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Abstract
Currently, understanding of immune response is derived from tissue destructive techniques, such
as immunohistochemistry. These techniques, whilst sensitive, do not provide a full picture of
complex physiological processes as they only visualise discrete timepoints. Macrophages undergo
contextual polarisation towards either pro-inflammatory (M1) or anti- inflammatory (M2)
polarisation states, making them useful indicators of local immune state. Cell targeted molecular
magnetic resonance imaging (MRI) represents one of the most promising approaches for
visualisation of cell activity in-vivo. There is a need to develop sensitive, imaging approaches
which can resolve immune cell activity at a molecular level. To address these key unmet research
needs, three in vitro strategies were developed to exploit high-field MRI/MRS allowing
visualisation of both unique cell populations through their distinct cell surface marker expression,
metabolic fingerprints, and propensity for drug uptake, chiefly through models of macrophage
polarisation. Positive identification of macrophage subpopulations was achieved through cell
surface marker labelling using targeted iron oxide nanoparticles. In addition, macrophage
subpopulations could be further identified by their unique metabolic fingerprints, through
visualising turnover of deuterium labelled substrates. Building upon the imaging probe
development and screening approaches, efficacy of drug-contrast agent conjugates were used to
investigate the uptake of drug complexes in glioblastoma cell lines. Beyond the initial results from
these in vitro studies, the development of cell targeted MRI strategies in vivo will help inform
clinical interventions and development of further research tools for the non-invasive understanding

of cell biology.
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1.1 Introduction

Cell morphology, localisation, migration, proliferation, and metabolism within tissue are highly
sensitive to the tissue microenvironment in which they reside. Cell behaviour within tissue can
reveal information relating to disease, immune response and therapy response (or lack thereof).
For the most part, information related to cell behaviour has been limited to invasive tissue
destructive approaches including tissue or blood biopsy immunohistochemistry. Cell tracking is a
process which utilises a non-invasive imaging modality to label specific cell populations and
visualise their activity through space and time.? Non-invasive imaging modalities, such as
magnetic resonance imaging (MRI) and positron emission tomography (PET), offer new
opportunities to track and monitor cell behaviour in real time.?® Non-invasive tracking of cells has
multiple downstream applications for in vivo investigations. In particular, tracking of inflammatory
cells could provide a wealth of information relating to disease progression, therapy response and
host rejection. This thesis explores three different approaches to exploit magnetic resonance
imaging to visualise and label cells for translational applications. The first, described in Chapter
3, is a cell surface imaging approach, employing a modular antibody and iron oxide nanoparticle
based platform to label macrophages based off their unique surface marker expression. The second,
described in Chapter 4, is a metabolic imaging approach, using deuterium isotopes to identify the
metabolic fingerprints of different macrophage polarisation states. The third, described in Chapter
5, is a small molecule therapy-diagnostic (theranostic) platform approach, using DNA intercalators

bound to contrast agents to visualise glioblastoma drug uptake.
1.2 Inflammation — Immune Cells as Targets for Cell Tracking

Inflammation is a core, yet complex, hallmark of tissue injury and disease including cancer,*

neurological diseases,® autoimmune response,® infection” and allograft rejection.® Inflammation
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can be triggered by many factors such as pathogens, damage to cells and toxic compounds.’
Inflammatory processes are highly conserved and carefully orchestrated. The process can be
surmised by the following steps: initial inflammation, inflammatory resolution, and tissue
neovascularisation with tissue remodelling.# From a cell labelling perspective, targeting
inflammatory processes, especially behaviour of immune cells within a given environment, could
reveal a large amount of information relating to disease progression and therapy response.
Macrophages play an essential role in inflammatory response, making them ideal subjects for

targeted molecular imaging of the inflammatory processes.
1.3 Structure and Function of Macrophages

1.3.1 Role of Macrophages

Macrophages are a critical host defence mechanism and are key players of inflammatory processes.
They play key roles in tissue development, homeostasis, wound healing and immune response.*°
They show a both a high degree of heterogeneity and plasticity, which facilitates their multiple
functions.1°

1.3.2 Macrophage as Inflammatory Indicators

Macrophages serve as a core molecular hub for immune response to tissue injury.'* Macrophages
undergo functional, morphological and metabolic changes in response to stimuli in their local
microenvironment.'%1? Broadly, resting macrophages (MO) undergo contextual adaptations, in
response to either a pro-inflammatory or anti-inflammatory stimuli to give rise to pro-
inflammatory (M1) or anti-inflammatory (M2) macrophages, in a process called macrophage
polarisation. The ability of macrophages to undergo polarisation in response to anti- or pro-
inflammatory stimuli, is critical to tissue homeostasis.*®* The M1/M2 paradigm of macrophage

activation was first conceptualised by Mills and colleagues, who demonstrated macrophages from
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two different mouse strains (C57BI/6 and Balb/c) had a preferential metabolism of arginase for
either synthesis of nitric oxide (NO) (M1 polarised) or ornithine (M2 polarised) following

lipopolysaccharide (LPS) stimulation (see figure 1.1).12%4
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Figure 1.1 — Schematic showing classical macrophage (M1) and alternative (M2) macrophage activation from
a monocyte precursor. M1 macrophages are activated by damage-associated molecular patterns (DAMPS),
pathogen-associated molecular patterns (PAMPS), interferon gamma (IFN- y), LPS and tumour necrosis factor
alpha (TNF-ca). In a feed forward mechanism, these M1 macrophages display a marked increase in synthesis of
pro-inflammatory type signal mediators, including TNF-q, nitric oxide synthase (iNOS), interlukin-1 (IL-1),
interlukin-6 (IL-6), and interlukin-10 (IL-10). Upregulation of these factors leads to killing of intracellular
pathogens, tumour resistance and perpetuation of immune response.*® In addition to their pro-inflammatory
functions, macrophages can be alternatively activated (M2), having significant anti-inflammatory and tissue
repair roles.'® M2 activation is stimulated by lipids, interleukin-4 (IL-4), interleukin-13 (1L-13), and macrophage
colony stimulating factor (MCSF) M2 macrophages are characterised by upregulation of vascular endothelial
growth factor (VEGF), along with increased oxidative phosphorylation (OXPHQOS) and increased fatty acid
oxidation (FAO). Anti-inflammatory signalling molecules including interleukin 1 receptor (IL-1R), decoy IL-1
type Il and interleukin-10 (IL-10) are also upregulated in the M2 phenotype. Together, the upregulation of these
factors leads to increased synthesis of extracellular matrix (ECM), increased angiogenesis and increased
phagocytic capacity.® Drawn using Biorender. Image adapted from Wynn and Vannella., 2016.%"

Macrophage’s differential metabolism of arginine determines their role in tissue homeostasis.

Depending on their activation, macrophages display preference for arginine metabolism by either
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iINOS to NO, or arginase to ornithine.!* Production of either NO or ornithine in macrophages leads
to vastly different polarisation states. NO synthesis is predominantly characterised by the cessation
of cell proliferation, whereas ornithine synthesis leads to macrophage cell proliferation and
repair.r® Functionally, M1 macrophages are effector cells, constituting a first line of defence and
are activated by pro-inflammatory cytokines, including tumour necrosis factor (TNF-a), interferon
gamma (IFN-y) and bacterial derived lipopolysaccharide (LPS).*® M1 macrophages display a high
degree of phagocytic activity towards pathogens, dead cells, foreign bodies and tumour cells,
effectively sanitizing the local microenvironment.'8-20 M1 macrophages can further potentiate M1
polarisation by secreting high concentrations of pro-inflammatory cytokines.?*?? Distinct from M1
macrophages, M2 macrophages exert their function through anti-inflammatory cytokine
signalling, and are heavily involved in the repair and remodelling or tissue architecture and
dampening of immune response.'®

Whilst macrophage polarisation can serve as a useful signature for healthy physiological response
to tissue insult and damage, the dysregulation of normal macrophage response is heavily
implicated in many disease states including cancer and chronic inflammatory diseases.?3?’
Tumour-associated macrophages (TAMs) are one such example, which are macrophages widely
present in a number of tumour types and contribute to the formation of the tumour
microenvironment. 28 In particular, M2-TAMs potentiate tumour angiogenesis, promote tumour
recurrence, dampen T-cell anti-tumoral responses and increase metastatic potential.?®3! The
presence of TAMs, both in terms of M1-TAMs and M2-TAMs, have key clinical prognostic value
for patient survival 323 Fundamentally, macrophages and their polarisation states serve as useful

indicators for physiological state, including disease progression and therapeutic response.
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Evidently, the identification of macrophage polarisation state can hold significant clinical value,

such as the case for TAMSs, moreover a cell tracking approach that could both identify and track

these macrophage populations could further illuminate the role of macrophages in inflammatory

responses.

