) using Proton Imaging of Siloxanes to Map Tissue Oxygenation Levels

(PISTOL) technique. HMDSO (Fig 1.6a) has a single ‘H resonance and shows exceptional
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sensitivity to changes in pO, with relatively little response to temperature (Fig 1.6b). The linear
dependence of HMDSO R; on pO, can be explained by considering two pools of protons, those
with and without oxygen in their vicinity. The protons free of oxygen have a diamagnetic
longitudinal relaxation rate of Ryq, the ones in the vicinity of have a longitudinal relaxation rate of
Rig + Ryp, Where Ry, is the paramagnetic contribution of oxygen. Since the oxygen molecules
rapidly diffuse in the solvent, the observed relaxation rate for each type of proton is a molar
weighted average. If x is the molar fraction of dissolved oxygen, the net relaxation rate can be
defined as
Ri=(1—-x) *Ryg+X*(Rig+Ryp) = Ryg +x*Ryp [1.8]
where R; = net relaxation rate of the probe.
R14 = anoxic component of the relaxation rate.
R1, = Paramagnetic component of the relaxation rate due to contribution of oxygen.
As per Henry's law, the dissolved mole fraction is directly related to the partial pressure
of oxygen.
PO, = k+x [1.9]
where k is a constant that determines the solubility of oxygen. Thus the net relaxation
rate becomes a linear dependence of R; on pO,
[1.10]
Ry =A"+B'*p0O,

with the intercept of A’ = R;4 and a slope of B’ (= Ry, / k).

Since longitudinal relaxation rate is a function of temperature we assume a linear
dependence of constants A’ and B’ on temperature (for relevant physiological range) which
empirically can be defined as in Eqn [1.11]

A'=A+Cx*T [1.11]

B'=B+DxT
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Substituting value of A’ and B’ in Eqn [1.10] results in a temperature dependent model (Eqn

[1.12]) for net relaxation rate R,

Ri=A+B*p0;+C+T+Dx*Txp0O, [1.12]

Using this equation oxygenation levels and errors in pO2/°C at a particular oxygenation
level or temperature can be determined quantitatively, leading to accurate and reliable
guantification.

For imaging of tissue oxygenation, our group developed the PISTOL pulse sequence
(43) (Fig 1.7). It consists of a) 20 non-selective saturation pulses followed by a delay tau (7) for
magnetization recovery, b) 3 CHESS pulses for optional frequency selective saturation of water
and fat immediately followed by c) a spin-echo EPI acquisition, consisting of a frequency

selective n/2 pulse (on-resonance for HMDSO), a slice selective = pulse, and an EPI readout.

Saturation HMDSO frequency Slice selective
pulsetrain selective /2 pulse 7 pulse
l CHESS
RF III" ‘m.“_‘.‘ ' '
T
Gss ) ' A
Gee A 2@0Z0Z0ZMNWWWWWWWWA

Figure 1.7 Pulse sequence for PISTOL
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CHAPTER 2
INVESTIGATING THE POTENTIAL OF NOVEL SILOXANE BASED ‘H MR PO, REPORTER
PROBES
2.1 Abstract

Quantitative in vivo oximetry has been reported using >F MRI in conjunction with
reporter molecules for tissue oxygenation (pO,) such as perfluorocarbons. Recently,
hexamethyldisiloxane (HMDSQO) was proposed as a promising alternative reporter molecule for
'H MRI-based measurement of pO,. In this study, | investigated various linear and cyclic
siloxanes of different chain lengths as pO, sensing reporter molecules. To aid biocompatibility
for potential systemic administration, various nanoemulsion formulations were prepared using a
wide range of HMDSO volume-fractions and HMDSO/surfactant ratios. Calibration curves (R;
vs p0O,) for all the siloxanes and emulsion formulations were found to be linear. The calibration
curves of emulsions were similar to neat HMDSO for low surfactant concentrations (<10% v/v).
Small temperature dependence in the calibration curves was observed, similar to previous
report on neat HMDSO. These were characterized to be ~1 torr/°C for HMDSO emulsion and
~1.4 torr/°C for octamethyltrisiloxane (OMTSO) under hypoxic conditions. To demonstrate
application in vivo, 100 pl of nanoemulsion formulation consisting of 40% v/v HMDSO and 5%
vlv HS-15, was administered into healthy rat thigh muscle. Dynamic changes in mean thigh
tissue pO, were measured using the Proton Imaging of Siloxanes to map Tissue Oxygenation
Levels (PISTOL) technique in response to hyperoxic gas breathing challenge. Changing the
inhaled gas from air to normobaric oxygen (NBO) increased the mean thigh muscle pO, from
49.7 £ 10 torr to 178.5 £ 55 torr which then returned back to baseline pO, value of 55.8 + 14 torr
on air breathing. During hyperbaric oxygen (HBO) challenge the mean thigh muscle pO,

increased to 437+ 97 torr. 1-way ANOVA followed by Dunnett’'s multiple comparison test found
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significant increase in pO, values during NBO and HBO interventions when compared to initial
baseline pO, and no significant differences while animal breathed air in between interventions.
These results demonstrate the feasibility of using various siloxanes and HMDSO
nanoemulsions as probes of pO, and their utility to assess oxygen dynamics in vivo, further

developing quantitative 'H MRI oximetry.

2.2 Introduction

Oxygen delivery is crucial for the efficient functioning of most tissues. Hypoxia or low
tissue oxygen tension (pO,) has been shown to promote the malignant progression of cancer,
induce genes promoting angiogenesis, and reduce the efficacy of various therapies (10,12).
There is increasing evidence for tumor hypoxia as a powerful physiological stimulus that can be
exploited as a tumor-specific condition, allowing for the design of hypoxia-activated anticancer
drugs (13) or novel hypoxia-regulated gene therapy strategies (14). Therefore, accurate and
repetitive evaluation of tissue oxygen content (pO,) noninvasively in response to interventions
at various stages of growth should provide a better understanding of tumor response to therapy,
potentially allowing therapy to be tailored to individual characteristics. Many MR and non-MR
based techniques have been developed to assess tumor oxygenation as reviewed recently
(16,17). In particular, quantitative NMR oximetry based on exogenous pO, reporter molecules
(35) has been shown to be an extremely useful, minimally invasive technique for tumor
stratification based on response to hyperoxic gas breathing (17).

Our research group has previously shown that tumor pO, measurements using YFE MRI
of the reporter molecule hexafluorobenzene correlated well with response to radiotherapy in two
Dunning prostate R3327 rat tumor types (37,44). However °F MRI remains somewhat esoteric
for clinical applications and we have recently identified hexamethyldisiloxane (HMDSO) as a
analogous 'H MR probe of pO, and shown the feasibility of tissue oximetry using ‘H MR

spectroscopic relaxometry (42). We also implemented an imaging based method: Proton
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Imaging of Siloxanes to map Tissue Oxygenation Levels (PISTOL) for spatial mapping of pO,
(43). PISTOL uses an echo planar imaging sequence, which provides pO, measurements with
a temporal resolution of 3.5 min and spatial resolution of ~1.5-4 mm®. The technique has many
virtues for investigating solid tumors in animals: 1) high sensitivity to changes in pO, and
minimal sensitivity to temperature, 2) ability to provide pO, maps enabling the assessment of
pO, at multiple locations simultaneously, thereby revealing both baseline heterogeneity and
differential response to intervention and 3) potential for translation, since it is a ‘H MR

technique.

(@) (b)

(d)

Figure 2.1 Structures of the various linear siloxanes characterized in this study.
a) Hexamethyldisiloxane (HMDSO), b) Octamethyltrisiloxane (OMTSO),
c) Decamethyltetrasiloxane (DMTSO), d) Dodecamethylpentasiloxane (DDMPSO),
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(b)

Figure 2.2 Structures of the cyclic siloxanes characterized in this study.
a) Octamethylcyclotetrasiloxane (OMCTSO) and b) Decamethylcyclopentasiloxane (DMCPSO).

Sub-micron and nanoemulsions have long been established as drug delivery systems
for either lipophilic or hydrophobic substances. The main reasons for using emulsions include
solubilization of poorly water-soluble drugs and imaging probes, reduction of toxicity and
possibly targeted delivery to various organs (45). HMDSO is lipophilic and immiscible in
aqueous solutions which could preclude systemic delivery and/or functional modifications for
targeting unless emulsified. The main aim of this study is the preparation and characterization of

HMDSO nanoemulsions for use in vivo. Vitamin E d-alpha tocopheryl polyethylene glycol 1000
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succinate (VE-TPGS) is a biocompatible, water-soluble derivative of natural vitamin E which has
been used for reversing vitamin E deficiency (46) as well as a drug solubilizer (47), absorption
enhancer (48) and as a vehicle for lipid-based drug delivery formulations (49). VE-TPGS was
also reported to enhance the cytotoxicity of anticancer drugs doxorubicin, vinblastine, and
paclitaxel (50). Solutol® HS 15 (henceforth, referred to as HS-15) consists primarily of polyglycol
mono-ester of 12-hydroxystearic acid and free polyethylene glycol (PEG) and has also been
used as a drug solubilizer (47,51), as well as for delivery of lipophilic drugs (52). In the past,
perfluorocarbon based emulsions have been developed as artificial blood substitutes,
ultrasound contrast agents, cellular and molecular imaging agents and have also been used for
YFE MR oximetry (27,53,54). | now demonstrate the synthesis and characterization of HMDSO
based nanoemulsions for *H oximetry based on VE-TPGS and HS-15. | also present an in vivo
feasibility study showing dynamic changes in rat thigh tissue oxygenation in response to
hyperoxic gas breathing following an intramuscular injection of nanoemulsion. Further | also
demonstrate the utility of various linear (Fig 2.1) and cyclic siloxanes (Fig 2.2) as 'H MR pO,

reporter probes.

2.3 Materials and Methods

2.3.1 Materials

The linear and cyclic siloxanes: HMDSO, OMTSO, DMTSO, DDMPSO, OMCTSO and
DMCPSO were purchased from Sigma Aldrich (St Louis, MO). HMDSO was used as oil phase
in the preparation of nanoemulsions. HS-15 was a gift from BASF Corporation (Ludwigshafen,
Germany) and consists of polyglycol esters of 12-hydroxystearic acid and free polyethylene
glycols. VE-TPGS was purchased from Eastman Chemical Company (Kingsport, TN). HS-15 or
VE-TPGS were used as non-ionic surfactants to solubilize HMDSO. All the materials were used

as received.
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2.3.2 Preparation of nanoemulsions

Nanoemulsions were prepared by addition of de-ionized water to the mixture of
HMDSO and surfactant (Solutol HS 15 or VE-TPGS) and sonication for 15 min, at 150 W output
power and 50% duty cycle, using an Omniruptor 4000 Ultrasonic Homogenizer (Omni
International, Kennesaw, GA). Emulsions were prepared using various volume fractions of
surfactant (HS-15 or VE-TPGS) and HMDSO in order to determine the optimal combination to
achieve the required particle size and sensitivity to oxygen, while maintaining high HMDSO
payload. Nine different nanoemulsion formulations were prepared and evaluated: a) 40% v/v
HMDSO: 20% v/v HS-15, b) 40% v/v HMDSO: 10% v/v HS-15, c) 40% v/iv HMDSO: 5% v/v HS-
15, d) 30% v/v HMDSO: 30% v/v HS-15, e) 20% v/v HMDSO: 30% v/v HS-15, f) 40% v/v
HMDSO: 10% v/v VE-TPGS, g) 40% v/v HMDSO: 7% v/iv VE-TPGS, h) 40% v/v HMDSO:
5%v/v VE-TPGS, i) 30% v/v HMDSO: 5% v/v VE-TPGS.

Nanoemulsions were prepared by addition of de-ionized water to the mixture of
HMDSO and surfactant (Solutol HS-15 or VE-TPGS) and sonication for 15 min (Fig 2.3), at 150
W output power and 50% duty cycle, using an Omniruptor 4000 Ultrasonic Homogenizer (Omni
International, Kennesaw, GA). Emulsions were prepared using various volume fractions of
surfactant (HS-15 or VE-TPGS) and HMDSO in order to determine the optimal combination to
achieve the required particle size and sensitivity to oxygen, while maintaining high HMDSO

payload.
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Figure 2.3 Schematic of the nanoemulsion preparation procedure. The nanoemulsions were prepared by ultrasonication
followed by extrusion through polycarbonate filters.



Nine different nanoemulsion formulations were prepared and evaluated: a) 40% v/v
HMDSO: 20% v/v HS-15, b) 40% v/iv HMDSO: 10% v/v HS-15, ¢) 40% v/iv HMDSO: 5% v/v HS-
15, d) 30% v/v HMDSO: 30% v/v HS-15, e) 20% v/iv HMDSO: 30% v/v HS-15, f) 40% v/v
HMDSO: 10% v/v VE-TPGS, @) 40% v/v HMDSO: 7% v/v VE-TPGS, h) 40% v/v HMDSO: 5%
viv VE-TPGS, i) 30% v/v HMDSO: 5% v/v VE-TPGS. To achieve further reduction in particle
size, the emulsions were passed through a LiposoFast® extrusion filter (Avestin Inc., Ottawa,
Canada) with a polycarbonate membrane filter of 100 and 50 nm pore size, sequentially. For
each pore size, the extrusion was repeated 11 times (55). For studying the effect of extrusion
filtering, samples were drawn at each stage: before filtration, after extrusion through 100 nm
filter and after extrusion through 50 nm filter. Particle size measurements were performed
immediately following the extrusion step using a Wyatt Technologies DynaPro Titan (Wyatt

Technology Corporation, Santa Barbara, CA) dynamic light-scattering instrument.

