MOLECULAR [SSist-hunsiieiini @ @ Crossiark
IMAGING © World Molecular Imaging Society, 2017 \ Society

AND BIOLOGY Published Online: 7 August 2017 éﬂmsgmrgT%fel

European Sodiety for Molecular Imaging

RESEARCH ARTICLE

A Comparison of [°°™Tc]Duramycin
and [*®™Tc]Annexin V in SPECT/CT Imaging
Atherosclerotic Plaques

Yan Hu,"?® Guobing Liu,"* He Zhang,"?® Yanli Li,"*® Brian D. Gray,* Koon Y Pak,*
Hak Soo Choi,® Dengfeng Cheng,'?® Hongcheng Shi'#*

'Department of Nuclear Medicine, Zhongshan Hospital, Fudan University, No. 180, Fenglin Road, Shanghai, 200032, People’s Republic of
China

2Shanghai Institute of Medical Imaging, Shanghai, 200032, China

3 Institute of Nuclear Medicine, Fudan University, Shanghai, 200032, China

*Molecular T argeting Technologies, Inc., West Chester, PA, 19380, USA

>Gordon Center for Medical Imaging, Department of Radiology, Massachusetts General Hospital and Harvard Medical School, Boston,
MA, 02114, USA

Abstract

Purpose: Apoptosis is a key factor in unstable plaques. The aim of this study is to evaluate the
utility of visualizing atherosclerotic plaques with radiolabeled duramycin and Annexin V.
Procedures: ApoE™~ mice were fed with a high-fat diet to develop atherosclerosis, C57 mice as
a control. Using a routine conjugation protocol, highly pure [*®™Tc]duramycin and
[®*®™Tc]Annexin V were obtained, which were applied for in vitro cell assays of apoptosis and
in vivo imaging of atherosclerotic plaques in the animal model. Oil Red O staining, TUNEL,
hematoxylin-eosin (HE), and CD68 immunostaining were used to evaluate the deposition of
lipids and presence of apoptotic macrophages in the lesions where focal intensity positively
correlated with the uptake of both tracers.

Results: [**™Tc]duramycin and [**™Tc]Annexin V with a high radiochemical purity (97.13 + 1.52
and 94.94 + 0.65 %, respectively) and a well stability at room temperature were used. Apoptotic
cells binding activity to [*°™Tc]duramycin (Kd, 6.92 nM and Bmax, 56.04 mol/10'® cells) was
significantly greater than [**™Tc]Annexin V (Kd, 12.63 nM and Bmax, 31.55 mol/10"°® cells).
Compared with [**™Tc]Annexin V, [°®™Tc]duramycin bound avidly to atherosclerotic lesions with
a higher plaque-to-background ratio (P/B was 8.23 + 0.91 and 5.45 + 0.48 at 20 weeks,
15.02 + 0.23 and 12.14 + 0.22 at 30 weeks). No plaques were found in C57 control mice.
Furthermore, Oil Red O staining showed lipid deposition areas were significantly increased in
ApoE™~ mice at 20 and 30 weeks, and TUNEL and CD68 staining confirmed that the focal
uptake of both tracers contained abundant apoptotic macrophages.

Conclusions: This stable, fast clearing, and highly specific [99"‘Tc]duramycin, therefore, can be
useful for the quantification of vulnerable atherosclerotic plaques.
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Introduction

Atherosclerotic plaque rupture is a vital hazard that leads to
myocardial infarction and even sudden cardiac death [1].
Apoptosis, also known as programmed cell death, plays an
important role in normal physiology and disease processes
[2-5], involving the development of atherosclerosis [6, 7]
and the vulnerability of atherosclerotic plaque [2]. Phospha-
tidylethanolamine (PE) and phosphatidylserine (PS) are
established molecular markers for apoptosis [8]. PE and PS
are predominantly present in the intracellular cell membrane
and redistribute onto the outer surface cell membrane, which
make them vital molecular indicators for cell apoptosis [9,
10].

