PREFACE

Cancer has always been, and still remains, onkeoimost feared diseases and a major threat
to human life. Although multiple therapeutic tagydtave been identified to treat tumors,
numerous failures of anti-cancer therapies canldserved, even after 50 years of research.
Taking into account the importance of the tumor rovenvironment has recently made it
possible to optimize some treatments. Based orvithehl tumor characteristics, the best
therapeutic strategy to follow can be defined. Nwous experimental or clinical successes
have demonstrated the importance of treatment ichaiization, as each patient can present
different responses to the same therapy. Yet,appmoach has to be optimized in the future
by taking into account the tumor heterogeneity, tllynamic evolution of
micro-environmental parameters and the early datioe of treatment-resistant areas in order
to redefine the therapeutic strategy as quicklgassible.

Tumor treatment response is usually evaluated imptuegression that can be shown
by morphological imaging techniques like computechdgraphy and magnetic resonance
imaging (MRI). However, reductions in tumor sizexdg highly variable depending on tumor
type and treatment protocol. For instance, postat&a induced necrosis or fibrosis will
impede tumor shrinkage, although they are actualbted to successful treatment. Timing of
tumor regression is also variable. In some casesrt take several weeks before tumor
shrinkage becomes noticeable. Earlier evaluatianeatment efficiency is crucial to increase
the chances of a successful therapy. Noticing ébdy a tumor does not respond, gives the
physicians the possibility to immediately pass @mwther more aggressive treatments without
severe progression of the disease. Therefore, mlaleémaging is more suitable for
monitoring anti-tumor treatments than morphologasdessment, especially in the light of the
large therapeutic arsenal available nowadays. Midecmaging differs from traditional
imaging as it uses probes, known as biomarkemsnage particular targets inside organisms
in order to give information about fundamental ncolar pathways. The non invasive
visualization and follow-up of molecular processgl contribute to treatment improvement
of diseases such as cancer. Molecular imaging choev if a treatment has induced changes
in tumor cell biology, physiology and biochemistipng before changes in tumor size

become visible.



When using MR, several different types of imagas be acquired within the same
patient examination. Advantages of MRI are its gguhetration depth, its high spatial
resolution and its good soft tissue delineationamatomical imaging. Additionally, MRI
allows co-registration of anatomical images withndtional information within the same
imaging modality, including changes in metabolismreceptor expression associated with
tumor response. MRI can be used to image early ensutd tumor cell death or inhibition of
cell proliferation using targeting ligands that Anked to magnetic labels.

Failure of tumor cells to undergo programmed calatl can cause resistance to
treatment. It is becoming increasingly clear thabosis is a significant mode of cell death
in the response of tumor cells to various anti-eartberapies. As apoptosis might possibly
give an earlier indication of treatment success tiuanor shrinkage, in this thesis we tried to
assess tumor response to treatment by cell deajbtéal MRI. For this purpose we evaluated
a new magnetic biomarker based on ultrasmall inideoparticles, which were targeted at

phosphatidylserine, a phospholipid present on tiniase of apoptotic cells.



Chapter I: INTRODUCTION






1)  Molecular magnetic resonance imaging

The principle of nuclear magnetic resonance (NM&hhiques is based on the resonance
phenomenon. This phenomenon occurs when nucle¥joudy placed in a homogeneous
magnetic field, absorb the energy of an emittedoraave that has the same frequency as the
precession movement of the nuclear spins. Whemattiefrequency emission is interrupted,
the system liberates the absorbed energy to ré&buits initial equilibrium state; this is called
relaxation. Relaxation is composed of two differphenomena: the longitudinal relaxation
and the transversal relaxation. Longitudinal refexa denotes the return of the nuclei
magnetization to its equilibrium in the directiofi the magnetic field; it is also called
spin-lattice relaxation. This type of relaxatiorcisaracterized by the relaxation timetfat is

the time needed to recover 63% of the initial valtiongitudinal magnetization (Fig 1, left).
The transversal component depends on the dephasitige spins due to magnetic field
heterogeneities. It is also called spin-spin reffaxaand characterized by,Tthe time needed

to drop to 37% of the initial magnitude of transarmagnetization (Fig 1, right). Transversal

relaxation time Fis much lower than longitudinal relaxation timg T
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Fig 1: Relaxation curves of the longitudinal (lefihd transversal (right) component of the macroscop

magnetization, indicating fand T, respectively (Hoa 2007).

Actually, the “real” Tis calledT,*. It is the transversal relaxation time withoutyan
compensation for magnetic field inhomogeneitieg. decay is much faster than, Tecay
because it depends on both external field homoteaad spin-spin interactions, whereas T
only depends on spin-spin interactions* Would only be equal to Jif we had a perfect

magnetic field without any disturbing inhomogerestiwhich is virtually impossible.



In MRI, proton density-weighted images reflect domcentration of mobile hydrogen
atoms within tissues. If this is not sufficient,eohas to play with the contrast of different
tissues by choosingid, T,-, or Ty*-weighted sequences. In a given magnetic fielé th
relaxation times are characteristic for specifgsties because they depend on molecular
mobility of water protons within tissues. Water fostance has long;&Bnd T,, whereas fat
presents short relaxation times, which is why fat water appear differently in MR images.

A. Exogenous contrast in magnetic resonance imaging

The term “contrast'denotes the relative difference in intensities leetvtwo neighboring
regions.The intrinsic contrast in MRI is provided by difégrces in the local concentration of
water protons, but also by differences in the msiG relaxation times of tissues. However, the
endogenous contrast in MRI is often too weak tdoknaensitive and specific diagnosis. For
this reason MRI contrast agents (CAs) are incrghginsed. Exogenous contrast agents are
administered substances, mostly intravenously tegecthat allow modification of the
contrast of vessels or organs. CAs are considesedrags and are subject to the same
requirements of development and prescription. Wnltke CAs used in other imaging
techniques, magnetic probes are indirect CAs becdhsy do not become visible by
themselves. Contrast modification comes from atehorg of relaxation times ¢fand/or ),
which CAs induce on hydrogen nuclei that are sédatearby (Fig 2). Efficiency of a contrast
probe depends on its ability to modify relaxatiomes, known as their relaxivity “r’. The
relaxivity (expressed in“smM™) is defined as the increase of the nuclear relexatate
produced by a CA concentration of 1 mM. The terih (lMverse of relaxation time) is called

the relaxation rate “R” with units of'§Burtea 2008).

Fig 2: lllustration of CAs with predominant, Tleft) or predominant Jeffect (right), producing a brightening or
darkening in signal intensity of tissue A respesiiKastler 2006).



1. Classes of MRI contrast agents

Two major classes of CAs can be distinguished:
= Paramagnetic manganese and gadolinium chelategraljgnpresenting a major
signal enhancement effect opweighted images (“positive contrast agents”).
= Superparamagnetic iron oxide particles (SPIOs)niypaised for their signal loss

effect on © and T*-weighted images (“negative contrast agents”).

a) Paramagnetic contrast agents

A paramagnetic substance will be magnetized wheposed to a magnetic field.
Paramagnetism is the consequence of unpaired aiectf metal ions, such as gadolinium
(Gd®") and manganese (M?. The more unpaired electrons an ion has, the fit®raagnetic
properties are important. The influence of CAs elaxation rates of tissues is due to an
interaction between their electronic spins andrtbhelear spin of protons in tissues. For in
vivo use though, heavy metals have to be chelaidd hydrophilic ligands to reduce their
toxicity. Paramagnetic CAs with low molecular wdigMW) have similar effects onRand
R, but at the low doses that are usually used, tleelgminant effect is i shortening.
Paramagnetic CAs (most of them complexes of gadmiipare frequently used in the clinic

as extracellular, hepatobiliary or blood pool agdirtoa 2007).
Manganese chelates

The first metal proposed as paramagnetic prob@rmon MRI was the bivalent manganese
cation. But even when using the minimum dose necgds achieve enhancement in tissue
relaxation, MA*was unacceptably toxic. Therefore, complexatioMnf*to strong ligands is
necessary before considering its in vivo use. Afteravenous administration, Mn-DPDP
(Teslascaf) allows diagnosis of hepatocellular liver tumoRofsky 1993). The metabolism
of the parent compound Mn-DPDP results in releé$eee Mrf* ions that are captured by the

healthy liver tissue, where they produce a signabacement on;fweighted images (Fig 3).



Fig 3: T;-weighted MR images of a patient with hepatic ntatsis
taken before and 2 hours after injection of Mn-DRRitn 2006).

Gadolinium chelates

Gadolinium-based CAs are the most frequently ugpe bf contrast media in MRI. &4
shortens the relaxation times of surrounding pretevith a predominant Teffect that leads
to an enhancement on-Weighted images. At a low concentration, theeffect of Gd*
chelates is insignificant in comparison to the éffect. The } shortening becomes only
visible at high G& concentrations, in the bladder after renal exeretfor instance.
Gd-DTPA (Magnevist) and Gd-DOTA (Dotareff) were the first compounds of this
generation of imaging agents (Table 1). They afieient agents for imaging a blood-brain-
barrier leakage because Gdhelates are normally not able to pass the intimdsbrain
barrier. For this reason, they are typically ussddietection of brain tumors (Fig 4).

Fig 4: Patient with brain tumor before (top rowgaafter
(bottom row) injection of Gd-DTPA (Burtea 2008).



Major applications of Gd-based contrast media idelyperfusion and angiographic
studies, using extracellularly-distributed agents fdynamic contrast-enhanced MRI
(DCE-MRI). They are typically small MW compoundsthare distributed non specifically in
the blood plasma and extracellular space after mdtration. New low MW contrast probes
with high vascular circulating time are now avai@tvasovis?). Their residence time in the
intra-vascular space is increased due to non colvaiading to serum proteins, which leads
to the formation of a macromolecular complex wittodd pool distribution. Another
approach for DCE-MRI consists in the use of intedia® size blood-pool agents
(Vistaren®). Their bigger size limits the passage throughmarendothelium fenestration;
they are therefore also used for characterizingeaus lesions since they are known to have
a higher vascular permeability.

Extracellular agents are rapidly eliminated throutite kidneys due to their
hydrophilic binding agent, except for Gd-BOPTA a@Gdi-EOB-DTPA, which are partly
eliminated by biliary excretion (Table 1). Thegeolhilic agents are therefore used as hepato-

specific CAs as illustrated in figure 5 (Reimer 200an Montfoort 1999).

~—y

Fig 5: MR images of a patient with hepatic metsistacquired at 1.5T before contrast
material injection and 20 minutes after adminigtrabf Gd-EOB-DTPAHuppertz 2005).

It is furthermore important to mention the factttttee Gd* ion is toxic. This is the
reason why it is administered in chelated forme@inor macrocyclic, ionic or non ionic),
with linear Gd" chelates being less stable than macrocyclic systeBesides nausea,
headache and taste alterations, fre€"®dn cause nephrogenic systemic fibrosis in patient
presenting severe renal failure and in liver tréansig, which can lead to death. But in general
this group of CAs is considered to be safe and ietdrated in the vast majority of patients.



Table 1: Summary of commercialized Gd-based préijpasa

Trade name Acronym Structure Charge Biodistribution
Magnevis? Gd-DTPA linear ionic extracellular
Omniscaff Gd-DTPA-BMA linear non ionic extracellular
Optimark Gd-DTPA-BMEA linear non ionic extracellular
Dotaren? Gd-DOTA macrocyclic ionic extracellular
ProHanc& Gd-HP-DO3A macrocyclic non ionic extracellular
Gadovis?P Gd-BT-DO3A macrocyclic non ionic extracellular
Multihancé® Gd-BOPTA linear ionic hepatic/extracellulg
S VEENES]  Gd-EOB-DTPA linear ionic hepatic/extracellulgr
Vasovisf MS-325 linear ionic blood pool agent
Vistaren? P792 macrocyclic ionic blood pool agent|
Abbreviations of Gd-chelating agents: BMA: bismdamide, BMEA: bismethoxyethylamide, BOPTA:

benzyloxy propionic tetraacetic acid, BT: butyrDID3A: tetraazacyclododecane, DOTA: tetraazacycledad

=

tetraacetic acid, DTPA: diethylene triamine pengdizcacid, EOB: ethoxybenzyl, HP: hydroxypropyl .

b) Superparamagnetic contrast agents

Characteristics

Paramagnetism is a property of one single atomredsesuperparamagnetism emanates from
a group of numerous atoms contained inside pastidiae resultant magnetic moment of the
entire superparamagnetic iron oxide particle iagmethan the sum of the magnetic moments
of each single iron atom constituting the particelperparamagnetic iron oxide particles
possess a high magnetic moment generating micrizsé@id inhomogeneities (magnetic
susceptibility effect), which causes a hyposignalTeg/T,*—weighted images. Although T
weighted contrast generated by these particles been highly investigated, several
examinations demonstrated that there is sufficiantontrast for imaging too. According to
their size, these particles are classified into main groups: superparamagnetic iron oxide
particles (SPIOs, >50 nm) and ultrasmall superpagaratic iron oxide particles (USPIOs,
<50 nm). The particles contain a mono- or polyalste core of iron oxides and are
surrounded by a polymer coating. The core synthbaisis most commonly used, involves an
alkaline co-precipitation of ferrous and ferric om aqueous solution (Babes 1999). The
T,/T; relaxivity will be controlled by the core size (Weleder 1990). The use of surface
coating, typically hydrophilic, is often required bbtain better stability and to improve
dispersion of the particles.
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Pharmacokinetic profile

After their intravenous administration, SPIOs amwvered with plasma opsonins and are
rapidly cleared from the circulation by the macragés of the reticulo-endothelial system
(RES). Kinetics of their plasma clearance is dosgetident and is also much faster in mice
and rats than in humans due to differences in RE@nodistribution (McLachlan 1994).
Whether SPIOs are administered by bolus injectiomyoslow infusion has no impact on
pharmacokinetics; the pharmacokinetic profile ihea determined by the iron oxide particle
size and coating. In studies using radiolabéfee-USPIOs, 25% of the injected dose was
found in the liver of rats compared to 89% with SRlarticles, which are mainly taken up by
Kupffer cells of the liver within 1-2 hours of admmstration. The same studies also showed
important distribution of USPIOs in spleen (40%Yddgmph nodes (10%) compared with
20% in spleen and negligible amounts in lymph nofdeslarger SPIOs (Bourrinet 2006,
Weissleder 1989b). The half-life 8iFe-detection in the liver was about 3-4 days, wiere
the T, effect was only detectable during 1-2 days. Thesans that after 1-2 days, iron oxides
are metabolized into other non magnetic formsaf.ins mentioned earlier, the coatings also
play a major role in the in vivo fate of particlefrevention of particle aggregation and
improvement of their hydrophilicity can be obtainag attaching biocompatible polymers to
the particle surface by physical or chemical adsomp(Sonvico 2005). Particles with
hydrophobic surfaces are covered with opsonins,redse particles that have hydrophilic
surfaces are cleared more slowly from the blood pamtment (Gaur 2000). Moreover, the
blood half-life is shorter for ionic polymers th&r non ionic coatings. The most frequently
used polymers for biocompatible SPIOs are derieatiof dextran or polyethylene glycol
(PEG) (Di Marco 2007). Feruglose (Claris€anwith a PEGylated starch coating, can be
considered as true “stealth nanoparticles” as tey barely recognized by macrophages
(Bjornerud 2001). By playing with particle size amature of coating, it is possible to modify
biodistribution and pharmacokinetics, and consetiyehnical application.

Medical applications

Liver imaging is the principal application of SPIO&fter injection, the negative contrast
agents are recognized by plasma proteins and ezptured by Kupffer cells of the liver. As
figure 6 shows, the darkening of signal is onlyptiged in healthy parts of the liver due to

the uptake of SPIOs by functional macrophages,rextdn tumor regions, where the signal
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intensity remains the same as before (Bach-Gan®88)1Liver tumors or metastases even
as small as 2-3 mm can be detected with this metfodhikawa 2006). The amount of

SPIOs administered for imaging of hepatic tumoi&-iH pmolFe/kg.

Fig 6: Transversal images of liver and spleen tgeémd after administration of SP10s. After adntnaison,

signal loss of normal spleen and liver occurs amaotrs (T) become sharply delineated (Weisslede®4p8

Furthermore, intracellular macrophagic accumulatioh SPIOs via phagocytic
internalization allows potential MR imaging of degeative disorders and inflammation, as
well as other diseases associated with high maagmlpresence. Regions of up-regulated
macrophage activity include sites of atheroma, ipleltsclerosis, stroke, graft rejection,
glomerulonephritis, and so on (Corot 2004, Dousx@@2, Kooi 2003).

Due to their small size and their hydrophilic cogtiUSPIOs are generally able to
partly avoid their early and massive uptake bymtaerophages of the RES and therefore they
have a greater vascular persistence. Moreovessitialer size enables them to reach lymph
nodes and bone marrow by crossing the capillary (krisinghani 2006, Seneterre 1991).
The intended human dose of ferumoxtran-10 (Sinyefor lymph node imaging was
45umolFe/kg (Islam 2009). Even so, these smaldsiz8PI0s (7—30 nm) can also be used
for angiographic applications. Their prolonged Hédf presents optimal properties for blood
pool imaging. The properties of a new preparatibrvesy small USPIOs (VSOP-C184), in
which the particles are stabilized by a citratetcaee currently being investigated (Table 2)
(Kaufels 2008). VSOP-C184 particles produce a signhancement on;iweighted images
because their ratio ofiTto T,-shortening is much higher than with other SPIOs.

Another class of SPIOs are orally administered daparticles that are used to
differentiate between the gastrointestinal traa aorrounding tissues (Table 2) (Jacobsen
1996, Johnson 1996).
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Table 2: Currently used iron oxide preparationsre@y commercialized or still in
development).

Generic name Tradename Class Size Coating
VBRI ST Lumirenf/Gastromark | Oral SPIOs| 300 nm silicone
OMP/Ferristene Abdoscafi Oral SPIOs| > 300 un polystyrene
AMI-25/Ferumoxide Endoren/FeridexX SPIOs 80-150 nm dextran
SHUS555A/Ferucarbotral Resovi_s?/CIiavist® SPIOs 62 nm carboxydextrary
INVIBZR OGN  Sinerent/CombideX USPIOs | 20-40 nm dextran
NC100150/Fergulose Clariscar? USPIOs 20 nm starch and PEG
polyglucose
ggeggxzyztg( / USPIOs 18-20 nm carboxy-
methylether
VSOP-C184 / USPIOs ~8 nm citrate
SHU-555C Supravis? USPIOs 20 nm carboxydextrar

Besides all these applications, iron oxide parsicdan also be used for cell tracking
with SPIOs being better suited for cell labelingarthUSPIOs (Sun 2005). Cells of any
particular type can be loaded with nanoparticles/ign and then cells can be tracked once
implanted in vivo. The ability to follow cells aftemplantation is useful in therapies
including stem cells, dendritic cells or T-lymphtey (Bos 2004, Daldrup-Link 2005a,
Daldrup-Link 2005b, de Vries 2005).

Toxicity

The biocompatibility of SPIOs has been widely irigegted (Weissleder 1989b). Cell
tracking experiments have shown that SPIOs hatle &ffect on cell viability, proliferation
or cell function. However, more recent studies reglmat SPIOs taken up by cells generally
lead to a transient induction of reactive oxygeecsgs (ROS) caused by the Fenton reaction,
which can result in DNA damage, impaired cell geshtion, cellular dysfunction, and
eventually leads to cell death (Soenen 2009). pné¢ation of data is not easy. As results
depend on the cell line, particle type and partc@dacentration used, it is difficult to draw a
general conclusion about the biocompatibility ofl@® Surface coating of particles can
reduce their toxicity by reducing cellular intenzation. Given the fact that iron is an
essential element for human beings, it is not ssing that after their uptake by the RES,
SPIOs can enter the body’s normal iron metaboligatecand are progressively found inside
red blood cells (Runge 2000). Iron, from endogermusxogenous origin, is eliminated very
slowly. The safety profile of USPIOs was assess#dgupooled data from 37 clinical studies
in 1777 adults (Bernd 2009). The reported adveffeeterate was similar to the one reported
in the placebo group (23.2% versus 25.3% respédglivAdverse effects reported with this
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CA were mainly back pain, headache and hyperseigiteactions. Symptoms of flushing
are probably due to typical infusion-related reawsi Toxicity was only observed after very
high concentrations and related to iron overloadufBnet 2006). In hemochromatosis, total
body iron exceeds 15 g, and cirrhosis and hepdtdeelcarcinoma can ensue if liver iron
concentration exceeds 4000ug/g wet weight. Buitheunt of iron administered by a single
injection of the CA is negligible and far below teenount needed to induce liver toxicity
(Weissleder 1989b). Acute toxicity of SPIOs was evitlent at doses up to 3000 umolFe/kg
and the LI, would exceed this dose. The safety index (ratioth&f toxic dose to the
therapeutic dose) is greater than 1:150 (Weissl&8@9b). In experimental conditions SPIOs
were also devoid of mutagenic potential, even wihgtted with doses more than 150 times
the human dose. However, they did show maternatitgxand teratogenic potential in rats
and rabbits at dose levels of 15 to 50 mgFe/kg(Bayrrinet 2006). But in general, USPIOs
are well tolerated CAs when administered by slofusion. They also appeared to have a
good safety profile in patients generally consideebe at high risk of adverse events.

2. Targeted contrast agents

Molecular imaging is a fast evolving field that fé®ithe focus from anatomical imaging to
reporting the biological processes. Some succesafyproaches have involved the
development of molecular probes that can addresmn@anetic Gd chelates or SPIOs to

certain targets in a specific manner.

a) Principles

Passive targeting relies on natural pharmacokime&chanisms. For certain applications this
may be sufficient, but active targeting allows immagof biomedically relevant molecules.

Active targeting is based on contrast probes calfgepecific ligands that selectively bind to
a given target. Information about the localizateord expression level of molecular markers
could allow the early detection of a disease, ateupathological staging or monitoring of
treatment efficiency, and it can be used as drwgldpment tool as well. High concentrations
of CAs at the target site will especially be neededRI because of its lower sensitivity

compared to other imaging techniques. Targeted gtagprobes should therefore present

high relaxivity, high affinity for the target antld target of interest should be overexpressed.
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Table 3 summarizes some main criteria that shoeldalken into account for successful

development of new moleculbromarkers.

Table 3: Considerations for a successful developmiemolecular biomarkers.

Good signal to noise ratio

Low non specific binding

High target affinity and specificity

Low nano- to micromolar concentrations needed

Wash out sufficiently slow to allow accumulatiortla¢ target site

Wash out rapid enough to provide adequate tardeickground contrast
Favorable pharmacokinetic profile

Labeling should not change the binding propertigb®ligand to its target
Binding between ligand and contrast probe shoulstiele in vivo

Avoid immunogenic reactions (sometimes caused hpaudlies)

In this thesis, USPIOs were chosen as magneticrtesgo The following lines will
elucidate why these particles are attractive repsrfor molecular imaging. First of all,
USPIOs are very sensitive to MR detection becadigbeir high relaxivity, thus only low
doses are required for efficient detection. Besidlesy have a good biocompatibility since
they enter the normal metabolic iron pathway of tbey. USPIOs are easy to synthesize,
inexpensive and have a good capacity for derivabizao targeting particles. The problem
arising for in vivo use of USPIOs is their fast wap by macrophages after intravenous
injection, even if their size is relatively smdHor our studies, the hydrophilic polymer PEG
was grafted onto the particles to prevent plasmatepr adsorption and to reduce
phagocytosis. PEG molecules are neutral and allelatively strong binding of water
molecules around the polymer chain, leading to Isigihic repulsion. In addition, PEGylated
surfaces are biocompatible and not immunogenic gh2002, Moghimi 2002). Moreover,
surface groups are also useful for derivatizatidth ¥argeting agents or can be conjugated to

other imaging agents.

b) How to assure selectivity

First of all, selectivity of a new biomarker shoulte tested in vitro. Radiolabels
(radioimmunoassay) or target-coated ELISA (enzymieed immunosorbent assay) plates
can be used to prove selective binding of the br&erao the molecule of interest instead of
to a related molecule, such as phosphatidylse®® @nd phosphatidylcholine (PtdC) for
instance (Laumonier 2006). Competition experimaras also be carried out, observing a

displacement of the biomarker from the target madkecwhen adding increasing
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concentrations of its endogenous ligand. A simdaperiment can be performed in vivo,
when blocking the receptor with the endogenoustigar even with an excess of non labeled
compound that competitively block binding of thergeted contrast probe, and thus
demonstrate the specificity of binding (Wang 20@pdistribution also plays an important
role; the target-to-background ratio should beigh s possible. One should assure oneself
that the targeted CA does not accumulate in theesponding control tissues. Another
negative control consists in comparing resultshiwsé obtained with non targeted reporters
(Kresse 1998). An important validation of new biokeas is histological correlation, a
method used in almost all molecular imaging studi@st, expression of the target molecule
in the tissue of interest has to be proved andrelgdhe co-localization of the biomarker
should also be demonstrated, for instance by cogptie probe to a fluorescent or radioactive
marker to become detectable by fluorescence miopysor autoradiography respectively
(Jun 2010).

c) lllustrative examples

There are many cancer-specific targets that areically relevant. Avidin-Gd-DTPA
complexes were shown to allow binding to speciigéts, which were pre-labeled with a
biotinylated antibody. This technique was usedifigtance to image tumor cells expressing
the HER-2/neu receptor in an animal model of breaster (Artemov 2003b). Gd-based CAs
were also used for imaging activated vessels iaramal model of angiogenesis by targeting
the highly-expressed adhesion molecul@; via its antibody (Anderson 2000). The
endothelial integrinw,p3 can also bind with the RGD motif (arginine-glyciagpartic acid).
The highly populara,fz was targeted in neoplastic tissues with RGD-Gdjugates (Ke
2007) and the radioactive tracEF-FDG-RGD fluoro-2-deoxy-D-glucosehas already been
used in positron emission tomography (PET) for hurtreals (Beer 2006). Another study
done by Jun et al. has demonstrated the in vivectienh of tumor angiogenesis by using Gd
conjugates linked to an anti-VEGF receptor 2 amtyp@un 2010).

Molecular targeting was also attempted by conjugasipecific ligands to iron oxide
nanoparticles. Cells with accelerated metaboliske tapidly dividing cancer cells, have
upregulated transferrin receptors. SPIOs conjugtechnsferrin accumulated intracellularly
by transferrin-receptor-mediated endocytosis (Hayam2000, Kresse 1998). Folate receptor
overexpression is another target for rapidly dividcancer cells, as folate is needed for the
production of new cells (Choi 2004). As alreadyg&ed by avidin-Gd-DTPA, the
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over-expressed HER-2/neu tyrosine kinase recepsralso targeted by SPIO-herceptin with
strong applications in breast cancer imaging (Ader®003a). Non receptor ligands have also
been imaged. A peptide presenting high affinity foe underglycosilated MUC-1 tumor
antigen, a ligand found in numerous tumor types k@und to SPIOs (Moore 2004). One can
also use the inverse strategy: accumulation ofrashimedia in healthy cells. To highlight
pancreatic tumors for instance, SPIOs were labeigd cholecystokinin (CCK), a hormone
that specifically binds to CCKA, a receptor thatoisly expressed on healthy acinar cells
(Reimer 1994).

There is a growing arsenal of other ligands thag bwinteresting for MR imaging. In
the course of this thesis, we will especially foanmsthe detection of tumor cell death after
anti-cancer treatment. But molecular imaging ofamimation with targeted USPIOs has also
been performed in order to become familiar with thehnique of targeted MR contrast

probes.
A. Targets of molecular imaging followed in the cour se of the thesis
1. Inflammation
In the first study of the thesis, we tested a neagmetic reporter targeted at inflammation.
However, as early recognition of inflammation does present our main focus, only a small

part of the introduction is dedicated to this nratte

a) Imaging of inflammation

Imaging of inflammation can be useful for pathobmyi presenting an inflammatory
background, such as infection, atherosclerosi$ieista, multiple sclerosis, graft rejection,
rheumatoid arthritis etc. and for monitoring thénerapy (Beckmann 2003a, Beckmann
2003b, Dousset 2006, Kleinschnitz 2003, Kooi 20@rly indication of inflammation,

before irreversible anatomical changes occur, iy \Waportant (Rennen 2001). Physical
examination is quite subjective and serum markersinlammation do not provide

information about the localization of the inflamedne. Different kinds of approaches have
been attempted to visualize inflammation with speaiadiopharmaceuticals. Among the
strategies used was the labeling of leukocytes ngptowards the site of inflammation and

the ®F-FDG-PET confirmation of an increased glucose ketay infiltrated granulocytes and
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tissue macrophages (Rennen 2001). As inflammasoassociated to a high presence of
macrophages, passive macrophage targeting by SPd@salso enable visualization of
inflammatory foci by MRI (Dousset 1999a, Kooi 2008Jehm 2001). Cellular imaging of
SPIO-labeled macrophages in vivo was already tases|to human patients (Kooi 2003,
Modo 2005, Saleh 2004), but the sensitivity anctgjpgy of MRI with non specific agents is
limited (Rovaris 2000).

b) E-selectin expression during inflammation

During inflammatory processes, cells (leukocytas)] alasma proteins are recruited
by vasoactive and chemotactic mediators generattte anflammation site. Extravasation is
facilitated by vasodilation and increased endoghg@ermeability at the inflamed site. Specific
adhesion molecules, such as integrins, selectimjramunoglobulins mediate the adhesion
of leukocytes on the vascular endothelium, as vedl their diapedesis through the
endothelium as shown in figure 7 (Albelda 1990, t8mi993). All these adhesion molecules
expressed during inflammation present potentialgetisr for molecular imaging of
inflammation (Sipkins 2000).

The endothelial (E-)selectin protein is an inflantomga marker expressed on the cell
surface of endothelial cells. The members of thectia family (leukocyte (L-), platelet (P-),
and E-selectin) mediate the slow rolling of leukesy along the endothelium, which
constitutes the first step of leukocyte recruitmeemtards the inflamed site (Ebnet 1999). The
natural ligand of these selectins is the sialyl lsei (sL€), a carbohydrate moiety, located

on the surface of leucocytes (Foxall 1992).
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Fig 7: The role of E-selectin in leukocyte recrwgtmtowards sites of inflammation (Janeway 2005).

18



Both glycoproteins, E-selectin and P-selectin,exgressed on activated endothelium,
but not on resting endothelium, and P-selectirlgs present on platelets. P-selectin is stored
constitutively within endothelial cells and may fieeruited to the cell surface within minutes,
following stimulation with inflammatory mediator&-selectin is synthesized de novo by
endothelial cells in response to interleukin-1 4}, -lipopolysaccharide (LPS), or tumor
necrosis facton (TNFa), and is therefore detectable shortly after Peseleexpression to
augment leukocyte recruitment. L-selectin on thbeothand is concentrated on most
leukocyte surfaces to interact with carbohydratgarids on activated endothelium at
inflammation sites (Kelly 2007). Expression of Hes#in peaks within 6 hours in response to
inflammatory stimuli and lasts up to 30 hours (L&eaberg 1992). The role of E-selectin in
leukocyte extravasation has been affirmed by ssustieE-selectin-deficient mice or in mice
injected with anti-E-selectin antibodies (Ley 1998maller atherosclerotic lesions were
observed with E- and P-selectin knock-out mice, garad with mice lacking either selectin
alone (Manka 2001). The specific interaction betwEeselectin and the st.enolecule can
be blocked to efficiently alter the progressionrdfammatory disease (Palma-Vargas 1997).
Its temporal and spatial expression profile maydeenE-selectin useful for diagnosis and

therapy of inflammatory diseases.

c) Targeting E-selectin

E-selectin expression was imaged in human endathedlls using cross-linked iron oxide
nanoparticles (CLIOs) linked to anti-human E-seteentibodies (Kang 2002a). The same
group also conjugated Gd chelates to a specifio@y fragment to image E-selectin in vitro
(Kang 2002b). Reynolds et al. conjugated USPIOart—murine E-selectin monoclonal
antibodies in order to measure E-selectin expradsyoMRI in a mouse model with contact
hypersensitivity to oxazolone in the ear (Reynd@96). For imaging of inflammation in
rheumatoid arthritis, a monoclonal antibody agaiBstelectin radiolabeled within was
successfully tested in an animal model (Jamar 1%9%) subsequently in humans too
(Chapman 1996).