2.3.3 In vitro calibration of R, dependence of pO,

MRI studies were performed on a Varian 4.7T MRI scanner. Each of the siloxanes and
nanoemulsion formulations were put into four gas-tight NMR glass tubes (Wilmad-Labglass,
Buena, NJ) and saturated by bubbling for 15 min with varying standard gases including 0%, 5%,
10% and 21%0, (balance N,), respectively. Each sealed tube was wrapped in a D,O filled
circulating water pad maintained at a desired temperature and fit under a 1 cm surface coil. A
spin-echo-based pulse sequence, consisting of initial pulse-burst saturation recovery
preparation pulses combined with frequency-selective excitation of HMDSO and suppression of
water signal, was used to measure T, values, as described previously (42). For measurement of
temperature dependence of T,, the temperature of the water pad was varied between 22 to 52
°C. The temperature was measured using a fiber optic probe (FISO Technologies Inc., Quebec,
Canada). T, measurements were performed after the tube temperature was allowed to

equilibrate at the desired value for 10 min. The data at each temperature were then fit to a
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model: Ry[s™] (=1/T;) = A+ B™* pO,, where A’ and B’ are temperature dependent constants. A’
and B’ were then fit to the model A’ =A+C*T and B'’=B+D*T to determine the constants A, B, C,
D that characterize the pO, and temperature dependence of Ry, as reported previously for neat
HMDSO (42). Fully relaxed (TR= 30 s) 'H NMR spectra were acquired for a 1:1 mixture of
HMDSO and deionized H,O as well as for unfiltered and filtered nanoemulsion samples (40%

viv HMDSO: 5% v/v HS-15, rest deionized H,0).

2.3.4 Cytotoxicity assay

2.3.4.1 Cells

NIH 3T3 fibroblast cells were cultured in Dulbecco’s Modified Eagle’'s Medium
containing 10% fetal bovine serum (Atlanta Biologicals, Lawrenceville, GA) and 1% antibiotic
solution (100U/ mL penicillin, 200mg/mL streptomycin, Atlanta Biologicals) at 37 T under 5%

CO, in a humidified incubator.

2.3.4.2 Determination of the standard curve

Cells were seeded in a 24-well plate with seeding densities of 1k, 10k, 50k, 100k and
500k cells in 1 mL medium (Fig 2.4 a). Cell seeding was done in triplicate and incubated for 24
hours to promote cell attachment. For quantifying the cell numbers, published crystal violet

staining protocols was used (56).
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Figure 2.4 Schematic diagrams of 24 well plates for determination of the (a) standard curve and
(b) cytotoxicity. (a) In the standard curve experiment, each well contained 1 mL of medium with
varying numbers of cells. No nanoemulsions were added. (b) For the cytotoxicity experiment.
Each well contained 0.25 million cells in 1 mL media, but with varying concentrations of
nanoemulsions.
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2.3.4.3 Cytotoxicity Assay

Cells were seeded in 24- well plates at a seeding density of 2.5X10° cells in 1mL
medium and all the experiments were done in triplicate (Fig 2.3 b). Cells were allowed to attach
for 24 h following which cytotoxicity experiments were performed by adding varying
concentrations of either nanoemulsion (40% v/v HMDSO-5% v/v HS-15) or HS-15 surfactant
alone (5% v/v) to the medium. The concentrations used were 0, 0.2, 0.4, 0.8, 1.2, 1.6, and 2
%v/v of medium. The plates were incubated for 4 hours and a standard crystal violet staining

protocol (56) was used to determine the viable fraction of cells in each well.

2.3.4.4 Crystal violet staining protocol

Culture medium was discarded and plates were rinsed with PBS. Cells were then fixed
by adding 500 pL of 10% formalin to each well and were kept at 4 °C for 10 minutes. The
fixative solution was then discarded, rinsed with PBS and the plates were allowed to air dry for 5
minutes. Cells were then stained by adding 500 pL/well of 0.1% crystal violet (CV) solution for
30 minutes at room temperature under gentle shaking. Excess stain was removed by rinsing
with PBS followed by DI-H,O and then the plates were allowed to air dry for 5 minutes. The
bound stain was dissolved in 200 pL of 10% acetic acid per well. 10 yL of the CV solution from
each well was then diluted 100 times and three samples of each solution were loaded in a 96-

well plate. The optical density (OD) of each well at 560 nm was measured using a plate reader.

2.3.5 Invivo MR Imaging

2.3.5.1 Normobaric oxygen (NBO) breathing protocol

MR oximetry studies were performed on six Fisher 344 rats (Charles River
Laboratories, Wilmington, MA). Three more Fisher rats were used to measure clearance by
imaging. All the animal experiments were approved by the Institutional Animal Care and Use

Committee. The rats were sedated using gaseous anesthesia (1 L/min air & 1.5 % isoflurane).
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For the pO, measurements, 100 uL of freshly prepared nanoemulsion (40% v/iv HMDSO-5% v/v
HS-15) was injected into the thigh, using a syringe with 32-gauge needle and distributed in a fan
pattern across a plane as described in (17). This was done to ensure sampling of different
regions of the thigh that might have different response to oxygenation. The thigh of the rat was
then placed in a single turn 2 cm solenoid volume coil. A warm circulating water blanket was
used to maintain the body temperature at 37 . Qua ntitative MR oximetry was then performed

using the protocol described previously (43).

Briefly, following anatomical scout scans using a spin echo sequence, the distribution of
nanoemulsion in the thigh was visualized using a chemical shift selective spin echo sequence
(on-resonance for HMDSO). To modulate oxygenation, the rats were subjected to breathing gas
challenge. The protocol used 20 min air inhalation (baseline) followed by 30 min oxygen
breathing and return to air inhalation for 30 min. Using the previously developed PISTOL
technique (43), T, datasets were recorded (recovery time t = 55, 0.1, 40, 0.2, 20, 0.4, 12.5, 0.8,
8,1,6,15,5, 2, 4, 3 s with number of averages =1,8,1,8,1,8,1,4,1,4,1,2,1,1,1, 1,
respectively, Tacq = 3 ¥2 mins) every 5 minutes during these 80 min and T, maps were
generated from these data. Using the calibration equation for nanoemulsion formulation
determined in vitro, pO, maps were computed on a voxel-by-voxel basis from the T, maps. Only
the common voxels from the 16 pO, maps were considered for further analysis and voxels were
rejected if T, error (AT,) >1 s, or ratio AT,/T; > 10%. These stringent error criteria were used to
retain only the data of high quality and precision and to exclude artifacts. The pO, data are

presented as mean pO, + standard deviation.

26



2.3.5.2. Hyperbaric oxygen (HBO) breathing protocol

MR oximetry studies were performed on six Athymic nude rats (Charles River
Laboratories, Wilmington, MA). The rats were sedated using gaseous anesthesia (1 L/min air &
1.5 % isoflurane). For the pO, measurements, 100 uL of freshly prepared nanoemulsion (40%
viv HMDSO-5% v/v HS-15) was injected into the thigh, using a syringe with 32-gauge needle
and distributed in a fan pattern across a plane as described in (17). This was done to ensure
sampling of different regions of the thigh that might have different response to oxygenation. The
thigh of the rat was then placed in a single turn 3 cm solenoid volume coil built into the MR
compatible hyperbaric chamber (Fig 2.5). Warm circulating water passing through the animal
bed helped maintain the body temperature at 37 €. Quantitative MR oximetry was then
performed using PISTOL technique described previously (43). T, datasets (subsequently pO,
maps) were obtained using this sequence at 5 min intervals. In order to modulate tissue
oxygenation, the rats were subjected to respiratory challenge in the sequence: air (20 min) —

normobaric oxygen (60 min) — air (30 min) — hyperbaric oxygen (60 min)-air (30min).
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2.4 Results

2.4.1. In vitro NMR calibration

2.4.1.1 HMDSO based nanoemulsions

Nanoemulsions were prepared using a range of HMDSO volume fractions and
HMDSO/surfactant ratios. The particle sizes for 7 out of 9 emulsion formulations were less than
150 nm as determined by dynamic light scattering (Table 2.1). In general, lower surfactant
concentrations yielded smaller particle sizes for a 40% HMDSO payload. While long-term shelf
stability was not studied, no creaming or separation was observed for up to two hours. In the
case of 40% v/iv HMDSO & 5% v/v VE-TPGS nanoemulsion filtering through the 100 nm
polycarbonate filter followed by the 50 nm filter significantly reduced the median particle radius
from 359 nm to 84 nm (Fig. 2.6a), while for the 40% v/v HMDSO & 5% v/v HS-15 the change

was from to 172 nm to 113 nm (Fig. 2.6b).

Table 2.1 Physical characterization of HMDSO nanoemulsions. Values of calibration constants
A’, B’ and patrticle sizes of various nanoemulsion formulations are compared with neat HMDSO.
The calibration constants were similar to that of neat HMDSO when the volume fraction of
surfactant (either HS-15 or VE-TPGS) is less than 10%.

HMDSO Emulsifier A B’ n (X107) Mean R
% vol % vol s* (torr s)'l =B'/A’ nm
20 30 0.1808 0.00131 7.2 136
30 30 0.1508 0.00127 8.4 129
HS-15 40 20 0.1227 0.00135 11.0 266
NE 40 10 0.1143 0.00134 11.7 96
40 5 0.1103 0.00143 13.0 79
30 5 0.1232 0.00134 10.9 131
VE-TPGS 40 7 0.1112 0.00143 12.9 230
NE 40 5 0.1137 0.00139 12.2 182
40 2 0.1103 0.00145 13.2 92
HMDSO 100 0 0.1126 0.00130 11.6 NA
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Figure 2.6 Effect of filtration on nanoemulsion size. Box plot of the particle sizes measured from
unfiltered nanoemulsion samples, samples filtered using a 100 nm polycarbonate filter and
samples filtered using both 100 nm and 50 nm polycarbonate filters for (a) 40% v/iv HMDSO-
5% v/v VE-TPGS and (b) 40% v/v HMDSO- 5% v/v HS-15 nanoemulsions. Median is shown as
solid line, with box representing 25" to 75" percentile and the whiskers end at 5™ and 95"
percentiles. Data are compared between the groups using Student’s t-test. p < 0.05.
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The ratios of the water proton to HMDSO proton signals (area under peak from fully
relaxed spectra) for unfiltered and filtered nanoemulsions (40% v/v HMDSO: 5% v/v HS-15, rest
deionized H,0) were 1:0.525 and 1:0.533, respectively, compared to the theoretically expected
ratio 1:0.555. The linewidths for the water and HMDSO peaks were both 0.2 ppm for a 1:1
mixture of water and HMDSO while those for the nanoemulsion were 0.5 and and 0.8 ppm,
respectively. At a fixed temperature (37 C), the R; of all the nanoemulsion formulations
showed a linear dependence on pO, (R*>0.99). The values of the intercept A’ and slope B’ for
all the nanoemulsion formulations are tabulated in Table 2.1.

The calibration curves for all nanoemulsion formulations are shown in Figure 2.6. Also
shown for comparison, is the published calibration curve (42) for neat HMDSO (Fig 2.6 a&b,
dotted line). In the nanoemulsion sample containing 20% v/iv HMDSO & 30% v/v HS-15 as
surfactant, the T, at 37 C ranged from 5.46 s (pO, = 0 torr) to 2.55 s (pO, = 160 torr). But for
the nanoemulsion sample containing 40% v/v HMDSO & 5% v/v HS-15, the T, at 37 T ranged
from 8.68 s (pO, = 0 torr) to 2.94 s (pO, = 160 torr). In the nanoemulsions with HS-15 as
surfactant, increasing HMDSO volume fraction caused the T, of the hanoemulsions to become
longer (at the same pO,), but the slopes of the linear fits remained similar (Fig 2.7a, Table 2.1).
The nanoemulsion containing VE-TPGS as surfactant, showed a smaller increase (8.13 s to
8.54 s) in T, with increasing HMDSO volume fraction (Fig 2.7b). Calibration curves were found
to be similar to that of neat HMDSO when the volume fraction of surfactant (either HS-15 or VE-
TPGS) was less than 10% (Table 2.1). Based on the calibration curve and particle size, the
40% v/iv HMDSO & 5% v/v HS-15 nanoemulsion was chosen for further work and the
temperature sensitivity of its calibration curve was determined. Both constants A’ (Fig. 2.8a) and
B’ (Fig. 2.8b) showed a linear dependence on temperature T (R°= 0.996 and 0.965,
respectively). Fitting the R, data to the four parameter model described earlier yielded A =
0.1636 + 0.0022 s, B = (1.53 + 0.02) X 107> (s torr) ™, C = (-12.10 + 0.62) X 10™* (s T) *, and

D = (-0.72 £ 0.07) X107° (s torr T) .
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Figure 2.7 R; dependence of HMDSO based nanoemulsions on pO,. (a) Calibration
curves for emulsions with different HMDSO/ HS-15 volume fractions. (b) Calibration
curves for emulsions with different HMDSO/ VETPGS volume fractions.
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Figure 2.8 Temperature dependence of the pO, calibration curve for HMDSO nanoemulsion.
Plotting graphs of (a) A’ (intercept of R, vs pO, at fixed temperature T) and (b) B’ (slope of R; vs
pO, at fixed T) as a function of T, shows linear dependence in the range 22-52 °C. Linear fits to

these data enable estimation of constants A, B, C and D in the equation
R;= A + B*pO, + C*T + D *pO,*T
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The 1Csp (concentration at which half of the initial number of cells die) of 40% v/v
HMDSO & 5% v/v HS-15 nanoemulsion towards 3T3 fibroblast cells was found to be 1% and
that of 5% v/v HS-15 surfactant solution was 2% by volume demonstrating that these
compounds were well tolerated (Fig 2.9). The plot shows the average number of viable cells
with respect to concentration of added nanoemulsion or surfactant and the error bars represent

the standard deviation of 9 multiplicates.
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Figure 2.9 Cytotoxicity studies of HMDSO nanoemulsion. Cytotoxicty of 40% v/v HMDSO- 5%
v/v HS-15 nanoemulsions and 5% v/v HS-15 solution towards 3T3 fibroblasts was determined
by crystal violet assay. # and * represent statistically significant difference (p<0.05) for
surfactant only and nanoemulsion data compared with the zero concentration column in each
case.

