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Abstract: The aim of this study was to use multi-radionuclide autoradiography to compare the different distributions
of three radiolabelled tracers in an atherosclerotic mouse model. This method, along with immunohistochemistry,
was applied to investigate the intra-aortic distribution of 2-deoxy-2-[*F]fluoro-D-glucose (*8F-FDG), *31/1%5| labeled
anti-oxidized Low Density Lipoprotein (oxLDL), and non-binding control antibodies. Aortas were isolated from a total
of 12 apoB-100/LDL receptor deficient mice 73 h post injection of radioiodine-labeled anti-oxLDL and control anti-
body and 1 h post injection of *8F-FDG. A solid-state real-time digital autoradiography system was used to image the
slide mounted aortas. Contributions from each radionuclide were separated by half-life and emission energy and the
aortas were subsequently stained with Oil Red O for plaque to aorta contrast ratios. Immunohistochemical staining
was performed to detect anti-oxLDL and control antibody localization. Radiolabeled anti-oxLDL showed increased
total activity uptake in the aorta over control antibody and immunohistochemical analysis of plaques indicated in-
creased binding of the specific antibody compared to control. The intra-aortic activity distribution of the anti-oxLDL
antibody was however very similar to that of the control antibody although both had higher atherosclerotic plaques
to aorta wall ratios than *8F-FDG. Given the right choice of radionuclides, multi-radionuclide digital autoradiography
can be employed to compare several tracers ex vivo in the same animal. The distribution of anti-oxLDL antibodies
did not significantly differ from the control antibody but it did appear to have a better plaque to aorta contrast at 73
h post injection than *8F-FDG at 1 h post injection.
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Introduction (oxLDL) is known to promote plaque inflamma-
tion in atherosclerosis. Treatment with mono-

Atherosclerosis is a chronic inflammatory dis- clonal antibodies (mAbs) against oxLDL has

ease that is initiated and develops as the result
of an inflammatory response to accumulation
of oxidized lipid and lipoproteins in the arterial
wall [1]. Lipoprotein oxidation results in the for-
mation of a number of reactive aldehydes, oxi-
dized phospholipids and other lipid derivatives,
leading to tissue damage and macrophage acti-
vation. The lesions may progress into vulnera-
ble plaques that are prone to rupture and cause
thrombosis with fatal consequences for the
patient. Oxidized Low Density Lipoprotein

been shown to inhibit plague development,
possibly by facilitating the clearance of oxLDL
[2].

The identification of high-risk vulnerable
plaques represents a major clinical challenge
[3]. The imaging modalities currently employed,
such as intravascular ultrasound and optical
coherence tomography, are invasive and mainly
provide a measure of plaque burden and struc-
ture that does not directly translate to the risk
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Table 1. Study design for digital autoradiography studies 1 and 2

Amount of mAb per injection

Injected activity of each tracer per animal

Study Animals (n) 2DO03 (ug) Control mAb (ug)

1311.2D03  *%8|-control  ?5-2D03 13- control 8F-FDG
(MBq) mAb (MBq) (MBq)

mAb (MBg)  (MBq)

1 8 6.0 6.7
2 4 14.1 6.0

1.5 0.5 - - 15

0.7 1.8 45

of a fatal clinical event [4]. Ongoing preclinical
and clinical trials of additional imaging meth-
ods include magnetic resonance imaging and
molecular imaging targeting, for example,
inflammation and cell death using a variety of
imaging modalities [4-6]. Animal studies and
clinical trials using 2-deoxy-2-[*F]fluoro-D-glu-
cose (*8F-FDG) PET have shown a correlation of
8F-FDG uptake with the presence of macro-
phages but not consistently with plaque vulner-
ability [5]. In this study we use 2D03, a human
recombinant anti-oxLDL antibody specific to
malondialdehyde (MDA) modified ApoB-100
protein [2], a natural occurring oxidation prod-
uct known to be immunogenic in man [7].

