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a b s t r a c t

Background: Atherosclerosis is a common and serious vascular disease predisposing individuals to
myocardial infarction and stroke. Intravascular plaques, the pathologic lesions of atherosclerosis, are
largely composed of cholesterol-laden luminal macrophage-rich infiltrates within a fibrous cap. The
ability to detect those macrophages non-invasively within the aorta, carotid artery and other vessels
would allow physicians to determine plaque burden, aiding management of patients with
atherosclerosis.
Methods and results: We previously developed a low-molecular-weight imaging agent, [125I]iodo-DPA-
713 (iodoDPA), which selectively targets macrophages. Here we use it to detect both intravascular
macrophages and macrophage infiltrates within the myocardium in the ApoE -/- mouse model of
atherosclerosis using single photon emission computed tomography (SPECT). SPECT data were confirmed
by echocardiography, near-infrared fluorescence imaging and histology. SPECT images showed focal
uptake of radiotracer at the aortic root in all ApoE -/- mice, while the age-matched controls were nearly
devoid of radiotracer uptake. Focal radiotracer uptake along the descending aorta and within the
myocardium was also observed in affected animals.
Conclusions: IodoDPA is a promising new imaging agent for atherosclerosis, with specificity for the
macrophage component of the lesions involved.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Atherosclerosis accounts for the majority of cardiovascular and
cerebrovascular disease worldwide [1,2]. It is characterized by
thickening and sclerosis of the vessel walls due to the presence of
cholesterol-rich plaques and calcification [3]. Plaques are generated
in part by infiltration of monocytes due to inflammation propa-
gated by the dynamic interplay between the endothelial cells and
resident macrophages [4]. Those macrophages further promote
gle-photon emission tomog-
h cholesterol.
, 1550 Orleans St, CRB2 493,

on, Rockville, MD, USA.
collagen remodeling by recruiting fibroblasts [5] and also catalyze
deposition of mineralized calcium, also resulting in arteriosclerosis
[6]. High levels of dietary and/or endogenous cholesterol-bound,
low-density lipoprotein (LDL), along with increased oxidative
stress, [7] directly contribute to an increase in oxidized LDL levels in
blood. Oxidized LDL (oxLDL) is associated with progression of
atherosclerosis and plaque vulnerability[8]. OxLDL binds to specific
receptors, including lectin-like oxidized LDL receptor (LOX-1),
which reside on the surface of endothelial cells [9]. OxLDL also
binds to scavenger receptors of class A, B and C, including macro-
sialin (CD68) [10], which is expressed primarily by macrophages
and other phagocytes [11]. These oxLDL-binding scavenger re-
ceptors are directly associated with the formation of plaque-
forming foam cells [8,12]. Because cholesterol transport and
foamy macrophages are integral to the formation of atherosclerotic
plaques, they have been targeted for imaging to visualize plaque
and as a means to molecularly monitor anti-inflammatory in-
terventions such as the use of statins [13].
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The LOX-1 receptor has previously been targeted to image
affected endothelium directly within plaques in the ApoE -/- mouse
model by radiolabeling anti-LOX-1 antibody-targeted liposomes
with 99mTc-99m [14]. Those efforts led to visualization of lesions
within the aortic arch but exhibited high hepatic uptake of radio-
labeled liposomes, which prevented visualization of lesions within
the descending aorta. OxLDL itself has also been targeted for im-
aging, using radiolabeled anti-oxLDL antibodies and SPECT [15] in a
rabbit model of atherosclerosis, and a radioiodinated peptide spe-
cific for oxLDL [16] has also been developed. TSPO, the translocator
protein [17], binds cholesterol on themitochondrial membrane and
is found in all steroidogenic tissues including the heart and liver.
TSPO is upregulated in activated monocytes and macrophages.
TSPO has been targeted to image neuroinflammation [18e20],
cancer [17] and inflammation associated with coronary artery
disease (CAD) [21,22]. Here we use [125I]iodo-DPA-713 (iodoDPA), a
second generation TSPO radioligand we previously developed to
image inflammation in the periphery [35], to target plaque-
associated macrophages specifically. We show that the mecha-
nism by which iodoDPA binds to plaques is related to TSPO-
independent trapping within phagocytic cells [23].