2.4.1.2 Calibration curves of other linear and cyclic siloxanes

The linear siloxanes used in the study were hexamethyldisiloxane (HMDSO),
octamethyltrisiioxane (OMTSO), decamethyltetrasiloxane (DMTSO) and dodecamethyl-
pentasiloxane (DDMPSO) whereas the cyclic siloxanes used were octamethyl-
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cyclotetrasiloxane (OMCTSO) and decamethylcyclopentasiloxane (DMCPSO). R; vs pO,
calibration curves were measured by using the same experimental procedure used for HMDSO
nanoemulsion calibration. Since molecular oxygen is paramagnetic, it shortens the T, of the
samples. At a fixed temperature (37C), the R ; of all the siloxanes showed a linear dependence
on pO, (R2>0.99) given by the equation: R; [s'l] = A+ B™* pO, (torr) where A’ and B’ are
calibration constants (Table 2.2), which represent anoxic R; and sensitivity of R; to pO,
respectively. In the linear siloxanes it is observed that with increasing chain length, the R, of the
samples became longer, but the slopes of the linear fits were almost similar (Fig. 2.10). The
cyclic compounds had higher longitudinal relaxation rates than the linear compounds at all

oxygen concentrations.

0.7

™ Linear . ' ' Cyclic '
06« HMDSO (6) v OMCTSO (8)
| m OMTSO (8) ¢ DMCPSO (12)
0.5] ® DMTSO (10) 1
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1 0.3 -
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] R= A+B'* pO,
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Figure 2.10 R, vs pO, calibration curves of linear and cyclic siloxanes of different chain lengths
at 37 C. The cyclic compounds had higher longitudi nal relaxation rates than the linear
compounds at all oxygen concentrations.

35



Table 2.2 Summary of calibration constants and boiling points of the various linear and cyclic
siloxanes used along with fluorine MR oximetry probes

compaung | eS| Skpe, | oy | er | rele
HMDSO 0.1126 0.0013 11.5 101 1.00
OMTSO 0.1352 0.0014 10.4 153 0.98
DMTSO 0.1808 0.0014 7.7 194 0.97
DDMPSO 0.2129 0.0016 75 230 0.97
OMCTSO 0.2842 0.0016 5.6 176 0.91
DMCPSO 0.3192 0.0015 4.7 90 0.91
HFB (17) 0.0835 0.0019 22.8 81 1.00
Perfluoro-15- 0.375 0.0020 5.3 143 NA
Crown-5-
ether (17)

Further | characterized the relaxation behavior of the evaluated linear and cyclic
siloxanes by observing the magnetization recovery curves after bubbling with 0% O, and 21%
0O,. Bi-exponential T, behavior was not observed in any of the agents suggesting that the
availability of oxygen to all the protons (end chain vs backbone) of the long chains was

unhindered (Fig 2.11 a & b, Fig 2.12 a & b).

OMTSO was further evaluated to determine the temperature dependence of its
calibration curve at 4.7T (Fig 2.13b). The fit to the empirical model yielded the calibration
constants A= 0.2295 + 0.0021 s, B=0.002 + 4.1x10™ (s*Torr)™, C=-0.002 + 6.32x10° (s*T) *,
and D= -2.09x10° + 1.2x10° (s*Torr*C) 1 error in pO, determination for 1C change in

temperature was therefore calculated to be ~ 1.41 Torr/ for a pO , of 5 Torr.
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Figure 2.11 Magnetization recovery curves of the (a) linear and (b) cyclic siloxanes after
bubbling with 0% O,. These recovery curves didn’t show a bi-exponential behavior even for
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Figure 2.12 Magnetization recovery curves of the (a) linear and (b) cyclic siloxanes after
bubbling with 21% O,. These recovery curves didn’t show a bi-exponential behavior even for
linear long chain siloxanes.
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Figure 2.13 Comparison of the temperature dependence of R; of a) HMDSO and b) OMTSO at
different pO, values.
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2.4.2 In vivo tissue oximetry

2.4.2.1 Normobaric oxygen breathing intervention

Baseline pO, values were obtained by averaging four baseline pO, measurements
while the rats breathed air. Figure 2.14 shows the pO, time course in rat thigh muscle in a
representative animal overlaid on the scout image. In the cohort (n=6), mean baseline pO,
measurements ranged from 24-53 torr (mean pO,= 39 + 7 torr), but remained stable in any
given muscle with a mean fluctuation of +5 torr over a period of 20 minutes (Fig. 2.15a). When
the inhaled gas was switched to oxygen, pO, increased significantly (p<0.01) compared to
baseline and continued to increase monotonically over the next 30 mins in 5 of the six animals.
For the sixth animal, the maximum pO, value was observed at 25 min. The pO, measurements
at the end of 30 minutes breathing oxygen ranged from 254 to 330 torr (mean pO, = 275 + 27
torr). Some locations are seen to respond faster in response to oxygen breathing than others,
but after 30 min, all voxels have reached pO,>200 torr. When the breathing gas was switched
back to air, the tissue pO, values decreased and returned to a value (45 % 6 torr) that was not
significantly different from the baseline by the fifth measurement (25 min post switching). The
average pO, of the last two measurements, while breathing air, was 44 + 8 torr. Applying an
exponential fit to the pO, data after switching back to air breathing (last 30 min of Fig. 2.15a)
yielded kinetic rate constants k in the range 0.16 — 0.27 min™ (Fig. 2.15b, R*>0.99 for all
datasets) with a mean value of k = 0.21+ 0.04 min™ (n=6). Measurements of HMDSO image
intensities made on 3 rats (6 thighs) show a 10% reduction in intensity over 120 min (Fig 2.16).

An exponential fit (solid line, R = 0.90) to the data yields a half-life (T,,) of 15+ 1 hr.
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Figure 2.15 In vivo oxygen dynamics and consumption kinetics. (a) Dynamic changes in mean
pO, measured in vivo using HMDSO nanoprobes in response to oxygen challenge (n=6). The
time to equilibrate (95% of end pO, value) following breathing gas interventions (both O, and
return to air) was determined to be 25 mins. (b) Data obtained after switching back to air
breathing post oxygen challenge were fit to the equation pO, (t) = pO,*" + A e™* for each animal

and yielded values of kinetic parameter k (which reflects oxygen consumption and washout) in
the range 0.16 — 0.27 min™ (R*>0.99 for all datasets) with a mean value of 0.21+ 0.04 min™.
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Figure 2.16 In vivo nanoprobe clearance. Clearance of HMDSO nanoprobes from rat thigh
muscles was measured by MRI. Measurements made on 3 rats (6 thighs) show a 10%

reduction in mean image intensity over 120 min. An exponential fit (solid line, R? > 0.90) to the
data yields a half-life (T) time of 15 £ 1 hr for the nanoprobes.
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2.4.2.2 Hyperbaric oxygen breathing intervention

Baseline pO, values were obtained by averaging four baseline pO, measurements
while the rats breathed air. Figure 2.17 shows the pO, time course in rat thigh muscle in a
representative animal overlaid on the scout image. In the cohort (h=6), mean baseline pO,
measurements ranged from 32-66 torr (mean pO,= 47.6 + 10 torr), but remained stable in any
given muscle with a mean fluctuation of +5 torr over a period of 20 minutes (Fig. 2.18a).
Changing the inhaled gas from air to NBO increased the mean thigh muscle pO, monotonically
for 30 mins. The mean pO, value at the end of 60 minutes was 178.5 + 55 torr. Switching the
inhaled gas to air returned the mean thigh oxygenation back to a baseline pO, value of 55.8 +
14 torr by 30 mins. During HBO challenge the mean thigh muscle pO, increased to 437+ 97 torr
(Fig 2.18a). 1-way ANOVA followed by Dunnett's multiple comparison test found significant
increase in pO, values during NBO and HBO interventions when compared to initial baseline
pO, and no significant differences while animal breathed air in between interventions. Applying
a first order exponential fit to the pO, data after switching back to air breathing following NBO
intervention yielded a kinetic rate constant (Fig 2.18b) kygo = 0.149 + 0.03 min™ (n=6). This is
not significantly different statistically (p>>0.05, paired t-Test) to the value determined for the

return kinetics after HBO intervention (kpgo = 0.122 + 0.03 min'l).
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Figure 2.17 Tissue oximetry in rat thigh muscle using PISTOL technique following the administration of HMDSO nanoemulsion. a) T,-wt
scout image b) shift selective spin-echo and ¢) PISTOL image of the HMDSO nanoemulsion distribution. PISTOL pO, maps while the rat
breathes d) air (baseline), €) normobaric O, (1 atm), f) return to air, g) hyperbaric O, (2 atm) and h) return to air overlaid on T1-wt
images.
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Figure 2.18 a) Dynamic changes in mean tissue oxygenation (pO,) measured in vivo using
HMDSO nanoemulsions in response to normobaric oxygen (NBO) and hyperbaric oxygen
(HBO) oxygen challenge (n=6). b) Data obtained after swnchmg back to air breathing post
oxygen challenge were fit to the equation: pO, (t) = p02alr +Ae*to yield a kinetic parameter k
(which reflects oxygen consumption and washout).
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2.5 Discussion

In this study, | have demonstrated the feasibility of preparing HMDSO loaded
nanoemulsions using two different PEGylated non-ionic surfactants and various HMDSO
payloads and characterized their sensitivity to changes in pO,. An optimal emulsion formulation
was identified and further characterized with respect to temperature dependence and
cytotoxicity. | also measured dynamic changes in tissue oxygenation using this emulsion
formulation, following direct injection into tissue.

Nanoemulsions have been used for deposition, transportation and encapsulation of
therapeutic or reporter molecules, which are either immiscible or toxic (45). A number of factors
must be controlled to make stable emulsions within a desired particle size range. These include
selecting an appropriate composition, controlling the order of addition of the components, and
applying the energy in a manner that effectively ruptures droplets. An additional requirement is
that the dispersed phase molecules must be essentially insoluble in the continuous phase so
that Ostwald ripening (a molecular diffusion phenomenon characterized by the migration of
dispersed phase molecules in smaller particles to larger particles) does not occur rapidly (57).
The reporter molecule HMDSO is lipophilic and immiscible in agqueous solutions. | used a probe
based ultrasonic agitation of the mixture of HMDSO, surfactant and de-ionized water to produce
nanoemulsions. In the ultrasonication method, a vibrating solid surface agitates the premixed
emulsion at ultrasonic frequencies, typically 20 kHz or larger, and high power, causing extreme
shear and cavitation that breaks up droplets (58). An important consequence of this process is
the large polydispersity in particle size. This necessitates further steps such as extrusion
filtering in order to reduce polydispersity. | have seen reduction in both particle size and
polydispersity using a two-step extrusion filtering through a 100 nm polycarbonate filter followed
by a 50 nm filter (Fig. 2.6). Given the non-rigid nature of the nanoemulsion droplets, the
filtration does not appear to exclude particle sizes less than the filter pore size, but is effective in

rupturing the droplets into smaller ones. While ~5% change was observed using 'H NMR in
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water proton to HMDSO proton ratio (relative to ideal composition) only a ~1.5 % difference was
observed in the ratios on comparing the filtered sample to the unfiltered sample. This indicates
that some HMDSO is probably lost during the ultrasonication process but the material losses
during the filtration process are minimal or at least even between the two phases. The increase
in the line width for both water and HMDSO in the nanoemulsion is consistent with the higher
viscosity of the nanoemulsion compared to the phase separated mixture of the two.