Autoradiography, either of the whole aorta from
an experimental animal or of transverse sec-
tions of the same aorta, is a common technique
for evaluating potential imaging tracers [8-11].
Most, but not all [12], studies image only one
single radiolabelled tracer per animal. The aim
of this study was to use multi-radionuclide digi-
tal autoradiography with a real-time solid state
detector to simultaneously compare the distri-
bution of 8F-FDG and *3!/'%%| labeled anti-
oxLDL and control antibodies in an atheroscle-
rotic mouse model.

Materials and methods
Human recombinant antibodies

Two recombinant human IgG1, lambda antibod-
ies 2D03 and FITC8 were used. The 2D03 was
produced as previously described [2]. An anti-
body binding to fluorescein isothiocyanate,
FITC-8 (Bioinvent, Lund, Sweden), was used as
a negative control.

Animal model

Male apoB-100/LDL receptor deficient mice
with  C57BL/6 background (B6; 129S-
Apobt™m2Ser| DL rimiter/). - Jackson Laboratories,
Bar Harbor, Maine), which express full length
apoB-100 in their LDL particles were used. The
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mice were fed a high fat diet (0.15% cholester-
ol, 21% fat, Lantmannen, Stockholm, Sweden)
from 4 weeks of age, provided ad libitum. All
experiments were conducted in compliance
with Swedish legislation on animal protection,
and were approved by the regional ethics com-
mittee on animal experiments.

Digital autoradiography of specific, unspecific
antibody, and ‘8F-FDG

The specific 2D03 mAb and the nonbinding
control mAb were radio-iodinated (both iso-
topes from MAP Medical Technologies,
Tikkakoski, Finland) using the iodogen method
[13]. In Study 1, 2D03 was labeled with **I (T,,
= 8.02 days, B and y emitter) and the control
mAb with | (T, = 59.4 days, conversion e, y
and X-ray emitter) while for study 2, 2D03 was
labeled with *?°| and the control mAb with 31,
Radiolabelling efficiency was approximately
80-90%, measured by paper chromatography.

Atherosclerotic mice, 25 weeks of age, were
injected intravenously with a mixture of both
mADbs, as detailed in Table 1. Based on Study 1
results, the amount of 2D03 mAb was doubled
in Study 2 in order to increase the amount of
radioactivity in the aorta and improve the digi-
tal autoradiography image statistics. After 67 h
post injection (p.i.) food was removed and by
approximately 72 h p.i. animals were injected
intravenously with *F-FDG (**F: T, = 1.83
hours, B* emitter) and sacrificed one hour later.
18F-FDG with radiochemical purity >99% was
produced at Skane University Hospital (Lund,
Sweden). The mice were killed by intraperito-
neal injection of 300 ul of a mixture of phos-
phate buffered saline (0.15M PBS pH 7.4,
HyClone, Thermo Scientific, South Logan, Utah,
USA), Xylazine (Rompun, Bayer Health care,
Leverkusen, Germany) and Ketamine (Ketalar,
Pfizer, New York, NY, USA), 3:1:1 vol/vol/vol and
exsanguinated by cardiac puncture. Blood sam-
ples were taken on sacrifice and the activity
was measured after *8F decay in a Nal(Tl) well
counter (Wallac Wizard 1480, PerkinElmer,

Am J Nucl Med Mol Imaging 2014;4(2):172-180
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Energy spectra for a pure sample of each
radionuclide were acquired (Figure 1). In
both studies, data in the second imaging
session was used to separate 2%l and 3!
by best fit of these spectra to binned
energy data in each pixel as previously
outlined in Orbom et al 2007 [14]. To sep-
arate ®F, reconstructed images of the
1251 and 31 distributions, corrected for
dead or miscalibrated strips and
smoothed by a 5x5-pixel mean filter, were
subtracted from the image containing all
events in the first imaging session. The
amplitude of the images to be subtracted
was determined by using the 125 peak in
the energy spectrum as a reference for
study 1 and correcting for radionuclide
decay and differing imaging duration. For
study 2, an energy threshold of 40 keV

| [
200 300
Energy (keV)

0 100

Figure 1. Individually normalized energy spectra for the radionu-

|
400

[
500

was used to exclude 2l and then 8F and
131 were separated by the rate of decay
using best fit to time-binned data.