Instead of using anti-E-selectin antibodies, ongld@lso use the endogenous ligand
sLe, but large-scale synthesis of it is difficult, fusike the synthesis of other
oligosaccharides. Therefore, mimetic molecules withactive conformation similar to sie
have been designed and synthesized (Kogan 199%emia2004). Synthesis of such new Gd-
based CAs has been described to target siteslamnfation in which E-selectin is expressed
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(Fu 2002). This synthetic mimetic molecule of §bas shown to target activated endothelial
cells in vivo in an inflammatory model of the brain a focal stroke model, and in a model of
fulminant hepatitis (Barber 2004, Boutry 2005, 8$il2004). Figure 8 represents an example

of MR images obtained after targeting of hepatiisted E-selectin expression by a

magnetically-labeled sEenimetic. -
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Fig 8: Left: Coronal MR images of a mouse with hémabefore and at two different points in timeteaf
intravenous injection of the Gd-bound Slmimetic (Boutry 2005). Right: Structure of the 5l(a) and of the
mimetic molecule (b) (Boutry 2006).

The same slemimetic molecule was also covalently bound todbgtran coating of
USPIOs to specifically recognize the E-selectin enale in a mouse model of hepatitis
(Boutry 2006). The same mimetic ligand has beerkelin to our own PEGylated
superparamagnetic particles to provide early dietectf inflammation in the rear leg muscle

of mice.

2. Tumor cell death

Besides surgery, often used as main cancer tregtoaercer therapy involves chemotherapy,
radiotherapy, immunotherapy and monoclonal antibiheyapy. Treatment strategy is based
on the type of cancer, the location, the gradéefttmor and the stage of the disease, as well
as the general condition of the patient (De Sawulbédt 2009). Unfortunately, treatment is not
always effective and can also have severe sidetsff©ne has to find the most efficient
treatment for each individual patient and therelmyiduseless and toxic therapy.

Meyn and his co-workers have suggested that ane amgponse in the form of
apoptosis may occur in some tumors that respond teelirradiation (Meyn 1993).

Nevertheless, their study revealed intra- and tmbeor heterogeneity in the apoptotic
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response. The major form of cell death actuallyuageg after irradiation was shown to be
mitotic catastrophe, which can lead to other foohsell death at later stages (van der Kogel
2009). Two years later, Meyn et al. have shown thadome tumors apoptosis is also an
important response to different cytotoxic agentke Tegree of apoptosis occurring after
treatment correlated well with tumor growth delaydatumor regression (Meyn 1995).
Molecular imaging of cell death could therefore \mduable for the assessment of tumor
response to anti-cancer therapy. Not every tredtocenbe evaluated by cell death of course;
some of the more recent treatments are based ostafit properties, in which case detection
of cell death will be useless.

Apoptosis, the so-called programmed cell deatha ighysiological mechanism to
control the number of cells. Apoptosis is an orgadi self-disassembly into small sealed
membrane vesicles called apoptotic bodies. Apoptsiusually characterized by specific
changes such as cell shrinking, chromatin condemsatucleus fragmentation, and
morphological changes of the cell membrane. Apapitlls are rapidly removed as intact
cells or as apoptotic bodies by professional phggscor by neighbouring cells. Engulfment
prevents inflammation by removing dead cells betbey release their intracellular content
into the interstitium. Necrosis, on the contrasyan accidental and passive form of cell death
resulting from damage and metabolic failure. Cektling, flocculation of chromatin and loss
of the cell membrane integrity is characteristic me@crosis. Necrotic cells swell because of
water influx and ion redistribution, which ultimitecauses the cell to disintegrate. It is
assumed that the release of the cell content irsducBammation. However, the two
processes of cell death described are not as uactethto each other as it may seem since
ATP (adenosine triphosphate) depletion leads twitcls from apoptosis to necrosis (Eguchi
1997). Another common form of cell death is theivacprocess of autophagy, in which
cytosolic components are degraded into essentiadtitoents inside lysosomes in order to
protect the damaged cells from altered macromadscuf the cell is too impaired, it can be
removed from tissue by autophagy (Cuervo 2004).opliagy is frequently referred to as
programmed cell death type Il. Besides these wetlisd types of cell death, many other
forms have been discovered and need to be furtteacterized, such as mitotic catastrophe,
which occurs shortly after deregulated mitosis K&r62005). There is not always a clear
distinction between these different forms; sevayakes of cell death can share the same
features. There were many attempts to discrimibhateeen apoptosis and necrosis, but often

these approaches failed because apoptotic pathavaygery complex (Grasl-Kraupp 1995).
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Therefore, when attempting detection of one spetyfpe of cell death, recognition of other
forms of cell death cannot be excluded.

A number of genetic mutations in the cell cyclarothe cell death process contribute
to the immortalization and progression of cancérsaging of apoptosis or cell death in
general could provide an early indication aboutcearprogression or regression and by this
manner it could be used to determine treatmentaf{i. Imaging can be used to screen for
events that are characteristic of apoptosis, ssatagpase-3 activation or phosphatidylserine
(PS) exposure. All these emerging methods to iniager cell death will be elucidated later

on in this introduction.

2)  Evaluation of anti-cancer treatment outcome

A. Morphological imaging

Most cancer patients will have some kind of surgbgcause it offers the greatest chance for
cure, especially if the cancer has not yet produnethstases. Surgery can be used alone or
together with an adjuvant treatment such as irtewtiaor chemotherapy. Treatments that are
able to reduce tumor size have been consideredeasfibal, although tumor shrinkage
should not be considered as the only criteriontfeatment efficiency. Some treatments may
indeed have an impact on tumors, without displayang obvious reductions in tumor size
however.

The World Health Organisation (WHO) wanted to staddze tumor responses in the
late 1970s (Miller 1981). According to WHO methaolgy, one measures the maximum
diameter of a tumor and its largest perpendicul@mdter. These two diameters are
multiplied to obtain a cross product. These two<gtsional criteria were more recently
revised and updated into the Response Evaluatideri@rin Solid Tumors (RECIST) that
include important changes such as one-dimensioredsaorements, selection of lesions,
details about imaging modalities and new threshdtdsdetermining the progression or
regression of the disease (Table 4) (Therasse 2@0@-dimensional measurements (longest
diameter) decrease the possibility of errors bexzansasurements are based on adding the
lengths of the different lesions and not their scet.
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Table 4: Comparison of WHO and RECIST responserai{O’Connor 2008).
WHO RECIST

One dimensional;
target lesions identified.

Lesions Two dimensional.

Product of longest diameter and

Measurement : :
longest perpendicular diameter.

Longest diameter.

Disappearance of all known disease| Disappearance of all known disease

Complete respons Confirmed>4 weeks later. Confirmed>4 weeks later.

—

>30% decrease in the sum of longes

Partial response | >50% decrease in size. . :
diameters from baseline.

Patient does not meet criteria for Patient does not meet criteria for
Stable disease partial response or progressive partial response or progressive
disease. disease.

>25% increase in size of at least ong >20% increase in the sum of longest
measurable lesion; appearance of n¢ diameters from baseline; appearanc
lesions. of new lesions.

Progressive
disease

1)

Computed tomography (CT) and MRI are now routinedgd to report tumor size, so
that clinicians can determine whether patients wilhtinue to benefit from their current
therapy (stable or shrinking lesions) or not (newpgressive lesions). But tumors will not
uniformly decrease in size as lesions are not peyfespherical. Due to improvements in
imaging methods, new response criteria have to déet. Volumetric measurements
alongside the three cardinal axes have been swaggedter advances in CT and MRI
technology have been made, but a number of sthdes shown conflicting results about the
benefit of volumetric tumor measurements added Moot 2D measurements. Different
formulas for volume estimation are needed when idensg non-spherical tumors and
drawing tumor margins is time consuming. Howeversome clinical studies volume-based
measurements were more effective than 1D or 2D uneaents. Volumetric changes have
predicted overall survival in patients with highade glioma and with locally advanced breast
cancer, whereas WHO or RECIST criteria did not jmtegutcome in either study (Dempsey
2005, Partridge 2005).

Recently RECIST criteria were updated. Besides samm®r changes, such as the
maximum number of target lesions, inclusion of padgical lymph node assessment and the
new definition of progressive disease, it was catetl that volumetric measurements of
response and functional imaging by PET or by MREedcédurther investigation and
standardization before they can officially be at¢edpas surrogate endpoints. The only
method accepted as complement to CT scan in datectinew lesions is the evaluation of
glucose metabolism BYF-FDG-PET (Eisenhauer 2009).
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Timing of tumor shrinkage can be quite variablem&bmes it can take two or three
cycles (6-8 weeks) of therapy before meaningfuhgles can be expected. Moreover, a small
residual tumor mass can be highly aggressive, anthe other hand, a more voluminous
mass can be stable because of fibrosis, cystsanosis, suggesting potential benefit despite
no apparent changes in lesion size. In additiotiyigcof anti-proliferative, anti-angiogenic,
anti-vascular, or immunomodulating agents may metréflected by changes of size. In
summary, the current method accepted as tumor mespmarker in clinical trials is not
without limitations. As a result of these deficiam®; newer imaging methods assessing
physiological changes are increasingly investigatedurrogate endpoint is needed to predict
benefit at an earlier time; therefore functionadl/an molecular imaging can be used to obtain

valuable information about treatment outcome (BerzD08).
B. Functional imaging
1. Imaging of glucose metabolism B¥-FDG

Functional imaging detects molecular signals inthcabiochemical activity and changes.
The most universally available tracer for moleciyasitron emission tomography (PET) is
8c.FDG with numerous applications in oncology, calaljy, neurology and imaging of
inflammation. PET imaging has a lower spatial regoh than other imaging modalities
(autoradiography, CT, MRI), but the sensitivitythre detection of emitted radiations is very
high. The development of combined PET and CT saanmas joined the morphological data
from CT with the functional images from PE®¥F-FDG is an excellent marker of tumor
glycolysis as FDG easily substitutes the glucosedth aerobic and anaerobic conditions.
After intravenous bolus injection, cellular FDG alp¢ is governed by glucose transporter
proteins (GLUTS) and, inside the cell, FDG is phusplated by a hexokinase to FDG-6-
phosphate. Unlike natural glucose, the FDG-6-phatspWill not enter the Krebs cycle. It will

rather accumulate inside the cell proportionallyh® level of glycolysis of the cell (Fig. 9).
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Fig. 9: Mechanisms dfF-FDG accumulation in tumor cells.

It is well known that tumor cells consume more g@kE subsequent to an
overexpression of GLUTs and enzymes of the glyoolgathway. Due to this important
accumulation in tumors®F-FDG can be detected with high sensitivity by P& °F-FDG
Is not entirely specific for malignant cells andsé positives from inflammatory processes
can occur. A high uptake can also be seen in higbtiwve healthy tissues such as the heart
and the brain'®F-FDG-PET has shown to be a valuable tool in tfiiemintiation of benign
and malignant tissues, in staging, in the deteabtibrecurrent disease, and more recently in
the identification of early tumor response (Fig.).1F-FDG-PET is now approved for
staging of several tumor types, as well as for nooimg treatment response to breast cancer
(Juweid 2006), and standardized response critemaPET in clinical trials have been
published (Young 1999). In Belgiumi®F-FDG is the most utilized PET tracer in clinical

routine in the field of oncology.
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Functional images of glucose metabolism can alreaglyobtained one hour after
8F_.FDG injection. Several studies have demonstratetegative correlation betweéff-
FDG capture by tumor cells and the early respoaseetitment ®F-FDG-PET of imatinib-
treated gastrointestinal stromal tumors (GISTs)w& little or no*®F-FDG uptake after
treatment although lesion size remained large dugetrotic areas (van den Abbeele 2002).
Loss in'®F-FDG tumor uptake within hours after gefitinibatment was also observed in non
small cell lung cancer (Su 2006), but this decrecme also represent reduced glucose
utilization instead of tumor cell death (WorkmarD8D Some targeted therapies have direct
effects on glucose metabolism (treatment with ty®skinase inhibitors (TKI) such as
imatinib and gefitinib) inducing internalization dfie glucose-receptor (Prenen 2008f-
FDG-PET may also be inaccurate during the first weeks after chemotherapy because of a
temporary metabolic shutdown. For monitoring of rabsensitivity by metabolic imaging it
is recommended to wait at least 2-3 weeks (Cremelfif8). Another fact that should be
taken into account is that some slow-growing tumames not FDG-avid, in which casér-
FDG is of no use. In patients with high serum ghectevels, tumor-to-background ratio may
be reduced because of a possible competition betWeFDG and endogenous glucose
(Lindholm 1993).

In table 5, the main advantages and disadvantegesing **F-FDG for evaluation of
treatment outcome, and also of the PET techniqgerneral, are listed. Furthermore, possible
explanations for false positive and false negaitiverpretations of*F-FDG—PET studies are

discussed below (table 6).

Table 5: Advantages and disadvantages of #s&DG—PET technique.

Advantages Limits
High sensitivity High noise in brain and heart
Inflammatory diseases
High noise in urinary tract because of uringry
elimination
Poor sensitivity in tumors with low
malignancy or low metabolic activity
Improved by CT-PET coupling Lack of anatomical dsta
Low spatial resolution, small tumors (4-6
mm) are difficult to detect by PET

Performable in any clinical environment Exposureatioactivity

Entire body scan to detect potential Impossible to distinguish chemical specieg
metastases bound to the radionuclides

Quantification by means of complex kinetig

models

26



Table 6: Causes of false positives and false neggath measuring tumor glucose metabolism

False positives False negatives
Bowel activity Low GLUT expression
Muscle contraction Small lesions (<5 mm)
Endometrial and ovarian hotspots High backgroungl {e the brain)
Atherosclerosis Hyperglycemia (diabetics)
Infection Metabolic shut-down after chemotherapy
Inflammation Low grade tumors
Intervention-related uptake: after surge}y,
biopsy, radiotherapy or chemotherapy

2. Cell proliferation markers

Treatment-induced diminutions in cell proliferatiomay be more specific than changes in
glucose consumption (Barthel 2003, Shields 199Bis Supports the need for a direct marker
to image cell proliferation, which can be measusgdracers involved in DNA synthesis and

cell division.

a)*°F- fluorothymidine

Several new PET tracers are now being evaluatestuiy other metabolic pathways than
glucose metabolism. Thymidine and other relatedecwés have received the most interest
as imaging agents of cell proliferation. The pydine analog thymidine is incorporated into
DNA, (deoxyribonucleic acid) but not into RNA (ribocleic acid). The utilization oH- or
“C-labeled labeled thymidine has widely been esthbl for cell proliferation
measurements. This led to the development'6tlabeled thymidine, enabling cellular
proliferation measurements in humans by PET-scaralC2010, Vander Borght 1991).
Although studies using'C-thymidine have demonstrated the potential ofttaeer to image
tumor proliferation and response to therapy, thedr is rapidly metabolized in vivo and the
presence of multiple metabolites has disturbeavitker use. This led to the development of
3'-deoxy-3"'®F-fluorothymidine {®%F-FLT), which remains unchanged during in vivo
administration, and whose radioisotope has a lorgsflife (Buck 2003, Caroli 2010,
Francis 2003, Grierson 2000). Cellular uptake “&f-FLT occurs through facilitated
Na'-dependent transport or through passive diffusgubsequently, FLT is phosphorylated
by highly activated thymidine kinase 1 (f)Kinto FLT-monophosphate (FLT-MP), which is
trapped inside the cell (Fig. 11).

27



TK1

FLT 3— FLT 3— FLT-MP

\
FLT-DP

\j
FLT-TP -..DNA

. intaceluar compartaent

Intravasoular
i At it

-

Fig. 11: Mechanisms of FLT uptake into prolifergtiumor cells (Been 2004).

TK; activity is increased in the late G1 and S phdseon malignant proliferating
cells and even higher (3-4 times) throughout thelescell cycle in malignant cells, whereas
its activity is absent in quiescent cells (Boothmi&94, Munch-Petersen 1995). This increase
in TK; activity in neoplastic tissues is responsible Hagher levels of FLT phosphorylation
and subsequent intracellular trapping of FLT in durcells. FLT is not directly incorporated
into the DNA because it acts as a chain termindter to the absence of théhydroxyl
group. It only visualises the first step of thevagle pathway of DNA synthesis, which makes
it an indirect proliferation marker. In one studyotigh, *H-FLT uptake showed a good
correlation with®H-thymidine uptake, meaning thi-FLT uptake is well able to provide a
good representation of the salvage pathway (Ra3@%)2

First biodistribution studies usindfF-FLT in humans have shown physiological
uptake in bone marrow (high proliferation rate)|iwer (glucuronidation), in the urinary tract
(excretion) and in reactive lymph nodes (Shield®©819Weber 2010). In contrast to
18F_.FDG-PET, no uptake is seen in the brain, skeletabcles or myocardium. Overall
selectivity for tumors is greater fOfF-FLT than for'®F-FDG, especially in the brain, but on
the other hand, the signal increase inducedByFDG uptake in tumors was higher than by
18E_FLT uptake (Fig. 12) (Lee 2009, Seitz 2002, W20 ).

Fig. 12: Imaging of high-grade glioma by A: contrashanced Fweighted MRI,
B: “®F-FDG-PET and C**F-FLT-PET (Chen 2005).
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PET-images can already be acquired 5 to 10 minafesr °F-FLT injection.
Reduction in'®F-FLT uptake has allowed to identify responders and-responders in a
study of glioma patients treated with bevacizumadb iinotecan (Chen 2007). The same was
achieved in another study of non small cell lungcea patients treated with gefitinib (Sohn
2008).'8F-FLT-PET was also allowed to visualize radiatidfees on the bone marrow and
to distinguish inflammation from recurrent diseg§gee 2010). Different types of anticancer
therapy have been studied and the results of #tesies may seem inconsistent. Sometimes
TK activity remains high, although tumor cell protdgon is compromised. Drugs such as
methotrexate and 5-fluorouracil arrest cells inffage and impede the de novo pathway of
DNA synthesis. The result of this shutdown is a pensatory upregulation of the salvage
pathway with increased TKactivity (Mirjolet 1998, Dittmann 2002). Differentimors also
vary in the respective contributions of the salvpgthway and the de novo pathway to DNA
synthesis (Bardot 1994, Cole 2002). Schwartz esradwed that 30% of the tumor cell types
tested showed less THlependent proliferation and subsequently no dgant correlation
was found between TKactivity and the S phase fraction of cells (Schw@003). Today,
clinical studies about®F-FLT-PET are still limited, but results are promés in general.
Further studies are needed to assess the vallf&-61LT for evaluating early response to
therapy.

Low overall uptake in tumors, the variability ifF-FLT uptake in tumors after therapy
and the indirect measurement of DNA synthesis ssmethe limitations of*F-FLT-PET
imaging. Newly developed tracers, such &#ubro-5-methyl-18-D-arabinofuranosyluracil
(FMAU) and 2-deoxy-2-fluoro-5-bromo-1p-D-arabinofuranosyluracil (FBAU), are
incorporated into DNA and therefore directly reflé@NA synthesis, which is a potential
advantage ovefF-FLT (Mangner 2003).

b) Radiolabeled amino acids

Additionally to proliferation markers, other targetlated to protein synthesis and amino acid
transport have been identified (Caroli 2010, Hezhb®98, Narayanan 2002). Proteins are
composed of amino acids and several amino acigérsasuch as'C-methyl-methionine
(MET), have been developed. Lik&-FLT, the primary application dfC-MET is in brain
tumors, since'®-FDG induces high background signal in normal isa{Kawai 2009).
YC-MET imaging in the abdominal region will be maremplicated because natural amino

acids, such as methionine, are taken up by pancerab liver (Kubota 2001).
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O-"C-methyl-L-tyrosine (OMT), a non metabolized amiaoid analogue, has also been
developed (Ishiwata 2004). When compared WittFDG-PET,*'C-OMT-PET had smaller
signal-to-noise ratios but may have potential fopioved specificity by reducing the rate of
false positives (Fig. 13, left):"C-OMT showed similar uptake compared t€-MET in
PET-images of brain tumors (Fig. 13, right). A€ requires the disposability of a cyclotron
nearby, tyrosine has also been labeled witH@sotope (Caroli 2010).

1C-oMT "c-OoMT "C-MET

A

Fig. 13: Left: Coronal (A and C) and sagittal (BdaD) slices of whole-body PET-imaging in orderdtect
tumor metastasis b{fC-OMT or ®F-FDG. Right: Representative PET images of obtainih *C-OMT and
YMC-MET presenting gliomas of different grades (G3, G4) (Hayat 2007).

c) Choline derivates

Exogenously administered choline actively enterds ceia choline transporters, is then
metabolized to generate phosphocholine (PC), anihadly transferred to diacylglycerol
(DAG) to synthesize phosphatidylcholine (PtdC), athis integrated into the cell membrane
(Roivainen 2000). Once''C-labeled choline has entered tumor cells, it ipidig
phosphorylated by a choline kinase (ChoK) and cheltyi trapped inside the cells (Hara
1997). An increased choline uptake has been demabedtin malignant tumor cells, which
have higher cell proliferation and an increasedttssis of cell membranes (Podo 1999).
Overexpression of ChoK has been found in most tamproviding the basis for cancer
imaging with choline PET (DeGrado 2001). Studiesehahown that’C-choline PET may
offer a new approach to follow tumor response hasdecrease of choline uptake represented
an early response to treatment (Fei 2010). In ptestancer for instance, the usé®tFDG

is limited due to high urinary excretion and fregilg occurring inflammatory lesions.

C-labeled choline has low urinary excretion andujtsake in recurrent prostate cancer after
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radiotherapy showed good correlation with PSA (fatesspecific antigen) levels, prostate
biopsies and morphological imaging (Breeuwsma 20I0)circumvent the short half-life of
Y¢c-choline, *®F-fluoro(methyl)choline ¥F-FCH) was developed!®-FCH could be
considered for response evaluation with main appbas in the pelvic region because of
lower urinary elimination compared t8F-FDG. Until now, *°F-FCH is only used for
diagnosis of locally advanced or metastatic prestaincer and not for response evaluation
(Breeuwsma 2010, Cimitan 2006, Kwee 2009).

3. Perfusion imaging by dynamic contrast-enhancé&d M

The main use of DCE-MRI in oncology is to be aryeararker of tumor response, notably to
anti-angiogenic treatments. The gold standard nmeasnt of angiogenesis is the histological
estimation of microvascular density, which is invas suffers from sampling bias, and
cannot determine parameters such as flow or peititgaDCE-MRI involves the acquisition

of sequential images during the passage of anverieusly injected CA through a particular
tissue of interest. CAs used for these studiesGarehelates that do not penetrate inside cells
and therefore directly reflect microcirculation.té&f the passage of the contrast probe into the
tumor, parameters were gathered from the kinetigeclClinical studies have shown that the
parameter K" reflecting the “wash in” of the CA into the tumaould be used for in vivo
evaluation of tumor response (Galbraith 2003J2"Kcan be influenced by blood flow,
endothelial permeability and endothelial surfacsaar

One has to distinguish diffusible probes from blqmubl agents, since they behave
differently after intravenous injection. Low MW dhtes of gadolinium (<1 kDa) are
diffusible tracers; blood pool tracers (> 30 kD& &rger molecules, hence extravasation is
reduced. Macromolecular contrast media have lespagific extravasation in normal vessels
(< 1%) compared to small gadolinium chelates (45&hich could enhance the sensitivity of
tumor characterization and treatment monitoring D@E-MRI, at least in experimental
models (Brasch 2000).

Similarly, the use of DCE-CT can be a method foseasing tumor perfusion;
especially in strongly moving areas such as thgdumere CT images are of better quality
than MR images (Marcus 2008). DCE-CT’s major adagatover DCE-MRI is a direct linear
correlation between signal enhancement and CA wrat®n. The DCE-ultrasound
technique developed more recently uses pure irdcala microbubbles and is therefore

suitable for measuring blood flow and perfusionoiinas 2005).
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C. Determination of molecular profilesby MR spectroscopy

Currently, metabolites in tumors are analysed kintpasurgical biopsies for western blots or
ELISA assays. A major limitation of this approachthe dependence on sampling of a
heterogeneous disease, not to mention the riskdesabmfort that may be caused to the
patient (Workman 2006). The use of plasma samplemother approach providing a source
for many serum markers such as circulating tumdis,cproteins, metabolites and so on.
However, this technique does not allow in situ diéb@ of tumor cells. MR spectroscopy

(MRS) is a non invasive tool, which can be usedefmeatedly study metabolic processes in
vivo. Initially developed for non-tumoral applicatis, the technique is now being evaluated
for a large number of tumors. Several nuctef,(°C, **N, *°F, »*Na, 3'P) can be studied by

MRS, but'H is the most used nucleus for the assessmennwirttesponse. Metabolites can
be identified by their characteristic chemical shiivhich corresponds to the modified

resonance frequency of nuclei depending on thematal surrounding. The presence of the
electronic surrounding slightly influences the metimfield experienced by the nuclei. This
way, the chemical shift informs the investigatooaithe molecular group that is carrying the
studied nucleus. Results are then displayed oneatrsim, which shows a series of peaks
corresponding to the resonance frequencies of ttiereht metabolites. Frequencies are
expressed in terms of the dimensionless unit getanillion (ppm), a value independent of
the static magnetic field strength (Gadian 199%ajlike MRI, that provides imaging of

anatomy, MRS does not provide spatial informatibacalized spectra are acquired and
analysed in order to determine precise chemicéilssand peak integrals. In vivo, results are
mostly expressed as metabolite ratios. In vitrauggitjons have improved spectral resolution;
furthermore reference compounds can be added tatifuanetabolite concentration and to

calibrate the chemical shift.
1.'H MRS

Although spectroscopy can be performed on diffetgmés of nuclei, the major application of
this technique is spectroscopy of the hydrogenausclA spectrum is represented by the peak
amplitude on the y-axis in function of the chemishiift of metabolites on the x-axis,
expressed in ppm (Fig. 14). Previous to spectruquiaition, the signal of the water peak,
situated at 4.7 ppm, has to be suppressed bedagiseghal coming from protons of water

molecules is so important that it would mask thecsq@scopic signal from the other
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metabolites, which is 10,000 times lower (Fig. E)cellent field homogeneity is required to
ensure that the “wings” of the water signal do mb¢rfere with the metabolite signals, and
that there is adequate spectral resolution betwieersignals of interest. A heterogeneous
magnetic field results in a dispersion of resonafreguencies and therefore in peak
broadening. The volume of interest is determinedth®y intersection of three orthogonal
sections. The larger a region of interest is, trwendifficult it is to homogenize the field
inside this region. Spectrum quality is evaluatgdtwo main criteria: signal-to-noise ratio
(peak height) and spectral resolution (peak widilme surface area of the peak depends on
metabolite concentration and on @f protons carried by the metabolite. The peakthvid
inversely proportional to the relaxation timg*TBecause of the low signal-to-noise ratio,

multiple acquisitions have to be done.

Water

NAA
Chol|Cr

L s

12 10 8 6 4 2 0 -2
Chemical shift (ppm)

Fig. 14: On'H spectra from brain acquired without solvent segpion, only the water signal can be seen (left).
With water suppression (right), the spectrum digplsignals from N-acetylaspartate (NAA), cholinevzining-
compounds (Cho) and creatine+phosphocreatinine((&jlian 1995b).

Table 7: Most relevant metabolites observed in \iyoH MRS (adapted from Marcus 2008).

. Frequency . .
M etabolite Function Aberration
(ppm)
. Marker of cell membrane ) L
Choline Cho 3,2 metabolism 1: tumors, demyelination
Szl . cr, 3,0 Marker of energetic Often used as reference pegk
phosphocreatine s metabolism
N-acetyl- Marker of healthy ) :
aspartate NAA 2,0 neurons | : neuronal disease
Myo-inositol ml 3,6 Glial marker ] ' gllgma, MS .
| : herpetic encephalitis
GABA ,glutamate, ) Marker of intracellular ] . ”
glutamine Glx | 2125 neurotransmitiers t: herpetic encephalitis
. . Marker of healthy .
Citrate Ci 2,6 prostate | : prostate cancer
Ischemia, convulsions,
SRS Lac 1.3 tumors Pathologic
Mobilelipids Lip | 0,9and 1,3 Apoptosis, necrosis
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The number of metabolites detectable in viva'HyMRS is limited (table 7). Peaks observed
by proton MRS in almost all types of tumors aremhacorresponding to choline-containing
compounds (Cho), creatine and phosphocreatine RCr), lactate (Lac), and GHnobile
lipids. The results of metabolic peaks obtained MRS are often expressed as ratios.
Measurement of the real metabolite concentratiguires precise determination of the peak
area and conversion into metabolite concentratitem ealibration.

Lipid proton MRS was the first MR technique appliied the detection of apoptosis
(Blankenberg 1996, Blankenberg 1997, Engelmann Y19®6these studies, investigators
observed an apoptosis-related increase in molpidsliwith an increased methylene (§H
peak at 1.3 ppm relative to the methyl ({fideak situated at 0.9 ppm. Both, in vitro and in
vivo studies showed accumulation of lipid vesictesing apoptosis (Griffin 2003, Griffin
2006, Schmitz 2005), but also in necrotic tumorsw@ 2003). The rise in GHesonance
occurred with a wide range of anti-cancer treatsiand in different cell types. Therefore, an
increase of the signal ratio of Gitb CH; was considered as a measurement of the degree of
apoptosis. Although there was a rise in methylessmance, no detectable changes were
found in the total lipid composition or in new lpisynthesis in tumors. The increased
methylene signal was shown to come from the fownatif cytoplasmic lipid droplets (0.2—
2.0um) during apoptosis (Hakuméaki 1998). Lipids in aa@émbranes are not detectable by
MRS because of their limited mobility. Release aityf acids from cell membranes and their
storage in lipid droplets in the form of triglycéess renders them visible on MR spectra.
Overall therapy-induced cell death can thus beatiedethrough an increase in mobile lipids
in apoptotic cells (Callies 1993). A major limitani of this method is the relatively small
change in lipid signal; therefore clinical studwed be restricted to organs that are detectable
to surface coils, or to organs that are free ofiomotThe lipid methylene signal in tumors may
be contaminated by the presence of lactate. Thieqfaaobile lipids is actually the only peak
that is characterized by an increase during apieptetl death. During apoptosis, a significant
decrease in metabolite concentration can be obddéovehe other chemical species displayed
on 'H MR spectra. On the other hand, metabolites betmrapletely different during
necrotic cell death: The proton spectrum displaygeneral increase of metabolite peaks,
except for the glutathione peak (Strauss 2008).