| have successfully modulated the pO, of HMDSO inside the emulsion droplet, as seen
by both in vitro and in vivo studies, showing the potential for use of these emulsions as pO,
nanoprobes for systemic delivery. The similarity of the calibration curves of the nanoemulsion to
that of neat HMDSO at low surfactant concentration indicates that the surfactant layer does not
prevent the exchange of O, between the pO, nanosensor and surrounding tissue (or solution).
This is similar to the case of perfluorotributylamine where similar calibration curves were
observed for the neat compound as for a 10% v/v emulsion with Pluronic F-68 (4% by weight)
as surfactant (59). A parameter often used to compare different MRI pO, reporter molecules is n
= slopel/intercept of the R; vs pO, calibration curve. Neat HMDSO has an n = 11.5 X10° torrt,
which is intermediate to the fluorinated pO, reporter molecules HFB (n =22.8 X107 torr'l) and
15-crown-5-ether (n = 5.3 X10° torr™"). HMDSO nanoprobes display a range of n (~7-13 X107
torr™), but formulations with 5% surfactant or less have an n close to that of neat HMDSO,
indicating the retention of pO, sensitivity of HMDSO in nanoprobes. The temperature
dependence of the calibration constants A’ and B’ for the 5% HS-15-based nanoprobes was
seen to be similar to neat HMDSO (42). Based on the temperature-dependent calibration
curve, the calculated error in pO, at 37 °C was 1.0 torr/°C, compared to 0.8 torr/°C for neat
HMDSO, when actual pO, value was 5 torr. The small differences seen are more likely due to
the effect of differences in viscosities and oxygen solubilities of the sample which were

calibrated as synthesized, without dilution.
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Bi-exponential T, behavior was not observed in any of the magnetization recovery
curves of the evaluated linear and cyclic siloxanes suggesting that the availability of oxygen to
all the protons (end chain vs backbone) of the long chains was unhindered. | observed a
decrease in n with respect to an increase in chain length of the linear siloxanes and the n values
ranged from 7.5 — 11.5 X107 torr™*. Based on the temperature-dependent calibration curve of
OMTSO, the calculated error in pO, at 37 °C was 1.4 torr/°C, compared to 0.8 torr/°C for neat
HMDSO, when actual pO, value was 5 torr. Also the agents had a wide range of boiling points,
enabling them to be used for different applications. For example, one can envision the
preparation of OMTSO loaded nanoemulsions. Since the boiling point of OMTSO is much
higher than HMDSO it would be less volatile during the emulsification process. For applications
requiring faster time resolution, one can use cyclic or long chain linear siloxanes as the reporter
molecules because of their shorter and smaller dynamic range of T,’s.

The mean baseline pO, and response to 30 min hyperoxic gas was similar to previous
reports in rat thigh muscle using oximetry of neat HMDSO (42) and also to measurements
reported using other techniques (60-63) in rat muscle. Baseline values were very similar across
rats, but response to oxygen breathing varied with injection location. This is reflected in the
higher standard deviation in pO, observed during hyperoxic intervention. Recently, oxygen
consumption has been qualitatively measured in tissue based on EPR-based (64) and *°F MR-
based oximetry (65) using an exponential fit to the pO, vs time data post hyperoxic challenge.
This yields a kinetic parameter that reflects the local tissue consumption and washout of
oxygen. Using this approach | extracted the kinetic parameters for healthy rat thigh muscle and
found a mean value of 0.21 + 0.04 min™, which differs from the value of 0.09 min™ reported by
Diepart et al (64) mouse thigh muscle. Apart from the differences in species, the differences in
the value for the kinetic parameter reported for muscle are more likely to be a consequence of
different fitting methods. | have included a constant additive term to account for the baseline

pO, along with the exponential term to account for consumption. This was observed to fit the
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data very well and hence is a good empirical model. While the reported kinetic parameter k
does not provide an absolute rate of oxygen consumption, it gives a measure of the local
oxygen consumption and washout and has been used by Diepart and co-workers using EPR
(64) and YFE MR (65) oximetry to measure differences between normal and hyperthyroid mice
thigh muscle and subcutaneously implanted liver tumors. This parameter k could be a promising
prognostic marker for assessment of therapy in tumors. Applying a first order exponential fit to
the pO, data obtained from athymic nude rats after switching back to air breathing following
NBO intervention yielded a kinetic rate constant kygo = 0.149 + 0.03 min™ (n=6). This is not
significantly different statistically (p>>0.05, paired t-Test) to the value determined from the
return kinetics after HBO intervention (kygo = 0.122 + 0.03 min'l).

The clearance of HMDSO nanoprobes was seen to be much faster than neat HMDSO
(Ty» = 15 hr vs 35 hr) reported earlier by us in a separate cohort of animals (42). This is
possibly due to the different modes of clearance post intra-muscular injection in the two cases:
macrophage clearance and slow oxidative metabolism for neat compounds or microemulsion
(66) as opposed to convective transport and lymphatic clearance for nanoemulsions (67). For
the current study | have used direct intra-tissue injection, as our goal was to test the utility of
pO, nanoprobes for 'H MR oximetry and not to investigate pharmacokinetics of these
nanoprobes. In any case systemic delivery of nanoprobes may not permit investigation of
muscle interstitial pO, due to low permeability of normal vasculature to macromolecules and low
interstitial volume fraction in muscle tissue. Nanoemulsion formulations may be preferable to
neat compounds for intra-tissue injections of pO, reporter molecules where clearance is
desired. However, one should bear in mind the additional volume required in case of emulsions
due to the lower volume fraction of the reporter molecule (here 40% v/v) compared to neat
compounds (100% v/v). A more rigorous study could involve comparing clearance of neat

HMDSO and naemulsions in the same animals after direct intra-tissue injection.
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In summary, | have demonstrated for the first time the feasibility of various siloxanes
and HMDSO loaded nanoemulsions for use as pO,-sensing probes for 'H MR oximetry. |
characterized the nanoemulsions by their size and sensitivity to changes in pO,, and identified
an optimal formulation to measure dynamic changes in tissue oxygenation using these
nanoprobes, following direct injection into tissue as proof of principle. With systemic delivery for
tumor oximetry in mind, our research group further plans to optimize the synthesis procedure to
obtain smaller nanoprobes, which could improve tumor uptake and reduce the bias in delivery to

well vascularized regions as has been seen with use of microemulsions (27).
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CHAPTER 3

EVALUATION OF Gd-DOTA MONOAMIDE CONJUGATE OF 2-NITROIMIDAZOLE (GdDO3NI)
AS A HYPOXIA TARGETING T; CONTRAST AGENT
3.1 Abstract

Heterogeneously distributed hypoxic regions in tumors are known to affect radiation
sensitivity and promote development of metastases. 2-nitroimidazole has been previously
reported to accumulate in hypoxic tissues due to an enzyme mediated reduction of the nitro
group under hypoxic conditions. Radiolabeled nitroimidazoles like [18F]Fluoromisonidazole (lBF-
MISO) are being currently used as hypoxia targeting PET agents. | report here the in vitro and
in vivo evaluation of a gadolinium [Gd] - DOTA monoamide conjugate of 2-nitroimidazole,
GdDO3NI, as a potential magnetic resonance imaging (MRI) probe to detect hypoxia. For
comparison, Gd-DOTA-(n-butyl)monoamide, GdADO3ABA, was used as the control agent. The
relaxivities of GADO3NI in solution and tissue simulating agarose gel phantom were determined
to be 5.21 + 0.04 mM™ s and 5.45 + 0.29 mM™ s respectively, at 200 MHz and 37<. The in
vitro cell uptake experiment showed a significantly higher retention of GdDO3NI by 9L rat
glioma cells incubated under hypoxic conditions compared to normoxia. Contrast agent kinetics
were compared following intravenous injections of GADO3NI and GADO3ABA in rat prostate
tumor bearing animals. The time course signal intensities (qualitative) and the calculated Gd
concentrations (semi-quantitative) showed a clear difference in the enhancement patterns for
the two agents (GADO3ABA and GdDO3NI) and between well perfused (periphery) and poorly
perfused (center) regions of R3327 Dunning rat prostate AT1 tumors. A statistically significant
difference in contrast enhancement/concentration was observed in poorly perfused
(center/potentially hypoxic) regions at late time points (85-150 min) between GADO3ABA and

GdDO3NI injected animals. Gd concentrations obtained from ICP-MS analysis of tumor
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samples correlated well with the concentration profiles observed. In AT1 tumors, no statistically
significant differences in GADO3NI contrast kinetics between air and oxygen breathing were
observed. But | observed a significant decrease in the uptake of GADO3NI in the central regions
of HI tumors when the animals breathed oxygen when compared to air. These observations are
in accordance with the earlier reported behavior of hypoxia retention in AT1 and elimination in
HI tumors in response to oxygen breathing, by other oximetry techniques. Therefore, GADO3NI

shows promise as a hypoxia targeting small molecular weight contrast agent.

3.2 Introduction

Oxygen is essential for tissue health and survival. It is also an important variable in the
treatment of many medical conditions including tumors, peripheral vascular disease and stroke.
Hypoxic regions, typically distributed heterogeneously in solid tumors are known to affect
radiation sensitivity and promote development of metastases (10). Further, the extent of
hypoxia can vary greatly in radiographically similar tumors in many cases (68). Therefore the
ability to image hypoxia in vivo on an individual basis not only will provide useful prognostic
information but also is necessary for developing hypoxia targeted therapeutic approaches (10).

Currently there exist a number of ways by which tissue oxygenation status can be
assessed in vitro (tissue samples) or in vivo (both invasive and noninvasive). In vitro methods of
assessing hypoxia in tissues include immunohistochemical staining for a) intrinsic markers of
hypoxia (e.g., carbonic anhydrase IX (CA-IX) and hypoxia inducible factor-1 (HIF-1)) (69) and b)
for the adducts of externally administered nitroimidazoles (70). The invasive technique uses a
polarographic needle electrode (18) to obtain quantitative pO, measurements but its utility is
limited only to tumor sites that are readily accessible.

As reviewed recently (16,17), noninvasive hypoxia imaging approaches can be broadly
classified into MR and non-MR based techniques. Non-MR-based methods include:

fluorescence imaging (19), phosphorescence quenching (20), near-infrared spectroscopy (21),
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SPECT (22) and PET (23,24) imaging. MR-based methods include: blood oxygen level
dependent (BOLD) imaging (25), electron paramagnetic resonance (EPR/ESR) (26),
fluorocarbon relaxometry (27) using echo planar imaging for dynamic oxygen mapping
(FREDOM) (28).

Another popular way of assessing hypoxia exploits the principle of selective enzyme
mediated reduction of nitro group of 2-nitroimidazole containing compounds under hypoxic
conditions (71). Though initial studies concentrated on using 2-nitroimidazole analogs to
sensitize hypoxic tumors to ionizing radiation (72-74), soon the prospect of these compounds as
potential noninvasive hypoxia-homing probes was realized and several radiolabeled
nitroimidazole derivatives have been developed to image hypoxic tissues in vivo (75,76).
Currently, [18F]Fluoromisonidazole (lBF-MISO) (29,30), [lBF]FIuoroazomycin arabinoside (lBF-
AZA) (77), [*®F] EF5 (78) are being used as a hypoxia targeting PET imaging agents whereas
[**F] Tri-Fluoromisonidazole (TF- MISO) (31) has been used a fluorine MRI probe to
qualitatively image hypoxia.

Since MRI based noninvasive imaging is particularly suitable for longitudinal
measurements and generation of three-dimensional (3D) spatial maps of tumor, in this study,
we investigated the potential of GADOTA monoamide conjugate of 2-nitroimidazole, GADO3NI
(Fig 3.1 a), for use as a novel hypoxia targeting MRI T, contrast agent. For comparison, Gd-

DOTA-(n-butyl)monoamide, GADO3ABA (Fig 3.1 b), was used as the control agent.
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Figure 3.1 Structures of a) GADO3NI and b) GADO3ABA
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| examined contrast agent kinetics of GADO3NI and GdDO3ABA following intravenous
injections in Dunning R3327 rat prostate AT1 tumor bearing animals. Further | demonstrate the
potential of GADO3NI in monitoring changes in hypoxia fraction of solid tumors with known
levels of hypoxia (Dunning R3327 rat prostate tumors- AT1 and HI) following 100% oxygen

breathing.

3.3 Materials and Methods

The evaluated contrast agents, GADO3NI and GdDO3ABA, were synthesized by my
collaborators Drs. Rojas-Quijano, Trokowski, Kovacs and Sherry, in the Advanced Imaging
Research Center - UT Southwestern Medical Center and a detailed description of the synthesis
can be found elsewhere (79). All MR studies were performed on a Varian INOVA 4.7T
horizontal-bore MR system equipped with actively shielded gradients.

3.3.1 Spin- lattice relaxivity (r;) measurements

In vitro measurement of T, relaxivity (r,) of these agents was performed at 37 T using
two serial dilution phantoms (Fig 3.2), one in phosphate buffered saline (PBS) solution and the
other a tissue simulating 1% agarose phantom. The concentrations used for the measurements
were in the range 0- 4 mM. For the r; measurements, a spin-echo sequence was employed with
several TR values (0.1-6 s) and TE of 12 ms. Relaxivity was extracted as slope of linear fit to

relaxation rates (R;) vs. concentration.