Table 1.1 — Current Macrophage Targeted Molecular Imaging Approaches

Macrophage Exemplified Mechanism Modality Advantages Disadvantages Citation
Labelling Probes
Approach
Macrophage PG-Gd-NIR813, Targeted MRI Easy Metal ion 34-36
Targeted GBCA-HDL, mediated either functionalisation, leaching and
Gadolinium TMV-Gd-DOTA direct moderate sensitivity. Nephrotoxicity
Contrast Agent conjugation of concerns
targeting moiety
or by
encapsulating
agent in targeted
carrier such as a
liposome or lipid
nanoparticle
Iron Oxide SPIONs Typically MRI, Moderate Hypointense
Nanoparticles approaches Multimodal sensitivity, imaging due to 3741
exploit generally good T2 contrast
macrophage biocompatibility, enhancement
phagocytosis of easy
nanoparticles. functionalisation
with targeting
moieties, long
circulation times.
F Probes Perfluoro-19-crown- | Phagocytosis by MRI High specificity due | Long scan times 4243
5-ether immune cells to low background. due to low
sensitivity
relative to proton
MRI.
Macrophage CDrl17, Fluorescent | Typically Optical, High sensitivity, | Generally  low
Fluorescent labelled SPIONs (e.g | targeting surface Multimodal multiplex imaging. depth penetration 39,44-46
Labelling SPION-Fluoprobes- receptors, or and high signal
565) preferential attenuation.
uptake of species
such as a glucose
Metabolic MRS 13C-Pyruvate, Facilitated MRS Multiple options for | Lower sensitivity
endogenous 13C- diffusion MR active nuclei to 47-50
compounds enrich probes. Often
highly
biocompatible
analogues.
Mass spectrometry N/A N/A Mass Spec High sensitivity, can Sample
detect a wide range destructive 51,52
of compounds to
produce detailed
fingerprints
PET radiotracers | Fluorodeoxyglucose, Facilitated Positron High sensitivity Low spatial 53,54
124|-DPA-713, 8F- diffusion or cell emission resolution, single
GE-180 surface marker tomography channel,
labelling ionising radiation
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1.4 Imaging Modalities for Cell Tracking

There are several imaging modalities available to clinicians, each with their own advantages and

limitations. Conventional imaging modalities capable of cell tracking include magnetic resonance

imaging (MRI), positron emission tomography (PET), optical imaging, computed tomography

(CT) and ultrasound. Table 1.2 summarises the parameters of each modality. The two main

modalities for cell tracking with the most translational potential are MRI and PET (highlighted in

yellow in Table 1.2).

Table 1.2 - Summary of widely available imaging modalities and their parameters. Highlighted in yellow are the
two main imaging modalities that are currently being used to develop translational cell tracking approaches, PET
and MRI. Adapted from Cheng et al., 2023.2

Sensitivity
Spatial Depth threshold to Signal
Modality 2D/3D
Resolution Penetration contrast duration
agent

MRI 0.1-1 mm Unlimited 3D 103-10°M days

PET 5-10 mm Unlimited 3D 100-102 M minutes
Cannot pass
Optical 2-5 mm 2D 10°-101?M days
bone/air
CT 0.5 mm Unlimited 3D 102 M days
Ultrasound 1 mm <2cm 2D 10°M days

Generally, successful cell tracking modalities should address the following challenges:

I. depth penetration — the whole sample should be imaged.

ii. contrast sensitivity — the imaging modality should allow for discrimination between

different structures, functional units and cell types.

20




iii. spatial resolution/3D-imaging — better spatial resolution helps to contextualise the

location and environment surrounding the cell.

1.4.1 Depth Penetration in Cell Tracking Modalities

There are several parameters to consider when designing a cell tracking imaging modality.
Modalities such as MRI, PET and CT have unlimited depth penetration, making these approaches
more practical for tracking labelled cells through complex tissue structures. Cell tracking via
optical imaging suffers from signal attenuation as a result of light scattering and absorption by
biomolecules such as haemoglobin and water.>> Realistically, optical imaging is only achieved

either in thin, exposed tissue sections or small in vivo models.

1.4.1.1 Sensitivity to Contrast in Cell Tracking Modalities

In diagnostics, sensitivity is defined as the probability of an observed positive result, in a patient
truly positive for the tested disease. As described in point (ii) above, a cell tracking imaging
modality should allow for discrimination between different structures, functional units and cell
types. One of the most prevalent cell targeted imaging modalities with high sensitivity is 2-
fluorodeoxyglucose-PET (FDG-PET), visualised in figure 1.2. FDG is a glucose analogue that
serves as a substrate for glucose transporters. FDG enters cells with high metabolic turnover, such
as tumours, cardiac and brain tissue. Spontaneous decay of the 8F nuclide into a 80 stable nuclide
results in positron emission, leading to collisions with electrons in neighbouring tissue. This decay
leads to an annihilation event, lasting ~125 picoseconds, resulting in the emission of two 511 keV
photons in opposite directions. These photons are detected by coincidence detectors, which will
localise the annihilation event along the line joining the two detectors. PET, including FDG-PET,
is a successful and highly sensitive cell tracking imaging modality, however FDG-PET can only

visualise glucose uptake. Following phosphorylation by hexokinase to FDG-6-phosphate, FDG-
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6P becomes terminally entrapped within cells and cannot be further metabolised. MRI offers good

sensitivity to contrast with minimum detection of contrast enhanced tissues within the picomolar

range.
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Figure 1.2 - For PET imaging, spatial resolution is limited by a number of factors including the detector size,
range of the positron and non-collinearity. A. *F-Fluorodeoxyglucose (FDG), a PET probe used to image
glucose uptake. B. In PET imaging a positron is emitted as a result of beta decay from a positron emitting nuclide.
The positron collides with electrons in neighbouring tissues in an annihilation event, giving rise to two 511 keV
photons with equal energy in opposing directions. C. FDG-PET whole body images of healthy patients from
different glycaemia groups. High FDG signal (dark) is visualised in tissue with high metabolic activity including
the brain and cardiac tissue. Often PET is combined with another imaging modality (MRI or CT) to address the
lack of spatial resolution. Image from Sprinz et al., 2018

22



1.4.1.2 Spatial Resolution for Cell Tracking Modalities

Spatial resolution is another consideration, with imaging approaches such as MRI offering
excellent soft tissue detail. Spatial resolution refers to the minimum distance at which two points
within an image can be distinguished. Imaging of minute structures is more easily achieved by
modalities with better resolution, allowing for facile identification of lesions. An MR image is
made up of voxels, which is a 3-dimensional unit of a pixel. In a given image, each voxel has a
specific intensity that is proportional to the number of nuclei in each voxel. In MRI, voxel intensity
is also affected by the relaxation rates and pulse sequences employed. PET is notable for having
poor spatial resolution, compared to modalities such as MRI and CT. Conversely CT has excellent

spatial resolution of around 0.5 mm.

1.4.1.3 Why MRI as a Modality for Cell Tracking?

For cell tracking applications, MRI can be exploited in a number of ways. MRI provides excellent
images of the whole body, including highly detailed projections of internal organs. Magnetic
resonance spectroscopy (MRS) can also be used to analyse metabolic information of different sites
within a given tissue. MRS is capable of detecting any nuclei with a magnetic moment, and
compounds containing those nuclei, if they are at a high enough local concentration. MRS has
previously been used to target various metabolites containing *H, 2H, *C and 3P, giving rise to
unique fingerprint spectra. For example, N-acetyl-aspartate (NAA), creatine (Cr) and choline
(Cho) are detectable by proton MRS. Deuterated glycolytic metabolites including ?H-glucose, ?H-
lactate, °H-glutamine/glutamate, 2H-fumarate and deuterium oxide are all visible within deuterium
MRS spectra. 3C labelled compounds such as glucose and pyruvate, both from enriched and
naturally occurring sources are equally detectable via natural abundance or hyperpolarised *C

MRS.
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Figure 1.3 - Schematic displaying the diverse functionality of magnetic resonance approaches. MR approaches
transcend the requirements for cell tracking applications. MRI and magnetic resonance spectroscopy (MRS) are
the two broad modes for which MR can be used for cell tracking. MRI provides excellent anatomical functional
and molecular information. MRS provides voxel by voxel metabolic fingerprint information. Figure from So et
al. 7