Today, many studies are also focusing on measutsman choline-containing
metabolites using water suppressed MRS. Severaticheresonances contribute to the total
choline peak (tCho), including choline, PC, andcglpphosphocholine (GPC). Separation of

the single choline peak into its different conttdms can be obtained in ex vivo acquisitions,
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where higher spectral resolution can be achievet@&stad 1999, Sitter 2002). The choline
level increases with increased tumor cell proliiera and cell density (Jackowski 1996,
Rutkowski 2003). High levels of choline are chageaistic of increased membrane turnover,
possibly representing increased malignant potemtiatells (Aboagye 1999, Podo 1999,
Ronen 2001). Choline-containing metabolites arerdsd substrates in the metabolism of
lipids. Choline and PC are precursors and breakd@noducts of PtdC, the major

phospholipid component of the cell membrane. PChmproduced by phosphorylation of
choline through ChoK (Beloueche-Babari 2010, Po@@o) (Fig. 15).

Choline

Fig. 15: Metabolic pathways of choline-containirmmmpounds. Choline
ChoK: choline kinase .

PC: phosphocholine (e
CDP-Cho: cytidine diphosphate-choline P Ca
DAG: diacylglycerol paG [ \
PtdCho: phosphatidylcgoline E CDj'C“O
PL: phospholipases (A, C et D) iR 2N
FAs: fatty acids A R
GPC: glycerophosphoscholine "pio)”

G3P: glyceraldehyde-3-phosphate )

PA: phosphatidic acid
(adapted from Beloueche-Babari 2010)

Lyso-PtdChao

Choline

= Fasg

GPC
TN

-
G3p  Choline

In many cancers an increase in choline-containietpbolites was observed by proton
spectrscopy (Howe 2003, Leach 1998, Vilanova 208Byaffar et al. applied the approach
of choline spectroscopy to mice treated by the Chdibitor MN58b and found a positive
correlation between choline decrease and tumor throiwhibition (Al-Saffar 2006).
Furthermore, it has been reported that hypoxiabeaa regulating factor of ChoK expression
(Glunde 2008). This observation could explain tleerdase detected in choline-containing
metabolites in mice treated by PX-478, an inhibibbrHIF-1a (hypoxia-inducible factor)
(Jordan 2005a). After several preclinical studidscreases in choline signals were also
observed in patients treated by chemo- or radiafhe(Table 8).

High glucose consumption, forming the basis forahetic imaging by*F-FDG-PET,
and lactate production are other characteristiosaoter cells. Glucose metabolism was also
monitored by'H-MRS in animal cancer models (Aboagye 1998, RiverSegal 2002).
PX-478 treatment, inhibiting HIFed led to a trend of decreased glucose uptake ardtéa
production in tumor xenografts (Jordan 2005a). Hawethe clinical measurement of lactate

production by MRS in humans requires further degelent.
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Table 8: Listing of human studies wherein respdosanti-cancer treatment was evaluated by
changes in the total choline peak as measureddigrpMRS.

Author Tumor type Treatment Follow-up Result
Kurhanewicz 1996 | Prostate tumor Cryosurgery 3-6thwon | [Cho+Cr]/Ci = necrosis
Parivar 1996 Prostate tumor Cryosurgery 10-79 weeks ' [Cho+Cr}/Ci > 0.86 =
recurrence
Yoshino 1996 Brain tumor RT 5-19 months | Cho
I Cho in responders
Nelson 1999 Brain tumor RT 2-12 months t Cho when
progression/recurrence
Preul 2000 Glioma Tamoxifen E-nggizya?tg? I Cho in responders
Coakley 2001 Prostate tumor RT 14-48 months  t+ Cho when recurrence
Graves 2001 Brain tumor CT + radiosurgery 2-14 ent t Cho when recurrence
Jagannathan. 2001 Breast tumor CT After 3 cycles | Cho in responders
Mueller-Lisse 2001| Prostate tumar HT 1-16 weeks slafsCho, Cr, Ci = atrophy|
Schwarz 2002 Lymphoma CT during first cygle | Cho in responders
Kimura 2004 Brain tumor Radiosurgery 1-3 months Early ! Cho
Meisamy 2004 Breast tumor CT Zeiré c:)ffcg/c;llzldr— I Cho in responders
Murphy 2004 Brain tumor CT 3-12 months | Cho at 12 month
Pucar 2005 Prostate RT 1-6 months 1 [Cho+Cr]/Ci when
recurrence
Chen 2006 HCC CE 2-3 days | Cho
Wu 2006 HCC CE 1 week | Cho andt lipids
Zeng 2007 Glioma tumor RT 6 weeks t Cho when recurrence
4 months
Haddadin 2009 Breast tumor CT At 24h ofcycle 1 | Cho in responders

CE: chemoembolization, Cho: choline, Ci: citrater; €reatine, CT: chemotherapy, HCC: hepatocellular

carcinoma, HT: hormonotherapy, RT: radiotherapy.

2.3p MRS

3p MRS was first used to study cellular energetitsissues like the heart and the brain
(Gadian 1981). The sensitivity 8P MRS is only about 7% of the sensitivity reachedH
MRS but its chemical shift range is larger (30 pamdl does not present the problem of water
suppression. The most important peaks displayettbIRS originate from PCr, nucleotide
triphosphates (NTP) or inorganic phosohate (Pile®main contributors of th&P spectrum
are metabolites of membrane phospholipids inclugghgsphomonoesters (PMEs), which
comprise PC and PE, and phosphodiesters (PDEsprsong glycerophosphocholine (GPC)
and glycerophosphoethanolamine (GPE) (Cox 1993, D289, Steen 1989).

Characteristic for cancer are elevated concentratad PMEs and PDEs as observed
by in vivo *'P MRS, since PC and PE contribute to membrane sgistLeach 1998,
Negendank 1992). These changes are often reverssdcgessful treatment with chemo- or

radiotherapy (Fig. 16) and are now explored as hiers for tumor diagnosis, staging and
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clinical response monitoring (Payne 2006, Shah p0®8eview of the literature has revealed
that a decrease in PME occurred in 38 of 47 cartbatsresponded to treatment (Negendank
1992), but as this technique is relatively insewsitit requires long acquisition times and has
a poor spatial resolution. With this techniquewiil be difficult to detect tumor apoptosis in
Vivo since the percentage of apoptosis in treatetts is relatively low.
[ A—
Fig. 16: In vivo *P MRS of tumor

xenografts before and after anti-cancer

T 5 o 5 0 —15 BVLE treatment (Chung 2008). Metabolites:

‘ ppm PME: polymonoester, Pi: inorganic
7 phosphate, PDE: phosphodiester, PCr:
phosphocreatine, NTP: nucleotide
| per triphosphate.

PME -NTP

PDE - ‘:;’1 P A-NTP

L] LT el .V | M V.4 VYY) .;.'_ s
15 10 5 ©0 -5 -10 —-15 —-20 -25
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D. Molecular imaging of cell death

As stated previously, many anti-cancer therapiestetheir therapeutic effect by inducing
apoptosis. For this reason, imaging of apoptosisfarell death in general allows an early
evaluation of treatment outcome in cancer patieAtsiumber of steps in the cell death
process could potentially be imaged. DW-MRI is #@resto a loss in tumor cellularity and
proton MRS can measure lipid droplets formed dunmggrammed cell death. Besides,
changes in cell membrane or activation of apoptedeted enzymes can also be imaged by
targeted CAs. Major modifications of apoptotic seihclude: (1) activation of cysteine
protease enzymes (caspases) to cleave specifcafitrlar proteins; (2) degradation of DNA
molecules into 50- to 300-kb-sized pieces by atdédandonucleases; (3) PS expression on
the external leaflet of the cell membrane, (4) dase in cell size due to loss of intracellular
water. Pieces of cells undergoing apoptosis ar&guga in small vesicles that are derived
from the cell membrane. These pieces of cells alledc “apoptosomes.” Unlike in necrosis,
apoptotic cells are removed without release of spfio content and without induction of

inflammation. Some of the following techniques toyselectively image apoptosis. As the
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hallmarks of apoptosis are often not really spedir apoptosis, except for DNA laddering,
detection of cell death in general is more probaBiace every type of cell death is beneficial
to anti-cancer treatment response, it does notema#ry much by which kind of cell death

tumor cells actually die.

1. Diffusion-weighted MRI

Randomly moving water molecules (Brownian motiongaunter different obstacles within
an organism (cell membranes, proteins, macromadectibres...) that vary depending on the
type of tissue or pathological modifications ofstiss. It can be considered, approximately,
that mainly extracellular water is explored in d#fon imaging, thus diffusion gives indirect
information about the structure surrounding thesgewmolecules. Tumor treatments that
damage or kill cells increase the fractional volushenterstitial space.

In DW-MRI, two symmetrical gradients are added bhe tMR sequence. The first
gradient induces a phase shift of the water protokthe second rephases them. The water
protons will only be completely rephased if thewédatayed at the same initial location, in
which case signal intensity will be maximal. Any lexular movement during the period of
time elapsing between the application of the twadgnts will lead to signal attenuation.
Water mobility will thus be displayed as signaldo3he degree of diffusion-weighting is
expressed by the b-value (in s/mm?2), a parametr depends on strength, duration and
separation of the two additional gradients. A hdealof 0s/mm2 represents no
diffusion-weighting and a b-factor of 1000s/mm?Zigades high diffusion-weighting. As DWI
is based on Fweighted sequences, the contrast on DW imagea Hdkision component but
also a T component, which has to be considered for intésioa of the results. This means
that a hypersignal on DW images can signify restddaiffusion but also a lesion that appears
as hypersignal on Jlweighted images (Fshine-through). With two diffusion images
acquired at different b-values, the apparent diffusoefficient (ADC, expressed in mm?2/s)
can be calculated to quantitatively evaluate miybdi water molecules. The ADC does not
depend on T any more and it can be represented as an ADC iap.relation between
b-value and signal intensity on DWI is: S(b) / S@)e PA°¢, where S(b) is the signal
intensity in DW images of a given b-value and S{® initial signal intensity on images
without diffusion-weighting (b-value of 0s/mm?2). ADcan be calculated based on this
equation. A hyposignal on DW images is displayed hggersignal on ADC maps,

corresponding to an increase in diffusion (Fig.. 17)
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Fig. 17: Diffusion imaging of cerebral

edema presenting increased diffusion
0 (arrow). a: diffusion-weighted image
with  b=0s/mmz2, b: b=500s/mmz2,
¢=1000s/mm?, d: ADCmap (Hoa 2007).

For the moment, clinical DWI is essentially used ¢erebral applications (stroke,
multiple sclerosis, traumas...). However, new apfpilices other than those in neuropathology
emerge in the field of oncology. Loss of membrartegdrity and increased cell death caused
by cytotoxic treatments increase the diffusion atev molecules and therefore also increase
the ADC value.

Apoptosis and necrosis have the same effect on A3CGhey both have a decreased
intracellular volume either through shrinkage ie ttase of apoptosis or through membrane
disruption in necrosis. ADC is an attractive markéresponse because it is independent of
the magnetic field, scanner and operator and doesequire injection of external contrast
probes, allowing longitudinal follow-up studies ¢Fi18). The difficulty is to detect
microscopic water movements while physiological macopic motions, such as respiration,

occur (Bammer 2003).

Fig. 18: ADC maps of tumor before
and after docetaxel treatment at day 0O,
2, and 4 displaying increased ADC
values after therapy (Jennings 2002).

500 1200
ADC,, (107 mm?/sec)
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The first preclinical detection of tumor responseMV-MRI was shown in chemotherapy-
treated brain tumors (Ross 1994). The work of Zinaa co-workers also showed an increased
ADC prior to tumor shrinkage in a mouse RIF-1 tummodel after cyclophosphamide
treatment (Zhao 1996). Chenevert et al. estimdtatian ADC increase of 60% corresponds
to 10% of remaining tumor cells after treatment d@dvert 1997). Because of strong
preclinical findings, DW-MRI monitoring of theragas been investigated in clinical settings
(Table 9).

Table 9: Summary of some human studies whereirtnties# outcome was assessed by

changes in ADC.

Author Tumor type Treatment N Follow-up Result
Dzik-Jurasz Before and after t in ADC in
2002 Rectal cancer CT-RT 14 CT/RT responders
Hein 2003 Rectal cancel CR Durlng_ . + in ADC dge to_
chemoradiation | edema and fibrosis
Kamel 2003 HCC CE 8 27-42 days | ' N ADC correlated
with necrosis
Kremser 2003  Rectal cancer CR 8 1 week TinADCin
responders
Mardor 2003 Brain cancer RT § 1 week 1IN ADCin
responders
DeVries 2004| Rectal cancef CR 34 Pretherapy ADC predictive for
outcome
Mardor 2004 Brain cancer RT 1p Pretherapy ADC predictive for
outcome
Theilmann | Breast (hepatic 1 in ADC correlated
2004 metastases) cT 13 4 days to | in tumor size
Hamstra. Glioma RT or CT 34 3-10 weeks | | INADC predictive
2005 of overall survival
Moffat. 2005 | Frimary brain CTor RT 20 3 weeks 1 in ADC predictive
tumors of response
Chen 2006 HCC CE 2( 2-3 days t in ADC after CE
Pickles 2006 Beast cancer CT 10 Alter cycle 1 in ADC beforel In
land?2 tumor size
Tomura 2006 Brain cancer RT 19 2-4 weeks rin A.DC correlgted
to | in tumor size
Uhl 2006 Osteosarcoma CT B After CT ! |n_ADC correlated
to | in tumor volume
Lee 2007 Prostate (bone| HT 1 2 and 8 weeks | 1M ADC correlgted
metastases) to ! in tumor size
Yankeelov 3-6 weeks after .
2007 Breast tumor CT 11 the last cycle 1 in ADC after CT
Lambrecht 5 ADC predictive for
2010 Rectal cancer CR 22 Pretherapy outcome

ADC: apparent diffusion coefficient, CE: chemoenibation, CR: chemoradiation, CT: chemotherapy, HCC:

hepatocellular carcinoma, HT: hormonotherapy, Riliatherapy.
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Chinnaiyan et al. observed higher water diffusianbreast cancer treated with a
combination of radiotherapy and TRAIltumor necrosis factor—related apoptosis-inducing
ligand) (Chinnaiyan 2000). The taxol response mirbtumor patients was also monitored by
DW-MRI, and increases in ADC value were correlateith treatment-induced necrosis
(Mardor 2001). The same group also monitored tlfectf of irradiation on early malignant
brain lesions and all responding patients showerkases in ADC (Mardor 2003). However,
another study monitoring response of primary rectatinoma to chemoradiation showed a
decrease of ADC (Hein 2003). The investigators kated that treatment-related fibrosis
should be responsible for this decrease. Thesdtsesere consistent with other studies
monitoring chemoradiation response of rectal caiiberk-Jurasz 2002, Kremser 2003). In
treated glioblastoma multiforme, reduced inte@tifdema has also been postulated as an
explanation for reduced ADC (Batchelor 2007). Imeal, interpretation of changes in water
ADC has shown to be hampered by a reduction in tusize (Hakuméki 2002). Although
decreases and increases in ADC can have multiptepnetations, DWI might be a useful
technique in targeted therapeutics.

Determining diffusion coefficients of intracellulanetabolites can also be attractive
because their extracellular concentration is infigant. Choline-containing species, for
instance, are strictly cytoplasmic (Kent 1990). Wieells are dying, one could expect that
choline is trickling out to the interstitium, whicleads to an increased diffusion of
choline-containing metabolites. Contrary to expgaite, choline diffusivity has shown to be
restricted within apoptotic cells because of redutdracellular volume and an intact cell
membrane (Hakumaki 1998).

2. Targeting phosphatidylserine (PS)

a) PS exposure

PS is one of the four major phospholipids that makehe cell membrane; the other three are
PtdE, PtdC, and sphingomyelin (SM). PS usually ttutes less than 10% of the total
phospholipid content in the membrane. PS playdainoblood coagulation, phagocytosis of
red blood cells and activation of protein kinase(Zachowski 1993). The removal of
apoptotic cells by macrophages involves the foromatf apoptotic bodies and the exposure
of specific molecules on the surface of the apaptoell. Among these molecules, the

exposure of the anionic phospholipid PS is the bbaracterized (Fadok 1992). The lipid
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composition of plasma membranes is asymmetric @t mammalian cells. An ATP-
dependent aminophospholipid translocase, callggdbe, ensures that PS and PtdE remain
on the inner leaflet of the plasma membrane (Seigrtel984). Floppase, also an ATP-
dependent enzyme, pumps the cationic phospholtiC and SM) to the cell surface to
maintain the asymmetry between inner and outerelsai{Tait 1994). Cells undergoing
apoptosis lose this polarization, resulting inteistribution of PS from the inner to the outer
leaflet of the cell membrane. However, inhibitidiflgpppase and floppase alone cannot cause
phospholipid scrambling (Bratton 1997). The sinm#taus activation of scramblase, a
hypothetical protein, is responsible for the faatied transport and the symmetrical repartition
of phospholipids between the two leaflets of thik eembrane (Bevers 1999, Zhou 1997)
(Fig. 19). The enzymatic activity of scramblasebg&lieved to depend on an increase in
intracellular C&" concentration (Bevers 1999, Gleiss 2002, Marti®5)9 However, some
studies suggest that increased cytosolic calciumeis needed, but not enough to stimulate
scrambling (Wurth and Zweifach 2002).

macrophage y“‘ AR,

budding phosphatidylserine

vesicle

g W .
N
e et
W 8

scramblase

ATP ADP

Fig. 19: Schematic illustration of enzymes involvedhe phospholipid scrambling process (Zwaal }¢

Although PS has widely been known as “eat-me” dighapoptotic cells that have to
be cleared by phagocytes (Fadok 1992), Bose eleatonstrated that PS-receptor-deficient
macrophages were well able to engulf apoptoticd@bse 2004). Nevertheless, the exposure
of PS remains one of the hallmarks of apoptosisinguapoptosis, PS scrambling occurs
immediately after activation of the caspase caschde before DNA fragmentation takes
place. Even if PS exposure is not the earliest teethe apoptotic process, it is an easily
accessible target, since PS is situated on the mdenbrane surface and the probe does not

need to enter the cell. The PS molecule can bectdetan necrosis too because of cell
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membrane rupture. It has even been documented anotiee cells before membrane
disintegration (Cocco 2001). This same feature &ss demonstrated in other forms of cell
death, including mitotic catastrophe, autophagyl egll senescence (Corsten 2006, Verheij
2008). The ability to recognize all forms of celeath is an advantage in treatment
monitoring. Transient PS exposure can also be wbdein non apoptotic cells, including
platelets, lymphocytes, granulocytes, mast cellsind myotube formation or after B cell
receptor activation without any ensuing cell cleas (Dillon 2001, van den Eijnde 2001).
Vascular smooth muscle cells (VSMC) have been obseto express PS in tumor vessels
while alive (Ran 2002). This is further evidencattPS exposure alone is not sufficient to
promote engulfment. PS can reversibly be expressel@ér conditions of cell stress, which
does not necessarily mean that cells will die,Ritrather defines tissues at risk for cell death
(Hammill 1999, Lejeune 1998, Martin 2000, Yang 2002

b) The natural ligand annexin V

Annexin V (AnxV), a 36-kDa endogenous human prqternknown to bind PS exposed on
apoptotic cell surfaces with a very high affinit¢d = 6x10°M). For this reason, this
molecule has been widely used for imaging of apgptoOwing to its PS-binding, AnxV
plays a role in the inhibition of blood coagulatiai protein kinase C and of phospholipase
A2 (Boersma 2005). Exogenously administered Anxdrmmally found inside cells, is
suggested to bind to PS and enter the cell by anggrdependent internalization (Kenis
2004). The extent to which AnxV binds to a membratepends on the free AnxV
concentration, membrane PS content, and Eancentration (Tait 1992).

The first apoptosis detection assay was designeditin by fluorescence-labeled
AnxV, allowing identification of apoptotic cells thi fluorescence microscopy or flow
cytometry (Koopman 1994). The first imaging studadstherapy-induced tumor apoptosis
were carried out with human recombinant AnxV raaligled witt"*™Tc (Blankenberg 1998).
Another group investigated the kinetics 8fTc-AnxV uptake and observed two peaks of
AnxV uptake in tumors after doxorubicin treatmean:early increase in AnxV between 1 and
5 hours and a second peak lasting from 9 to 24sh{Mandl 2004). After 48 hours AnxV
uptake became insignificant. This emphasizes thgortance of early AnxV imaging before
clearance of PS-expressing cells by macrophagesrocPreparation of the radiolabeled
material is quite complex, therefore hydrazino tiamide (HYNIC) was selected as

alternative vectorizing approach (Fig. 20) (Kemkr2003).
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Fig. 20:*™c-HYNIC-AnxV scintigraphic images of lymphoma-biay mice before (A)

and after irradiation (B). The white arrows ind&the implanted tumor (Guo 2009).

Multiple clinical trials have confirmed the clinicatility of *°™Tc-HYNIC-AnxV in
determining the efficacy of chemotherapy in oncglpgtients. The first clinica®™ Tc-AnxV
study was carried out before and within 3 daysraftemotherapy (Belhocine 2002). After
therapy, increased uptake of radiolabeled AnxV detected and results were correlated with
tumor response evaluation by CT an¥F-FDG-PET 3 months later, suggesting that
9mre-AnxV may be an early marker for tumor resporseother observation was that the
presence of°™Tc-AnxV uptake in the lesions shortly before chemeoapy also correlated
with tumor response. These data suggested thdesimns with high spontaneous levels of
apoptosis have a higher probability of respondmgherapy. Another explanation could be
the targeting of PS, which is expressed by VSMQhef tumor vasculature, since highly
perfused tumors show a better response to chenapiyh¢van de Wiele 2003). Other clinical
studies in patients with head and neck cancer ¢ealViele 2003), lymphoma (Haas 2004)
and breast cancer (Rottey 2006) also demonstrdtedfdasibility of evaluating tumor
treatment response BY"Tc-labeled AnxV (Table 10). However, tumor to batkqd ratio
and biodistribution profile were not optimal witi™Tc-AnxV, therefore investigation into
better suited radiolabels continues. Tait et alestigated the structural requirements of AnxV
and developed mutant forms of AnxV with endogenchislating sites for th&™Tc-labeling
(Tait 2005). PET imaging is more sensitive and &dsetter spatial resolution than SPECT,
therefore researchers desigrié-labeled AnxV probes (Grierson 2004, Lorberboynd&0
Murakami 2004). AnxV clearance from blood is slawquiring imaging studies at 4 to 6
hours after administration of the radiotracer, whi€ not compatible with the short half-life
of radionuclides used in PET. Neverthele$s-AnxV was able to successfully highlight
apoptotic regions by PET in cycloheximidine-indudegpatitic apoptosis and myocardial
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ischemia (Murakami 2004, Yagle 2005). Further opation and standardization of the
labeling procedure of®F-AnxV are necessary however. Other investigatabeled AnxV
with another PET-isotopé?4, and measured its accumulation in the liver df-Ras treated
mice, but this radionuclide was rapidly abandonedtalnse of high radiation doses, a
cumbersome labeling method and enzymatic deiodinafKeen 2005). ®‘Cu-labeled
streptavidin PET imaging after pretargeting of PBhwvbiotinylated AnxV has also been
attempted (Cauchon 2007). In a similar approachy-mdrared probes and magnetic CAs
were conjugated to AnxV to target apoptotic cellyitro and in vivo (Hiller 2006, Petrovsky
2003, Schellenberger 2002, van Tilborg 2009). Ivesd studies bimodal probes such as
AnxV-CLIO-Cy5.5 or AnxV-conjugated parmagnetic quam dots were used for combined
MR and fluorescence imaging of apoptosis (Schedegdr 2004, Sosnovik 2005, Sosnovik
2009, van Tilborg 2006). So far, AnxV is the mosteasively used means of measuring
apoptosis in vitro and in vivo, and it has beenpted to several contrast agents (magnetic,
radiolabeled or fluorescent probes) to image amipia vivo.

Table 10: Summary of AnxV studies performed ingats in order to evaluate the therapeutic

impact on tumors.

Author Tumor type Treatment | N Follow-up
SCLC and NSCLC, metastatic
Belhocine 2002 breast cancer, lymphoma, CT 15| After first cycle of CT
hodgkins
Belhocine 2003| -Ung cancer, breastcancerand  or | 45| 1.5 gays after CT
lymphoma
Haas 2004 Follicular lymphoma RT 11 24-48h after RT
Malignant lymphoma, leukaemia, RT , CT, Before and early aftef
Kartachova 2004 NSCLC, H&NSCC CR 33 the start of treatment
Breast cancer, melanoma,
Rottey 2006 H&NSCC, bladder cancer, liver cT 19 5-7h and 40-44h after
metastases, esophageal cancer, treatment
SCLC, colon cancer...
Kartachova 2007 NSCLC cT | yeBefore and within 48
hours after CT
Kartachova 200§ Lymphoma, NSCLC, H&NSCC CT 38 days after treatment
Hoebers 2008 H&NSCC CR 13 48h after CR

CE: chemoembolization., CR: chemoradiation, CT:nobimerapy,H&NSCC : head and neck squamous cell

carcinoma, NSCLC: non small cell lung cancer, Ritiotherapy, SCLC: small cell lung cancer.
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c) Recognition of PS by the,& domain of synaptotagmin |

Proteins such as protein kinase C, a regulatoignfang pathways, and synaptotagmin |,
implicated in membrane fusion and proposed as adgulin neurotransmitter release,
specifically interact with the PS molecule in theegence of calcium (Davletov1993). The
C,A domain in protein kinase C and in synaptotagmiwas revealed as the sequence
responsible for PS-binding. Like AnxV, the 14 kDaAGlomain binds in a G&dependent
manner and with nanomolar affinity to PS, but digpla 10-fold weaker PS binding capacity
than AnxV (Zhao 2006). This#& domain was at first conjugated with SPI1Os to fpdly
bind to apoptotic tumor cells in vitro and in vivand to permit detection of treatment
efficiency by reducing signal intensities op-wWeighted MR images (Zhao 2001). The same
group also used avidin-labeled Gd chelates comgléxéiotinylated GA domains to detect
cell death by MRI. The advantage of this latter kearis the small size of the imaging
complex (110 kDa, ca. 5 nm) and positive contraliaecement in ;fweighted images (Jung
2004, Neves 2007). The samgAGlomain was also labeled witf"Tc to image apoptosis by
SPECT in acute myocardial infarction and in paxbtareated NSCLC xenografts (Fang
2007, Wang 2008, Zhao 2006).

d) Cationic contrast agents targeting negatively obduae!ll membranes

The anionic nature of the PS molecules is largéhybated to its negatively-charged
CO, and PQ groups (Kimura 2006). Therefore Bose et al. used gelective cationic
liposomes composed of a cationic surfactant anti@escent dye, thereby suggesting an
electrostatic interaction between the positivelgrged head group of cationic liposomes and
the translocated anionic phospholipid PS (Bose RODHe liposome diameter varied from
400 nm to 2.5 mm. The major limitation of this nudhis the fact that liposomes are widely
known to passively accumulate in tumors, which ehnaracterized by excessively leaky
microvasculature. Over-expression of VEGF in tumasults in both increased vascular
permeability and chaotic tumor vessel architecture.combination, these effects cause
enhanced permeation and retention (EPR) (Yaghi@BROresulting in high local liposome
concentrations, regardless of the fact if tumolscate undergoing apoptosis or not (Fig. 21).
Based on these findings, the development of catiippsomes has contributed to novel
formulations for encapsulation of cytotoxic druggls as paclitaxel, etoposide and cisplatine

to obtain superior therapeutic efficacy (Thurst@98).
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More recently, Zn(ll) di-2-picolylamine (DPA) coartion complexes have shown to
target anionic PS-enriched membrane surfaces, wtocihd be useful for the detection of
apoptosis (Hanshaw 2005, Quinti 2006). Multipleczoomplexes are able to bind to one
single PS molecule, thereby increasing the gergbratgnal. Hanshaw et al. monitored
apoptosis in treated murine lung carcinoma by ugimfg-DPA coordination compounds with

fluorescein or biotin groups as reporter elemeantsonjugated directly to quantum dots.

e) PS-binding peptides discovered by phage dispiesening

Peptides discovered by the phage display technigpeesent an alternative solution for
imaging of apoptosis. Phage display is an extrerpsdynising technology because it enables
to select peptides interacting with any given targeaumonier 2006). This technique is
based on a phage library, where different foreighADnserts are incorporated into the DNA
of different phages and therefore each phage dispdferent peptides on its surface. The
expressed peptide is fused to coat proteins of gdagesulting in several copies of the
displayed peptide per phage (Fig. 21).

a7



Fusion
protein

~— plII surface

pEOtEin Fig. 21: lllustration of an M13

bacteriophage expressing the
fusion protein after insertion of

the foreign DNA into the gene

coding for the coat protein plll

(Yoo 2006).

<—DNA

Selection of the specific peptide is carried out'pgnning” the phage library against
purified receptors, intact cells, or organs. Theaamtlages of small peptides over bigger
antibodies are better stability, lower immunogdxgicilower cost and facilitated tissue
penetration (Ladner 2004). Thus, the discovery pégptide with PS avidity could be useful,
and may result in the development of a diagnosteams for non-invasive imaging of
apoptosis.