2. Materials and methods

2.1. Animals

Animal procedures were performed in accordance with the
regulations of the Johns Hopkins Animal Care and Use Committee
(ACUC). Twelve-week-old male apolipoprotein E-deficient (ApoE
-/-) (stock number 092052), and age-matched male C57Bl/6 mice
were purchased from the Jackson Laboratories (Bar Harbor, ME).
Mice were housed in a pathogen free facility with access to food
and water ad libitum and maintained on a 12 h light/dark cycle.
Micewere divided into three groups, one of which consumed a high
fat, high cholesterol diet (HFHC) of 4.5 kcal/g, 20.0% fat, and 1.25%
cholesterol (D12108C, Research Diet Inc., New Brunswick, NJ) for up
to 36 weeks. Additional groups of ApoE -/- and C57Bl/6 mice were
fed standard, autoclaved diet (Teklad 8604 Rodent Diet, Harlan
Laboratories, Frederick, MD). At the end of the study mice were
euthanized by CO2 asphyxiation or cervical dislocation under
sedation. Tissues were harvested after either 24 (40 weeks of age)
or 36 (57 weeks of age) weeks on diet for molecular imaging and
histopathologic studies.

2.2. Transthoracic echocardiography

Trans-thoracic echocardiography was performed in conscious
mice using the 2100 Visualsonic ultrasound system (Toronto,
Ontario, Canada), equipped with an ultra-high frequency linear
array micro-scan transducer of 30e40 MHz [24]. Measurements
were performed according to the guidelines set by the American
Society of Echocardiography. For each mouse, three to five values
for each measurement were obtained and averaged for evaluation.
M-mode echocardiograms were acquired to verify location of pla-
ques within individual mice [24].

The aorta was viewed in two-dimensional (2-D) mode in the
parasternal long axis view of the LV. From that view the ascending
aortic (AsAo) diameters, including the internal and the external
diameter, were measured and were used to estimate the intima
media thickness (IMT) [23,25].

2.3. Synthesis and administration of imaging agents

IodoDPA was synthesized as described previously [26] and
batches used ranged from 70.3 to 77.7 GBq/mmol (1900e2100 Ci/
mmol) in specific radioactivity. The radiotracer was formulated in
10% ethanol in PBS, pH 7.4 and was injected as a 100 mL intravenous
bolus through the tail vein. DPA-713-IRDye680LTwas formulated in
10% DMSO in PBS, pH 7.5, as previously described [35]. The 100 mL
volume of DPA-713-IRDye680LT was always combined with a
100 mL volume of BoneTag800™ (LI-COR Biosciences, Lincoln, NE),
formulated in 100% PBS, pH 7.4 prior to bolus tail vein injection.

2.4. SPECT imaging

One representative mouse from each group at 26 wk post-diet
(two mice with plaques, one without) and at 35 wk post-diet
(two mice with plaques, one without) was injected with an equal
amount of radiotracer (31.4 ± 0.4 MBq (849 ± 11 mCi), 26 wk on diet
and 85.1 ± 3.5 MBq (2.3 ± 0.95 mCi), 35 wk on diet). Mice were
scanned 24 h later by SPECT-CT. Mice had free access to their
accustomed diets and water during this period. Mice were anes-
thetized using 3% isoflurane in oxygen (2 L/min) and were main-
tained using 2% isoflurane in oxygen while being scanned in pairs
using a Gamma Medica X-SPECT scanner (Gamma Medica Ideas,
Northridge, CA) equipped with two medium energy pinhole
(0.5 mm diameter) collimators. Each SPECT scan was composed of
64 projections for 55 (26 wk mice) or 45 (35 wk mice) seconds per
projection to accommodate the difference in injected dose between
groups. A computed tomography (CT) scan was performed for
anatomic co-registration and utilized a 512 slice protocol at 50 kV
beam potential. CT and SPECT data were reconstructed and co-
registered using the manufacturer's software and the data were
displayed and analyzed using AMIDE (http://amide/sourceforge.
net).

2.5. Near-infrared fluorescence imaging

One representative mouse from each group was injected
concurrently with DPA-713-IRDye680LT and BoneTag800CW™.
Mice underwent a 24 h uptake period prior to imaging using a Pearl
Impulse Imager (LI-COR Biosciences, Lincoln, NE). Mice were
sacrificed by cervical dislocation prior to exposing the heart and
lungs. Images were acquired using 680 nm (excitation)/710 nm
(emission) and 790/800 nm band pass filters as well as awhite light
photograph. Images were displayed using the manufacturer's
software (Pearl Impulse Software v. 2.0). In situ photographs of the
heart and ascending aorta were captured prior to collection for
histologic examination.

