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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 disaretpaints. Macrophages undergo
contextual polarisation towards either pnflammatory (M1) or anti inflammatory (M2)
polarisation states, making them useful indicators of local immune state. Cell targeted molecular
magnetic resonance imaging (MRI) reprgseone of the most promising approaches for
visualisation of cell activityin-vivo. There is a need to develop sensitiveaging approaches
which can resolve immuneell activity at a molecular level. To address these key unmet research
needs three in vitro strategies wereadeveloped to exploit higfield MRI/MRS allowing
visualisation of botlunique cell populations through their distinct cell surface marker expression,
metabolic fingerprints, and propensity for drug uptake, chiefly through models cbphage
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 métaldmgerprints, through
visualising turnover of deuterium labelled substrates. Building upon the imaging probe
development and screening approaches, efficacy ofabntyast agent conjugates were used to
investigate the uptake of drug complexes in déistbma cell linesBeyond the initial resultsom
thesein vitro studies the development afell targeted MRIstrategiesn vivo will help inform
clinical interventions and development of further research tools for thgnmasive understanding

of cell biology.
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ATP 1 Adenosine triphosphate

BBB i Blood brain barrier

CESTi chemical exchange saturation transfer
COX1 Cyclooxygenase

CT1 Computed tomography

DNPi Dynamic nuclear polarisation

DOX - Doxorubicin

FDG - Fluorodeoxyglucose

GLUT T Glucose transporter

GM-CSFi Granulocytemacrophage colongtimulating factor
HPT Hyperpolarised

IFNgG' Interferon gamra

IL10 7 Interleukin 10

IL4 7 Interleukin 4

IL6 T interleukin 6

INOST Nitric oxide synthase

LPST lipopolysaccharide

M-CSFi Macrophage colongtimulating factor
M171 Proinflammatory macrophage

M2 i Anti-inflammatory macrophage

MACS i Magnetic activated cell sorting

MRI T Magnetic resonance imaging

MRS T Magnetic resonance spectroscopy
NMR i Nuclear magnetic resonance

NO'i Nitric oxide

NSAID i Nontsteroidal antinflammatory
OXPHOSI oxidative phosphorylation
PBMCsi Peripheral blood mononuclear cells
PETT Positron emission tomography
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PMA - Phorbol 12myristate 13acetate

RiT 1/T1(relaxation rate)

Ro- 1/T2 (relaxation rate)

SNR1 Signal to noise ratio

SPIONSI superparamagnetic iron oxide nanoparticles
T171 longitudinal relaxation time
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TAMs T Tumourassociated macrophages
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TET Echo time
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Chapter 1- General Introduction
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1.1 Introduction

Cell morphology, localisation, migration, proliferaticannd metabolism within tissuare highly
sensitive to the tissumicroenvironment 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 invasue t
destructive approaches including tissue or blood biopsy immunohistochemistry. Cell tracking is a
process which utilises a namvasive imaging modality to label specific cell populations and
visualise their activity through space and tirdeNon-invasive imaging modalitiessuch as
magnetic resonance imaging (MRI) and positron emission tomography ,(lPHE&) new
opportunities to track and monitor cell behaviour in real ifidon-invasive tracking of cells has
multiple downstream applicatiofisr in vivoinvestigationsin 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 applicatidhs.first, described i€hapter

3, is a cell surface imaging approach, employing a modular antibody and ireraadparticle

based platform to label macrophages based off their unique surface marker expression. The second,
described irChapter 4 is ametabolic imaging approach, using deuterium isaopédentify the
metabolic fingerprints of different macrophage polarisation states. The third, desci@iepter

5, is a small molecule theraqmfagnostic (theranostic) platform approach, using DNA intercalators

bound to contrast agents to visualise glioblastdnug uptake.
1.2 Inflammation i Immune Cells as Targets for Cell Tracking

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

neurological diseas@sautoimmune respongenfection’ and allograft rejectiof.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
neovascularisatiorwith 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.
Macrophagegplay anessential role in inflammatory responseakng them ideal subjects for

targeted molecular imaging of the inflammatory proeass
1.3 Structure and Function of Macrophages

1.3.1Role of Macrophages

Macrophages are a critical host defence mechanism and are key plagfasrohatory processes.
They play key roles in tissue development, homeostasis, wound healing and immune fésponse.
They show a both a high degree of heterogeneity and plasticity, which facilitates their multiple
functions!®

1.3.2Macrophage as Inflammatory Indicators

Macrophages serve as a core molecular hub for immune response to tissué Maayophages
undergo functional, morphological and metabolic changes in response to stimuli in their local
microenvironmentt2 Broadly, resting macrophages (M0) undergo contextual adaptations, in
response to either a pnoflammatory or antinflammatory stimuli to give rise to preo
inflammatory (M1) or antinflammatory (M2) macrophages, in a process called macrophage
polarisation.The ability of macrophage® undergopolarisationin response to antior pro
inflammatory stimuli, is critical to tissue homeostastsThe M1/M2 paradigm of macrophage

activation was first conceptualised by Midlad colleaguesvho demonstratethacrophages from
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two different mouse strains (C57BI/6 and Balldiie@d a preferential metabolism of arginase for
either synthesis ohitric oxide (NO) (M1 polarised) or ornithine (M2 polarised) following

lipopolysaccharidel(PS) stimulation (sedigure 11).1214

Bone marrow
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Figure 1.17 Schematic showing classical macrophage (M1) and alternative (M2) macrophage activation from
a monocyte precursoMl macrophages are activated by damaggociated molecular patterns (DAMPS),
pathogerassociated molecular patterns (PAMRBs)erferon gamma (IFNg), LPS and tumour necrosis factor

alpha (TNFa). In a feed forward mechanism, these M1 macrophages display a marked increase in synthesis of
pro-inflammatory type signal mediators, includiigNF-a, nitric oxide synthase (iNOS), inteKin-1 (IL-1),
interlukin-6 (IL-6), and interlukirlO (IL-10). Upregulation of these factors leads to killing of intracellular
pathogens, tumour resistance and perpetuation of immune respaomsaddition to their pranflammatory
functions, macrophages can be alternatively activated (M2), having significasmfiamtimatory and tissue

repair roles®® M2 activation is stimulated by lipids, interleukdn(IL -4), interleukin13 (IL-13), andmacrophage

colony stimulating factor (MCSHY2 macrophages amharacterised by upregulation of vascular endothelial
growth factor (VEGF) along with increased oxidative phosphorylation (OXPH@&) increased fatty acid
oxidation(FAO). Anti-inflammatory signalling molecules includirmgterleukin 1 receptorl(-1R), decoy IL-1

type Il andinterleukin10 (L-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 capacit{ Drawn using Biorendetmage adapted from Wynn and Vannella., 2&16.

Ma c r o p llilecertial snetabolism of arginine determines their role in tissue homeostasis.

Depending on their activation, macrophages display preference for arginine metabolism by either
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iNOS to NO, or arginase to ornithidk 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 synthesisads to macrophage cell proliferation and
repair’® Functionally, M1 macrophagese effector cells, constitutirafirst line of defencand

are activated by prmflammatory cytokines, including tumour necrosis factor (f&Finterferon

gamma (IFNg) and bacterial derived lipopolysaccharide (LFPL1 macrophagedisplay a high

degree of phagocytic activitippwards pathogens, dead cells, foreign bodiestanmur cells
effectively sanitizing the local microenvironméfi£® M1 macrophages can further potentiate M1
polarisation by secreting high concentrations ofipftammatory cytokineg!??Distinct from M1
macrophages,M2 macrophages exert their function through -amftammatory cytokine
signalling, and are heavilinvolved in the repair and remodelling or tissue architecture and
dampeningf immune respons#

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 carared chronic inflammatory diseas€s’
Tumourassociated macrophages (TAMs) ane such examplevhich aremacrophages widely
present in a number of tumour types and contribute to the formation of the tumour
microenvironment?® In particular, M2TAMs potentiate tumour angiogenesis, promote tumour
recurrence, dampen-@ell antitumoral responses and increase metastatic potétialThe
presence of TAMsbothin terms ofM1-TAMs and M2TAMs, have key clinical prognostic value

for patient survivaf?23 Fundamentally, macrophages and their polarisation states serve as useful

indicators for physiological statencluding 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 TAMs, moreover a cell tracking approach that could both identify and track
these macrophage populations could further illuminate the role of macrophages in inflammatory

responses.

Tablel1.17 Current Macrophage Tartgel Molecular Imaging Approaches

Macrophage Exemplified Mechanism Modality Advantages Disadvantages Citation
Labelling Probes
Approach
Macrophage PGGd-NIR813, Targeted MRI Easy Metal ion 34136
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 sria1
exploit generally good T2 contrast
macrophage biocompatibility, enhancement
phagocytosis of easy
nanoparticles. functionalisation
with targeting
moieties long
circulation times.
19F Probes Perfluore19-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 CDr17, Fluorescent| Typically Optical High sensitivity | Generally  low
Fluorescent labelled SPIONs (e.d targeting surfacel ~ Multimodal multiplex imaging. | depth penetration 39,4446
Labelling SPIONFIluoprobes | receptors, or and high signal
565) preferential attenuation.
uptake of specieq
such as a glucos
Metabolic MRS 13C-Pyruvate, Facilitated MRS Multiple options for | Lower sensitivity
endogenou&’C- diffusion MR activenucleito 4750
compounds enrich probes. Often
highly
biocompatible
analogues.
Mass spectrometr 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 58,54
124_DPA-713,8F- diffusion or cell emission resolution single
GE-180 surface marker tomography channel,
labelling ionising raliation
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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), opticalgmg, computed tomography

(CT) and ultrasoundTable 12 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 12).

Table1.2 - 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 tranalagtinracking approaches, PET
and MRI. Adapted from Cheng et al., 2023.

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 10%0-10?M minutes
Cannot pass
Optical 2-5 mm 2D 10°-10%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.
. contrast sensitivity the imaging modality should allow for discrimination between

different structures, functional units and cell types.
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Iil. spatial resolution/3Bmagingi better spatial resolution helps to contextualise the

location and environment surrounding the cell.

1.4.1Depth Penetrationin Cell Tracking Modalities

There are several parameters to consider when designing a cell tracking imaging modality.
Modalities such as MRI, PET and (lave 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 alsaemoglobinand wateP® Realistically, optical imaging is only achieved

either in thin, exposed tissue sections or smallivo models.

1.4.1.1Sensitivity to Contrast in Cell Tracking Modalities

In diagnostics, ensitivity is defined as the probability of an observed positive result, in a patient
truly positive for the tested diseasks 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
fluorodeoxyglucos®ET (FDGPET), visualised irfigure 1.2. FDG is a glucose analogtieat
serves as a substrate for glucose transporters. FDG eellsraith high metabolic turnovesuch

as tumours, cardiac and brain tissue. Spontaneous decay%f thelide intca 2O stable nuclide
results in positron emission, leading to collisions with electrons in neighbouring tissudeddys
leads to an annihilation event, lasting ~125 picosecoedalting inthe emission of twé11 keV
photonsin opposite directionsThese photons are detected by coincidence detectors, which will
localise the annihilation event along the line joining the two detectors. PET, including?’EDG

is a successful and highly sensitive cell tracking imaging modabweverFDG-PET can only

visualise glucose uptake. Following phosphorylation by hexokinase te@-pl®gphate, FDG
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6P becomes terminally entrapped within cells and cannot be further metalidi®eaffers 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 naollinearity. A. 8F-Fluorodeoxyglucose (FDG), a PET probe used to image
glucose uptakeB. 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 risesid ey
photons with equal energy in opposing directiddsFDG-PET whole body imagesf healthy patients from
different glycaemia groupsligh FDG signal (dark) is visualised in tissue with high metabolic activity including
the brain and cardiac tissu®ften PET is combined with another imaging modality (MRI or CT) to address the
lack of spatial resolution. Image from Sprinz et al., 2018

22



1.4.1.2Spatial Resolutionfor 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 distinguishddhaging of minute structures is more easily achieved by
modalities with better resolution, allowing for facile identification of lesioAs. MR imageis

made up of voxelswvhich is a 3dimensional unit of a pixel. In a given image, each voxel has a
specific intensitythatis proportional to the number of nuclei in each vokeMRI, 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 M@RCT . Conversely CT has excellent
spatial resolution of around Ondm.

1.4.1.3Why MRI as a Modality for Cell Tracking?

For cell tracking application$1RI can be exploited in a number of walARI provides excellent
images of the whole body, including highly detailed projections of internal organs. Magnetic
resonance spectroscopy (MRS) adsobe 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 feen used to target various taeolites containingH, °H, 13C and3'P, giving rise to
unique fingerprint spectradzor example, Nacetylaspartate (NAA), creatine (Cr) and choline
(Cho) are detectable by proton MRS. Deuterated glycolytic metabolites incliithigigcose ?H-

lactate 2H-glutamine/glutamateéH-fumarate and deuterium oxide are all visible within deuterium
MRS spectralC labelled compoundsuch as glucose and pyruvatmth from enriched and
naturally occurring sources are equally detectable via natural abundance or hyperptiarised

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 spediiR&ypye

the two broadnodes 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. 5’

1.5Prin ciples of Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) is a Aiamasive imaging technigue used widely in both-pre
clinical and clinical settingsThe ontribution 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 Mgefiditiel has
become a near ubiquitous medical imaging apprddét.provides users with excellent soft tissue
contras{(see figure 1.4)Standard MR images are generated from the intéhseclear magnetic
resonanceNMR) signal of water. Fundamentally, the basis of MRI is rooted in the physics of
nuclear magnetic resonance (NMspectroscopyfirst experimentally demonstrated by Bloch and

Purcell in 19462:60
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Figure 1.4- 'H MRI images at different fieldsA. pre- and post gadolinium contrasTiw scan and fluid
attenuated inversion recovery imaging of brain tumour patient at 0.0848TMRI of Phaseolus vulgaris.L
plant root system at 4.7 C. MRI of pumpkin ancex vivobrain at 11.7 3

1.5.1NMR Principle and Signal Generation in MRI
Atomic nuclei that possesan odd mass number display the quantum property of nuclear spin
which meanshey exhibit dipole behaviour when in the presence of an applied magnetiddgld (
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 sedmsing the following equation:

T [6
Wherew is the Larmor frequencygis the gyromagnetic ratio ancth B the magnetic fieldAn
applied radiofrequencyRF) pulse at the Larmor frequency of a given nuctan cause the

misalignment of nuclear spins from the axis of Badield. Following excitation byan RF pulse,
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the precession of nuclear spins back to the lower energy grounstaesults ingeneration of

RF signals. The environments in which spin active nuclei reside will impact spectral readouts.

hv N CP -1/2 spin
EQCP%&_’ L dxp T AE=hv
XX B° Ny 1N

90° rf pulse

Figure 157 A. Schematic showingn MRS experiment. Nuclei possess random spins, however in the presence

of applied magnetic fiel@o, causes these spins to display dipole behaviour and align parallel-paeikel to

the axis of theBy 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 frequendyeofiticlei.B. Schematic demonstrating precession of
nuclear spin following excitation of nuclei by RF pulBeoadly, the net magnetisation vector (M) is displaced

from the zaxis to the transverse plane following RF pulse excitation of nuclei. The recovery of M back to
equilibrium occurs as precession relative to the directi@y.dfree induction decay (FID), generated as a result

of this phenomena is processed by Fourier transform, ghsedo interpretable NMR spectra. Drawn using
Biorender.com

MRI active isotopes exhibit nuclei spiwhere hydrogen protons show the most favourable
parameters for imaging.able 1.3 describes th&ey 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 agglcontrast agents. The gyromagnetic
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ratio is a fundamental property of eaciclei that relates to the sensitivity tfe isotopd the
higher the value the more sensitive the isotope for MR applications

Table 13- 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
°H 1 6.53 <01 45.71 12 mM
Na 3/2 11.26 ~100 78.82 80 mM
3ip 1/2 17.24 ~100 120.68 75 mM
19F 1/2 40.05 ~100 280.35 4 mM
10 5/2 -5.77 0.04 40.39 16 mM

Table 14 - Table showingl: andT.relaxation rates for different tissue tyfés

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

1.5.2T1vs T2Imaging
ClassicalH MRI exploits the signal generated from theproton spin of water molecul@svivo,

allowing for excellent spatiotemporal resolutionsofft-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 tissué®ngitudinal relaxationTy) is theprocess by which the net
magnetization vector realigns from they\Mlane to the M plane,where the Mz plane is the
Conversely, transverse relaxatidn)(is theloss of sgnalcoherencebserved in the M plane as

the net magnetisation vector realigns to theplne. Longitudinal (1) and transverse Tz)
relaxation rates of water protons differ depending on the tissue in which they Fagide 1.6

below details differences betwe@nandT: relaxation rates in both fat and wat€r 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 surroundingriattice.
recovery of water is slower than fat. Water is more disordered and hasjomalent molecular
tumblingrate/Lamor frequency resulting in less efficient energy exchange between the hydrogen
nuclei and adjacent lattice. For weighted imagesgpetition time TR) is the largest contributing
factor.TR is thetime gap between successive pulse sequembegreatest difference in values
between different tissues (water and fat) occurs at shorter TRs, méaniwgighted images
employ short TRs to achieve the greatest contfastecay in fat is rapid as energy exchange is
highly efficient in ordered tissu T2 decay in water is slower than fat. Firweighted images,

echo time TE) is the largest contributing factoifE is the time between the centre of
radiofrequency pulse and centre of the echo pddie greatest difference ife values between
different tissues (water and fat) occurs at longer TEs, medairgeighted images employ long

TEs to achieve the greatest contrast.
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Figure 1.6- T, andT.differencesA. Schematiaepicting differences ifix recovery between water (red) vs fat
(blue).B. Todecay in water (red) vs fat (blug€). T1 vs T weighted image of brain

1.5.3Relaxation Times

The reciprocal of relaxation timds and T2, gives the relaxation rate, and are denotegiad
Rz respectively. IfMi-weighted images, signal intensity increases with a highexte R. = 1/Ta)
and decreases with an increadedrate R = 1/T2). Conversely forT2-weighted images, the

opposite occurs. ThelaxationratesRiandR2 can be enhanced by the presence of contrast agents,
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allowing for greater signal difference between tissues in BosimdT> weighted images. Contrast
agents are paramagnetic or superparamagnetic compaoumdkl greatly alter the behaviour of
adjacent water protons, increashmhthe RiandR: relaxation ratesThis indirect water response
means that,nlike iodinated CT or Xay contrast agents, MRI contrasts are not directly observed.
Broadly, contrast agents can be subdivided Tat@ndT2-weightedcontrast agenislepending on

how impactful the response is on the particular relaxation mechaR@snexampleTi-weighted
contrast agentgredominantlyaffectT: relaxation resulting inincreased signal intensity.

The most commonT: contrast agents are gadolinium f&dchelates, which are used in
approximately a 1/3 o€linical MRI scans Other paramagnetic ionssuch as M# and Fé*,
however, caralsobeused.T2 contrast agents include superparamagnetic iron oxide nanoparticles

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

For MR, 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 usinggadolinium chelates, superparamagnetic iron oxide nanoparticl@sganese
chelates!®F agents, and CEST/ParaCEST agents. To achieve selective cell labelling, these agents

are generallgonjugated to a targeting moieguch as an antibody or peptide.
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Figure 1.7 - Schematic of MRI contrast agents for cell trackingrganised by minimal detectable
concentration®®

Gadolinium (Gd*) chelates are paramagnetic contrast agents which predominately affect the spin
lattice relaxation timgor T1 (seefigure 1.6). Water protons proximal to Gtcomplexes exchange
rapidly leading to a marked reductionTinrelaxation, resulting in positive contrdsgadolinium

based imaging approaches are used in approximately 400 million scans per year, accounting for
50 tonnes ofjadolinium® Unlike perfluorocarbongPFQ and iron oxide based CAs, gadolinium
chelates are not readily phagocytosed by macropifagéerefore, targeting molecules such as
antibodies must be incorporated within the design of gadolinium CAs to achieve targeted

imaging®’
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Figure 1.87 Examples of racrocyclic and linear gadolinium based contrast agents that have been clinically
approved.Macrocyclic agents: Gadoterate meglum[@elDOTA]" (Dotarent®); Gadoteridol [GdHADOS3A]
(Prohanc@). Linear agentsGadopentetate dimeglumine [GdDTPAMagnevis?); Gadodiamide [GdDTPA

BMA] (Omniscar?).