Laumonier and colleagues found a PS-binding phiageeigh ex vivo biopanning of a
hexapeptide phage library in perfused apoptotic sadivers. The phage clone that exhibited
the best PS-binding capacity carried the TLVSSLtidepcalled E3. In our thesis, we will use
this PS-targeted hexapeptide;(ir PS: 4x10M) as targeting moiety of PEGylated USPIOs.
Another study also identified a PS-binding pepbggranning a 15-mer phage library (Nakai
2005). In most reported sequences, the basic aauis arginine and lysine appeared to be
critical for interaction with PS, and ionic intetan was suggested. PS3-10 also possesses
two basic amino acids (lysine and arginine), sutyggghat its binding to negatively charged
PS may be mediated through ionic interaction (Sk@@7). However, since the scrambled
peptide, containing two Arg and two Lys units, @med significantly lower binding to PS
than the PS3-10 peptide, it is likely that ionitenaction is not the only factor determining
binding activity. Results of other studies usingitn@ peptides support the notion that the
presence of charge is not an absolute requirenmensdiective binding of peptides to PS
(Laumonier 2006, Thapa 2008). Thapa and co-workegse the first group evaluating
treatment efficiency in tumor-bearing mice with laofescein-labeled peptide, which had
previously been discovered by phage screening cooRt&d plates. The same group also
assessed &4-labeled 9-mer peptide in a murine stroke modelabyoradiography (Hong
2008).
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3. Other methods used for assessment of cell death

a) Targeting phosphatidylethanolamine

Concurrently to PS exposure in apoptotic cellsEPatso flips from the inner to the outer
leaflet of the membrane by virtue of the same meisina PtdE is thought to play a regulatory
role in membrane structure remodeling during apaptdebbing. PtdE exposed on dividing
Chinese hamster ovary cells during telophase wasifggally recognized by cinnamycin
(Ro09-0198), an antibiotic acting against Gram-passibacteria (Emoto 1996). Cinnamycin
also enabled binding to apoptotic cells via formatof a tight equimolar complex with PtdE
and recognition could be specifically inhibited BYdE-containing liposomes (Emoto 1997).
Closely related to cinnamycin is duramycin, anoth@ramino-acid antibiotic, that was also
able to target PtdE-containing liposomes (lwamo@®7). Both antibiotics require the
hydrophilic headgroup and the hydrophobic tail ¢dBE° for specific recognition and their
binding seems to be dependent on membrane curvélwesnoto 2007).*™Tc-labeled
duramycin was recently shown to selectively bindPtdE in vivo, as demonstrated in a rat
model of acute myocardial infarction (Zhao 2008keLPS-binding compounds, duramycin
recognizes an overall degree of cellular injuryheathan an exact mode of cell death.

b) Visualization of caspase-3 activation

Other new tracers of apoptosis focus on the dewabop of molecules binding to caspase-3,
as the initiation of the caspase cascade occuos fwithe exposure of PS. The caspases,
responsible for the regulation and execution ofpép&ls, exist as inactive pro-caspases in the
cytosol and become activated when cells receivapaptotic signal. Activated caspases are
responsible for the proteolytic cleavage of pratenecessary for cellular function. Caspases
can serve as potential targets inside the apoptetic The hurdle of this method is the
entrance of the caspase activity reporter intacéie Currently, a couple of caspase-substrates
based on luminescent, fluorescent or radioactiobgs are investigated (Bauer 2005, Bullok
2005, Hickson 2010, Laxman 2002, Lee 2007). Thgsata most commonly include a small
membrane permeate, a Tat-based permeation pefustsl to the caspase-cleavable peptide
sequence Asp-Glu-Val-Asp (DEVD) (Bullok 2005, Cof#p®008). Perhaps the biggest

challenge for these probes is to develop peptidpieseces that are specific for caspases,
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because the DEVD sequence is also efficiently neizegl by several other cysteine proteases,
including the cathepsins and legumain (Kato 2005).

Apoptosis has also been detected in vivo by opticelging using luminescent
reporter systems. In one approach, luciferase igctivas abolished by its fusion to two
estrogen-regulated domains, which were linked ® ¢hzyme by a DEVD cleavage site
(Laxman 2002, Lee 2007). Other preclinical methiogdsn vivo monitoring of apoptosis used
a split luciferase model and its utility was shoimna glioma model responding to various
chemotherapy and radiotherapy regimens (Coppol®)200 this system, two domains of
luciferase are fused to strongly interacting pegstithat are linked by a DEVD sequence.
Cleavage of the linker will permit the interactipgptides to associate, allowing reconstitution
of luciferase activity. Hickson et al. showed thifee of docetaxel on two oncology models
by using a bioluminescence marker, which was timge ta modified firefly luciferase
substrate (Z-DEVD-aminoluciferin) instead of a spiciferase protein (Hickson 2010). After
cleavage by caspase-3, the aminoluciferin can beswuoed by luciferase. Similarly, a
multimodal imaging reporter was also recently dégsd to be composed of fluorescent,
bioluminescent, and PET reporters, all separated OEVD linkers (Ray 2008).
Bioluminescent contrast agents can potentiallyesasy/preclinical tool for drug development,
but they cannot be used in clinical studies becthisanethod requires reporter transfection.

Besides substrates, several small inhibitors haen lused to label caspase activity.
These include agents such as membrane-permeaniodiuome-labeled inhibitors of
caspases (FLICA), th&-labeled irreversible caspase inhibitor M808, &d€-11-89, a non
peptidic inhibitor based on isatin sulfonamide agal(Bedner 2000, Lee 2008, Methot 2004,
Smolewski 2001, Zhou 2006). Apoptosis induced m tymi of mice, as well as in mouse
tumors, was detected by FLICA probes that covajdnitid to the active center of caspases,
but these irreversible caspase inhibitors alsogeiee cathepsins and legumain (Edgington
2009). All these fluorescent strategies need ybetentirely validated for longitudinal in vivo
imaging of apoptosis, because tissue absorptioth@femitted fluorescence will lead to
detection problems. Though, small inhibitors ofpzese-3 were also labeled with PET tracers,
such as'C or*®F, for potential imaging of apoptosis in vivo (CH2009). WC-11-89, an isatin
analogue, has been labeled Witk for PET imaging of cycloheximidine-induced apagian
livers (Zhou 2006). Although this molecule has tas® the cell membrane to recognize
activated caspases, a huge advantage is its notidipemature and its favorable
biodistribution (Haberkorn 2001). Further pre-at@li research is necessary to show the

potential of ®F-WC-11-89 as a PET radiotracer for imaging apojstars patients.
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c) The ApoSense family

A family of small amphipathic molecules discrimiimg between vital and apoptotic cells
has been developed (Reshef 2010). These non pmefiidirescent molecules selectively
target and accumulate within apoptotic and/or necells and are suitable for attachment of
different reporters allowing imaging of cell deathshould be further investigated to which
target ApoSense molecules bind and how they clossell membrane in early apoptosis.
Hydrophobic moieties seem to provide a membranéanevhile charged moieties prevents
the crossing of the hydrophobic cell membrane iabl cells. Authors suggested that
membrane crossing in apoptotic cells is associatéd the scrambling process of the
membrane phospholipids. Intracellular accumulabbpoSense molecules may produce a
stronger signal compared to AnxV, which only bipesipherally.

First results showed that ApoSense is able to rzegapoptosis in different animal
models, independent of cell type or trigger. Onentoer of the ApoSense family, NST-732,
was developed with a fluorophore for fluorescenetection and a fluorine atom, which can
potentially be replaced by afF-isotope for PET imaging. NST-732 recognition gfnay
cells was evaluated in several rodent models ofpises: irradiated lymphoma, renal
ischemia/reperfusion and cerebral stroke (Aloya 6200as well as in diagnosis of
neurodegenerative disorders such as Alzheimersasis or amyotrophic lateral sclerosis
(Shirvan 2009). Another non peptide compound witherent fluorescent properties, didansyl
cystine (DDC), allowed evaluation of cell deathvarious preclinical models of disease, such
as acute renal failure (Damianovich 2006), ceretirake (Reshef 2007), brain injury (Reshef
2008a), chemotherapy-induced enteropathy (LevinQR@hd also in a murine melanoma
model treated with chemotherapy (Cohen 2007). Tdmaesgroup also designed the even
smaller ML-9 (butyl-2-methyl-malonic acid), baseql the alkyl-malonate motif of the amino
acidy-carboxyglutamic acid (Gla) that has previouslyshewn to mediate binding of clotting
factors to anionic phospholipids (Sahu 2007). BExovaissessment 6H-ML-9 distribution
and uptake following chemotherapy was tumor-speciihe radiolabeled analog of
carboxyglutamic acid"fF-ML-10) was specifically designed for clinical igiag of apoptosis
by PET. After observation of selective uptake ie tiegion of cerebral ischemia in mice
(Reshef 2008b)*F-ML-10 has now entered phase Il in clinical tridts detect brain
metastasis response to treatment. However, itscapglty as regards detection of cell death
in other diseases is difficult to estimate, as rimfation about its mode of action is still

limited.
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d) Necrosis-avid contrast agents

In most cases, in vivo imaging of necrosis hasnakdvantage of the loss of cell membrane
integrity, which allows access to intracellular mwamolecules. For years, porphyrin
derivatives have been used for photodynamic therbpged on tumor accumulation and
photosensitizing properties of the agents (GomeB91XKessel 1984, Neslon 1990). In
consequence of their tumor-localizing propertiegtatioporphyrins were developed for
tumor detection by MRI (Nelson 1991, Organ 1987iniS2995, Van Zijl 1990). Ni and
co-workers found out that the reported specifictast enhancement could only be attributed
to non viable (typically necrotic) instead of vialilmor cells, an observation just opposite to
the assumption raised earlier (Ni 1995). As thé& garphyrin-based pigments are responsible
for the adverse reactions caused by these ne@esissontrast agents (NACAS), less-colored
derivates were developed, as the porphyrin streaoes not seem to be required for tumor
targeting. A few promising compounds such as tgkt lyellowish ECIII-60 (bis-Gd-DTPA-
pamoic acid) and the colorless ECIV-7 (bis-Gd-DTBi8indole) have been synthesized by
the same group (Ni 2002). In most studies NACAsewesed for identifying acute myocardial
infarction by discriminating between viable and neiable myocardium. The targeting
mechanisms of NACAs still remain to be elucidatsthst probably, NACAs interact with
tissue debris after disintegration of the cell meamk (Ni 2005).

Among the numerous other molecules that firmly biachonviable tissues, or more
specifically to necrotic tissues, are the synthdite Evans Blue used for intravital staining
(Hamer 2002), the botanical extract hypericin, agldcarate, the natural endogenous
end-metabolite catabolized from uridine-diphospludteose. It was shown that
9mre-glucarate selectively recognizes necrotic dellthe infarcted myocardium, because it
binds to positively charged histones after disiraign of the nucleus (Okada 2004, Orlandi
1991). Hypericin is a polyaromatic quinine that che isolated from St. John’s wort
(Hypericum perforatum). Hypericin was labeled witfi to detect necrotic cells in reperfused
hepatic infarctions in rats (Estorch 1990) and atsacute myocardial infarction in rabbits
(Fonge 2008). Markers of necrosis are mainly useghodels of acute myocardial infarction
because infarction induces necrosis rather thaptapis due to intensive energy exhaustion.
However, all these necrosis-detecting contrast ggobould also potentially be used as

imaging agents of tumor necrosis.
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Chapter [1: OBJECTIVE OF THE THESIS
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The aim of this thesis is to validate new non im@®diomarkers of therapeutic response. In
recent advances, various targeted magnetic prokees shown to be useful for imaging of
tumor response to treatment. However, as spegifenitl sensitivity of these biomarkers are
often insufficient, new targeted contrast agengssditl greatly needed.

This work is actually a collaboration between otoup and the NMR and Molecular
Imaging Laboratory at the University of Mons (Psder R. N. Muller), where the new
targeted contrast agents were synthesized andatearad. Our specific role was to assess
the value of these agents in vitro and in animadlehs

In a first study, we evaluated a new molecular laddar of inflammation in order to
become familiar with the techniques needed for #ssessment of targeted magnetic
nanoparticles. More specifically, USPIO particlased as negative contrast agents in MR,
were linked to a slemimetic in order to selectively recognize E-sdtectn adhesion
molecule implicated in the early inflammatory prese

The main emphasis though, was the early detectidnnoor response, and thus the
prediction of the likely outcome of anti-canceratiraents, with particular focus on cell death.
It is now well established that cytotoxic anti-cantherapies induce apoptosis, or cell death
in general, and that disruption of apoptotic praggecan reduce treatment sensitivity. In our
studies, we attempted to investigate whether oiveotvere able to detect cell death in treated
tumors, which accounts for the tumor response. lkmaak of apoptosis is the exposure of
phosphatidylserine on the outer leaflet of the plasnembrane bilayer. This event can be
detected by MRI when using appropriately targeteadlgmetic agents that bind to this
externalized phospholipid. In the course of thissth, we followed the accumulation of
phosphatidylserine-targeted and control USPIO gastiin treated and untreated tumors by
using a combination of electron paramagnetic resomdEPR) and MRI and results were
correlated with apoptotic fractions in tumors. Werg also interested in the value of the
biomarker in tumor models that have a totally ddfeé response to various anti-cancer
treatments. First we evaluated the value of thiemiagirker in different tumor models
presenting different sensitivities to radiotherappd then in tumors treated with different
chemotherapeutic agents. Results were correlatédswivival curves or with the fraction of
dead cells after treatment. We also compared s targeted system with other markers of
therapeutic response, such as diffusion MRI andirdhgpectroscopy, in terms of specificity,

selectivity and local heterogeneities of response.

55



56
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1) Early in vivo detection of inflammation

In vivo Detection of Inflammation Using Pegylated
Iron Oxide Particles Targeted at E-selectin.
A Multimodal Approach Using MR Imaging and EPR Spectr oscopy

K.A. Radermacher, N. Beghei8, Boutry, S. Laurent,
L. Vander Elst, R.N. Muller, B.F. Jordan, and Blléa

Invest Radiol. 2009 Jul;44(7):398-404.
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ORIGINAL ARTICLE

In Vivo Detection of Inflammation Using Pegylated Iron Oxide
Particles Targeted at E-Selectin

A Multimodal Approach Using MR Imaging and EPR Spectroscopy

Kim A. Radermacher, MSc,* Nelson Beghein, MSc,* Sebastien Boutry, PhD, 7 Sophie Laurent, PhD, 1
Luce Vander Elst, PhD,T Robert N. Muller, PhD, 1 Benedicte F. Jordan, PhD,* and Bernard Gallez, PhD*

Objectives: Ultrasmall particles of iron oxide (USPIO) possess superpara-
magnetic properties and are used as negative contrast agent in magnetic
resonance imaging (MRI) because of their strong T, and T,* effects. Besides
this method, electron paramagnetic resonance (EPR) offers the unique
capability to quantify these particles. The objective of this study was to
evaluate a molecular marker for non invasive diagnosis and monitoring of
inflammation. During inflammation cell adhesion molecules such as E-
selectin are expressed on the endothelial cell surface. An E-selectin ligand
was coupled to pegylated USPIO particles.

Materials and Methods: Inflammation was induced by intramuscular injec-
tion of Freund’s Complete Adjuvant in male NMRI mice. After intravenous
injection of grafted or ungrafted USPIO particles, iron concentration in inflamed
muscles was quantified ex vivo by X-band EPR. Particle accumulation was also
assessed in vivo by L-Band EPR, as well as by T,-weighted MRIL

Results: We determined the mean iron oxide concentration in inflamed
muscles after injection of grafted or ungrafted UPSIO particles, which was
0.8% and 0.4% of the initially injected dose, respectively. By L-band EPR,
we observed that the concentration of the grafted USPIO particles in
inflamed muscles was twice higher than for the ungrafted particles. Using
MRI experiments, a higher signal loss was clearly observed in the inflamed
muscle when grafted particles were injected in comparison with the un-
grafted particles.

Conclusion: Even taking into account a non specific accumulation of iron
oxides, the targeting of USPIO particles with E-selectin ligands significantly
improved the sensitivity of detection of inflamed tissues.

Key Words: EPR, MRI, USPIO, molecular imaging, E-selectin
(Invest Radiol 2009;44: 398 —-404)

olecular markers of inflammation are needed to be able to

diagnose and monitor inflammation in a noninvasive manner
before the occurrence of irreversible anatomic changes.' Physical
examination is often subjective and serum markers of inflammation
do not provide information about the localization of the inflamed
zone.” Molecular markers for imaging could, therefore, be helpful in
diseases where the inflammatory action of misdirected leukocytes
can destroy healthy tissues, such as in atherosclerotic plaques,® graft
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rejection,® ischemia-reperfusion injury,” multiple sclerosis,® and
rheumatoid arthritis.” Ultrasmall particles of iron oxide (USPIOs)
have been proposed as molecular markers as these particles are
phagocytosed by macrophages recruited during the inflammatory
process.>®* 1% This approach is, however, limited in sensitivity and
specificity due to the lack of a specific target. An alternative and
promising approach is to develop MR contrast agents that are
selectively targeted at receptors involved in the inflammatory pro-
cess.''"™'* Several cell adhesion molecules are overexpressed on
leukocytes and endothelial cells during the inflammatory process.'*
Among these molecules, endothelial selectin (E-selectin) mediates
the “slow rolling” of leukocytes in blood by encouraging adhesion to
the vascular endothelium. This adhesion process provides the first
step of granulocyte, monocyte, and T lymphocyte recruitment to-
ward an inflamed site.'>"'® De novo E-selectin expression is stimu-
lated by proinflammatory cytokines, like tumor necrosis factor
(TNF)-« or interleukin-18.""'® The up-regulation of E-selectin lasts
from 4 to 30 hours after induction of inflammation and can be used
as an early marker of inflammation.'> The natural ligand of E-
selectin is the tetrasaccharide, sialyl Lewis X (sLeX).'” This carbo-
hydrate structure is linked to certain leukocyte surface proteins by
specific glycosylation enzymes.'®

In the present study, multimodal molecular approach, with
MRI and electron paramagnetic resonance (EPR) using a mimetic of
the sLeX molecule coupled to a USPIO, was used to detect inflam-
mation. This mimetic has previously been coupled with other mag-
netic reporters, such as gadolinium complexes, and successfully
used to detect inflammation.>'*° USPIOs directed against E-
selectin have been proposed recently, using a coating functionalized
with antibodies against E-selectin®' or with the sLeX mimetic
molecule.?? In this study, we coupled the sLeX mimetic on USPIOs
that were also coated with the hydrophilic polyethylene glycol
(PEG) polymer to prolong the plasma circulation time and minimize
the nonspecific accumulation of iron oxide in tissues.>>° The
functionalized particles were characterized for their relaxometry
properties and their hydrodynamic size. The ability of these func-
tionalized particles to detect inflammation was evaluated in an in
vivo model of local inflammation in muscle induced by injection of
Freund’s complete adjuvant (local stimulation of TNFa production).
The quantitative detection of iron oxide particles in the tissues was
carried out ex vivo using EPR spectroscopy. Finally, the efficacy of
the targeted MR contrast agent was evaluated using in vivo EPR
spectroscopy and T,-weighted imaging.

MATERIALS AND METHODS

Synthesis of the Contrast Agent, USPIO-PEG-sLeX
USPIO-PEG750-sLeX was prepared from nanoparticles with
carboxylated groups on their surface (previously described in Ref-
erence 26). The USPIOs were modified in 2 successive steps (Fig.
1): First, the USPIOs were grafted with the mimetic of the sLeX
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FIGURE 1. Synthetic preparation of USPIO-PEG-sLeX.

molecule;?’ second, they were coupled to aminoPEG 750 (Fluka,
Bornem, Belgium).

Briefly, 10 mg of the sLeX mimetic and 6 mg of N-(3-
Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride were
added to 15 mL of nanoparticles ([Fe] = 0.175 M), and the mixture
was stirred overnight. The nanoparticle suspension was ultrafiltered
on a 30-kD membrane. AminoPEG750 (0.503 g) and ethylcarbodi-
imide hydrochloride (0.327 g) were added to the nanoparticles and
the reaction was stirred for 17 hours. The mixture was ultrafiltered
on a 30 kD membrane to remove low-molecular weight material.

Characterization of the USPIO-PEG-sLeX

Hydrodynamic size was measured by photon correlation
spectroscopy on a Brookhaven system BI-160 (New York) equipped
with a He-Ne laser (A = 633 nm, 35 mW), a goniometer, and a
correlator BI-9000AT-BC. The Nuclear Magnetic Relaxation Dis-
persion (NMRD) profile was recorded at 37°C on a Fast Field
Cycling Relaxometer (Stelar, Mede, Italy). Longitudinal relaxivities
were measured over a magnetic field range from 0.24 mT to 0.24 T.
The data obtained at 0.5 and 1.5 T were measured with Minispec
PC-20 and Mq 60 Series systems (Bruker, Karlsruhe, Germany).
The magnetization curve was recorded on a VSM-NUVO magne-
tometer (MOLSPIN, Newcastle Upon Tyne, UK).

Inflammatory Model

Freund’s complete adjuvant was obtained from Sigma-Aldrich
(Schnellendorf, Germany). FCAs are water-in-mineral oil emulsions
(W/O emulsions) containing heat-killed mycobacteria (Mycobacterium
tuberculosis, H34Ra, ATCC25177) at 1 mg/mL.

Animals and Protocol

Male NMRI mice (20-25 g) were provided by Janvier
(France). For all experiments 5 to 6 mice were used per group. FCA
(50 uL) was injected intramuscularly into the right rear leg (gastroc-
nemius muscle) of mice to stimulate E-selectin expression.?® The
left, noninflamed muscle served as control muscle. Twenty-four
hours after induction of inflammation, the USPIO-PEG-sLeX or the
ungrafted USPIO-PEG was injected intravenously into a tail vein at
a dose of 7.7 mg Fe/kg body weight. The animal protocols were

© 2009 Lippincott Williams & Wilkins
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approved by the ethical committee of the Université catholique de
Louvain. All experiments were conducted according to national
animal care regulations.

Some commercial iron oxide particles were also studied to
assess the influence of their size and coating on their kinetics. We
used 3 types of preparation: ferumoxide (Guerbet; mean particle
size: 80—150 nm, coating: dextran), ferucarbotran (Schering; mean
particle size: 60 nm, coating: carboxydextran), and ferumoxtran-10
(Guerbet; mean particle size: 20—40 nm, coating: dextran). Each
preparation was injected intravenously (7.7 mg Fe/kg) in mice. Mice
were killed at different time points (5 minutes, 30 minutes, 1 hours,
2 hours, 3 hours, 5 hours, 18 hours, and 24 hours) and the iron
concentrations in blood, liver, and spleen were measured by X-band
EPR as described for the USPIO-PEG-sLeX.

Histology

Muscles were sampled 1, 3, and 5 hours after FCA adminis-
tration, and on days 1, 3, and 7. Two mice were used for each time
interval. The mice were killed by cervical dislocation, and the
muscle was carefully removed. For comparison, the left gastrocne-
mius muscle of each mouse served as control. Muscle specimens
were fixed in 10% neutral buffered formalin for 24 hours, and then
embedded in paraffin. Tissues were sectioned at 5 um and the slides
were stained with hematoxylin-eosin. Analyses were performed on
an optical microscope (Nikon Alphashot-2 Y52).

Ex Vivo EPR

Twenty-four hours after induction of inflammation, iron ox-
ides were injected into the tail vein of the mice. Blood was collected
by retro-orbital puncture and afterward the animals were immedi-
ately killed by cervical dislocation (time delays: 1, 3, and 6 hours).
The liver, spleen, and both muscles (inflamed and control muscle)
were excised. The liver and spleen samples were homogenized in
NaCl 0.9% (5 times dilution). The tissue homogenates were aspi-
rated into a Teflon capillary (5 ¢m long and 0.625 mm diameter),
and inserted into a quartz tube that passed through the EPR cavity.
As muscles cannot be homogenized easily, the muscle samples were
freeze-dried, and the lyophilisate was crushed to obtain a fine
powder. A Bruker EMX X-band spectrometer was used for all
measurements. The instrument settings were: Fixed excitation fre-
quency, 9.4 GHz; microwave power, 5 mW; modulation field, 100
kHz; center field, 3150 G; field width, 5000 G; modulation ampli-
tude, 30.81 G; conversion time, 20.48 milliseconds; time constant,
20.48 milliseconds; 4096 data points and a total acquisition time of
84 seconds. Measurements were performed at room temperature.
Calibration curves (using aqueous suspensions or solid material)
were built with known amounts of iron oxide particles. The calibra-
tion curve for an aqueous suspension of USPIO-PEG-sLeX is shown
in Figure 2.

In Vivo EPR

In vivo EPR spectra were recorded using an EPR spectrom-
eter (Magnettech, Berlin, Germany) equipped with a low frequency
microwave bridge operating at 1.2 GHz and an extended loop
resonator. Twenty-four hours after FCA injection, anesthesia was
induced using 3% isoflurane (in air), and then maintained using
1.8% isoflurane. USPIO-PEG-sLeX or nongrafted USPIO-PEG
were injected into the tail vein. The muscles were inserted into the
loop resonator, keeping the same position for all mice. In vivo EPR
spectra were recorded at 1, 2, 3, and 4 hours under the following
conditions: Fixed excitation frequency, 1.2 GHz; microwave power,
24 mW; modulation field, 100 kHz; center field, 53 mT; field width,
20 mT; modulation amplitude, 0.42 mT; 1024 data points and a total
acquisition time of 60 seconds.
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FIGURE 2. Quantitative analysis of iron oxide by EPR spec-
trometry. Calibration curve of the signal intensity as a func-
tion of iron content.

In Vivo MRI

Twenty-four hours after FCA injection, the animals were
anesthetized with isoflurane (3% induction, 1.8% maintenance). MR
images were obtained on a Bruker BIOSPEC system equipped with
a horizontal 4.7 T magnet. The images were acquired using a
T,-weighted RARE sequence. The parameters were repetition time,
TR = 3.2 seconds; echo time, TE, 66.9 milliseconds; bandwidth, 50
kHz; FOV, 5 c¢m; matrix size, 128 X 128; 2-mm slice thickness;
acquisition time, 6 minutes 49 seconds. After a precontrast se-
quence, USPIO-PEG-sLeX or nongrafted USPIO-PEG were in-
jected into the tail vein of the mice. Postcontrast images of the
muscles were acquired at different time delays (every 30 minutes
until 3 hours) after injection of the iron oxides. As a control, we
placed a phantom tube containing CuSO, (100 mg/L) alongside the
animals and measured the phantom signal before and after the
contrast media injection. For the analysis, Paravision software was
used to measure the signal intensities (SI) in the different regions of
interest chosen in the control muscle, the inflamed muscle, and the
phantom. Muscle SI was normalized to the SI of the phantom,
yielding a relative intensity (RI) for each muscle. Negative contrast
enhancement values were calculated for each time point using the
following equation:

% enhancement values = ([RI post — RI pre])/RI pre) X 100.

For MRI data analysis the T, relaxation time has been
calculated from the multispin-echo datasets using in-house software

based on the interactive data language (Research Systems, Boulder,
CO). Regions of interest were drawn within the inflamed tissue and
the mean T, value was calculated before and after contrast-enhance-
ment of the inflamed muscles to evaluate the T, shortening produced
by the grafted or ungrafted USPIO particles.

Statistical Analysis

All results are given as mean values = SEM from 5 to 6
animals per group. Comparisons between groups were made with
Student 2-tailed ¢ test and a P < 0.05 was considered as significant.
The following symbols are used in the figures: *P < 0.05, **P <
0.01, ***P < 0.001.

RESULTS

Characterization of the USPIO-PEG-sLeX

The hydrodynamic size of the synthesized USPIO-PEG-sLeX
was 23 nm (polydispersity index = 0.128). The R;-NMRD profile of
USPIO-PEG-sLeX is shown in Figure 3 (left). The relaxivity values
at 37°C were: 1, = 36.8mM 's 'andr, = 872 mM s~ (at 20
MHz), and r;, = 154 mM 's 'and r, = 87.8 mM 's™! (at 60
MHz). The relaxivity is defined as relaxation rate of water protons
in I mmol/L solution of contrast agents and its value is expressed in
mmol/L in iron. Interpretation of the relaxation profiles (ie, evolu-
tion of the relaxivity as a function of the magnetic field) with
appropriate theoretical models®?*® provides information about the
main properties of the superparamagnetic crystals, such as their
specific magnetization (51.7 Am?/kg) and their size (d = 11.6 nm).
The corresponding values obtained by magnetometry (Fig. 3, right)
were Ms = 68.3 Am?*/kg for the magnetization and d = 9.8 nm for
the crystal diameter. As previously observed, the mean diameter
obtained by magnetometry was less than that obtained by relaxom-
etry. This difference can be explained by a distribution of crystal
sizes, which influences the mean size obtained by the various
methods.®' This size dispersion is also responsible for the lower
specific magnetization obtained by relaxometry compared with that
obtained by magnetometry.

Inflammatory Model

Histologic analysis confirmed the presence of a large area of
inflammation in the muscle injected with FCA. Inflammatory cells
were recruited near the site of injection which was identified by
remaining droplets of mineral oil. Inflammatory cell recruitment was
already visible 1 hour after administration of FCA, increased pro-
gressively up to 1 day after injection, and then remained unchanged
on days 3 and 7. A typical histologic image (obtained 1 day after
injection of FCA) is shown in Figure 4. As it was established that
E-selectin is highly up-regulated in this inflammatory model,*® and
as the up-regulation lasts from 4 to 30 hours after induction of the
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FIGURE 4. Histologic image of an inflamed mouse muscle
24 hours after administration of 50 uL of Freund’s Complete
Adjuvant. The white arrow indicates the inflammatory cells
recruited on the inflamed site and the black arrow shows
small lipid bubbles of remaining mineral oil.
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FIGURE 5. Typical EPR X-band spectra of the different tissues
recorded ex vivo at 3 hours after IV injection of USPIO-PEG-
sLeX.
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inflammation, we further used 24 hours after injection of FCA to
evaluate the distribution of the USPIOs.

Ex Vivo EPR

USPIOs exhibit an EPR spectrum, which directly reflects the
number of iron oxide particles in a sample (Fig. 2). EPR spectros-
copy has already been proposed as a method of quantifying the
accumulation of iron oxide inside tissues.*? Calibration curves were
built from saline and liver homogenates containing known concen-
trations of iron oxide particles. The calibration curves did not change
when the particles were dispersed in saline or in liver homogenates
(data not shown). The EPR spectra were characterized by an average g
value of 2.13. Typical EPR spectra recorded in different tissues
(blood, spleen, and liver) are shown in Figure 5. The evolution of the
concentration of USPIO-PEG-sLeX in different tissues is shown in
Figure 6. In blood (Fig. 6, left), we observed a decrease in circulat-
ing USPIO-PEG-sLeX over time. The iron oxide remaining in the
circulation 1 hour after IV injection, expressed as a percentage of the
initial blood concentration just after injection, was 17.7% = 0.7%
for USPIO-PEG-sLeX and 17.5% = 0.8% for USPIO-PEG (mean =
SEM, n = 5). Under the same conditions, the remaining circulating
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FIGURE 6. Time course of USPIO-PEG-sLeX concentration in
different tissues as measured by ex vivo X-band EPR spec-
troscopy. Left: measurements in blood (M). Right: measure-
ments in the liver (A) and in the spleen (A). The results are
expressed as mean = SEM, n = 5.
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FIGURE 7. Time course of USPIO-PEG ((J) and USPIO-PEG-
sLeX (M) concentration in inflamed muscle as measured
by X-band EPR ex vivo. The results are expressed as % of
the concentration found in control muscle (mean = SEM,
n = 5).

+

iron oxides were 4.7% *+ 0.4%, 2.7% =+ 0.2%, and 0.9% = 0.1% of
the initial blood concentration for ferumoxtran-10, ferucarbotran,
and ferumoxide, respectively. The concentration of USPIO-PEG-
sLeX was less than 3% after 6 hours, and it was completely cleared
from the blood 24 hours after administration (data not shown). In the
spleen, the concentration of USPIO-PEG-sLeX reached a plateau by
3 hours after injection and then remained stable for the rest of the
observation period (6 hours). In the liver, the concentration of
USPIO-PEG-sLeX increased over time, but the rate of accumulation
appeared to slow slightly 3 hours after administration. After this
preliminary USPIO-PEG-sLeX biodistribution study, we evaluated
the inflamed muscles. The results are expressed as a percentage of
the iron oxide concentration detected in the noninflamed control
muscle (Fig. 7). The accumulation of iron oxide particles in the
inflamed muscle was significantly higher after administration of
USPIO-PEG-sLeX compared with ungrafted USPIO-PEG. Three
hours after injection of the contrast media, the mean muscular iron
content was 561% = 60% (mean = SEM, n = 5) for mice injected
with USPIO-PEG-sLeX, and 308% = 18% for mice injected with
ungrafted USPIO-PEG. In other words, the iron content was about 6
times higher in the inflamed muscle than in the control muscle,
using USPIO-PEG-sLeX, and when using USPIO-PEG control
particles, iron concentration is still 3 times higher in inflamed
muscles than in control muscles. The amount of iron accumulated
in the inflamed muscle was about 0.8% of the injected dose when
using USPIO-PEG-sLeX compared with 0.4% obtained with
USPIO-PEG particles.