2.6. Epifluorescence microscopy

Tissues from mice injected with DPA-713-IRDye680LT and
BoneTag800CW™ were collected, fixed in neutral-buffered
formalin for 48 h, grossed and embedded in paraffin prior to
sectioning to 4 mm slices onto charged glass slides. The slides were
de-paraffinized and then immediately probed with a solution of
PBS, pH 7.5 containing 10% fetal bovine serum (FBS) (Gibco, Grand
Island, NY) and anti-CD68 antibody (Abcam, Cambridge, MA,
ab955, 1:67) for 1 h at room temperature. The slides were then
washed twice for 5 min each with PBS and then probed with goat
anti-mouse secondary antibody-fluorescein conjugate (Abcam,
ab97022, 1:250) in PBS for 30 min at room temperature. Following
aspiration of the secondary antibody solution, the slides were then
exposed to Hoechst 33342 dye for 1.5min (Invitrogen, Grand Island,
NY USA, H3570, 1:1000 in PBS). The slides were then washed twice
more with PBS for 5 min each prior to adding mounting medium
(Dako Faramount Aqueous Mounting Medium, Carpenteria, CA)
and a glass coverslip. The slides were then immediately viewed
using a Nikon 80i upright epifluorescence microscope equipped
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with a Nikon DS-Qi1Mc darkfield CCD camera and excited by a
Nikon Intensilight C-HGFI lamp. All images were recorded and
processed using Nikon Imaging Software Elements.
3. Results

3.1. Fluorescent analog DPA-713-IRDye680LT co-localizes with
vascular and infiltrating myocardial macrophages in ApoE -/- mouse
atherosclerotic plaques

Fig. 1 shows four views of an ApoE -/- mouse heart from an
animal that was fed a HFHC diet for 36 wk, with white light only
in panel 1A, activated macrophages in the aortic arch (red, AsAo
arrow) and brachialcephalic artery (BCA arrow) in 1B, co-morbid
mineralized calcium deposits in the aortic root (green, solid ar-
rows) and cut ribs (green, dotted arrows) in 1C and combined
channels showing proximal and overlapping calcium mineral
(green) and inflammation (red) in 1D. An uninjected (no probe)
C57bl/6 mouse (1E) and a C57bl/6 control mouse injected with
both probes (1F) are also shown for comparison of both no
inflammation and background tissue fluorescence (1E). Panel E
shows no autofluorescence from an uninjected mouse and no
visible DPA-713-IRDye680LT uptake in the age-matched C57bl/6,
with only a small spot of BoneTag800CW™ uptake in the
ascending aorta. Focal uptake of DPA-713-IRDye680LT (red) and
BoneTag800CW™ (green) were matched with pre-sacrifice echo-
cardiography showing the presence of both plaque and mineral-
ized calcium in ex vivo images of excised heart and descending
aorta. C57bl/6 mice showed a small amount of inflamed plaque
without calcium at the aortic root (Fig. 2A1e3). ApoE -/- mice fed a
standard diet showed a small amount of inflamed plaque at the
aortic root as well as mineralized calcium (Fig. 2B1-3) while ApoE
-/- mice fed a HFHC diet for 36 wk showed inflammation within
the aortic root and descending aorta accompanied by calcium
deposits within the aortic root (Fig. 2C1-3).
Fig. 1. Near-IR fluorescence imaging of mineralized calcium and activated macrophages in
cholesterol (HFHC) diet was co-injected with BoneTag800™ and DPA-713-IRDye680LT and
aortic arch [ascending aorta (AsAo) and the brachiocephalic artery (BCA)]; (C) Accumulation
(green); (D) Overlay of B and C. (E) Heart and lungs from an age-matched C57bl/6 mouse
BoneTag800™ and DPA-713-IRDye680LT. The latter likely shows a small accumulation of cal
chow diet. (For interpretation of the references to colour in this figure legend, the reader i
Following ex vivo macroscopic imaging of hearts with
descending aortas, these tissues were then sectioned and subse-
quently co-stained with anti-CD68 antibody to delineate macro-
phages and Hoechst 33342 (cell nuclei) (Fig. 3). Thesemarkers were
applied to verify cell-type specificity of fluorescent probe trapping
in diseased artery. The red channel depicts ex vivo trapped DPA-
713-IRDye680LT as well as brightly autofluorescent red blood cells
trapped in the remaining lumen. The green anti-CD68 channel
shows CD68þmacrophages within the plaque, autofluorescent red
blood cells in the lumen and wavy autofluorescent collagen within
the vessel walls. A magnified view of the cellular portion of the
plaque in the lower, right panel (white parenthesis) shows
numerous macrophages (white arrows) that are CD68þ and retain
DPA-713-IRDye680LT (co-localizing as orange) close to the nucleus.
3.2. IodoDPA SPECT detects inflammation in heart, ascending and
descending aorta