Immunohistochemistry (IHC)

clides employed in this study as measured on the silicon strip

digital autoradiography system. Note the similarity between the
beta emitters *¥F and 31, whereas the conversion electron and

x-ray peak for 125 is very distinct.

Shelton, CT) capable of separating 25| and 3.
Next the animals were perfused with 5 mL PBS
and then with 5 mL of the fixative Histochoice
(Amresco, Solon, Ohio, USA). The descending
aorta was dissected free of connective tissue
and fat, cut longitudinally, and mounted en face
lumen-side up on ovalbumin (Sigma-Aldrich, St.
Louis, MO, USA) coated slides. The aortas were
immediately imaged for a minimum of 1 hour
each, using a double-sided silicon strip detec-
tor with an intrinsic spatial resolution of 50 um
(Biomolex 700 Imager, Biomolex, Oslo, Norway).
After decay of *8F each aorta was imaged again
for at least 8 hours.

Separation of the contributions from each
radionuclide to the autoradiography image

All data from imaging was stored in list-mode
format and were analyzed using IDL 6.4 soft-
ware (ITT Visual Information Solutions, Boulder,
CO, USA). For both studies, the coordinates and
deposited energy of all detected events during
imaging were recorded and the time stamps of
the moment of detection were also recorded for
study 2.
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Two 25 weeks old apoB-100/LDLr”" mice
were intravenously injected with 2 mg/kg
dose of unlabeled 2D03 or control anti-
body. After 72 hours the animals were
sacrificed and the aortas were removed,
cleaned from fatty tissue and snap-frozen in lig-
uid nitrogen. Aortas were sectioned into 4 ym
thick consecutive sections, dried overnight and
fixed with 100% ice-cold acetone. Before stain-
ing sections were rehydrated in Tris-HCI, pH
7.0, buffer containing 10% fetal calf serum.
Macrophages were detected with anti-MOMA
(Abdserotec, Oxford, UK) and oxLDL with the
2D03 antibody. Anti-human Ig or anti-mouse Ig
Vectastain ABC kit (Vector Laboratories,
Burlingame, CA, USA) was used as secondary
reagents.

Plaque to aorta contrast

After imaging, the aortas were stored in
Histochoice and later washed in distilled water,
dipped in 78% methanol, and stained for 40
minutes in 0.2% Oil Red O dissolved in 78%
methanol/0.2 mol/L NaOH as previously
described [15]. Oil Red O stains lipids red,
which makes the plaques bordeaux colored.
The cover slides were mounted with a water
soluble mounting media L-550A (Histolab,
Goteborg, Sweden) and the aortas imaged

Am J Nucl Med Mol Imaging 2014;4(2):172-180
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Figure 2. Immunohistochemical staining of consecutive sections of aortic plaques from mice injected with control
antibody (A-C) and with 2D03 antibody (D-F). In (A and D), the sections were stained with a secondary anti human
1gG to visualize endogenously present antibody. Sections in (B and E) are both stained in vitro with additional 2D03
antibody to visualize the total available 2D03 epitopes. In (C and F), the sections are stained for macrophages (anti-

MOMA).

using a light-microscope slide scanner (Mirax
Midi, Carl Zeiss, Oberkochen, Germany).
Regions of the aorta were defined as contain-
ing either plaques or aorta wall based on stain-
ing intensity levels in the images as determined
by visual inspection for each study. Images of
the activity distribution of each radionuclide
were registered to the plaque distribution imag-
es using numerical Powell optimization [16] of
rigid transformations with a least-square error
measure. For each activity distribution image, a
ratio between the mean value of the registered
counts in the regions containing plaques and
the entire aortic wall was calculated.