1.5 Principles of Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) is a non-invasive imaging technique used widely in both pre-
clinical and clinical settings. The contribution of MRI to the field of medical imaging has been
significant. Since the clinical capabilities of the technique were first demonstrated by Mansfield
and Lauterbur in the 1970s, for which they won the 2003 Nobel Prize for Medicine,*® MRI has
become a near ubiquitous medical imaging approach. MRI provides users with excellent soft tissue
contrast (see figure 1.4). Standard MR images are generated from the intense *H nuclear magnetic
resonance (NMR) signal of water. Fundamentally, the basis of MRI is rooted in the physics of
nuclear magnetic resonance (NMR) spectroscopy, first experimentally demonstrated by Bloch and

Purcell in 1946.59.60
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Figure 1.4 - 'H MRI images at different fields. A. pre- and post- gadolinium contrast T1w scan and fluid-
attenuated inversion recovery imaging of brain tumour patient at 0.064 T. 1 B. MRI of Phaseolus vulgaris L.
plant root system at 4.7 T.62 C. MRI of pumpkin and ex vivo brain at 11.7 T.52

1.5.1 NMR Principle and Signal Generation in MRI

Atomic nuclei that possess an odd mass number display the quantum property of nuclear spin,
which means they exhibit dipole behaviour when in the presence of an applied magnetic field (Bo).
Spin active nuclei in the presence of a BO field precess about the field with an angular frequency
called Larmor frequency. The Larmor frequency is a product of the gyromagnetic ratio of the
nuclei and the magnitude of the magnetic field. This can be surmised using the following equation:

w =YB,

Where o is the Larmor frequency, y is the gyromagnetic ratio and Bo is the magnetic field. An
applied radiofrequency (RF) pulse at the Larmor frequency of a given nuclei can cause the

misalignment of nuclear spins from the axis of the Bo field. Following excitation by an RF pulse,
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the precession of nuclear spins back to the lower energy ground state, Bo, results in generation of

RF signals. The environments in which spin active nuclei reside will impact spectral readouts.
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Figure 1.5 — A. Schematic showing an MRS experiment. Nuclei possess random spins, however in the presence
of applied magnetic field Bo, causes these spins to display dipole behaviour and align parallel or anti-parallel to
the axis of the By field. In a standard MRS experiment, an applied radiofrequency pulse (RF) leads to the
excitation of nuclear spins to the excited state. Magnetic resonance of a given nuclei occurs when the external
RF is approximately the same as the Lamor frequency of the nuclei. B. Schematic demonstrating precession of
nuclear spin following excitation of nuclei by RF pulse. Broadly, the net magnetisation vector (M) is displaced
from the z-axis to the transverse plane following RF pulse excitation of nuclei. The recovery of M back to
equilibrium occurs as precession relative to the direction of Bo. Free induction decay (FID), generated as a result
of this phenomena is processed by Fourier transform, giving rise to interpretable NMR spectra. Drawn using
Biorender.com

<

MRI active isotopes exhibit nuclei spin, where hydrogen protons show the most favourable
parameters for imaging. Table 1.3 describes the key parameters of common MR active isotopes
relevant for applications in biomedical imaging, including natural abundance of the isotope and
overall concentration in human tissue. These values are key in terms of both intrinsic sensitivity

and for concentration detection limits with externally applied contrast agents. The gyromagnetic
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ratio is a fundamental property of each nuclei that relates to the sensitivity of the isotope — the
higher the value the more sensitive the isotope for MR applications.

Table 1.3 - Table showing MR parameters for notable isotopes.

Nucleus Spin Gyromagnetic Natural Larmor Concentration of
Ratio Abundance  Frequency Isotope in Human
MHz. T (%) (MHz) at Tissue
70T
H 1/2 42.58 ~100 298.06 88 M
2H 1 6.53 <0.1 45.71 12 mM
23Na 32 11.26 ~100 78.82 80 mM
3p 1/2 17.24 ~100 120.68 75 mM
19F 1/2 40.05 ~100 280.35 4 mM
70 5/2 -5.77 0.04 40.39 16 mM

Table 1.4 - Table showing T1 and T relaxation rates for different tissue types 6

Tissue T1 (msec) at 3.0T T2 (msec) at 3.0T
Muscle 1420 + 38.1 31.7+1.90
Cartilage 1240 + 107 36.9 £3.81
Subcutaneous fat 371 +7.94 133 +4.43
Marrow fat 365+9.0 133+6.14

1.5.2 T1 vs T2 Imaging
Classical *H MRI exploits the signal generated from the *H-proton spin of water molecules in vivo,

allowing for excellent spatiotemporal resolution of soft-tissue. The classic approach to generate
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MRI images is to utilise the relaxation properties of hydrogen nuclei of water, which generates
contrast between different tissues. Longitudinal relaxation (Tz) is the process by which the net
magnetization vector realigns from the Mxy plane to the M: plane, where the Mz plane is the .
Conversely, transverse relaxation (T2) is the loss of signal coherence observed in the Mxy plane as
the net magnetisation vector realigns to the M: plane. Longitudinal (T1) and transverse (T2)
relaxation rates of water protons differ depending on the tissue in which they reside. Figure 1.6
below details differences between T1 and T2 relaxation rates in both fat and water. T1 recovery of
fat is much faster than that of water. Low molecular tumbling rate of fat that is equivalent to the
Lamor frequency results in rapid exchange between hydrogen nuclei and surrounding lattice. T:
recovery of water is slower than fat. Water is more disordered and has non-equivalent molecular
tumbling rate/Lamor frequency resulting in less efficient energy exchange between the hydrogen
nuclei and adjacent lattice. For T1 weighted images, repetition time (TR) is the largest contributing
factor. TR is the time gap between successive pulse sequences. The greatest difference in T1 values
between different tissues (water and fat) occurs at shorter TRs, meaning T1 -weighted images
employ short TRs to achieve the greatest contrast. T2 decay in fat is rapid as energy exchange is
highly efficient in ordered tissue. Tz decay in water is slower than fat. For T2 weighted images,
echo time (TE) is the largest contributing factor. TE is the time between the centre of
radiofrequency pulse and centre of the echo peak. The greatest difference in T2 values between
different tissues (water and fat) occurs at longer TES, meaning T2 -weighted images employ long

TESs to achieve the greatest contrast.
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Figure 1.6 - T1 and T differences. A. Schematic depicting differences in Ty recovery between water (red) vs fat
(blue). B. T decay in water (red) vs fat (blue). C. T1 vs T weighted image of brain

1.5.3 Relaxation Times

The reciprocal of relaxation times Tiand Tz, gives the relaxation rate, and are denoted as Ri and
R2 respectively. In Ti-weighted images, signal intensity increases with a higher Rirate (R1 =1/ T1)
and decreases with an increased R: rate (R2 = 1/T2). Conversely for T2-weighted images, the

opposite occurs. The relaxation rates Riand R2 can be enhanced by the presence of contrast agents,
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allowing for greater signal difference between tissues in both T1 and T2 weighted images. Contrast
agents are paramagnetic or superparamagnetic compounds, which greatly alter the behaviour of
adjacent water protons, increasing both the Ri1and Rz relaxation rates. This indirect water response
means that, unlike iodinated CT or X-ray contrast agents, MRI contrasts are not directly observed.
Broadly, contrast agents can be subdivided into Ti- and T2-weighted contrast agents, depending on
how impactful the response is on the particular relaxation mechanism. For example, Ti-weighted
contrast agents predominantly affect T1 relaxation, resulting in increased signal intensity.

The most common Ti contrast agents are gadolinium (Gd®*) chelates, which are used in
approximately a 1/3 of clinical MRI scans. Other paramagnetic ions, such as Mn?* and Fe®*,
however, can also be used. T2 contrast agents include superparamagnetic iron oxide nanoparticles

(SPIONS), which cause a reduction in signal intensity.
1.6 MRI Contrast Agent Choice

For MRI, there are multiple strategies that can be employed to label cells. These strategies can
generally be subdivided into direct and indirect labelling methods. Direct labelling methods
include using gadolinium chelates, superparamagnetic iron oxide nanoparticles, manganese
chelates, *°F agents, and CEST/ParaCEST agents. To achieve selective cell labelling, these agents

are generally conjugated to a targeting moiety, such as an antibody or peptide.
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Figure 1.7 - Schematic of MRI contrast agents for cell tracking organised by minimal detectable
concentration..®

Gadolinium (Gd?®*) chelates are paramagnetic contrast agents which predominately affect the spin
lattice relaxation time, or Tz (see figure 1.6). Water protons proximal to Gd** complexes exchange
rapidly leading to a marked reduction in Tz relaxation, resulting in positive contrast.! Gadolinium
based imaging approaches are used in approximately 400 million scans per year, accounting for
50 tonnes of gadolinium.®® Unlike perfluorocarbons (PFC) and iron oxide based CAs, gadolinium
chelates are not readily phagocytosed by macrophages.®” Therefore, targeting molecules such as
antibodies must be incorporated within the design of gadolinium CAs to achieve targeted

imaging.®’
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Figure 1.8 — Examples of macrocyclic and linear gadolinium based contrast agents that have been clinically
approved. Macrocyclic agents: Gadoterate meglumine [GdDOTA]- (Dotarem®); Gadoteridol [GdHP-DO3A]
(Prohance®). Linear agents: Gadopentetate dimeglumine [GADTPA]?* (Magnevist®); Gadodiamide [GADTPA-
BMA] (Omniscan®).