Unchelated gadolinium is toxic to most biological systems, due to the fact that gadolinium has a
similar ionic radius to that of €&?° This propertymeans that free Gticaninterfere with calcium
binding proteinsincluding calmodulin and CGachannelsOf the clinically approved GBCAs the

most common chelate systems bhased oreither DTPA (diethylenetriaminepentaacetic acid) or
DOTA (1,4,7,10 tetraazacyclododecaitdN,N,N-tetraacetic acid).Examples of clinically
approved DTPAbased gadolinium contrast agents include GADTPA and GdEBMA as
displayed irfigure 1.8 GADTPA is a complex of the Gtignetal ion and the DTPAligand. The

Gd* ion has a coordination number of 9, The multidentate DThgand is coordinated with 5
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carboxylate donor groups and 3 nitrogen donor groups. Th®TRA complex displays
conformatioml 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 Znmethylamide groups, giving an overall neutral charge. Water exchange rate is a
major factor influencing ligand choice. The water exchange rate destvesguickly water
molecules in the inner sphere are replaced with watieisecond 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 fasthe 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 flexioel lahd

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 simisdyires
coordination to the metal ion by 4 oxygen dogooupsand 4 nitrogen donagroups where a

water molecule occupies the final coordination site. Macrocyclic GBCAs have less conformational
flexibility, relative to their linear counterparts coupledth 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 grismatic (SAP) and inverted agrismatic
(TSAP) isomers. Due to diffences in stearic compression, TSAP isomers can display water
exchange rates between-500 times faster than SAP isoméX¥s.

Whilst GBCAs are effectivethere are several off target effects associated with their use. GBCA

administration is linked to both nephrotoxicity and nephrogenic systemic fisPd8im fact,
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approved GBCAs have been shown to display upregulation of inflammation even at low systematic
concentrationg! In 2017, the European Medicines Agency (EMA) restricted the use of linear
GBCAs, including Magnevist and Omniscae¢figure 1.8). Typically, linear chelatorancluding

DTPA, display increased dissociation of Gdelative to macrocyclic chelators. The poor
thermodynamic and kinetic stability of linear GBCAs risks chelate transmetallation, with
endogenous cations including®and Zri#*.”> Macrocyclic GBCAsincluding those with DOTA

and DOS3A chelatoroffer better safety profiles whilst maintaining comparable relaxiifyue

to the minimized risk of metal ion leaching, macrocyclic chelate systems have become the

favoured choice foclinical imaging
1.7 MRI Cell Tracking U sing GBCAs

1.7.1Non-TargetedL abelling of Cells with Gadolinium BasedAgents.

Targeted imaging approachesth GBCAs normally involve using small molecule or antibody
modifications to the linear or macrocicthelate complexedVith this approachGBCASs have

been specifically developed to target surface antigens of both immune cells and ancers.
Gadoliniumbased contrast agents may be used for either targeted espeoific image
enhancement fof1 weighted images.Within the context oinflammation, 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 IESdDOTA]-mef (seefigure 1.9, whichis gadolinium chelates modified
with a mefenamic aci®®. Mefenamicacid is a norsteroidal antinflammatory drug (NSAID),
which specifically inhibits cyclooxygenase 1 and 2 (COX1 and COIX&)nctions by inhibiting
prostaglandirendoperoxide synthaseleading 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 87), relative to GEDOTA.’”® Scans witi{GdDOTA]-mefshowed enhanced
T1 contrast in both thglioblastomaand arthritic modeldested(seefigure 1.9. Use of small
moleculetargeting such awvith mefenamic acigrepresent one method that could be used to label

macrophage subpopulations with GBCAs.

[GADO3A]-mef

Figure 1.9 - [GADO3A]-mef developed by Leung et al., 204A. T weighted MR image of U87 xenograft
nude mousegre[GAdDO3A]-mef. B. T: weighted MR image of U87 xenograft hude mouse 60 rafter
[GADO3A]-mef tail vein injectionC. Chemical structure of [GdDO3Ahef.

Translocator proteinlSPO antigenis upregulated in activated macrophagad has previously
been used as a macrophage imaging marker in positron emission tomography (PET)
investigations’® One study generated a TSPO targeted GBT2PO ligand CB86 was used to

guide gadolinium chelateallowing for visualisation of inflamed regions in rheumatoid arthritis
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mouse modelé’ Use of synthetically derived protein peptidomimetics to target GBCAs has
become a popular strategy. One example of this [dfnntegrin targeted GBCAGADOTA]-

IAC developed by Kim et df

[GADOTA]-IAC
in Cell Pellet

A Cell Pellet [GADOTAJ-IAC

0 ON N NH
o Gd'ZZY\CL i j\ 0,9
\‘N \N—:;‘-O /‘\/S\ OH
0=\ I N H/X\O N N T

[GADOTA]J-IAC

Figure 1.10- A. T1-weighted MRI of M21 celpellet [GADOTA]-IAC and[GdDOTA]-IAC labelled M21 cell
pellet B. Chemical structuref [GADOTA]-IAC. Figure adapted from Kim et al., 2085

As visualised irfigure 1.10 above, thg GADOTA]-IAC displayed a visible improvement T
signal when imaged with cell pellet (M21 melanomepmpared to the cell pellet alone
Conjugation of peptidomimetics af@d-DOTA] is relativelystraightforward and easily achieved
throughpeptidedeprotection and coupling strategies. One particular limitation of this is study is
that controls were limited to binding within melanoma celldjmaeaning that binding could be

due nonspecific 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 receptorsncluding the interlukirb receptor (IL6R)have also been targetadth

similar approache$Gd-DOTA]-Lys(rhodamine)Leu-SerLewlle-Thr-Arg-Leu) was developed

asa GBCAto targetthe IL-6 receptor? The targeting molecule is a peptidomimetic for thesIL
receptor binding domain. Whilst the imaging application for this compound has mainly been
focused on cancer, 46 upregulation iglsoseen in macrophage subpopulations.

Ayat et aldevelop an extra domam fibronectin (EDBFN) targeted macrocyclic GBCAamed
ZD2-Ns3-GdHP-DO3A], as a theranostic for triple negative breast ca(sesfigure 110).8°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 inflammatidrhis targeting mechanism displayed high tumour
contrast enhancement at low doses (0.02 mmol Gd/Kg), and outperformed clinically approved

[Gd(HRDO3A].8°
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Figure 1.11- A. T:weighted imaging of MDAMB-231 (triple negative breast cancer) tumours in mice, pre and
0-30 min post injection with ZDA3-[GdHP-DO3A]. B. T: weighted imaging of MDAMB-231 (triple negative
breast cancer) tumours in mice, pre ar@D0min post injection with [GAHPO3A]. C. Chemical structure of
ZD2-N3-[GdHP-DO3A]. Images from Ayat et al., 20£9.

1.7.3Antibody Targeting with GBCAs

Antibody targeting methods havealso been applied to target tumouvi&a GBCAs Tumour
targeting through an aAEGFR single domain antibody conjugated toaaginineglycine-aspartic
acid (RGD) peptide was developed by Xin et®alThis targeting moiety was then coupledato

Gd-DTPA imaging agent.
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Figure 1.12i Synthesis for aEGFRIRGD-GdDTPA from Xin et al., 2016?
Alone, RGD peptides have been used for tumour penetration and are known to bind with high
affinity to theU 3 &inBegrinreceptor! The GBCA [GADTPAJ-antiEGFRIRGD displayed higher
T1 relaxivity andincreased tumour targetirag seen ifigure 1.13.81
In addition, agents such §&dDTPA]-antiVEGF receptor 2 have proved highly effective for
imaging neovascularisation in cancer modéMEGF 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 DO3Achelate system, to avoid dfirget effect of gadolinium ion leaching.
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[GADTPA] [GADTPA]-antiEGFR-iRGD

Figure 1.137 A. T1 weighted images of BG823 xenograft micegastric cancer) before and 15 minutes after
tail vein injection of [GADTPAB. T: weighted images of BG823 xenograft mice (Gastric cancer) before and
15 minutes after tail vein injection of [GADTPAhtIEGFRIRGD.

1.7.4Using Liposomes and Micellesvith 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 vectsrcan be modified using several targeting molecules to specifically
deliver contrast agents, including GBCAs where they colocalise with intended cellular targets. One
such example is gadolinisgontaining phosphatidylserine liposomes, which have been used to
image atherosclerotic plaqu&sPhosphatidylseringPS) residues in apoptotic cells trigger
macrophage phagocytosis via the macrophage scavenger receptor p&thhiggsomes
containing GEDTPA-PS, which is a linear GBCA functionalised with rhodamine, were injected
into ApoE/- mouse models of atherosclerosis and analysed by TLI.¥ weighted MRI and
fluorescence imaging. The @ghosome system displayed enhancement to atherosclerotic plaques

and Gd colocalization with macrophadeés.
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Figure 1.147 Figure of GADTPAPS (Maiseyeu et al., 2009)

Liposomes, targeted by a GBO 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 ardiggsivated macrophages.

In addition, micelles loaded with GBCAs such @g-DTPA-conjugated PG&TX, have been

developedo target lung cancefs.

1.7.5Targeting Macrophageswith GBCAs

Macrophages antheir activity are highly reliable indicators of inflammatioas detailed in the
introduction of this reviewlmportantly the distinction between macrophage polarisation states
can confer information about the state of inflammatiohiwispecific tissué* GBCAsconjugated
with synthetically derived high density lipoproteimsn selectively target macrophage uptike
Significantly, these modifications witthigh-density lipoproteirmoieties do not affect the MR
parameters. Thisystenrepresents a promising small molecule approach to target macrejainage
vivo3* Silica coated Gd(DOTA)oaded protein nanoparticles have been shown to target
macrophages when functionalised with a tobacco mosaic virus (PMV).

Multimodal gadolinium probes hawaso been developed such as #88-NIR813, which is a
magneteoptical probe used to delineate M2 polarised TA##8:3> PG-Gd-NIR813 exhibits
positive contrast ath as a multimodal contrast agent, fluoresces at i@h3° 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 paradfidrestingly, PEGGd-NIR813 wasfound
to have colocalised with macrophag@&D68+) within the tumoralperinecrotic regionbut,
however did not celocalise with macrophagd€D163+4) at the tumour periphery. This result
potentially suggestthat PGGd-NIR813 distribution within the tumour is dependent on activated

tumourinfiltrating macrophages, which function to clear necrotising tumour ells.
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Figure 1.157 Figure ofPG-Gd-NIR813(Melanconet al., 2a.0).5°
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1.7.5.1Further Considerationsof GBCAs

Linear GBCAs, such asGd-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 eveletdingto the depositiorof free, highly

toxic GAP*. Design of future GBCAs should consider several factors, including tissue retention,
off-target effects and us# macrocyclic systems. EvidenflpOTA and DO3A chelate systems

represent safer approaches, and functionalisation with targeting moleaelagiigachieved.

1.8 Fe-MRI Approaches

Iron-oxide based nanoparticleBONPs) usedfor molecular MRI are superparamagnetic and
generally fall under three categories: superparamagnetic iron oxide nanoparticles (SPIONS);
ultrasmall superparamagnetic iron oxiganoparticles (USPIONSs) or micrometer sized iron oxide
nanoparticles (MPIONSY.IONPs comprise of small iron oxide particles (FE®Os) which have

a very strong magnetic moment, capable of perturbing the local magnetic field. In MRI
acquisitions, SPIONS reduckE: signal intensity in tissue which absorb the contrast agents,
resulting in negative contra&t.Ferumoxytol, which is m FDA approved intervention for iron
deficiency in adults with chronic kidney disealsas been developed as contegggntfor patients

who are otherwise contraindicated for GBCAs or iodinated contrasted &gents.

Generally, monitoring inflammation via AdRI exploits nmacrophagé phagocytic behaviour
toward IONPs. Macrophage phagocytosis of administered SPIONSsleaghortening off2 and

T2*. WhereTzr el axation times refer TXoreflécts the decagpdf 0 t r a

transverse magnetisation caused by-spiim relaxation and magnetic field inhomogenéiti.is
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highly important to understand the roles thadlividual macrophage subpopulations play in
inflammation resolution, especially in the contextherauticdesign and deliver§?

1.8.1Targeted FeMRI

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 molecl@XsPs are typically
modified with a diverse set of biocompatible coatings, including dextran, PEG, amino acids and
other metals including gold and gadolinium. For exampa oxide nanoparticles may be coated
with either temperature or pH responsivatiags including poly-(N-isopropylacrylamide) and
poly-(acrylic acid)?® Thisapproachs a particularly advantageous from drug delivery perspective,
where parameters such as temperature and pH may differ under disease states.

1.8.2Antibody Targeting in Fe-MRI

IONPs of different sizes have been used for antibody targeting of immuneGra#isnethod of
localising IONPs to target sites is through modifying with antibodies. An example of this is
vascular cell adhesion protein 1 (VCAM targeted ONP imaging. VCAM-1 is responsible for

cell adhesion of monocytes and lymphocytes to vascular endothafidimas been shown to be
upregulated in neuroinflammation, niiag it an attractive marker for imaging inflammatidn.
VCAM -1targeted antibodies, conjugatedn@rometre sized iron oxide particlddPIONs) have

been developed for MR imaging of multiple sclerosis.

Similarly, matrix metalloproteases (MMPs) have been targeted by nanopatrticle 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, whahed favourable

results for imaging spinal nerve lesiassseen in figure 16 Below .%? Khuranaet aldemonstrated
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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?

Figure 1.16 1 Figure from adapted from Husain et al., 2019. T2 weighted image of (A) sham and (B) spinal
nerve lesion mice following injection with MMR2 targeted SPION. Signal loss induced by iron oxide
nanoparticle accumulation is observed in image (B) at the approximsitalsite denoted by the white arrows.

1.8.3Cell Tracking using FeMRI

Thein vivo capabilities of MRI allow for real time cell tracking. Contrast agent enhancement has
facilitated mapping of individual cell types.addrophage mappintpllowing nerve damage has
previously been investigated using SPIONs Bi&PIONs3’ Signal loss due to the paramagnetic
effect of SPIONAJSPIONswas correlated to an increased presencadnrophaged’ This loss

of signal, however can also occur in the event of proximal haemorrhages and passive diffusion of
SPIONS across a disrupted blood nerve batfigr. Recently the focus on FMRI, especially

within the context of cell migration studiekas shifted to the use of MPIONSs, due to their

increased sensitivity relative to USPIONs and SPIONS.
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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 rejectiorSPIONS have been of particular interest in renal
imaging studies as GBCAs are associated with kidney damage and splenic enlaf§jSREDINS

have been used to label and map macrophages to sites of kidney damage in mice. MR images
showed a distinct signal loss after 2 d&fs.

1.8.4Multimodal Approaches of Fe MRI

FeMRI has frequently been used in conjunction with several other imaging modalities.
Multimodal nanoparticlebasedapproaches have been used in studies of GBM. Lee et al developed
a multimodal approach of water dispersjbdear infrared fluorescent silica coated iron oxide
nanoparticles (NFIONSs), which allowed forin vivoimaging of cancet® Potentially the use of
theseMR and fluorescent activenultimodal agents allows for delineation of tumour margins,
through the targeting of surface markers of TAMs during GBM resection. Allowing for an
improvement of outcome$.NFSPIONshavealso been used to label and track macrophages
throughoutmyocardical infarct.Rats were injected with nanoparticles, where activity of resting
monocytes and macrophages were monitored via both MRI and optical im#Egitgocardial
infarction was then induced, where monocyte and macrophages were tracked to sites of
inflammation. Localisation of monocytes and macrophages correlated well to histological findings
andex vivoMR analyses?

Labelling with SPIONS prior to inducinmnyocardial infarctmeant 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 macropthages

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

This concomitant approach has been applied experimentally using€@bb. CCL5 is a
chemokine which facilitates leukocyte recruitment to inflammatory lesions. Following
administation of anttCCL5 to myocardial infarct lesion sites, a decrease in
monocyte/macrophaganfiltration was observedvia MR, resulting inless severe infaré®f.
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. Seltet alemployed a multimodaimagingapproach whereby SPION&ere used

for spatiotemporal localisation of macrophages via MRI and cell survival via bioluminescence
imaging*® Monocyte and macrophage viability is largely unaffected by SPpBagocytosis
whereeven under increased iron concentration atghbe/mL actually saw an increase in cell
viability .4° Iron deposition is an existing phenotypic attribute of TAMs. Contrgsent free MRI

can detect these TAMas a result of endogenous iron accumulatfdéndogenousiemosiderin

iron depositiorhas been useas a biomarker for TAM# vivo and used both iron MRI and iron
histology methods to map TAM activity in prostate and breast metastatic models of%€aiiddr.

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 cancerhis attribute allows for differentiation between
microenvironments in human breast carf@er.Iron(+) macrophages displayed M1 like
inflammatory behaviours, where they chelate endogenous iron to avoid situations of iron depletion,

such as that in haemmoraH§erhis behaviour of iron deposition in TAMs may cause some

47



differences torl2 signals, which may affect performance of administe@dNRs. In a study by

Leftin and colleaguedron(lll) chelation isshownas potential oncotherapthat functions by
decreasing the bioavailability of iron(lll) in proliferating tumour célJhis studyshowed that

short term iron(lll) chelator deferiprone administration doddeau to perturbation of nelmaem

iron whilst maintailng antrtumour effects. The same cannot be said for long term
administratior?® MRI visualisation viaT2 mapping showed increased irtabelled infiltrating
macrophages at lesion sites was correlated with decreasetiraatir chelation therapeutic
response. Thifinding implied that mapping macrophages with respect to their iron atuss

as asurrogate biomarker for immune status and tumour progpfosis.

MRI markers of disease are predominantly indirect parameters including oedema, gliosis and
blood brain barrier leakag€rosslinked iron oxide nanoparticlé€LIOs)were shown to be taken

up to a lesser degree in adaptive immune cells, meaning that imaging via nanoparticles was a
marker for innate immunityinfiltrating macrophagesQD11b+ showed a greater propensity for
uptake of CLIOs than both T and B cells. A proposed mechanism for nanoparticle uptake is via
micropinocytosig® A limitation of contrast agents, nanoparticles in partiguathe 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 cedsidbere
SPIONfunctionality is limited!®

IONP approaches as described above are generally well tolerated and are suitable for macrophage
labelling, either nanopatrticle via endocytosis or via cell surface antigen targeting. Certainly, there
are multiple avenues to further develop IONPs for mdwgp and inflammation monitoring via

H MRI. Additionally, IONP approaches could be used in conjunction with GBCA approaches to

achieve target enhancement in boitandTz.
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1.9 '°F Approaches

One MRI approach to monitor the behaviour of macrophiageésois throught*F MRI. 1°F MRI
commonlyinvolves the use of emulsified perfluorocarbons (PFCs) contaifiinigotopes PFC

probes are biochemically inactive, meaning they are not metabolised whilst maintaining a high
number of°F moieties’? °F MRI has a high degree of specificipd an excellent signal to noise

ratio due to lack of background® signalin biological systems (sefigure 1.17).42:101102
Emulsified perfluorocarbons (PFCs) are commonly used as they are phagocytosed by

macrophage*?

cyl. + req.

monocytes Q O
® .