Aorta antibody uptake

For study 2, the total activity of each iodine
radionuclide in the excised aorta was also
determined from the time-stamped digital
autoradiography data. After correction for
decay, the activities and sample weights were
used to calculate percent injected activity per
gram (%lA/g). The injected activities were deter-
mined by weighing syringes before and after
injection.
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Statistical analysis

The non-parametric related-samples Wilcoxon
signed rank test was used to compare the
plague to aorta uptake ratios of ¥F-FDG with
2D03, *8F-FDG with control mAb and 2D03 with
control mAb, separately for both studies. The
differences in uptake between control mAb and
2D03 in excised aortas (Study 2) were tested in
the same manner. Tests were performed using
IBM SPSS Statistics version 19 (SPSS, Chicago,
IL, USA) with p<0.05 being considered
significant.

Results
Immunohistochemistry

Frozen tissue sections from animals injected
with high doses of unlabeled 2D03 or control
antibody were analyzed for the presence of
injected human antibodies and macrophages.
The analyzed plaque showed an increased
staining of human antibody in plaque from ani-
mals injected with 2D03 compared to the con-
trol animal (Figure 2A and 2D). Additional in
vitro staining with 2D03 indicated the total

Am J Nucl Med Mol Imaging 2014;4(2):172-180
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overall presence of epitopes in 2D03

and control antibody injected animals
(Figure 2B and 2C) lllustrating the pres-
ence of additional epitopes in the lesions
' not targeted by this dose of antibody.
R Additionally, 2D03 showed localization
to macrophage-rich areas in atheroscle-
rotic plaques (Figure 2E and 2F).
Indicating a specific localization of 2D03
to the macrophage rich parts of the
plaque.
‘ Activity uptake relative to plaque distri-
bution
As illustrated in Figure 3, Oil Red O stain-

ing revealed a heavy plaque burden
along the whole length of the excised
aortas in all animals with especially large
' and intensely stained areas directly

e below the aortic arch. Uptake of 2D03
OilRed O Regions of **!I-2D03 *l-control **F-FDG and control mAbs were overall very simi-
lar irrespective of radionuclide, with a
low uptake in the aortic wall but signifi-
cant uptake in plaques. 8F-FDG uptake
was also observed in plaques, similar
but not identical to the antibody uptake
and with a higher uptake in the aortic
wall. In the area directly below the aortic

1 arch differences between antibody and

staining  interest

¢ s

| i

e

BE-FDG uptake were common, revealing
hotspots in different part of the plaques.

ww g

Plaque to aorta contrast

The plaque-to-aorta radionuclide uptake
contrast (Figure 4A) was highest for the
2D03 antibody in both studies, irrespec-

tively of the tracer or amount of antibody
used. The median (range) ratios were
2.2 (1.9-2.6) for **1-2D03 compared to
AN 1.6 (1.4-1.8) for 8F-FDG and 1.7 (1.6-
o 2.0) for *#I-control mAb in study 1. The

median (range) ratios in study 2 were 2.4
(1.8-2.9) for *251-2D03 versus 1.8 (1.2-
2.0) for 8F-FDG and 2.0 (1.7-2.2) for
131-control mAb. The differences in con-

Figure 3. Images of the aorta from one animal from study 1 (A) tr?St between tracers whgn .tested. pa!ir-
and one from study 2 (B). From left to right, the aorta was stained ~ Wise were found to be statistically signifi-
with Oil Red O to identify the lipid deposits followed by the pro- cant between all possible pairs for study
cessed Oil Red O image to define plaque and non-plaque areas. 1 (8F-FDG:2D03 p = 0.012, 8F-FDG:
Craly i o 9 prel e flr spled g1l sOrSE  gomol p - 0,036, 200Gconrl p -
i 18F_ .
the different radiotracers. Each aorta is individually scaled from 0.012) but n?;[ for study 2 (°F-FDG:2D03
zero (white) to max (black) uptake and does not reflect differ- P = 0.068, **F-FDG:control p = 0.068,
ences in total uptake between different tracers. 2D03:control p = 0.068).