Unchelated gadolinium is toxic to most biological systems, due to the fact that gadolinium has a
similar ionic radius to that of Ca%*.?> This property means that free Gd** can interfere with calcium
binding proteins, including calmodulin and Ca?* channels. Of the clinically approved GBCAs the
most common chelate systems are based on either DTPA (diethylenetriaminepentaacetic acid) or
DOTA (1,4,7,10- tetraazacyclododecane-N,N,N,N-tetraacetic acid). Examples of clinically
approved DTPA-based gadolinium contrast agents include GADTPA and GADTPA-BMA as
displayed in figure 1.8. GADTPA is a complex of the Gd3* metal ion and the DTPA?®" ligand. The

Gd®* ion has a coordination number of 9, The multidentate DTPA®" ligand is coordinated with 5
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carboxylate donor groups and 3 nitrogen donor groups. The Gd-DTPA complex displays
conformational flexibility, with its 9" coordination site being occupied by one water molecule.
Gd-DTPA-BMA is a derivative of GADTPA, where two of the 5 carboxylate donors have been
replaced with 2-methylamide groups, giving an overall neutral charge. Water exchange rate is a
major factor influencing ligand choice. The water exchange rate describes how quickly water
molecules in the inner sphere are replaced with water in the second sphere. A slow exchange rate
means that water coordinated to the inner sphere does not exchange rapidly, which in turn has a
negative impact on the ability of the contrast agent to effect relaxivity. Similarly if the water
exchange is too fast, the overall effect on relaxation is similarly diminished. Factors including
overall negative charge, stearic hindrance and conformational flexibility of the ligand all
significantly affect the water exchange rate. GADTPA has a conformationally flexible ligand and
an overall negative charge, which are factors which support faster water exchange. Macrocyclic
GBCAs include GADOTA and GdDO3A. GADOTA has an overall negative charge and is
coordinated by 4 carboxylate donors and 4 nitrogen donors. GADO3A similarly features
coordination to the metal ion by 4 oxygen donor groups and 4 nitrogen donor groups, where a
water molecule occupies the final coordination site. Macrocyclic GBCAs have less conformational
flexibility, relative to their linear counterparts coupled with lower dissociation rates. Water
exchange rate in macrocyclic ligands can be impacted by the geometry of the molecule. GADOTA
exists in two different isomeric forms; square anti-prismatic (SAP) and inverted anti-prismatic
(TSAP) isomers. Due to differences in stearic compression, TSAP isomers can display water
exchange rates between 50-500 times faster than SAP isomers. 68

Whilst GBCAs are effective, there are several off target effects associated with their use. GBCA

administration is linked to both nephrotoxicity and nephrogenic systemic fibrosis.®®" In fact,
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approved GBCAs have been shown to display upregulation of inflammation even at low systematic
concentrations.” In 2017, the European Medicines Agency (EMA) restricted the use of linear
GBCA:s, including Magnevist and Omniscan (see figure 1.8). Typically, linear chelators, including
DTPA, display increased dissociation of Gd3* relative to macrocyclic chelators. The poor
thermodynamic and kinetic stability of linear GBCAs risks chelate transmetallation, with
endogenous cations including Ca?* and Zn?*.”> Macrocyclic GBCAs, including those with DOTA
and DO3A chelators, offer better safety profiles whilst maintaining comparable relaxivity.” Due
to the minimized risk of metal ion leaching, macrocyclic chelate systems have become the

favoured choice for clinical imaging.
1.7 MRI Cell Tracking Using GBCAs

1.7.1 Non-Targeted Labelling of Cells with Gadolinium Based Agents.

Targeted imaging approaches with GBCAs normally involve using small molecule or antibody
modifications to the linear or macrocyclic chelate complexes. With this approach, GBCAs have
been specifically developed to target surface antigens of both immune cells and cancers.’
Gadolinium-based contrast agents may be used for either targeted or non-specific image
enhancement for T1 weighted images. Within the context of inflammation, GBCAs have been
developed to target both specific macrophage subpopulations and other markers of inflammation.
1.7.2 Cell tracking with Small Molecule-GBCAs

One example of this is [GADOTA]-mef (see figure 1.9), which is gadolinium chelates modified
with a mefenamic acid.”® Mefenamic acid is a non-steroidal anti-inflammatory drug (NSAID),
which specifically inhibits cyclooxygenase 1 and 2 (COX1 and COX2). It functions by inhibiting
prostaglandin-endoperoxide synthase, leading to prevention of prostaglandin formation.

Interestingly, the contrast agents displayed low cytotoxicity toward HelLa cells, with high uptake
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in glioma cell lines (U87), relative to Gd-DOTA..” Scans with [GdDOTA]-mef showed enhanced
T1 contrast in both the glioblastoma and arthritic models tested (see figure 1.9). Use of small
molecule targeting, such as with mefenamic acid, represent one method that could be used to label

macrophage subpopulations with GBCA:s.

[GADO3A]-mef

Figure 1.9 - [GADO3A]-mef developed by Leung et al., 2014.7> A. T; weighted MR image of U87 xenograft
nude mouse pre-[GADO3A]-mef. B. T; weighted MR image of U87 xenograft nude mouse 60 mins after
[GADO3A]-mef tail vein injection. C. Chemical structure of [GADO3A]-mef.

Translocator protein (TSPO) antigen is upregulated in activated macrophages and has previously
been used as a macrophage imaging marker in positron emission tomography (PET)
investigations.”® One study generated a TSPO targeted GBCA. TSPO ligand CB86 was used to

guide gadolinium chelates, allowing for visualisation of inflamed regions in rheumatoid arthritis
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mouse models.”” Use of synthetically derived protein peptidomimetics to target GBCAs has
become a popular strategy. One example of this is an avfs integrin targeted GBCA [GAdDOTA]-

IAC developed by Kim et al.”®

[GADOTA]-IAC
in Cell Pellet

A Cell Pellet [GADOTAJ-IAC

[GADOTA]J-IAC

Figure 1.10 - A. T1-weighted MRI of M21 cell pellet, [GADOTA]-IAC and [GADOTA]-IAC labelled M21 cell
pellet. B. Chemical structure of [GADOTA]-IAC. Figure adapted from Kim et al., 20158

As visualised in figure 1.10 above, the [GADOTA]-IAC displayed a visible improvement to T:
signal when imaged with cell pellet (M21 melanoma), compared to the cell pellet alone.
Conjugation of peptidomimetics and [Gd-DOTA] is relatively straightforward and easily achieved
through peptide deprotection and coupling strategies. One particular limitation of this is study is
that controls were limited to binding within melanoma cell lines, meaning that binding could be

due non-specific interactions between the peptidomimetic attachment and general cell factors. This
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study could have been improved by demonstrating that this agent does not bind to healthy cell
lines. Cytokine receptors, including the interlukin-6 receptor (IL6R), have also been targeted with
similar approaches. [Gd-DOTA]-Lys(rhodamine)-(Leu-Ser-Leu-lle-Thr-Arg-Leu) was developed
as a GBCA to target the IL-6 receptor.” The targeting molecule is a peptidomimetic for the 1L-6
receptor binding domain. Whilst the imaging application for this compound has mainly been
focused on cancer, IL-6 upregulation is also seen in macrophage subpopulations.

