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The front cover illustration consists of various digital autoradiography images and
stained tissue sections from the studies described in this thesis. The back cover
illustration is a digital autoradiography image of an array of pieces of thin nickel
wire, irradiated in a research reactor to contain the radioactive isotope Cobolt-58.



The spontaneity of the radiation is an enigma,
a subject of profound astonishment.

— Marie and Pierre Curie,
Report to the International
Congress of Physics, Paris, 1900






Abstract

Molecular imaging, both in vive and ex vivo, is playing an increasingly important role in preclinical
medical research. When using radionuclide-labeled tracers, e.g. in the development of
radiopharmaceuticals for diagnostic imaging or for radionuclide therapy, quantitative in vive
imaging can be performed using emission tomography. Quantitative autoradiography of thin tissue
sections is employed to obtain high-resolution images of the radioactivity distribution ex vivo,

commonly using photographic film or a storage phosphor screen.

The aim of the work presented in this thesis was to evaluate the potential of digital autoradiography
with multi-radionuclide imaging capabilities to contribute to preclinical, small-animal, research

studies using radiolabeled targeting molecules for diagnosis or therapy.

The characteristics of a digital autoradiography system employing a double-sided silicon strip
detector were investigated with regard to spatial resolution, detection sensitivity, background and
noise, system dead time, and the ability to resolve energy spectra. This system, although it has a
smaller field of view, was found to perform favorably compared to a storage phosphor system.
Methods of separating the contributions from several radionuclides imaged simultaneously were

developed and evaluated.

The intratumoral distribution of '"Lu-labeled monoclonal antibodies (mAbs) over time was
studied in a syngeneic rat model of colon carcinoma at both therapeutic and lower activity levels.
The activity was initially found in the tumor periphery, then in areas of viable, antigen-expressing
cells, and at 24-48 h and later in areas of granulation tissue and low antigen expression. A point-
dose kernel was used to calculate the absorbed-dose rate distribution in tumor sections, which was

found to be twice the section mean in areas with high activity accumulation.

The distributions of '"'In- and """Lu-labeled mAbs targeting intercellular adhesion molecule 1 were
studied in a xenograft model of human prostate cancer, and compared with a control mAb as well
as clinically used "*F-labelled tracers using small animal SPECT/CT and PET/CT, as well as multi-
radionuclide digital autoradiography. Results from this study, and those from an '*’I-labelled mAb
compared with a co-injected smaller antibody fragment labeled with "'I, both targeting carcino-
embryonic antigen, confirmed that barriers to tumor penetration by macromolecules are a major
problem, especially in radioimmunotherapy. A mAb against free prostate-specific antigen was also

studied.

Using multi-radionuclide digital autoradiography, the plaque-to-aorta contrast of a mAb targeting
oxidized low-density lipoprotein was observed to be higher than that of "*FDG in slide mounted

aortas from atherosclerotic mice.

These studies show that digital autoradiography, including multi-radionuclide imaging, has the
potential to provide novel data for preclinical imaging studies, but that further development and

optimization of the method are needed.

Keywords: Autoradiography, Radioimmunotherapy, Antibodies, Molecular Imaging, Multi-

Radionuclide Imaging, Silicon-strip detector






Populirvetenskaplig sammanfattning

Bildgivande system har en allt mer frameridande roll inom sjukvérd och medicinsk forskning. En
del av dessa system fungerar genom att en patient eller ett férsdksdjur injiceras med ett likemedel
mirkt med ett radioaktivt amne, och sedan mits den strilning som detta &mne avger for att skapa
en bild av var dmnet, och dirmed likemedlet, befinner sig. Det finns bide system som miter
fordelningen av radioaktivitet i tre dimensioner hos levande individer (till exempel PET- eller
SPECT-kameror) och sidana som miter fordelningen pa en mer detaljerad nivd i tunna

vivnadssnitt som ir tagna fran avlivade forsdksdjur; den senare metoden kallas for autoradiografi.

Den idag mest anvinda tekniken for autoradiografi baseras pa plattor med fosfor-kristaller som
fungerar ungefir som en svart-vit fotografisk film. De exponeras under en viss tid for vivnadsprovet
med det radioaktiva amnet, och sedan framkallas bilden med hjilp av en speciell utrustning. Det
nya system som utvirderas och anvinds i den hir avhandlingen ir istiller en kiselbaserad
halvledardetektor, och fungerar lite som en digital firgvideokamera jimfért med fosforplattorna.
Det kan se signalerna frin det radioaktiva preparatet i realtid, mita nir i tiden strilningen avges och

vilken “firg”, d.v.s. energi, den har.

Detektorsystemet testades och olika egenskaper mittes. Det visade sig ha en 1ig bakgrundssignal,
god férméga ate f6r ménga, men inte alla, radioaktiva amnen avgéra vilka energier som mittes,
samt korrekt kunna mita relativt starkt radioaktiva prov. Detaljnivan, d.v.s. upplésningen, i bilden
jimfordes med fosforplattorna genom att en mycket tunn radioaktiv trdd avbildades pi bida
systemen. Kiseldetektorn hade en hogre upplosning dn fosforsystemet dven om skillnaden inte var
drastisk.

Systemet applicerades i en rad djurmodellstudier med antikroppar mirkta med radioaktiva dmnen
som kinner igen vissa strukcurer pa celler i till exempel cancertumérer eller dderforkalkningsplack.
Det observerades att i en rattmodell av koloncancer tar sig antikropparna forst in i och behandlar
tuméren med stralning, men efter nigot dygn finns radioaktiviteten i omraden av drrvivnad i
tumoren dir den kanske inte gor si stor nytta. Andra antikroppar testades i musmodeller av
prostatacancer dir de visade sig visserligen hitta tuméren, men pa grund av tumérens struktur och
att antikroppar ir relative stora m.m. ofta ha vildigt svért att na in till tumérens inre. I en del av
dessa studier anvindes flera antikroppar eller andra molekyler samtidigt och de mirkees dd med
olika radioaktiva imnen, som i bilden kunde separeras genom deras olika energi, eller hur snabbt de
avger sin strdlning. Ett sddant exempel var nir en antikropp specifik mot dderférkalkningsplack
testades samtidigt med en ospecifik antikropp och ett sockerliknande 4mne som ackumuleras vid
inflammation. Dir kunde vi i en jimférelse se att den specifika antikroppen togs upp mer i plack
an i omkringliggande kirlvigg. Detta i hogre grad dn det sockerliknande dmnet, men liknande den

ospecifika antikroppen.

Sammantaget visade studierna att autoradiografi med ett modernt instrument som kan separera
signalen frin olika radioaktiva dmnen har mycket att dllféra i studier dir man tar fram nya

likemedel eller diagnostiska preparat, men att teknik och metod fortfarande behver utvecklas.



List of radionuclides

Selected characteristics of a selection of the radionuclides employed in this work or
discussed in this thesis. All figures from the Brookhaven web database of nuclear
decay data in the MIRD Format [1], based on source data from the International
Network of Nuclear Structure and Decay Data.

Selected radiations

Radionuclide Half-life Type Yield (%)  Avg. energy (keV)
18 109.8 min B+ 96.7 249.8
I Te 6.007 hours Y 89.0 140.5
ce 8.79 119.5
At 7.214 hours a 41.8 5870
X-ray 21.1 79.29
0y 64.00 hours B- 100 933.7
"n 67.32 hours Y 90.6 171.3
Y 94.1 245.4
ce 7.87 144.6
87r 78.41 hours B+ 22.7 395.5
7"Lu 6.647 days B- 79.4 149.4
y 10.4 208.4
BIT 8.025 days B- 89.6 191.6
Y 81.5 364.5
5] 59.40 days X-ray 73.5 27.47
X-ray 39.4 27.20
ce 10.7 30.55

Conversion electron emissions denoted by ce.
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Thesis at a glance

Paper I

Purpose: To characterize the imaging performance of a double-sided silicon strip
detector (DSSD) system for digital autoradiography.

Methods: Measurement of detector efficiency, spatial resolution etc. using radioactive
samples. Pilot animal study where multi-radionuclide imaging was employed.

Conclusion: A DSSD system can be successfully applied for digital autoradiography
with multi-radionuclide imaging capability and has a spatial resolution that compared
favorably to a storage phosphor system.

Paper I1

Purpose: To investigate the distribution of '""Lu-DOTA-BR96 monoclonal
antibodies targeting the Lewis Y antigen over 7 days using a syngeneic rat model of
colon carcinoma.

Methods: Biodistribution, digital autoradiography, histology and immuno-
histochemistry of tumors from 38 rats at different times after injection of the
radioimmunoconjugate.

Conclusion: The activity distribution to viable, antigen-expressing tumor cells is most
efficient around 24 h post injection after which an increasing correlation between
activity uptake and granulation tissue, interpreted as treatment effects, was observed.

Paper III

Purpose: To monitor cell death and activity distribution in tumors during the
rejection process after treatment with a therapeutic activity of ’Lu-DOTA-BRY6.

Methods: Immunohistochemistry to detect cell death markers and digital
autoradiography to image activity distribution in tumors from 21 treated and 9
control animals of the same type as Paper II.

Conclusion: Following radioimmunotherapy, tumor cells death occurred by a
number of different mechanisms. Activity distribution over time was similar, but
accelerated, compared to Paper I1.



Paper IV

Purpose: To evaluate ICAM-1 as a potential target protein for in vivo imaging of
advanced prostate cancer with radiolabeled antibodies.

Methods: Biodistribution, SPECT and PET/CT imaging, multi-radionuclide digital
autoradiography, histology and immunohistochemistry of tumors from 29 mice with

xenografts of human prostate cancer cells. Animals were injected with '''In- or '""Lu-
labeled anti ICAM-1 or control antibody and some also with *FDG or '®F-Choline.

Conclusion: Anti-ICAM-1 antibodies have potential for prostate cancer targeting,
although observed poor tumor penetration and high activity uptake in the spleen will
have to be further investigated.

Paper V

Purpose: To investigate the feasibility of targeting the free, unbound forms of
prostate-specific antigen (PSA) for in vivo imaging of prostate cancer.

Methods: Biodistribution, multi-radionuclide digital autoradiography, histology and
immunohistochemistry of tumors from 36 mice with xenografts of human prostate

cancer cells. Animals were injected with '*I-labeled anti free PSA antibody and some
also with "®FDG or "*F-Choline.

Conclusion: Maximum tumor specific uptake of the antibody was observed 24 h post
injection, although with higher specific retention in blood. Activity was distributed
both to areas that stained positive for PSA and to necrotic areas, possibly an effect of
the iodine labelling.

Paper VI

Purpose: To compare the different intra-aortic distributions of three radiolabelled
tracers in an atherosclerotic mouse model.