T cells

-
macrophages . B cells
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Figure 1.17 - %F/'H MRI of immune cell subpopulationgndividual immune cell types were sorted irto

200pL microfuge tubesThese cell pellets were then stained with PFCs, and subsequently washed to remove
nonspecific'% signal.Overall anatomical detail is provided by thE MRI andis shown in grey°F signal

(seen in red) was only observed in macrophages and dendritic io€lisating that PFCs only labelled
macrophages and dendritic cefégure from Jacobwgt al, 201403

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

Crucially, paramagnetic agents interact with water protons, having an effdat ®nand T2*
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relaxation time$% An advantage of®F MRI and the use of PFCs is the fact that they do not have
significant interactions with proton spins of water moleculéss is of particular significance, as

it allows for paralle*H MRI imaging. The gyromagnetic ratjowvhich is the ratio of magnetic
moment to the angular momentuafi,!°F is similar to that ofH, differing byonly 6% (seetable
1.3).1%4 These parameters mak# MRI a favourable imaging modality to be used alongside
conventionatH MRI, where image coegistration allows for concomitant resolution of soft tissue
and of PFC stained cefl$1°1In essence, #H-MRI acquisition would provide spatial resolution

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

1.9.1Classification of PFCAgents'H/'F MRI

PFCs have been clinically approved as a blood substBigmificantly, different PFCs have
unique'®F chemical shifts, which effectively allow for quantification of inflammation via spin
density weighted image acquisiti¢f¥:1% Notably, chemical shift of'°F is unchanged within
cells194105There are 5 main categories of PFC agents, these being: aromatic and unsaturated PFCs,
linear saturated PFCs, saturated ring systems, perfluoroamines, and perfluot&ethars.
example of a common PFCenbluoro-15-crown5 ether(depicted infigure 1.8 below) has
particularly desirablé®F molecular resonance parametershds 20 chemically equivaleftF
fluorine atoms and only displays as a single resonance sigrakeder it has a long clearance
time and will accumulate in both the spleen and liver, meaning it is not suitable for clinical
translation into humand’ A potential alternative is through the use of perfluorooctyl bromide,
which offers superior clearance tintmsgt, howeveris aless sensitive MRI aget! This decreased

sensitivity is attributed to its complex magnetic resonance speétfum.
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Figure 1.18 7 Chemical structure gferfluoro-15-crown5 ether

1.9.2Myocardial infarct and PFC Macrophage Labelling

Several studies have utiliséq MRI to monitor inflammation following myocardial infarction
Events following myocardial infarction involve complex inflammatory processésere
macrophages play key regulatory rolesRarallel *°FfH MRI has been carried out to map
macrophage and monocyte distribution followingyocardial infarc® 1°F signals following
myocardial infarctshowed a strong correlation for regions where intramyocardial haemorrhage
had occurred, indicating monocyte and macrophage infiltration.efl@stwasfurther confirmed

by histological analysi® 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 ofmyocardial infarct could lead to false positive macrophage
mapping®

1.9.3Cancer and PFC Macrophage Labelling

Macrophage activity is, especially within the context of macrophage polarisatidmghly
important prognostic factor in many diseasash asancert®! Tumour associated macrophages
(TAMSs) have been shown to @ption infiltrating macrophages, leading to an increase in tumour
proliferation, neeangiogenesis and metasta¥®s®F MRI has also been used to monitor

macrophage activity in cancdtresence 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 canceri®

An investigation into macrophage recruitment in head and neck cancer revealed local recruitment
of macrophages to lymphatic vessEl#lacrophags within the tumour microenvironment, as
shownby °F MRI analysis showedTAMs play a key role in the metastatic-optioning of
lymphatic vasculatur&® The study demonstrated increased macrophage recruitment to lesion sites
in models of squamous cell carcinoif@uble hit/cal27cell lines)#*: Being a unique diagnostic

for both macrophage infiltration and metastagess 1% approach is highly promising for
macrophage tracking®Macrophage tracking vi€F MRI has previously beamsed to investigate
macrophage infiltration and tumour associated activation of macrophages to the TAM phenotype
following high intensity focused ultrasound ablation (HIRHHIFU is a treatmerthatfunctions

to destroy tumour cells with ultrasound waves and has generally been applied for treatment of

prostate cancéf?

A key consideration when developing MRI diagnostics is sensitivity of the apptodlob.Ahrens

et al study they determinedendritic celldetection sensitivityo be within 18cells, which is on

the upper end of curreAtF MRI sensitivity limits® PFC labelling can drive cells to divide
mitotically, which can lead to a change in phenotype for dendritic &geificity issues are also

an issue with°F approaches, which currently do not allow for discrimination between macrophage
subpopulationsThis limitation,howeveris 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 nsethat macrophages
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are generally labelled by PFCs. Critically, not all macrophages areimarigenic, making the

requirement for improved contrast approaches even more meariitigful.

1.9.4Cell Tracking of MSCs using PFCs

Beyond monitoring macrophage activity, PFCs can be used tdalpek cells ahead of
administration.Tracking of therapeutic mesenchymal stem cells (MSCs) is particudeyant.
Targeted'F labelling approaches, such as those used to label macrophages, can readily be
translated to therapeutic payload delivery trackimgsight into their activities following
transplantation allows for insight into different method¢hefrapeutic administraticend success

of transplant!?! Significantly, Ribot et alshowed 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.

1.9.5Feasibility of 1°F MRI

To summarise, Wiilst 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 doséagsroximately 15 g/kg for PFCsYyequired for
appropriate contradf>1%2Additionally, there are further limitations with cell density, and tumour
volume analyses wittPF-MRI. Due to sensitivity limitations, 1000s of cells per voxel are aded

to detect PFC labelled cellghereas iron based methods hdngher sensitivity:'? 1°F-MRI
efficacy is further hindered by relatively poor agent uptake. This relatively poor uptake
macrophagesan potentially be overcome through the implementation of transfection reagents
including FUGENEP, which is a nodiposomal transfection system originally designed to

transfect DNA into a variety of cell liné8?
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1.10Manganese (Mrf*/Mn3*) agents for cell tracking

As previously mentioned, GBCA administration has been directly correlated to nephrotoxicity and
nephrogenic systemic fibrosis, which has prompted fuititerest into alternatives to GBCAs.
Mn?*is an alternative paramagnetic metal ion, capable of producing contrast enhancement in MRI.
Early Mr?* approaches for cell labelling involved application of Mn@lnatural killer cells and
cytotoxic T cellst'® More recently this approach has been applied to tracking transplanted
mesenchymastem cells''* Chelabrs includingporphyring EDTA and salen have all attracted

interest for manganese contrast agewifering increased stability and reduced toxiéify

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 theT1or T2 relaxation times of protons in their local vicinitghemical exchange saturation
transfer(CEST)is a MRI approach which introduce image contrast in a fundamentally distinct
way from conventional contrast ageht$A critical limitation for cell tracking inTi- and T-
weighted contrast enhanced MRI is that the visualisation of more than one labelled cell population
is not possiblél” 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 pti8é¥ 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 sigifalCEST agents work to selectively reduce the
magnetization of the water signBaramagnetic lanthanide chelates (PARACESd\)ces a large

shift in resonance of local nucféi’ 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 populatiofisom a cell tracking perspective, cells

can be directly labelled witRARACEST agents and administeri@edvivo? There are a limited
examples of cell tracking usifgARACEST, mainly due toelatively poor spatial resolution (>2

mm) and lower SNR than that ®f andT2imaging.However CEST agent§Yb-HPDO3A] and
[E-HPDO3A] have been used to visualise different populations of murine macrophages and

melanoma cell$?!

1.12Magnetic Resonance Spectroscopy (MRS)

Changes to metabolism reflect some of the earliest adaptation to tissues in disease path&genesis.
124 As previously mentioned ifigure 13, biomedicalapplications of NMRapproachebroadly

fall under twogeneraimodes, MRI and MRS he clear distinction between MRI and MRS is their
output, with MR signal being used to encode different informafomhe 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 confelh®micalinformationabout a given tissue. For MRS,

a spectra is generated instead of an image for biological molecules containing atoms with spin
active nucleit?® The nmain signal generated from proton MRS is water, as it is the fkhin
compound in tissue at ~40. Metabolites of interest are normally at concentrations less than 10
mM, so water suppression is requiredligtinguish 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 braif.!?® In addition to'H MRS, there are numerousiRS
approaches tha&xploit other spin active nuclaither using isotope enriched probes or by natural

abundance detection. These incld#&and more recentljH MRS.
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1.12.1'H MRS for Inflammation Detection

'H MRS is capable of detecting a diverse range of neurometabolites includingtNaspdate
(NAA), glutamate (Glu) myoinositol (MI), choline (Cho) ameatine (tCr). Changes in the
concentrations of these metabolites can reflect several patholdggesoinflammation with
reactive astrocytosis and activated microglia is correlated to filisatfhereas a decreased NAA
concentration is correlated to neuronal damdgéH MRS ratiometric dtection of these
metabolitesnormalised to housekeeping reference peak such as water or cteatsbeen used

to assess several neurodegeneratigerders, traumatic brain injury and brain tumo@rg31135

Direct detection of inflammation b4 MRS in vivois technically challenging. It is difficult to
determine the cellular origin of metabolites from natural abundd#tddRS measurementn

vitro 'H MRS experiments were carried out on macrophages in the early 1990s by King and
colleagues, giving initial insight into thtH MRS metabolic fingerprint of IFNy stimulated
macrophage$¥® 'H MRS based metabolomic approasthave provided useful insight into
metabolism of different macrophage polarisation stt€%!3” Furthermore!H MRS provides
fingerprintsfor steady state concentrations of metabolites in tissue, however it is not well suited
to measuring metabolic flu¥8 '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 hyperpold@s&RS,'H MRS requirslong,

if not multiple acquisitions to achieve appropriate resolution.
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Figure 1.19i in vivo single voxel localized PRESS MRS spectraof anastrocytoma patierat 3 Twith H
MRS of normal brain tissue and tumour, depicting a changes in NAA signal intensity. Figure from Laino et al.,
2020

1.12.213C MRS for inflammatory imaging

13C is a spin active nucléhatis commonly used for MRS experiment¥C MRS has relatively

low sensitivity by comparison t4H MRS, with 3C 1.59%comparedo 100% sensitivity iftH

MRS (paired with low natural abundance of 0.017%) rimegiiat endogenousC MRS can only

be carried out for biomolecules\ary high concentration$3C MRS has a much larger chemical
shift range (~25(@pm) versus proton (~1Bpm)13° 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 witk’C is an effective way to increase SNSR of 1°C resonances can

be massively improved by proton decoupling (irradiating the eltirlMR absorption range)
leading to*3C singlet with enhancement from nuclear Overhauser effect. One of the first clinical
applications o#3C MRS was used to evaluate and measure glycogen synthesis'éG]rgjicose

as a probe for these measureméfftslowever low sensitivity meant?’C MRS was not widely
adoptedin the clinic, until sensitivity was improved by plarisation of'3C substrates via
hyperpolarisatiofHP) techniques such as dynamic nuclear polarisation (BfP** There are
several®C enriched probes that have béevestigated for a wide range of pathologies including

tumours, diabetes and inflammatitfi 1°° The most common probe used in HE2 MRS is [
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13C]-pyruvate, which has be@pplied extensively tm vitro andin vivocancer models, visualising

dynamic changes to production of downstrear®{]]-lactatel?6.144.146,15154

HO
O O

O X
s3cmon  H3C 13C. 13
OH "Cc~OH M3 \H/ OH H3C\/C\OI_|

HO :
OH O OH

BC-Glucose BC-Pyruvate BC-Lactate

Figure 1.20- Chemical structures fdfC glucose*C-pyruvate andC-Lactate

1.12.2.1HP 13C MRS to DetectTissuel nflammation via M onitoring Changes td mmune Cell

M etabolism

Immune cells display distinct metabokclaptationgn 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 requirement®>158In vitro the applicatiorof HP 13C MRS to inflammatory
imaging has been investigated using several probes, incltifrid-°C]-pyruvate,HP [6-13C]-
arginineand HP[1-13C]dehydroascorbic acit$:*>%157:158Qjao and colleagues demonstrated that
both HP [2:C]-pyruvate and [#3C]dehydroascorbic acidould be used to neimvasively
identify both M1 and M2 macrophages by thBlt MRS metabolic fingerprint§. Similarly,

Sriram and colleagueshowed similar results farew probes including HP {&CJ-arginine to

target arginase activity in myeloderived suppressor celis vitro.'° Critically, Najac and
colleaguesiemonstrated #t[6-3C]-arginine can be hyperpolarised, and successfully showed that

turnover of the probe tdJC]-urea was highly corelated to myeledérived suppressorin vivo
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HP [1-13C]-pyruvate has been used for metabolic imaging of inflammatory response following
myocardial infarct>® An intense [113C]-lactate peak as visible in followingyocardial infarctn

both rodent and pig model®® However, for translation tan vivo applications, hyperpolarised
probes require lond: relaxation tolengthen the signal lifetimézurthermore, hyperpolarisation
technigues are technically demanding and require speciamag@ment and staff, limiting the

translational potential of HEC MRS.

A
"0 hemical s Gom)

C -
3
<
3
E Infarct segment

. ) ['3C] Lactate Signal ['3C] Lactate Signal
SPINLab Diamond Polarizer Sham Day 3
(GE Healthcare) Post Myocardial Infarct
Queen’s Medical Centre,
Nottingham

Figure 1.217 A. In vivo metabolism visualised by HPC MRS of [U-°H7,U-13C¢]-D-glucose to 13C]-lactate

over 45 seconds in mouse head. (Figure from Mishkovsky et al., 20B)HP 13C MRS metabolic maps of
arthritic paw (R), control paw (L) and tail (T9llowing injection of HP }3C]-pyruvate. (Figure from MacKenzie

et al.,, 2011%*C. SPI NLab Diamond Pol arizer (GE Healthcare)
Highlighting the additional equipment required to achieve hyperpolaris@iddP *C MRS metabolic maps
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of [*3C]-lactate, following myocardial infarct and injection of HPJ]-pyruvate.(Figure fromLewis et al.,
2018)15

1.12.3°H MRS for Cell Identification

Whilst FDGPET andHP [1-13C]-pyruvate MRS have successfully been used to visualise
metabolism in brain tumoun vivo, neither techniqgue can measure glycolytic flux through the
complete glycolytic pathwalf? Deuterium {H) is another spin active isotope that has recently
regained popularity as a probe for MRH.has a very low natural abundance (0.01%) meaning
the detection ofH enriched probes is feasible with very low backgrottddd MRS does have a

few limitations,mainlyin thatlow gyromagnetic ratiéH contributes to poor sensitivity. However,

the shorfT: relaxation times ofH substrates allows for rapid signal acquisifi&hA key benefit

of 2H MRS overt3C MRS is that it avoids the requirement for technically challenging, short lived
HP to achieve adequate sensitivity iovivoimaging.Not requiring hyperpolarisaticaffords?H

probes greater temporal resoluti@®conds for HP3C MRS and minutes to hours féii MRS)

for metabolite tracking, compared to HEZ MRS138.163.1645everal deuteriuranrichedsubstrates

have been used to investigateetabolismin vivo in both healthy and brain tumopatients
including D20, [ 6 ; 2A2pglucose(seefigure 122), [°Hz]-acetate, dHo]-choline and [2,3H2]-
fumarate'2163170 There is only one exampie the literatureof °H MRS being used to identify
inflammation, where. PS Matr i gel pl ugs wer e-?Homlpdose wadsed i n-
used to monitor metabolism of infiltrating immune cell®. date no studies have investigated
deuterium based probes for differentiation of macrophage phenotypes, highlighting a distinct

research gap
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Figure 1221 DMI experiments in RG2 glioma rat brain from De Feyter et al., 2098. 2H MRS spectra
following [6, BHg]glucose infusiorfrom normal brain and tumour lesioB. TICE MR image of RG3 glioma
rat brain, with overlayed 2x2x2 niwoxel’H MRS spectraC. °H MRS metabolic maps o6] 8Hg]glucose in
RG3 gliomarat brainD.?H MRS met ab ol Hglactataip RG3glioma[rad hraBnd

1.13Implementation of Imaging Macrophage Polarisation at a Clinical Level

Highlighted at the beginning of this thesis, macrophage polarisation is a powerful indicator of
inflammatory statein situ detection of macrophage polarisation state, at clinical level has the

potential to provide clinicians with valuable information relating to disease progression and
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treatment respons&he capability to identify proinflammatory response in a transplanted organ
or tissue could aid identification of transplant rejection, expediting surgical intervention. Equally,
detecting immune cell presence within the tumour microenvironment coulanirtferapeutic
decision making. However, clinical implementation would require regulatory approval, significant
financial investment, and both patient and clinician-buyt is therefore reasonable to assume
that molecularimaging appoaches with highest potential at clinical level display the following
characteristics:
1. Low Toxicity
i.  Gadolinium based contrast agents are implicated in acute nephrogenic toxicity.
ii. Biocompatible imaging probes might include those that are biomimetic s&¥b as
i or2H- glucose; or naturally occurring compounds such as iron.
2. High sensitivity and specificity
i.  Molecular imaging probes should match or improve upon the sensitivity of
clinically available probedron oxide nanoparticles have a lower detection limit
relative to gadolinium agents.
ii.  Targeting moieties should be able to selectively target macrophage subtype with
low nonspecific activity.
ii. macrophagedés sensitivity to undergo con
environment, new i maging probes shoul d
3. Short scan times
i.  Approaches that require long scan times are inefficient and are more susceptible to
patient movemerand discomfort.

4. Low capital expenditure requirements
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I.  Sensitivity boosting approaches such as hyperpolarisation require expensive
equipment, operated Ispeciallytrained individuals.
ii.  Approaches that exploit existing infrastructure may improve chances of clinical
adoption.
For macrophage imaging at a clinical level, approaches such as deuterium metabolic imaging and
iron oxide based approaches are especially promising. Both iron oxide and deuterium based
approaches are low toxicity approaches, relative to GBCAs. In gemmerabxide nanoparticles
display lower minimum detection than GBCAs. Whilst deuterium metabolic imaging requires
higher field strengths to achieve appropriate SNR, scanner modifications are relatively
straightforward. Deuterium metabolic imaging does neguire costly and technical

hyperpolarisation, to achieve sensitivity requirements.

1.14Project Aims

The aim of this work is to develop translational cell tracking tools and strategies to visualise both
macrophage behaviour and tumour cells via MRI/MR®e ability to distinguish these
macrophage subpopulatiois situ by their unique surface marker expression would provide a
clear understanding to the type of inflammation within a given tissue, avoiding the requirement
for invasive, tissue destructive biop3ye first strategys to target cell surface marker expression
with superparamagnetic iron oxig@noparticle (SPIONcontrast agentsargeting cell surface
markers should allow for positive selection of target cell populations, with SPp@iNgling
adequate sensitivity for detection by MBPIONs demonstrate the lowest minimum detection per
agent for any MR contrast agent, meaning that they provide the best option for labelling and

identifying cell populations.

63



Macrophagepolarisation states hawmique metabolic fingerprint, with metabolic shifts being one

of the earliest physiological adaptations in macrophage polarisation. Metabolic imaging of
macrophage polarisation state would allow for long term tracking of these early metabolic
adaptations.The secondstrategyin this thesisto target the metabolic niche of macrophage
polarisation states usirtbl MRS. °H MRS of different macrophages subpopulations supplied with
’H enriched glucose should provide an insight into the different metabolic traits of macrophage
polarisation states, and whether these can be used for inflammatory imaging applitafidRS

was selected as a metabolic imaging modality as it does not require hyperpolarisation to achieve
the required sensitivity for detection. Furthermore it allows for tracking of dynamic information
relating to metabolic flux, through the entire glycaytahway. This is impossible IRDG-PET

and 'H MRS, Conveniently °H MRS can be carried out alongside standdddMRI/MRS
measurements making it a highly attractive spectroscopic approach.

Whilst detection of macrophage polarisation statsituis an overarching aim of this thesis, the
development of imaging platforms with sufficient sensitivity to distinguish cell types has
unrealised benefits beyond inflammatory assessmilgichanistic understanding of drug
dynamicsin vivoremain poorly understood, especially within the context of hard to access tissues
such as the brainThe development of sensitive molecular imaging pratesllular scale, will
provide awindow into drug dynamic®f chemotherapy agents, helping to inform treatment
regimens.The third strategy in this thesiss to use contrasagent therapeutic platforms to
investigatetheranostic labelling of glioblastoma cellBhis should allow for the nemvasive
tracking of cytotoxic drug dynamics including uptake and localisation within tissue. It is
envisioned, that these methods could provide a wealth of information relating to inflammation,

drug dynamics, uptake and theeaitic response.
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Chapter 2- General Methods
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2.1 Fluorescent Imaging

Fluorescent screening was employed to visualise expression of both surface antigens on target cell
populations and presence of fluorescent active contrast agents within cells. Fluorescent imaging
allows for highly sensitive detection of molecular targptsyiding insight into biodistribution

and expression levels of specific target biomolecules. Labelling strategies for immunofluorescent
imaging can be broadly subdivided in two, direct and indirect immunofluorescence, depicted in
figure below. In both appaches, primary antibodies are used to label target antigens with high
specificity. The direct labelling approach involves a one incubation step. The indirect method is a
modular two stage protocol which involves an initial primary antibody incubation aand
fluorophore conjugated secondary antibody. Given the modularity of the approach, the antibodies,
both primary and secondary, can be tailored to imaging requirements. The indirect method also
displays superior SNR versus direct immunofluorescence, agplawdecondary antibodies are
capable of labelling with a given primary antibody.