Ayat et al develop an extra domain-B fibronectin (EDB-FN) targeted macrocyclic GBCA, named
ZD2-Ns-Gd[HP-DO3A], as a theranostic for triple negative breast cancer (see figure 1.10).2° EDB-
FN is a matrix protein, which is highly upregulated in triple negative breast cancer and is thought
to be a key mediator of angiogenesis and endothelial cell proliferation. Hallmarks which are also
consistent with processes of inflammation. This targeting mechanism displayed high tumour
contrast enhancement at low doses (0.02 mmol Gd/Kg), and outperformed clinically approved

[Gd(HP-DO3A].&
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Figure 1.11 - A. T1weighted imaging of MDA-MB-231 (triple negative breast cancer) tumours in mice, pre and
0-30 min post injection with ZD2-N3-[GdHP-DO3A]. B. T1 weighted imaging of MDA-MB-231 (triple negative
breast cancer) tumours in mice, pre and 0-30 min post injection with [GdHP-DO3A]. C. Chemical structure of
ZD2-N3-[GdHP-DO3A]. Images from Ayat et al., 2019.%

1.7.3 Antibody Targeting with GBCAs

Antibody targeting methods have also been applied to target tumours via GBCAs. Tumour
targeting through an anti-EGFR single domain antibody conjugated to an arginine-glycine-aspartic
acid (iRGD) peptide was developed by Xin et al.8! This targeting moiety was then coupled to a

Gd-DTPA imaging agent.
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Figure 1.12— Synthesis for anti-EGFR-iRGD-GdDTPA from Xin et al., 2016. 5
Alone, RGD peptides have been used for tumour penetration and are known to bind with high
affinity to the avp3-integrin receptor.8! The GBCA [GADTPA]-antiEGFR-iRGD displayed higher
T relaxivity and increased tumour targeting as seen in figure 1.13.8!
In addition, agents such as [GADTPA]-antiVEGF receptor 2 have proved highly effective for
imaging neovascularisation in cancer models.®2 VEGF upregulation is a promising target for MDI
related inflammation, where potentially a VEGF targeted GBCA could provide insight into early
stages of the inflammatory process. This approach could potentially be improved through the use

of a DOTA or DO3A chelate system, to avoid off-target effects of gadolinium ion leaching.
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Pre 15 mins Pre 15 mins

[GADTPA] [GADTPA]-antiEGFR-iRGD

Figure 1.13 — A. T1 weighted images of BGC-823 xenograft mice (gastric cancer) before and 15 minutes after
tail vein injection of [GADTPA] B. T; weighted images of BGC-823 xenograft mice (Gastric cancer) before and
15 minutes after tail vein injection of [GADTPA]-antiEGFR-iRGD.

1.7.4 Using Liposomes and Micelles with GBCAs

A popular targeting mechanism for GBCA delivery is through the use of liposomes. Liposomes
are spherical vesicles made up of phospholipid bilayers, which encapsulate molecules for drug
delivery. Liposome vectors can be modified using several targeting molecules to specifically
deliver contrast agents, including GBCAs where they colocalise with intended cellular targets. One
such example is gadolinium-containing phosphatidylserine liposomes, which have been used to
image atherosclerotic plaques.83 Phosphatidylserine (PS) residues in apoptotic cells trigger
macrophage phagocytosis via the macrophage scavenger receptor pathways.®® Liposomes
containing Gd-DTPA-PS, which is a linear GBCA functionalised with rhodamine, were injected
into ApoE-/- mouse models of atherosclerosis and analysed by 11.7 T T1 weighted MRI and
fluorescence imaging. The Gd-liposome system displayed enhancement to atherosclerotic plaques

and Gd colocalization with macrophages.®?
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Figure 1.14 — Figure of Gd-DTPA-PS (Maiseyeu et al., 2009)

Liposomes, targeted by a GBI-10 aptamer have been developed to deliver gadolinium contrast
agents. Both showed increased accumulation of gadolinium chelates at the tumour periphery in
glioma. These methods of targeting could be applied to surface antigens of activated macrophages.
In addition, micelles loaded with GBCAs such as Gd-DTPA-conjugated PGG-PTX, have been

developed to target lung cancers.8

1.7.5 Targeting Macrophages with GBCAs

Macrophages and their activity are highly reliable indicators of inflammation, as detailed in the
introduction of this review. Importantly, the distinction between macrophage polarisation states
can confer information about the state of inflammation within specific tissue.3* GBCAs conjugated
with synthetically derived high density lipoproteins, can selectively target macrophage uptake.3*
Significantly, these modifications with high-density lipoprotein moieties do not affect the MR
parameters. This system represents a promising small molecule approach to target macrophages in
vivo.** Silica coated Gd(DOTA)-loaded protein nanoparticles have been shown to target
macrophages when functionalised with a tobacco mosaic virus (TMV).36

Multimodal gadolinium probes have also been developed such as PG-Gd-NIR813, which is a
magneto-optical probe used to delineate M2 polarised TAMs.31258 PG-Gd-NIR813 exhibits
positive contrast and, as a multimodal contrast agent, fluoresces at 813 nm. ** This design of

contrast agent represents a promising approach for multimodal diagnostic imaging, whereby both
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MRI and fluorescence imaging can be used in parallel. Interestingly, PG-Gd-NIR813 was found
to have colocalised with macrophages (CD68+) within the tumoral peri-necrotic region but,
however, did not co-localise with macrophages (CD163+) at the tumour periphery.®® This result
potentially suggests that PG-Gd-NIR813 distribution within the tumour is dependent on activated

tumour-infiltrating macrophages, which function to clear necrotising tumour cells.®
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Figure 1.15 — Figure of PG-Gd-NIR813 (Melancon et al., 2010).%
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1.7.5.1 Further Considerations of GBCAs

Linear GBCAs, such as Gd-DTPA displayed increased brain retention following repeated
administration, suggesting that neuroinflammation is a potential contraindication for linear GBCA
use.® The poor thermodynamic and kinetic stability of the linear DTPA ligand system means that
Gd** is more likely to undergo transmetallation events leading to the deposition of free, highly
toxic Gd3*. Design of future GBCAs should consider several factors, including tissue retention,
off-target effects and use of macrocyclic systems. Evidently, DOTA and DO3A chelate systems

represent safer approaches, and functionalisation with targeting molecules is readily achieved.

1.8 Fe-MRI Approaches

Iron-oxide based nanoparticles (IONPs) used for molecular MRI are superparamagnetic and
generally fall under three categories: superparamagnetic iron oxide nanoparticles (SPIONSs);
ultrasmall superparamagnetic iron oxide nanoparticles (USPIONS) or micrometer sized iron oxide
nanoparticles (MPIONSs).8” IONPs comprise of small iron oxide particles (FeO-Fe203) which have
a very strong magnetic moment, capable of perturbing the local magnetic field. In MRI
acquisitions, SPIONS reduce T2 signal intensity in tissue which absorb the contrast agents,
resulting in negative contrast.2” Ferumoxytol, which is an FDA approved intervention for iron
deficiency in adults with chronic kidney disease, has been developed as contrast agent for patients
who are otherwise contraindicated for GBCAs or iodinated contrasted agents.®®

Generally, monitoring inflammation via Fe-MRI exploits macrophage’s phagocytic behaviour
toward IONPs. Macrophage phagocytosis of administered SPIONS leads to shortening of T2 and
T2*. Where T2 relaxation times refer to “natural” transverse relaxation, T2* reflects the decay of

transverse magnetisation caused by spin-spin relaxation and magnetic field inhomogeneity.° It is
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highly important to understand the roles that individual macrophage subpopulations play in
inflammation resolution, especially in the context of therapeutic design and delivery.*?

1.8.1 Targeted Fe-MRI

Phenotyping of specific macrophage subtypes has helped steer development of targeted
experimental contrast agents. Contrast agents including iron oxide nanoparticles can be modified
with various targeting moieties, including antibodies and small molecules. 10NPs are typically
modified with a diverse set of biocompatible coatings, including dextran, PEG, amino acids and
other metals including gold and gadolinium. For example, iron oxide nanoparticles may be coated
with either temperature or pH responsive coatings, including poly-(N-isopropylacrylamide) and
poly-(acrylic acid).?® This approach is a particularly advantageous from drug delivery perspective,
where parameters such as temperature and pH may differ under disease states.

1.8.2 Antibody Targeting in Fe-MRI

IONPs of different sizes have been used for antibody targeting of immune cells. One method of
localising IONPs to target sites is through modifying with antibodies. An example of this is
vascular cell adhesion protein 1 (VCAM-1) targeted IONP imaging. VCAM-1 is responsible for
cell adhesion of monocytes and lymphocytes to vascular endothelium and has been shown to be
upregulated in neuroinflammation, making it an attractive marker for imaging inflammation.®*
VCAM-1 targeted antibodies, conjugated to micrometre sized iron oxide particles (MPIONS) have
been developed for MR imaging of multiple sclerosis.