Four plaque-bearing mice and two healthy mice (n ¼ 2 plaque-
bearing, n ¼ 1 healthy at 24 wk on diet and another group at 36 wk
post-diet (n ¼ 2 plaque-bearing, n ¼ 1 healthy) were imaged using
iodoDPA SPECT to assess whether inflammatory lesions could be
non-invasively localized with high contrast amid normal tissues,
including the adjacent TSPO-expressing heart [27,28]. Fig. 4 shows
SPECT slices in three orientations with a selected lesion highlighted
inside the red crosshairs for each mouse. Sagittal sections are
shown for the 24 wk mice, which are from another cohort. All mice
displayed foci of inflammationwithin ascending and/or descending
aorta. All mice displayed normal radiotracer uptake and retention
within macrophage-rich brown fat [29,30] (BF) and nearby cervical,
brachial and axillary lymph nodes. The TSPO-rich heart remains
dark except for focal uptake in the heart of ApoE -/- mice fed a
standard diet. ApoE -/- mice fed a standard diet also develop
inflammation and vascular plaques but at lower frequency than
those fed a HFHC diet. As anticipated, individual mice varied in the
mouse vessels. A 35 week old ApoE KO (ApoE -/-) male mouse fed a high fat, high
imaged 24 h later, after sacrifice. (A) Heart (H) and lungs (L); (B) Inflammation in the
of mineralized calcium shown by BoneTag800 in the large vessels/vessel (AsAo) and ribs
injected with no compound; (F) Another age-matched C57bl/6 mouse injected with
cium deposits which is due to a normal aging process in the C57bl/6 mouse on normal
s referred to the web version of this article.)



Fig. 2. Representative 2D (A1, B1, C1) and M-mode echocardiograms (A2, B2, C2) of the aorta with corresponding near-IR fluorescence imaging of murine heart and aorta (A3, B3,
C3). These data are from male C57bl/6 (A) and ApoE -/- (B) fed standard diet (SD), and (C) ApoE -/- fed HFHC at the age of 36 wk. Ultrasonography of ApoE -/- fed HFHC confirms a
significant increase in aortic wall thickness, plaque and calcium deposition (arrow) as compared to control C57bl/6 and ApoE -/- (B) fed a SD (C1, B1), which is consistent with the
overlay of activated macrophages and mineralized calcium seen in C3. The abnormal motion of the aortic wall observed by M-mode (C2) in ApoE -/- fed a HFHC diet is due to
calcium accumulation, which is confirmed by the uptake of BoneTag™ calcium probe (green) in C4. The small amount of inflammation (red) detected by DPA-713-IRDye680LT probe
(A3, B3) in C57bl/6 and ApoE -/- fed a SD may be due to normal aging as it was not accompanied by calcium probe uptake (green). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Immunfluorescence micrograph of murine coronary vessel showing co-localization of ex vivo DPA-713-IRDye680LT with CD68 positive macrophages within plaque wall. “L”
denotes the lumen of the vessel. RBC denotes autofluorescent red blood cells. E denotes autofluorescent elastin. Core denotes the acellular core of the plaque. The white parenthesis
denotes the region expanded in the last panel. Arrows denote plaque-associated macrophages and arrowheads denote macrophages in the arterial wall, many of which appear
apoptotic. Scale bar ¼ 50 mm.
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degree of plaque burden, and SPECT scans correctly revealed actual
plaque burden regardless of dietary group. SPECT-CT scans are
available for individual inspection in Supplementary Figs. 1e4.