A third approach which has been employed within this project involves utilising a biotinylated
primary antibody and streptavidimked fluospheres (sefegure 2.1). The binding of biotin and
streptavidin is the strongest known noovalent interaction, with a dissociation constant of 10

M. Fluospheres (ThermoFisher), are fluorescent beads which can serve as fluorescently active
analogues to nanoparticle contrast agents. The soptavidin labelling system is highly
modular, allowing for facile modification and can be used in conjpmetith secondary antibody

staining.

66



Direct . Indirect Biotin-Streptavidin

Immunofluorescence Immunofluorescence ‘ Labelled
' ¢ Immunoflourescence
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Figure 2.1- Immunofluorescent labelling strategidirect immunofluorescence involves the selective binding

of an primary antibody to a target antigemhere aluorophore is directly conjugated to the primary antibody.
Indirect immunofluorescence is a tvgtep process whereby a primary antibody selectively binds to a target
antigen. A fluorophore conjugated secondary antibody (selective for the species of prititeody) then binds

to primary antibody. Biotirstreptavidin mediated immunofluoresceneagploits the biotirstreptavidin non
covalent bond strength. Biotin labelled primary antibody selectively binds to the target antigen. Subsequent
incubation with streptavidin linked fluorescent particles leads to a strongavatent interaction betweehet
antibody linked biotin and the fluorescent particle linked streptavidin.
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Figure 2.2 - Schematic of widefield fluorescent imagiWgdefield fluorescent imaging was used for screening
fluorescently labelled cell&:luorophores present at labelling sites absorb specific wavelengths of light (photon)
which leads to excitation of electrons from the ground state to the excited state. Electrons rapidly contract back
to their ground state, emitting photons at a differeatelength. In the case of fluorescent widefield imaging,
Wavelengths of light are selectively beamed throughxbiagion filter to excite a chosen fluorophore, and the
excited wavelength are subsequently passed through the emission filter to be detected.

2.2 Buffy Coat

Primary derived monocytes were extracted via magnetically labelled positive selection from donor
whole blood. Blood samples are separated by centrifugation with Ficoll resulting in phase
separation of the constituent blood parts. The PBMC containing bodtylayer, illustrated in the

figure below, is carefully separated from the other phases. Monocytes are selected out by labelling

with CD14 targeted magnetic beads, which facilitate the positive selection of labelled cells.
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Figure 2.3 - Schematic for buffy coat isolation from whole blood. A. Whole blood is decanted into ficoll, a
hydrophilic polysaccharide solution. Following successive centrifugation steps, whole blood is separated into
separate phases of erythrocytes, buffy coat (PBM&ws) the plasma layer. The buffy coat layer is carefully
isolated from the solution. B. Positive selection of CD14+ monocytes from buffy coat. Following isolation, buffy
coat cells are incubated with magnetic beads targeted towards CD14anégpressed on monocytes. In the
presence of a magnetic field, ntabelled mononuclear cells are eluted through, where labelled CD14+
monocytes are retained within the elution column. In the absence of the magnetic field, CD14+ labelled
monocytes are #n eluted, resulting in a crop of positive selected cells.

2.3 Live/Dead Toxicity Assay

Live/Dead staining was used to determine toxicity of compounds towards various cell types. Cells
were seeded in a 96 well plate at high confluency, and exposed to labelling condition. After 24 hrs

of incubation cells were Wwasbadr 8l $j mesl Wwst Wwe

100% ethanol (30 mins, r.t). Following PBS washes, a working solution of caidkéethidium
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dimer was added to each well and left to incubate (30 mins, r.t). Cells following incubation cells

are visualised using a GloM&agxplorer fluorescent plate reader.
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Figure 2.4- Schematic of LIVE/DEAD Staining using Calcighl and Ethidium Homodimer (EthD). A. In

live cells, have high intracellular esterase activity, catalysing the conversion oflumsascent calcien
acetoxymethyl (calcien AM) to highly fluorescent calcien, which is retained within the liv&.cEthidium
homodimer (EthEL) is a DNA intercalator which enters damaged or dead cells and displays red fluorescent
activity when bound to DNA.
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Confirmation of Calcien/EthD1 was further confirmed by fluorescent microscopy. Figure below
displays the expected fluorescent characteristics from Calcien/EthD1 staining in live and dead

controls.

Dead Control Live Control

Calcien

EthDl1

Figure 2.5- LIVE/DEAD assay, visualised using ZOE fluorescent microscope. dané&rol is U251 cells in
complete DMEM media, stained wRaM Calcien/4uM EthD1 working solutiofior 30 minutes.Dead control
is U251 cells, treated with 100% ethai@®D mins, r.t)prior to incubation with Calcien/EthD1 working solution.
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Chapter 3- In vitro Distinction of Macrophage Polarisation State

Using Cell Surface Marker L abelling.
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3.1 Introduction

Currently, understanding of inflammationnisostly derived from tissue destructive techniques,
such as immunohistochemistry, which do not provide a full picture of complex physiological
processes. There is a need to develop sensitiyo methods that can resolve immune activity

at a molecular level. A clear objective is to develop novel molecular imaging methods to track
specific immune responses in ré@ahe. Macrophages are critical innate immune cells that are
essential to maintaining tissue homess!’Y 173 They are ubiquitous to every tissue, and play a
crucial role in the detection, ingestion and degradation of pathogens, deathic®ils;, cells and
foreign bodies/4176  Macrophagesundergo contextual polarisation towards either-pro
inflammatory (M1) or antinflammatory(M2) subpopulations, making them useful indicators of
local immune stat&®17"17¢Cell targeted molecular magnetic resonance imaging (MRI) represents
one of the most promising approaches for visualisation of immune activiyvart217°
Throughout this chapter, macrophages have been generated either by the immortalised monocytic
cell line, THP1 or from primarploodderived monocytes. Both approaches have previously been
described as models for macrophage polarisation, allowing for facile fabrication of neutral, M1
and M2 macrophagée8?183 An initial aim is to visualise macrophages through labelling their
phenotype specific cell surface markers. The modular proof of concept approach employed in this
chapter (seégure 3.) uses a streptavidin biotin linkage between monoclonal antibodies selective
for macrophage surface markers and MRactive superparamagnetic iron oxide nanoparticle
(SPION) contrast agentdlagnetic nanoparticles are an increasingly studied class of contrast
agent?0184186 presently, clinically approved contrast agents are dominated by gadebaised
T1agent$”18’By comparison to gadolinium chelatesiperparamagnetic iron oxide nanoparticles

(SPIONSy display higher sensitivity and have enhanced biocompatibifit}?8 In nontargeted
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labelling of mesenchymal stem cel8PIONswere four times more sensitive than gadolinium
chelates, with a detection threshold of 12,500 cells &at'% Magnetic nanoparticles display
magnetic anisotropy, giving rise to two distinct antiparallel orientatiting the absence of
applied magnetic fieldBo, nanoparticle net magnetisation averages to 0, the nanopatrticles are
superparamagnetic

In short, SPIONsdisplay high magnetisation within an applied fielb)( which is diminished
when absent from the given BO fieff. SPIONsare generally2 agents, and will impact the rate
of Rx (1/T2) relaxation in tissues where they have accumulated. Effecliveagents will
demonstrate shofitz, resulting in dark hypointense sigi&l. SPIONsalso have well established
surface chemistrySPIONsmay be functionalised for a variety of applications, including for
targeting, therapeutic, immunomodulatory and immune evasive purfdé$¥3 his functionality
paired with favourabl&., makesSPIONsattractive candidates for targeted labelling of cellular

surface markers.

Streptavidin-labeled ﬂ
Biotinylated contrast agent @
Antibody el
—? j Fluorescent
] = =) / imaging
Activated Antigen labelling Antibody-contrast \ B s
Macrophage agent complex bound Y
to macrophage )
targets ‘
Pre-clinical
MRI

Figure 3.1 - Schematic depicting the modular streptawviliatin cell surface marker labelling system.
Polarisation state specific surface markers are targeted via biotinylated antibody. Streptéédiiron oxide
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nanoparticles selectively bind to the biotin tag and increase the rate of transverse relasatizequent MR
imagingor fluorescent imagingxperiments.

This approach allows for delineation of desired subpopulations of macrophage cells & 7
bespoke contrast agent library targeted toward macrophage subtype surface antigens will allow for
real time monitoring of inflammaty processeswith high translational potential. It is envisaged

that these probes could be used to monitor immune cell behaviour following clinical interventions
including allograft transplant, biomaterial implantation and administration of therapeutics for

diseasesuch as cancer affitrosis.
3.1.1Experimental Design

3.1.1.1Macrophages as a Molecular MRI Imaging Targets

THP1 is derived from monocytic myeloid leukaemia and minimizes donor to donor
variability.183193|t is, therefore a useful platform for optimisation of cell surface imaging. The
ultimate goal is to develop a cell surface imaging platform that can selectively label individual
subpopulations of macrophages. One strategy is to target the unique surface markers which are
expressed by macrophage subpopulations. Thera@sever a few limitationswith using THP1

as our chosen moddlHP1 is a cancer derived cell line asaless representativi immune cells

than primary derived monocytes/macrophages. Equally, THP1 does not expressilatafisic
surface markers of Miike macrophages, including CD18%.Interestingly, a classical marker for

M2 macrophages, CD206hows no significant difference in expression between THP1 derived
MO, M1 or M2 macrophage'$® THP1 doeshowever provide excellent control over expression

of M1-like macrophage cell surface markers, such as HLABR.
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Figure 3.2- General overview of THP1 macrophage polarisation. Monocytes are conditioned with polarisation
cytokines over prolonged periods of time to give two general polarisation states, M1 and M2. HLADR and CD80
are two markers which have demonstrated increaga@gsion in IFNo/LPS (M1) treated THP1 relative to MO

and M2 polarisation conditiori8?

3.1.2Iron Oxide Nanoparticles as T agents For Direct Cell Labelling
In this chapter, an antibody/SPION modular platform is used to selectively distinguish between
macrophage polarisation states using MRI and the following hypothesis was tested.
| hypothesis that the antibodyotin streptavidinrSPION system can be used to discriminate
between macrophage surface markers via MRI. | will test this hypothesis with the following aims:
a. Investigate the suitability of THP1 as a model for fabrication of macrophages with distinct
surface marker expression profiles at the fluorescent level.
b. Investigate the suitability of the streptavidiiotin modular labelling platform (described
in figure 3.1)for selectively delivering nanoparticles to macrophage surface markers.
c. Investigate different phantom approaches for imaging labelled macrophage systems.
The feasibility of iron oxide nanoparticles for imaging macrophage cell surface markers will be

achieved using the modular screening approach described in figure 3.1. Effectively, appropriate
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cell surface markers will be identified via initial fluorescent screening. Following this, cell
phantoms containing polarised macrophage subpopulations will be labelled using the streptavidin
biotin system. Efficacy of labelling and performance of SPI@NIEbe assessed through imaging
labelled phantoms, to determine fRerelaxation rate of iron oxide targeted cells relative to-non

targeted cell phantoms.
3.2 Methods and Materials

3.2.1THP1 Cell Culture

THP-1 (ATCC® TIB-202) cells were cultured in RPMI640(Gibco) with 10% heat inactivated
fetal bovine serun(FBS, Gibco) The medium was supplemented with gluc¢4800 mg/L
,Gibco) 1% glutamaxGibco), HEPES(10 mM, Gibco)sodium pyruvatgl mM, Gibco) 1%
penicillin-streptomycin (Sigma Aldrich) and 2mercaptoethaio(0.05 mM, Sigma Aldrich)
Differentiation: To differentiate THP1 to Miike THP1, complete RPMI was doped wjithorbol
12-myristate 13acetate(PMA) (50 ng/mL, Sigma Aldrich)and left to incubate for @rs.
Following this, the PMA containing media was removed and replaced with fresh-RRMdland
left to incubate for 18 hours (5% GCB7°C, relative humidity).

3.2.1.1THP1 Differentiation and Polarisation

To polarise M@like THP1 to Mtlike THP1, complete RPM1640 was doped witgranulocyte
macrophage colongtimulating factor GM-CSH(50ng/mL) (Miltenyi), lipopolysaccharidel(PS)
(100 ng/mL) (Sigma)and interferon gammg&IFN-2) (20 ng/mL) (R&D systems)and left to
incubate for 72 hours (5% GOB7°C, relative humidity). To polarise Miike THP1 to M2like
THP1, complete RPM1640 was doped witmacrophage colony stimulating fac{®é-CSH (50
ng/mL) (Miltenyi) andinterleukin4 (IL-4) (20ng/mL) (Miltenyi) left to incubate for 7hours (5%

CQOg, 37°C, relative humidity).

77



3.2.2Isolation Human Peripheral Blood Mononuclear Cells (PBMCs)

Blood was obtained from healthy donors (National Blood Service, Sheffield, UK) after informed
written consent antbllowing ethics committee approval (Research Ethics Committee, School of
Medicine, University of Nottingham). PBMCs were separated via density gradient centrifugation
with histopaqugSigma Aldrich) and CD14+ monocytes were positively selected using MACS
CD14 isolation kit (Miltenyi Biotec, UK). PBMCs were twice washed with MACS buffenf2

EDTA with 0.5% FBS in PBS) and then incubated with CD14+ targeted magnetic beadigag15
4°C). Following incubation, labelled cells were then selected using IW&hcs(Miltenyi). CD14+
bound cells were washed using MACS buffer, three times and then eluted. CD14+ monocytes were
then cultured in RPML640 media supplemented with 10% fetal FB% penicillin/streptomycin

(v/v) and 1% Lglutamine (v/v).

3.2.2.1Preparation of Macrophages from PBMCs

To generate naiviike monocytes (M0), RPML640 media was further supplemented with M
CSF(10 ng/mL). To generate proinflammatory macrophages (M1) REGMD media was further
supplemented with IFNb (20 ng/mL) andGM-CSF (50 ng/mL). To generate anitnflammatory
macrophages, RPMI640 media was further supplemented with 120 ng/mL) and MCSF(50
ng/mL). Cells were cultured under sterile conditions (3,/3% CQ, relative humidity) for 6 days,

with media changes at day 3 of the polarisation procedure.

3.2.3Streptavidin-biotin based modular system for screening phenotype specific cell surface
markers.

For surface marker contrast agent screening at both fluorescent and magnetic resonance levels, a
modular labelling platform was employed. Primary antibodies were modified with a biotin tag.

Primary antibodies used for labelling: artiADR-biotin, anttCD14-biotin, anttCD206biotin,
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antrCD163biotin and antCD86-biotin were all supplied ThermoFisher and were used at a
concetration of 5 pug/mL. 30 nnmrdn oxide nanoparticles (Thermofisher) were modified with a
streptavidin linkerRed (580/605)Neutravidin40 nmfluospheregInvitrogen were used as a

fluorescent analogue for iron oxide nanoparticles.
3.2.4Fluorescent Imaging and Image Analysis

3.2.4.1immunofluorescent Staining of THP1 Macrophage PopulationsUsing Streptavidin-

Biotin Modular Labelling System

Cells were fixed in 4% paraformaldehyde (10 mins, r.t) and subsequently washed in PBS (3 times,
r.t). Cells were then blocked using 5% goat serum in PBS [vAt,(dt). Cells were then washed

3 times using PBS (10 mins, r.t). All primary antibodies (unless otherwise stated) were diluted into
5% goat serum for staining. Cells were incubated with primary antibodyhati® at room
temperature or overnight at 4°C. Cells were then washed with PBS 3 times, 10 mins, r.t). Cells
were then incubated (irs, r.{ protected from light) with an goat amiouse AlexaFlucr88
secondary antibody(495/519 nm excitation/emission wavelengthjuspended in 5% goat
serum/PBS. Cells were washed 3 times using PBS (10 mins, r.t.). Cells were then counterstained
with DAPI (Invitrogen) 859/461 nm excitation/emission wavelendt@mins, r.t, protected from

light). All data acquired from fluorescent imaging is expressed as a mean = the column standard
deviation. Oneor two- way ANOVA and Tukeyods posdeculaleoc ane
statistical significance, where p < 0.05 is considered to be statistically significant.

3.2.5Screening using widefield immunofluorescent microscopy

3.2.5.1THP1 Screening in 96 well plates
THP1 cells were seeded into-@&ll plates(Corning) at a density of 50,000 cells per well.

Following differentiation and polarisation (as described above), media was removed from cells
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and 4% PFA was added to each well for 10 minutes. Cells were then stained and imaged using an

EttaLuma widefield fluorescent microscope 10x and 40x objectives.

3.2.5.2PBMC Derived Macrophage Screening in 96well plates

CD14+ selected primary monocytes were seeded irwedoplates at a density of 50,000 cells

per well. Following differentiation and polarisation (as described above), media was removed from
cells and 4% PFA was added to each well for 10 minutes. Cells were then stained and imaged

using an EttaLuma widefi@lfluorescent microscope using 10x and 40x objectives.

3.2.5.3Screening via Confocal Immunofluorescent Microscopy Using Neutravidin
Fluospheres

40 nm red neutravidin fluospheres (580/6@% (Invitrogen) were used as a fluorescent analogue

for streptavidinlinked iron oxide nanopatrticles. Neutravidin fluospheres were suspended into 5%
goat serum at 200,000 nanoparticles per cell. Number of microspheres per/mL were calculated

using the folloving:

6C x 10'2

Number of microspheres/ mL = 3
pXTX0b

Where: C = concentration of suspended beads in g/mL
(0.02 g/mL for a 2% suspension)
¢ = diameter of microspheres in pm
p = density of polymer in g/mL (1.05 for polystyrene)

Cells were then washed again with 3 times with PBS for 15 minutes. The cells were counterstained
with DAPI (ThermoFisher)Cells were stained with primary antibody as described above.
3.2.6Magnetic Resonance Imaging and Analysis

MRI measurements were acquired onaBruker BioSpin MRscannexvith a Bruker Avance Ill

Console (Bruker BioSpin, Ettlingen, Germankyr transverse relaxion rategRz), a multiscan
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multiecho MSME sequence protocol were used to genésateps of the phantomBlJl/image
J was used to reconstruct images and relaxation times were calculated by fitting image intensity
data from thélz image to the exponential equation:

“YO¢

Y¢ YA@D —
X

The MRI analysis calculator fitting tool was developed as a plugin tool by Karl ScihittRI
experiments were carried out usia@0 cm bore Bruker Biospec 70/30 7 T MR scanner with a

Bruker Avance Il Console (Bruker BioSpin, Ettlingen, Germany).