Similarly, matrix metalloproteases (MMPSs) have been targeted by nanoparticle conjugates. MMP-
12 is highly elevated in peripheral neuroinflammation, which make it an attractive target for
imaging studies. Husain et al developed an MMP targeted SPION, which showed favourable

results for imaging spinal nerve lesions as seen in figure 1.16 Below .°2 Khurana et al demonstrated
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successful MR visualisation of CD25(+) regulatory T cells, by labelling with CD25 targeted
magnetic activated cell sorting (MACs) microbeads, which despite their name are actually 50 nm

SPIONs.%3

Figure 1.16 — Figure from adapted from Husain et al., 2019. T2 weighted image of (A) sham and (B) spinal
nerve lesion mice following injection with MMP-12 targeted SPION. Signal loss induced by iron oxide
nanoparticle accumulation is observed in image (B) at the approximate lesion site denoted by the white arrows.

1.8.3 Cell Tracking using Fe-MRI

The in vivo capabilities of MRI allow for real time cell tracking. Contrast agent enhancement has
facilitated mapping of individual cell types. Macrophage mapping following nerve damage has
previously been investigated using SPIONs and USPIONs.?” Signal loss due to the paramagnetic
effect of SPIONs/USPIONs was correlated to an increased presence in macrophages.®’ This loss
of signal, however can also occur in the event of proximal haemorrhages and passive diffusion of
SPIONS across a disrupted blood nerve barrier.®4% Recently, the focus on Fe-MRI, especially
within the context of cell migration studies, has shifted to the use of MPIONs, due to their

increased sensitivity relative to USPIONs and SPIONS. %

45



Macrophage infiltration following allograft rejection has been visualised by MRI, where USPION
contrast agents have been used for image enhancement. Iron labelled macrophages at lesion sites
are positively correlated to tissue rejection®”. SPIONS have been of particular interest in renal
imaging studies as GBCAs are associated with kidney damage and splenic enlargement.®® SPIONs
have been used to label and map macrophages to sites of kidney damage in mice. MR images
showed a distinct signal loss after 2 days.3®

1.8.4 Multimodal Approaches of Fe-MRI

Fe-MRI has frequently been used in conjunction with several other imaging modalities.
Multimodal nanoparticle-based approaches have been used in studies of GBM. Lee et al developed
a multimodal approach of water dispersible, near infrared fluorescent silica coated iron oxide
nanoparticles (NFSPIONSs), which allowed for in vivo imaging of cancer.*® Potentially, the use of
these MR and fluorescent active multimodal agents allows for delineation of tumour margins,
through the targeting of surface markers of TAMs during GBM resection. Allowing for an
improvement of outcomes.*® NFSPIONs have also been used to label and track macrophages
throughout myocardical infarct. Rats were injected with nanoparticles, where activity of resting
monocytes and macrophages were monitored via both MRI and optical imaging. 3 Myocardial
infarction was then induced, where monocyte and macrophages were tracked to sites of
inflammation. Localisation of monocytes and macrophages correlated well to histological findings
and ex vivo MR analyses.*®

Labelling with SPIONS prior to inducing myocardial infarct meant that presence of iron in the
lesion was solely due to infiltration of monocytes and macrophages. Experiments where SPIONS
are loaded prior to lesion formation do not allow for differentiation between macrophages that

phagocytose extravasated iron or recently loaded monocytes.® Fluorescent SPIONS allow for
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multimodal imaging, where it can serve as a MR contrast media and cellular localisation via
fluorescence microscopy.3 This technology can provide prognostic information relating to other
therapies which are provided concomitantly.

This concomitant approach has been applied experimentally using anti-CCL5. CCL5 is a
chemokine which facilitates leukocyte recruitment to inflammatory lesions. Following
administration of anti-CCL5 to myocardial infarct lesion sites, a decrease in
monocyte/macrophage infiltration was observed via MR, resulting in less severe infarct.®®
Potentially targeting endogenous chemokines such as CCL5 could provide better insight into the
inflammatory status of an tissue around an MDI, than just imaging contrast enhanced macrophage
activity alone. Selt et al employed a multimodal imaging approach whereby SPIONS were used
for spatiotemporal localisation of macrophages via MRI and cell survival via bioluminescence
imaging.*® Monocyte and macrophage viability is largely unaffected by SPION phagocytosis,
where even under increased iron concentration at 50ug Fe/mL actually saw an increase in cell
viability.*® Iron deposition is an existing phenotypic attribute of TAMs. Contrast-agent free MRI
can detect these TAMs as a result of endogenous iron accumulation.®® Endogenous hemosiderin
iron deposition has been used as a biomarker for TAMs in vivo and used both iron MRI and iron
histology methods to map TAM activity in prostate and breast metastatic models of cancer.®® TAM
iron deposits have shown to be correlated with positive response to CSF1R breast cancer
immunotherapy, the spatiotemporal activity of iron deposition in TAMs is conserved across both
human and murine breast cancer. This attribute allows for differentiation between
microenvironments in human breast cancer.®® Iron(+) macrophages displayed M1 like
inflammatory behaviours, where they chelate endogenous iron to avoid situations of iron depletion,

such as that in haemmorahge.® This behaviour of iron deposition in TAMs may cause some
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differences to T2 signals, which may affect performance of administered IONPs. In a study by
Leftin and colleagues, iron(l1l) chelation is shown as potential oncotherapy that functions by
decreasing the bioavailability of iron(I1l) in proliferating tumour cells.®® This study showed that
short term iron(l11) chelator deferiprone administration does not lead to perturbation of non-haem
iron whilst maintaining anti-tumour effects. The same cannot be said for long term
administration.®® MRI visualisation via T2 mapping showed increased iron-labelled infiltrating
macrophages at lesion sites was correlated with decreased anti-tumour chelation therapeutic
response. This finding implied that mapping macrophages with respect to their iron status serves
as a surrogate biomarker for immune status and tumour prognosis.

MRI markers of disease are predominantly indirect parameters including oedema, gliosis and
blood brain barrier leakage. Cross-linked iron oxide nanoparticles (CL10s) were shown to be taken
up to a lesser degree in adaptive immune cells, meaning that imaging via nanoparticles was a
marker for innate immunity. Infiltrating macrophages (CD11b+) showed a greater propensity for
uptake of CLIOs than both T and B cells. A proposed mechanism for nanoparticle uptake is via
micropinocytosis.!® A limitation of contrast agents, nanoparticles in particular, is the feasibility
of clinical translation. Although macrophage activity is an important prognostic factor, other key
players including B cells and T cells are additional targets which should be considered, where
SPION functionality is limited.1°

IONP approaches as described above are generally well tolerated and are suitable for macrophage
labelling, either nanoparticle via endocytosis or via cell surface antigen targeting. Certainly, there
are multiple avenues to further develop IONPs for macrophage and inflammation monitoring via
IH MRI. Additionally, IONP approaches could be used in conjunction with GBCA approaches to

achieve target enhancement in both T1 and To.
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1.9 F Approaches

One MRI approach to monitor the behaviour of macrophages in vivo is through **F MRI. °F MRI
commonly involves the use of emulsified perfluorocarbons (PFCs) containing '°F isotopes. PFC
probes are biochemically inactive, meaning they are not metabolised whilst maintaining a high
number of 1°F moieties.*? °F MRI has a high degree of specificity and an excellent signal to noise
ratio due to lack of background %°F signal in biological systems (see figure 1.17).42101.102
Emulsified perfluorocarbons (PFCs) are commonly used as they are phagocytosed by

macrophages.*?
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Figure 1.17 - ®F/*H MRI of immune cell subpopulations. Individual immune cell types were sorted into in
200pL microfuge tubes. These cell pellets were then stained with PFCs, and subsequently washed to remove
non-specific *°F signal. Overall anatomical detail is provided by the *H MRI and is shown in grey '°F signal
(seen in red) was only observed in macrophages and dendritic cells, indicating that PFCs only labelled
macrophages and dendritic cells. Figure from Jacoby et al., 20141%3

PFC labelling of cells follows different principles to labelling with paramagnetic contrast agents.

Crucially, paramagnetic agents interact with water protons, having an effect on Ti, T2 and T2*
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relaxation times.'® An advantage of 1°F MRI and the use of PFCs is the fact that they do not have
significant interactions with proton spins of water molecules. This is of particular significance, as
it allows for parallel *H MRI imaging. The gyromagnetic ratio, which is the ratio of magnetic
moment to the angular momentum, of *°F is similar to that of *H, differing by only 6% (see table
1.3).194 These parameters make °F MRI a favourable imaging modality to be used alongside
conventional *H MRI, where image co-registration allows for concomitant resolution of soft tissue
and of PFC stained cells.®*1% In essence, a *H-MRI acquisition would provide spatial resolution

of tissues, whilst 1°F-MRI provides spatial information on PFC labelled cells.