In Vivo EPR

Using EPR spectrometers operating at low frequency, it is
possible to record EPR spectra directly in vivo. We looked at the
feasibility of detecting USPIO directly in vivo using these systems.
Interestingly, the EPR signal was easily visible in inflamed muscles,
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FIGURE 8. In vivo EPR study after administration of the
USPIOs. Left: typical EPR L-band spectra recorded at 3 hours
after USPIO injection. Right: Mice with inflamed muscle were
injected with either USPIO-PEG-sLeX (M) or with USPIO-PEG
as control particles (CJ) and time course of iron concentra-
tion in inflamed muscles was measured by L-band EPR. Re-
sults are expressed as mean = SEM, n = 6 mice/group.
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FIGURE 9. Effect of the USPIOs on the MR contrast in in-
flamed muscle. Left: typical T,-weighted images before (top)
and 3 hours after (bottom) the administration of USPIO-PEG-
sLeX. The control muscle is located on the left, the inflamed
muscle on the right. The white circles indicate the regions of
interest in the inflamed muscles with an obvious signal de-
crease after administration of USPIO-PEG-sLeX. Right: bar
graph showing the time course of the negative contrast en-
hancement produced by USPIO-PEG-sLeX (black) and un-
grafted USPIO-PEG (white) in T,-weighted images. The ef-
fect on the control muscle is indicated by the striped bar
graph. Results are mean + SEM, n = 5 mice/group.

compared with control muscles (Fig. 8, left). The SI was measured
as a function of time (Fig. 8, right). Between 3 and 4 hours after the
injection, the SI recorded in the inflamed muscle was twice as high
with USPIO-PEG-sLeX as with ungrafted USPIO-PEG.

In Vivo MRI

Iron oxide particles are characterized by a large magnetic
moment and a large size that leads to a shortening of the transverse
relaxation time (T,) and to considerable signal loss in T,-weighted
MRI sequences. MR images were obtained before and at different
times following the intravenous administration of iron oxide parti-
cles (Fig. 9, left). The SI decreased rapidly in the inflamed muscle
after administration of USPIO-PEG-sLeX. The signal loss was
—49% = 4% 60 minutes after the administration of the contrast
agent, and remained stable until the end of the 3 hours imaging
period (—54% = 4%). The decrease in SI was less pronounced when
using the ungrafted USPIO-PEG (—36% = 4%). There was also a
small, but significant, decrease in SI in the control muscle (around
10%) after injection of both contrast media.

Calculated T, values were obtained from mice before and 3
hours after administration of either USPIO-PEG-sLeX or USPIO-
PEG. The shortening of the transversal relaxation time T, in in-
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FIGURE 10. The graph shows mean AT, measurements of
either targeted or untargeted USPIO particles, with AT, = T,
precontrast—T, 3 hours postcontrast.

flamed mice muscle is about 41.8 = 5.2 milliseconds when targeted
particles were injected and only 21.1 * 5.1 milliseconds for the
untargeted ones (Fig. 10). Compared with the T, value measured on
precontrast images the particles produce a T, shortening of 62.9%
and 37.3%, respectively, which kind of reconfirms the percentages
obtained for the negative signal enhancement.

DISCUSSION

The major insights of the present study are (a) EPR and MRI
can be used complementarily to assess the amount and localization
of targeted iron oxide particles; (b) USPIO-PEG-sLeX accumulate
preferentially in inflamed areas, and may be used as inflammation-
selective MR contrast agents.

Multimodality approach involves the incorporation of at least
2 measuring modalities using labeled “reporter” agents. Useful
complementary information coming from a multimodal approach
may be related to localization (macroscopic imaging or histology),
absolute quantification, metabolism, or gene activation. NMR spec-
troscopy and imaging are able to provide important anatomic,
functional, and metabolic imaging, with very high spatial resolution
for several nuclei. To measure real concentrations of iron oxide in
tissues, other authors have used the incorporation of radioactive *°Fe
in the USPIO core®® or inductively coupled plasma-atomic emission
spectrometry.>* Here, we used EPR, a magnetic resonance method
that detects the presence of species carrying unpaired electrons with
high sensitivity. EPR spectrometry is interesting because it is more
sensitive than NMR (due to the difference in gyromagnetic ratio)
and because the EPR signal intensity quantitatively reflects the
amount of iron oxide particles, without any confounding effect.
Calibration curves were built with standard amounts of iron oxide
contrast agent to check the linearity of the response (Fig. 2). EPR is
generally used in vitro or ex vivo on freeze-dried samples or thin
tissue homogenates to avoid the dielectric loss observed in large
aqueous samples. Early work carried out on magnetite particles in
the nineties indicated that X-Band EPR was useful to monitor the
clearance of iron oxide particles from the blood*? and their accu-
mulation in the liver and in the spleen by ex vivo sampling.>> To
correlate the dynamics observed in MRI with EPR, we also used a
low frequency EPR spectrometer (1GHz) that allows a wave pene-
tration of 1 cm inside tissue, which was typically the size of the
muscles analyzed in the present study. To our knowledge, only one
in vivo study has reported the detection of superparamagnetic iron
oxide particles in the liver using an L-band spectrometer.*® So far,
EPR has never been used in the evaluation of targeted iron oxide
particles developed for molecular imaging.

To conduct a fair comparison between USPIO-PEG-sLeX
and USPIO-PEG, we first checked the EPR and NMR characteristics
of both iron oxide contrast agents. The r, relaxivities obtained for
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USPIO-PEG-sLeX are comparable to values obtained previously
with ungrafted USPIO-PEG or USPIO grafted with sLeX without
pegylation of the particles.?? This finding confirms that the branch-
ing did not induce a major change in the relaxometric properties of
these compounds. We also observed that the EPR signal intensity
and shape were not dependent on the coating of the surface of the
particle, nor on the tissue in which the USPIO was dispersed. This
observation allowed us to quantify and compare directly the content
of the contrast agent in different tissues.

The change in blood clearance as a result of the branching of
PEG polymers at the surface of the particles is obvious when the
amount of iron oxide particles remaining in the circulating blood is
compared for different preparations. Comparison with ferumoxt-
ran-10 is the most relevant as this compound has a size (20—40 nm)
comparable to that of USPIO-PEG-sLeX (23 nm). One hour after
administration, the blood concentration of USPIO-PEG-sLeX (and
of the ungrafted USPIO-PEG) was about 4 times higher than the
blood concentration of ferumoxtran-10. The PEG chains, which are
known to reduce plasma protein binding (opsonization), do indeed
delay clearance by macrophages. It should be noted that the pegy-
lation did not preclude the final accumulation of USPIOs in the
reticulo-endothelial system as we observed a large uptake by the
liver and the spleen (Fig. 6). Nevertheless, the increased half-life in
the blood is beneficial to the possible molecular recognition of
targeted sites.

To estimate the ability of USPIO-PEG-sLeX to specifically
detect local inflammation, we used ex vivo EPR, in vivo EPR and
MRI. Ex vivo EPR allowed the absolute quantification of iron oxide
particles in tissues by comparison with standard calibration curves
(Fig. 2). Interestingly, we obtained in vivo EPR signals from
USPIOs with a high signal-to-noise ratio using rapid scans (I
minute) in a noninvasive manner. It should be emphasized that the
absolute quantification by EPR is theoretically more difficult to
obtain in vivo than ex vivo, as the signal strongly depends on the
geometry of detection. However, we obtained a reasonable quanti-
fication by carefully placing the leg muscle in exactly the same
position from one study to another. The results obtained by both
techniques (Figs. 7, 8) are remarkably concordant. Finally, MRI
studies were carried out to evaluate the ability of this new contrast
agent to improve the contrast in inflamed tissues. The 3 methods led
to the same conclusions: (1) the ungrafted USPIO-PEG was more
concentrated in inflamed muscles than in control muscles; (2) there
was a higher accumulation (by a factor 2) of USPIO-PEG-sLeX
compared with ungrafted USPIO-PEG in inflamed areas. The large
concentration of ungrafted USPIO-PEG in inflamed muscles as
compared with control muscles can be explained by the fact that
inflamed muscle will recruit a large number of macrophages. These
macrophages will take up USPIOs in a nonspecific manner. Further-
more, inflammation causes vasodilation and increased vascular per-
meability. The resulting improvement in blood flux and transendo-
thelial passage enables a greater accumulation of iron oxide particles
in the inflamed tissue. Even taking into account the nonspecific
accumulation of USPIOs in local macrophages, our results clearly
indicate that the use of USPIO-PEG-sLeX improved the ability to
detect inflammation by a factor of 2 compared with ungrafted
USPIO-PEG.

In conclusion, USPIO-PEG-sLeX shows promise as an in
vivo tool for the noninvasive analysis of the expression of E-selectin
in different disorders. The long intravascular persistence time, se-
lective accumulation in inflamed tissues, and the high and prolonged
contrast provided in MRI studies support further studies using this
new type of contrast agent.
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Iron oxide particles covered with hexapeptides
targeted at phosphatidylserine as MR
biomarkers of tumor cell death
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The aim of the study was to evaluate the ability of a new MR contrast agent to detect cell death as a biomarker of the
efficacy of anti-cancer treatment. The phosphatidylserine-targeted hexapeptide (E3) was coupled to pegylated
ultrasmall iron oxide nanoparticles (USPIO) that can be detected by magnetic resonance imaging (MRI) and by
electron paramagnetic resonance (EPR). USPIO binding to staurosporine-treated TLT (transplantable liver tumor) cells,
evaluated by X-Band EPR, indicated twice as much binding of USPIO grafted with the E3 peptide, compared with
USPIO grafted with a scrambled peptide or ungrafted USPIO. In vivo experiments were carried out using TLT cells
implanted intramuscularly into NMRI mice, and tumor cell death was induced by irradiation. After intravenous
injection of the different types of USPIO, the accumulation of contrast agent was evaluated ex vivo by X-band EPR, in
vivo by L-band EPR and by T,-weighted MRI. In irradiated tumors there was greater accumulation of the targeted
USPIO particles compared with control particles or compared with the targeted particles in untreated tissues. In
conclusion, phosphatidylserine-targeting of USPIO particles can detect dying tissues. This molecular targeted system
should be evaluated further as a potential biomarker of tumor response to treatment. Copyright ) 2010 John Wiley &

Sons, Ltd.

Keywords: MRI; EPR; molecular imaging; cell death; ultrasmall iron oxide particles
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1. Introduction

The prediction of tumor response to a treatment is usually based
on reductions in tumor size evidenced by morphological imaging
(1). However, it can take several weeks before tumor shrinkage
becomes evident. There has been considerable interest in
obtaining an earlier indication of therapeutic efficacy and
evaluation of tumor progression. One method to track individual
tumor response for many types of cancer involves detecting a
decrease in [18F]—ﬂuor0deoxyglucose (FDG) uptake in treatment-
sensitive tumors by positron-emission tomography (PET) (2). An
alternative method is to image tumor cell death as a prognostic
factor of treatment outcome since radiotherapy and different
forms of chemotherapy have a common ability to induce
apoptosis and necrosis (3-5).

There are two major types of cell death: organized and
programmed cell death, called apoptosis, and chaotic injury-
induced cell death, called necrosis. Early in the apoptotic process,
the membrane-bound phospholipid, phosphatidylserine (PS),
flips from the inner layer to the outer layer of the plasma
membrane, regardless of how apoptosis is induced (6-9).
Although during necrosis PS remains restricted to the inner
leaflet of the plasma membrane, membrane rupture allows
access to PS and PS will inevitably also be detected in necrotic
cells (10). However, the ability to recognize all forms of cell death
would be advantageous when monitoring the efficacy of an
anti-cancer treatment.

Annexin A5 (anxA5), a PS-binding protein, has been developed
into a molecular imaging probe to measure apoptosis in vitro and in
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vivo (11,12). Radiolabeled anxA5 is one of the few radiotracers that
has been used in clinical trials and is still under development to
evaluate apoptotic cell death (13-16). In addition to highly sensitive
imaging methods such as SPECT (single-photon emission
computed tomography) (13) and PET (17,18) that detect radioactive
labeled biomarkers such as anxA5, the molecule can also be
coupled to near-infrared fluorochromes (19,20) or to MR contrast
agents (21) to allow detection of apoptotic cells in vivo. An MR
method for imaging apoptosis would eliminate patient exposure to
radiation and the need for frequent radiotracer synthesis.
Furthermore, the spatial resolution offered by magnetic resonance
imaging (MRI) is higher than for nuclear imaging methods.

Smaller PS-recognizing molecules have recently been suggested
(22-24) as alternatives to anxA5. In vivo imaging of cell death by MRI
has been achieved by PS-recognizing moieties coupled to
paramagnetic gadolinium-based contrast agents (25) or to super-
paramagnetic iron oxide particles (26). Even though gadolinium
complexes have potentially higher tumor accessibility due to their
smaller size when compared with ultrasmall superparamagnetic
iron oxide particles (USPIO), USPIO particles have a higher relaxivity
and they also avoid potential long-term toxic effects that can occur
when using gadolinium-derivatives (27).

The aim of the present study was to couple the PS-targeted E3
hexapeptide (peptide sequence: TLVSSL), previously selected by
phage display (24), to pegylated USPIO particles (USPIO-PEG750).
Pegylation of particles was carried out to decrease the rapid uptake
of USPIO by the reticulo-endothelial system, to prolong blood
circulation time, and hence to increase the probability of tumor
access and specific tumor targeting. Validation of this new MR
contrast agent was achieved by inducing cell death in vitro and in
vivo in the transplantable liver tumor model (TLT). The quantifi-
cation of iron oxides bound to dying tumor cells was achieved
using electron paramagnetic resonance (EPR) spectroscopy and
T,-weighted MR imaging.

2. Results

Figure 1 displays the experimental scheme to provide an overview
of all experiments carried out on mice within the scope of this
study.

2.1. Characterization of the contrast material

USPIO particles were first covalent-bonded to the peptide and
then particles where pegylated to prolong their blood circulation
time. Four or five peptides were grafted per USPIO nanoparticle.

Intramuscular injection Tumor irradiation

The proportion of polyethylene glycol (PEG) vs iron oxide was
about 1.5%.

The physicochemical and magnetic properties of USPIO-
PEG750-E3 and USPIO-PEG750-E3scramble are shown in Table 1.
The difference in hydrodynamic size between native and
conjugated nanoparticles is not significant. The magnetometry
and nuclear magnetic resonance dispersion (NMRD) profiles (i.e.
evolution of the longitudinal relaxivity, r;, as a function of
the magnetic field) are shown in Figs 2 and 3, respectively. The
parameters obtained from the fitting of the NMRD curves
were the crystal radius and the specific magnetization. The
corresponding values obtained by magnetometry were lower for
the mean radius and higher for the specific magnetization. These
differences can be explained by the size dispersion, which
influences the mean size obtained by the two methods (28).

2.2. Flow cytometry

We incubated fluorescein isothiocyanate (FITC)-anxA5 and
propidium iodide (PI) with untreated (Fig. 4A), serum-deprived
(Fig. 4B) and staurosporine-treated cells (Fig. 4C), and submitted
them to flow cytometry analysis. In Fig. 4(A), the majority of cells
were anxA5~ and PI~, indicating an intact plasma membrane and
a lack of PS exposure on the outer membrane. These cells appear
in the lower left quadrant of the plot, where the cells are
considered viable. Treatment with staurosporine and/or serum
deprivation was accompanied by an increase in the number of
cells in the lower right quadrant which are stained anxA5" and
PI” considered as apoptotic cells because they have lost their
membrane phospholipid asymmetry. For cell cultures grown in
serum-deprived medium and treated with staurosporine for 24 h,
more than 90% of the cells exhibited properties of apoptotic cells
(Fig. 4C).

2.3. In vitro studies

EPR spectroscopy has already been proposed as a method of
quantifying the accumulation of iron oxide inside tissues (29).
Calibration curves were built from saline containing known
concentrations of iron oxide particles (data not shown). Iron oxide
uptake in cells was calculated in wg Fe/10° cells (Fig. 5).
Staurosporine-treated  cells that were incubated with
E3-functionalized USPIO appeared to have the highest iron oxide
binding (4.10 £ 0.14, n=5) compared with untreated control cells
and also compared with apoptotic cells incubated with control
particles. For cells in serum-free medium incubated with
USPIO-PEG750-E3 (2.86 + 0.27, n =5), there was also a significantly

Intravenous injection USPIO-PEG750-E3

of TLT tumor cells (x-ray, 10Gy) of the contrast agent £ yspio.pecrso
1 J' l USPIO-PEG750-E3scamble
7 days 4 hours
f i h
J=0 J=7 eherentimings v weanosed)+ J=7
)
o .
M T T2-weighted MRI
X-band EPR | freeze-dying  Tumor (in vivo)
(ex ViVO) excision Imaging of contrast agent
— L-band EPR accumulation in tumors
Quantification of the R )
contrast agent in tumors (In VIVO)

Figure 1. Experimental scheme.

Kinetics curve of the
contrast agent in tumors

www.interscience.wiley.com/journal/cmmi

Copyright © 2010 John Wiley & Sons, Ltd.

Contrast Media Mol. Imaging (2010)

72



IRON OXIDE PARTICLES TARGETED TO TUMOR CELL DEATH REGIONS

Method

Table 1. Characteristic data of USPIO-PEG750-E3 and USPIO-PEG750-E3 scramble

USPIO-PEG750-E3 USPIO-PREG750-E3scramble

Hydronamic size Photon correlation spectroscopy
Malvern system (Zetasizer

Nanoseries ZEN 3600)

r; at 20 MHz Minispec MQ 20 spin analyzers
r, at 20 MHz (Bruker, Karlsruhe, Germany)
r; at 60 MHz Minispec MQ 60 spin analyzer
r, at 60 MHz (Bruker, Karlsruhe, Germany)

Crystal radius r
Specific magnetization, M;
Crystal radius, r
Specific magnetization, M,

NMRD profile Field Cycling
Relaxometer (Stelar, Mede, Italy)
Magnetometry Vibrating sample
magnetometer (VSM-NUOVO

24 nm 29nm
32.9/mm/s 33.9/mm/s
72.1/mm/s 70.3/mm/s
15.5/mwm/s 15.4/mwm/s
70.4/mwm/s 71.4/mm/s

541 nm 5.71nm
52.7 Am?/kg 51.3 Am%/kg
494 nm 5.11nm

60.29 Am?%/kg 61.12 Am?/kg

MOLSPIN/Newcastle Upon Tyne, UK)
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Figure 2. Magnetometry of USPIO-PEG750-peptides.
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Figure 3. NMRD profiles of USPIO-PEG750-peptides.
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Figure 4. Induction of apoptosis as measured by flow cytometric analysis: TLT cells were grown in normal medium (A), in serum-free medium (B) or in
serum-free medium treated with 5 pm of staurosporine (C). Scatterplots show log Annexin A5 fluorescence emission (x-axis) vs log propidium iodide
fluorescence emission (y-axis). Quadrants contain living (lower left), apoptotic (lower right), necrotic (upper left) and late apoptotic cells (upper right). The
percentage of events is indicated in the schematic boxes at the bottom of the figure.

higher particle binding than with USPIO-PEG750-E3scramble
(1614+0.09, n=5) and ungrafted USPIO-PEG750 (1.54+ 0.09,
n=>5) because serum deprivation induces cell death, but to a lesser
extent than staurosporine treatment. We also observed a small
nonspecific binding of USPIO-PEG750 in apoptotic cells compared
with control cells (Fig. 5). The amount of USPIO-PEG750 bound to
apoptotic cells was, however, very low compared with USPIO-
PEG750-E3.

2.4. Histology

Frozen tumor sections obtained from irradiated and untreated
mice were stained by the TUNEL method and then examined by
fluorescence microscopy (Fig. 6). Histological analysis confirmed
the presence of larger areas of apoptosis in tumors 24 h after
irradiation (Fig. 6B) when compared with nonirradiated tumors
(Fig. 6A). The proportion of apoptotic regions compared with the

5
4 -
3 -
2 d
1 -
0 =

Iron Concentration
(ug Fe/10%cells)

NC SF

Apo

Figure 5. Iron uptake (jg) in 10° TLT cells as measured by X-band EPR
(n=5). Negative control cells (NC), cells in serum-free medium (SF) and
apoptotic cells (Apo) treated with 5um of staurosporine in serum-
deprived medium were incubated with USPIO-PEG750-E3 (black bars),
nonfunctionalized USPIO-PEG750 (white bars) or with USPIO-
PEG750-E3scramble (gray bars).

total area of tumor tissue were 14 1% for control tumors and
10 + 3% after irradiation, this difference was significant.

A hematoxylin-eosin staining was also carried out on paraffin-
embedded tumor slices to determine the necrotic fraction before
and 24 h after X-ray irradiation. Here, contrarily to the quantification
of apoptosis, no difference could be observed between irradiated
(Fig. 6D) and control tumors (Fig. 6C). Percentages of necrotic
fractions were 23 + 8% and 23 + 9% respectively.

2.5. Ex vivo monitoring of tumor cell death after
irradiation

To determine when irradiation-induced tumor cell death reached a
maximum, the iron concentration in excised tumors was measured
by X-band EPR at different time points after irradiation. The
accumulation of iron oxide particles in the irradiated tumors
was significantly higher after administration of USPIO-PEG750-E3
compared with nonfunctionalized USPIO-PEG750 or USPIO-
PEG750-E3scramble for all time delays after tumor irradiation
(Fig. 7). The maximal concentration of USPIO-PEG750-E3 in the
irradiated tumor was observed 7h after irradiation (3h after
contrast media injection). The iron content per mg of tissue was
87 + 7 ng of iron (n=8) for mice injected with USPIO-PEG750-E3,
18+ 1 and 18+ 3 ng for mice injected with ungrafted USPIO-
PEG750 (n = 8) or USPIO-PEG750-E3scramble (n=7), respectively.
In other words, the iron content was about five times higher in the
irradiated tumor using USPIO-PEG750-E3 than when using
nontargeted control particles. In nonirradiated tumors, the iron
content per mg of tissue was 33+6ng, (n=6), 17+ 2ng (n=6)
and 15+ 2ng (n=10) for USPIO-PEG750-E3, USPIO-PEG750 and
USPIO-PEG750-E3scramble, respectively. This is consistent with
‘physiological’ apoptosis occurring during the tumor development.

2.6. In vivo time course of iron accumulation in tumors

L-band EPR enabled us to detect USPIO particles directly in vivo.
Consistent with our previous ex vivo experiment, the contrast
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Figure 6. Fluorescent TUNEL-stained section from untreated mouse (A) and from treated mouse, 24 h after X-ray irradiation (B). TUNEL-positive nuclei
are stained in red (magnification: 200 x ). The figure also shows hematoxylin/eosin-stained slices of irradiated (D) and control tumors (C). The encircled

area delimits the tumor region and the arrowheads the necrotic fraction.

agent was injected 4 h after irradiation. The signal intensity (SI) of
iron oxide content in tumors was measured as a function of time
up to 24 h after contrast media injection in order to establish a
kinetics curve (Fig. 8). The only group significantly different from
the others was the irradiated animals injected with the
PS-targeted USPIO particles (n=6). This difference became
significant 2 h after contrast agent injection and signal intensity
dropped to the same level as the control groups at 24 h.

2.7. In vivo imaging

To examine whether USPIO-PEG750-E3 might serve as an MRI
contrast agent, mice were imaged 4 h after tumor irradiation. MR
images were obtained from irradiated or untreated (image not
shown) animals before intravenous administration of USPIO-
PEG750-E3 (Fig. 9 A1), USPIO-PEG750 (image not shown) or
USPIO-PEG750-E3scramble (Fig. 9 B1). A signal decrease was

100 +
80
60
40 4
20 -
0 -

Iron concentration
{ng Fe/mg tissue)

5 7 27 Ctl
Time after irradiation (h)

Figure 7. EPR X-band spectra of the different tumors were recorded at 5,
7 or 27 h after X-ray irradiation. Nonirradiated tumors served as negative
control (Ctl). Black bars represent animals injected with USPIO-PEG750-E3,
white bars unlabeled USPIO-PEG750 particles and gray bars USPIO-
PEG750-E3scramble. Iron concentration is expressed as ng of iron in
1 mg of tumor tissue (n =6-10).

observed in tumors 7 h after irradiation and 3 h after injection of
the USPIO-PEG750-E3 contrast agent (Fig. 9 A2) compared with
the mice injected with control particles (Fig. 9 B2). The use of
T,-weighted subtraction images highlighted even better the
difference in USPIO-PEG750-E3 accumulation in irradiated tumors
(Fig. 9 A3) compared with USPIO-PEG-E3Scramble (Fig. 9 B3).
Negative signal enhancement data were normalized to the
reference tube and calculated as a percentage of the
pre-injection SI values (Fig. 10, left). The SI decreased rapidly
after administration of USPIO-PEG750-E3. For irradiated animals,
the signal loss was —45+3% (n=6) 180min after the
administration of the PS-targeted contrast agent and
—20+5% (n=6) for the nonirradiated control tumors. The
decrease in Sl was much less pronounced in the control particle
groups.

Calculated T, values were obtained from tumors before and 3 h
after administration of USPIO-PEG750-E3, USPIO-PEG750 or
USPIO-PEG750-E3scramble. The shortening of the transversal
relaxation time, AT,, in irradiated tumor was about 33 £2ms
when targeted particles were injected and only 9 + 2 ms for the

Signal intensity
(a.u)

012345672324
Time (h)

Figure 8. Kinetics curve of iron accumulation in tumors as measured by
L-band EPR in vivo. The results are expressed as signal intensity as a
function of time (n=5-6). Mice with irradiated (closed symbols) or
untreated (open symbols) tumors have been injected with USPIO-
PEG750-E3 (M,[]), USPIO-PEG750-E3scramble (A,A) or USPIO-PEG750
(@,0).
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Figure 9. Axial slices of irradiated murine tumors obtained by T,-weighted MRI. The images of the first row come from a mouse that was injected with
USPIO-PEG750-E3 (A) and those in the second row from a mouse where USPIO-PEG750-E3Scramble was injected (B). The black and white images show
anatomical images of irradiated tumors (A, B). At the side are the pre-contrast (A1, B1) and the 3 h post-contrast images (A2, B2). Subtraction images (A3,

B3) were obtained by subtracting the corresponding post-contrast images from the pre-contrast images.

nontargeted control particles (Fig. 10, right). Compared with the
T, value measured on pre-contrast images the particles produced
a T, shortening of 50 and 15%, respectively.

3. Discusion

We used a multimodal approach to validate this new contrast
agent. The ultimate goal was to benefit from the super-
paramagnetic properties of the USPIO and to use them as a
negative contrast agent in MRI because of their strong T, and T,*
effects. In addition to these effects on NMR images, we also used
the presence of unpaired electrons in these systems to detect
and quantify the particles (29). EPR spectrometry is interesting
because it is more sensitive than NMR (due to the difference in
gyromagnetic ratio) and because the EPR signal intensity is
directly proportional to the amount of iron oxide particles,
without any confounding effect. However, EPR is generally used

_20% 40
g i
Bg o E 30
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2§ 20% = 20
55 s
£ 40% T
=€ 810
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o 30 5'0
Time (min)

Treated Control

Figure 10. Left: mean negative contrast enhancement values were
obtained from regions of interest in MRI images that encompassed
the entire tumor region (n=5-6). Mice with irradiated (closed symbols)
or untreated (open symbols) tumors were injected with USPIO-PEG750-E3
(IM,[1), USPIO-PEG750-E3scramble (A ,A), or USPIO-PEG750 (@,0). Right:
diminution of T, relaxation times in irradiated and control tumors after
contrast agent injection. The graph shows mean AT, measurements of
USPIO-PEG750-E3 (black bars), nonfunctionalized USPIO-PEG750 (white
bars) or with USPIO-PEG750-E3scramble (gray bars), with AT, =T, pre-
contrast — T, 3 h postcontrast.

in vitro or ex vivo on freeze-dried samples or on thin tissue
homogenates to avoid the dielectric loss observed in large
aqueous samples. To correlate the dynamics observed in MRI with
EPR, we used a low frequency EPR spectrometer (1 GHz) that
allows a wave penetration of 1cm inside tissue, which was
typically the size of the tumors analyzed in the present study. To
our knowledge, only one in vivo study has reported the detection
of superparamagnetic iron oxide particles in the liver using an
L-band spectrometer (30). In a previous study, EPR was used in
the evaluation of targeted iron oxide particles developed for
molecular imaging (recognition of E-selectin) (31). In the same
study, we showed that branching of PEG polymers at the surface
of USPIO produced a dramatic change in blood clearance. This
increased half-life in the blood is beneficial to the potential
molecular recognition of targeted sites. In another study, using
phage display technology, our group at the University of Mons
identified the E3 peptide as a peptidic vector for molecular
imaging of apoptosis. Competition studies between annexin A5
and the E3 peptide confirmed the specificity of interaction (24).
Here, we functionalized the surface of USPIO with PEG750 and
the E3 peptide.

The ability of pegylated USPIO-E3 to specifically detect cell
death was demonstrated in vitro, ex vivo and in vivo. A set of
control experiments was performed to confirm the selectivity of
recognition: control groups using cells or tumors without
treatments, and nontargeted particles using USPIO-PEG750
and USPIO-PEG750-E3scramble. In vitro, the USPIO-PEG750-E3
binding was the highest in the staurosporine-treated cell group
where the number of apoptotic cells present in the media was
very important (90%), as observed by flow cytometry. Even so, TLT
cells grown in different conditions do not show an USPIO-
PEG750-E3 accumulation that is exactly proportional to the
amount of apoptotic cells obtained by flow cytometry analysis.
This could be explained by the fact that we used different
samples of cells for these two experiments. Also some nonspecific
nanoparticle adsorption to control cells could be observed during
the in vitro EPR experiment. In the ex vivo study, the highest
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concentration of targeted particles in tumors was measured 7 h
after irradiation. This information was useful for the subsequent
experiments on the in vivo time course. The results obtained ex
vivo and in vivo (using both EPR and MRI) are remarkably
concordant for demonstrating the selectivity of USPIO-
PEG750-E3 for radiation-induced cell death compared with
USPIO-PEG750 and USPIO-PEG750-E3scramble. Subtle differ-
ences observed between the different techniques can be
ascribed to changes in the relative sensitivity of the techniques.
For instance, ex vivo X-band EPR is about 10 times more sensitive
than in vivo L-band EPR; therefore it is not astonishing that for the
X-band experience the difference between apoptotic tumors
injected with targeted particles and the control groups is more
significant than the difference obtained by L-band. The effect on
the MR images can be visualized directly in T,-weighted images
or by measuring the changes in T, in the tumor regions. The
substraction images are also useful to visualize the selective
accumulation of targeted USPIO in irradiated tumors.