Methods: Multi-radionuclide  digital autoradiography, lipid staining and
immunohistochemistry of mounted aortas from 12 atherosclerotic mice injected with
BFDG and '’I- or "'I-labeled anti-oxidized Low Density Lipoprotein (oxLDL) and

non-binding control antibodies.

Conclusion: Anti-oxLDL antibodies had a better plaque to aorta contrast than "*FDG
higher and uptake but not significantly different activity distribution compared to the
control antibody.



Introduction

Preclinical molecular imaging

Small animal models play an important role as the stepping stone between in vitro
research and clinical trials in the development of new diagnostic and therapeutic
pharmaceutical agents and methods. Imaging, applied both iz vive and ex vivo, has
come to constitute a crucial part of such preclinical studies. This is particularly the
case for molecular imaging, which is defined by the Society of Nuclear Medicine and
Molecular Imaging as:

[The] visualization, characterization, and measurement of biological processes at the
molecular and cellular levels in humans and other living systems. [2]

This is often achieved by using a tracer, visible to an imaging modality, that interacts
with, or targets, a specific biological process. /z vivo imaging of a live animal, often
under anesthesia, allows longitudinal studies to be performed on the same animal, to
study whether, for example, a candidate drug reaches its intended target, or if the
pharmacokinetics may lead to unintended toxicity. In the case of radiolabelled tracers,
in vivo imaging may also be used to estimate the absorbed dose to risk organs over
time. Ex vivo imaging, on the other hand, often allows imaging at a spatial resolution
that is orders of magnitude higher, and unhindered access to tissue for staining and
observation. Both these imaging approaches are, therefore, integral parts of basic
research and drug development [3].

In vivo imaging modalities

Non-radionuclide-based methods

Optical in vivo imaging has become increasingly popular as a high-throughput
modality that does not require radioactive materials. The basic imaging technology
employed is a charge-coupled device (CCD) that records the light emitted from the
animal as a result of one of two processes. The first is bioluminescence, where cells,
for example implanted tumor cells, have been engineered to express one of the
luciferase enzymes and, upon the injection of luciferin, light will be produced in
proportion to the amount of tumor cells, enabling tumor growth to be monitored.
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The second process is fluorescence. A tracer with a fluorescent label is injected into
the animal, and then excited with an external light source, and the lower energy light
that is emitted is recorded. Multi-tracer imaging can be performed by using different
fluorophores [4]. Optical imaging and radionuclide imaging can be combined by
imaging the Cherenkov radiation that is emitted when charged particles are slowed
down in tissue [5, 6].

In order to achieve anatomical imaging, which is often valuable as a reference to the
images from other molecular imaging modalities, small-animal computed
tomography (CT) can be used measure the attenuation of X-rays passing through the
animal. Commercial systems can provide a spatial resolution of 50 pm, although the
absorbed dose to the animal necessary for a high signal-to-noise ratio may be very
high, on the order of 0.25 Gy for 135 pm voxels, affecting the animal’s health or the
outcome of the study [4, 7].

Dedicated small-animal magnetic resonance imaging (MRI) systems have the ability
to achieve excellent soft-tissue contrast, and spectroscopy and functional imaging of
perfusion, diffusion, etc., can be performed. Preclinical MRI systems have smaller
bore-holes than clinical systems to accommodate a rodent, and commonly have
higher-field magnets in the range of 4.7-11.7 T. A spatial resolution of 0.1 mm can
be achieved while imaging live animals under anesthesia [4, 7].

Ultrasound imaging benefits from the smaller volume of animal models compared to
humans, which allows for higher frequencies, thus providing better spatial resolution.
Ultrasound biomicroscopy is an extension of this concept, providing a resolution
down to 60 pm. Microbubble contrast agents, sometimes with targeting molecules on
the surface, can also be employed [4].

Small-animal PET

Positron emission tomography (PET) is now a widely used imaging modality in the
clinical setting, primarily in the field of oncology. The first PET systems specifically
for rodent imaging were developed in 1995 [8], and today several systems are
commercially available. In brief, a tracer radiolabelled with a B*-emitter such as '®F is
injected into the animal, and upon decay a positron is emitted that eventually
interacts with an electron, leading to the emission of two photons, each with an
energy of 511 keV, in opposite directions to preserve momentum. These photons are
then registered by a ring of detectors, each one usually consisting of a scintillator
material and a photodetector. By recording only the events that are coincident in
time, the position of the annihilation, somewhere between two detector elements, can
be established, and a three-dimensional image of the activity distribution can be
reconstructed [9]. The main benefits of small-animal PET are its high sensitivity, up
to 100 times that of single-photon emission computed tomography SPECT, and
accurate quantification, compared to other methods. The spatial resolution of
commercial systems is currently around 1 mm. It is very common to combine small-

6



animal PET with CT to acquire anatomical information (Figure 1). The combination
of PET and MRI is currently an active area of research and development [4, 7, 10].

Figure 1.
A PET/CT maximum projection image of a mouse from the study described in Paper IV. This PET

image was taken one hour after the intravenous injection of the metabolic tracer 2-deoxy-2-['*F]fluoro-
D-glucose ("*FDG), and scaled to 10% of the maximum voxel intensity in order to visualize other organs
than the bladder, which contains most of the activity. Note the uptake in the heart and the subcutaneous
tumor. A threshold was applied to the CT image to show only high-density voxels, i.e. bone.

Figure 2.

A multi-radionuclide SPECT/CT maximum projection image of a normal mouse six hours after the
intravenous injection of ''In-trastuzumab (green ) and *™Tc-Affibody (red). Note the uptake of
trastuzumab in the liver and the concentration of Affibody in the bladder and mediastinal lymph nodes.
(Image provided by Jonas Ahlstedt, Medical Radiation Physics, Lund University and Thuy Tran, Lund
Bioimaging Center, Lund University.)



Small-animal SPECT

Single-photon emission computed tomography predates PET, and is in even wider
use as a clinical imaging modality in a large number of diagnostic and therapeutic
applications. While clinical SPECT systems have poorer spatial resolution than PET,
for small-animal scanners the reverse is generally true, due to the use of pinhole
collimators, although this results in lower sensitivity. To obtain the image, a tracer
labeled with a y-emitting radionuclide, such as *™Tc or '"'In, is injected into the
animal and, at the desired point in time, the anesthetized animal is inserted into the
SPECT camera. The detectors, which are either stationary or rotate around the
animal, usually consist of scintillation detectors coupled to photodetectors, classically
photomultiplier tubes. Semiconductor detectors have also been used in preclinical
systems and are being developed due to their small pixel sizes and excellent energy
resolution [11]. Collimators are placed between the animal and the detectors, and in
modern small-animal systems these are typically multiple-pinhole type collimators.
These allow for small objects to be projected onto the larger detector, improving the
spatial resolution compared to classical parallel-hole collimators. The pinhole size
determines the trade-off between spatial resolution and sensitivity. Adding additional
pinholes increases the sensitivity, although the images projected onto the detector will
overlap, which may degrade the reconstructed image [12]. Using this technology,
sub-millimeter spatial resolution can be achieved, at least for smaller areas of the
animal. Activity quantification has classically been difficult using SPECT, and
corrections for photon attenuation and scatter must be included in the reconstruction
algorithm to improve the quantitative accuracy [7].

Unlike PET, the radionuclides used for SPECT tracers emit y radiation at many
different energies, and this can be employed to image several tracers simultaneously
(Figure multi-SPECT), for example, both blood flow and a molecule targeting a
specific antigen. Algorithms to correct for cross-talk between the radionuclides
present as well as down-scatter from the higher energy emitter are then employed to
produce separated images [4, 13]. As with small-animal PET systems, a CT scanner is
commonly included in small-animal SPECT [7].

Ex vivo imaging modalities

Non-radionuclide-based methods

Tissue samples taken from sacrificed animals or in the form of biopsies can be studied
using a range of imaging techniques. The most common is light microscopy of
samples stained, for example, with hematoxylin and eosin to reveal the histology of a
tissue section. More advanced staining can be performed using immunohisto-
chemistry, in which a thin tissue section is exposed to a solution of antibodies
targeting a specific antigen. This antibody either carries a reporter molecule, or it is
carried on a secondary antibody, which adheres to the primary antibody, in an effort

8



to amplify the staining. This reporter can be an enzyme which, upon incubation,
converts a chromogenic substrate into a visible colored substance. A variation of this
method is immunofluorescence, where the reporter is a fluorophore and the sample is
imaged using a fluorescence microscope. The spatial resolution of light microscopy is
commonly reported as being down to 0.2 pm [14].

Many histological staining techniques can be adapted for electron microscopy, which
is able to reach sub-nanometer spatial resolution, but requires more extensive
preparation of very thinly sectioned tissue samples. The two main technologies are the
transmission electron microscope, which measures the attenuation of an electron
beam traversing the sample, and the scanning electron microscope, in which the
electron beam scans the sample surface and the resulting secondary electrons, light or
x-rays are detected. Electron microscopy can be combined with radionuclide imaging
in electron microscopic autoradiography, which is analogous to micro-auto-

radiography described below [15, 16].

A technique that has undergone significant development recently is mass
spectrometric imaging (MSI). The main benefits of this compared with other
methods are that there is no need of a label that might change the biological behavior
of the injected compound, and the ability to measure both the original compound
and any metabolites. The two main methods used are matrix-assisted laser
desorption/ionization MSI and secondary-ion MSI; the former typically being used to
image larger samples at a sub-millimeter resolution, and the latter for smaller samples
with sub-micrometer resolution. The drawbacks of MSI compared, for example, to
autoradiography are the long preparation and handling time of samples and the lack
of accurate quantification of the measured compounds [3].

Autoradiography

Autoradiography can be said to be the first imaging technique ever used for the
localization of radioactivity in a sample with the darkening of a film when Henry
Becquerel discovered radioactivity, and images of biological samples were produced as
early as 1904 [3]. Autoradiography is actually a number of technologies and methods
used to produce a two-dimensional image of the distribution of activity in, or on, a
thin, solid and immobile sample, that is in close proximity to the detector or
detection medium [3, 17]. The images are formed by the charged particles emitted (a
or B+), while y radiation often passes through the detector without interacting with it
[18]. Apart from superior sensitivity and quantification compared to other methods,
autoradiography is vital for dosimetry at the cell and tissue levels since it images the
actual interactions delivering the absorbed dose.

Traditionally, autoradiographic film has been used, the spatial resolution of which is
limited only by the 0.1-0.4 pm size of the silver halide crystals that compromise the
detection medium [19]. However, film has a number of drawbacks: it does not show
a linear response to different levels of activity, the dynamic range is limited, and the
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sensitivity is low, often requiring weeks of exposure per sample [3, 17, 19].
Photographic emulsion is, however, still widely used for micro-autoradiography in
which the tissue sections are in direct contact with the photographic emulsion, either
by mounting them on pre-coated slides, or by applying the emulsion to the slides
after sectioning [3, 17]. After exposure and development the tissue is studied using
light microscopy and very high-resolution, although not quantitative, data on the
activity distribution can be obtained.