4 mM 3.5 3
2.5 2 15
1 0.5 0

Figure 3.2 Schematic showing the concentration of compounds in mM in each vial of the
phantom. 0 mM refers to PBS.
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3.3.2 Invitro MRI imaging of cell uptake

Rat 9L-glioma cells were grown to confluency in culture dishes using Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum, 1% L-glutamine
and 1% penicillin/streptomycin; this medium was replaced with 8 mL of un-supplemented
DMEM prior to the uptake experiment. One plate of cells was made hypoxic by exposing it to
nitrogen gas (1 L/min) in a small chamber for two hours at room temperature while two other
plates were exposed to room air; 1 mL of phosphate buffer saline (PBS) was then added to one
of the latter two samples (negative control), and 1 mL of 45 mM GdDO3NI to the remaining two
samples (for a final concentration of 5 mM). All samples were then incubated for a period of two
hours at room temperature (negative control and reference samples in air, hypoxic sample in
nitrogen at 1L/min). After incubation, cells were rinsed three times with PBS, trypsinized, and
centrifuged in 15 mL tubes at 2500 rpm for 5 min. Excess buffer was removed from the pellets,
and the samples were transferred to 0.2 mL tubes for a final centrifugation at 14500 rpm for 5
min.

The three sample tubes were positioned in a home-built 2 cm volume coil and imaged
at 4.7 T. Images were obtained for 10 values of TR in the range of 0.1s — 6s and a TE of 12 ms
following which, a T; map was generated from this data set. Using home-built software written
in MATLAB, a region of interest (ROI) analysis was performed to extract voxel T, values for
each pellet. For statistical comparisons, pair wise student t-tests were performed on the voxel

data.

3.3.3 Invivo MRI imaging

3.3.3.1 Kinetics of GADO3NI vs GADO3ABA

For in vivo studies, 10 Copenhagen rats were implanted subcutaneously on the thigh
with syngeneic Dunning R3327 AT1 prostate tumors. All the animal experiments were approved

by the Institutional Animal Care and Use Committee. Imaging studies were performed when the
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tumor sizes reached ~3 cc. The anesthetized animals (1.5% isoflurane in 1 L/min inhaling gas)
were passively restrained and the body temperature was maintained at 37 € by a warm
circulating water pad. Subcutaneous tumor along with the leg of the rat was placed in a 3.5 cm
diameter home-built volume coil and multislice T;-weighted images (TR/TE = 200/10 ms, FOV=
5 cm X 5 cm, matrix=128 X128, slice thk= 1 mm) were obtained pre and post injection of 0.1
mmole/kg body wt contrast agent (GADO3ABA or GADO3NI, n= 5 each). Images were acquired
every 30 seconds during baseline and upto 3 minutes post injection followed by acquisition

every minute up to 15 minutes and then once every 10 minutes up to 150 min post injection.

3.3.3.2 Kinetics in AT1 and HI tumors while breathing air or 100%0,

To investigate the effect of 100% oxygen breathing on decreasing the hypoxia in solid
tumors with known levels of hypoxia, we implanted Dunning R3327 rat prostate - AT1 and Hl
tumors into 2 groups with 4 animals each. Imaging studies were performed when the tumor
sizes reached ~3 cc. On day 1 of imaging, a similar protocol to that described in 3.3.3.1 was
followed while the animals breathed air and the experiment was repeated 24 hrs later while the
animals breathed 100% O, during the entire duration of the experiment.

All the data analysis was performed using in-house MATLAB routines and segmenting
of the voxels into well perfused and poorly perfused regions in the tumor was performed by a

criterion of 50% enhancement at 90 s post injection.

3.3.4 Ex vivo tumor sample analysis

3.3.4.1 Histology and Immunohistochemistry

To confirm the existence of hypoxia, AT1 tumor samples were collected for histological
evaluation. The hypoxia marker, pimonidazole hydrochloride (60 mg/kg, Hypoxyprobe-1; NPI,
Inc., Belmont, MA) dissolved in saline was injected into the tail vein to assess tumor hypoxia.

Ninety minutes later, rats were euthanized. Tumors were excised and sections were cut through
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the center of the tumor. These tumor sections were then fixed in 10% formalin and embedded in
paraffin. Before H&E staining and immunohistochemistry of hypoxia, 5 um thick cut sections
were deparaffinized in xylene and ethanol and rehydrated in water. Hypoxic regions were
detected using mouse monoclonal antibody Mab1l (1:50; NPI, Inc.) and FITC-conjugated goat
antimouse secondary antibody (1:200 dilution; Jackson Immunoresearch
Laboratories,WestGrove, PA). After mounting with Vectorshield medium (Vector Laboratories,
Burlingame, CA), the slides were observed under a Fluorescent microscope with green
fluorescence excitation (450-490 nm).

3.3.4.2 Inductively Coupled Plasma - Mass Spectroscopy (ICP-MS)

To determine the elemental concentration of retained gadolinium, ICP-MS analysis was
performed. The sample size required to be reasonably likely (o = 5% and B = 5%) to detect an
effect of magnitude similar to the Gd concentration profiles (MR based) of the centers, was
determined to be n=3. 5 mm thick tumor sections were cut and further segmented in periphery
and center regions using a scalpel. These samples were then frozen immediately in liquid

nitrogen and sent for ICP-MS analysis (Galbraith laboratories, Inc., Knoxville, TN).

3.4 Results

3.4.1 In vitro relaxivity study

For PBS phantom, a linear fit to the longitudinal relaxation rates (R;) vs. concentration
data yielded the relaxivity value of 4.74 + 0.03 mM™ s™and 5.21 + 0.04 mM™ s™ for GADO3ABA
and GdDO3NI, respectively (Fig 3.3 a). Similarly, the relaxivities of GADO3ABA and GdDO3NI
in the tissue simulating 1% agarose phantom were determined to be 4.76 + 0.27 mM™ s and
5.45 +0.29 mM* s respectively (Fig 3.3 b). The increase in the relaxivity of GADO3NI when
compared to GdADO3ABA can be attributed to the elongation of the rotational correlation time

() due to the presence of the long pendant arm.
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Figure 3.3 Graphs of R; vs. concentration for the agents GADO3NI and GADO3ABA in a) PBS
solution and b) tissue simulating 1% agarose phantom.
3.4.2 In vitro cell uptake study

To determine the uptake of GADO3NI under hypoxic conditions, 9L rat glioma cells
were used as an in vitro model for this study. Hypoxia was induced in one sample of 9L cells by
exposing them to nitrogen (N,) gas for 2 hours before the addition of the GADO3NI. Following
this, the sample was prepared to contain 5 mM of GdDO3NI and was incubated for two more
hours in N,. A reference sample was incubated at the same final concentration but in the
presence of air.

T,-weighed images, T; maps and T, voxel analysis for three of these samples are
shown in Figures 3.4 a, b and c, respectively. ROI analysis on the T; maps of the negative
control, reference and hypoxic samples resulted in relaxation times of 1.5 + 0.2 s, 1.3 £ 0.1 s,
and 0.7 £ 0.1 s, respectively. The hypoxic sample showed a significant decrease in T; when
compare to both the negative control and reference samples. This data clearly indicates that
the uptake of GADO3NI is oxygen sensitive as seen by the higher uptake and retention in cells

incubated under hypoxic conditions.

59



2.0 T

16}

R, (s™)

08¢

04}

0.0

) R H
(©)

Figure 3.4 In vitro MRI imaging of 9L rat glioma cells. (a) T;-weighed images of negative control
(-), normoxic incubation reference (R) and hypoxic incubation (H) samples; (b) T; map; (c) T,
ROI voxel analysis (* = p <0.05 compared to negative control (-); ** = p<0.05 compared to

reference sample (R)).

3.4.3 In vivo contrast agent kinetics study

3.4.3.1 GADO3ABA vs GdDO3NI in AT1 tumors

Contrast agent kinetics were compared following intravenous injections of GADO3NI
and GdDO3ABA in Dunning R3327 AT1 rat prostate tumor bearing animals. Following the
acquisition of T;- weighted time course data (Fig 3.5), segmentation for data analysis was

performed as shown in Figure 3.6
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Scout Baseline 1. 5 min 150 min

Figure 3.5 T, - wt 3D stacks and colormap T;-wt 3D stacks (displayed on a common scale)
following injection of 0.1mmole/kg body wt GADO3ABA (top row-control) and GADO3NI (bottom
row) at pre injection, 1.5 min and 150 min.

First an ROl was drawn on the T, - wt scout image to delineate the tumor. The
percentage signal enhancement map at 1.5 min post injection relative to pre injection (baseline)
was used to segment the total tumor region into periphery or well perfused region (%
enhancement = 50%) and the remaining as center or poorly perfused region (% enhancement <
50%). Central voxels that showed <10% enhancement at 90 minutes post injection were also
excluded, since they were more likely to represent necrotic regions. The mean signal intensities
for the periphery and center regions were normalized to the thigh signal intensity to compensate
for differences in agent injection between animals and compared over time with each other and
between agents. The statistical significance of differences in normalized mean intensities at

each time point was estimated by using 2-tailed unpaired student t-test.
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Figure 3.6 Image segmentation procedure for data analysis. (a) A representative T,-wt scout
image showing the tumor (ROI) and thigh of an animal. (b) The percent signal enhancement
map at 1.5 min post injection relative to pre injection. (c) Periphery (or well perfused) region
segmented by using % enhancement > 50%. (d) central region with necrotic regions and (e)
Center (or poorly perfused) region excluding necrotic regions segmented by using %
enhancement > 10% & < 50%.

Signal Intensity time course: Qualitatively, the time course signal intensities showed a

clear difference in the enhancement patterns for the two agents (GdADO3ABA and GdDO3NI)
and between well perfused and poorly perfused regions (Fig 3.7 a & b). In case of GADO3NI, a
statistically significant difference in the contrast enhancement was observed between peripheral
(well perfused and consequently well oxygenated) regions and central (poorly perfused and
potentially hypoxic) regions at late time points (80-150 min) where as for GADO3ABA, no
statistically significant difference between the regions was observed at late time points.

Gd concentration time course: We calculated the Gd concentration using the relation

[Gd] = (Rapost — R1pre)/f1 , Where Ry pe @and Ry pos; are the relaxation rates and ry is the relaxivity
of the contrast agent in agar phantom. Semi-quantitatively, the time course of Gd concentration
showed no statistically significant differences in the clearance patterns for the two agents
GdDO3ABA and GdDO3NI, in thigh regions (Fig 3.8 a) and periphery (Fig 3.8 c). In case of
central region, a statistically significant difference in the Gd concentration was observed (Fig 3.8

b) between animals injected with GADO3ABA and GdDO3NI, at late time points (80 -150 min).
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Figure 3.7 Comparing time course of normalized mean intensities (n = 5) for well perfused
(periphery) and poorly perfused regions (center) for (a) GADO3ABA and (b) GADO3NI. Region
shaded in gray represents p<0.05 following 2-tailed unpaired t-test.

As shown in Figure 3.9 and 3.10, Gd concentration maps created at 150 minutes post

injection of contrast agents clearly reveal higher uptake of GADO3NI in central regions of the

tumor (Fig 3.10 ¢) when compared to GdADO3ABA (Fig 3.9 c).
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Figure 3.8 Kinetics of mean Gd concentration (n=5) for (a) thigh, (b) poorly perfused (central)
regions and (c) well perfused (peripheral) region of tumors in animals injected with GADO3ABA
and GdDO3NI. Region shaded in gray represents p<0.05 following 2-tailed unpaired t-test.
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Figure 3.9 Gd concentration maps of multiple slices of representative AT1 tumors at 0 minutes
(a), 3 minutes (b) and 150 minutes (c) following the injection of GADO3ABA.
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Figure 3.10 Gd concentration maps of multiple slices of representative AT1 tumors at O minutes
(a), 3 minutes (b) and 150 minutes (c) following the injection of GADO3NI. The images clearly
show an enhanced retention of GADO3NI in the central regions of the AT1 tumor at 150
minutes.

66



3.4.3.2 Kinetics of GADO3NI in AT1 and HI tumors while breathing air and 100%0,

To investigate the use of GADO3NI to probe the ability of hyperoxic gas breathing in
eliminating the hypoxic fraction in tumors, we chose two tumor sublines (AT1 and HI) with well -
known responses of hypoxia to oxygen breathing. Time course image acquisition and data
analysis were performed using the procedures described in 3.3.3.2 and 3.4.3.1, respectively.

As shown in Figure 3.11, Gd concentration maps of multiple slices of representative
AT1 and HI tumors at 150 minutes after the injection of GADO3NI following air and oxygen
breathing. AT1 tumor showed an enhanced retention of GADO3NI in similar central regions
following air and oxygen breathing whereas central regions of HI tumor clearly showed a
decrease in Gd concentrations while the animal breathed oxygen.

For the two tumor types, the statistical significance of differences in concentrations at
each time point between air and oxygen breathing datasets was estimated by using repeated
measures 2-way ANOVA followed by Bonferroni’s multiple comparison test.