The ability of nanoparticles to pass across the leaky tumor
endothelium but not across the vessels in normal tissues may
prevent the interaction of targeted particles with phosphatidyl-
serine-expressing cells in normal tissues (EPR effect). It should be
emphasized that irradiation may produce changes in tumor
blood flow, as demonstrated previously in the same tumor model
(32,33). However, we can exclude a flow effect as the cause of the
accumulation of USPIO-PEG750-E3 in irradiated tumors as we did
not observe the same effect when using nontargeted USPIO, such
as USPIO-PEG750 and USPIO-PEG750-E3scramble. It is well
known that irradiation may also cause elevated occurrence of
macrophage that can take up iron oxide particles in a nonspecific
manner. However, in our case we could not observe a difference
in binding of control particles for irradiated and untreated
tumors, which led us to assume that USPIO-PEG750-E3
accumulation in irradiated tumors is effectively due to PS
exposure. It is also known that iron oxide particles can be
endocytosed by tumor cells in a nonspecific manner (34).
Concerning the unspecific portion of USPIO-PEG750-E3 accumu-
lation in treated tumors, we cannot exclude endocytosis of the
contrast probe by tumor cells. However, in our study we could
demonstrate that the accumulation of targeted particles in
treated tumors was 2-3 times higher with targeted particles than
when control particles were used. This let us assume that at least
this part of particle accumulation is due to our PS-binding
peptide, otherwise the control particle would have been
accumulated to the same extent.

The difference in apoptosis induced by the irradiation was
confirmed by the immunohistochemistry analysis of tumor
samples. We cannot exclude that USPIO-PEG750-E3 particles may
accumulate in necrotic areas as the membrane rupture could
allow access to PS (10). However, this cannot be considered as a
disadvantage as the clinical end-point, when using a cytotoxic
treatment, is the ability to recognize all forms of cell death, of
whatever origin.

4. Conclusion

We demonstrated that the targeting of USPIO to cell death
regions can be achieved by grafting the hexapeptide, E3, to the
surface of pegylated particles. EPR quantification and MR imaging
studies demonstrate that E3-labeled USPIO is a promising
molecular probe for imaging phosphatidylserine expression in

living mice. Future works will assess the value of this new contrast
agent to monitor cell death in different tumor models presenting
different types of response to cytotoxic treatments. In the future,
it would also be interesting to compare this biomarker to other
metabolic markers such as ['®F]-FDG uptake using micro-PET
studies.

5. EXPERIMENTAL

All chemicals used in this study were purchased from
Sigma-Aldrich (Bornem, Belgium) unless otherwise indicated.

5.1. Characterization of the contrast material

USPIO-PEG750-E3 and USPIO-PEG750-E3scramble were prepared
from nanoparticles with carboxylated groups on the surface as
previously described (35). USPIO particles were functionalized in
two successive steps with the E3 peptide (TLVSSL) or the
E3scramble peptide (SVSLLT, Neomps, Strasbourg, France), and
then with an aminoPEG 750 (Fluka, Bornem, Belgium).
Hydrodynamic size measurement was carried out by photon
correlation spectroscopy (PCS). The NMRD profiles were recorded
at 37°C over a magnetic field range from 0.24mT to 0.24 T.
Additional longitudinal (R;) and transverse (R,) relaxation rate
measurements were measured at 0.47 and 1.41 T. Fitting of the
NMRD profiles using a theoretical relaxation model (36) allows
determination of the crystal radius (r), the specific magnetization
(Ms), and the Neel relaxation time. The magnetization measure-
ments were performed on a known amount of ferrofluid using a
vibrating sample magnetometer. Fitting of the profiles according
to the ad hoc theory provides several parameters, including the
crystal radius (r) and the specific magnetization (Ms) (37).

5.2. Cell culture

Semi-adherent TLT cells were grown in Dulbecco’s modified Eagle
medium (4.59/l glucose without pyruvate, Invitrogen) supple-
mented with 10% fetal bovine serum (PAA) and 1% of penicillin/
streptomycin (Invitrogen). For our experiments, cells were grown
to confluence and different groups of cells were prepared: a
control group, a serum-free group with cells deprived of serum for
24 h, and an apoptotic group where cells remained for 24h in a
serum-free medium containing 5 um of staurosporine.

5.3. Flow cytometry

Flow cytometry was performed to determine whether the cell
population was successfully stimulated to undergo apoptosis. A
total of 5x 10° cells were resuspended in binding buffer and
incubated for 10min with 1 pl of 50 wg/ml FITC-conjugated
anxA5 and with 2.5 ul of 100 wg/ml Pl to detect apoptosis or
necrosis (Annexin A5-FITC Apoptosis Detection Kit). Cells
incubated without any fluorescent label served as a negative
control. The resulting mixture was then subjected to flow
cytometry. For each sample, 10 000 events were counted using a
FACScan apparatus (BD Biosciences) and were analyzed by the
CellQuest software (BD Biosciences).

5.4. In vitro studies

EPR spectrometry can quantify iron oxide content with high
sensitivity. Measurements were performed on an X-band EPR
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spectrometer (Bruker, EMX™, 9.4 GHz). A calibration curve was
first established by measuring the signal intensity of different
USPIO concentrations in saline. A total of 10° cells were incubated
in calcium-containing buffer in the presence of 4mm of
USPIO-PEG750, USPIO-PEG750-E3 or USPIO-PEG750-E3scramble.
The mixture was incubated for 2 h at room temperature with
gentle orbital mixing. The separation between free USPIO and
USPIO bound to cells was achieved by using three successive
centrifugations (10 min, 3000g) and resuspensions. We checked
that there was no sedimentation of USPIO using this centrifu-
gation speed. Finally, cells were resuspended in a saline solution
containing 20% dextran to avoid cell sedimentation. Ten
microliters of the cell suspension were aspirated through a
Teflon tube (length 3 cm; diameter 0.625 mm) and the tube was
inserted into the cavity of the X-band EPR spectrometer. The
parameters used were: frequency, 9.4 GHz, microwave power,
5.05 mW; center field, 3150 G; field width, 5000 G; modulation
amplitude, 30.81 G; time constant, 20.48 ms; conversion time,
20.48 ms; modulation field, 100 kHz; total acquisition time, 83's.
Measurements were performed at room temperature.

5.5. Animals

TLT cells were intramuscularly injected into the right gastro-
cnemius muscle of 5-6 week old male NMRI mice (Janvier,
France). At a size of 8 + 0.5 mm, tumors received an X-ray-dose of
10 Gy using an RT-250 device (Philips Medical Systems, Hamburg,
Germany) to induce apoptosis. Mice were anesthetized using
isoflurane (induction 2%; maintenance 1.4%) and the tumor
was centered in a circular irradiation field (diameter 3cm). At
different time points after irradiation the animals received the
contrast agent (USPIO-PEG750, USPIO-PEG750-E3 or USPIO-
PEG750-E3scramble) by tail vein injection at a dose of 7.7 mg
Fe/kg. The procedure was approved by a local ethics review
committee according to national animal care regulations.

5.6. Histology

The induction of apoptosis was verified by staining with terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
assay. Irradiated and untreated tumors were excised, embedded
in OCT compound, frozen in liquid nitrogen-cooled isopentane
and cut into 5um sections. Frozen slices were probed for
apoptosis using a commercially available in situ cell death
detection kit (Roche Diagnostics,Vilvoorde, Belgium) according to
the manufacturer’s protocol; nuclei were also counterstained with
4,6-diamidino-2-phenylindole (DAPI) (data not shown). Slides
were photographed using a Zeiss Axioskop microscope equipped
for fluorescence. Twenty-four hours after irradiation, irradiated
tumors and control tumors were excised, fixed in 10% neutral
buffered formalin for 24 h and then embedded in paraffin. Tissues
were sectioned at 5 wm and stained with hematoxylin and eosin,
and slides were photographed using a Zeiss Mirax microscope.
For both, TUNEL and hematoxylin/eosin staining, slides from
three different tumors per group were used to calculate mean
apoptotic or necrotic levels in tumors respectively using Image J.

5.7. Ex vivo monitoring of tumor cell death after
irradiation

Iron oxide particles were injected into the mice at different time
points after tumor irradiation (2, 4 or 24 h). The animals were
killed 3 h after contrast agent injection and tumors were excised.

For the control group, animals were not irradiated. The excised
tumors were freeze-dried and then crushed into a fine powder.
The powder was weighted and then placed into the X-band EPR
cavity. We calculated the iron oxide content in each tumor by
comparison with the earlier calibration curve. The instrument
settings were the same as used for in vitro measurements.

5.8. In vivo time course of iron accumulation in tumors

L-band EPR (Magnettech, Germany) was used to track the
changes in tumor iron oxide content in real time. Four hours after
X-ray irradiation of the tumors, the different USPIO particles were
injected intravenously. Mice were anesthetized using isoflurane
and their right rear leg was passed through the loop surface coil
of the EPR spectrometer. Because the antenna has a loop shape,
the leg was held by the antenna and the leg was always placed in
the same way to insure similar tumor position during the 24 h of
measurements. The signal was recorded every hour up to 6 h and
once again at 24 h. Experimental parameters were: frequency,
1.2 GHz, microwave power, 24 mW; center field, 50 mT; sweep,
26 mT; modulation field, 100 kHz; modulation amplitude, 0.42 mT;
acquisition time, 60s.

5.9. In vivo imaging

All MR imaging experiments were performed at 4.7 Ton a Bruker
Biospec (Ettlingen, Germany) with a whole-body radiofrequency
coil for excitation and signal reception. A T,-weighted rapid
acquisition relaxation-enhanced sequence (relaxation time, TR,
4090.7 ms; echo time, TE, 50.5ms) was used to provide
anatomical images of the mice. Then a multi-spin-echo-sequence
was applied for accurate assessment of signal intensities (SI) and
T, relaxation times before and after contrast agent injection: TR,
3197.4 ms; TE, 6.69 ms; number of echoes, 30; field of view, 4 cm;
matrix, 128 x 128; slice thickness, 2mm; bandwidth, 50 kHz;
average, 1; total acquisition time, 6 min, 49 s. Mice were imaged
by MRI 4h after the irradiation. Mice were anesthetized using
isoflurane and a pre-contrast image was taken. At time 0, the
USPIO were injected through a catheter and an acquisition was
launched every 30 min for up to 3 h. Contrary to the L-band EPR
experiment, 3h was the endpoint of this MR imaging study
because it was not possible to keep the mouse under anesthesia
any longer. It was important to keep the mouse in exactly the
same position in order to allow ensuing image subtraction
between pre- and post-contrast images. As a control, we placed
a phantom tube containing CuSO, (100mg/l) alongside the
animals. The mean SI of the tumors was measured by
hand-drawn regions of interest (Paravision, Bruker) on images
arising from the tenth echo (TE=67ms) of the multi-echo
sequence. Subtraction images were obtained by subtracting
post-contrast images from corresponding pre-contrast images. T,
relaxation times for tumors were calculated from the multi-
spin-echo datasets using MATLAB. T, values were obtained by an
exponential fit of the signal amplitudes versus echo time.

5.10. Statistical analysis

All data are shown as means =+ standard errors of the mean.
Comparisons between groups were made with a two-way ANOVA
test and a p-value less than 0.05 was considered as significant.
The following symbols are used in the figures: “p < 0.05;
*p <0.01; **p < 0.001.
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ABSTRACT

Purpose: In a previous study, a new molecular marker of &p&ip has been evaluated in
vivo by MRI. This new contrast probe is based dmasmall particles of iron oxide particles
(USPIO) that were coupled to the phosphatidylsetangeted peptide E3. In the present
study, the impact of irradiation on different tunmaodels, presenting different responses to
radiotherapy, was assessed by monitoring tumodeeith.

Materials and methods: Three murine tumor models presenting different eegr of
radiosensitivity were used: a radioresistant fiaroesma (FSall), a moderately radiosensitive
hepatocarcinoma (TLT), and a highly radiosensitywephoma (EL4). Five animals per group
were used and tumor cell death was induced by Xrragiiation (10 Gy). Mice were bearing
two tumors, one in each leg. One tumor was irradiathile the other tumor was not treated
and was used as an internal control. The accuronlati the contrast agent in tumors was
determined on Fweighted MR images, by histology and by Electroaramagnetic
Resonance (EPR) spectroscopy 24 hours after itradia

Results: Radioresistant FSall tumors accumulated USPIO-E3hto same extent when
irradiated or untreated, whereas TLT and EL4 tunsbimved a marked increase in USPIO-
E3 uptake after irradiation. These MRI results warefirmed by histology and EPR.
Conclusions: USPIO-E3 particles were able to distinguish differeevels of radiotherapy-
induced response in experimental tumor models. Thadecular targeted system could
constitute a potential biomarker for the early asseent of tumor response to treatment, and

should be further characterized with a larger paheltotoxic treatments.

Key words: MRI, EPR, cell death, molecular imaging, tumaspense.
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INTRODUCTION

The standard procedure in the evaluation of tunemponse to treatment is based on
measurements of tumor size (1). Functional imagasgessing physiological or molecular
processes, could assess therapeutic response &fage lhhe occurrence of morphological
changes. To assess treatment efficacy, in additmmmorphological imaging, several
techniques are currently available: dynamic imagaigtumor vascularisation, diffusion-
weighted magnetic resonance imaging (DW-MRI) of duroellularity, magnetic resonance
spectroscopy (MRS) of molecular components in drsmpositron emission tomography
with radiolabeled fF]-fluoro-deoxy-glucose (FDG-PET) to provide infation about the
glucose metabolism of tissues or apoptosis detgatiaging using radiolabeled annexin A5
(anxAb) (2-6), caspase-3 seeking tracers (7-9), S@mse probes (10,11) or
phosphatidylserine (PS) recognizing peptides andteprs. Among the latter, novel
approaches include the C2A domain of synaptotagdrthiat binds to anionic phospholipids in
cell membranes (12,13), zinc coordination complé€4d3 and cationic liposomes (15).

In a previous study, peptide-expressing bacterigppawere used to detect
phosphatidylserine in some treatment-receptive turells. After phage display, the affinity
and specificity of the hexapeptide E3 (TLVSSL) fibre PS molecule was tested and
competition assays with anxA5 were carried out &cBated ELISA plates (16). In our
previous study, the PS-targeted peptide E3 wasugatgd to the surface of PEGylated
ultrasmall iron oxide particles (USPIO), a magnes@porter detectable by MRI and also by
electron paramagnetic resonance (EPR). EPR spegppdas already been proposed as a
method of quantifying the accumulation of iron axidthside tissues (17). PEGylation of
USPIO particles improved blood circulation time atiderefore potential nanoprobe
accumulation in the tumor (18, 19). The abilityREGylated USPIO-E3 to specifically detect
cell death by EPR and MRI has already been denaiasdtin vitro, ex vivo and in vivo. In
that former study, a set of control experiments wadormed to confirm the selectivity of
recognition; including control groups and non-taege USPIO particles (20). We also
previously established that the accumulation of IZBE3 in irradiated tumors correlated
well with an increase in apoptotic cells (20).

The aim of the present study was to assess the wAlWSPIO-E3 to detect different
degrees of responsiveness to radiotherapy. Fopthrabse, three experimental tumor models
presenting different degrees of sensitivity to o#lierapy were used to evaluate whether this

contrast agent was able to distinguish betweerrmifit levels of cell death. Tumor models
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include a highly radiosensitive EL4 lymphoma (24)noderately radiosensitive TLT tumor
(22), and a radioresistant fiborosarcoma FSall (Z8)o tumors were injected per mouse, one
in each gastrocnemius muscle to provide a noniated control tumor for each mouse.
Conjugation of FITC, a fluorescent dye, to the USH3 nanoparticles enabled to achieve

histological correlation to magnetic resonance iimgg

MATERIALS AND METHODS

Targeted iron oxide nanoparticles

PEGylated nanoparticles grafted with the E3 peptidth or without FITC) were synthesized
as previously described (20). The physicochemicapgrties of the USPIO-E3 included a
hydrodynamic size of 24 nm, an rl of 32.9 mM-1satl @& of 72.1 mM-1s-1 at 20 MHz

(37°C), and an r1 of 15.5 mM-1s-1 and r2 of 70.4+hd41 at 60 MHz (37°C).

Animal tumor models

Three different murine tumor models were implanted into both rear leg muscle of 4-
weeks-old male mice (Janvier, France): hepatocamten cells “TLT” (ascites; 24) were
injected in NMRI mice, fibrosarcoma cells “FSalP.{0cells/ml; 25) were injected into C3H
mice and lymphoma cells “EL4” (2.1€ells/ml; ECACC, United Kingdom) in C57/BI6 mice.
Minimum five mice were used for each group. Thecpdure was approved by a local ethics

review committee according to national animal cagulations.

I'n vivo magnetic resonance imaging

All tumor models were used for in vivo MRI experimie (n=5-7). When tumor diameters
reached the size of 8+0.5mm, tumors were treatecKdgy irradiation (RT-250 device,
Philips Medical Systems, Hamburg, Germany). Animakse anesthetized by isoflurane
inhalation (2.5% in air for induction and 2% for im@nance). The tumor of the right rear
paw was placed in a 3x3 cm lead-shielded irradiatield and tumors were irradiated with
10Gy (1.2Gy/min). The tumor of the left paw musel@s used as an internal control. The day
after radiotherapy, mice were again anesthetizéd wwoflurane and placed in a whole-body
antenna of a MRI system (Bruker Biospec 4.7T, ig#in, Germany). A CuS@100mag/liter)
phantom, used as reference tube, was placed bethvegraws of the mouse. The position of
the mouse was checked by coronal and axial anaébslices using a sfweigthed fast spin-
echo sequence (repetition time (TR): 4090.7 msp éche (TE): 50.5 ms; matrix:128x128;
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field of view (FOV): 4x4cm; slice thickness: 2mnotdl acquisition time (TA):1 min 2 sec).
Pre-contrast images were taken by a multi-echavdighted fast spin echo sequence (TR:
3197.4 ms; TE: 6.69 ms; number of echoes 30; ma#dx128; FOV: 4x4cm; slice
thickness: 2mm; bandwidth 50 kHz; average 1; TAnif 49 sec). The multi-echo sequence
collects several data points at different echo simad T2-weightening increases with the
echo time (30 TE points from 6.69-200.7ms with @9é1s interval). After the pre-contrast
image the PS-targeted contrast agent USPIO- E3S#O-E3-FITC for ensuing histological
correlation was injected at a dose of 7.7mgFe/kouigih the tail vein of mice via a catheter to
maintain the animal in the same position. Seveoat-pontrast images were acquired by the
same multi-echo sequence at 0, 0.5, 1, 2 and Zhpmst contrast. Mean signal intensity was
measured within hand-drawn regions of interest [RO¢limitating the tumor region and
expressed as a percentage of the signal intengsuaned in the corresponding pre-contrast
images (Paravision, Bruker). Relative intensitieravcalculated using the intensity of the
phantom tube as reference. Subtraction of imageduation of the transversal relaxation
time T2 and T2 mapping were obtained using a hoeweldped routine in MATLAB.

Iron oxide deter mination by X-band EPR

After MRI experiments, the same tumors were alsader iron oxide measurement by EPR
spectroscopy. For that purpose, mice were sadlificemediately after MRI experiments,
tumors were excised, weighted and frozen at -18@&ft&r freeze-drying, the tumors were
crushed into a fine powder and inserted in thetganfian X-band EPR spectrometer (Bruker,
EMX®, 9.4 GHz) for sensitive quantification of thn concentration (n=3-5). Except for
thin tissue homogenates, freeze-drying is an essatep for in vitro or ex vivo X-band EPR
because of the dielectric loss observed in largeags samples. Iron content per mg of tumor
was calculated using an established calibratiomesuas previously described (24). The EPR
parameters used were: frequency, 9.4 GHz; microwawveer, 5.05 mW, center field, 3150
G; field width, 5000 G; modulation amplitude, 30.81 time constant, 20.48 ms; conversion
time, 20.48 ms; modulation field, 100 kHz; totaaisition time, 83 s. Measurements were

performed at room temperature. Iron content rariged 20 to 50 ng of iron per mg of tissue.

Histology

After MRI experiment, two mice per tumor model weassigned to histology. Tumors were
rapidly excised at the end of the in vivo imagingerience, embedded in OCT freeze
medium (Tissue Ték SakuraFinetek, Zoeterwoude, The Netherlands) and frozet&0°C.
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Five-micrometer tissue slides were cut, nuclei wettained with 46-diamidino-2-
phenylindole (DAPI)and slides were observed under a fluorescence scope (Zeiss

Axioskop) to confirm presence of USPIO-E3-FITC e tumor sections.

Statistical Analysis

All results were expressed as mean = SE. EPR amdsiilts were compared by a two-tailed
student test and MRI signal loss curves by a twg-MdOVA with p<0.05: %, p<0.01:% *;
and p<0.005% * *

RESULTS

I'n vivo magnetic resonance imaging

Pre- and post-contrast images were compared touaealthe contrast enhancement in
untreated tumor and irradiated tumor grown in thme animal. The signal reduction igT
weighted imaging and shortening of the Value were used to follow and estimate the
accumulation of USPIO-E3 nanoparticles in the turacga. After image subtraction (pre-
post), the strongest signal was obtained for thadiated EL4 tumor which is the most
radiosensitive tumor (Fig 1A). The analysis of tiegions of interest showed that, 3 hours
after injection of the contrast agent, signal losstreated versus untreated mice was 54%
versus 39% for EL4, and 44% versus 31% for TLT (ER). In FSall-bearing mice, the
signal loss was identical in irradiated and untgdatumors. Multi-echo Jimages of axial
slices were used for calculation of maps (Fig 2A). Quantitative analysis of the chanige
T, relaxation timesAT, = T, before injection — Tafter injection of USPIO-E3) in tumors
revealed significantly higher shortening of ih irradiated TLT and EL4 tumors than in
control tumors, indicating a higher uptake of téegenanoparticles (Fig 2B). Again, there
was no difference imM\T, between irradiated and untreated radioresistantl E&aors. We
also observed that the effect of USPIO-E3 efsfortening in FSall tumors was comparable
to the effect observed in the treated radiosemsttimors EL4 and TLT (Fig 2B).

Iron oxide deter mination by X-band EPR

EPR provides a simple and highly sensitive approéehdetermine the iron oxide
concentration inside the tumor (Fig 3). Differengesiron oxide accumulation (untreated
versus irradiated) were significant only for theotwadiosensitive tumor models EL4 and

TLT, where the iron concentration doubled afteradiation. The differences between
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irradiated tumors and untreated tumors were naiifsignt for the radioresistant FSall model.
Moreover, it could be observed that the % increms@&on oxide content in tumors in
irradiated tumors compared to untreated tumorsiwascordance with their radiosensitivity
(EL4A>TLT>FSall) (Fig 3).

Histology

Histology on tumor specimens harvested after MRdlisis confirmed the presence of USPIO-
E3-FITC in irradiated tumors (Fig 4). In controhtars, only a few nanoparticles were found
for EL4 and TLT. There was a large increase in \SEB-FITC after irradiation in these two
tumor models. In the radioresistant FSall moded, fthorescent staining was almost the same
for treated and untreated tumors. Moreover, theréiscent staining was rather large in

untreated FSall tumors.

DISCUSSION

Individualization of treatment in patients will g@ly benefit from the availability of
biomarkers that can early assess the responsenuairguto cytotoxic treatments. In our
previous work, we already evaluated the value an iroxide particles targeted at
phosphatidylserine, USPIO-E3, to detect treatmedixced apoptosis in vitro and in vivo:
Increased accumulation of PS-targeted particlesreated TLT cells correlated well with
FITC-labeled AnxA5 binding in vitro, as shown byl cytometry, and with apoptotic cell
fractions quantified on TUNEL-stained histologiséites, whereas no increase was found in
irradiated tumors when using ungrafted control iples or USPIO particles linked to a
scrambled peptide (20).

To mimic different clinical situations in this nestudy, we used 3 different tumor
models which present different degrees of respaftse irradiation. To get an unambiguous
assessment, we used a multi-modal approach: thematation in treated and untreated
tumors was achieved by the measurement of ironeokigd EPR spectroscopy; fluorescent
particles were visualized by histology; and theefffof the contrast agents was determined by
T,-weighted MRI sequences. Every mouse was injectiél two tumors, whereof one was
irradiated and the other one served as untreatelotdumor within the same animal. In all
experiments, it was observed that accumulation SPID-E3 was increased in irradiated
tumors, compared to untreated tumors, in the twlieosznsitive tumor models TLT and EL4.
This was in sharp contrast with the results obthinsing the radioresistant fibrosarcoma
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FSall: the irradiation did not lead to any increasethe accumulation of USPIO-E3 in
irradiated tumors compared to untreated tumors.ti#eroobservation is the rather large
accumulation of USPIO-E3 in untreated FSall tumadei. Histology and analysis of MRI
measurements (signal loss, @valuation and Zmapping) showed clearly that accumulation
of particles targeted to cell death is as highreated and control FSall tumors as in irradiated
TLT and EL4 tumors. We first assumed that the ahikevel of PS-exposure in this type of
tumor is relatively high even before radiotherameuteatment. This result would be
concordant with some publication, wherein authansntl out that treatment-resistant solid
tumors can paradoxically present high levels ofpapsis (26). On the other hand, other
groups correlated high apoptotic levels at baselith positive treatment outcome, as
demonstrated by tumor regrowth delay (27,28). Alftewsing the literature, we found two
publications that reported apoptotic fractions &% for FSall and 6% for EL4 in untreated
control tumors (29,30), meaning that higher spogtas levels of apoptosis in FSall can not
be the correct explanation for the observed resBiissibly, the increased accumulation is
simply due to the fact that different mouse straiese used in this study, which can lead to
an inter-strain variability in kinetic profiles, gasion or permeability. Nevertheless, the
USPIO-E3 biomarker enabled to point out treatmesistance of the FSall model, as the
accumulation of targeted particles did not increadter irradiation, contrary to the
radiosensitive models TLT and ELA4.

Some minor discrepancies were observed using ffereatit techniques. The relative
difference between treated and untreated EL4 and tflimors was more important with X-
band EPR than with MRI. With EPR, we could obsehat the USPIO-E3 accumulation was
twice as high in irradiated tumors compared to @rtumors, whereas for MRI the signal
loss effect after irradiation was only about 40%hr than for untreated tumors. This is
probably due to the fact that EPR measurements iaweckground signal in the conditions
used (room temperature, EPR signal specific of made particles).

A likely limitation in the use of USPIO-E3 is thamly non specific uptake of this
compound by the tumors. Previously, we tried torionp the pharmacokinetic properties by
grafting PEG chains to the particle surface, andeperted that the accumulation in liver and
spleen was less pronounced and that plasma hadfswas longer for PEGylated USPIOs
compared to unPEGylated USPIOs (19). Yet, the aatatron in untreated tumors could be
due to several factors: accumulation can stem fegoptotic and necrotic cells already
present in the tumor before any treatment was laeaficit could be due to an unspecific

nanoparticle-uptake by the macrophages preseriteatumor site; another possible role is
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probably played by the so called enhanced perfuaimh retention (EPR) effect (31). The

nanoparticles will be guided in a non specific memto the tumor site because they can
extravasate through the leaky endothelium of tunesisels but not penetrate through vessels
in normal tissues. This could cause non specifienteon of the contrast agent inside the
tumor region because of slow venous return andyawphatic drainage.

Another question is to know if the accumulationUBPIO-E3 in irradiated tumors
correctly reflects the cytotoxic effect of the ufration. Besides cell toxicity and induced
apoptosis, X-ray irradiation may produce changetimor blood flow (32,33) and increase
macrophage presence at the tumor site (34,35). flciscould misleadingly increase the
accumulation of the targeted contrast agent irdiatad tumors. However, in our previous
study on TLT tumors (20), we found out that thesva large increase in uptake USPIO-E3
after irradiation, an effect that was not obserusihg non-targeted USPIO particles or
particles grafted with a scrambled peptide. Noansferring this approach into a clinical tool
will still face the problem of correlating the aceulation of USPIO-E3 to cell death. In our
study, we used two tumors in the same animal whibe us a direct comparison of the
distribution of the contrast agent in control arehted tumors. In practice, there will be the
difficult task to link a given parameter (i.e. clganin T, after administration of USPIO-E3)
and the response of the tumor to the treatmenpatrents, it could be interesting to have
longitudinal follow-up of a tumor during the treant to monitor its response. After injection
of magnetic reporters such as USPIO-E3, longitudiodow-up will require several days
between MRI protocols to allow the clearance of ¢batrast agent. This specific point will
require further research to characterize the phewkiaetic properties of USPIO-E3 in slowly
growing tumors to determine the wash-out periodotAar interesting perspective will be to
compare the value of USPIO-E3 with other markersalf death such as DW-MRI. The
combination of several imaging technologies coukb de helpful to evaluate anticancer

treatment outcome.
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FIGURE LEGENDS

Figure 1:

A: Axial slices of -weighted MR imaging in tumor-bearing mice befopeej and 3 hours
after injection of the PS-targeted contrast ag8htgost). The column “pre-post” shows the
resulting subtraction images, on which the higlaesumulation of USPIO-E3 is represented
by red-colored areas. The red encircled area itelictne irradiated tumor (right paw), the
white line delimits the zone of the untreated tumbich served as control (left paw) and a
reference tube (R) was placed between both reas.paw

B: MR signal intensity loss was followed in fungtiof time in murine tumors after i.v.
injection of the phosphatidylserine-targeted caitragent USPIO-E3. Black squares
represent the irradiated tumors and white squéresuntreated tumors. Three tumor models
with different radiosensitivities were used: EI&3,(TLT (b) and FSall (c).

Figure 2:

A: Anatomical MR black and white images of mice dael by colored 7 maps of the
tumors. Images show the treated (right paw, reda)iand untreated (left paw, white circle)
tumors of the three different tumor models (EL4,TTESall).

B: Diminution in transversal relaxation time, Taused by the presence of the negative
contrast agent USPIO-E3 3 hours after injectioracBlbars represent the irradiated tumors

and white bars the untreated tumors and deltal}pre-T,post.

Figure 3:

Measurement of USPIO-E3 accumulation in tumors igw by X-band EPR. Mice bearing
three different types of tumors (EL4, TLT, FSallem intravenously injected with the
contrast agent targeting cell death. The bars septethe iron oxide accumulation in
irradiated tumors expressed as percentage reltiivbe accumulation in untreated control

tumors.

Figure 4:

Histologic evaluation of USPIO-E3-FITC accumulatiam irradiated (D, E and F) and
untreated control tumors (A, B and C). Fluorescaining corresponding to FITC-labeled
USPIO-E3 accumulation was observed in FSall (A, T (B, E) and EL4 (C, F) tumor
models 3 hours after i.v. injection of the contrpsbbe. PS-positive nuclei are stained in

green (magnification: 400x).
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4) Comparing the new biomarker with other MR modaditiased for
evaluation of anti-cancer treatment outcome, sgcpraton spectroscopy
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ABSTRACT

The aim of the present study was to determine Hieevof different Magnetic Resonance
protocols to assess the early tumor response tmatherapy. For that purpose, we used a
murine tumor model (TLT) presenting different dexgeof response to three different
cytotoxic agents. As demonstrated by survival csinegclophosphamide (CP) was the most
efficient drug, followed by 5-fluorouracil (5-FUyvhereas the etoposide treatment had almost
no impact on TLT tumors. Different MR protocols weused at 9.4 Tesla 24 hours post-
treatment: Diffusion-Weighted (DW)-MRI, choline nsemement by'H MRS and contrast-
enhanced MRI wusing ultrasmall iron oxide nanopksic (USPIO) targeted at
phosphatidylserine. The accumulation of the cobt@agent in apoptotic tumors was
monitored by J-weighted images and quantified by EPR spectroscdyscrosis and
apoptosis were also assessed by histology. Largetieas were observed in the
measurements of choline peak area and could ndireetly correlated to tumor response in
our study. Although the targeted USPIO particlegewable to significantly differentiate
between the efficiency of each cytotoxic agent andelated the best with the survival
endpoint, they present the main disadvantage ofspenific tumor accumulation which could
be a source of problems when transferring the ntethtm the clinic. DW-MRI presents a
better compromise by combining the advantage ofnatig longitudinal studies along with a
high dynamic range, but DW-MRI was not able to steow significant effect for 5-FU. This
work illustrates the need for multi-modal imagimgassessing tumor response to treatment to

compensate for individual limitations.