Since macro-autoradiography on the 100 pm scale is sufficient in many applications,
and the ability to acquire quantitative images is of high priority, the technology that
has replaced film as a standard method is storage phosphor screens. When exposed to
ionizing radiation, BaFBr:Eu* phosphor crystals absorb the energy of interacting
particles and are oxidized to BaFBr:Eu*; the electron being trapped in the crystal
matrix. During read-out, a red laser releases the electrons, Eu*" is reduced to Eu*', and
the energy is released as visible blue light that can be quantified using a
photomultiplier tube [20]. A spatial resolution of 60 pm was reported for storage
phosphor systems in the International Commission on Radiation Units and
Measurements (ICRU) Report 67 in 2002 [17].

However, neither film nor storage phosphor systems provide any real-time
information on the progress of imaging, and neither records the time of interaction of
each detected particle [17, 19]. A number of digital autoradiography systems, based
on different detector technologies, have therefore been developed to address these
shortcomings and, if possible, improve the spatial resolution.

Figure 3.

Autoradiographic images of a tissue section from the heart of a rat injected with #™Tc-hexamibi. Left:
autoradiographic film after 24 hours of exposure. Right: the image obtained after 30 min using the beta
camera autoradiography system developed by Ljunggren et al. [21]. (Image provided by Sven-Erik
Strand, Medical Radiation Physics, Lund University.)
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Solid-state, silicon detectors have also been developed, some based on back-thinned
CCD and complementary metal oxide semiconductor (CMOS) sensors [22, 23], or
silicon pixel detectors [24]. Silicon strip detectors, such as that used in the present
work, have also been employed in earlier systems, although the intrinsic spatial
resolution was lower [25, 26].

Among these, are systems using a CCD to register the scintillation light generated by
the radioactivity in a sample in either a sheet of scintillator [27], a thin layer of
phosphor [28], or in a parallel-plate avalanche chamber [27]. A notable recent system
is the a-camera, which uses sheets of silver-activated zinc sulfide phosphor, upon
which tissue sections containing an alpha particle emitter are directly mounted, and
the resulting scintillation light is collected using a cooled CCD and a magnification
lens [29]. Another technology, Microchannel plates, have been employed in several
systems, among them the beta camera developed by Ljunggren and Strand (Figure 3),
based on a thin scintillator, the photoelectrons from which are amplified by a
microchannel plate and registered by a resistive anode [21, 30].

Image-based dosimetry

In order to evaluate and predict the biological effects of a specific exposure to

radiation, especially in therapeutic applications, dosimetry is employed. The absorbed
dose (D) is defined as

D =de/dm Eq. 1

where de is the energy deposited by ionizing radiation in a volume element with the
mass dm [17]. Internal dosimetry, which is used to calculate the absorbed dose
delivered by radionuclides inside the body, requires knowledge of the activity,
location, and behavior of these radionuclides over time.

Macroscopic dosimetry

The US Society of Nuclear Medicine’s Medical Internal Radiation Dose (MIRD)
Committee has developed a system for internal dosimetry that has become the
standard for medical applications [31, 32]. In this system, the absorbed dose in target
region k from source region 4 is defined as:

11



Dy s = A4S Eq. 2

where A is the accumulated activity in the source region, and the S value S,
represents the mean dose deposited in 4 from each unit of accumulated activity in 4. S
values are typically employed at the organ level, where they have been determined for
different radionuclides through the use of computational phantoms representing
reference humans [33]. However, if activity data are available at better than organ-
level resolution, voxel S values can be used. These are determined by calculating the
amount of energy that is deposited in a voxel of a certain volume at a certain distance
from the decay of a specific radionuclide in a homogeneous tissue-equivalent medium

[34].

The MIRD approach is applicable in both clinical and preclinical dosimetry, and
calculations of S values have been performed for different animals, such as mice [35]
or rat [36]. In both clinical and preclinical dosimetry, the activity data for organs or
voxels may come from iz vivo imaging modalities such as PET or SPECT, preferably
with repeated or dynamic measurements to correctly quantify the accumulated
activity [33]. However, the MIRD method has two major limitations: first, it is a
generalized method that does not take into account the individual anatomy of the
patient, and second, while voxels may be of any size, the activity data will have the
same resolution as the imaging modality [37]. The first problem can be addressed by
using the three-dimensional accumulated activity distribution from the individual
animal or patient to directly calculate the absorbed dose distribution.

If it is assumed that the activity is distributed throughout a homogeneous medium,
dose point kernels (DPKs) can be convolved with the accumulated activity
distribution to calculate the absorbed dose distributions. A DPK is either analytically
calculated or simulated using Monte Carlo techniques, and contains the absorbed
dose at all locations within the kernel diameter around the decay of a specific
radionuclide [33, 37]. If the medium cannot be assumed to be homogeneous, as in
the case of bone or lung dosimetry, the activity distribution from PET or SPECT and
the density map from a CT scan can be employed to perform a more accurate, if
time-consuming, Monte Carlo simulation of the energy deposited by the

radionuclides [33, 38].

Small-scale dosimetry

While both clinical and preclinical PET and SPECT provide sub-organ resolution,
they do not fulfill the requirement of imaging the activity distribution on the scale of
the range of the charged particles delivering the absorbed dose [37]. For lower energy
B-emitters and especially for a-emitters with ionization ranges of a few pm, decay on
the cell surface or in the cell nucleus may be of great importance regarding the
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biological effect [39]. A system for cellular S values has been developed in order to
investigate the effect of sub-cellular localization for different radionuclides [37].
Heterogeneous activity uptake inside organs or regions of organs that may be visible
using ex vivo but not iz vive modalities has been shown to introduce errors when the
MIRD assumption of sub-region homogeneity is applied [17, 40]. The risk of
erroneously calculating mean absorbed doses is that the absorbed dose will not be
correlated to the biological response, and will affect, in particular, individualized
therapy planning. An approach proposed to address this problem is the development
of models that can relate the measured mean activity level to an assumed sub-voxel
distribution acquired from preclinical data and biopsies [41, 42]. This will allow the
approximate calculation of the absorbed dose to the actual radiosensitive tissues or
even to the nucleus of the cells if the model considers that scale [39].
Autoradiography is at present the only imaging modality capable of resolution
comparable to the range of charged particles, and will therefore be a main tool for
providing the parameters required in small-scale dosimetry models for individual
radiopharmaceuticals. Most autoradiography systems will be capable of resolving
regional heterogeneity in a tumor or normal tissue, however, micro-autoradiography
will be needed to determine the distribution of radionuclides at the cellular level,
especially for a-emitters and radionuclides with dominant Auger emission [17]. While
the application of small-scale dosimetry in the clinic will be a challenge, as activity
distributions will, at best, be known in sub-organ voxels, the prospects in preclinical
studies of new radionuclide therapies are better, as high-resolution in vivo an ex vivo
imaging data can be combined with iz vitro results to obtain more accurate dosimetry

(37].
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Aims of this work

The overall aim of the studies included in this doctoral thesis was to evaluate the
potential of digital autoradiography with multi-radionuclide imaging capabilities to
contribute to preclinical studies employing radiolabelled targeting molecules. This
included characterizing the capabilities of the detector system itself, as well as

applying it to studies using animal models, in the pursuit of new targeting molecules
for both diagnostics and radionuclide therapy. The specific aims of each paper in
relation to this overall aim were:

to characterize the performance of a newly developed commercially available
double-sided silicon strip detector system for autoradiography, and test its
application in a dual-tracer preclinical pilot study (Paper I),

to investigate the activity and the distribution of the absorbed-dose rate of
the radiolabeled antibody '""Lu-DOTA-BR96 within tumors at different
points in time in relation to histology, antigen expression, and vascularization
(Paper 1),

to repeat the study performed in Paper II but at therapeutic instead of sub-
therapeutic levels of activity, and to relate these results to staining of cell
death markers in tumors during the therapeutic process (Paper III),

to make the first evaluation of the targeting potential and biodistribution
properties of a radiolabeled antibody targeting the protein ICAM-1 in a
prostate-cancer-based model using small-animal SPECT/CT, multi-radio-
nuclide digital autoradiography, and ex vivo biodistribution (Paper IV),

to investigate the feasibility of targeting the free, unbound forms of prostate-
. . . 125 . . . . . . .
specific antigen with an '*I-labeled antibody, using ex vivo biodistribution

and multi-radionuclide digital autoradiography (Paper V), and

to simultaneously compare the distribution of "FDG and '*I/"'I-labeled
anti-oxidized low-density lipoprotein and control antibodies in an
atherosclerotic'  mouse  model  using  multi-radionuclide  digital

autoradiography (Paper VI).
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The digital autoradiography system

The same commercially available digital autoradiography system, the Biomolex 700
Imager (Biomolex, Oslo, Norway), was employed in all the work presented in this
thesis. The system is based on a double-sided silicon strip detector (DSSD), which has
advantages and disadvantages compared to other systems. The studies were carried
out using the same unit (at the Lund University Bioimaging Center, LBIC) except for
the multi-radionuclide study of tumor penetration using two different tracers
presented in Paper I, where a prototype of the system at the University of California,
Los Angeles was used.

System design

The semiconductor detector element provides much better energy resolution than
that obtained with scintillation-based detectors due to the large number of electron-
hole pairs created when ionizing radiation interacts with the detector. These act as
information carriers for the energy measurement providing better statistics than the
smaller number of photoelectrons that serve the same purpose in a scintillation

detector [43].

The system used in this work is based on a DSSD with 560 x 1260 parallel silicon
strips, with a pitch of 50 pm, on each side of a 300 pm thick n-doped silicon wafer,
which acts as a depletion area. The strips on the two sides run orthogonal to each
other and are p*-doped or n"-doped. They are connected to read-out electronics via
aluminum contacts. When a voltage difference is applied over the detector each strip
operates as a reverse-biased diode. Electron-hole pairs are created by incoming
radiation in proportion to the energy deposited, and a current can be read out from
the strips closest to the point of interaction [44]. The detector design is illustrated in
Figure 4.

The detector is cooled by a Peltier element and a fan to 20°C during operation, and
the energy threshold for detection is between 15 and 30 keV, depending on the
specific detector unit. The readout electronics consists of a dedicated, self-triggering
CMOS chip that reads out the coordinates and the energy of a detected event in the
microstrip detector. These data are sent in real time to software running on a
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computer connected to the system. After imaging, the data can be exported in binary
format or in list mode as a text file.