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

176 Am J Nucl Med Mol Imaging 2014;4(2):172-180
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Figure 4. The plaque to aorta radioactivity concentration ratio as determined by dividing the mean image intensity
in areas of autoradiography images defined as plaques by that of areas defined as aorta wall for each separated ra-
dionuclide image and each animal in both studies (A). And the total specific activity in the mounted aortas as deter-
mined by quantified autoradiography images of *?°I-labelled 2D03 and **!I-labelled control antibody for study 2 (B).

Aorta antibody uptake

In study 2 we measured the median (range)
fraction of activity in the excised aortas, which
was higher for 12°1-2D03 compared to
131-control antibody at 5.1 (2.8-6.1) %IA/g ver-
sus 2.7 (2.1-3.5) %lA/g, respectively (Figure
4B). The difference in uptake between the trac-
ers was however not found to be statistically
significant (p = 0.068).

Blood activity

The median (range) fraction of activity in blood
at the moment of sacrifice was measured for
the antibodies, the results showed a high
degree of variability at 4.3 (1.2-4.7) %IA/g for
1311-2D03 and 4.6 (4.3-5.2) %IA/g for *25I-control
mAb for study 1 and 1.6 (0.9-2.2) %IA/g for *25|-
2D03 and 5.0 (2.4-5.3) %lA/g for *3l-control
mADb for study 2.

Discussion

This study demonstrates the imaging of three
different radiotracers in atherosclerotic pla-
ques ex vivo using a real-time digital autoradi-
ography system. Both image analysis and mea-
sured plaque to aorta contrast indicate that the
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anti-oxLDL and the control antibody better dif-
ferentiate between lesion and background in
the excised and mounted mouse aorta than
18F-FDG due to the apparent uptake of 8F-FDG
in the vessel wall. At the time point assayed we
measured a higher, if not statistically signifi-
cantly so, uptake of the 2D03 antibody in the
aortas compared to the FITC-8 control. And the
2D03 antibody provided significantly higher
plaque-to-aorta radionuclide uptake contrast
compared both to control antibody and to 8F-
FDG. A high plague-to-aorta ratio is necessary
but not sufficient for a tracer to qualify as a can-
didate for future PET or SPECT diagnostic imag-
ing and these results could form the basis for
further research.

IHC showed weak staining for the control anti-
body, somewhat contrary to the autoradiogra-
phy results though not unexpected since stain-
ing involves removal of any unbound antibody
that may be present in vivo. Though the specific
binding of 2D03 causes a higher amount to be
accumulated, the overall distribution to athero-
sclerotic plaques rather than to the vessel wall
may also be similar for any antibody due to trap-
ping in the expanded surrounding of the
inflamed aorta wall. A better result might be
achieved by assaying the antibody uptake at

Am J Nucl Med Mol Imaging 2014;4(2):172-180
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another time point, alternatively using a smaller
more rapidly cleared antibody format such as a
Fab fragment.

Autoradiography image analysis was confound-
ed by differences in statistical noise between
tracers due to fewer registered counts for 18F.
Additionally, there are differences in spatial
resolution, due to the detector interacting with
low energy x-rays emitted from %], between
the different radionuclides. For future studies,
labeling the antibodies with e.g. ¥"Lu and *In,
using a DTPA conjugate, should produce more
comparable images. For ‘8F-FDG, either inject-
ed activity or imaging time could be increased.
Since the animals did not receive any thyroid
blocking compound, any free iodine released
from the antibody should have been taken up
by the thyroid and should not have introduced
any artifacts in the intra-aortic activity distribu-
tion. Using whole mounted aortas has the ben-
efit of showing many plaques in one single
image, however the combined thickness of the
aorta and the plaques may have introduced
quantification errors. This could have been due
to absorption as well as exaggerated uptake in
plaques that will be found marginally closer to
the detector surface thus affecting the result-
ing image [10].