Abbreviation list: 5-FU, 5-fluorouracil; ADCw, apparent diffusion dbeient of water; CP,
cyclophosphamide; CTL, control; DW, diffusion-weigt; EPR, electron paramagnetic
resonance; ET: etoposide; FLASH, fast low angle;9H&E, haematoxylin and eosin; PEG,
polyethylene glycol; PRESS, point-resolved specwpy; PS, phosphatidylserine; RARE,
rapid acquisition with relaxation enhancement; R@gion of interest; Sl, signal intensity;
TLT, transplantable liver tumor; TUNEL, terminalalgribosyl transferase dUDP nick end
labeling; USPIO, ultrasmall particles of iron oxide
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INTRODUCTION

The strategy of anticancer treatments is basetdetype of cancer, the location and the grade
of the tumor, stage of disease, as well as thergkgendition of the patient (1). For this
reason the best treatment has to be found for iedohdual patient. The prediction of tumor
response to therapy is usually determined from aoreasents of tumor size evidenced by
morphological imaging (2). However, tumor shrinkaggn take several weeks to manifest.
Therefore earlier indication of tumor treatmenf@sse has become a major area of research.
One method widely used in clinic relies on the dase in {F]-fluorodeoxyglucose uptake in
treatment-sensitive tumors by positron-emissionagraphy (3,4).

Imaging of apoptosis also allows an early evalumtb treatment response in cancer
patients. During early apoptosis, the phosphatatirie (PS) exposure on the outer leaflet of
the cell membrane serves as a recognition sigmgbtiagocytes (5). To assess apoptosis in
vivo, the use of radiolabeled annexin A5 has bdennost popular. Clinical trials using
radiolabeled annexin A5 have been carried out mceapatients (6-10). Other compounds
targeting the early loss of cell membrane asymmatiy exposure of phosphatidylserine on
the cell surface are peptides isolated by phagplajis(11-13) and the C2A domain of
synaptotagmin | (14). Other potential tracers asspese-3 specific binding molecules
(18,19), or small amphiphatic molecules of the alled ApoSense group that accumulate
inside the cell from where they emit a fluorescamngnal (20,21). The PS-targeting
hexapeptide, E3, has been isolated by phage displapoptotic murine livers and tested for
its selectivity and binding capacity to PS (11).isTheptide has been coupled to pegylated
ultrasmall particles of iron oxides (USPIO), siritdnas previously been demonstrated that
USPIO pegylation was able to prolong blood cirdolattime and therefore to increase the
possibility of achieving its target by a decreabeg@atic capture (22). This new MR contrast
agent (USPIO-E3) was already tested in vitro, @ownd in vivo on irradiated transplantable
liver tumors (23). Results from this previous stuslgowed that due to the targeted
superparamagnetic particles, distinction betweediated and control tumors could be made
by magnetic resonance imaging (MRI) and electraarmpagnetic resonance (EPR).

Other MR methods, such as diffusion-weighted MRMW{MRI) and 'H MR
spectroscopy, have been proposed to assess tuspunee to treatments (24). Biophysical
phenomena such as molecular diffusion can be usefakssessment of cell viability and
integrity (25). Physical boundaries such as celimmenes and subcellular structures restrict

diffusion. DW-MRI can evaluate tumor response tdiaaon and chemotherapy (26-29).
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Biochemical processes such as metabolism of memalrhaline can be monitored by MR
spectroscopy in tumors in vivo to provide metabatiormation on tumor cell proliferation
and membrane degeneration (30-32). High levelsolirme-containing compounds have been
observed in tumors by in vivd'P- and™H MRS (33-35) which can be reversed after
successful treatment. Choline is being explorediasarker for tumor diagnosis, staging and
clinical response monitoring (36,37).

Because there is a critical need for comparing risgpective value of imaging
biomarkers that may early assess the responsarafr$uto cytotoxic treatments, our study
was designed to compare various MR methods appdieone tumor model that presents
different degrees of response to different chenraffeutic agents (cyclophosphamide, 5-
fluorouracil and etoposide). In this study, we cangal DW-MRI,*H MRS and the recently
developed contrast agent USPIO-E3 targeted at platiglylserine.

EXPERIMENTAL

Animals

Transplantable liver tumors (TLT) were induced he gastrocnemius muscle of 5-week-old
male NMRI mice (Elevage Janvier, France). Mice weireded in 4 groups, one untreated
control group and three different treatment groupten the hind leg diameter reaches a size
of 8£0.5mm, mice were either treated with cyclogit@nide (CP: 160mg/kg i.p.), with 5-
fluorouracil (5-FU: 100mg/kg i.p.) or with etoposidET: 20mg/kg i.p.). All cytotoxic agents
used in this study were obtained from St. Luc Hiaép{Brussels, Belgium). USPIO-E3
particleswere prepared from nanoparticles with carboxylatgdups on the surface as
previously describe(B8). USPIO particles were functionalized in twaaessive steps with
the E3 peptide (TLVSSL, Neomps, Strasbourg, Franae)l then with an aminoPEG 750
(Fluka, Bornem, Belgium). Characterization of thenttast probe has previously been
described (23). For EPR and,-Weighted MRI experiments, the contrast agent was
intravenously injected (7.7mg Fe/kg) 21 hours aftgction of the respective treatment. The
procedure was approved by a local ethics reviewngitt®e according to national animal care

regulations.
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Survival Curve

At day 0, tumor-bearing mice (n=8-9/group) weregdperitonealy injected with one of the
chemotherapeutic drugs or remained untreated. Tdmaeder of the hind leg was measured
every day in order to visualize a potential tum@vgh delay occurring after treatment. When
the rear leg diameter reached a size of 15mm, mere sacrificed and this day was

considered as endpoint of the survival curve.

USPI O-E3 quantification by EPR

Iron oxide particles were injected into the taiirvef mice 21 hours after injection of the
chemotherapeutic agent. The animals (n=10-11/grougxe sacrificed three hours after
contrast agent injection and tumors were excisedl vaeighted. The excised tumors were
freeze-dried and crushed into a fine powder. Thedes was weighted and then placed into
the X-band EPR cavity. We calculated the iron oxgdatent in each tumor by comparison
with a calibration curve. The instrument settingsrev Frequency: 9.4GHz; microwave
power: 5.05mW,; center field: 3150G; field width: (®; modulation amplitude: 30.81G;
time constant: 20.48ms; conversion time: 20.48mgdutation field: 100kHz; total

acquisition time: 83s. Measurements were perforategdom temperature.

MR

All MR experiments were performed using the sandd Small animal Biospec MR system
(Bruker, Ettlingen, Germany) equipped with a 20amzontal bore, a whole body transmitter
and a surface coil receiver for signal receptidme &nimals (n=4-5/group) were anesthetized
by isoflurane inhalation (4% in or initiation and 1-2% in @for maintenance; isuflurane
was provided by St Luc Hospital, Brussels, Belgiandl their hind legs were fixed by clay.
Animals were lying on a warm water bed to mainttiair body temperature at 37°C. A
temperature probe was inserted in the rectum oé @i a pressure cushion was placed near
to the chest of animals to monitor respiration.iftwsng of the mice was checked using a
FLASH sequence in the three directions of the sg&B2TE: 3000/200ms). A ;Fweighted
axial turbo RARE sequence (TR/TE: 3500/9.065msatife TE: 27.20ms; RARE factor: 7)

was used to provide anatomical images of the mice.
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T,-weighted MRI and T, measurements

A multi-spin-echo-sequence was applied for accusagessment of signal intensities (SI) and
T, relaxation times before and three hours afterragshtigent injection (TR/TE: 2500/10ms;
number of echoes: 16; echo spacing: 10ms; slicesicé thickness: 1mm; interslice distance:
1.5mm; in-plane resolution: 0.117mm?/pixel; acdiosi time: 8min). Mean SI of the tumors
was measured within manually-drawn regions of @ge(ROI) on images arising from th& 7
echo (TE: 70ms) of the multi-echo sequence and alzed to the noise using a MatLab
program (version 7.9). Mean, Telaxation times for tumors were also calculatexnf the
multi-spin-echo datasets using MatLah.vBlues were obtained by an exponential fit of the
signal amplitudes versus echo time.nmaps were established on a pixel-by-pixel basttén
ROL.

Diffusion-weighted imaging

For DW-MRI, a transverse echo planar imaging segeiemas utilized with the following
acquisition parameters: TR/TE: 3000/27.96ms; domatdf diffusion gradientsdf: 7ms;
separation of diffusion gradienta){ 14ms; slice number: 7; slice thickness: 1mnernsiice
distance: 1.5mm; in-plane resolution: 0.234mmz2/piaequisition time: 4minl12s. DW images
were acquired using b values of 0, 200, 400, 600,a&d 1000 s/mm2. The b value is equal to
v?G4263%(A-(6/3)), where G is the strength of the diffusion weighting gradiemdy is the
gyromagnetic ratio for protons. Mean apparent ditin coefficient (ADCw) and ADCw
maps were calculated from the DW images. By usiridadlLab program, the exponential
decay of signal as a function of the b-value wassueed according to the Stejskal-Tanner
equation,

S = %P where $is the signal intensity achieved without gradiand S is the signal
intensity with diffusion weighting.

Singlevoxel *H MRS

For single voxel spectroscopic data acquisitionxeydocalization was performed on the
corresponding anatomical images obtained by theSH.And turbo RARE sequences. Proton
MR spectra were acquired using a PRESS sequencB ETR500/15ms). Voxel size of

2x2x2mm?3 and 256 averages were used for MRS stinlia cases, the water-fat-shift was
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0.52mm and a spectral resolution of 0.98Hz/poirg aehieved. Spatially localized saturation
bands were used to suppress signal from surrouraliegs (gap to voxel: 0.5mm). Field
homogeneity was optimized over the selected volomiaterest by shimming on the water
signal for each tumor to a line width of <20 Hz.tA&matic shimming and water suppression

(VAPOR) were used. Acquisition time for spectroscagtudies was about 11 minutes.

MR data analysis

Review of T-weighted and DW images was performed on an inddgrenwvorkstation using
the MatLab software to define ROIs. The same progveas also used to establish signal
intensity, , and ADCw maps and to calculate signal loss, trarsal relaxation time ;Tand
mean ADCw values. Signal intensities, dhd ADCw values were determined and averaged
for every slice on which the tumor was seen. MRcBpewere also analysed on an
independent workstation using the Topspin softwaeesion 2.0, Bruker Biospin). For data
processing, Fourier transformation, 5Hz-linebroadg and phase and baseline correction
were applied. Peak areas were measured for thenehmdak (at 3.21 ppm). Metabolic ratios
were calculated based on measurements of the urssed water peak area. All results were
finally expressed as percentage compared to theesabtained for the untreated control mice

in order to allow an easier comparison betweeritierent MR methods used in this study.

Histology

Tumor-bearing animals were treated with CP, 5-FU,dE remained untreated and tumors
were excised 24 hours post-treatment. Tumors (meGfy were either fixed in 4%
paraformaldehyde for standard paraffin sectionsembedded in O.C.T. compound for
cryosectioning. In both cases the samples werentatc pm sections. The paraffin sections
were stained with H&E and photographed on a Zei$®AX microscope to have a global
overview of the necrotic regions in the tumors. Tlogen slices were probed for apoptosis by
TUNEL assay using a commercially available in sgell death detection kit (Roche
Diagnostics, Vilvoorde, Belgium). Nuclei were alsounterstained with 4,6-diamidino-2-
phenylindole (DAPI). Slides were photographed usirfgeiss Axioskop microscope equipped
for fluorescence. Quantification of necrotic anaaiotic regions, expressed as percentage of

the whole tumor area, was obtained using Image J.
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Statistical analysis

All values were expressed as mean + standard &rlmgrank test was used to compare the
survival curves. For other experiments the stafstidifferences between groups were
evaluated by a two-way ANOVA. A P-value less thda Was considered as significant, the
following symbols are used in the figuresP < 0.05,% * P < 0.01, % % *P < 0.001.

RESULTS

Survival curve

The chemosensitivity of TLT tumors to the differeytotoxic drugs (cyclophosphamide CP,
5-fluorouracil 5-FU, etoposide ET) was comparedelgluating survival after treatment. As
shown in Fig.1, the response was higher when uSihgompared to 5-FU, the response to 5-
FU being higher than using ET. The ET curve wasoatnsuperimposed to the one obtained
for the control tumors (CTL), thus the impact of BE€atment on these tumors at the dose
of 20mg/kg is minimal. Compared to the CTL grotyg survival was significantly higher for
the CP-treated group (® 0.001), significant for 5-FU-treated group £0.05), and non-

significant for the ET-treated group.

USPI O-E3 quantification by EPR

X-band EPR was used to quantify the accumulatiotheftargeted iron oxide particles. The
amount of USPIO-E3 particles in excised TLT tumeras measured three hours after
injection of the contrast agent and 24 hours afesaatment administration (Fig. 2). The signal
intensity of the iron oxide spectrum acquired icisg&d tumors was correlated to a calibration
curve established before (data not shown). The mackation of the cell death targeted
USPIOs was significantly higher in CP- and 5-Flatesl tumors (74+7ng/mg and
64+9ng/mg, respectively) than in ET-treated and Ginors (40+5ng/mg and 33+6ng/mg,

respectively).
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T,-weighted MRI and T, measurements

To examine further whether USPIO-E3 might serva aslective MR contrast agent for cell
death, mice were imaged 24 hours after injectiothefchemotherapeutic drugs. MR images
were obtained before and three hours after i.eciign of the USPIO-E3 particles. On all
post-contrast images, a signal decrease was ollsertecated and control tumors (Fig 3A-
B). However, the signal loss was more pronouncéet &P- and 5-FU treatment than after
ET treatment or in control tumors (CTL). Signaldpsormalized to the noise and expressed
as percentage compared to the signal loss of uetremntrol tumors, are shown in Fig. 3C.
Three hours after administration of the PS-targetedrast probe the signal loss was -11+1%
for CP-treated animals, -3+2% for 5-FU-treated mécel -1+2% for the ET-treated ones,
when compared to the untreated tumors. To confirese results, ;Tmaps were established
for each tumor slice and mean Vialues were obtained from tumors before and 3dhafter
administration of USPIO-E3. When compared to theshortening of control tumors (Fig.
3D), the T shortening in CP-treated tumors was about -11+B%2% in 5-FU-treated mice
and 1+2% for the ET-treated mice. The results arssistent with the ones obtained for tumor

signal loss.

Diffusion-weighted imaging

After the use of an efficient anticancer treatmeuamor cellularity should be reduced and
should result in an increase of the apparent ddfusoefficient of water (ADCw). As a
matter of fact, ADCw maps show a higher intensidytdurs after CP- and 5-FU treatment
when compared to the inefficient ET treatment ocdatrol tumors (Fig. 4A). When average
ADCw values of tumors were compared pre- and 24t-peatment (Fig. 4B), a diminution
of ADCw was observed for inefficient etoposide tne@nt and for untreated control tumors,
whereas the ADCw value remained the same after &&aiment and even increased after
CP treatment, representing a loss in tumor celtylahll ADCw values were also compared
to the ADC of control tumors. As shown in Fig. 48ean ADCw values were the highest in
CP-treated tumors (37+4%), then followed by thelbtFeated mice (18+8%) and the lowest
value was obtained for ET-treated mice (10+£6%).
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Single Voxel *H MRS

Figure 5A displays typicalH MR spectra obtained from tumor-bearing mice befand 24
hours after CP treatment. It can be observed t®atdtal choline peak is slightly decreased
for the post-treatment spectrum compared to theirpegment spectrum. The choline peak
areas were normalized to the corresponding unssg@de water signal and then again
compared to the control group (Fig. 5B). CP- anBUbtreated animals showed a higher
decrease of the choline peak area after treatm28+Z2% and -18+5% respectively) than
ET-treated and control mice (-10+14% and 0+4% respaly). But because of the high
standard error of the data obtained from the CRigronly the 5-FU-treated group was

significantly different compared to the control gpo

Histology

Figure 6 displays representative tumor slices aflgNEL (left column) and H&E (right
column) staining for quantification of apoptosisiarecrosis respectively. TUNEL staining of
untreated and treated tumors clearly shows morgiyelg stained cells after CP- and 5-FU
treatment (26£8% and 21+4% respectively) than ai@r treatment (10£5%) or than in
control tumors (0.5£0.4%). For quantification ofcrasis, areas occupied by necrotic regions
were measured on H&E stained slices. None of treetbhemotherapeutic drugs was able to
increase the initial level of necrosis comparetht®control tumor where 20+4% of the tumor
area displayed necrotic features (CP: 20£4%, 5241% and ET: 23+3%).

DISCUSSION

The activity of different clinically relevant cheth@rapeutic drugs (cyclophosphamide, 5-
fluorouracil and etoposide) was evaluated on TLMdu models using a cell-death targeted
MR contrast agent, DW-MRI and single vox#él MR spectroscopy of choline. Survival
curves were first established to evaluate the imphthe treatment. Etoposide treatment had
almost no effect on these tumors, and mice di¢deasame rate than untreated tumor-bearing
mice. 5-fluorouracil treatment induced a short gefatumor growth and cyclophosphamide
was the most efficient treatment (two mice out ioerwere even cured). Overall, this offered
a panel of tumor responses to evaluate the efficdciMR methods to early assess the

response to a treatment.
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USPIO-E3 particles induce considerable signal tos3>-weighted MR images
due to strong magnetic susceptibility effects. iso aussed EPR spectrometry as a highly
sensitive method to quantify the iron oxide contarthe tumor without any interference from
background (39,40). The iron content in tumors waselated with signal loss and, T
shortening measured on-Weighted MR images pre and post contrast. For bathniques,
we observed statistically significant differencetvieen the most successfully treated groups
(CP and 5-FU) and the control group or the groapted inefficiently by etoposide. However,
there was also a rather large iron oxide accunauati untreated control tumors resulting in a
large decrease in signal intensity. Overall, algtosignificant, the difference in loss of signal
intensity between responsive and unresponsive sinvas relatively small. In our previous
study (23), we found out that USPIO-E3 particlesspnted a much higher affinity for dying
cells (treated in vitro by staurosporine or in vivg irradiation) than USPIOs grafted with a
scrambled peptide or ungrafted USPIOs. Yet, theraatation of USPIO-E3 in untreated or
in unresponsive tumors is likely due to a non gelecuptake by macrophages involved in
tumor-related inflammation and to a rather largeabanecrosis present in tumors before
starting any treatment. The level of necrosis waeed about 20% in untreated TLT tumors
as shown by H&E histological staining. Since ceimbrane integrity is lost during necrosis,
the PS molecule becomes accessible and USPIO-Eaténtially target necrotic cells. In
practice, the basal uptake by untreated tumors leey to uncertainty in determining areas
with poor local response in tumors. Another possikplanation for non specific USPIO
accumulation in tumors is the enhanced permeatidnretention (EPR effect). Nanoparticles
are known to passively diffuse and accumulate tas svith excessively leaky vasculature,
such as in tumors, regardless of the fact that tanabe undergoing apoptosis or not. A
parameter that will require further investigationfuture work is the time needed to observe
the washout of the USIO-E3 from the tumor in ortbedetermine the frequency of injection
of the contrast agent for chronic monitoring ofl ciedath.

DW-MRI is completely non invasive and relies onrimgic contrast mechanisms
rather than the injection of a contrast agent. Thigracteristic allows a daily monitoring of
tumor response to treatment. DW-MRI has been usélde past and has been proven to be a
good predictive value for therapy outcome in pdas€dl). In our tumor model, CP induced a
substantial increase in ADCw 24 hours after treatmeflecting an increase in extracellular
water fraction, while the changes in ADCw were sajnificantly different after 5-FU
treatment and ADCw even decreased in ET- and ustte@amors. The increase in ADCw

could be the result of changes in cell membranenpability, cell shrinkage, cell death or
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vasogenic edema. It is difficult to separate stage&kand necrosis from apoptosis (42). In our
study, the increase in ADCw is likely correlatedthe induction of apoptosis as the level of
necrosis remained unchanged after treatment.

In vivo MRS can be used to measure the metabobtgent of tumors in living
animals or patients, repeatedly and non-invasiJglgvation of the choline peak is thought to
represent membrane phospholipid synthesis andftinereeflects cellular proliferation and
cell density occurring during progression of cancér necrotic tumors, release of
glycerophosphocholine due to cell membrane degdatontributes to increased total
choline (tCho) concentrations. The usefulness ofica *H MRS in evaluating response to
treatment has been reported for different tumoesym patients (41,43,44). In the present
investigation, mean choline to water ratios werghér for control tumors than for treated
tumors, although this difference was not significalVhen analyzing each mouse
individually, we did not find a systematic decreasethe choline peak after efficient
treatment. The standard deviation for choline lewehs quite large, especially in treated
tumors. In our study, the amount of choline-relatechpounds was assessed with the ratio
method by using the unsuppressed water peak asahttandard. However, this method has
its limitations because the tumor water contemtighly variable. An additional critical factor
is the timing used in the present study. We camxaiude that a longer follow-up after
treatment could possibly show a more distinct deseen choline peak areas after therapy.
Seierstad et al. (45) reported similar results @dr$ after irradiation of HT29 xenografts and
explained the increase of choline metabolites byeak-down of cell membrane constituting
lipids. Another explanation found in literature widge fact that during necrosis almost all
metabolites, including choline, increase (46). Fjnanother limitation of'H single voxel
MRS is the lack of spatial resolution of this metlapplied over a quite heterogeneous tissue.
Multi voxel imaging would be a better method fotute evaluation in order to take into
account the heterogeneity of the tumor. Finallyerethough choline was identified as a
surrogate marker for some classic cytotoxic the@s@aind for drugs with specific molecular
targets such as HIF-1lalpha, choline kinase, or R#3K, unexpected opposite effects on tCho
were observed following inhibition of HSP90 or HDA@hich are two broad-spectrum
inhibitors. tCho changes may therefore not necegsairror the changes associated with the
downstream signalling pathways of specific inhi8t¢47). This illustrates the complexity of
interpretation of the choline peak as a markeresponse to treatment that is not likely to be

‘universal’ for all therapies.
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When comparing the change in parameters of CPettaaice relative to the controls,
the so-called dynamic range, there was a differeric&/% for DW-MRI, 19% for choline
spectroscopy and 11% fop-Weighted MRI. Even though the dynamic range wasldlvest
for cell death detection by USPIO-E3 particless ti@ichnique was more reliable than choline
spectroscopy because differences were signific@nt. MRS results study showed rather
large variations which makes it impossible to beatesive. In our study, ADCw was thereby
found to be the most sensitive and reliable eadyker of tumor response after chemotherapy
treatment. It may be interesting to combine twdhoee protocols in one single MR session to
gain insights into the complex tumor response.néesingle technique is completely reliable,
each of these techniques has its own limitations. ileresting perspective could be to
determine the value of each marker of responséfataht time points, as the dynamic range

could vary over the time after starting the cytatdreatment.
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Fig. 1: Survival curve of mice (n=8-9/group) begriantreated TLT tumors (black line) or
mice bearing tumors either treated with cyclophaspie (yellow line), 5-fluorouracil (green

line) or etoposide (blue line). The treatment wasted at a tumor size of 8+0.5mm.
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Fig. 2: Iron accumulation (expressed in ng of irper mg of tumor tissue) in

hepatocarcinomas (n=10-11/group) as measured exbyivX-band EPR. EPR spectra of the
different tumors were recorded 24 hours afteringction of the chemotherapeutic treatment
and 3 hours after i.v. injection of the contrastradJSPIO-E3. Yellow bars represent animals
injected with cyclophosphamide, green bars tum@atéd with 5-fluorouracil and blue bars

etoposide treatment. Untreated tumors served asotdblack bars)
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Figure 3
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Fig. 3: A: Twenty-four hours after injection of tlegtotoxic drug, axial Fweighted MR
images of murine tumors (n=4.5/group) obtained teefand 3 hours after USPIO-E3
administration. B: Three hours after USPIO-E3 it mean negative contrast
enhancement values were obtained from regionstefest that encompassed the entire tumor
region on p-weighted MR images. Signal loss of the CP (yellaws), 5-FU (green bars) and
ET group (blue bars) was expressed as percentatiee gfre-contrast signal. C: Signal loss
expressed as percentage compared to untreatedldointiors. D: Shortening of,Trelaxation
times in treated and control tumors after injectodrthe contrast material. The graph shows
meanAT, measurements, withT,= T, precontrast - 73 hours post contrast, expressed as

percentage of th&T, of control mice. (CP: yellow bars, 5-FU: greensband ET: blue bars).
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Figure 4
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Fig. 4: A: ADCw maps of tumor-bearing mice befomreda24 hours after injection of the
treatment. Each image represents an axial DW inflagalue=0) of the mouse leg with the
tumor area transformed as ADCw map. B: Delta ofaterage tumor ADCw observed pre-
and 24 hours post-treatment. C: Tumor ADCw valugressed as percentage of the ADCw
obtained for of untreated control tumors. (CP: gwllbars, 5-FU: green bars and ET: blue

bars).
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Figure 5
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Fig. 5: A: Typical in vivo'H MR spectra as obtained from murine TLT tumor bef(blue

spectrum) and 24 hours after cyclophosphamidenteratt (pink spectrum). Besides the total
choline peak situated at 3.21 ppm, other peakdayisg on the spectrum were the lipid peaks
(0.91 and 1.30 ppm), the creatine peak (3.01 p@amd, the taurine peak (3.41ppm). The
presence of creatine and taurine suggests th&astt in part, intact muscle tissue was also
present in these spectra. B: Evolution of the cl@lbeak before and 24 hours after tumor
treatment. The choline peak area was expressetiddisie to water ratio and expressed as
percentage of the ratio obtained for control m{&R: yellow bars, 5-FU: green bars and ET:

blue bars).
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Figure 6

Fig. 6: Representative histological stainings penied on tumor slices. Fluorescent TUNEL
stained section from untreated mouse (A) and fromors 24 hours after etoposide (B), 5-
fluorouracil (C) and cyclophosphamide (D) treatm@iNEL-positive nuclei are stained in

red and the nuclear counterstain DAPI in blue (nfagtion: 50x). H&E stained section

from untreated mouse (E) and from mice 24 houer &fom tumors 24 hours after etoposide
(F), 5-fluorouracil (G) and cyclophosphamide (Hatment. Only tumor regions were used
for quantification of necrosis, the surrounding clestissue was not taken into account.
Figures | and J represent magnificated areas (yedlguares) from CP-treated tumors after
TUNEL and H&E staining respectively. Black arrows fagure J indicate necrotic regions of

the tumor.
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Chapter IV: DISCUSSIONS AND PERSPECTIVES
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Imaging of inflammation

The thesis includes the development of new nonsimeamolecular biomarkers. Although the
title of the thesis is the non invasive individesaluation of tumor response to anti-cancer
treatments, biomarkers of inflammation were studiedirst in order to familiarize with the
approach of molecular imaging and to become actpiwith the techniques used
throughout the whole study.

Targeting of E-selectin, a protein expressed orotradial cells during inflammation,
has been realized using a mimetic molecule ofatsnal ligand sL& which has been grafted
onto PEGylated USPIO particles. This biomarker paeviously been tested in an in vitro
model of HUVECS, over-expressing inflammatory adbmesnolecules after stimulation by
TNFa (Boutry 2006). To assess UPSIO binding to E-selentvivo, T,-weighted MRI was
combined to highly sensitive EPR quantification.RISs are used as negative CAs in MRI
and they can also be detected by EPR due to theaired electrons. The EPR method is
much more sensitive than MRI and we were therefdnle to quantify the iron content in
tumors by EPR after establishment of a calibrattonve. The spectral height is directly
proportional to the amount of USPIOs, without anpfounding noise. Using these agents we
can combine both complementary techniques in otderassess the amount and the
localization (mapping) of USPIOs. This associati®imnovative and to our knowledge only
one study has reported in vivo detection of iroidexparticles by L-band EPR, but without
any correlation to MRI (Fujii 2002).

We first assessed biodistribution of USPIOs in viVo this end, grafted and ungrafted
PEGylated particles were intravenously administacechice and USPIO concentration was
measured ex vivo in tissue homogenates (liver gheker) and in blood samples by highly
sensitive X-band EPR (detection limit: 1-2 ng afny. As already extensively described, the
major part of the injected particles accumulatedhim liver and spleen, despite PEGylation.
About 70% of the injected particles accumulatedhiese two organs of the RES. We also
assessed the kinetics of several commercial oriqusly commercialized preparations and
we concluded that particle size plays an importald in plasma circulation time. One hour
after intravenous injection only 1% of the initialhjected dose of ferumoxides (80-150 nm)
and 3% of ferumcarbotran (60 nm) remained in theodh] whereas for the ultrasmall
ferumoxtran-10 particles (20-40 nm) 5% were meakufss we wanted to increase the
chances of attaining the targeted region, partiofesnall size were chosen. Particles of small

size have increased blood circulation time by desirey macrophagic capture. Moreover, the
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particles were PEGylated to further decrease partbpsonisation in the blood by steric

repulsion. After grafting PEG chains onto the des, the iron oxide concentration measured
in the blood one hour after intravenous injecticasviour times higher than for unpegylated
ferumoxtran-10 particles. Even though our PEGylatadicles have a similar size compared
to ferumoxtran-10, about 17% of the dose initialijected was measured in the blood one
hour after injection. 24 hours after injection bétcontrast probe, particles were completely
cleared from blood.

Localized inflammation in murine muscles was indudgy injection of Freund’s
complete adjuvant, a substance used to enhancerimmmesponse to vaccines. The timing we
chose after induction of inflammation was 24 hooesause the up-regulation of E-selectin
lasts from 4 to 30 hours after induction of inflaation (Leeuwenberg 1992). By combining
EPR and MRI, we demonstrated that E-selectin-tacgéiSPIOs accumulated two times
more in inflamed muscles than ungrafted controtigas, whereas healthy muscle only took
up very few particles. We observed a non speciicumulation of control USPIOs in
inflamed muscles. This has numerous explanatiomy ®$ increased vasodilatation and
permeability occurring during inflammation, as wa#l non specific uptake by macrophages
present at the inflammation site. Although we pded histological proof that inflammation
was induced in the muscle, histological confirmatod E-selectin expression in the inflamed
region is missing. It would be very useful to havéetter understanding of the distribution
and the timing of E-selectin expression. A co-laalon of both, E-selectin and USPIO

accumulation could be interesting to perform irufatexperiments.