A charged particle can have a torturous path through a silicon detector, depositing
energy at several locations before all its energy is deposited. This will cause
degradation of the spatial resolution, and different systems employ different
mathematical algorithms to determine the point of origin of the particle [24]. In the
system used in this work, the strip on either side of the detector reporting the highest
current during the measurement period (= 10 ps) determines the coordinates. The
detector thickness affects the spatial resolution, in that a thicker detector will be more
sensitive to particles depositing energy over several pixels [19], limiting the maximum
energy that can be measured of a B particle traversing the detector in a straight line.
Electrons with an energy above 229 keV would have a longer continuous slowing
down approximation (CSDA) range than the thickness of the detector (300 pm),
allowing them to pass through the detector without depositing all their energy [18].
For electrons and positrons with higher energies, the detector will measure the energy
deposited per unit distance travelled and, as can be observed in Figure 5, the total
mass stopping power for electrons in silicon is comparatively constant between
approximately 0.3 and 5 MeV. This results in the measured energy spectra of
medium- to high-energy beta emitters being very similar.

Figure 4.

Hlustration of the detection principle of the double-sided silicon strip detector. Electron-hole pairs are
created in proportion to the energy deposited at the point of interaction, and a positive and negative
current can be detected through the strips on either side of the detector, yielding information on both
the location of the event and the energy deposited. (Image © Biomolex AS, Oslo, Norway.)
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The preparation of samples for imaging in the autoradiography system consists of
placing them on a standard 75 mm x 25 mm microscope slide. The slide is then
placed in a plastic sample holder and covered with a 3 pm Mylar foil before being
loaded either manually or through a 12-slot sample changer into the instrument,
where it is gently held against the detector from below.

System characteristics

The characteristics of the detector were evaluated with regard to spatial resolution,
detection efficiency, measurement of energy spectra, system dead time, and
background noise (Paper I). All tests were performed using the same equipment that
was used for the majority of digital autoradiography studies presented in Papers I-VI.

Spatial resolution

The spatial resolution of an autoradiography system will depend on the energy of the
particle that is detected, as the particle will deposit energy continuously along its path
through the detector [24]. Different radionuclides will therefore give rise to different
point spread functions in the detector, and higher-energy charged particles will result
in more blurred images than lower-energy particles of the same type. This also leads
to difficulties in comparing different systems, since the spatial resolution will differ
depending on the radionuclide and the methodology employed.
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Figure 5.

The total mass stopping power for electrons in silicon at different energies [45].
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The spatial resolution of an autoradiography detector can be measured in a number of
ways. A common method is to image a radioactive source with a physically sharp
edge, and to fit an integral of a Gaussian distribution to the profile of this edge, and
then calculate the full width at half maximum (FWHM) of the distribution [24, 46].
However, this method was not employed in the study described in Paper I, partly due
to the difficulty in manufacturing a sharp-edged plane source. Collimating a plane
source with shielding material was not possible either, as the DSSD system did not
allow direct access to the detector.

The spatial resolution of a detector can, however, be measured directly using a point
source or a line source with a significantly smaller diameter than the intrinsic
resolution of the detector [21, 29, 47]. In order to produce a thin line source a pure
nickel wire was used which, according to the manufacturer (Alfa Aesar, Karlsruhe,
Germany) had a purity of 99.98% and a diameter of 10 pm. Nickel is naturally
mostly **Ni, and exposure to fast neutrons leads to the formation of the isotope *Co
through the interaction **Ni(n,p) **Co. **Co has a half-life of 70.86 days, and is a
both a B'-emitter (14.9%, mean B'-energy 201.1 keV) and a y-emitter (99.4%, y-
energy 810.8 keV).

The wire, 1 m long and kept on its original spool, was irradiated at FiR 1, located in
Espoo, Finland, which is a Triga Mark II research reactor with a nominal power of
250kW. The nominal power of the FiR 1 research reactor is 250 kW. The neutron
flux for thermal and fast neutrons in the water filled central thimble in the middle of
the reactor core, where the nickel wire was irradiated, is approximately 1.0x10"
neutrons cm” s, The total irradiation time was 18 hours divided on 4 separate
occasions during May and June 2013.

The wire was very embrittled by irradiation in the reactor, and had to be transferred
from the spool by pressing pieces of pressure sensitive adhesive tape onto the spool
and quickly removing them, carrying segments of the wire on the adhesive side of
tape, which was then mounted facing the detector. The wire segments were imaged
using light microscopy and found to have a diameter of 18.0 +1.8 um, the widening
probably partly resulting from mechanical stress during the transfer. In order to
confirm the radionuclide content, the radiation from the wire was measured for 14
days using high-resolution gamma spectroscopy with a High-purity Germanium
detector (Canberra SeGe, model GC5021, Canberra, Meriden, Connecticut, USA)
placed behind a lead shield. Apart from **Co, the other radioisotopes detected were:
’Co, “Co, *Fe, *Ni and *'Cr, all of which except **Co had a relative intensity below

0.1 percent.

A matrix of wire segments was imaged using the DSSD system (for 93 h), and a
storage phosphor screen (Cyclone Plus, Perkin Elmer, Wellesley, MA, USA), for 144
h, for comparison. The DSSD image was reconstructed. Image] software [48] was
used to subtract the background not due to **Co from both images (Figure 6) before
measuring intensity profiles over the line sources to determine the FWHM.
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The mean FWHM based on measurements from 5 line profiles per image was 154
+15 pm for the DSSD system and 344 +14 pm for the storage phosphor screen. This
can be compared to FWHM values for "“C ranging from 20 pm for a system based on
contact imaging through a solid scintillator sheet [27] to 79.5 pm for a CMOS-based
system [49], as reported in a paper by Esposito et al. from 2011 [24]. However "“C
has a lower mean beta energy of 49 keV, compared to 201 keV for **Co, which will
result in a shorter CSDA range and a smaller FWHM.
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Figure 6.

Togp: Digital autoradiography images of the same sample consisting of segments of 18 pm thick wires,
showing the **Co activity obtained with the DSSD system for 93 h (A), and a storage phosphor screen
system for 144 h, which was scanned at 600 dpi (B). Background was subtracted, and both images were
individually scaled from zero (white) to maximum (black) intensity. Bottom: Examples of intensity line
profiles from one of the lines in the images above, measured using the DSSD system (C) and the storage
phosphor screen (D).
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Detection sensitivity

The detection sensitivity was measured for the following commonly used radio-
nuclides: *Tc, ""'In, "’Lu, '®I, P'I, "®F and ®Ga. A tissue homogenate was mixed
with radionuclide solution, frozen and cryosectioned at a thickness of 10 pm. For
each radionuclide, 5 sample slides, each with 3 sections, were imaged for at least one
hour, and the initial count rate calculated. Sections adjacent to those imaged were
dissolved in acid and the radiation measured in a well-type gamma counter (Wallac
WIZARD 1480, Wallac, Turku, Finland). The mean activity per section was then
divided by the mean count rate corrected for radionuclide decay, and the sensitivity
was calculated as counts per second per kBq, as given in Table 1. Note that the
sensitivity is only valid for a particular detector due to differences in calibration and
energy threshold.

Table 1. Detection sensitivity of the DSSD autoradiography system for selected radionuclides.

99mTC 1111Il 177Lu 1251 lSlI lSF GSGa
Sensitivity 74+3 227+8 599+49  249+13  229+10  334+37 153+21
(cps/kBq)
+SD
Energy spectra

The energy spectra were recorded simultaneously with the sensitivity measurements
from 10 keV to 500 keV and are shown in Figure 7, where they are individually
scaled to the maximum intensity.

Environmental background and noise

In order to determine the background, a microscope glass without a sample was
imaged in the detector for 52 hours. The image was reconstructed and the total
number of counts determined. The total background was 1.177 counts per second,
homogeneously distributed over the entire image. This is equivalent to 1.811 x 10¢
counts per second per pixel. The measured energy spectrum of the background is
shown in Figure 8.
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Figure 7.

Selected energy spectra measured with the DSSD autoradiography system, individually scaled to the

maximum intensity.
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System dead time

The dead time of a detector is the time after each event during which the system is
not able to record another event. This will result in events being lost if the count rate
is too high [43]. To determine the dead time for this system, two "F samples of
approximately 5 kBq and 7 kBq were imaged on separate occasions for the full time it
took them to decay. Since a nonparalyzable system behavior was observed when
plotting the count rate over time from the max measured level of 4000 counts per
second, the following model was used to determine the system dead time t:

n=m/1-mt Eq.3

where  is the measured count rate and 7 the expected count rate determined from
results at low (<100 counts per second) count rates. The model was fitted to the data
and the system dead time, T, was found to be 59 ps (R*=0.995).

Backqround enerqy spectrum
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Figure 8.
The background energy spectrum measured with the DSSD system when a microscope slide without a
radioactive sample was imaged for 52 hours.
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Image reconstruction

Data were exported from the digital autoradiography system in list-mode format,
with each line in the text file consisting of the x and y coordinates and the energy
measured for each detected event. In the studies presented in Papers I-V and part of
Paper VI the total number of events detected by the instrument was also recorded in a
text file once per minute. These two files were used as input for the software
developed exclusively for these projects using the programming tool IDL 6.4 (ITT
Visual Information Solutions, Boulder, CO, USA). Four one-dimensional arrays with
as many elements as detected events were created from the data, each containing at
corresponding positions either the x or y coordinate, the measured energy or the time
in minutes after imaging was started. These arrays were then used to control the data,

for example, to select for a specific range of energies or points in time, while
maintaining the discrete character of each event.

Figure 9.

Ar% image of a natural yterium foil activated in a cyclotron with 45 pA, 12.8 MeV protons to give ¥Zr.
From left to right, an uncorrected image (A), with corrections for known miscalibrated strips (B), with
corrections for faulty or over-reporting strips (C), and with corrections for minor differences in strip
calibration (D). Individually scaled from zero (black) to maximum (yellow) intensity. (Activated foil
courtesy of Jonathan Siikanen, Medical Radiation Physics, Lund University.)
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A number of optional corrections could be applied using the software. Initially, the
number of counts in strips that had been empirically identified as over- or
underreporting the activity due to differences in calibration were corrected by either
deleting a pre-specified fraction of the detected counts at random, or conversely, by
duplicating counts selected at random (Figure 9B). Silicon strip detectors with a very
small pitch will almost always have a number of strips where the connection to the
read-out electronics has either failed completely or results in such a high level of noise
that the signal from the strip must be removed so that it does not contribute to the
collected data. Interpolation was employed to deal with these faulty strips. In the case
of a single faulty strip, half the counts were randomly selected from each nearest
neighbor and combined to recreate the missing signal. In the case of two adjacent
faulty strips, one third of the counts from the furthest functioning strip was combined
with two thirds of the directly neighboring strips to replicate the missing signal, and
so on for different configurations of faulty strips (Figure 9C).