All data acquired from phantom imaging is expressed as a mean * the column standard deviation.
One ortw- way ANOVA and Tukeyds post hoc anal ysi

significance, where p < 0.05 is considered to be statistically significant

3.2.6.1MR Imaging Parameters

Live staining phantom:Labelled cells were transferred to a 100 uL PCR tube. Each PCR tube
contained 1mn cells. PCR tubes were then arranged within a Styrofoam tube holder and placed
within the MRI scanne” x 1 mm slices were imaged in a coronal orientation through the centre

of each PCR tube with data matrices of 22658 with a field of view 0f8.0x 8.0cm. Tz relaxation

times were calculated with a MSME pulse sequence (flip angle = 90 °BWiftks ranging from

14 to 420 ms. Cell pellet phantomlabelled cells were transferred to a 100 pL PCR tube. Each
PCR tube contained 1mn cells. PCR tubes were then arranged within a Styrofoam tube holder and
placed withinthe MRI scanner6 x 1 mm slices were imaged in a coronal orientation through the
centre of each PCR tube with data matrices of 256 x 256 with a field of view of 3.81 x 3.81 cm.
T2 relaxation times were calculated with a MSME pulse sequence (flip angle = 90 °) with 16 TEs
ranging from 11 td 76 ms.PCRtubeagarose phantomLabelled cells were transferred to a 100

puL PCR tube. Each PCR tube contained 1.5 mn cells and were suspended in 100uL of 1% agarose.
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PCR tubes were then arranged within a Styrofoam tube holder and placed within the MRI scanner.
4 x 1 mm slices were imaged in a coronal orientation through the centre of each PCR tube with
data matrices of 256 ¥92with a field of view of7.5x 5.8 cm. T2 relaxation times were calculated

with a MSME pulse sequence (flip angle = 90 °) withTEs ranging fronv.76to 124.18ms.
Coverslip phantomCoverslips were transferred to a 30 mL universal holder. Coverslips were then
suspended in 1% agarose. Universal holders were placed inside a tube holder within the MRI
scanner60x 1 mm slices were imaged iaxial orientation through the centre of eaahiversal
holderwith data matrices of 256 256 with a field of view 0f3.0 x 3.0 cm. T2 relaxation times

were calculated with a MSME pulse sequence (flip angle = 90 °)1wiitEs ranging froni4 to
210ms.24 x 1 mm slices were imaged $agittalorientation through the centre of eagfiversal
holderwith data matrices d612 x 256 with a field of view 0f8.0 x 4.0 cm. T2 relaxation times

were calculated with a MSME pulse sequence (flip angle = 90 °)3@iffEs ranging fronl5.5

to 467.6 ms. Cell droplet phantomDroplets were transferred to a 30 mL universal holder
suspended in 1% agarose. Universal holders were placed inside a tube holder within the MRI
scanner21x 1 mm slices were imaged iaxial orientation through the centre of eaahiversal
holderwith data matrices of 256 205with a field of view of7.5x 6.0 cm. T2 relaxation times

were calculated with a MSME pulse sequence (flip angle = 90 °Ywitties ranging fron¥.7 to

124.1ms.
3.2.7Magnetic Resonance Imaging Macrophage Phantom Preparation

3.2.7.1Live Staining with Primary Antibodies
THP1 cells were seeded int@5 flasks(Corning)at a density of 8x1cells per flask. Cells were

polarised and cultured as per thd&y protocol described above. Cells were detached by TrypLE
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(ThermoFisherenzymatic detachment. Media was removed and the flasks were washed using

sterile PBS.

3.2.7.2Cell Pellet MRI Phantom

THP1 cells were seeded into T75 flasks at a density of*®ell® per flask. Cells were polarised

and cultured as per the 6 day protocol described above. Cells were detached by TrypLE enzymatic
detachment. Media was removed and the flasks were washed using sterile PBS. TrypLE solution
was then added to the flas&ntaining cells and then left to incubate (2ihs, 37°C, 5% CQ,

relative humidity). Following incubation, detachment was confirmed via light microscopy.
Solution containing cells was removedrfr the flask and placed within a 50mL falcon tube and
pelleted by centrifugation (35§ 5 mins). Supernatant was then removed, leaving only the cell
pellet. The cell pellet was then resuspended in 4% PFA in PBS and left to fix for 10 minutes. PFA
was then removed and cells were washed using PBS (3 times, 5 mins). Cells were labelled as
describé above. Labelled cells were then dispensed intarl. PCR tubes at 1.5x%@ells per

tube, and centrifuged using a benchtop microcentrifuge g35onins).

3.2.7.3Cell PCR Tube Agarose Phantom

THP1 cells were blocked, and labelled as per the conditions described above. Agarose phantoms
were fabricated using 1% agarose in distilled water. Agaf®sgna Aldrich)was melted into

distilled water using a microwave oven. 1% agarose solution was then agitated using a stirring
hotplate (150€, 200 rpm). Labelled cells were then dispensed inton. PCR tubes at different
densities, and centrifuged using a benchtop microcentrifuge to remove excess supernaggant (350

5 mins). Cells were resuspended }00of agarose and allowed to set at room temperature.

83



3.2.7.4Cell Coverslip Phantom

THP1 cells were seeded on to coverslips and polarised as described above. Media was removed
and cells were fixed using 4% PFArfbns). Cells were washed using PBS (3 timesiiis, r.t).

Cells were blocked and labelled as described above. Coverslips were removed from the well plates

and suspended into 1% agarose in aB0universal holde(Corning)

3.2.7.5Cell Droplet Phantom

For cell drop phantoms, antibody/iron oxide labelled fixed cells were suspended o150

agarose droplets. Agarose/cell suspensions were dispensed onto a petri dish lid and suspended as
a hanging droplet. Agarose cell suspension droplets were then left to form at room temperature for
20 minutes. Once formed, agarose droplet were detastteresuspended liquid 1% agarose in

a 30mL universal holder.
3.3 Results

3.3.1FluorescentL abelling of THP1 MacrophageCell Surface Markers

THP1 was selected as a cell line for cell surface labelling platform optimisation. THPdcste
myeloid leukaemia (AML) derived cell line which is routinely used agantro cell model for

both monocyte and macrophages. Macrophage subpopulations are fabricated from THP1 cell
suspension, first by the differentiation of THP1 monocytes telikdOmacrophages via addition

of phorbol 12myristate 13acetate PMA) to the cell culture media. Macrophage polarisation,
towards Mt and M2like subpopulations ishen achieved by the addition specific cytokine
cocktails to the cell culture media. The M1 THP1 is generated by the additgnaraflocyte
macrophage colongtimulating factor (GM-CSH, interferon gamma IEN-2) and
lipopolysaccharidel(PS), whereas the M2 THP1 is generatedmiacrophage colongtimulating

factor (M-CSH andinterleukin 4(IL4). Stimulation of monocytes by cytokines signals to the
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different macrophage polarisation results in expression of polarisation state specific cellular
markers, which have been extensively reviewed!81% Previous studies have highlighted
several surface markers which are differentially expressed under different cytokine cdfitifibn.
One markerhuman leukocyte antigenDR isotype HLADR) is reported to be highly expressed

in IFN-9/LPS stimulated THP1 monocyte$219419H| ADR is a cell surface receptor which
functions to present foreign antigens to immune cells includiegll§, in order to stimulate an
immune cascade. HLADR is typically expressed in antigen presenting cells including
macrophages, Bells or dendritic dés. The differences iHLADR expression between THP1
macrophage polarisation statepresent amttractive biomarker target for identifying Mike
macrophages over M2mmunofluorescent staining using an adtiADR antibody revealed a

high level of HLADR expression in M1 THP1 macrophages. Incidentally, the MO and M2
subpopulations of THP1 displayed negligible HLADR expression at the cell surface. Given the
high degree ofontrol afforded by THP1 and high expression of a surface marker (HLADR) for a
given subpopulation (M1), this target was selected for further cell labelling optimisation
experimentsFigure 3.3a depicts representative fluorescent imaging of MO andito(LPS
stimulated) THP1 macrophages stained with-BiitADR-biotin and goat aminouse Alexa488
secondary antibod{#95/519 nm) high green intensity seen in the M1 indicates presence of the
HLADR surface receptor. Interestingly, HLADR+ cells only represent a minority fraction of cells
within the bulk population of M1 macrophages. Evidently, HLADR is expressed at a higher level
in M1, relative to MO and M2. Figure 3.3b highlights the difference in relative fluorescent intensity
(RFI) between polarisationates, green signal integrated density normalised to cell number is

significantly higher in M1 cells (49.74 a.u., ***p<0.0001) than MO (1.00 au) and M2 (0.42 a.u).
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Figure 33 - Representative widefield fluorescent images of-l& and Mtlike THP1 stained with anti
HLADR (green,Alexa488) and DAPI nuclear stain (blue). Images acquired using a 10x obj&tRelative
fluorescent intensity (RFI) of HLADR labelling in MO, M1 and M2 THP1. RFI was quantified by measuring the
integrated density of HLADR(+) cells, normalised to the total cell coypt0.05, **p<0.01,***p<0.001,
**++n<0.0001
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3.3.2Platform Optimisation

3.3.2.1Labelling HLADR+ M1 THP1 with Neutravidin Fluospheres

Following screening of THP1 and the identification of HLADR as an appropriate target for
streptavidinbiotin labelling optimisation, the next objectivetesqualify thestreptavidinbiotin as

a cell surface labelling approach. Given the contrast agent of o&#R©®Ns)for labelling cell

surface markers is not fluorescent, neutravidin fluospheres were selected as a suitable fluorescent
analogue to visualise thatreptavidinbiotin labelling system. The neutravidin fluospheres are
comparable in siz¢o the streptavidin linked iron oxide nanopartic(€uospheres = 40 nm,

SPIONs = 30 nmand offer selective binding to biotin labels.

Biotinylated
Antibody r
o’ ’
#v ﬁ e —_— Confocal
Incubation microscopy
Activated with avidin
Macrophage fluosphere
(0.4um)

Figure 3.4- Schematic depicting the streptavidirotin labelling system, as applied to labellimgcrophages

with neutravidin fluospheres. The biotinylated antibody will selectively bind to the macrophage surface marker.
The neutravidin binding site will form an extremely strong+eomalent interaction (K~ 104 mol.L?) with

the biotin link of the antibody. The fluosplesareredfluorescentiabek, with excitation/emission of 580/605

nm, and can be visualised by both confocal and widefield fluorescent microscopy.

Having established M1 cells with high relative expression of the HLADR cell surface receptor,
the streptavidin biotin system, depictedfigure 3.4was applied M1 cells. This fluorescent
labelling experiment would provide a better understanding of how effective the streptavidin biotin

system is at specifically binding to the target antigens relative to highly specific primary and
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secondary antibody approaches. Using this labelling approae®nsng was initially carried out
on HLADR(+) THP1 under widefield fluorescent microscopy. This revealed a high degree of

colocalization between the antibody and the red fluospheres (visualifsgdre3.5.

A Fluospheres only B

Relative Integrated Density

Alexa488 Red NPs

C anti-HLADR-biotin + Fluospheres

Figure 3.5- M1 THP1 cells labelled with Neutravidin fluospheréds M1 THP1 cells, fixed and labelled with

red neutravidin fluospheres, and counterstained with nuclear dye DAPI ghliglative integrated density
measurement (normalised to cell count) for secondary antibody goaneue Alexa488 bound to M1
HLADR(+) cells vs relative integrated density measurement for red neutravidin fluospheres bound to the same
M1 HLADR(+) cells C. M1 THP1 cells, fixed and labelled with aiLADR-biotin, red neutravidin
fluospheres, and counterstained with nuclear dye DAPI (blue).
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A Representative Widefield Fluorescent Image

Composite

Alexa488 Red NPs

Alexa488 Red NPs

Figure 3.6- A. Widefield montage image of M1 macrophages stained withHItiDR -biotin, Red neutravidin
fluospheres and DARblue), depicting colocalization between the red and green chamhésnfocal montage
image of M1 macrophages stained with &titiADR-biotin, red neutravidin fluospheres and DAPI.
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3.3.2.2Live Cell Staining 1 Preliminary Testing of Streptavidin-Biotin Labelling System

Using SPIONs

Live cell staining was a first step in an effort to directly label M1 cells with the streptdymtin

system using antiLADR-biotin and streptavidisPIONs. Cells were cultured and polarised to

MO and M1 and stained with both aftLADR-biotin and strptavidin SPIONs. Cells were then
washed, detached and fixed. Cells were then pelleted and imaged using 7 FidWiRd. 3.7a
describes the labelling procedure applied during this experiments.

Live incubationof anttHLADR-biotin antibody and THP1 M0O/M1 subpopulations showed a
significant increase iRz versus conditions with eith&rithout SPIONsand nonrtargetedSPIONs

MO with HLADR targetedSPIONsdisplayed the highe&. values with an averag&: = 2.99s*

versus unlabelled MO cel(&: =1.45sY), across six axial slicedVhereas M1 cells targeted with
HLADR targetedSPIONs R2 =2.59 s!,****p<0.0001) displayeda significant difference between
relaxation rates of M1 cells with naargeted SPIONsRe = 1.53 s'), demonstrating that the
inclusion of the antibody does increase thadaxation rate, likely due to increased binding of
streptavidin from the SPION binding to the biotin of the labelled antibody. The incréased
observed for MO labelling with antibody is inconsistent with the findings from the fluorescent
screen, where negligible HLADR expression was observed. This could be due to interactions
betweeneither the antibody, the SPION or both components stimulating increased phagocytosis
by MO or indeed these compounds may stimulate these cells to polarise to an activated state with

increased expression of HLADR.
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Figure 3.7 - Live cell staining MO and M1 THP1 subpopulation with HLAB#tin and streptavidin SPIONS.

A. R; maps of 6 slices of PCR tubes containing cell pellets of MO and M1 THP1 subpopulations. Slice 1
represents the bottom of the tule.The Rz values for labelling THP1 MO and M1 subpopulations. All data
shown is form one measurement, with one technical repligat@.05, **p<0.01,***p<0.001, ****p<0.0001
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3.3.2.3Cell Pellet Phantom Imaging Anti-HLADR -Biotin Labelled Neutral and Pro-

I nflammatory THP1

Theinconsistency between low HLADR) cells within the MO subpopulation at the fluorescent
level and highR: value foraHLADR/SPIONsMO cells suggests thatotentially nonspecific
binding of the antibody occurred during the live staining approach. To addresstigisSTHP1
cells weranstead firsdetached and fixed in 4% PFA. Cells were then subjected to the same non
specific protein blocking stepas immunofluorescent approach&sgure 3.8ahighlights the
overall procedure for this approadtollowing staining wittaRHLADR/SPIONSs the labelled cells
were resuspended in PBS and pelleted by centrifuggit&ihg, 5 mins)The PCR tubes containing
the cells were then imaged in thd MRI. For cell pellet phantomsgHLADR/IONPs incubated
with M1 cells displayed the largeRt = 26.52 s . This was significantly (**p<0.01) higher than
the R2 observed in MO cells with the same labelling conditiok cells incubated with
aHLADR/IONPs showea relative increase versus control groups, this differenBewasnon
significant with anR. = 12.14 &' versus averag®: value for nontargeted MO cells with a

displayedR> = 9.581s™.
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Figure 3.8 Cell Pellet Phantom of MO/M1 THP1 with/without target8BIONs A. Schematic of cell pellet
labelling and preparatioB. Representative slice 8 map showing axial cross section of PCR tubes containing
cell pellet phantom<C. R values for cell pellet phantoms. All data shown is from one measurement with three
technical replicate$p<0.05, **p<0.01,***p<0.001, ****p<0.0001
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3.3.2.4Agarose Phantoms of THP1 Monocytes and Macrophages

Imaging a cell pellet is technically challenging and required a significant number of slices in order
to capture the exagiart of the phantom containing the highest density of c&ssimprove
imaging capabilities3-dimensional agarose suspensions were fabricated using fixed cells. This
approachallowed for a reduction in slice number (increasing scan efficiency), and allowed for
multiple measurements to be taken through a sample, allowing for signal average to be calculated
through a given sample. In addition to HLADR, CD14 also served aset fargoptimisation
experiments. CD14 is a marker for monocytes and is motieedgressed as a surface marker in
THP1 monocytes. Fixed monocytes were labelled \autfrCD14/SPION to investigate the
effective labelling using thstreptavidin biotirsystem in an agarose phantom.

Figure 39a shows a schematic for the preparation of these agarose pha@tbths. phantoms,
ant-CD14/SPIONIlabelled THP1 displayed the largestaxation rate,R. = 19.84 s'), whichis a
significantly higher(****p<0.0001) R: versus both notargetedSPIONs(R: = 12.64 &) and
control THP1alone R: = 6.833 &). Interestingly, there was still an increaseRnfor the non
targeted SPIONSs versus the control condition, suggesting that there mightggecdic labelling

of the SPION to the monocytes.

Initial use of monocytes allowed for facifabrication of phantoms, eliminating the both the
requirement for a -Blay polarisation step and enzymatic detachment of adhdrdRtl
macrophagesThis also highlights that the modular streptavidin biotin system works for targeted
imaging of other cell types.

Figure 39d-eshows both th&: relaxation maps and graph of calcula®edates from those maps

for anttHLADR/SPIONs labelled MO and M1 THPlanttHLADR/SPIONSs displayed far

superior labelling in the MWwith a significantly higherR: (R: = 51.47 &,***p<0.0001 )
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subpopulation of THP1 versus Mix(= 7.757 &). There were minimal differences in Bbserved

between the notargeted labelling groups and the control groups.
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Figure 3.9 A. Schematic depicting the fabrication of agarose based THP1 phantoms. THP1 cells were cultured
and polarised if required, detached and fixed. The cells were then stained sequentially with biotinylated primary
antibodies and then streptavid®iPIONS. Labelld cells were then suspended in melted agarose solution for
imaging.B. Representative axial slice;Rap of the PCR tube phantom containing agarose alone, THP1 in
agarose suspension, ntargetedSPIONswith THP1 in agarose, and CD14 targe@®@IONswith THPL1 in
agaroseC. Graph ofcalculatedR, valuesfor anttCD14/SPIONs/THP1 experimentll data show is from two
independent measurements with three technical repeats across four axiapstie€s, **p<0.01,***p<0.001,
****n<0.0001. D. Representative axial slid& map ofagaroséPCR tube phantom containing THP1 M1

and MO cells stained with artlLADR-biotin and streptavidiSPIONS E. Graph ofcalculatedR. values

for antrtHLADR/SPIONs with MO and M1 experimentsll data show is from one measurements with three
technical repeats across four axial slicép<0.05, **p<0.01,***p<0.001, ****p<0.0001.

3.3.2.5Agarose Droplet Phantoms

The agarose PCR tube agarose phantom displayed highly favotkaldées for distinction
between labelled and ndabelled cells.Understanding of contrast agent detection limits is
incredibly important for translation to thevivolevel. An initial inflammatory response may only
involve a small number of cells, meaning highly sensitive detection of these events is incredibly
important to early detection. Therefore a phantom system that allows for 3D imaging of multiple
labelling canditions within a firte area provides for better insight into the minimum number of
contrast agent labelled cells required for detection. An agarose based droplet phantom was
developed to allow for encapsulation of cells within 3D space whilst maintaining a relatively small
footprint. These droplets were then further suspended in agarose, allowing for the droplet
phantoms to be completely surrounded by a homogenous agarose with high water content. This
minimised the impact of susceptibility effects that could be observedystam surrounded by

air, such as the PCR tube phantom.
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Figure 3.10 Overall Schematic for agarose phantom and MRI imaghadgmage of a 3@nL universal holder
containing agarose droplet phantomgpanding on the use ofdmensional phantoms, an alternative approach
is to resuspend cells within a droplet of agar@ece set, these droplets can be easily manipulated and further
suspended in agarosB. Diagram illustrating the direction of slices taken in the sagittal plane during MR
acquisition.C. 3-D volumetric reconstruction of the droplet phantom using a stack ofaRs.
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Figure 3.11 R, data for Agarose phantom containing agarose droplets eC&#biotin/IONP-streptavidin
stained THP1 at varying cell densi#f. Graph plotting thd?, values of the phantoms iicreasing THP1 cell
density each data point represents fevalue recorded for the respective agarose droBldRepresentative
axial R map images of individual agarose phantonip<0.05, **p<0.01,***p<0.001, ****p<0.0001.
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Given that previous results from PCR tube agarose phantoms indicatnt@D14/SPIONs
provideR: enhancement versus control, this provided a useful basis of which to develop droplet
phantomsAgarosedroplet phantoms were prepared with different densities of THP1 monocytes
stained withantrCD14/SPIONSs. Given the facile fabrication of THP1 monocytes versusday 6
macrophage polarisation, it also allowed for much faster workflogarose phantoms stained

with anttCD14/5PIONsincreased moderately farell densities between 1€D00 cells.pk!

versus 1% agarose. Densities above 2000 celfsdigplayed iterative significant increasesRn
relaxation rate The largestelaxation rate enhancementis recorded for the highest density
phantom 20000 cells.pL(R2 = 11.03s?) display a highly significant (****p<0.0001) increase in
relaxation rate relative to 10000 cells:pL

3.3.2.6Coverslip MRI T An Approach for Visualising Monolayers ofMacrophages

To even further stretch the boundaries of cellular detection limits, another cell phantom approach
was developedOne major application for molecular MRI would be investigating immune
response to implanted materigfgesening a unique challenge for imaginddverse immune
response to foreign bodies, such as an implant, will drive immune cell recruitment towards the
deviceltissue interface® Typically, macrophage infiltration and response to implanted materials
represents one of the earliest events, adhering to device material interfaces and participating in
downstream foreign body response and would hedlitWg®1°’ The coverslip phantom was
designed replicate early stages of immune cell recruitment and adherence to the interface of an
implanted material. This approach is unique in that it allows for correlative imaging between
fluorescent and MRI. M1 and MO covepsiwere cultured on to glass coverslips, which were then

fixed and labelled with antiLADR-biotin and streptavidiSPIONS.
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Figure 3.12Top to Bottom:Coversliplmaging representative widefield fluorescent image of coverslips with

MO (A) and M1(B) THP1 stained with arfHLADR (green, alexa488) and DARIC) Photograph of coverslip
phantom containing coverslips suspended in 1%omsgdD) Visual representation of MR axial slice acquisition
through the coverslip phantonfE) visual representation of the MR sagittal slice acquisition through the
coverslip phanton(F) 3D volumetric representation of &lice stack of sagitté&, maps(G) Graph ofR.values

from axial 5 dices. Individual data points represent average of triplicate measurement across a single slice for a
given coverslip(H). R> values fromsagittal containing coverslip. Individual data points represent triplicate
measurement across a single coverslip. *p<0.05, *p<60f<0.001, ****p<0.0001.