1.9.1 Classification of PFC Agents *H/*F MRI

PFCs have been clinically approved as a blood substitute. Significantly, different PFCs have
unique *°F chemical shifts, which effectively allow for quantification of inflammation via spin
density weighted image acquisition.151% Notably, chemical shift of '°F is unchanged within
cells.104105 There are 5 main categories of PFC agents, these being: aromatic and unsaturated PFCs,
linear saturated PFCs, saturated ring systems, perfluoroamines, and perfluoroethers.’®* An
example of a common PFC, perfluoro-15-crown-5 ether (depicted in figure 1.18 below), has
particularly desirable °F molecular resonance parameters. It has 20 chemically equivalent °F
fluorine atoms, and only displays as a single resonance signal. However, it has a long clearance
time and will accumulate in both the spleen and liver, meaning it is not suitable for clinical
translation into humans.'” A potential alternative is through the use of perfluorooctyl bromide,
which offers superior clearance times but, however, is a less sensitive MRI agent.*?” This decreased

sensitivity is attributed to its complex magnetic resonance spectrum.’
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Figure 1.18 — Chemical structure of perfluoro-15-crown-5 ether.

1.9.2 Myocardial infarct and PFC Macrophage Labelling

Several studies have utilised °F MRI to monitor inflammation following myocardial infarction.
Events following myocardial infarction involve complex inflammatory processes, where
macrophages play key regulatory roles.®® Parallel **F/'H MRI has been carried out to map
macrophage and monocyte distribution following myocardial infarct.® °F signals following
myocardial infarct showed a strong correlation for regions where intramyocardial haemorrhage
had occurred, indicating monocyte and macrophage infiltration. This effect was further confirmed
by histological analysis.®® Consequently, **F/'H MRI also revealed a distinct absence of
macrophage activity in regions of microvascular obstruction. A key limitation of this investigation
is the unknown fate of PFC molecules following macrophage apoptosis. Macrophage apoptosis,
following infiltration to sites of myocardial infarct, could lead to false positive macrophage
mapping.®

1.9.3 Cancer and PFC Macrophage Labelling

Macrophage activity is, especially within the context of macrophage polarisation, a highly
important prognostic factor in many diseases such as cancer.’%* Tumour associated macrophages
(TAMs) have been shown to co-option infiltrating macrophages, leading to an increase in tumour
proliferation, neo-angiogenesis and metastases.’®® °F MRI has also been used to monitor

macrophage activity in cancer. Presence of tumour associated macrophages are a key prognostic
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factor in tumours. MRI has increasingly become a key approach to monitor and assess the role of
TAMs in cancer. 108

An investigation into macrophage recruitment in head and neck cancer revealed local recruitment
of macrophages to lymphatic vessels.** Macrophages within the tumour microenvironment, as
shown by °F MRI analysis, showed TAMs play a key role in the metastatic co-optioning of
lymphatic vasculature.*® The study demonstrated increased macrophage recruitment to lesion sites
in models of squamous cell carcinoma (double hit/cal27 cell lines).** Being a unique diagnostic
for both macrophage infiltration and metastases, this °F approach is highly promising for
macrophage tracking .**> Macrophage tracking via °F MRI has previously been used to investigate
macrophage infiltration and tumour associated activation of macrophages to the TAM phenotype
following high intensity focused ultrasound ablation (HIFU).1%* HIFU is a treatment that functions
to destroy tumour cells with ultrasound waves and has generally been applied for treatment of

prostate cancer.%

A key consideration when developing MRI diagnostics is sensitivity of the approach. In the Ahrens
et al study they determined dendritic cell detection sensitivity to be within 10° cells, which is on
the upper end of current °F MRI sensitivity limits.'*® PFC labelling can drive cells to divide
mitotically, which can lead to a change in phenotype for dendritic cells. Specificity issues are also
an issue with °F approaches, which currently do not allow for discrimination between macrophage
subpopulations. This limitation, however, is a consistent issue across all contrast agent approaches.
From an oncology perspective, the ability to discriminate between macrophage subtypes including

TAMs is a highly important prognostic feature. The lack of specificity means that macrophages
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are generally labelled by PFCs. Critically, not all macrophages are pro-tumorigenic, making the

requirement for improved contrast approaches even more meaningful.!08

1.9.4 Cell Tracking of MSCs using PFCs

Beyond monitoring macrophage activity, PFCs can be used to pre-label cells ahead of
administration. Tracking of therapeutic mesenchymal stem cells (MSCs) is particularly relevant.
Targeted '°F labelling approaches, such as those used to label macrophages, can readily be
translated to therapeutic payload delivery tracking. Insight into their activities following
transplantation allows for insight into different methods of therapeutic administration and success
of transplant.!'! Significantly, Ribot et al showed that PFC labelling of MSCs did not impede cell
viability."1* Like all contrast agents, minimal cell toxicity is highly desirable, which is
demonstrated by PFCs.

1.9.5 Feasibility of 1°F MRI

To summarise, whilst PFC based investigations provide valuable insight into macrophage
infiltration, there are several limitations with clinical translation, specifically relating to the slow
clearance of PFCs and large systemic dosages (approximately 1-5 g/kg for PFCs) required for
appropriate contrast.10%102 Additionally, there are further limitations with cell density, and tumour
volume analyses with °F-MRI. Due to sensitivity limitations, 1000s of cells per voxel are needed
to detect PFC labelled cells, whereas iron based methods have higher sensitivity.''? 1°F-MRI
efficacy is further hindered by relatively poor agent uptake. This relatively poor uptake by
macrophages can potentially be overcome through the implementation of transfection reagents
including FUGENE"P, which is a non-liposomal transfection system originally designed to

transfect DNA into a variety of cell lines.10?
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1.10 Manganese (Mn?*/Mn3") agents for cell tracking

As previously mentioned, GBCA administration has been directly correlated to nephrotoxicity and
nephrogenic systemic fibrosis, which has prompted further interest into alternatives to GBCA:s.
Mn?*is an alternative paramagnetic metal ion, capable of producing contrast enhancement in MRI.
Early Mn?* approaches for cell labelling involved application of MnCl2 to natural killer cells and
cytotoxic T cells.!*3 More recently this approach has been applied to tracking transplanted
mesenchymal stem cells.!* Chelators including porphyrins, EDTA and salen have all attracted

interest for manganese contrast agents, offering increased stability and reduced toxicity.°

1.11 CEST/ParaCEST MRI

Proton density of tissue and relaxation properties of protons in a given tissue are two major factors
contributing to image contrast in MRI. Standard contrast agents in MRI function by shortening
either the T1or T2 relaxation times of protons in their local vicinity. Chemical exchange saturation
transfer (CEST) is a MRI approach which introduce image contrast in a fundamentally distinct
way from conventional contrast agents.!*® A critical limitation for cell tracking in Ti- and To-
weighted contrast enhanced MRI is that the visualisation of more than one labelled cell population
is not possible.!’” CEST imaging approaches are capable of detecting low concentrations of
compounds with high sensitivity, which is achieved by indirect detection of signal reduction of
endogenous solvent water after saturation with RF pulses.*'8-120 Magnetization is transferred from
other molecules to the bulk water, meaning that the saturation effect that was from the target
molecule, can be observed via the water signal.1*® CEST agents work to selectively reduce the
magnetization of the water signal. Paramagnetic lanthanide chelates (PARACEST) induces a large
shift in resonance of local nuclei.'’” This means that two different PARACEST agents with

different lanthanides could be selectively irradiated to large, distinct shifts. This could allow for
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labelling and visualisation of two different cell populations. From a cell tracking perspective, cells
can be directly labelled with PARACEST agents and administered in vivo.? There are a limited
examples of cell tracking using PARACEST, mainly due to relatively poor spatial resolution (>2
mm) and lower SNR than that of T1 and T2 imaging. However, CEST agents [Yb-HPDO3A] and
[Eu-HPDO3A] have been used to visualise different populations of murine macrophages and

melanoma cells.1?1

1.12 Magnetic Resonance Spectroscopy (MRS)

Changes to metabolism reflect some of the earliest adaptation to tissues in disease pathogenesis. %>~
124 As previously mentioned in figure 1.3, biomedical applications of NMR approaches broadly
fall under two general modes, MRI and MRS. The clear distinction between MRI and MRS is their
output, with MR signal being used to encode different information.'?> The output of MRI is an
image, whether that be of the whole organism, individual organs or the smaller tissue structures.
MRS is an analytic approach, which confers chemical information about a given tissue. For MRS,
a spectra is generated instead of an image for biological molecules containing atoms with spin
active nuclei.’?® The main signal generated from proton MRS is water, as it is the main H
compound in tissue at ~40 M. Metabolites of interest are normally at concentrations less than 10
mM, so water suppression is required to distinguish metabolic peaks.*?’ In vivo, natural abundance
'H MRS facilitates the detection of various metabolites and has been used to study metabolism of
various tissues, including the brain.t?”-12® |n addition to 'H MRS, there are numerous MRS
approaches that exploit other spin active nuclei, either using isotope enriched probes or by natural

abundance detection. These include *C and more recently ?H MRS.