In the AT1 tumors (3.05 + 0.19 cc and 281 + 10 g), the time course of Gd concentration
showed no statistically significant differences in the clearance patterns of periphery (Fig 3.12 a),
central tumor regions (Fig 3.12 b) and in thigh regions (Fig 3.12 c) at late time points between
air and oxygen breathing protocol. In the HI tumors (3.28 + 0.49 cc and 286 + 8 @), the time
course of Gd concentration showed no statistically significant differences in the clearance
patterns of peripheral regions (Fig 3.13 a) and in thigh regions (Fig 3.13 c¢) between air and
oxygen breathing protocol. In the case of center region (Fig 3.13 b), a statistically significant
decrease in Gd concentration was observed when the animals breathed oxygen as compared to
air.

Histogram of Gd concentrations in central regions of HI tumors (Fig 3.14b) showed a
clear left shift demonstrating the decrease in Gd concentrations after oxygen breathing where

as AT1 tumors didn’t show any change in the histogram pattern (Fig 3.14a).
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Figure 3.11 Gd concentration maps of multiple slices of representative AT1 (top row) and Hl
(bottom row) tumors at 150 minutes after the injection of GADO3NI following air (a, ¢) and
oxygen (b, d) breathing. AT1 tumor showed an enhanced retention of GADO3NI in similar

central regions following air and oxygen breathing whereas central regions of HI tumor clearly
showed a decrease in Gd concentrations while the animal breathed oxygen.
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Figure 3.12 Kinetics of mean Gd concentration (n=4) for (a) peripheral and (b) central regions of
ATI tumors along with (c) thighs in animals injected with GADO3NI following air and oxygen
breathing.
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Figure 3.13 Kinetics of mean Gd concentration (n=4) for (a) peripheral and (b) central regions of
HI tumors along with (c) thighs in animals injected with GADO3NI following air and oxygen
breathing. Region shaded in gray represents p<0.0001 after 2-way ANOVA with repeated

measures followed by Bonferroni’s multiple comparison test.
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Figure 3.14 Histogram of the Gd concentration from central regions of (a) AT1 and (b) HI tumors

in animals injected with GADO3NI following air and oxygen breathing. HI tumors clearly showed

a decrease in Gd concentration (left shift) following oxygen breathing where as AT1 tumors did
not respond.
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3.4.4 Ex vivo tumor sample analysis

3.4.4.1 Pimonidazole Staining for hypoxia

Following the visualization and quantification of hypoxia distribution in AT1 tumors by
means of MR imaging, we further validated the existence of hypoxia by high-resolution
microscopy using ‘the gold standard’ pimonidazole staining (Fig 3.15). After
immunohistochemistry, the images were acquired at 10X magnification using a fluorescence
microscope (DeltaVison RT, Applied Precision, Issaquah, WA) equipped with a CoolSNAP™®
cooled charge-coupled device digital camera (Photometrics, Tuscon, AZ), a computer-controlled
motorized stepping stage, and SoftWoRx 3.7 imaging software package (Applied Precision.
Figure 3.15b shows the distribution of hypoxia after the individual microscopic images were

stitched using SoftWoRx 3.7 software.

(a)

Figure 3.15 a) Shows the cellularity (H&E) and (b) hypoxia distribution by pimonidazole staining
in an AT1 tumor section. The pimonidazole staining clearly showed extensive hypoxia in regions
of the tumor. (c, d) show simulated lower resolution images of hypoxia distribution.
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3.4.4.2 ICP-MS analysis for Gd quantification:

Inductively coupled plasma mass spectroscopy (ICP-MS) analysis of AT1 tumor
sections (ex vivo) was performed to quantify the Gd>* ion concentration. The tumor sections
were cut to delineate the periphery and core following which the samples were sent for ICP-MS
analysis. The concentration of gadolinium (Gd) (Fig 3.16) was significantly higher in the central
tumor region of GADO3NI injected animals (n=3) when compared to its periphery as well as
tumor regions of GADO3ABA injected animals (n=3). A ~ 50 fold higher retention of Gd was
observed in central regions of tumors that were injected with GADO3NI when compared to

GdDO3ABA.

[Gd] ppm

Figure 3.16 Inductively coupled plasma mass spectroscopy (ICP-MS) analysis of AT1 tumor
sections ex vivo. The central or core regions of the AT1 tumors of animals injected with
GdDO3NI agent showed enhanced retention of Gd** clearly validating GdADO3NI as hypoxia
targeting agent. ** represents p<0.05 following 1-way ANOVA.
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3.5 Discussion

The vital role of hypoxia in the development and malignant progression various cancers
has been well studied. Hypoxia is also an important factor in determining the efficacy of
radiotherapy, photodynamic therapy and some chemotherapies, and information related to
hypoxic regions could be clinically important (11). Although it has been hoped that modulation of
tumor oxygenation could be applied to enhance therapeutic efficacy, until now effective hypoxia
imaging methods have been lacking in the clinic (10).

Our study tries to address this issue by evaluating a novel hypoxia targeting MR
contrast agent GADO3NI with respect to the following attributes, a) being a stable and effective
reporter molecule of hypoxia, suitable for noninvasive in vivo studies and b) enable high-
resolution *H MR imaging to show the heterogeneity of hypoxia distribution in solid tumors.

Gadolinium chelates of macrocyclic ligands such as 1,4,7,10-tetraazacyclododecane-
1,4,7,10- tetraacetic acid (DOTA) are being widely used as contrast agents for clinical MRI (80)
because of their high thermodynamic stability, kinetic inertness, and favorable relaxation
properties. In addition, the coordination chemistry of these compounds has been well studied
(81,82), allowing for the design of targeted probes for in vivo applications. Previously,
radiolabeled lanthanide 2-nitroimidazole conjugates with DOTA derivatives were synthesized for
imaging of hypoxia (83). Though these agents showed tumor localization, their ligands without
the nitroimidazole moiety showed similar in vivo uptake. In further improvement of these
approaches, here we report a novel gadolinium chelate (GdADOTA monoamide conjugate of 2-
nitroimidazole, referred as GADO3NI), as a magnetic resonance imaging (MRI) probe to detect
hypoxia.

For both the agents, we characterized the longitudinal relaxivity (r;) and observed a
slightly higher relaxivity for GADO3NI when compared to GADO3ABA. Relaxivity refers to the

relaxation enhancement of solvent protons by the given paramagnetic complex at 1 mM
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concentration. This increase in observed relaxivity of GADO3NI can be attributed to the
elongation of the rotational correlation time (zz) due to the presence of the long pendant arm.
Since our main objective was to evaluate the hypoxia targeting capability of GADO3NI,
choice of in vitro (cells) and in vivo (tumor) models was of paramount importance. For in vitro
Gd uptake studies, 9L rat glioma cells were used since have been extensively studied in the
past as a hypoxia model for radiosensitivity studies under low oxygen conditions (84,85). From
the ROI analysis of T; map (Fig 3.4b, c), we determined a AR; of 0.10 s* and 0.76 s™ for
samples incubated with GADO3NI under normoxic and hypoxic conditions respectively, with
respect to the negative control. Thus the hypoxic sample showed a ~8 fold higher Gd uptake
compared to normoxic sample, clearly demonstrating the hypoxia-targeting ability of GADO3NI.
Another main focus of this study was to determine the in vivo contrast agent kinetics as
well as the ability to detect the spatial distribution of hypoxia in tumor models. In order to
achieve this, we chose large (~3 c.c) Dunning R3327-AT1 prostate tumors which have been
known to be extensively hypoxic (86), as our in vivo model. Also, Gd-DOTA-(n-
butyl)monoamide, GADO3ABA, was used as the ‘control agent’ without the nitroimidazole ring.
The observed signal intensities and consequently concentrations increased fastest in
the well-perfused regions of tumors because of rapid contrast agent influx (Fig 3.8a). This was
followed by fast wash-out, irrespective of the contrast agent (GADO3NI or GADO3ABA). In
contrast, central regions, typically characterized by deficits in vascular supply, showed a
delayed Gd uptake corresponding to a delay in signal build-up for both contrast agents (Fig
3.8b). But more interestingly, the wash-out kinetics were different for both contrast agents (Fig
3.9a, b). We attribute this statistically significant increase / retention of GADO3NI concentration
in the central regions of the tumor at late time points to the presence of hypoxia.
Pimonidazole staining of the excised AT1 tumor tissues confirmed the presence of
extensive hypoxia throughout the central regions of the tumor (Fig 3.16b). Also, ICP-MS

analysis of the AT1 tumor samples revalidated the presence of excess amounts of Gd only in

75



the central regions of GADO3NI injected animals (Fig 3.16) as observed from the concentration
maps. These cross validation studies prove that GADO3NI was targeting hypoxic regions and
could be used to image hypoxia at anatomical 'H MR resolution.

On the basis of these results and with clinical translation in mind, we further validated
the use of GADO3NI as a noninvasive imaging assay for detecting changes in tumor hypoxia.
This capability can have profound implications on cancer treatment as it is practiced today. It
will allow us to observe positive (reduction of hypoxia) or no response in tumors following
hyperoxic gas breathing. It will also help us better understand treatment- induced changes in
tumor hypoxia.

To investigate the use of GADO3NI in detecting changes in the hypoxic fraction of
tumors, we chose two tumor lines (Dunning R3327-AT1 and HI) with known responses of
hypoxia to oxygen breathing (41,86). Extensive studies using °F MR oximetry have shown that
large AT1 and HI tumors (> 3 cc) are hypoxic while breathing air with mean (x SE) pO, values
of 3.5+ 1.5 torr and 12.7 + 1.1 torr respectively. While HI tumors had shown a rapid response to
oxygen breathing (mean pO, = 102 torr), AT1 tumors resisted modulation (86).

In AT1 tumors, we did not observe statistically significant differences in GAdDO3NI
concentration at late time points between air and oxygen breathing. The contrast kinetic profiles
of periphery, center and thigh regions were very similar (Fig 3.12). In the HI tumors, no
significant difference of GADO3NI uptake in peripheral and thigh regions was observed at late
time points between air and oxygen breathing (Fig 3.13a, ¢). But we observed a significant
decrease in GADO3NI uptake in the central regions of the tumor when the animals breathed
oxygen as compared to air (Fig 3.13b, Fig 3.14b). These observations are in accordance with
the previously published data (16).

Another important need in the clinical setting for hypoxia imaging is the resolution of
detection. It is important to realize the specific resolution of each hypoxia imaging modality or

technique. Figure 3.15 demonstrates the differences in perceived hypoxia distribution when
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moving from actual microscopic resolution (Fig 3.15b, 2.5 um) to anatomical 'H MR resolution
(Fig 3.15¢, 125 um) towards 'H MR oximetry or pre-clinical PET imaging resolution (Fig 3.15d,
1 mm). Irrespective of the imaging technique or modality, every value that is obtained is an
ensemble average of the microscopic variations present in the measured voxel. The current
clinical hypoxia imaging resolution reported using PET imaging of **F-MISO is ~ 5 mm X 5 mm
where as the new pre-clinical PET scanners can achieve 1 mm X 1 mm resolution (87,88). Our
contrast agent enables hypoxia detection at anatomical ‘H MR resolution of 125 — 200 um,
which is a 20 fold improvement in resolution when compared to the current clinical standard of
PET imaging using ®F_MISO and more importantly it is closer to microscopy visually. Also this
technique represents a 5 fold improvement in resolution when compared to quantitative PISTOL
technique discussed in Chapter 2.

In this study, we have successfully evaluated a novel Gd-based nitroimidazole as a T,
contrast agent (GADO3NI) for MR imaging of hypoxia. We demonstrated its hypoxia targeting
ability, in vitro, using cells incubated under hypoxic conditions. We also determined the contrast
agent kinetics of GADO3NI and its ability to detect changes in tumor oxygenation following

oxygen intervention.
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CHAPTER 4

A NOVEL CLASS OF S-GAL® ANALOGS AS 'H MR GENE REPORTER MOLECULES FOR IN
VIVO DETECTION OF B -GALACTOSIDASE

4.1 Abstract
Extensive implementation of gene therapy as a cancer therapeutic strategy has been
hampered by difficulties in quantitatively assessing the success of gene transfection and
longevity of gene expression. Therefore development of noninvasive reporter techniques based
on appropriate molecules and imaging modalities may help to assay gene expression. | have
evaluated a series of S-Gal® analogs as novel *H MR lacZ gene-reporter molecules in vitro and
have identified the molecule, C3-GD as an optimal agent for in vivo studies. In the presence of
ferric ions (Fe*"), the molecule is cleaved by B-galactosidase encoded in the lacZ gene, and
forms a paramagnetic iron chelate. This causes a pronounced T; & T, shortening in MR images.
Athymic nude mice (n = 6) implanted subcutaneous with MCF7 (wild type) and lacZ transfected
MCF7 tumors were used to perform the study. Following baseline imaging, 25ul of a solution
with 15 mM C3-GD and 5 mM ferric ammonium citrate (FAC) in water was injected intra-
tumorally using a fine needle into each tumor. T; & T, weighted images were acquired at 1 and
2 hours post injection. MCF7 - lacZ tumors showed small but statistically significant changes in

T, & T, values after 2 hours whereas the MCF7 (wild type) tumors showed minimal changes.

4.2 Introduction
Reporter genes are frequently used to assess regulation and transfection of
genes in biological pathways. One of the major challenges in the field of gene therapy has been

the lack of methods to quantitatively assess the success of gene transfection and the longevity
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of gene expression (89). Hence, development of noninvasive reporter techniques based on
appropriate molecules and imaging modalities may help to assay gene expression.