4. Discussion

We report a method to detect macrophage-specific inflamma-
tion within atherosclerotic plaques using iodoDPA SPECT in ApoE
-/- mice. We have demonstrated ultrasound confirmed co-
localization of radiotracer SPECT signal with plaque in ascending
aorta (Fig. 4). We have also demonstrated co-localization of the
fluorescent agent, DPA-713-IRDye680LT, with plaque in whole-
mount tissues imaged ex vivo (Figs. 1 and 2) as well as specific
co-localization with CD68-expressing macrophages within
inflamed plaques imaged by epifluorescence microscopy (Fig. 3).
While DPA-713 is reported as a ligand of TSPO [19,26], we previ-
ously determined that analogs of DPA-713 such as [125I]iodo-DPA-
713 and DPA-713-IRDye680LT [31], become specifically sequestered
in vivo within CD68-expressing phagocytes after a 24 h uptake
period. We additionally demonstrated previously that after a 24 h
uptake period, iodo-DPA-713 and DPA-713-IRDye680LT clears from
healthy TSPO-containing tissues such as heart and lung [31],
permitting imaging of inflammation within a context of low
radiotracer background signal.

IodoDPA SPECT imaging of mice revealed focal vascular and
cardiac uptake of radiotracer within both ApoE -/- mouse groups
showing very little uptake within C57bl/6 control mice, reflecting
individual severity of phenotype. All scans provided images free
from competing heart, liver and normal lung uptake in contrast to
scans typically seen using 20-deoxy, 20-[18F]fluoroglucose (FDG)



Fig. 4. [125I]iodo-DPA-713 SPECT-CT imaging at 24 h post-injection of activated macrophages in atherosclerotic plaques at 36 and 24 wk on-diet (40 and 36 wk of age). The 24 and
36 wk mice are different mice. A selected lesion is shown in all three views using the red crosshairs. Age-matched C57bl/6 is compared with ApoE -/- on normal diet and ApoE -/- on
high fat, high cholesterol diet (HFHC). Lesions in and around the heart (H) can clearly be seen as well as in ascending (AsAo) and descending aorta. Brown fat (BF), which is rich in
macrophages, is clearly seen as well as axillary lymph nodes (*). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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PET. Many other TSPO-specific radioligands are currently in pre-
clinical or clinical use, but tend to employ short-lived radionu-
clides, such as 11C (20 min physical half-life) and 18F (110 min). As
such they are unable to accommodate the 24 h uptake time needed
to achieve selective trapping in macrophages to provide higher
signal-to-noise clarity in otherwise normal tissues. All TSPO-
specific radiotracers bind to TSPO-rich cardiac, lung and liver and
are typically restricted to interrogation of tissues with low endog-
enous TSPO expression, such as the brain [19,32]. However a recent
report described the use of [18F]DPA-714 in rheumatoid arthritis
(RA), where minimal background uptake would be expected [33],
as well as the use of [18F]PBR28 to image another rodent model of
RA [34]. To date, only one TSPO-targeted radiotracer has been used
clinically to delineate atherosclerotic plaque, namely, [11C](R)-
PK11195 [22]. In that study [11C](R)-PK11195 PET-CT was used to
delineate inflamed, symptomatic stenosis within the carotid ar-
teries of patient volunteers. Another study using the same radio-
tracer and method imaged inflammation in the arteries of patients
with vasculitis [35] and found radiotracer uptake in the ascending
aorta and carotids to be higher among the patients with vasculitis
than among healthy controls. Atherosclerosis and other vascular
inflammatory pathologies occur throughout the body and a need
exists to image those sites of inflammation sensitively and specif-
ically, especially in proximity to TSPO-rich and metabolically active
tissues like heart, liver and kidneys [36]. IodoDPA SPECTor PETmay
provide clinically translatable macrophage-specific imaging
throughout the body due to its trapping mechanism.

In conclusion, delayed iodoDPA SPECT imaging of C57bl/6 and
ApoE -/- mice revealed focal vascular and myocardial uptake of
radiotracer within individual phenotypic atherosclerotic mice
consistent with their genotype. Addition of HFHC diet increased
plaque burden on average and iodoDPA SPECT correctly revealed
the plaque distribution within individual mice, showing variation
in plaque burden among ApoE -/- mice on a normal or HFHC diet.
The SPECT results correlated with findings on echocardiography
and histology providing initial validation of iodoDPA as a viable,
new imaging agent for atherosclerosis.
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