Tumor cdll death

The main part of the work was dedicated to magnegtiobes recognizing
phosphatidylserine by EPR and MRI. PS is exposethioror cells during treatment-induced
apoptosis. As detected by phage display, the Eageptide (TLVSSL) used in this study is
able to target the PS molecule with high affinityagmonier 2006). A library of
bacteriophages, carrying several copies of aledtexapeptides on their surface, was exposed
to apoptotic and healthy livers. After selectiontlod peptide with the highest affinity for the
PS target, competition studies with AnxV were @rout on PS-coated ELISA plates. This
peptide in question was grafted to our USPIO pladicContrastophores were prepared from
nanoparticles carrying carboxylate groups on theiface (Port 2004), on which the targeted

peptide and aminoPEG chains were covalently boAsctontrol we used ungrafted USPIOs
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and particles coupled to a scrambled peptide contathe same amino acids but arranged in
a different order.

Flow cytometry analysis showed that 90% of stausdsp-treated TLT tumor cells
bound to FITC-labeled AnxV, whereas the nucleangteopidium iodide was excluded from
cells. This experiment demonstrated that PS exposuhigher on apoptotic cells than on
untreated control cells. At the beginning of owdst healthy and apoptotic TLT tumor cells
were incubated for 2 hours with the three differgyges of USPIOs. Measurements by
X-band EPR showed that USPIO-E3 accumulation inptgtiz cells was higher than in
healthy cells and also higher compared to the aatatran of control particles. We cannot
affirm with certitude if increased concentratiorisJ$PIO-E3 were due to specific membrane
binding or to internalization, since it has beepomed in the literature that cancer cells are
able to endocytose SPIOs in a non specific mandeyr( 2006). Furthermore, most of the
endogenous ligands of PS, such as AnxV, were sliowe internalized after targeting PS on
the cellular surface (Kenis 2004). In control ceitss difficult to dissociate cellular uptake
from specific binding, but as USPIO-E3 accumulationapoptotic cells was higher, we
assume that at least this increased fraction idalgpecific PS-binding. To determine USPIO
localization more precisely, electron microscopgudt be carried out.

Thereafter, we took a step forward and 3 hourer aftjection we measured the
particle accumulation in irradiated TLT tumors b EE and MRI. Results were compared to
the measurements obtained in untreated tumors. c24s hafter radiotherapy, USPIO-E3
showed higher accumulation in irradiated tumorsthagrafted and scrambled particles.
Even when the USPIO-E3 concentration was twicei@s in irradiated tumors as in control
tumors, there was a non specific accumulation dPIBE3 and control USPIOs in untreated
tumors. This fact presents the major limitationttw use of USPIO-E3. Zhao et al. reported
that both the PS-targetedASSPIO and the correspondent control SPIOs prodacgecrease
by 10-15% on F-weighted MR images, but for,&-SPIO the decrease was more persistent
in relatively well defined areas of the tumor (Zh2@01). This example shows that other
investigators encountered the same problems of spatific accumulation of iron oxide
particles in tumors.

Timing is a critical factor in this whole approacApoptosis occurs rapidly and
apoptotic cells are removed quickly by phagocytoBige time between trigger exposure and
commitment to apoptosis depends heavily on celetyipigger type, and environmental

conditions. Little is known on exact time frames émti-tumor therapy imaging. In apoptosis,
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PS exposure is first localized (after 12-14 hoarg] later generalized (~24 hours) (Shi 2007).
Therefore, we chose a timing of 24 hours after tumadiation to visualize PS exposure.

The accumulation of USPIO-E3 in tumors was coregldb histological slices stained
by TUNEL or H&E to quantify apoptosis and necrosespectively. Apoptotic fraction in
tumors increased from 1 to 10% after X-ray irradmt whereas the level of necrotic cells
was 23% at baseline and did not change after tesdtni\ccording to the literature, only a
minor proportion of cells immediately die by apagsoafter irradiation, most of them are still
able to undergo one or more mitosis. In the meanfdNA is allowed to be repaired and it
will be seen later on if the cell survives or fdibsrepair the damages. If the cell is not able to
complete mitosis, mitotic catastrophe will be mied, which eventually leads to late cell
death (van der Kogel 2009).

No feature seems to be unique to apoptotic celthdeaxcept maybe for DNA
laddering. For this reason, any method claimingxolusively image apoptosis should be
interpreted with caution (van der Kogel 2009). ®ame is true for PS; which is actually
exposed in almost all forms of cell death. Sincergwkind of cell death will contribute to
tumor destruction, it does not matter which typecell death exactly occurs. Anyway, the
different cell death pathways cannot necessarilynbeged separately, as they often cross
over into each other.

After these first promising results, the same bidmeawas tested for its ability to
discern different responses to treatment. Forghrpose different tumor types with different
responses to radiotherapy were used in order td ddterent levels of radiation-induced cell
death are detectable. Therefore, radiosensitive lFdphoma and TLT hepatocarcinoma
models, and a highly resistant Fsall fibrosarconemewmplanted intramuscularly into both
mouse legs. The right tumor-bearing leg was iatmdi, whereas the left remained untreated
to provide a control for each animal. After irratha, accumulation of targeted USPIOs was
followed by T-weighted MRI. The signal difference between pned post-contrast images
induced by USPIO-E3 was the highest for the irmadidymphoma that is also the most
radiosensitive. MR results were in agreement watabtained by EPR and histology. The
latter was obtained due to FITC-labeled USPIO-E3igas. We observed that, although no
difference in USPIO-E3 accumulation was seen betweadiated and control FSall tumors,
the basal level of USPIO-E3 accumulated insidetdineor was very high. First we assumed
that, despite their radioresistance, the spontandenel of apoptosis is higher for these
tumors than for EL4 and TLT tumors. Meyn et al.aeed that occurrence of apoptosis in

untreated tumors can vary widely. In their stughgrdganeous levels of apoptosis ranged from
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0 to 9.5%, depending on tumor type (Meyn 1997).eDtinvestigators already reported a
relation between high apoptotic index and tumor ignaincy (Boersma 2005).
Contradictorily, other groups correlated high aptipt levels in tumors at baseline with
positive treatment outcome, as visualized by tumegrowth delay (Meyn 1993, Milross
1996). Moreover, we found a study in the literatwbere only 0.3% of FSall cells were
stained positive for apoptosis at baseline (Schimgmi999) compared to 6% of EL4
lymphoma cells (Saito 1999). Therefore, high spoedais levels of apoptosis in FSall cannot
be the correct explanation for increased USPIO-EBumulation pre-treatment. Maybe
differences result from the use of different tumwodels or different mouse strains, meaning
that differences in control tumors could also besea by differences in the pharmacokinetic
profile, in tumor perfusion or in permeability. Texclude this factor, experiments with
untargeted control particles should have beeneathmut. But the important finding of this
study was that USPIO-E3 uptake increased aftediatian of radiosensitive TLT and EL4
models and that this increase was not due to terdtnelated increase of permeability and
vasodilation, as excluded in the previous studygisiontrol particles. We wondered if the
lack of apoptosis induction in the radioresistaBalF model was linked to mutated p53. The
tumor suppressor gene p53, frequently mutatedeatrient-resistant cancers, controls the
genome integrity and the cell cycle and treatmedticed apoptosis may activate the p53
pathway. However, in the literature it was suggestat the radiosensitive lymphoma ELA4,
as well as the resistant fiborosarcoma FSall, have-type p53 proteins (Schimming 1999,
Truksa 2003,).

The next step of the work was to test the efficatydifferent chemotherapies.
Survival curves were established to have a firsaidf the impact of the different agents on
TLT tumors. They showed that cyclophosphamide vasnost efficient drug, followed by
5-fluorouracil, whereas the etoposide curve wasoatnsimilar to the one of the control
tumors, at least at the doses used in this stuslasdessed by EPR and by a 9.4T MR system,
the accumulation of PS-targeted patrticles in chasrapeutically treated tumors followed the
same order as the survival curves, which meanghkeanost efficient treatments have caused
the highest USPIO-E3 accumulation inside the tckatenors. Here as well, a high non
specific accumulation of USPIOs in control tumoraswobserved. It should be emphasized
that EPR and MRI could already predict tumor betawi24 hours after the start of the
therapy, which is much earlier than if we waited tloe outcome of survival curves, which
took about one month in our study. In parallel expents, our cell death recognizing

contrast probe was compared to other well-known KRhniques of tumor response
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evaluation: diffusion-weighted MRI and proton spestopy of choline. Diffusion imaging,
reflecting cellularity, provides a functional difion map, in which each image pixel
represents the spatially localized ADC. The prestatly confirmed: the more efficient a
therapy was, the higher was the diffusion coeffitieAccording to the literature,
choline-containing metabolites should decrease uimots following some conventional
chemotherapy and most of the recent targeted tiestapor relative measurements, the ratio
of the choline peak area to the water peak areacabslated. Even if we could see a
tendency, results of our spectroscopy experimemné we variable to rely on this technique.
Comparing the different MR modalities, we noticbdttDWI provides the highest dynamic
range, meaning the biggest change induced in tuaftscytotoxic treatment.

According to our histological quantification, th@agptotic fraction in TLT tumors
increased from 0.5 to 26% 24 hours after injectwdrthe most efficient chemotherapeutic
drug, whereas the high initial level of necrosi®%3 did not change after injection of the
different drugs. These findings evidenced that &mp is the major form of cell death
induced by our chemotherapeutic agents. When tinge smimor model was irradiated,
apoptotic fraction was only about 10%, meaning tyatophosphamide treatment at the dose
used in our study had a greater capacity to indyoptosis in TLT tumors than X-rays at a
dose of 10Gy. Zhao et al. treated EL4 lymphomash vatoposide/cyclophosphamide,
apoptosis increased from 4% to 32% and distribubbmpoptotic cells was shown to be
heterogeneous. They saw no evidence of necrositegyoconcluded that apoptosis was the
predominant mode of cell death (Zhao 2001). In la@opublication, 20-30% of apoptosis in
EL4 cells treated by chemotherapy was found toois{ixan 2008). These results are
comparable with apoptosis occurring in human tunafier treatment (Symmans 2000). Not
all chemotherapeutic treatments mostly induce agsigt The major form of cell death can
vary with cell type and cytotoxic drug. For instanexperiments on 15 mouse tumor models
demonstrated that docetaxel is a potent inducerethflysis compared to paclitaxel, which
mainly causes apoptosis (Schimming 1999). Tumqgraese to radiation therapy only results
in modest levels of apoptosis in most tumor celkdi (Brown 2005, Gudkov 2003). On the
other hand, tumors treated with DNA-damaging thgsapch as irradiation undergo cell death
via mitotic catastrophe (Seluanov 2001).
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Possible explanations for non specific accumulation of USPIOsin tumors

For irradiated tumors, this phenomenon could bda@x@d by an increase in blood flow and
vascular permeability (Crokart 2005, Cron 2005)rerruitment of macrophages occurring
after X-rays. However, as the non specific accutrariaalso occurs after chemotherapy, in
radioresistant tumor models, or even in untreat@ubts, the non specific accumulation does
not seem to be related to the treatment but tduimer itself. Possible reasons could be the
macrophage presence at tumor sites and, as aldesayssed earlier, the fact that tumor cells
can take up iron oxide particles in a non speaifanner (Heyn 2006).

As already mentioned in the introduction, the emleanpermeation and retention
effect (EPR) is also an important component, sittee leaky tumor vasculature allows
passage of nanoparticles. The increased permgatalit also be seen as an advantage since
particles have easy access to tumors and tendctomatate there naturally because intact
endothelium impedes transendothelial passage tr ogsues. The disadvantage is a slow
tumor clearance of unbound particles because af slenous return and low lymphatic
drainage. In many preclinical and clinical studi®®lOs without any targeting moieties have
shown to passively accumulate in cancerous lesamgishave therefore been used to detect
tumors. The mechanisms of this passive targetimjudie non targeted cellular uptake,
enhanced retention in leaky tumor vasculature amudiraulation in recruited macrophages
(lyer 2006).

Last but not least, a significant contribution tonnspecific particle accumulation in
tumors is probably made by the high basal leveleafrosis in untreated tumors, as shown on
our H&E-stained tumor slices. Since PS becomessadde in necrotic cells after membrane
disintegration, PS can be easily targeted by thepEftide and as necrosis is always

accompanied by inflammation, on-site macrophagé#snevitably engulf USPIO particles.

Comparison of the different MR methods used in the cour se of the doctor ate

The value of PS-targeted USPIOs was compared & &R biomarkers of early treatment
response. We used diffusion imaging, studying #aedom microscopic motion of water
protons, and proton spectroscopy, particularly meag the total choline peak.

Our new biomarker showed enhanced accumulatioradiosensitive tumor models
after irradiation and also permitted to point officeent chemotherapeutic agents 24 hours

after injection of the treatment. Unfortunatelynrepecific accumulation of the contrast probe
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in untreated tumors could impede its potential insthe clinic. We first worked on a 4.7T
magnet and then switched to a 9.4T system, on whveh observed that magnetic
susceptibility effects highly increased at higheld. Besides an advantageous increase in
signal loss for the apoptotic tumors, the negasigmal enhancement was also increased for
the non specific accumulation in control tumors. AT the signal loss in TLT control
tumors was about 30%, whereas at high field it a1 about 75% in untreated tumors.

DWI allows longitudinal studies by relying compligteon intrinsic contrast.
Measurements of water ADC are independent of thgnets field, but the application of
diffusion-weighted MRI relies on strong magnetieldi gradients and is therefore sensitive to
motion artifacts. DWI becomes challenging at thelaabinal level because of respiration
movements (Le Bihan 2004). Because of this seityitte macroscopic movements, fast
imaging techniques (echo-planar imaging) are used, fast sequences are sensitive to
susceptibility effects. With slower sequences E@@gering will be necessary. DWI
presented the highest dynamic range in our studgrelsents the advantage of allowing a
longitudinal follow up, but it is an indirect measment of cell death. What do we really
measure? The distinction between apoptosis, nacrisnor shrinkage, fibrosis, edema, and
other processes that can occur with therapy magifbeult. A decrease in ADC value does
not necessarily mean that radiotherapy was unssitdesradiation can cause replacement of
tumor tissue by fibrotic cells (Stone 2003). Besidgoptosis, explanations for increased
ADC after tumor irradiation are necrosis or edentdeil 2003, Seierstad 2007).
Contradictorily, it has also been reported that lARC values may be seen in radiation
necrosis, possibly reflecting early necrosis withuradant polymorphonuclear leukocytes
(Asao 2005). However, appearance of necrosis dmosis is associated with successful
therapy intervention. Nevertheless, ADC is currerdbnsidered as one of the surrogate
markers of tumor response following anti-cancerapg in many translational and clinical
studies (Jain 2010, Koh 200Bhoeny 2010).

The prime advantage of MR spectroscopy lies inaltdity to probe tumors non
invasively during longitudinal studies. However, MBS is not a sensitive technique, it seems
likely that tests for markers of tumor responsel wely on more sensitive methods. To
increase signal-to-noise ratios, multiple measurage to be acquired, which increases
acquisition time. One of the problems with speaopsc sampling of tumors is the presence
of metabolic heterogeneity, and as single-voxetspecopy only analyses a small volume,
chemical shift imaging is more appropriate for turatudies. The more a tumor shrinks after

treatment, the more challenging it is to quantifgtatolites, since a reduced tumor area is left
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for measurements. By introducing higher magneteldé and parallel imaging, these
disadvantages could be reduced, but not solvekéB&001). In our study, the choline peak
area did not give us concluding results, but wey s@sted one single time point (24 hours)
after chemotherapeutic treatment. Testing sevemna points after initiation of therapy could
have offered valuable clues about the evolutiorthef choline-containing metabolites after
treatment. We expressed the total choline peak aseatio to the unsuppressed water peak,
but this method is not optimal because the watatert in background tumor tissues is
variable. Therapy-resulting edema may change therveantent in tumors, which means that
the unsuppressed water may be inappropriate agnefe peak. Moreover, literature about the
choline peak is quite confusing. Although in mostdees a decrease in choline peak after
treatment was observed, others reported an incpraseding the decrease. The choline level
will increase when cell membrane-constituting lgicre broken down or damaged
(Rutkowski 2003). Seierstad et al. suggested tmatiricrease in choline observed 24 hours
after therapy could result from breakdown of th# oeembrane (Seierstad 2007). In their
study, a decrease in choline/water peak was omhodstrated at 3 and 6 days post-treatment.
Concerning the behaviour of choline-containing rpbelides during necrosis, Strauss et al.
reported an increase of almost all metaboliteseunehich choline, as observed by proton
spectroscopy (Strauss 2008). Since in our studyroeece of necrosis was demonstrated by
histology (20% of the total tumor area), this faould counteract a decrease of the total
choline peak. However, another group observed detrg choline levels in a CWR22
xenograft model 24 hours after X-ray irradiationykP 2003). Gillies et al. suggested that
changes in the total choline peak may depend owdhe&ycle arrest, which generally occurs
after 24 hours or later (Gillies 2005). If thistrsie, spectra acquisitions within the first 24
hours, as used in most studies, should be extenBethaps choline measurements are better
suited for targeted anti-cancer therapies. Cytastagients stop tumor cell proliferation,
avoiding further increase of the choline peak, withany confounding choline liberation
stemming from cell membrane breakdown as it iscdme for cytotoxic agents (Beloueche-
Babari 2010).

Towardsclinical use

Besides morphological imaging, there are some semarkers (alphafetoprotein, lactate
dehydrogenase, cancer antigen 125, PSA...) that aefuluin monitoring therapeutic

response in specific cancer types. However, forntfagority of the common tumors, there
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presently is no serum marker that can assist ve$panse monitoring acutely after therapy;
moreover they do not allow response assessmenitun(Berglund 2002). Multimodality
imaging techniques are now combining different amatal and functional methods.
Modalities used to monitor therapeutic effect sboideally be fast, robust, and hardly
invasive. Biologically significant processes, swshapoptosis, should be quantified in real-
time and tumor heterogeneity should also be refte¢h general, the major challenge is to
standardize these new techniques worldwide. Stuhulptions are often small and most
reports do not evaluate reproducibility, which hasbe done for translation into routine
clinical practice.

Besides monitoring of currently used therapies,anglar imaging techniques are an
interesting tool to evaluate the efficiency of esipeental drugs. It will save time and money
during preclinical and clinical stages (Rehman 20@evelopment of new drugs is a
succession of long and expensive experimental stagears elapse between drug discovery
and drug commercialization and only one of fiveusand newly discovered drugs will
actually be launched on the market. Overall sutvarad reductions in tumor size are the
endpoint by which most Phase Il studies are evatijabut it requires a too long follow-up
period.

DW-MRI has already been implemented in most of thaical systems and is
routinely used in research studies. MRS on therdthad, is still an experimental tool as it
requires specific hardware and software to be implged on clinical systems. The magnetic
fields used for our MR studies (4.7T and 9.4T) weigher than the fields currently used in
the clinic (1.5T or 3T). Technical evolution pursuen increase in magnetic field intensity to
obtain a better signal-to-noise ratio and a dimaorubf acquisition time, but consequences of
an increased field are more wide-ranging than gleingain in signal-to-noise ratio (Hoa
2007). Signal intensity increases proportionallyie square of the magnetic field amplitude,
whereas noise increases linearly to the field ntadei The resulting signal-to-noise ratio
thus follows a linear relation with the field ingty. Chemical shift resolution of the different
molecules is also proportional to the field andr¢f@re high field MRI is advantageous for
MRS. Also magnetic susceptibility effects,(@ffect) increase proportionally to the magnetic
field, which can be disadvantaging (image distortend signal loss) or advantaging for
certain types of acquisitions (after SPIO/USPIO wmistration). When working with clinical
MR systems, signal loss after administration of camtrast probe will be less important, but
the non specific signal diminution in untreated tusntoo, as observed when comparing

results obtained at 4.7T and 9.4T. Also importantntention is that the magnetic field
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intensity influences relaxation times of tissuedioh requires an adjustment of the MR
sequences.

The reported protocols and timings of post-treatmdR examinations vary a lot.
Further work is required to determine the mostatife post-therapeutic window. Variability
of the optimal timing with regard to the cancerdygnd treatment protocol emphasizes the
need to determine the best time for administratibour contrast probe and for imaging of
therapeutic response. For optimal timing, one ghaiso consider that biodistribution of
USPIOs is different in mice and in humans.

Human cancer is complex and differs from mouse @aincits pathogenesis. It is clear
that useful information can be obtained from thenpder experimental models before
investing in extensive clinical development studgggen that the agents that are not efficient
in these models are unlikely to be useful in humémshese models, tumor cells are injected
subcutaneously or intramuscularly and tumor groeah be followed up easily. Therefore,
tumor microenvironment and perfusion are differeamtexperimental models and other
parameters like tracer kinetics can also diffetlinical situations.

The administered dose of USPIO particles in mice Wa7 pmolFe/kg, which was
about three times higher than the appropriate doséuman use in lymph node imaging
(Sineren?: 45 umolFe/kg). This can be explained by the fhat a high dose is needed to
saturate the uptake by macrophages of the RESavuwiSPIOs have shown a very high
therapeutic index (1:150), no toxic side-effeces f@ared at this dose.

The main pitfall for progression of our biomarkewards clinical use is the natural
accumulation of nanoparticles in tumors. How shadldistinguish if the observed signal loss
in treated tumors is due to recognition of PS arpdy due to non specific accumulation? It
will be difficult to delineate treatment-resistareas under these conditions. A solution could
consist in combining molecular PS imaging with otbe@markers of therapeutic response.
This is likely to increase the predictive value fdecision making, but accumulating
examination methods is expensive and cumbersoméhéopatient. Despite the huge non
specific accumulation, we did not assess the tuwash-out of our biomarker. At first, one
should measure the wash out of unbound particlebtain an optimal target-to-background
signal. Then, one should also measure the tisssrarice of the PS-bound probes because
this information could be valuable for longitudirsldies. This is a huge advantage of non
invasive DWI and MRS, where endogenous contrastallpost-treatment follow-up as often

as needed.
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Per spectives

Summing-up table for the perspectives of this study

Possible applications of our PS-targeted biomar ker

Extension of its use as treatment monitoring togrognosis and prediction

Applicability to other pathologies with apoptotiordext (early detection, monitoring...)

Possibility to target anti-cancer drugs (combiniiggnostic and therapy)

How to increasethe affinity for tumor cell death

or how to reduce non specific accumulation

Use of better suited targeting molecules (phagaspmation of several peptides...)

Modification of grafted PEG molecules or reductionmacrophages capture

Decrease of the administered dose of USPIO-E3

Replacement of the contrast probe (Gd, radiolabgls...
Comparison of different methods used to assess tumor treatment outcome

Comparing different methods for detecting cell Heat

Other techniques used to evaluate treatment regpons

Possible applications of our PS-targeted biomarker

We evaluated USPIO-E3 particles as biomarker faaluation of anti-cancer treatment
outcome immediately after onset of the therapy @4rs). As it was suggested in the
literature that high apoptotic levels at baseliner&late well with response to treatment our
marker could also be used as prognostic and pnegliotarker even before initiation of the
therapy (Meyn 1993). The term “prognosis” definee thances to succeed in therapy in
general, whereas “prediction” is related to a dpedreatment. Such experiments have
already been performed using PS-targefiijc-AnxV to determine pre-treatment levels of
apoptosis and to correlate them with later treatmesponse (Kartachova 2004, Kartachova
2007).

Besides its use in cancer, monitoring of death-ently or death-preventing therapies
could be another application of the PS-targetedtraenh agent. Deficient or excessive
activation of apoptotic pathways is responsibleddarge number of pathologies. Excessive
apoptosis contributes to neurodegenerative diseé&Basdlander 2003, Honig 2000),
autoimmune diseases (Lorenz 2000), graft rejectMartinez 1999), and consequences of

ischemia/reperfusion also have an apoptotic commof@ujral 2001, Kohli 1999). Non
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invasive imaging of apoptotic cells would help taghose diverse diseases, as well as to
follow-up their therapy. In this context, PS sedmbe an interesting marker.

In the context of cancer, anti-tumor therapies tkithor cells, but also cells of normal
tissues, which contributes to the toxicity ass@datvith treatment. A severe side effect of
anti-cancer therapy is chemotherapy-induced ené¢ngp(CIE), which is characterized by
unpredictable severity and large inter-patient atality (Levin 2009). Early detection and
monitoring of CIE by biomarkers of apoptosis magréfore help to prevent enteropathy, to
add specific damage-reducing treatments, or tacale alternative anti-cancer therapy. The
same is true for severe cardiotoxicity induced hmy doxorubicin treatment that is commonly
used in a wide range of cancers (Bennink 2004).

As our new contrast probe accumulates in tumorsouid also be used for targeted
delivery of anti-cancer drugs, reducing unwantede-sffects. Especially for those drugs
directed at tumor vasculature as PS is also exguless living endothelial cells during
neoangiogenesis. Tumor vasculature is an integeséirget for therapy because of its non
malignant character, which means low probabilityrtotate and to develop drug resistance.
Using anti-PS monoclonal antibody as a probe, Ral. showed that PS is also a potential

target for cancer therapy (Ran 2002).

How to increase the affinity for tumor cell deathhow to reduce non specific accumulation

What can be done to increase the sensitivity ofcoatrast probe and to reduce its non
specific accumulation in tumors? Affinity of the B8ptide for PS was about ~70 times lower
than the PS-affinity of AnxV, but it was still séted in the nanomolar range. Unfortunately,
when passing from the E3-expressing phage to thpdp8de, we lost some affinity. Other
investigators also reported the same problem wharh be explained by the fact that five
copies of the same peptide are expressed on thgeghsurface (Hong 2008, Thapa 2008).
For this reason Segers et al. proposed to direstythe phages as molecular targeting agents
(Segers 2007). Using magnetophages instead ofdesgbound particles could increase the
affinity for the PS molecule and this way also e@ase the target-to-background signal.
Besides trying to increase the number of graftedpEptides, one can also try to graft
different targeting molecules on the nanoparticidage with the aim of recognizing different
targets expressed during cell death and therebyeastg the chances of specific
accumulation in cell death regions. This multivalarieraction could possibly enhance the

affinity to a considerable extent.
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By decreasing the administered dose of USPIOs, wétrbe able to reduce the non
specific accumulation. However, the high accumaltatin liver and spleen will still be a
problem. Several injection doses should be testedddtermine the optimal USPIO
concentration for imaging tumor cell death.

One can also increase the number of PEG molecolesdato the particle or use PEG
chains with higher MW. A study comparing PEGylatieith different PEG chain lengths
demonstrated that, despite PEG chain addition tiicfes, the particle size decreased because
particle aggregation was reduced due to stericdot®n (Luo 2010), and a smaller size
means less susceptibility to be captured by theopaages and a higher chance to reach the
tumor. With PEG750, the same MW as used for PE@ylabf our CA, only poor steric
repulsion was observed. Therefore, using a londgeG Rhain to PEGylate our targeted
particles could be a possibility to increase plasimaulation and thereby potential tumor
accumulation. Another group evaluated the influerafe the PEGylation degree on
pharmacokinetics. PEGylated dendrimers were preparehree different molar ratios (4:1,
16:1 and 32:1) yielding conjugation of 4, 12 and R&G molecules per dendrimer
respectively (Zhu 2010). Even the slightest degrieBEGylation increased circulation time,
reduced liver and spleen uptake and increased twmptake, but at a lower degree of
PEGylation steric repulsion was not as strong abigtier degrees. Pharmacokinetic and
biodistribution properties seem to be more depeinderPEGylation degree than on particle
size. But question is: will the targeted peptidi Isé accessible for PS-binding after all these
modifications, or will the PEG molecules shield egxto the target molecule.

Another possibility is to eliminate plasma opsonbs injection of decoy particles
immediately before injecting the particles of imtgr By doing so, the plasma clearance
system will already be saturated before injectibrihe targeted particles (Simberg 2007).
Drugs like lovastatin are able to reduce the rengobf macrophage receptors and thereby to
diminish internalization of the nanoparticles byammgphages (Rogers 2005). Administration
of lovastatin could possibly decrease USPIO cagdiymnacrophages.

The most logical approach would be to use anothegnetic reporter such as Gd
complexes. Advantages of Gd are the positive cengahancement om-veighted images
and the small size. One should check the wash fotltese agents though, in order to avoid
toxic effects like nephrogenic systemic fibrosiattban occur after too slow elimination from
tissues. As the relaxivity of Gd is relatively logompared to USPIOs, one has to use
macromolecular complexes such as dendrimers osdipes, which are able to carry a lot of

Gd®* ions and can therefore increase the contrast. i@seto find a good compromise
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between relaxivity and size of the CA. Of coursk,labeling methods are not too
cumbersome, the E3 peptide can also be radiolabejecdh PET-tracer, involving all

advantages and disadvantages of the PET technique.
Comparison of different methods used to assessrttrestment outcome

First, the markers of tumor response used in thidyscould be better characterized, meaning
that a longitudinal follow-up of the measured pagetars (cell death, cellularity, and choline)
and a comparison of them over a given time framéddcgive interesting new insights. An
interesting perspective would of course be the @rmpn of the methods used in this study
with *®F-FDG-PET or with proliferation markers likéF-FLT. Our biomarker of apoptosis
could also be used in combination with biomarkdrsexrosis (NACAS) to compare maps of
apoptosis and necrosis within treated tumors. llcc@lso be interesting to compare tCho
measurements by proton MRS witfF-FCH uptake as measured by PET. This approach is
not new. Interrelation between both techniques dlesady been assessed in vivo, but no
correlation was found (Kwee 2010, Rommel 2010). éwplanation could be the limited
ability of MRS to discriminate between the indivadicholine-containing metabolites in vivo.
18F_.FCH is a marker of PC synthesis; thus, if we Ikesthe peak of PC in tumor biopsies, PC
concentration may correlate better witR-FCH than the total choline peak.

PET enables visualization of changes in glucosedudine metabolism, as well as
imaging of apoptosis, in cancer patients after otegi treatments. However, the PET
technology exposes patients to radioactivity, cantifferentiate parent and breakdown
products, and is not able to measure endogenougparords (Payne 2006). Thus, a
complimentary tool for metabolic imaging such as IMHRS can be useful. Let us take the
example of prostate cancer. The serum marker P8Avésy useful marker of prostate cancer,
even before the tumor becomes palpable. This megeonhits to detect 80% of prostate
cancers, but unfortunately PSA lacks in specificictually, only one out of three
PSA-positive patients has cancer. Another populamsgate marker, th&F-FDG, turns out
to be less useful in this specific type of tumarcsi prostate tumor has a low metabolism.
YC-acetate detection by PET is well able to point @l primary prostate tumors, but for
bone metastases, bone scintigraphy was superlRIET0 On the basis of this example we can
see how important it is to combine different method to figure out the best method for each
specific tumor type. The response evaluation methad also depend on the chosen

treatment. Many of the targeted therapies currebding tested are cytostatic rather than
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cytotoxic and of course in such a case a non imgasiarker of tumor cell death will be
pointless.

Combining different modalities is a nice idea, 8ifficult to translate into the clinic. It
will be money- and time-consuming, cumbersometiergatient and complicated to schedule
overbooked machines. It could be easier to runraéaequisitions during one single MR
session, or use multi-tracer PET studies, but trenwould not benefit from combining the
intrinsic advantages of the different techniquelser€ is a need for a systematic approach
comparing the timing and the dynamic range of diifié markers to assess the respective
value of each, or the added value of combined mgrke order to see if a multimodal
approach would make sense or not.
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