Figure 3.12AB depicts widefield fluorescent imaging of arti ADR-biotin labelling of MO and

M1 THP1 on glass coverslips, again confirming the presence of HLADR(+) cells within the M1
samplesFigure 3.12Cdepicts how labelled coverslips were arranged within the universal holder.
Coverslips were suspended in 1% agarose layers allowing for coverslips to be equally spaced.
This meant that multiple surfaces could be imaged in one acquisition. The covessiipmh

were then imaged taking multiple slices through the phantom in both the axial and sagittal plane.
Following image processing: relaxation rates were calculated for each coverslip from both the
axial and sagittal perspectivieigure 3.12DE show repesentativédr: maps of the coverslips; this
revealed a nomniform distribution ofR2 signal across the coverslips. The coverslip imaging
approach revealed similar results to previous attempts to distinguish between M1 and MO, with
M1 anttHLADR/SPION labelled coverslips displaying the higheRi relaxation rates,
significantly higher than both unlabelled M1 and d#itiADR/SPION MO.

3.3.2.7Fluorescent screening for PBMCderived macrophages.

THP1 facilitates cell labelling optimisation experimentsitasffers moderateontrol over the
expression of surface markers such as HLABRwever, surface markers of THP1 are not
necessarily representative of macrophage polarisation markers in patients. It is therefore important
to identify markers that are clinically relevant and have the highest potential to be carried through
to clinic. Peripheral blood mononuclear cellPBMCg were isolated by CD14+ MACs
microbeads, which were then differentiated @olarisedto MO, M1 and M2 macrophages in 96

well plates using cytokine stimulation over-al@y period. Several surface markers were selected
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from literatureto further develop a panel of immune targeted contrast agents which could visualise
the multiple different polarisation states of macropha@&¥° HLADR, CD86, CD163, and
CD206 were all screened via immunofluorescence as markers for the various cell polarisation
states. HLADR expression was evident in all polarisation states. Interestingly, M2 subpopulation
displayed the highest relative fluoresceénsity (RFI) for HLADR, this was significantly higher

than M1 (*p<0.05) and MO (***p<0.001). CD86 showed relatively selective expression in M1
subpopulations. MO macrophages displayed high RFI for CD163, this was highly significantly
different (****p<0.0001) to the relative negligible RFI in both M1 and M2 macrophages. CD206
(mannose receptor) displayed a high level of RFI in M2 macrophages, relative to both MO and M1

macrophages. Between these results, distinct markers could be selected for eattipolarate
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Figure 3.13 - Representative widefield fluorescent images ala§ cultured primary derived macrophage
subpopulations10x/40x representative fluorescent images of MO/M1/M2 macrophage subpopulations stained
with DAPI (Blue) andA. antirHLADR (Green, Alexa fluor 488B. anttCD86 (Green, Alexa fluor 48&). anti-

CD163 (Green, Alexa fluor 488). antitCD206 (Green, Alexa fluor 488E. RFI of HLADR in MO/M1/M2
primary derived, RFI was quantified by measuring the integrated density of HLADR(+) cells, normalised to the
total cell count.F. RFI of HLADR in MO/M1/M2 primary derived, RFI was quantified by measuring the
integratel density of CD86(+) cells, normalised to the total cell coBnRFI of CD163 in MO/M1/M2 primary
derived, RFI was quantified by measuring the integrated density of CD163(+) cells, normalised to the total cell
count.H. RFI of CD206 in MO/M1/M2 primary derived, RFI was quantified by measuring the integrated density
of CD206(+) cells, normalised to the total cell courip<0.05, **p<0.01,***p<0.001, ****p<0.0001.

This fluorescent panel provides some future targets that could be used to further developed targeted
probes. Critically, an understanding of the surface marker expression of macrophage phenotypes
in primary cells provides a much more representative pfhatftor developing translational

imaging tools.
3.4 Discussion

Cell tracking, especially by MRI, represents and incredible useful, yet underdeveloped strategy for
noninvasive detection and mapping of unique cells types in real time. Cell tracking has the
potential to aid detection of diseased cell types, track tineede of therapeutics cells or monitor

the immune response to foreign implanted materials. Traditionally an understanding of these
processes would be limited to invasive biopsy. The main focus of this chapter was to investigate
the application of a modulaantibodybiotin/streptavidirSPION system for visualising and
distinguishing between macrophage polarisation states.

3.4.1Platform Design

Iron oxide nanoparticles are particularly attractive for cell tracking applications as they can be
generated in a range of sizes, shapes and can be surface modified with various coatings including
dextran, PEG and silic&? Iron oxide nanoparticles have previously been used to visualise
macrophage behaviour in real tif§e0.185186.20Fqr macrophages, the predominant strategy for

labelling is to target uptake of iron oxide nanopatrticles either by phagocytosis (for nanoparticles
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>100 nm), pinocytosis, in the case of SPIONs (@0 nm) or passive diffusion for ultrasmall

iron oxide nanoparticles (<10 nr#fj 296 Interestingly, macrophages labelled with SPIONS have
remained viable and can be visualised migrating to the site of inflamnigtion.

An alternative approach, as employed in this chapter is to target the unique surface markers of
cells. Surface marker expression is specific to cell type and status (such as activation), and is
routinely used as a strategy for identifying cell populatiomstechniques such as flow
cytometry?%8 This approach has been applied before to imaging immune cells, Khurana and others
used commercially available CD25 cell sorting microbeads (50 nm SPIONs modified with anti
CD25) to selectively label-Eells*3 This demonstrated the initial capabilities of SPIONSs to label

and visualise immune cells via MRI. However, the SPIONs used within the study were 50 nm in
size which does have some downstream limitations for imaging, such as decreased blood brain
barrier permeability?°%21° The ideal SPION size to remain at the cell surface is a sweet spot
between being small enough to evade phagocytosis/pinocytosis and large enough to avoid passive
diffusion. The nanoparticles used in this chapter were 30 nm. Previous studies into séda ba
nanoparticles demonstrated that murine macrophages did not internalise nanoparticles 8t 35 nm.
Equally, SPIONs of 10 nm were taken up by tumour cells at a higher rate than 30 nm $PIONs.
This highlights that 3@5 nm is within the right size to slow the rate of internalisation, whilst
maintaining superparamagnetic properties required for MRI detection.

The streptavidin biotin system is inherently modular, meaning that contrast agents and targeting
moieties can easily be substitute to suit the application. Whilst this chapter focuses on imaging
specific macrophage cell types, this system could be apjgliedaging a number of cell types

with unique surface marker expression.
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To develop an imaging system capable of distinguishing between different cell types, a suitable
marker at the cell surface had to be validated. Whilst the overall aim of the project was to
discriminate between macrophage polarisation states, the fundaeamtapt is using MRI to
distinguish between positively labelled cells and regions with no labelling.

THP1 was selected as a cell line to generate macrophage the polarisation states. THP1 allowed for
facile fabrication of MO, M1 and M2 as well as CD14(+) monocytes, giving rise to subpopulations

with differential expression of established cell surface markePSIFN-0 st i mul ati on o
differentiated THP1 (M1) has been previously documented as eliciting a large upregulation of the

cell surface receptor HLADR*19Whilst, HLADR expression remains relatively low in MO and

M2 THP1 subpopulations.

3.4.2Fluorescent Labelling Experiments

The first step was to distinguish between two different cell types. Consistent with the literature
immunofluorescent staining of MO,M1 and M2 THP1 in this chapter revealed high HLADR
expression in M1 phenotype. Fundamentally, this provided two popwdaifarells, HLADR(+)

cells (M1,LPSAFN-0 st i mul at e d rellsgMOd PMA lordyDMR( IL4), which could

then be used for downstream optimisation of experiments. Between both the marker selection and
the fluorescent screening approach presentedsrchiapter, there some limitations to address.

Firstly, the markers selected were selected on the basis of expression in a controlled THP1 system.
Where realistically, markers that are reliably expressed by THP1 may not be expressed in primary
macrophages. There are a number of factors to consideidimg donor to donor variability.

A limitation of THP1, as mentioned earlier, is that it does not reliably produce M2 surface
markerst® Equally, markers such as HLADR may be expressed by other cells, including dendritic

cells and Bcells?'32Fluorescent screening was carried out in monocultures only, where only a
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fraction of cells were positively labelled for HLADR. Interestingly, fluorescent screening of
primary derived macrophages revealed a more homogenous expression of surface markers.
Nonetheless, the development of a modular, proof of concept platformridistaguish between
positive and negative labelled cells is immensely powerful.

Once a suitable marker had been identified, the next step was to validate that the modular
streptavidin biotin system was capable of selectively labelling HLADR(+) M1 cells with a
fluorescent analogue for SPION, a neutravidin fluospheres. This appréaebdafor efficient
screening and optimisation of the labelling system. A similar labelling approach had been
employed by Ayer and colleagues, wherdyimphocytes were biotinylated and subsequently
labelled with neutravidin fluospheres, demonstrating te# tacking capability of these
nanoparticleg!® Colocalisation of the neutravidin fluospheres was confirmed by both widefield
and confocal microscopy, with minimal off target labelling. This approach could be improved, to
ascertain the subcellular location of the fluospheres, which is not apparemitvétmembrane or
cytoplasm dye. Equally this labelling approach could be applied to flow cytometry, which could
quantify the number of positively labelled cekgsolute quantification of theceptors expressed

is complex, however there are techniques such as quantitative flow cytometry and quantitative
single molecule microscopy which could provide a better insight into exact surface marker
cocentrationg!6.217

3.4.3Early Strategies to Visualise HLADR+ THP1 via MRI

Following on from fluorescent validation of the streptavidin biotin system, the next objective was
investigate MRI imaging phantoms using this platform. Early strategies for selectively labelling
HLADR(+) subpopulations, such as displayedigure 3.7by the live cell staining of MO and M1

THP1, showed a high level of nespecific binding of the irolmxide nanoparticle. The comparably
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high Rz values displayed by MO cells live incubated vatHLADR/IONPs, relative to that of M1,

were inconsistent with the previous findings at the immunofluorescent level. There are several
potential reasons why this n@pecificity might occur in live cell culture. The primary difference
between the immunofluoseent protocol and live cell staining protocol is that the
immunofluorescent protocol involved several tspecific protein blocking steps with 5% goat
serum The lack of norspecific protein blocking likely contributes to the-tdifget binding of the
primary antibody to the cell surface receptors. The nanoparticle itself may be inducing HLADR
expression in the MO subpopulation, as has previously been mgortsilica nanoparticles in
dendritic cell$2*® To address this issue in future phantoms, THP1 cells were detached and fixed
prior to staining, allowing for inclusion of nespecific blocking to the cell labelling.

Fixed pellets of HLADR{) (MO) and HLADR(+)(M1) cells were labelled with anti
HLADR/SPIONs were visualised by MRI. This method allowed for the positive identification of
M1 labelled cells from MO, with lower nespecific labelling. This was consistent withe
fluorescent labelling findings. This was likely due to the inclusion of aspeeific blocking step.

MRI of cell pellets is a fairly common strategy to visualise labelled cell popul&i®?8This
approach facilitated easy testing although there were limitations to its application. Generation of
cell pellets required a large number of macrophage cells per condition (1.5 million), to be
sufficiently large enough for MRI.

3.4.43D AgarosePhantoms forlmaging HLADR+ Populations

1% Agarose suspensions were used to address the limitations of the cell pellet phantoms. Agarose
and agar gels display. Telaxation rates that are similar to that of human tissuel $0ms)?*

1% Agarose suspensions of cells allowed homogenous distribution of cells through 3D space,

allowing for multiple slices to be taken. This also allows for 3D reconstruction of phantom, through
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z-stackingof Rz maps (seéigure 311and3.12. CD14(+) THP1 monocytes were also visualised
using this method, which further demonstrated the transferrable capabilities of this imaging
platform. There were two obvious weaknesses to the agarose based system described in this
chapter. The first being, that the agarose used required heating (95 °C) which could cause cell
damage or contrast agent degradation. This could be addressed by using eacoonediible
hydrogel based system such as collagen,rfibri alginate’?®> The second, was that PCR tube
phantoms are more likely to display susceptibly artifacts, due to the proximity of the tube wall to
air. This limitation was addressed, in the subsequent agarose droplet phantom, where agarose cell
droplet suspensions wereatiier encapsulated by 1% agarose.

Correlative, multimodal imaging can provide holistic information facilitating creation of a
composite perspective of tissues. Combining two or more modalities such as optical (fluorescent)

and MR imaging, allows famultiscale complementary data collection on the same s&#iple.

3.5Conclusion

The agarose based phantom approach, combined with the streptaotdinlabelling system

could serve as powerful strategy to screen multiple targeted contrast agents, with high throughput.
Interestingly, agarose based systems have been used as a stdiordyaiin tissue to study contrast
agent diffusiorf?* An interesting future experiment could involve the perfusion of targeted vs non
targeted contrast agents through an agarose system with immobilised cells. In such, it would be
possible to compare behaviour of the contrast agents selective binding.

The o approaches employed could allow for multimodal correlative imaging. The optical
properties of agarose may allow for further potential 3D correlative fluorescent imaging, with
several approaches such as light sheet fluorescence microscopy and strilicimigdtion

microscopy capable of imaging and reconstructing fluorescently labelled 3D structures. Equally,



the coverslip imagingseen irfigure 3.13 approach demonstrate that fluorescent imaging and MR
imaging could be carried out on the same sample. It is conceivable that the coverslip could be
recovered, following MR imaging and used for mass spectrometry andliigsapproach could

be used to model various disease states, especially those involving small monolayers of cells, such
as immune cell recruitment to the interface of an implanted biomaterial.

To summarise, the antibodyotin streptavidifSPION system was successfully applied to
discriminate between different macrophage surface markers, with labelling visible via fluorescent
and MR imagingThe initial aims as set out at the beginning of this chapter state a requirement to
find a suitably distinct marker for positively identifying one macrophage polarisation state from
the other. HLADR was identified as a suitable marker for distinction leetWé and M1 THP1,

with HLADR positive macrophage bejrvisualised through multiple 3D phantoms. In conclusion,

the streptavidirbiotin system serves as a powerful modular approach for contrast agent screening

for cell tracking applications.
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Chapter 4- Using Deuterium Magnetic Resonance Spectroscopy to

Positively Identify Macrophage Polarisation States



4.1 Introduction

4.1.1Metabolic Imaging for Cell Identification

Changes to cellular metabolism represent some of the most distinctive biomarkers for a wide range
of pathologies, including inflammation and canddgsregulation of metabolic processes are
heavily implicated in multiple disease states including obesity, diabetes andt&hé&in their

2011 review, Hanahan and Weinberg described reprograming of energy metabolism as an
emerging hallmark of cancét’ Accurate fingerprinting of metabolism within tissue can pinpoint

the timescale of a given pathology. Metabolic reprogramming in tissues is present before the
occurrence of visible inflammation and tissue damage, making metabolic shifts an attracttve targe
for diagnostic imaging?® Current imaging modalities are predominantly optimised for resolving

the structural and functional parts of a tissue. Of equal importance is the transport and movement
of those metabolites within space and time that can reveal disease progressiopars#i€s
4.1.2Aerobic Glycolysis

One of the most distinctive, well documented metabolic shifts, with high clinical significance, is
aerobic glycolysig3923 |t is implicated in cancer metabolism, glucokinase deficiency, pyruvate
kinase deficiency and conditions resulting in low oxygen availaBiftptto Warburg initially
discovered this metabolic shift in cancer metabolism, such that tumour cells produce lactate
irrespective of tissue oxygenatidft. Under physiological conditions, glycolysis is the core
metabolic pathway by which cells generate adenosine triphosphate (ATP) from glucose
Differentiated tissue displays oxygeependent glucose metabolism, where the presence of
oxygen determines the fate of downstream pyruvate, as demonstregedard.1 In proliferative

and tumour tissue, downstream glucose metabolism occurs in an oxygen independent manner,

whereby 85% of glucose is metabolised to lact®&*” In both proliferative tissue and tumour
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tissue, a number of factors drive increased glucose uptake, including upregulation of

phosphoinositide-Binase (P13K) signalling pathway and stabilisation of hypoxia inducible factors

(HIFs) 237
A Differentiated B Proliferative Tumour
Tissue : Tissue
’ O/ \OZ 5 . O,
e >
Glucose Glucose Glucose
Pyruvate — Lactate Pyruvate 85%
. Pyruvate
0, : 0, y —} Lactate
\ 5%
Lactate :
Anaerobic Glycolysis
~2 mol ATP/ mol glucose :
CO: : CO;
Oxidative Phosphorylation . Aerobic Glycolysis
~36 mol ATP/ mol glucose ~4 mol ATP/ mol glucose

Figure 4.1- Schematic displaying differences in glucose metabolism in differentiated, proliferative and tumour

tissue. A Under aerobic conditions, differentiated tissue converts glucose to pyruvate via glycolysis, and
generates large quantities of ATP via oxidative@gghorylation. Under anaerobic conditions, differentiated

tissues undergo ATP inefficient anaerobic glycolysis. B. Independent of oxygen presence, proliferative tissue
and tumour tissue undergo OWar burg ef thigsedttdlactate. aer ob
Lactate production facilitates the oxidation of coenzyme NADH to NAD+, which can be used to aid ATP
production. Figuredaptedrom Van der Heideet al.?%”

Aerobic glycolysis is a highly inefficient pathway for ATP production, with 18x lower ATP
production versus oxidative phosphorylation. The metabolic switch observed in cancer towards
aerobic glycolysis is paired with upregulation of glucose transporteasiing to increased
cytosolic glucose availabilit§?&24° Metabolic shifts represent some of the earliest manifesting

changes to physiology and response to injury and digé&s&#é.Dysregulation of metabolic
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processes, make the metabolic niche an attractive target for diagndstrbsirglike metabolism

is also observed in many inflammatory processes, including in M1 macrophages and activated T
cells51243248 Therefore, this metabolic profile is an attractive imaging modality to identify local
inflammatory processes. Pegisting metabolic imaging approaches to explore this area include

techniques such as FBIFET and magnetic resonance spectroscopy (MRS).