For biological samples, the profiles of the total counts projected on the x and y axes
can be expected to be smooth, since the edges between areas of different types of cells
are not very sharp at the resolution of the detector. Most of the noise in the profile
can therefore be attributed to slight variations in strip calibration, and to correct for
this, a simple mean-value filter was convolved with each of these profiles. The ratios
between the original profiles and the smoothed ones for each row and column were
used as a correction factor to either randomly reduce or randomly duplicate events so
as to decrease or increase the signal from each strip (Figure 9D).

After performing the necessary corrections, the image is reconstructed as a two-
dimensional histogram of the x and y coordinates. At this point, the pixel intensity
can also be scaled using calibration factors to give the activity in Bq per pixel or
percent injected activity per gram (%IA/g) per pixel. In the latter case, the injected
activity was known from previous measurements and the weight of tissue per pixel
was determined by comparing the area of a section in the digital autoradiography
image with the area of the same section scanned using light microscopy multiplied by
the section thickness and an assumed density of 1.0 g/cm’. Images were saved as
either integer or floating point matrices in the Interfile data format [50].

Separation of multiple radionuclides

Using samples containing two radionuclides with significantly different half-lives and
imaging them twice, before and after decay of the short-lived isotope, is a fairly
common method to separate their contributions to an autoradiography images. In
some such studies, the contribution of the long-lived radionuclide to the first image is
very small, and no separation is considered necessary [51-54]. An early example of the
separation of the contributions of different radionuclides according to their energy
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deposition was published in 1966 by Wimber et al., who compared the visible tracks
of *H and "C in layers of film emulsion [55]. Separation of **S and **P using storage
phosphor plate screens by imaging with and without an attenuating filter between the
sample and imaging plate has also been reported [56]. The separation of radionuclides
by energy after a single imaging session has been demonstrated in modern digital
autoradiography systems using the scintillation light from a scintillator sheet in
contact with a sample, or by using a parallel-plate avalanche chamber [27].
Semiconductor detectors have a better energy resolution than scintillation detectors,
and successful separation of »°S and **P has been shown on a DSSD system similar to
but predating the instrument used in this work [57].

The separation methods employed in the present work vary depending on the
radionuclide and application. The software used to separate the activity contributions
was specifically written or adapted for each project. For simultaneous imaging of two
radionuclides with sufficiently different energy spectra, a simple ratio between two
energy windows can be used to calculate the ratio between the radionuclides in one
pixel. This method was presented for the separation of '*I and "'I, using one energy
window including the '®I peak and one not including this peak, by this author in an
earlier publication [58]. Both the simulation of separation of artificially mixed single
radionuclide energy spectra and a phantom measurement were performed. From the
simulated separation it was found that for a pixel with a total of 100 counts, the
average error of 'I/"°'I separation was less than 5%. The phantom measurement and
separation of the same radionuclides can be seen in Figure 10.

The method described above was applied in the study presented in Paper 1. Only
energy separation was employed since temporal resolution of the data had not yet
been implemented in the read-out software, and only one imaging session was
performed per sample. In a later study (Paper IV) tissue sections containing '’Lu
(half-life 159.5 h) and '®F (half-life 1.8 h), both B-emitters, were imaged. While good
quality ""Lu images are easily obtainable with longer imaging sessions once '"*F has
decayed, a mixed image is required for the separation of "*F from '"Lu. The energy
spectra of these radionuclides are too similar to employ energy separation, so the
temporal distribution was used by comparing the total number of events in the first
hour of imaging to the total number of events in the next hour or longer, depending
on imaging duration. The software was used to iteratively determine which
contributions of the events from each radionuclide in the first time window best
matched the total in the second time window, per pixel. This was done at a reduced
spatial resolution of 100 pm pixel size in order to increase the statistics. Phantom
measurements were performed under the same conditions as the biological samples,
and showed that '*F was overestimated by 3% in an mix of equal activities, and that
89% of a pure '*F sample is correctly classified as only '*F (see Paper IV for details).

In the study described in Paper V, '®F and 'I were used, which allowed separation
based on both the measured energy spectra and the differences in half-life. This was
achieved by imaging once, directly after sectioning and from this image separating '°F
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and '”I by energy in the same manner as '*'I and '*I, described in Paper I. To obtain
a detailed "I image the sections were also imaged for a longer period after '*F had
decayed.

In the study presented in Paper VI, three radionuclides, '*F, ' and '®I were
separated, and again two imaging sessions were employed for each sample, one before
and one after '8F decay. "'l and '®I were separated using the latter image, as
described in Paper I, but in order to separate “F, two different methods were
employed since at the time of the first study reported in Paper V, temporal resolution
of the imaging data had not yet been implemented in the system. An additional
complication was that the images had been acquired at count rates where dead time
led to missing counts, and the image collected after the decay of *F could not be
back-corrected to that collected before the decay of "F in a straightforward manner.
Therefore, the distinct peak of T was used as a reference and the total number of
counts from each radionuclide was estimated by calculating what the ratio of '*°I and
P'T would have been in the initial image (before '*F decay) from the data in the image
after "°F decay. After smoothing both the initial image and the separated "'l and '*’I
images with a 5 x 5 pixel mean filter, the two iodine images were subtracted from the
initial image leaving only '8F. In the second study, where temporal data were
available, a simpler method could be used to remove the counts due to '*I from the
initial image by using events with an energy over 40 keV, after which "*F and "'I
could be separated in the same manner as described in Paper IV.

The successful separation of "*F, ""Lu and *™Tc using a single measurement has also
been presented (Poster by Orbom et al. at the World Molecular Imaging Congress
2010). In this case, three pure samples of each radionuclide were placed beside each
other and then imaged. Separation was performed using both energy and time
windows in each pixel. Powell’s numerical optimization algorithm was then employed
to find the distribution of events between the three radionuclides in each pixel that
best fitted the distribution of the measured data between different windows [59]. The
initial and separated image can be seen in Figure 11.

The software for radionuclide separation supplied with the DSSD system is intended
mainly for protein kinase microarray imaging, and has not been analyzed as part of
this present work. An initial version of the software employed a least-squares fitting
method for separation based on energy windows, which was determined to be almost
as effective as a more time-consuming maximum-likelihood algorithm developed by
Kvinnsland and Skretting [57]. However, in a recent software update, a more efficient
maximum-likelihood method, outlined in a report by the Norwegian Computing
Center in Oslo, has been implemented, which uses time windows as well as energy to
separate the contributions from different radionuclides [60].
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Figure 10.
Autoradiography images from a DSSD system of a piece of filter paper dipped in '*°I solution and

allowed to dry, after which a drop of *'I solution was applied near one edge: the original image is shown
on the left, and the separated contributions from '*I and *'I are shown in the center and on the right.

No corrections were applied for faulty strips.

A

B

Figure 11.
(A) The total image of three pure radionuclide samples, on a white to blue scale. (B) The separated

images showing '’Lu on a white to green scale, '®F on a white to red scale, and *™Tc on a white to blue
scale. No corrections were applied for faulty strips. (Adapted from a poster presentation by Orbom et al.

at the World Molecular Imaging Congress 2010.)
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Applications

All activities involving live animals described in this thesis were conducted in
compliance with Swedish legislation on animal protection, and were approved by the
Regional Ethics Committee for Animal Experiments, except in the work described in
Paper I, where one study involving animals was performed according to protocols
approved by the UCLA Animal Research Committee.

Cancer imaging and therapy using immunoconjugates

Since their introduction in 1975, monoclonal antibodies have been recognized as an
excellent tool for diagnosis and treatment of disease because of their high affinity and
specificity towards specific antigens [61, 62]. In the case of cancer imaging and
therapy, the targeted antigen should show elevated expression on the surface of cancer
cells or on cells in the cancer microenvironment, such as in the tumor vasculature.
When used for imaging purposes monoclonal antibodies can not only aid in locating
tumor cells, but also reveal whether the specific antigen is expressed and available for
therapy [61, 63]. Initial antibody development was hampered by the immune
response in humans to murine antibodies, but this was remedied by the introduction
of chimeric and fully humanized antibodies [61]. Antibodies can have immune-
mediated therapeutic effects per se, or carry a cytotoxic payload. The work described
in this this thesis focuses on imaging and therapy using radioactive labels [62, 64, 65].

A drawback of using full-sized antibodies that have a molecular weight of around 150
kDa is their slow clearance from the blood; they may remain in the circulation for 1-3
weeks. This is not optimal for radiotherapy due to the increased absorbed dose to risk
organs such as the bone marrow, and is not ideal for imaging since the background
activity will remain high [62, 63]. In addition, it is not easy for large molecules to
penetrate bulk tumors, and this is one of the reasons why radioimmunotherapy has so
far only been clinically successful in the treatment of disseminated radiosensitive
tumors, such as lymphoma [61, 62]. Smaller, engineered antibody fragments (Figure
12) such as diabodies (55 kDa) and minibodies (80 kDa) have been developed, which
exhibit faster uptake and clearance more suited for imaging, although tumor uptake is
somewhat lower [63]. Affibody molecules (7 kDa), a form of targeting protein
scaffolds, exhibit both fast pharmacokinetics and high tumor uptake [66]. These
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molecules, as well as peptides used for imaging and therapy [67], are smaller than the
glomerular filtration threshold of 60-70 kDa, and will therefore be cleared mostly
through the kidneys and not via the liver, which could mean a risk of renal
radiotoxicity, especially in therapeutic applications [62, 63].

Another strategy for improving tumor uptake and reducing the absorbed dose from
slow-clearing activity is pretargeting, where the antibody is labeled with a molecule,
commonly streptavidin, which is easily targeted by another, smaller molecule,
commonly biotin, which carries the radionuclide. This allows the physician to wait
for optimal antibody distribution before administering the activity, and some
promising results have been reported in preclinical and clinical trials [61, 62]. The
radionuclide used for labeling is commonly chosen based on the labeling chemistry
available and the pharmacokinetics of the molecule. For tracers with rapid clearance,
radionuclides with short half-lives are used for imaging (**F, **™Tc¢), while for intact
antibodies and other molecules with slower uptake and clearance, longer-lived
radionuclides (¥Zr, I, '"'In) must be used. In the case of therapy the situation is less
clear cut; some longer-lived radionuclides ("7Lu, *°Y, "'I) are also being used for
smaller molecules.

It can be argued that, barring a major breakthrough, large solid tumors will not be a
suitable target for radioimmunotherapy [61], and recent research has been focused on
targeting micrometastases and residual disease. Notable strategies include
intraperitoneal injections, which lowers the absorbed dose to the bone marrow while
still treating possible disseminated disease [68].