Comparable studies largely differ both in ani-
mal models used and analysis methods
employed and have, for example, found both
similar [10] and higher [12, 17] values for
plaque to aorta contrast for *8F-FDG. For anti-
bodies or smaller molecules against targets
other than oxLDL, higher contrast ratios are
generally reported, [11, 18] which apart from
different uptake and clearance characteristics
may be partly due to calculating from smaller
regions of interest rather than the whole image.
In a comparative study of several antibody
derivatives injected into apolipoprotein
E-deficient mice by Fiechter et al., the highest
performing tracers generated autoradiography
images visually similar to our results although
different contrast ratios are reported [8].

To better evaluate the potential of the 2D03
antibody as a tracer for non-invasive imaging of
vulnerable plagques, animal models developing
such lesions could be used [19, 20]. Other time
points and possibly smaller fragments of anti-
bodies should also be explored since the rela-
tive long circulation time of an intact antibody
will give a high background of nonbinding but
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lesion trapped labeled antibody. This might
possibly explain the relatively high activity car-
ried into the plaques by the non-specific FITC-8
control antibodies, despite a relatively weak
presence of these antibodies into the lesions
compared to 2D03, as determined by IHC. The
high degree of variability seen in the activity in
blood at the moment of sacrifice could be
explained by the higher dose of 2D03 used in
study 2. In vivo imaging using some combina-
tion of (multi-radionuclide) SPECT/CT and PET/
CT will be included in further studies in order to
find an optimal imaging time post injection and
determine the biodistribution and pharmacoki-
netics of the tracers, e.g. the rate of tracer
clearance from blood. While other imaging
techniques such as micro-autoradiography
using photographic emulsion, or additional
immunohistochemistry, can provide data at
higher spatial resolutions than around 100 um,
the relative ease of use and multi-radionuclide
capabilities of our method recommends it as
an additional component of in vivo radionuclide
imaging studies to determine the overall intra-
aortic distribution of a tracer compared to one
or more controls. Possible effects of simultane-
ous injections of several tracers in the case of
multi-radionuclide imaging must however be
controlled for and the additional image statis-
tics required for radionuclide separation may
often require either higher than usual injected
activities or a lower throughput study design.
The primary application of the multi-radionu-
clide autoradiography would be to simultane-
ously evaluate multiple radiopharmaceuticals
in one single animal e.g comparing distribution
patterns of different antibodies in the same
animal or comparing the localization of antibod-
ies with uptake of a small molecule. Optimally
the technique could be used as a preclinical
evaluation method for potential drug candi-
dates. 2D03 bind a specific form of oxLDL a
substance associated with deposition of LDL,
fatty streaks and foam-cells in the artery. 8F-
FDG is already in use in the clinic as an indirect
measurement of macrophage activity. Our pre-
liminary results indicate that measuring the
presence of Ox-LDL with a specific antibody
doesn’t coincide fully with the activity of macro-
phages, a result which was not obvious before
the analysis.

Conclusions

Multi-radionuclide digital autoradiography can
be employed to compare several tracers ex vivo

Am J Nucl Med Mol Imaging 2014;4(2):172-180
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in the same animal; however, the choice of
radionuclides will influence image quality.
lodine labeled anti-oxLDL antibodies seem to
achieve a better plaque to aorta contrast com-
pared to unspecific control antibodies at 72 h
p.i. and to 8F-FDG 1 h p.i. in the excised aorta
of apoB-100/LDL receptor deficient mice. The
oxLDL specific antibody was enriched in the
atherosclerotic lesions but its intra-aortic distri-
bution does not significantly differ from the dis-
tribution of the control antibody.
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