4.1.3Inflammation asa Target for Metabolic Imaging

Macrophages serve as a central hub for the immune response. They are critical for maintaining
tissue homeostasis in response to physiological insult, injury and dige&8é>°Macrophages

are specialised immune cells atidplay high contextual plastici§?>252The unique attribute of
macrophage biology is the ability of macrophages to adapt to their surroundings. Macrophages
have long been a focal point for diagnosis of inflammatidctivated macrophages can be
generally categorised into three groups: the nhkes(MO0), the preinflammatory (M1) and the
antirinflammatory (M2) subtypé3M1 and M2 activated macrophages are present in heterogenous
populations of immune cell$8253The ratio of MO/M1/M2 macrophages is a useful prognostic
parameter and is indicatives of the phase of inflammatti®® MO macrophages are
uncommitted, resting macrophages which are precursors to polarised macréptigasl
macrophages are associated with acute phase of inflammation, characterised by immune cell
recruitment, endothelial cell activation and release ofipftammatory cytokines> In contrast,

M2 macrophages are associated with inflammatory resolution, wound healing and tissi#étepair
Along with their distinct functions, macrophages subtypes display both distinct morphology,
surface markers and metabolic profité$>>194The metabolic niche of macrophages represents

one of the most distinctive aspects of macrophage polaris&iigure 42 depicts a generalised
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overview of M1 and M2 macrophage metabolism. M1 macrophages are characterised by a
glycolytic-like metabolism, owed in part to the oxygen independent stabilisation of FiFla
IFN-g/LPS stimulated M1 macrophages demonstrate the highest rate of glycolysis and the highest
glycolytic capacity, in comparison to MO and M2 macrophagess M1 macrophages represent

one of the primary responses to physiological insult, coupled with their metabolic shift being
dependent on aerobic glycolysis, they provide an excellent target for molecular imaging and
potential to detect disease at an eatge. In contrast to M1 macrophages, M2 macrophages
display an increased dependence on oxidative phosphorylation (OXPHOS) to fuel their role in
wound healing and inflammatory resolutit®245258 The capability to target macrophages, in
particular the metabolic fingerprints they exhibit, could pinpoint inflammatory timescales. There
is enormous potential to develop upon -présting metabolic imaging approaches, to target

inflammation in real tire.
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Figure 4.2- Metabolicpathway of M1 macrophage&. M1 macrophages exhibit a disrupted Krebs cycle, with

two breakages at the citrate conversion to akdtaglutarate. The expression of isocitrate dehydrogenase,
responsible for catalysing this conversion displaysadlower expression versus MO macrophages. This first
breakage, leads to accumulation of citrate, which is redirected to both itaconate and fatty acid synthesis.
Itaconate, an antimicrobial compound, inhibits succinate dehydrogeBB$§, (eading to the second dak

within the Krebs cycle of M1 macrophages. Builp of succinate inhibits prolyl hydroxylase domain (PHD)
enzymes, which regulates hypoxia inducible factor 1 alpha (HIF1a). Inhibition by succinate of the PHD enzymes
leads to the stabilisation of HIFlia,an oxygen independent manner, leading to the transcription of glycolytic
genes including lactate dehydrogenase (LDH) and pyruvate dehydrogenase kinase 1 (PDK1). In tandem, LDH
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and PDK1 upregulation by HIFla mediated transcription leads to an incregbeatytic-like metabolism
associated with M1 macrophag&sgure adapted from Liu et &#°

M2 Macrophage

Fatty Acid

Ornithine

I OXPHOS

I B-oxidation of fatty acids

Figure 4.3 Metabolicpathways of M macrophages. Rimacrophagesnlike M1 macrophagesxhibit an intact
Krebs cycle M2 macrophages are dependentoaidative phosphorylationQXPHOS to generate significant
guantities of ATP. Beta oxidation of fatty acids is another hallmark of M2 metabéligare adapted from Liu

et al24®
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4.1.4What are the Current clinical options available?

For high specificity, mass spectrometry is fodd standard for determining metabolite presence
within a given sample. However, metabolite tracking using mass spectrometry based techniques is
destructive and lacks temporal resolutitif-fluorodeoxyglucose positron emission tomography
(FDG-PET) remains the only current metabolic imaging technique that is routinely used at a
clinical level?®¥261 In FDG-PET imaging, contrast is generated by the accumulation of FDG, a
fluorinated glucose analogue, where high signal correlates high glucose 9ptaka. highly
sensitive imaging modality, FDBET works by detecting two 511 KeV photons from positron
emission from art®F isotope. FDE@ET was initially developed as a research tool to visualise
glucose utilisation in rodents, however it is now used widely in the clinic to visualise and identify
tumours by their relative increase rate of glucose uptake

FDG-PET has also been applied to studies of tumour associated macrophages {TAME)G-

PET/CT revealed that increased glucose uptake in head and neck squamous cell carcinoma was
correlated with increased M2 macrophage polaris&fiorlowever, M2 macrophage presence
could not be directly detected by PET/CT. Interestingly, PET imaging has been used to target
bacterial infection using both FDG ar@F-fluordeoxysorbitol as probe$! However, it is
impossible to distinguish the metabolic niche of bacteria from host inflammatory processes with
this technigue Certainly, PET imaging serves as a potential platform for metabolic assessment of
immune state, however there are several limitations to its application in practice. The primary
limitation of FDGPET with respect to metabolic imaging is that it can omyalise one aspect

of metabolismi glucose uptake. An overview schematic of FBET metabolism is detailed in

figure 4.3 FDG is a deoxyglucose, with &fF moiety on the second carbon.
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Figure4.4: Chemical structure of 18Fluorodeoxyglucose

Under normal glycolysis, the rate of glucose uptake is limited by presence of giipbssphate,

where it inhibits the hexokinase enzyme. Turnover of gluéasleosphate is then catalysed by an
aldoseketone isomeration via gluce$ephosphate isomergseesulting in fructos&-phosphate.

The isomeration of the-@ carbonyl to 2 facilitates the progression of the glycolytic pathway.
However, in 2deoxyglucose compounds, such as FDG, the hexokinase phosphorylates the
deoxyglucose to-2leoxglucosé-phogphate which cannot be metabolised further due to the lack
of hydroxyl group on the C2 position. The phosphorylated form of deoxyglucose remains
entrapped within the celf®

False negative results for tumours with low glycolytic activity, and false positive results for
bacterial infections can limit the reliability of FDRBET?%® Being entirely reliant on one
parameter, glucose uptake, prevents the detection of downstream and potentially clinically
significant metabolic biomarkers. Crucially, many of these cancers that fall below th EDG
detection limit may not have glycolgtmetabolic rate at a sufficiently high level to be detected by

PET, or they may utilise a different carbon source to glutBse either circumstance, a metabolic



imaging modality that can visualise metabolic pathways beyond glucose uptake alone could prove

extremely valuablé®2270

Hexokinase

BF-FDG —— GLUTI —» BE.FDG ‘_l IBF- FDG6PX
G-6-Pase

Hexokinase
Glucose — GLUT1 —> Glucose _><_ G6P —a—> TCA Cycle
G-6-Pase

Figure 45 - FDG Glucose terminal entrapment following hexokinase phosphorylation to6-BGrigure
adapted from Rahmaat al,2019"*

Another diagnostic option is to use magnetic resonance spectroscopy (MRS), which employs
conventional MR scanners to execute voxel by voxel NMR spectroscopy. In essence, NMR and
MRS are interchangeable terms, in that the distinct chemical environmermpis aicive nuclei

can be visualised by spectral readouts. Proton MRS is fundamentally identical in its detection
approach to MRI. However, where MRI relies on water and fat proton signal to generate image
contrast, MRS suppresses water and fat to betsralise resonances of clinically relevant
metabolites®® These include Macetytaspartate, choline, creatine, glutamate, glutamépe,
aminobutyric acid (GABA) and lactate. Generally, natural abundance proton MRS can only

provide static information in relation to metabolite concentration, and cannot provide insight into
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metabolic flux in tissué®6272274 This is becauséH MRS measures the equilibrium state'df
environments, which may stem from numerous processes.

The most prominent strategy for measuring metabolic flux by MRS is to target alternative spin
active nuclei, such a¥C and?H. In recent years, MRased spectroscopic methods utilising
metabolic substrates labelled by spin active stable isotopes inchi@irgH have been carried
through to the clinié>® Unlike FDG, the downstream metabolites anc?H labelled substrates

do not become terminally entrapped, such is the metabolic fate foraFDGhis advancement
means that it is possible to track metabolism beyond the initial stages of glucose uptake and
hexokinase phosphorylatié#: 3C MRS has been the most extensively studied approach, where
13C labelled substrates such as glucose and pyruvate have been employednavibotlandin

vivo level. Furthermore, the advent of hyperpolarised dynamic nuclear polarisation (DNP) has
afforded a 10,000x signal boost f6€ based MRS%! The process of hyperpolarisation involves

the significant increase in population of nuclear spin states beyond the thermal equilibrium. This
leads to an signal enhancement by several orders of magnitude. DNP one of several techniques
used to achieve hypeasfarisation, exploiting microwave irradiation to transfer the magnetic
moment of electrons to nuclear spiddacrophage polarisation states have been previously
targeted using'®C MRS using hyperpolarisetfC-pyruvate and**C-dehydroascorbic acity.
Hyperpolarised3C-pyruvate was also used as means of detecting inflammatory arthritis in mouse
modelst®! The study found a significant increase in lacfageuvate ratio in the arthritic mouse
paws versus control. Steady state proton NMR and hyperpold#Seyruvate has also been used

to monitor lactate production in M1 phenotypes difyHowever, in general’C MRS has a

limited clinical future.r3C MRS-DNP has a very shompplication window of 20 seconds for



in vivo applications’’?7® 13C MRS -DNP requires modifications to MRI hardware, and additional

highly technical equipment and staff to achieve hyperpolaris&ifon.

4.1.5Why Deuterium MRS?
Polvoy., et al summarised some key requirements for metabolic imaging successful at the in vivo
level 63 These were:

1. Turnover of labelled substrate to analyte occurs within an appropriate clinical timeframe.

2. Distinct labelled environments are capable of being resolved from bulk signal.

3. That analytes are detected by NMR spectroscopy

4. Analytes are produced at a sufficient concentration to be detected.
Deuterium {H) is a stable, spin active (S.= 1) isotope of hydrogen that can serve as an effective
alternative td3C based MRSH MRS has recently regained a large amount of interest for clinical
applications'2259.27%Deuterium was initially investigated at threvivo level in the 1980s, where
D20 administration to rodents was used to visualise deuterium enrichment in triglyé&tiges
comparison td*C MRS, signal acquisition ifH MRS is relatively simple, using basic pulse
acquire MR sequencé&:Deuterium also benefits from a low natural abundance, meaningithat
MRS has minimal background and limits the spectral crowding caused by lipids and water
resonance®*Deuterium MRS has gained particular interest in neuroimaging applications, where
FDG-PET and*C MRS have particularly limited scope.
There have been numerous advances in deuterium probe development with deuterium enriched
analogues of glucose, pyruvate, fumarate, acetate and choline all being investigated®®
170.281.28% igure 46 provides an overview of downstream processing of deuterated glucose through

glycolysis and TCA cycle, highlighting intermediates that could give rise to potential signals.
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To date, there have been no attempts to use deuterium MRS to visualise and distinguish
macrophage polarisation states. |-?hi2]-dlubosesis ¢ hap't
investigated as a potential substrate’fdiIMRS assessment of macrophage polarisation state and
the following hypothesis was tested.
| hypothesise that the M1 macrophage metabolic fingerprint will be sufficiently glycolytic to be
distinguished from M2 and MO polarisation state, %t MRS approaches. | will test this
hypothesis using the following aims:

a. Investigate the spectroscopic detection limits of conventional NMR spectroscopy for

detecting deuterium glucose and downstream metabolites in extracellular media of both

GBM and macrophage vitro samples.
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b. Investigate the use of high resolution NMR spectroscopy, in conjugation with deuterated

internal concentration reference to determine concentration of downstream metabolites.
c. Investigate if deuterium lactate production is a robust biomarker for M1 polarisation.
d. Investigate live cellPlH NMR spectroscopy of deuterium glucose with macrophage
polarisation states.
e. Validate lactate secretion in macrophage phenotypes by luminescent assay.
The feasibility of deuterium metabolic imaging to positively identify different macrophage
subpopulations will be achieved through screemngtro models of macrophages with deuterium
| abel |l ed ¢ omp o u?hd glucosenEnenmétapolic[ péofiles @ macrophages will
initially be assessed by sampling extracellular medigaining deuterium probes at conventional
NMR field strengths (400 MHz). This will be achieved using simple pulse/acquire NMR

acquisition protocols. Once it has been determined timique metabolic fingerprints can

distinguish macrophage subpopulations, spectroscopic assessment will be scaled up to higher field

strengths (800 MHz) in order to resolve metabolites of low concentrations. Beyond this, real time

turnoer of deuterium labelled probes will be assessediwitfitro ?H-NMR.
4.2 Methods and Materials

4.2.1Cell Culture

4.2.1.1Culture of Glioblastoma Multiforme (GBM) Cell Lines

Glioblastoma multiforme (U251, ATCC) <cell s
Eagles medium (DMEM), supplemented with 10% FBS (v/v), 1% peniathi@ptomycin (v/v)
and 1% Lglutamine (v/v) in adherent T175 flasks under sterile condit@®rsC, 5% CQ relative
humidity). GlioblastomalN vasive margin (GIN31) cells were cultured in DMEM supplemented

with 10% FBS andhcubated under sterile conditions (37° C, 5% Q6€lative humidity).
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4.2.1.2Subculturing of Cells

For cell passage, TrypLE express (Gibco) was used to detach cells. At 80% cell confluency, spent
cell culture media was aspirated from the cell culture flask and cells were subsequently washed
using warm PBS (37°C, sterile). PBS was then removed, and nonedialryPLE was added
directly to cells. Cells were then left to incubate (37°C, 5% CO2, 10 minutes). The cell culture
flask was then gently tapped to aid detachment. Visible cell detachment was confirmed by light
microscopy. The cell/TrypLE solution waken removed from the flask, where cells were
resuspended into a fresh 50mL falcon tube containing complete DMEM media. The cell containing
falcon tube was then centrifuged (5 mins, 350 G, r.t) to pellet the live cells. Following
centrifugation, supernatantas discarded and cell pellet was resuspended in complete media for
cell counting.

4.2.1.3Culture of Primary Derived Macrophages

Blood was obtained from healthy donors (National Blood Service, Sheffield, UK) after informed
written consent and following ethics committee approval (Research Ethics Committee, School of
Medicine, University of Nottingham)Peripheral blood mononuclear cell®BBMC9 were
separated via density gradient centrifugation with histopaque, and CD14+ monocytes were
positively selected using MACS CD14 isolation kit (Miltenyi Biotec, UK). PBMCs were twice
washed with MACS buffer (2mM EDTA with 0.5% FBS in PBS) dmeitincubated with CD14+
targeted magnetic beads (15mins, 4°C). Following incubation, labelled cells were then selected
using LS columns. CD14+ bound cells were washed using MACS buffer, three times and then
eluted. CD14+ monocytes were then cultured ilViRR640 media supplemented with 10% fetal
bovine serum (FBS) 1% penicillin/streptomycin (v/v) and 1%lutamine (v/v).Cells were

cultured at a density of 500,000 viable cells per ml.
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4.2.1.4Preparation of Macrophages from PBMCs

To generate naiviike monocytes (M0O), RPML640 media wadurther supplemented with
macrophage colony stimulating factor {#6F, 10 ng/mL). To generate proinflammatory
macrophages (M1) RPMI640 media was further supplemented with interferon gammayJFN
20ng/mL) and (GMCSF, 50ng/mL). To generate aimflammabry macrophages, RPMI640

media was further supplemented with interlukinIL4, 20ng/mL) and macrophage colony
stimulating factor(M-CSF, 50ng/mL). Cells were cultured under sterile conditions (37°C, 5%
CO2, relative humidity) for 6 days, with media char at day 3 of the polarisation procedure.
4.2.1.5Culture with (6,66%H2) Glucose

Following macrophage polarisation, cells were washed using sterile PBS:-EF#Bldoped with

( 6 ’Hp)dglucose (1 g/L) (Sigma Aldrich) was added to the cells. After 24 hrs incubation with
deuterium glucose, supernatant was collected and froz80a°a.

4.2.2°H-NMR spectroscopy ofExtracellular Media on 400 MHz NMR

4.2.2.1Initial 2H NMR Spectroscopy Optimisation Experiments on Extracellular Media
Sample Preparation

Optimisation experiments were carried out with both GIN31 cells and patient derived M1 and MO
macrophages. For macrophages, monocytes were isolated, counted and seeded in T75 flask at a
density of 8 mn/mL. Cells were polarised to MO and M1 subpopulati@nsreviously described.

On day 6, spent media was removed and cells were washed with PBS. RPMI containing 1 g/L
(6,6-°H2-glucose was added to cells. 1mL aliquots of extracellular media were removed at 1, 2
and 24hrs and stored -&0° C until NMR acquisions. For GIN31 cells were seeded into a T75
flask and grown until high (3@00%) confluency. Cell culture media was then removed and cells

were washed with PBS. DMEM media containing 1 (816-°Hz)-glucose was then added to the
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1mL aliquots of extracellular media were removed at 1, 2 and 24hrs and ste8&d @t until

NMR acquisitions.

4.2.2.2NMR Acquisition Using 400 MHz Spectrometer

’H NMR spectra of extracellular macrophage media solutions were acquired at 298 K using an
400 MHz (9.4 T) Bruker BioSpin equipped with a 5mm BBFO multinuclear probe. All spectra
were acquired in both lock off and sweep mode. The spectrometer frequensst wathe

lamour frequency of deuterium of 61.41 MHz [6.55 MHz per Te#ldl.s relaxation delay (d1)

3.3s acquisition time (AQ) with a 90° pulaas used to acquire spectiehe data acquisition size

(TD) was4096 datgointswith a spectral width of 1225.5 Hz, and was post processed using zero
filling to 8192 datapoints giving agltal resolution of QL5 Hz/pt Spectral data acquired was the
product of either 64 or 1000 scaiien 1.0 Hz exponential window function line broadening was
applied followed by basiee and phase corrections.

4.2.3800 MHz NMR Spectroscopy

4.2.3.1Sample Preparation

For macrophages, monocytes were isolated, counted and seededetl fifate at a density of
500K/mL. Cells were polarised to MO and M1 subpopulations, as previously described. On day 6,
spent media was removed and cells were washed with PBS. RPMI auptain/L (6,6-°H2)-
glucose was added to cells. 1mL aliquots of extracellular media were removed at 24 hrs and stored
at-80° C until NMR acquisitions.

4.2.3.21D ?H-NMR Spectroscopy

°H NMR spectra of extracellular macrophage media solutions were acquired at 298 K using an
800 MHz (18.8 T) Bruker BioSpin Avance Neo spectrometer equipped wim@ ®CI helium

cryoprobe. All spectra were acquired in both lock off and sweep mode. Thespeter frequency
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was set to the lamour frequency of deuterium of 122 MHz [6.55 MHz per Tesla] and manually
matched and tuned to the correct frequeneginiensional automatic gradient shimming was
carried out on each sample. The spectrometer was configured to delivegriaFvsa a 150W
deuterium transmitter and deuterium-araplifer.A 1 s relaxation delay (d1) and 2.2 s acquisition
time (AQ) with a 90° pulse at 150 us. The data acquisition size (TD}0&& datgointswith a
spectral width of 1851.9 Hz, and was post processed using zero filling to 8192 datapoints giving a
digital resolution of ®3 Hz/pt Then 1.0 Hz exponential window function line broadening was
applied followed by baseline and phase correctid#slR data was processed using both Bruker
TopSpin 4.1.4 and MestreNova (versibh4.630573).

4.2.3.3The Longitudinal Relaxation Time Ti Inversion Recovery Measurements for
Compounds

TheT1 inversion recovery pulse sequence was used to calculate the longitudinal relaxation times
(T1) of the internal concentration standard pyrazide(Sigma Aldrich), HDO, §,6-°Hz)-glucose
and(3,3-°Hz-lactate. All NMR experiments were carried out at 298 K \&itkelaxation delay (d1)

of 5 sand 21 inversion recovery delay3 ¢f 0.0005, 0.001, 0.002, 0.005, 0.010, 0.02, 0.03, 0.05,
0.07,0.1,0.2,0.3,0.4, 0.5,0.7,0.9, 1.0, 1.5, 2.0, 2.5, 5.0, 10.0 s was used to deterfmiok the
metabolites pesample.

4.2.4Real Time NMR Spectroscopy

4.2.4.1Sample Preparation

For real time NMR, primary macrophages were fabricated using-dag @olarisation procedure
described above. Cells were cultured in a T75 flask at a density of Imn/mL. On day 6 cells were
initially washed with warm PBS (37°C) and detached using Try@® C). Cells were then

centrifuged (350 g, 5mins, r.t) to generate a cell pellet. Cells were then counted using an automated
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cytometer. 5 mn cells were then resuspended in 600 pL of deutghiaose containing media
and transferred to a sterile NMR tube. The NMR tube sealed with a cap and was placed within a

styrofoam holder for transport to the NMR facility.