Intact scFv Diabody Minibody scFv-Fc

Figure 12.
Intact antibody (150 kDa) and engineered antibody fragments, including single-chain Fv (27 kDa),

diabody (50 kDa), minibody (80 kDa), scFv-Fc (105 kDA). (Image provided by Prof. A. Wu,
Department of Molecular and Medical Pharmacology, David Geffen School of Medicine at UCLA, Los
Angeles, CA, USA.)
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Intratumoral distribution of radiolabelled molecules

A factor that affects both imaging and the treatment of primarily solid tumors is the
difficulty of macromolecules such as antibodies to penetrate into the tumor and find
the targeted antigen. The tumor vasculature is often structurally disorganized, with
large distances between vessels and gaps between the inter-endothelial junctions
which lower blood flow and increase permeability. At the same time, the function of
the lymphatic drainage system is often impaired, elevating the interstitial fluid
pressure, impeding tracer penetration [69, 70]. The composition of the extracellular
matrix can also limit penetration. Studies have shown that stiffer tumors with a larger
amount of collagen are more difficult to penetrate [71, 72]. The density of viable
tumor cells also affects the distribution of antibodies, with areas of tightly packed
tumor cells, especially common in xenograft animal models, preventing larger
molecules from penetrating tight cellular junctions [73-75].

The characteristics of the targeting molecule also affect the intracumoral distribution,
with high-affinity antibodies risking capture at a “binding site barrier” where they
first encounter the targeted antigen. [76]. Molecular size also determines the speed of
diffusion, with smaller antibody fragments penetrating the tumor faster [77]. If the
radionuclide label is not residualizing, then that too may lead to a loss of energy
imparted to the targeted cell if the antibody is internalized [62].

Some of these effects were investigated using digital autoradiography of the
intratumoral activity distribution, and are described in Papers I-V.

Antibodies and diabodies targeting carcinoembryonic antigen (CEA)

The DSSD system and its ability regarding multi-radionuclide imaging was
investigated using the intact '®I-labelled anti-CEA chimeric monoclonal antibody
T84.66 (cT84.66) [78] and the smaller "'I-labelled engineered fragment T84.66
diabody targeting the same antigen (scFv dimer of 55 kDa) [79] (Paper I).
Subcutaneous tumors of the LS174T carcinoma cell line (American Type Culture
Collection, Manassas, VA, USA), expressing CEA, were grown on two athymic
female mice (nu/nu) (Charles River Laboratories, Wilmington, MA, USA). Once
tumors had developed, the mice were given intravenous injections of 12 MBq/101 pg
of '®1-cT84.66, and 4 MBq/77 pg of "'1-T84.66 diabody 67 h later. The animals

were sacrificed 6 h after the diabody injection.

Tumors were excised, frozen and cryosectioned with alternating section thicknesses of
100 pm and 30 pm. The thicker sections were imaged using the DSSD autoradio-
graphy system for 60-840 minutes. The 30 um thick sections were either stained with
hematoxylin and eosin for histological examination, or immunohistochemically
stained for the detection of CEA expression. The contributions from I and "'T were
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separated as described above and in Orbom et al. 2007 [58]). Corrections were made
for faulty or miscalibrated detector strips.

The activities of '*°I and "'I were both distributed throughout the tumor sections,
although an accumulation of 'I was seen in areas of necrotic or interstitial tissue,
while hotspots of ''T were observed in areas of viable tumor cells with stronger
staining for CEA. Care must be taken not to over-interpret the results of such a small
study, especially one using iodine-labeling, which may not be stable once the
antibody is internalized [62, 80]. However, the distribution of the intact antibody in
more necrotic areas expressing less CEA is in line with the results of previously
published studies [80, 81], and the apparent better penetration of the smaller diabody
into areas expressing the targeted antigen was also expected [74, 77].

Figure 13 shows the energy-separated images of a kidney from one of the animals
studied, which was excised and treated in the same manner as the tumor. The 2'I-
labelled diabody appears to be concentrated in the cortex, as would be expected for a
molecule smaller than the glomerular filtration threshold, while concentration of '*I
activity in can be observed in the renal pelvis, probably due to activity in the blood
[82].

100%

1311.784.66 diabody 125_¢T84.66 antibody

5 mm
0%

Figure 13.

Multi-radionuclide digital autoradiography images of the distribution of the '*I-labelled monoclonal
anti-CEA ¢T84.66 antibody (150 kDa) in a mouse kidney 73 h after injection, and of the "*'I-labelled
anti-CEA T84.66 diabody (55 kDa) 6 h after injection. The images were individually scaled from zero to
maximum uptake. (Animal model and tracer molecules provided by Anna M. Wu and Tove Olafssen,
Department of Molecular and Medical Pharmacology, David Geffen School of Medicine at UCLA, Los
Angeles.) No corrections were made for faulty DSSD strips.
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Distribution of activity and absorbed-dose rate of ’’Lu-DOTA-BR96

The intratumoral distribution of activity after the injection of radiolabeled antibodies
was investigated in an animal model for radioimmunotherapy (Papers II and III). In
the first of these studies (Paper II), digital autoradiography and immunohistochemical
staining were employed to investigate the changes in activity distribution in relation
to histology and antigen expression over time at two sub-therapeutic activity levels,
while in the second (Paper III), the distribution was imaged in a similar manner, but
at therapeutic activity levels, providing complementary information for the
comparison of different types of cell death.

The antibody used, BR96 (Seattle Genetics, Bothell, WA, USA), is chimeric, i.e. it
has been genetically modified to reduce the risk of an immune response against the
antibody in humans [83]. It targets the Lewis-Y (Le") antigen, which is expressed on
several human cancers such as breast, pancreatic, and gastrointestinal carcinoma, as
well as on some normal tissue such as the epithelial tissue of the gastrointestinal tract
[84]. It was radiolabelled with '""Lu using a 1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid (DOTA) chelate [85]. The dissociation constant (Kd), a measure of
the affinity of the immunoconjugate to the antigen, has been determined to be 4 nM

[86].

The rat tumor model used was syngeneic, using the BN7005 cell line, originating
from colon carcinoma induced in a Brown Norway rat by the carcinogenic
compound 1,2-dimethylhydrazine [87], which has been found to have a survival
fraction of 55% at a high absorbed dose rate of 2 Gy external irradiation ('°Cs) iz
vitro. Immunocompetent male Brown Norway rats (weighing approximately 250 g)
were inoculated sub-peritoneally with 3 x 10° cells, which were allowed to grow for
13-14 days, reaching a tumor diameter of approximately 1 cm, before injection of the
radiolabeled antibody.

Animals were injected intravenously with 150 pg of ""Lu-DOTA-BRI6 at the
activity levels given in Table 2, where the time of sacrifice is also given for animals not
exhibiting complete remission of the tumors. An activity of 400 MBq per kg body
weight has previously been shown to result in complete local tumor response in 17 of
19 animals in this model. However, metastases were found in half of the animals [88].

Table 2. Experimental details concerning the animal studies presented in Papers IT and III.

Injected Number of animals sacrificed at each point in time p.i.

activity
Group (MBq/kg) 2h 8h 1d 2d 3d 4d 5d 6d 7d 8d
PaperII -1 50 3 3 2 3 - 3 3 - - -
PaperII-2 25 - 3 3 3 3 3 3 - 3 -
Paper Il 400 - - 3 3 3 3 - 2 - 3
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Figure 14.
Representative tumor sections from the study detailed in Paper II at four points in time p.i. From left to

right: the digital autoradiography image of "”’Lu distribution scaled to %IA/g, followed by adjacent
sections stained with hematoxylin and eosin for histological examination, and with BR96 antibody to
determine antigen distribution, and finally the absorbed-dose rate distribution at the time of sacrifice
based on the activity image (individually scaled). Regions of interest used in correlation analysis are
outlined in red where applicable. Note the peripheral distribution of activity in each nodule at 8 h p.i.
(A), and the correlation between uptake and antigen at 24 h p.i. (B), which at 48 h p.i. (C) has given
way to a correlation between activity and antigen-negative granulation tissue, which is even more
pronounced at 120 h p.i. (D). Image and image caption are adapted from Orbom, Eriksson et al 2013

[89].
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After sacrifice, the tumors were excised and cut in half. One half was frozen for
cryosectioning, and the other was either embedded in paraffin (Paper III), or the
activity was measured in a Nal(TI) well counter (Paper II). Sections 10, 20 or 30 pm
in thickness were imaged for at least 10 hours using the DSSD autoradiography
system. The images were reconstructed, including corrections for faulty or over-
reporting strips, and calibrated to give the percent of injected activity at the time of
sacrifice.

Adjacent 10 pm thick cryosections were either stained with hematoxylin and eosin to
evaluate histopathology, or immunohistochemically stained for the detection of
antigen expression. Staining was performed for the Le’ antigen, for blood vessels (by
targeting the anti-endothelial cell antibody RECA-1), and for proliferation (by
targeting the protein Ki-67). The paraffin-embedded half was also sectioned, at a
thickness of 4 pm, and stained for caspase-3, a marker for apoptosis, YH2AX, a
marker for DNA double strand breaks, and for general cell death using the TUNEL
assay (Paper III).

At 2 and 8 h post-injection, the activity was mainly found in the tumor margins,
which also contained Le’-positive and viable cells (Figure 14). Tumors had a high
proportion of proliferative cells and were overall well vascularized, although staining
cannot determine which vessels are functional. At 24 h post-injection, the
distribution of activity differed depending on the level of injected activity. Whereas in
the first two groups (Paper II) the activity had partially penetrated into areas of viable,
Le-positive cells, the sections from animals injected with a therapeutic activity (Paper
I1I) exhibited a generally lower cell density, infiltration of stromal tissue and a more
varied degree of Le’ expression in areas with relatively high activity uptake (Figure
15). From 48 h post-injection and onwards the sub-therapeutic groups exhibited
similar distributions, with activity hotspots increasingly associated with areas of
granulation tissue, low Le’ expression and less proliferating cells. This negative
association of activity and antigen expression was increasingly evident in all groups at
later times. The tumor sizes were measured up until the time of sacrifice and in cases
where the size of the tumor decreased, primarily as a result of administration of the
therapeutic dose, the activity was found to be more homogeneously distributed in
granulation and fibrous tissue that dominated the remaining tumor tissue, with very
few proliferating cells. For tumors that increased in size, however, areas of presumably
newly grown viable and Le’-expressing tumor cells were observed, which also stained
positive for proliferation, and had very low activity uptake, if any.

The markers for cell death were not directly compared to the activity distribution in
Paper III, but it is interesting to note that high levels of YH2AX were detected
throughout the whole tumor during the first two days post-injection, but mainly in
areas of granulation tissue at later points in time. Caspase-3 staining also showed a
similar pattern. In the studies described in both papers, control groups of animals
were injected with amounts of unlabeled antibodies comparable to the amounts given
to the treated animals, and similar histopathological changes to those seen in the two
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groups described in Paper I were observed, i.e., an increase in granulation tissue and
a decrease in cell density. This indicates that the observed therapeutic effects at low
activity levels were partly due to an immunogenic response mediated via the Fc region
of the antibody [64, 65]. Tumors treated with unlabeled antibodies also showed a
higher degree of cell death according to the TUNEL assay, but no increase was seen
in YH2AX or caspase-3 expression.