Some of the popular reporter genes are those that generate 3-galactosidase (B -gal),
B-glucuronidase, firefly luciferase, fluorescent proteins (e.g. green fluorescent protein),
transferrin and ferritin (90,91). The lacZ gene encoding B-gal has been the most extensively
used reporter gene with applications ranging from basic science to translational and clinical
trials for assaying protein expressions and interactions (92,93).

There are various commercially available reagents (substrates) in regular use to detect
lacZ gene expression by colorimetric stains and assays, some of which are nitrophenyl-3-D-
galactopyranoside (generates yellow color), 4-chloro-3-bromoindole-galactose (X-Gal®,
generates a blue stain) and 3,4-cyclohexenoesculetin-B-galactopyranoside (S-Gal® - generates
a black stain). These assays have been used extensively for ex vivo and/or in vitro applications
(94-96) with a few reported in vivo studies. In recent years, development of novel reporter
molecules and techniques for noninvasive in vivo detection of lacZ transgene expression (B-gal
activity) have been reported and they range from optical (97-99), radionuclide (100,101) to MR
imaging [1H (102-104) and/or = (105,106)]. Lately, “F NMR spectroscopy based approaches
have gained renewed interest due to the advantage of having large observable chemical shifts
between substrate and product, which report on the enzymatic reaction kinetics (53,107). The
advantages and potential disadvantages of various °F NMR substrates to assay B-gal activity
for in vivo imaging have been reviewed recently (108).

In a recently published study, the laboratory of prognostic radiology (LPR) the ability to
detect B-gal activity in lacZ transfected breast cancer cells (MCF7) in vitro and in vivo using the
commercially available colorimetric  substrate; sodium  3,4-cyclohexenoesculetin-3-

galactopyranoside (S-Gal® sodium salt- Fig. 4.1) by 'H MRI (104).
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Figure 4.1 Structure of commercial colorimetric lacZ gene-reporter, S-gal®. C1 - 4 are analogs
of the product of cleavage of S-Gal® by B-galactosidase.

| now report the development and evaluation of a series of S-Gal® analogs as 'H MR
gene reporter molecules for detection of B-galactosidase. | also demonstrate the feasibility of in

vivo imaging using very low dose of the reporter molecule C3 — GD.

4.3 Materials and Methods

3,4-Cyclohexenoesculetin 3-D-galactopyranoside (Fig. 4.1), S-Gal® sodium salt, and
ferric ammonium citrate (FAC) were purchased from Sigma-Aldrich (St. Louis, MO). The
evaluated reporter molecules (Fig 4.2) were synthesized by Dr. Jian-xin Yu and a brief
description of the synthesis can be found elsewhere (109). All MR studies were performed on a
Varian INOVA 4.7T horizontal-bore MR system equipped with actively shielded gradients.
4.3.1 Detection of B-gal activity in vitro

For in vitro measurements, each reporter molecule solution (15 mM in de-ionized
water, 40 ul) was mixed with ferric ammonium citrate (5 mM, 40 ul) in 2% agar solution with or
without B-gal (5 units, EB01A, Sigma-Aldrich, St. Louis, MO) and placed in 4X4 cut section of a
96 well plate. The prepared phantom was left on a heating block maintained at 37 T for 30

mins for enzymatic reaction to stabilize. T; and T, maps of the phantom were acquired by using
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Figure 4.2 Structures of novel lacZ gene-reporter molecules evaluated in this study.
(a) C1 - 4 MGD are mono-galactopyranosides; (b) while C1 - 4 GD are di-galactopyranosides.
GD compounds are more soluble in water.
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a standard spin echo sequence, using a 3 cm solenoid coil (home-built) at 37 €. MRI
parameters used were: FOV 40 mm X 40 mm, matrix size 128X128, slice thickness 1mm, T,
mapping: TE = 12 ms and varying TR (0.2 — 6 s), T, mapping: varying TE (0.012 — 0.2 s) and

TR=6s.

4.3.2 In vivo detection of B-gal activity in MCF7 and MCF7-lacZ tumors

Based on better water solubility and enhanced contrast seen during in vitro
experiments, C3 - GD was chosen for in vivo studies. MCF7 (wild type -1.5X 106) and MCF7-
lacZ (2X10°) cells were implanted subcutaneously in the flanks of athymic nude mice (N = 6) on
contralateral sides. The lacZ gene was stably transfected into MCF7 cells by Dr. Li Liu. MRI
studies were performed when the tumor size reached 0.75 cm®. Mice were anesthetized with
1.5% isoflurane in air and were placed in a Litzcage volume coil (Doty Scientific Inc, Columbia,
SC) for MRI. Animal body temperature was maintained at 37 T using a circulating warm water
pad. Baseline T; and T, maps of tumor containing slices were acquired by using a spin echo
sequence. MRI parameters used were: FOV 100 mm X 50 mm, matrix size 256X128, slice
thickness 1 mm, T; mapping: TE = 12 ms and varying TR (0.2 — 6 s), T, mapping: varying TE
(0.012 — 0.2 s) and TR = 6 s. Following baseline imaging, the mouse was removed from the
scanner and 25ul of a solution with 15 mM C3-GD and 5 mM FAC in water was injected intra-
tumorally using a fine needle into each tumor. After repositioning the mouse carefully, T, and T,

maps were acquired at 1 and 2 hours post injection.

4.3.3 Histology

For postmortem verification of 3-gal, the tumors were excised after the MRI study and
stored in OCT. 5 um cut sections of the tissue were then fixed with 4% formaldehyde 0.2%
glutaraldehyde in PBS for 10 min, and washed three times in PBS (pH 7.4). These sections

were further stained with B-gal-staining solution [1 mg/mL 5-bromo-4-chloro- 3-indolyl- (3-D-
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galactopyranoside (X-gal), 2mM MgCl,, 5mM K4Fe(CN)e, and 5mM KzFe(CN)g] for 45 minutes
at room temperature and then counter stained with Nuclear fast (Poly Scientific, Bay Shore, NY,
USA), to reveal B-gal activity and nuclei locations respectively

4.4 Results
4.4.1 Evaluation of reporter molecules in vitro:

In agar gel phantoms, the addition of 5 units of B - gal enzyme to the agent + FAC
solution showed a signal enhancement in T, wt images and signal loss in T, wt images. Figure
4.3 shows the T, and T, maps of the evaluated reporter molecules + FAC in the absence or
presence of (8 - gal enzyme. Of the evaluated molecules, C3 - GD, C2 - MGD and C3 - MGD
showed a change (decrease) in T; of 1.12 s, 1.24 s and 1.17 s respectively, which is higher
than 1.03 s observed using s-Gal® (Table 4.1, Fig. 4.4). Similarly, C3 - GD and C3 - MGD
showed a decrease in T, of 0.045 s and 0.095 s respectively which is significantly higher than
0.023 s observed using S-Gal® (Table 4.1, Fig. 4.4). The T, and T, values decreased
significantly for most molecules but C3 - GD was used for further in vivo studies due to better
water solubility than C3 - MGD.

Table 4.1 Longitudinal and transverse relaxation times (T, & T, respectively) of the synthesized

gene reporter molecules in the absence or presence of 3-galactosidase. T; and T, values of
the agents C3 - GD and C3 - MGD decreased significantly in the presence of the enzyme.

Agent T1(S) T, (s)
w/o B-gal w/ B-gal AR; (s | w/o B-gal w/ B-gal AR,(s™)

C1-GD 1.76 £0.13 | 1.11 £0.09 0.33 0.12+0.03 | 0.12 +0.04 -0.84

C2-GD 1.81+0.15 | 1.39£0.09 0.17 0.12+0.05 | 0.11 £0.03 0.76

C3-GD 1.83+£0.15 | 0.72+£0.12 0.85 0.11+£0.04 | 0.07 £0.01 5.97

C4-GD 1.85+0.15 | 1.18 £0.06 0.31 0.13+0.05 | 0.11 £0.04 1.67

S-Gal® 2.07+0.12 | 1.04+£0.05 0.48 0.09+£0.03 | 0.07+£0.01 341
C1-MGD 1.79+0.28 | 1.46 £0.19 0.127 0.13+0.04 | 0.09 £0.03 3.42
C2-MGD 1.83+0.13 | 0.58 £0.05 1.17 0.12+0.05 | 0.10+0.03 1.72
C3-MGD | 1.68+0.12 | 0.51£0.13 1.36 0.13+£0.05 | 0.03+0.01 22.09
C4-MGD 1.78 £0.09 | 0.84 £0.05 0.62 0.13+0.05 | 0.13+£0.03 0.09
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8

C1-MGD | | C2-MGD

Figure 4.3 In vitro lacZ gene reporter activity of various analogs of S-gal ®. The figure shows the T; (top row) and T, (bottom row) maps.
Each sample contained 15 mM Agent + 5 mM FAC in agarose without (left) or with (right sample in each yellow box) 5 units of $-gal
enzyme. Pronounced T, and T, effects are seen for the agents C3 - GD and C3 - MGD.
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4.4.2 Evaluation of reporter molecules in vivo:

T, and T, maps of athymic nude mice bearing wild type (WT) and lacZ-
transfected MCF7 tumors were acquired before and after the injection of C3-GD (15 mM) + FAC
(5 mM) solution (25 pl vol.). For data analysis (per animal), only the tumor slice with the reporter
molecule injection (Fig 4.5) was identified based on T, maps (for both WT and lacZ tumors) and
T, maps (for lacZ tumors only). Tumor voxels from the injected slice of all animals were pooled
with respect to imaging time point (baseline, 1hr and 2 hrs post injection) and statistical analysis

was performed.

Baseline

(b)

Figure 4.5 In vivo lacZ gene reporter activity of C3 - GD. A representative MRI slice of a nude
mouse with wild type MCF7 tumor (left - dotted) and lacZ transfected MCF7 tumor (right - solid)
are shown. a) T, - wt images (top row) and T; maps (bottom row) and

b) T, - wt images (top row) and T, maps (bottom row).
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4.4.2.1 T, analysis

Due to very small injected dose, Ti-weighted images showed small hyper intensities
which were better perceived from the decrease in T; values as seen in the T; maps of
representative tumor slices (Fig. 4.5 a). There was a small but significant difference between
mean baseline T, (1.84 £ 0.28 s; WT (n=6) vs. 1.88 + 0.21 s; lacZ (n=6); p<0.0001; unpaired t-
test) of the two tumor types. Following injection of reporter molecule solution (C3-GD+FAC), T,
decreased significantly in WT tumors (T, = 1.72 + 0.29 s, p< 0.0001) after 1 hr but recovered
back by the end of 2 hrs (T; = 1.97 + 0.35 s, p< 0.0001). In lacZ tumors, T; decreased
statistically significantly by the end of 1 hr (T; = 1.69 £ 0.32 s, p< 0.0001) and continued to
decrease till 2 hr (T; = 1.63 + 0.25 s, p< 0.0001).The statistical analysis was performed using 1

way ANOVA followed by Bonferroni’'s multiple comparison test.

4.4.2.2 T, analysis

ROI analysis of the same slices( as in T; analysis) on T, maps showed large decrease
in T, values at later time points for MCF7- lacZ tumors when compared to baseline (Fig. 4.5 b).
There was a significant difference in the baseline T, value of WT and lacZ transfected tumors
(T, =56 £ 16 ms (WT) vs. T, = 51 + 8 ms (lacZ); p< 0.0001; unpaired t-test). Following
administration of reporter molecule solution (C3-GD+FAC), T, decreased statistically
significantly in WT tumors (T, = 51 + 16 ms; p<0.0001) at 1 hr but returned back to baseline
value (T, =57 £ 18 ms; p>0.05) at 2 hr. In lacZ tumors, T, decreased statistically significantly by
the end of 1 hr (T, = 44 £ 10, p< 0.0001) and remained unchanged till 2 hr (T, = 44 £ 9, p<

0.0001).
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Figure 4.6 (a) Mean T, and (b) T, values from pooled voxels for all tumors (n=6) pre, 1hr post
and 2hr post injection of 25 pl of C3 — GD plus FAC solution. The two time-points post injection
were compared to the values pre injection for statistical significance of changes using 1 way
ANOVA. *and * represent p<0.001 for wild type and lacZ tumors respectively.
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(b)

Figure 4.7 X-gal and Nuclear fast staining of slices (full mount) from the tumors obtained post
mortem: (a) MCF7- lacZ and (b) MCF7 - WT. Intense blue stain showed (-gal activity for the
MCF7 lacZ tumor section only.

4.5 Discussion
| have successfully evaluated analogs of the product of cleavage of s-Gal® by B-
galactosidase as ‘H MR gene reporter molecules by in vitro imaging. The synthesized mono-
and di- galactopyranosides (MGD and GD respectively) showed differential enhancements. In
the presence of ferric ions (Fe3+ from FAC), the reporter molecules are cleaved by B-
galactosidase encoded in the lacZ gene. This aglycone product readily forms a paramagnetic

iron chelate causing a pronounced T; & T, shortening in MR images.
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Escherichia coli (lacZ) B-gal catalyses the hydrolysis of B-D-galactopyranosides by
cleavage of the C-O bond between D-galactose and the aglycones. The substrate specificities
and activities are highly dependent on their various aglycones (110). The detection of lacZ using
S-Gal® (104,111) in the presence of Fe®* showed that the MRI contrast is produced by the
formation of 3,4-cyclohexenoesculetin (aglycone) / Fe (Fe** from FAC) complex in situ (112).