55



1.12.1 *H MRS for Inflammation Detection

'H MRS is capable of detecting a diverse range of neurometabolites including N-acetylaspartate
(NAA), glutamate (Glu) myoinositol (MI), choline (Cho) and creatine (tCr). Changes in the
concentrations of these metabolites can reflect several pathologies. Neuroinflammation with
reactive astrocytosis and activated microglia is correlated to raised MI. Whereas a decreased NAA
concentration is correlated to neuronal damage.'®® 'H MRS ratiometric detection of these
metabolites, normalised to housekeeping reference peak such as water or creatine, have been used
to assess several neurodegenerative disorders, traumatic brain injury and brain tumours,27:131-135
Direct detection of inflammation by 'H MRS in vivo is technically challenging. It is difficult to
determine the cellular origin of metabolites from natural abundance *H MRS measurements. In
vitro 'H MRS experiments were carried out on macrophages in the early 1990s by King and
colleagues, giving initial insight into the 'H MRS metabolic fingerprint of IFN-y stimulated
macrophages.®*® 'H MRS based metabolomic approaches have provided useful insight into
metabolism of different macrophage polarisation states.*”4%13" Furthermore, *H MRS provides
fingerprints for steady state concentrations of metabolites in tissue, however it is not well suited
to measuring metabolic flux.**® 'H MRS cannot distinguish between endogenous and introduced
'H species, meaning the approach is better suited to steady state acquisitions. Relative to
contemporary spectroscopic approaches such as hyperpolarised **C MRS, *H MRS requires long,

if not multiple acquisitions to achieve appropriate resolution.

56



Normal voxel Tumor voxel

Cho

Ao

Figure 1.19- in vivo single voxel localized PRESS 'H MRS spectra of an astrocytoma patient at 3 T with 'H
MRS of normal brain tissue and tumour, depicting a changes in NAA signal intensity. Figure from Laino et al.,
20201%

1.12.2 3C MRS for inflammatory imaging

13C is a spin active nuclei that is commonly used for MRS experiments. *C MRS has relatively
low sensitivity by comparison to *H MRS, with 3C 1.59% compared to 100% sensitivity in H
MRS (paired with low natural abundance of 0.017%) meaning that endogenous *C MRS can only
be carried out for biomolecules at very high concentrations. 3C MRS has a much larger chemical
shift range (=250 ppm) versus proton (~15 ppm).t*° 13C enriched probes have been extensively
studied have been used for visualising metabolic processes such as glycolysis and the Krebs cycle
in real time. Enrichment with $3C is an effective way to increase SNR. SNR of 3C resonances can
be massively improved by proton decoupling (irradiating the entire *H NMR absorption range),
leading to 13C singlet with enhancement from nuclear Overhauser effect. One of the first clinical
applications of 13C MRS was used to evaluate and measure glycogen synthesis using [**C]-glucose
as a probe for these measurements.'*® However, low sensitivity meant 3C MRS was not widely
adopted in the clinic, until sensitivity was improved by pre-polarisation of 3C substrates via
hyperpolarisation (HP) techniques such as dynamic nuclear polarisation (DNP).241144 There are
several 13C enriched probes that have been investigated for a wide range of pathologies including

tumours, diabetes and inflammation.245-15° The most common probe used in HP 3C MRS is [1-
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13C]-pyruvate, which has been applied extensively to in vitro and in vivo cancer models, visualising

dynamic changes to production of downstream [1-13C]-lactate.126:144.146,151-154
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Figure 1.20- Chemical structures for 3C glucose, 3C-pyruvate and ‘3C-Lactate

1.12.2.1 HP 3C MRS to Detect Tissue Inflammation via Monitoring Changes to Immune Cell
Metabolism

Immune cells display distinct metabolic adaptations in response to inflammatory stimuli. For
example, M1 macrophages display aerobic glycolysis characterised by increased production of
lactate, whereas M2 macrophages display an increased dependence on oxidative phosphorylation
to satisfy their ATP requirements.?>>1% In vitro the application of HP 3C MRS to inflammatory
imaging has been investigated using several probes, including HP [1-13C]-pyruvate, HP [6-13C]-
arginine and HP [1-13C]dehydroascorbic acid.*8150157.158 Qjao and colleagues demonstrated that
both HP [1-3C]-pyruvate and [1-!3C]dehydroascorbic acid could be used to non-invasively
identify both M1 and M2 macrophages by their 3C MRS metabolic fingerprints.*® Similarly,
Sriram and colleagues showed similar results for new probes including HP [6-13C]-arginine to
target arginase activity in myeloid-derived suppressor cells in vitro.**® Critically, Najac and
colleagues demonstrated that [6-13C]-arginine can be hyperpolarised, and successfully showed that

turnover of the probe to [**C]-urea was highly corelated to myeloid-derived suppressor. In vivo

58



HP [1-13C]-pyruvate has been used for metabolic imaging of inflammatory response following
myocardial infarct.t>® An intense [1-13C]-lactate peak as visible in following myocardial infarct in
both rodent and pig models.'> However, for translation to in vivo applications, hyperpolarised
probes require long T1 relaxation to lengthen the signal lifetime. Furthermore, hyperpolarisation
techniques are technically demanding and require specialised equipment and staff, limiting the

translational potential of HP 3C MRS.
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Figure 1.21 — A. In vivo metabolism visualised by HP *C MRS of [U-?H7,U-'3C¢]-D-glucose to [**C]-lactate
over 45 seconds in mouse head. (Figure from Mishkovsky et al., 2017).1%° B. HP 3C MRS metabolic maps of
arthritic paw (R), control paw (L) and tail (T) following injection of HP [*3C]-pyruvate. (Figure from MacKenzie
et al., 2011)!%* C. SPINLab Diamond Polarizer (GE Healthcare) in Queen’s Medical Centre, Nottingham.
Highlighting the additional equipment required to achieve hyperpolarisation. D. HP 3C MRS metabolic maps
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of [*3C]-lactate, following myocardial infarct and injection of HP [**C]-pyruvate. (Figure from Lewis et al.,
2018).159

1.12.3 ?H MRS for Cell Identification

Whilst FDG-PET and HP [1-3C]-pyruvate MRS have successfully been used to visualise
metabolism in brain tumour in vivo, neither technique can measure glycolytic flux through the
complete glycolytic pathway.'? Deuterium (°H) is another spin active isotope that has recently
regained popularity as a probe for MRS. ?H has a very low natural abundance (0.01%) meaning
the detection of ?H enriched probes is feasible with very low background.®® 2H MRS does have a
few limitations, mainly in that low gyromagnetic ratio ?H contributes to poor sensitivity. However,
the short T1 relaxation times of 2H substrates allows for rapid signal acquisition.**® A key benefit
of 2H MRS over *C MRS is that it avoids the requirement for technically challenging, short lived
HP to achieve adequate sensitivity for in vivo imaging. Not requiring hyperpolarisation affords 2H
probes greater temporal resolution (seconds for HP *C MRS and minutes to hours for 2H MRS)
for metabolite tracking, compared to HP 13C MRS.138.163.164 gSeveral deuterium enriched substrates
have been used to investigate metabolism in vivo in both healthy and brain tumour patients,
including D20, [6,6’- 2H2]-glucose (see figure 1.22), [?Hs]-acetate, [?Ho]-choline and [2,3-?H2]-
fumarate.162165-170 There is only one example in the literature of 2H MRS being used to identify
inflammation, where LPS Matrigel plugs were implanted into mice, and [6,6’- 2H2]-glucose was
used to monitor metabolism of infiltrating immune cells. To date no studies have investigated
deuterium based probes for differentiation of macrophage phenotypes, highlighting a distinct

research gap.

60



Lactate

Experimental

JL Spectral fit
Glucose gl N
NG Glx ﬁ
~— Lactate

M A A N s /™ Rasidual