A) 1 day p.i. B) 4 days p.i. C) 8 days p.i. Figure 15.

Representative areas
0 W 45 %|A/g 0 70 %IA/g 0 W 30 %lA/g  of tumor sections 1,
4 and 8 days after
the injection of 400
MBq/kg body
weight of 7"Lu-
DOTA-BR96
(Paper III). From
top to bottom:
Digital
autoradiography
images of '’Lu
distribution,
individually scaled
to %IA/g, followed
by adjacent sections
stained with
hematoxylin and

<« Imm <« 1 mm <«—> 1mm
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eosin for
histological
examination, with
BR96 antibody to
determine antigen
distribution, and
finally for the Ki-67
antigen, associated

ANTIGEN
DISTRIBUTION

with proliferating
cells. Note the
elevated levels of

activity in areas
both with stronger
and with weaker
levels of Le*

expression and

PROLIFERATING
CELLS

correspondingly
with both viable tissue and with more granulation tissue at 1 d p.i. (A), and the area of granulation tissue
and stromal infiltration and almost no proliferating cells, with a uniform elevated uptake at 4 d p.i. (B),
which is again observed at 8 d p.i. (C) in a growing tumor but in this case accompanied by areas of viable
tumor cells with very little uptake. (Adapted from a poster by Orbom et al. at the World Molecular
Imaging Congress 2012.)
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A point-dose kernel for '""Lu, (provided by Erik Larsson, Medical Radiation Physics,
Lund University), was used to calculate the absorbed-dose rate distribution in tumor
sections at the time of sacrifice. The Monte Carlo code MCNP5 1.4 was used in
which the kernel was modeled as concentric spheres of tissue-equivalent medium
(1.00 g/cm®) with radii increasing in steps of 100 pm (Figure 16) [90]. The kernel
included all B and y emissions from '""Lu and was convolved with selected sections
stacked to form a three-dimensional volume. It was found that at the resolution of the
autoradiography images the absorbed-dose rate closely mirrored the activity
distribution, and that areas of high uptake could have twice the absorbed dose rate of
the mean over the whole tumor section.

Antibodies targeting ICAM-1 in a prostate cancer mouse model

While improvements have occurred, especially using diffusion weighted magnetic
resonance imaging (MRI) and MRI spectroscopy, current imaging methods of
prostate cancer still have limited ability to correctly diagnose and stage the disease
[91]. '"®FDG is unsuited for imaging the often slowly growing tumors near the bladder
although other radiolabeled tracers such as '*F- or '"C-Choline or Acetate have shown
promise in clinical and preclinical studies [92].
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Figure 16.

Profile of a point-dose kernel for 7/Lu in a tissue-equivalent medium (1.00 g/cm®) generated using the
Monte Carlo code MCNP5 1.4 (Erik Larsson, Medical Radiation Physics, Lund University).
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An antibody targeting the intracellular domain of prostate-specific membrane antigen
has been in clinical use for imaging but found limited success due to e.g.
accumulation in necrotic areas [93], and the need for improved targeting agents for
imaging and therapy remains.

Intercellular Adhesion Molecule 1 (ICAM-1) is a cell surface protein involved in the
pathogenesis of prostate cancer. It has been shown that ICAM-1 expression is
increased in androgen-insensitive cell lines than in androgen-sensitive ones [94]. R6.5
is a murine IgG, monoclonal antibody specific to an extracellular domain of the
ICAM-1 molecule [95].

In a study described in Paper IV, radiolabeled R6.5 was evaluated for its targeting
potential and biodistribution properties in a mouse subcutaneous xenograft model of
human prostate cancer, using small animal SPECT/CT, ex vivo multi-radionuclide
digital autoradiography, immunohistochemistry and biodistribution. Comparisons
were also done with small animal PET/CT of animals injected with both '""Lu-R6.5
mADb and either ®FDG or ®F-Flourocholine (**FCH).

Two separate studies were performed, the first with 9 animals (male NMRI nude
mice inoculated with PC-3 tumor cells) with a tumor median size of 81 mm?® given 4-
10 MBq/24-60 pg '"In-labelled R6.5 intravenously. The second with 10 animals
given 13-15 MBq/42-48 pg '""Lu-labelled R6.5 and 10 given 14-16 MBq/45-51 pg
7"Lu-labelled unspecific IgG2, the combined group of mice having a median tumor
size of 986 mm’. Roughly half of the animals were imaged daily until sacrifice for
biodistribution at 48, 72 or 96 hours post-injection using SPECT/CT.

100%

0%

Figure 17.

Hematoxylin and eosin staining and digital autoradiography image of adjacent sections of a (half) spleen
from a male NMRI nude mouse inoculated with PC-3 tumor cells, 48 h post-injection of ''In-labelled
R6.5 antibody targeting ICAM-1.

40



The resulting images and the biodistribution data show that while tumor uptake of
R6.5 is clearly visible in all animals and is higher (at most 6.07 %IA/g for '''In-R6.5
at 72 h post-injection) than the control antibody, the only statistically significant
differences could be found only between ""Lu-IgG2 and '''In-R6.5. This may be due
to an observed effect of tumor size where the specific uptake and penetration of R6.5
was worse in larger than smaller tumors. Uptake in the liver was observed, as is
expected, but also high uptake in the spleen for all radioimmunoconjugates, especially
77Lu-R6.5 which could possibly be cross-reactivity of the antibody to another target
or to mouse ICAM-1. Somewhat surprisingly, PET/CT imaging showed "*FDG
better targeting the tumor than '"*FCH, but this has been known to be the case in
xenograft models as opposed to in patients [92].

For 13 animals, upon sacrifice half of the excised tumor was cryosectioned and digital
autoradiography and subsequent staining for histology, vascularization and ICAM-1
expression was performed. For 5 of these tumor section images, radionuclide
separation of "Lu and '*F based on the rate of decay was performed as described
earlier in this thesis. The images, as seen in Paper IV, showed '"'In-R6.5 and ""Lu-
R6.5 accumulating in areas with ICAM-1 expression along the periphery of viable
tumor and where viable cells where less densely packed. Elevated levels of uptake
could be found where there was strong staining of both the antigen and the vascular
marker CD31. The control antibody had a similar distribution, but mainly
accumulated in partly necrotic areas and did not correlate as strongly with antigen
expression. It is likely that both R6.5 and IgG2 are affected by the barriers to tumor
penetration of antibodies discussed earlier. For the single imaged spleen, a very clear
pattern was observed with '''In-R6.5 uptake in the red, but not in the white pulp
(Figure 17). The activity distribution of *FDG followed that of viable tumor cells,
with elevated levels in the more dense areas inside the tumor while "FCH
accumulated along the edges of viable areas and had low uptake in both necrotic and
dense, viable, areas where cells may be under more hypoxic conditions and less
proliferative.

The results in Paper IV show that ICAM-1 ha potential as a target for prostate cancer.
Further studies must be carried out however, preferably with a chimeric or humanized
antibody, to evaluate what dose regimen is optimal for tumor uptake and penetration,
as well as if uptake in the spleen can be reduced.

Antibodies targeting free prostate-specific antigen

Prostate-specific antigen (PSA) is abundantly secreted during every clinical stage and
grade of prostate cancer. Most of the PSA in blood forms complexes with other
molecules, but a smaller fraction remains as free, unbound forms (fPSA). As these are
smaller (28 kDa) than the complexes (approx. 90 kDa) they will be rapidly cleared via
the kidney, and will not be retained in the blood or liver [96]. Antibodies specifically
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targeting fPSA were investigated regarding the feasibility of using them for targeted
treatment of prostate cancer (Paper V). A murine antibody, PSA30, was labeled with
'] and 10 MBq/15 pg per animal was injected into 36 male nude mice with
subcutaneously implanted tumors grown from LNCaP human prostate cancer cells.

A biodistribution study was performed by sacrificing the animals at 4, 24, 72, 168,
and 312 hours, yielding a maximum tumor uptake of 4.32 + 5.26 %IA/g 24 h post-
injection. However, the tumor-to-blood activity ratio peaked at 0.78, and there was a
high and increasing uptake of activity in the thyroid, making the evaluation of the
overall performance of the antibody difficult. It is suspected that dehalogenation,
leading to a high amount of free iodine, influenced the results.

A few of the mice included in this biodistribution study were also given intravenous
injections of either the metabolic tracer "FDG (5 animals, 24, 72, 168, and 312
hours after injection of the antibody) or the cellular proliferation tracer *FCH (2
animals, 48 hours after injection of the antibody). The animals were sacrificed one
hour after these injections, and the tumors excised and cryosectioned at alternating
thicknesses of 100 pm and 20 pm; the thicker sections being imaged using the DSSD
autoradiography system. The thinner sections were stained either with hematoxylin
and eosin for histology, or for the detection of all forms of PSA, using
immunohistochemistry. The contributions from '®I and "F were separated as
described above.

It can be seen from the images in Paper V that '®I-PSA30 uptake was generally
correlated to staining for PSA-producing LNCaP cells, in particular in the proximity
of blood vessels or capillaries. While there was some uptake throughout the denser
tumor tissue, elevated '*°I activity was also found in more sparsely populated, necrotic
areas, without PSA expression. This was probably the effect of either pooling of free
iodine or barriers preventing tumor penetration, as discussed above. Neither the
activity uptake nor the staining for PSA was correlated with the distribution of either
BFDG or ""FCH. The former was accumulated in viable, possibly inflammatory,
areas, and the latter around the tumor edges in well vascularized areas of dense,
probably proliferating, cells. These results indicate some degree of specific targeting of
the PSA30 antibody 7% vive. Good targeting has been reported in studies on another
fPSA antibody, 5A10, which was labeled using radiometal ¥Zr [97].

Imaging of atherosclerotic plaque

Atherosclerosis is a chronic inflammatory disease that develops in response to the
accumulation of oxidized lipids and lipoproteins in the arterial wall [98]. The plaques
that develop may progress to the stage where there is a risk of rupture, causing
thrombosis with possibly fatal consequences. The imaging techniques currently used
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to diagnose and stage atherosclerosis include intravascular ultrasound and optical
coherence tomography, which mainly provide a measure of the plaque burden, but do
not allow direct assessment of the risk of rupture. Molecular imaging strategies are
now being introduced in an attempt to evaluate inflammation or cell death, both of
which are elevated in atherosclerosis [99]. The imaging of atherosclerosis using '*FDG
is now an active area of preclinical and clinical research, and studies have already
shown a correlation between ¥FDG uptake and macrophages, but not unreservedly
with plaque instability [100].