Traditionally iron - based MRI contrast agents are designed to have coordinatively
saturated Fe3+-complexes since iron, a redox- active metal may cause oxidative damage in
vivo. These design considerations eliminate the possibility of inner-sphere coordination of water
molecules in Fe**-based MRI contrast agents. Intermediate between inner-sphere and outer-
sphere interactions with water is the second-sphere binding of water molecules to sites within a
Fe3+-complexed ligand. This binding of water allows close approach of the bulk water protons to
the paramagnetic Fe®* ion, while simultaneously allowing coordinative saturation at the metal
center (32,113,114).

Since there exists a thorough understanding on the biochemistry of Fe®" (115), the
design of second-sphere MRI contrast agents as organ- or disease-specific diagnostic
pharmaceuticals, has raised much interest (113,116-118). Also, literature is available describing
the design and evaluation of series of siderophores that contain catechol binding groups
(catecholate ligands) to coordinate Fe®* (116-118). These ligands are of particular interest in the
development of Fe**-based second-sphere MRI contrast agents because they have the
potential to maintain coordinative saturation while providing the opportunity for H,O to H-bond to
the catecholate O atoms of the Fe-O-R (R=catecholate ligands) linkages. Therefore, Dr. Yu
used the coumarin-based catecholate aglycones with modifications on the positions of donor
groups, chelator skeleton and substituents, which generally govern Fe-complex formation,
stability, specificity and chelation efficacy (119), for synthesizing a novel class of gene-reporter

molecules.
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From our initial experiments, | observed that the synthesized coumarin-based mono-
galactopyranosides showed lower water solubility. In the past, carbohydrates with multiple
hydroxyl groups were routinely used to reduce barriers against cellular uptake and improve
solubility (120). Therefore, Dr. Yu conjugated an additional B-D-galactopyranosyl unit to the
mono-galactopyranosides, for improving their hydrophilicity and then to promote their solubility
and cellular internalization.

As seen from Fig 4.3, the mono-galactopyranosides always showed better T, and T,
contrast when compared to their associated di-galactopyranosides (For ex: C2 — MGD showed
better T, & T, shortening than C2-GD). This can be attributed to the fact that B-gal enzyme has
to act twice on a di-galactopyranoside before liberating the aglycone to form the iron chelate.
Also, the presence of additional galactose moieties in the GD reporter molecules had no
influence on the T; and T, of the agent + FAC mixture in the absence of enzyme as seen from
the similar T, and T, values of MGD and GD reporter molecules (Fig 4.4 a and b). For the
optimal agent (15 mM) and FAC (5 mM) concentration, C3 -MGD and C3 - GD demonstrated
pronounced T; & T, shortening in the presence of 5 units of B-gal but owing to better water
solubility which is preferred for in vivo applications, C3-GD was used for in vivo studies.

Following intra-tumoral injection of the agent + FAC solution, in wild type tumors, |
observed a decrease in T; & T, values from baseline to 1hr time point which returned to
baseline values by 2 hr time point. This initial decrease in T, & T, values can be attributed to the
free ferric ions which eventually get cleared out. In the lacZ transfected tumors, formation of iron
complexes due to the chelation of aglycones in the presence of ferric ions caused a rapid
shortening of T; & T, values when compared to baseline values.

The X-gal and Nuclear fast staining of tumor slices obtained following the MRI studies
clearly showed an intense blue stain representing 3-gal activity only in the MCF7 lacZ tumor but

not in the MCF7 wildtype tumor (Fig 4.7). This further supports our MRI findings.
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Table 4.2 Values of T; and T, obtained from ROI analysis of in vivo data (n = 6). MCF7-
lacZ tumors show a significant decrease in T; & T, values at 2 hr post injection when compared

to baseline.
MCF7- lacZ MCF7 - WT MCF7 - lacZ MCF7 - WT
T1(s) T1(s) T, (ms) T (ms)
Baseline 1.88 + 0.22 1.84 +0.28 51+8 56 + 16
1 hr post 1.69 + 0.33 1.72 +0.29 44 +10 51+ 16
injection
2 hr post 1.63 +0.25 1.97 +0.35 44+9 57 +18
|nject|0n
B — 1hr *** B — 1hr *** B — 1hr *** B — 1hr ***
1 way ANOVA B — 2hr *** B — 2hr *** B — 2hr *** B — 2hr ns
p-value 1hr — 2 hr *** 1hr — 2 hr *** 1hr—2hrns 1hr — 2 hr **=*
% Change
(B2 h) 13.3 7 13.7 1.7

A limitation of the present approach is our inability to directly assess substrate cleavage
and product formation in real time. A novel approach to overcome this problem has been
recently proposed by the use of dual *>F/*H MR lacZ gene reporter molecules (121). In these
molecules, a fluorine atom was introduced into the iron-chelating aglycones of B-D-
galactopyranosides, which when activated by B-gal, released an aglycone that displayed a
distinct *°F chemical shift with respect to the substrate.

In conclusion, | evaluated 8 novel lacZ responsive Fe**-based MR gene reporter
molecules. The synthesized mono and di-pB-D-galactopyranosides demonstrated differential T,
& T, relaxation characteristics in the presence of Fe** and show great promise as *H MRI lacZ
gene reporters. Intra-tumoral injection of 25l of the reporter molecule solution (15 mM C3-GD
and 5 mM FAC in de-ionized water) showed small but statistically significant decrease in the T,
& T, values of MCF7 - lacZ tumors after 2 hours whereas the MCF7 (wild type) tumors showed

minimal changes.
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS

Since the tumor microenvironment plays a crucial role in carcinogenesis and
metastasis, it represents a crucial target not only for cancer therapy but also for preventive
strategies. Therefore, accurate noninvasive imaging of confounding factors like measurements
of pO,, pH, perfusion, enzymatic and metabolic characteristics in the tumor microenvironment
are critical. This dissertation research focuses on the evaluation of novel probes to interrogate
the tumor microenvironment, specifically hypoxia and gene expression using proton (‘*H)
magnetic resonance imaging (MRI).

Previously, we have demonstrated the use of hexamethyldisiloxane as a 'H MR pO.,
reporter molecule and determined tumor pO, values following direct intratumoral (IT) injections.
This approach enables the interrogation of any region of interest in the tumor immediately
following the injection. Even though IT injection has the advantage of delivering less dose of the
reporter molecule, this technique is only limited to probing tumors that are accessible. In chapter
2, | have demonstrated the feasibility of preparing HMDSO loaded nanoemulsions for use as
nanoprobes for quantitative 'H MR oximetry and characterized their sensitivity to changes in
pO,. The similarity in calibration curves between the prepared HMDSO based nanoemulsions
containing <5% surfactant and neat HMDSO clearly indicate that the emulsification process
didn’t hinder the exchange of O, between pO, nanosensor and surrounding tissue (or solution).
The nanoemulsion prepared using 40% v/v HMDSO-5% v/v HS-15 - 55% v/v de-ionized water
was identified as optimal formulation based on its calibration curve and particle size data.
Further | measured the temperature dependence of the calibration constants A’ and B’ for this

formulation and determined them to be similar to neat HMDSO (42). Based on the temperature-
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dependent calibration curve, the calculated error in pO, at 37 °C was 1.0 torr/°C, compared to
0.8 torr/°C for neat HMDSO, when actual pO, value was 5 torr.

Given that hypoxic tumors are more resistant to certain therapies, it becomes important
to assess tumor oxygenation and its modulation with respect to adjuvant interventions as part of
therapeutic planning. Using the HMDSO based nanoemulsion | have shown the ability to
measure dynamic changes in tissue pO,, following normobaric and hyperbaric oxygen breathing
interventions. Additionally, | determined the calibration curves of various linear and cyclic
siloxanes (of different chain lengths) and investigated their utility as pO, sensing reporter
molecules. The wide range of boiling points offered by these siloxanes could enable diverse
applications of 'H MR oximetry. This study also helps in determining the choice of siloxane
(smaller dynamic range of T,'s across the pO, range) for applications requiring faster time
resolution.

Since the ultimate goal of this project is to perform tumor oximetry following the
systemic delivery of these nanoemulsions, future work should involve the determination of in
vivo biocompatibility and pharmacokinetics of the injected nanoemulsions. Pharmacokinetics
could be determined either by an MR based approach (preferred) or by tagging a fluorescent
dye to the nanoemulsion and detection using a fluorescence imager. Current efforts in our lab
include the preparation of smaller and more stable nanoemulsions using different surfactant /
co-surfactant mixtures. The main limitation of the PISTOL method is that it is limited to the
determination of quantitative pO, values in a single slice. Implementation of spectral spatial
pulses in the excitation scheme of PISTOL could enable multi- slice or even 3D quantitative
oximetry. Another drawback of the PISTOL technique is that the attainable spatial resolution will
always be limited by the detectability of the HMDSO signal.

In chapter 3, | have successfully evaluated a novel Gd-based nitroimidazole (GdDO3NI)
as a T, contrast agent for MR imaging of hypoxia. | demonstrated its hypoxia targeting ability,

in vitro, using cells incubated under hypoxic conditions. The in vivo contrast agent kinetics of
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GdDO3NI and a control agent GADO3ABA, in AT1 tumors were determined. The signal
enhancement and concentration profiles clearly demonstrated the selective uptake of GADO3NI
agent in the central (poorly perfused and potentially hypoxic) regions of the tumors. | further
confirmed the existence of hypoxia in AT1 tumors by pimonidazole staining. The elemental Gd
concentration in segmented tumor samples was performed by ICP-MS to cross-validate the MR
findings. In accordance with the MRI findings, the ICP-MS Gd concentration in central regions of
the tumor samples from animals injected with GADO3NI was higher than the periphery or
GdDO3ABA samples. Using GADO3NI, | have further shown the ability to detect changes in
tumor oxygenation following oxygen intervention in HI tumors. The Gd concentration uptake in
central regions of HI tumors was significantly lower when the animals breathed oxygen when
compared to air. This observation is in agreement with the previously published studies on
response to oxygen breathing of HI tumor using *°F MR oximetry by our research group.

In this study, | have shown the ability of GdADO3NI to detect hypoxia at anatomical MRI
resolution using 2D multi-slice data. In the future, characterization of hypoxic threshold based
on tumor to blood or tumor to thigh Gd concentration ratios is warranted. Further improvement
could be the use of 3D- gradient echo based approaches for imaging the heterogeneous
distribution of hypoxia in 3 dimensions. Also studying the binding efficiency of GADO3NI at
various levels of hypoxia, in vitro, will help in better understanding the mechanism and
guantification of data, potential leading to quantitative oximetry. Since GdADO3NI shows great
promise as a hypoxia targeting agent, a further one-to-one comparison study using BE.MISO-
PET in preclinical setting could enhance its potential clinically translatability.

In Chapter 4, | have successfully evaluated analogs of the product of cleavage of S-
Gal® by B-galactosidase as ‘H MR gene reporter molecules. The synthesized mono- and di-
galactopyranosides (MGD and GD respectively) showed differential enhancements in in vitro
MR imaging of agarose phantoms. The enzyme [B-galactosidase encoded by the lacZ gene

cleaves the galactose moiety from the reporter molecule, forming an aglycone product. This
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product in the presence of ferric ions (Fe** from FAC), readily forms a paramagnetic iron
chelate causing a pronounced T, & T, shortening in MR images. Owing to better water solubility
and contrast effects, C3-GD was determined to be the best molecule out of the series of
molecules evaluated and was used for animal studies. For in vivo studies, | used athymic nude
mice implanted subcutaneously with MCF7 (wild type) and lacZ transfected MCF7 tumors. Intra-
tumoral injection of a very small volume of the reporter molecule solution showed significant
changes in the T; & T, values of MCF7 - lacZ tumors after 2 hours whereas the MCF7 (wild
type) tumors showed minimal changes. Immunohistology for B-gal expression clearly
demonstrated the presence of lacZ transfection only in the MCF7- lacZ tumors further
supporting the MRI findings. The focus of future gene reporter molecule research should be in
developing agents that utilize endogenous iron to develop contrast. Also, one can envision
applications of the evaluated reporter molecules with suitable cleavage domains for the

detection of other endogenous or transfected gene expression with very high sensitivity.
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APPENDIX B
CALIBRATION CURVES OF NEAT HMDSO

AND NANOEMULSION (40% HMDSO, 5% HS-15) FROM
0 TORR (N,) TO 760 TORR (100% O,)
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Figure B.1 Calibration curve (R; and pO,) of neat HMDSO and nanoemulsion
(40% HMDSO, 5% HS-15). Linear fit to data at 37 T from 0-760 torr yields
R: [s7] = 0.1162 + 0.0013* pO, [torr] (R*>0.999) and R, [s™'] = 0.1217 + 0.0012* pO, [torr]
(R2>0.999) for neat HMDSO and nanoemulsion, respectively. The neat HMDSO calibration data
was acquired by Dr. Kodibagkar whereas nanoemulsion calibration data was acquired by
Ujjawal Rastogi.
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