4.2.4.2SampleAcquisition

°H NMR spectra of live macrophage cell solutions were acquired at 310.1 K using an 800 MHz
(18.8 T) Bruker BioSpin Avance Neo spectrometer equipped withman5QCI cryoprobe. All
spectra were acquired in both lock off and sweep mode. The spectrometemndegas set to the
Lamour frequency of deuterium of 122 MHz [6.55 MHz per Tesla] and manually matched and
tuned to the correct frequencydimensional automatic gradient shimming was carried out on
each sample. (Spectra were acquired using a relaxagiay @1) of 0.5 s and an acquisition time
(Aq) of 0.901s and 80° pulse The spectrometer was configured to deliver RF signal via a 150W
deuterium transmitter and deuterium jaraplifer. Each spectra were acquired with 1024 data
points, a spectral width of 1136.4 Hz (9.25 ppm) and a recycling time (Tr) of 1.8 s [3 X 624 ms

(T1 of internal standard)] and were the product of 234 scans.

4.2.4.3Data Analysis

Spectra were analysed usifigpSpin 4.1.ANMR software Spectra were zero filled to 4096 data

points. Spectra were processed with an exponential window function with 1 Hz of line broadening,
phase and baseline corrected ahead of analysis. Resonance peaks and integrals were manually
selected. Spectra was refeteraligned to HDO resonance at 4.7 ppm and the metabolite integrals
were normalised to HDO. Negative integral values were replaced using the following affine

transformation of negative values (ATN¥3

DLWaOoQ - _— a ww'YE udt p (3)

minTMP = lowest negative data point, maxTMP = lowest positive data point



Following the deuterium timecourse, 5 mM pyrazine was doped into the NMR tube to provide
relative quantification. Assuming the HDO integral remains unchanged, relative concentrations
were then extrapolated from the known pyrazideresonance integral.

Spectra were then visualised using MestreNova NMR software, displaying a decimated spectra
stack of the deuterium timecourse. All data acquired from live cell spectroscopy is expressed as a
mean + the column standard deviation.®@nay A NOV A a nost hot anklysig vias usgd

to calculate statistical significance, where p < 0.05 is considered to be statistically significant.

4.2.5Lactate Glo Assay

Extracellular lactate presence was validated through the luefasad bioluminescent assay
LactateGlo (Promega). Donor derived CD14+ monocytes were seeded onto a 96 well plate at a
density of 5x18 per mL and polarised into MO, M1 and M2 macrophages (as previously
described). Following, the 6 day polarisation period, cells were then washed using PBS (sterile,
37° C). Deuterium glucose media (1 g/L) was then added to each well and left to incdbege (2

37° C, 5% CQ relative humidity). After 24hrshe extracellular media was removed and plated
into a fresh 96 well plate. Each polarisation condition was plated in triplicate. Each media sample
was then diluted 4@bld in PBS, giving a final working volume of 100 pL. 50 pL of each of the
triplicate samfes was then transferred to a fresh plate where the an equivalent volume of the
detection reagent was added. Thev@8l plate was then transferred to a GloMax Explorer plate
reader (Promega) and luminescent readings were taken using a 0.5 secondomtegeati All

data acquired from lactate Glo is expressed as a mean + the column standard deviatiaay One
ANOVA and Tukeyods post hoc analysis was wused

0.05 is considered to be statistically significant.
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Figure 4.7 - LactateGlo assay. The assay involves incubation with lactate dehydrogenase to catalyse the
conversion of lactate within the sample the pyruvate, leading to the concomitant reduction of NAD+ to NADH.
In presences of NADH, Praciferin, is then convertetb luciferin which is further catalysed by rLuciferase,
producing a stable light signal. The intensity of light signal is proportional tol#wtate concentration of a
given sample.

4.2.6Live Dead Toxicity Assay

LIVE/DEAD assay was used to determine toxicity of deuterated compounds towards target cells.
The gener al procedure for the LIVE/ DEAD assay
For primary macrophages, primary CD14+ selected monocytes were setda®d6 well plate

with 50,000 cells per well. Monocytes were then polarised to macrophages usingldlge 6
procedur e. Cells were then i ncuti-gluease doped h 0,
RPMI media for 24 hours. Following incubation cellere washed with PBS and treated with the
calcien/EthD1 working solution and were left to incubate (30 mins, r.t). Cells were visualised using
aGloMax® Explorer fluorescent plate reader using 475/550 nm excitation and emission filters for
calcien readouts and 520/580 nm excitation and emission filters for EthD1. All data acquired from
LIVE/DEAD assay is expressed as a mean * the column standard deviatieror two- way
ANOVA and Tukeyods post hoc anal ysi swhevaps< used

0.05 is considered to be statistically significant.



4.3 Results

4.3.1H NMR Spectroscopy in Conventional 400 MHz Spectrometer

The first aim was to ascertain if downstream metabolites from macrophage culture with a
deuterium | abelled substrate could be-’Hiet ect ec
glucose (deuterium glucose) was used as a substrate fé &AIMR experiments. The first
optimisation experiments focused on visualising the metabolic profile of extracellular media from
GBM cell lines. We selected two GBM cell lin€aljomalN vasive margin 31 (GIN31) and U251.
Detection at a clinical level using deuteriumesposcopy has shown glioblastoma to have a
sufficient glycolytic metabolism to resolve deuterium labelled metabolites such as.1é&téte
Therefore, glioma cell lines are a rational starting point for optimisation experiments. Initial
acquisitions were carried out using a conventional 400 MHz spectrometer usingcanc4
acquisition parameter. Extracellular media samples were taken frofluesdnGIN31 cells

cul t ur e dHyiglncosg &fter626 hours and 24 hours and visualised UhMR
spectroscopyFigure 4.8 below displays the inite?dd s pectra. Evi defHf]-l y, th
lactate peak at 1.3 ppm is not distinguishable fo@mkground noise, suggesting that either there

is not sufficient lactate within the sample or that a 64 scan acquisition does not offer sufficient
signal to noise (SNR). SNR increases in proportion to the square root of number of scans.
Therefore, increasg the number of scans from 64 to 1000 should increase the signal intensity by
four-fold. However, there is an intrinsic trade of with increased signal averaging that scan time
increases. To address lack of deuterium lactate signal within the GBM saatidaneples were

collected after 72 hours, to ensure highest concentration of lactate within spent media sample.
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Figure 4.8 - Stacked 64can’H-NMR spectra of two GIN31 extracellular media samples at short (2 hrs, cyan)
and long (24 hrs, red) time points. HDO resonance is highlighted at 4.7 pdm@edte] églucose aB.7ppm.
For both spectra there is no visilple3 2H3-actate peak visible above noise.

Following a 72 hour incubation peri¢d6 ;’H&]éylucose, extracellular media was extracted from
GIN31 and visualised usifiH-NMR s p e ct r o s éHa]faytate rébdnance[aBl,3P@dm
was Vvisible within the extr a@Hegludoselresonancatdp | e .
ppm was diminished, suggesting depletion of glucose by the GIN31FKglse 4.9 depicts the
’H-NMR spectra of the GIN31 extracellular media with the single lactate resonance clearly visible
above the noise at 1.3 ppm. Increasing both incubation time and the scaar tafriom 64 scans

to 1000 scans at 400 MHz evidently improves signal to noise within the media samples, especially

for the lactate resonance. The absence of an internal concentration reference in these experiments
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makes absol ut e q u?Hidrlactate sampetchatbenging, but grolvides jradnisiBgd

results for further studies.

55 5.0 45 40 35 3.0 25 20 15 1.0 0.5
3 (*H) [ppm]

Figure 4.9 - 1000scan 1D 2H-NMR spectra of one GIN31 extracellular media samples at long (24 hrs)
timepoint. HDO resonance is highlighted at 4.7 ppm [ar&l;°H6]@lucose aB.7 ppm and visibl¢ 3 2H3 6
lactate peak at 1.3 ppm.

Optimisation with a glycolytic, cancdrased sample provided some key insights. Increased

number of scans would allow for the best opportunity to detect the lactate resonance using the

available 400 MHz NMR equipment. Carrying this understanding forwardeht step was to test

extracellular media samples from macrophage phenotypes. Given the acquisition time of a 1000

scan NMR is over 1 hour, 4 samples were generated and tested. MO and M1 macrophages were

generatedrom donor whole blood samples by magnetic activated cell sorting (MACS) positive
selection of CD14 monocytes, followed by ad#&y polarisation procedure with cytokine
stimulation. Following the six day polarisation procedure to M1 and M2 macrophagesnsuka

was replaced with 6 ;?H&]églucose containing RPMhedia. Macrophages were left to incubate,
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with extracellular media samples being collected at 2 and 24 Hoguse 410depicts the spectral
fingerprint of the MO and M1 extracellular media samples collected at 2 and 24 hours. In line with

the working hypothesis, the M1 phenotype displays a lactate resonance in the 24 hour sample.

2 hr

MO

24 hr

2 hr WA

Ml
24 hr WJ\/\WWMA/\W/\.MV\/\AN\/V\A/‘W\/\J

5.5 5.0 45 4.0 35 25 20 15 10 0.5

3 (°H) [ppm

Figure 410 7 Optimisation experiments with deuterium NMR, spectra were acquired using 1000 scans.
Preliminary deuterium NMR time course for MO (blue) and M1 (red) extracellular media samples with deuterium
glucose. HDO resonance (4.7ppn),6 °HB]@ | ucose r esonan#g lactate goph) arand [ 3,
highlighted in orange.

Figure 411 shows one representative data set from a total of 3 donors. Presence of extracellular
lactate was consistently visibie the M1 subpopulation across 3 donors, further validating the
potential of [ 3 2HZ3 dactate as an imaging marker for early stage proinflammatory M1

macrophages.
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Figure 4.11- Sample stacked spectra of initial NMR of extracellular media from macrophage phenotypes at 400
MHz acquired using 1000 scans. MO (blue), M1 (green) and M2 (red) cell extracellular media samples were
taken after 24 hrs incubation wifh6 ;?He]églucose HDO resonance (4.7ppnd), 6 ;°He]églucose resonance

( ppm) &H]dactfte3(ppd)care highlighted in orange.

4.3.2High Resolution?H-NMR of Macrophage Extracellular Media

Increasing magnetic field can greatly increase both sensitivity and resolution. 400 MHz translates

to a 9.4 T MRI scanner. For reference, most clinical scanners are between 1.5 to 3 T, where MRI
scanners rated at 7 T-hgnfet| daldbowedame sde toimend na
studies, though human imaging systems are becoming more widespread. Notably, the University

of Nottingham has recently been awarded the largest ever funding award to establish the United

Ki ngdomdés first scdnneim Realistitally,nhenfielddReéngths achieved in

conventional NMR hardware far exceed that of conventional MRI. SNR is influenced by numerous

134



factors, however fundamentally the largest improvement to SNR are found by either increasing
signal intensity or reducing noise.
Considering the expression (1) below, the applied magnetic Belé@d number of scans are two

variables that can be feasibly increased to improve SNR:

YO OOY 6 Y. 0°Y (1)

N number of moleculesA abundance of nuclidd;s temperature of sampl&, is applied magnetic fieldyis
gyromagnetic ratio] 2* is transverse relaxation time aN& is number of scan$*

Foll owing the same procedure as 400 fHlz expe
glucose incubated MO, M1 and M2 macrophages was placed within an NMR tube and deuterium
spectra was observed using 800 MiHZNMR s pect roscopy. To é&k]cur at el
lactate concentration, pyraziid was used as an internal concentration and chemical shift
reference. Pyrazind4 was added to each NMR experiment to give a final concentration of 5 mM.
In order to acquire accurate quantitative data on deuterium migtadmoicentrationsl: rates for
each species should be determined. In general, the repetition time (TR) between successive
excitation pulses should be at least Fixto allow for sufficient relaxation time dnavoid
suppression of signal. Th& was determined by &i-inversion recovery experimer({see
supplementaryfigure 4.2). 21 data points were taken arid was determined by fitting
magnetisation curve to equation 2:

0 0 p Q (2)
M: is the longitudinal relaxation, ds the equilibrium magnetisation, aiidis the longitudinal

relaxation time.
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Table 4.1 summarises the deuteritimrelaxation times for each of the molecules of interest.

Table 4.1- Observed deuterium T1 relaxation times for different molecules of interest.

Species H T relaxation time (in seconyls
Pyrazined4 0.624
HDO 0.499
[ 6 2Hg-glucose 0.066
[ 3 2H3-factate 0.294

The quadrupolar moment of deuterium results in a relatively $haetaxation times, which allow

for higher rate of signal averaging leading to an increase in SNR. Consistent with the observed
results with 400 MHz experiments, extracellular lactate was highest in the M1 saRigles.

412 shows a representative stacked spectra of macrophage subpopulation 24 hour extracellular

2H NMR fingerprints, with the lactate resonance clearly visible in the red M1 spectrum.

When lactate abundance was quantified from each spectra, M1 macrophages displayed an average
lactate concentration of 1.00 mM across three donors. This level was a statistically significant
difference from MO (0.00 mM, p<0.001) and M2 (0.37 mM, P<0.01ansdtion states. It is
important to recognise that these values are calculated from extracellular media samples, meaning
only lactate has been exported into extracellular space is being detected. Additionally, an
additional caveat of note is that the &etvalue for MO does not imply that no lactate was present
within the MO sample, that rather an insufficient concentration of deuterated lactate was available

to be detected within the sensitivity limits of high resolufidriNMR spectroscopy.
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Figure 4.12 - Overview schematic of 800 MHZH NMR spectroscopy with 8192 scans at 25 °C of extracellular
media with 5 mM pyrazinel4.[ 3 ;2132¢lactate is visible in all samples at 1.19 ppm. The M1 sanmplb (
displayed the highest signal intensity for lactate.
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Figure 4.13 - A. Graph depicting deuterium glucose concentration in extracellular media of MO,M1 and M2
macrophages as determined #y NMR spectroscopyB. Graph depicting calculated deuterium lactate
concentrations calculated froAH-NMR spectroscopy of macrophage extracellular media after 24 hours
incubation with deuterium glucose from 3 donors. *p<0.05, **p<0*®<0.001, ***p<0.0001

Across three donors, the extracellular deuterium labelled lactate was consistently highest in the
M1 extracellular media sample after a 24 hour incubation period with 1g/L deuterium glucose (5.5
mM). Deuterium lactate was increased in the M2 sample v&t8ualthough not significantly so.

The mean concentrations of deuterium labelled compounds in extracellular media calculated from
high resolution’lH NMR is summarised inable 4.2 The concentration of deuterium labelled
extracellular lactate present in Misplayed a statistically significant difference from MO and M2
subpopulations. The concentration of M1 extracellular lactate across 3 donors was, on average, 1.0

mM. MO macrophages from the same donors showed no quantifiable concentration of deuterium

lactate.
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Table 4.2- Mean concentration and standard deviation of molecules of interest in macrophage extracellular
media after 24 hrs with deuterium glucose. Concentrations calculatedHfrdfiVIR experiments using 5mM
pyrazined4 as an internal concentration reference. Spectra were processed and peaks were manually integrated.
Integrals were then normalised to the pyrazidentegral.

Macrophage| HDO (mM) [ 6 2Hf-glucose(mM) [ 3 2HZ-factate (mM)
MO 16.73 (+ 0.23) 5.20 (+ 0.10) 0.0004
M1 17.53 (+ 0.2) 4.27 (+ 0.51) 1.00 (+ 0.7)
M2 16.60 (+ 0.40) 4.50 (+ 0.20) 0.37 (+ 0.6)
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Figure 4.14 - HDO concentrations per macrophage subpopulation calculated from 2H NMR. *p<0.05, **p<0.01,
***n<0.001, ****p<0.0001

All subpopulations displayed relatively consistent HDO concentration within each sample. The
highest HDO concentration was reported in the M1 subpopulations with a mean of 1,AMhitsti
the lowest HDO concentration was from the M2 subpopulation with a mean of 16.6 mM. The
difference in HDO concentration between M1 and M2 was statically significant, whereas the
concentration HDO concentration between both MO and M1 and MO andaslhewnsignificant.
M2 macrophages display a metabolic shift towards fatty acid oxidation-oRetation, the
metabolic process by which fatty acids are metabolised to generate ATP, is highly prevalent in M2

macrophages. The second step ofdoeddationinvolves the enzyme ene@loA hydratase, which



hydrates the double bond of end@®A isomers, resulting in turnover of water. This pathway could

possibly account for lower HDO readouts in the M2 sample.

4.3.3Real Time?H NMR Spectroscopy of Macrophage Polarisation States

Consistent with aim 6dé of the hypothesis, C €
how deuterium glucose is processed and metabolised in real time. This is a far more representative
approach than static sampling and has the potential to rdireeally significant, albeit transient
metabolites. In order to observe metabolism of deuterium glucose in real time, macrophage
phenotypes were fabricated and polarised usingday6polarisation protocol. Cells were then
detached via neaenzymatic deichment using TrypLE and washed. Deuterium glucose containing

media was then added to cells and suspended within a sterilised NMR tube. The cell containing
NMR tube was then transported to the 800 MHz NMR for analysis. Spectra were acquired using a
continwous time course procedure for 22 hours at 37gures 4.5, 4.16 and4.17 display the

results for live cellH NMR spectroscopy for MO, M1 and M2 macrophages incubated with 1g/L
deuterium glucose. MOnacrophages displayed a relatively slow rate[ of ;>H]églucose
turnover ##Harcdsat[ed, AFter 22 hours, MO -macrop
?Hy]-lactate Live °H NMR spectroscopy of M1 macrophages, visualisefibime 4.4, revealed

a relatively rapid rate of glucose turnover, coupled with a high rate of lactate production. After 22

hrs, M1 macrophages produced 3.25 mM3f, [3H§-lactateand consumed 3.69 mM §f6 ; 6 0

H2]-glucose.
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Figure 4.15 - Reattime deuterium NMR spectroscopy tiraeurse of 5 million MO macrophages incubated with

[ 6 ;°H6]alucose A. stacked decimated spectra displaying evdtyl@uterium spectrum. Data was acquired

over a 22 hour period at 37°C at 5min intervals, giving a total of 232 spectra. Blue highlighted region corresponds
to th#)]dleuddse resonance. Orange hi g?Hj-lactth tesomhnce.e gi o n
B. Graph depicting concentrations of deuterium resonances over 22 hotgotimse. Concentrations were
calculated using internal concentration standard, pyradné&rey plotted datapoints correspond to HDSQD

relative concentration, Blue flot e d v al ues c?bli-glueosepralativee concentrgti@én,adrange

pl otted val ue s-’Hgtactateaedapve codcentration. [ 3, 3 6
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Figure 4.16 - Reattime deuterium NMR spectroscopy timaeurse of 5 million M1 macrophages incubated with

[ 6 ;2HB]alucose A. stacked decimated spectra displaying evdtyl@uterium spectrum. Data was acquired

over a 22 hour period at 37°C at 5min intervals, giving a total of 232 spectra. Blue highlighted region corresponds

to th#)]glbyuddse resonance. Orange hi g°H)-lacigth tesomance.e gi o n
B. Graph depicting concentrations of deuterium resonances over 2Ziietzourse. Concentrations were

calculated using internal concentration standard, pyradn&rey plotted datapoints correspond to HDO/D20
relative concentration, B Fi;eglugpnse oelative ebncentatian arsl oranger r e s p
pl otted val ue s?Hg-lactate eeltivocontentration.[ 3, 3 0
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Figure 4.17 - Realtime deuterium NMR spectroscopy tiraeurse of 5 million M2 macrophages incubated with

[ 6 ;°HB]alucose A. stacked decimated spectra displaying evdryl@uterium spectrum. Data was acquired

over a 22 hour period at 37°C at 5min intervals, giving a total of 232 spectra. Blue highlighted region corresponds

to th#)]dleyuddse resonance. Orange hi g?Hj-laceth tesomhnce.e gi o n
B. Graph depicting concentrations of deuterium resonances over 22 howolmse. Concentrations were

calculated using internal concentration standard, pyraddné&rey plotted datapoints correspond to HDO/D20
relative concentration, B Fd;leglugpnse oedative ebncentatian ersl oranger r e s p
plotted val ue s-’Hs-lactate eemtivocortentration.[ 3, 3 0

The M2 subpopulation showed a decreased rate off®J3lactate production, by comparison to
the M1 subpopulation over 22 hours. Equally glucose turnover was diminished. The subpopulation
with the fastest rate of glucose turnover was M1. The subpopulation with the fastest rate of lactate

production was M1, fitowed by M2
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