An Antibody targeting oxidized low-density lipoprotein

A human antibody, 2D03, targeting oxidized low-density lipoprotein (LDL) was
evaluated regarding its uptake in atherosclerotic plaque and the aortic wall (Paper VI).
Oxidized LDL promotes inflammation in atherosclerosis, and antibodies targeting
oxidized LDL have been shown to slow plaque development [101]. A mixture of
2D03 and a non-specific control antibody was injected into 12 apoB-100/LDL
receptor-deficient mice with heavily developed atherosclerosis. In the case of 8 mice,
the specific antibody was labeled with '*'T and the control antibody with '®T; in the
remaining 4 mice the labeling was reversed. After 72 hours, the animals were given an
injection of "FDG, and were sacrificed one hour later. The descending aorta was
dissected, opened longitudinally, and mounted en face on a microscope slide. The
aortas were imaged using the DSSD system directly following mounting, for at least 1
hour, and again after "*F decay for at least 8 hours. The activity from the three
radionuclides was separated as described above. After imaging, the aortas were stained
with Oil Red O, which colors lipids red, allowing areas of plaque to be mapped. The
activity distribution images were registered to the mapped aortas using rigid
transformations and numerical Powell optimization [59]. The ratio of the mean
activity in areas defined as plaque to the mean activity in areas defined as plaque-free
aorta wall was calculated for each image, and compared using non-parametric
statistical analysis.

The plaque-to-aorta activity contrast was highest for 2D03 and lowest for "*FDG for
all radionuclide combinations, but the difference was only statistically significant for
the study on the 8 mice in which the specific antibody was labelled with "*'I. As can
be observed in Figure 18, the distributions of the specific and non-specific antibodies
in the aorta were very similar. Although the total uptake of the specific antibody in
the aorta was higher and additional immunohistochemical analysis, in which the
antibodies were directly stained, indicated greater binding of the specific antibody
than the non-specific control antibody. The autoradiography images were noisy due
to poor statistics and the resolution was degraded due to low-energy X-rays,
emphasizing the importance of choosing appropriate radionuclides and administering
them at sufficiently high activities for acceptable image quality. The results of this
study indicate that 2D03 may be a suitable tracer for atherosclerotic plaque, but
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different radiolabels with more comparable image quality should be employed in
future studies to investigate non-specific uptake in plaque. It may also be useful to
perform 7z vivo imaging to better determine the pharmacokinetics.

v

Y

i

Oil Red O Regions of **'1-2D03 **|-control  '°FDG
staining  interest

Figure 18.
Images of the aorta from one animal from the study described in Paper VI. From left to right, the aorta

was stained with Oil Red O to identify the lipid deposits followed by the processed Oil Red O image to
define plaque and non-plaque areas. Finally, with a 5x5-pixel mean filter applied, digital autoradiography
images of the same aorta, separated into contributions from the different radiotracers. Each image is
individually scaled from zero (white) to max (black) uptake and does not reflect differences in total
uptake between different tracers.
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Conclusion and future work

A double-sided silicon strip detector system for digital autoradiography has been
evaluated regarding its imaging characteristics and its suitability as a complementary
imaging modality in preclinical studies using radiolabelled targeting molecules. The
instrument was found to perform well with regard to spatial, temporal and energy
resolution, compared to the widely used storage phosphor screen technology.
However, the field of view is too small for whole-body autoradiography of rodents,
and the energy threshold of the detector prohibits imaging of *H-labeled compounds.

Both single- and multi-radionuclide imaging was performed using the DSSD system
in several preclinical studies, yielding useful images of intratumoral and intra-aortic
activity distributions, which were quantified in order to display the injected activity
per gram, or used for small-scale dosimetry where applicable. Practical difficulties are
associated with determining which radionuclides and activity levels are suitable for
successful multi-radionuclide digital autoradiography, and careful study design based
on data from pilot animal studies will be required to determine these.

Digital autoradiography, especially methods employing modern techniques such as
the detector system described in this thesis, has the potential to provide more than
illustrative images in preclinical molecular imaging. However, methods of obtaining
quantified activity images, as well as absorbed-dose rate distributions, of one or more
radionuclides from sample sections must be further developed and validated. The
methods developed in this work, together with the data obtained and the experience
gained through these studies will aid in that pursuit, but much remains to be done.

Possibilities and limitations of the DSSD system

Imaging of whole-body cryosections of small animals is a major application of
autoradiography, especially in drug development [102]. The field of view of the
DSSD system is too small for this application, as is the case with many other solid-
state autoradiography detectors, although a 13 ¢cm x 13 cm CMOS-based autoradio-
graphy detector was recently developed [23]. “H labeling is also a mainstay in drug
development. However, "H emits B-particles with energies below the detection
threshold for this DSSD system [102]. Thus, the most beneficial setting for a detector
system of this type is probably in preclinical PET and SPECT studies, using a
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number of radionuclides that are detectable by the system and where tissue from
individual organs are routinely cryosectioned for staining. The separation of the
contributions from different radionuclides could be improved in future work by
implementing the recently developed maximum-likelihood algorithm for separation
[60]. Whereas most of the imaging studies described in this thesis were carried out at
count rates below 400 counts per second, in future studies the system dead time,
determined in this work (Paper I) could be utilized to correct for missing counts
allowing higher count rates to be used.

The median value calculated from the table of reported spatial resolutions for "C
from published papers on modern digital autoradiography systems compiled by
Esposito et al. in 2011 [24] is 36.4 (range 15.3-80) pm, which is much smaller than
the 154 pm obtained for **Co in this work. However, the CSDA range of the
electrons of average energy emitted by '“C is only one tenth of that for **Co, so the
resolution of the DSSD system for '“C should be closer to the intrinsic resolution of
50 pm.

\J i 10%

Figure 19.

An image from the DSSD autoradiography system of two half-body sections of normal mice injected
with free 2!At. (Section courtesy of Tom Biick, Department of Radiation Physics, Géteborg University.
The *''At was produced by Holger J. Jensen, Cyclotron and PET Unit, KF-3982, Rigshospitalet,

Copenhagen, Denmark.)
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Using the measured profile of the **Co line source as a point of reference, Monte
Carlo simulations could be employed to create approximate point spread functions
for different radionuclides, without having to find ways of creating line or point
sources. Such point spread functions have been successfully employed for resolution
recovery through the deconvolution of images from storage phosphor screen systems
[103], and this method could be applied to the DSSD system, especially for imaging
of higher-energy p-emitters.

Another method that could be used to improve the spatial resolution of the DSSD
system is some form of particle tracking, to determine the origin of a particle that
deposits its energy in several pixels, although this would have to be implemented at
the system level [24, 104]. The effects of particle range could be avoided by imaging
a-emitters, which deposit most of their energy within a single pixel. No systematic
evaluation of o-particle imaging using the DSSD system has yet been performed,
although a section of a mouse given free *''At has been imaged with the system
(Figure 19).

A method of reconstructing high-resolution, three-dimensional activity distributions
that could also be convolved with point dose kernels to give absorbed-dose rate
distributions was described at IEEE Nuclear Sciences Symposium / Medical Imaging
Conference 2007 [58]. This method of serially sectioning a tumor and recombining
the imaged sections has previously been successfully used to create absorbed-dose rate
volumes of different antibody-radionuclide combinations by, for example, Flynn et al.
in 2001 and Roberson et al. in 2003 [105, 106]. This method was not employed in
the studies included in this thesis due to deformation and tearing of the tissue
resulting from sectioning. The need for a full three-dimensional activity distribution
to estimate the absorbed dose distribution has also been questioned [107]. However, a
methodology developed by Axente et al. in 2011 of aligning the data from
neighboring sections by non-rigid registration of images of a fluorescent blood flow
marker from all sections may provide a means of exploiting this method in future
studies [108].

Improving drug penetration in tumors

The changes in intratumoral distribuition over time presented in Papers II and III
underscore the fact that tumors are dynamic and are affected by treatment, repopula-
tion of tumor cells, and angiogenesis, etc. [73]. The fact that some of the changes in
histopathology may be due to an immunological response mediated via the Fc region
of the antibodies highlights the benefit of animal models not based on immune-
deficient mice with subcutaneous xenografts which, apart from lacking a full immune
response, are known to have tumor-host interactions with regard to stroma,
vascularization, etc., that are not similar to human cancers [109]. However, it is
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difficult to determine whether the comparatively good penetration of antibodies into
dense, viable and antigen-expressing areas observed 24 h after injection (Paper II) is
due to the tumors being better vascularized than the xenografts described in Papers I,
IV and V. Other factors, such as the antibody dose in relation to antigen distribution,
and the comparatively low affinity of the BR96 antibody, are also expected to play a
role [76, 110].

The fact that no activity was observed in newly formed, viable cell populations at later
points in time in the tumors described in Papers II and III indicates that there is a
limited time window for efficient therapy, and that radionuclides with shorter half-
lives than '"Lu (6.7 d) could be as efficient, although the kinetics may be different in
rodents and humans. The results of the small study presented in Paper I indicate that
there is a pronounced difference between the intratumoral distribution of small and
large tracers, although the results may have been different if residualizing radiolabels
had been used. The study presented in Paper IV would have benefited from co-
injection of specific and unspecific antibodies for easier comparison as both the
specific and non-specific antibodies appear to be distributed in the periphery of the
tumor when compared in separate tumors, although the specific antibodies correlated
better with staining of the targeted antigen. The design of the study presented in
Paper IV included both SPECT/CT and PET/CT imaging of the same animal, in
addition to multi-radionuclide autoradiography. This allowed 7% vivo and ex vivo
imaging of both antibody distribution and tracers for metabolism. Furthermore,
image artifacts can be avoided by performing SPECT and PET in the correct order
[111]. Studies can thus be designed for the efficient comparison of different tracers
employing the multi-radionuclide capabilities of SPECT, although tracer interaction
must be considered. With both the novel tracer and the control compound injected
into the same animal, stronger statistical results or a reduced number of animals could
also be achieved.

A possible avenue for improving tumor penetration of immunoconjugates and the
performance of radioimmunotherapy of solid tumors is by altering the tumor micro-
environment to allow for better drug penetration. Drugs that degrade collagen or
other proteins in the extracellular matrix of the tumor, thereby decreasing its density,
have been shown to improve the penetration of macromolecules [112, 113]. The
combination of chemotherapy and radioimmunotherapy has also been reported to
increase the penetration of antibodies into the tumor and prolong survival in a mouse
model [114]. Digital autoradiography in combination with other in vivo and ex vivo
imaging modalities could help determine if these combination therapies, which are
more complex and may have additional side effects [115], actually improve the
absorbed dose delivered to the targeted tumor cells in preclinical models.
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