Annexin V, a 36-kDa human protein composed of 319
amino acids, is specific to the exposed PS at a nanomolar
affinity [11-14]. Therefore, radiolabeled Annexin V has
been successfully used in molecular imaging to monitor
apoptotic environment in many disease models including
myocarditis and infective endocarditis, tumors, myocardial
ischemia, and atherosclerosis [13, 15-20]. In contrast,
duramycin is a low molecular weight protein (~2 kDa; 19
amino acids) and known as the smallest peptide that binds to
the head group of PE with high affinity at a molar ratio of
1:1 [21-23]. Likewise, radiolabeled duramycin has also been
used in tumor imaging, tissue-damage assessment after high-
dose irradiation exposure, atherosclerosis, and early diagno-
sis of ischemia-reperfusion [9, 22-24]. However, to the best
of our knowledge, the current study is the first to compare its
functionality with Annexin V in evaluating atherosclerotic
plaques.

In this study, we synthesized [**™T¢]duramycin using a
single-step radiolabeling kit and evaluated the detection
capability of vulnerable atherosclerotic plaques in athero-
sclerosis animal models by comparing with [**™Tc]Annexin
V.

Materials and Methods

Ethical Statement

The animal research protocol was approved by the medical
ethics committee of Zhongshan Hospital, Fudan University.
All experiments were performed following the relevant
guidelines and regulations of Fudan University.

Chemicals and Synthesis

Human Annexin V full length protein (Abcam, UK), single-step
kit containing HYNIC-duramycin and HYNIC-linear-
duramycin (Molecular Targeting Technologies, Inc., USA),
fetal bovine serum (FBS; Gibco, USA), phosphate-buffered
saline (PBS; Hyclone, USA), bovine serum albumin (BSA;
Hushi, China), Dulbecco’s modified Eagle’s medium (DMEM,;
Corning, USA), H,O, (Sigma-Aldrich, USA), FITC-Annexin V

Apoptosis Detection Kit (BD Pharmingen, USA), FACS
Calibur (Flow Cytometry, BD Biosciences, USA), N-
hydroxysuccinimidyl S-acetylmercaptoacetyltriglycinate
(NHS-MAG3;; WuXi AppTec, China), and other reagents were
of reagent grade and used as received.

Radiolabeling of [*°"Tc]Duramycin and
[’ Te]Annexin V

For Tc-99m labeling of duramycin, we used a single-step kit
composed of 15 pg hydrazinonicotinamide (HYNIC)-
duramycin as previously reported [21]. Freshly prepared
[gngc]pertechnetate (277.5 MBq) in 500 pl saline was
added to the kit and heated at 80 °C for 20 min. The
radiochemical purity was assessed by Radio-TLC with two
separate chromatography systems: system 1: silica gel
impregnated paper (1 x 10 cm) with 20 % NaCl, in which
free [*™Tc]pertechnetate and impurities move to the solvent
front, while reduced Tc-99 m and [**™Tc]duramycin stay at
the origin; system 2: silica gel impregnated paper
(I x 10 cm) with distilled water, in which free
[**™Tc]pertechnetate, impurities, and [**™Tc]duramycin mi-
grate close to the solvent front, while the hydrolyzed
reduced Tc-99 m remains at the origin. The radiolabeled
method of [**™Tc¢]linear-duramycin is the same as that of
[**™Tc]duramycin.

[**™Tc]Annexin V was prepared as previously reported
[25, 26]. Briefly, 25 pg (1 mg/ml) Annexin V was added
into a 10K ultrafiltration tube with HEPES buffer (pH 8.0).
After vortexing, 1.4 pl (1 mg/ml) of NHS-MAG; was added
into the tube (the mole ratio of Annexin V and NHS-MAG;
was 1:5), and then the mixture was incubated at room
temperature for 1 h. To remove the excess NHS-MAGs;,
ammonium acetate solution (0.25 M, pH 7.0) was added and
centrifuged, followed by adding 25 ul tartrate buffer (50 mg/
ml, pH 8.0). Finally, 37 MBq fleshly prepared
[**™Tc]pertechnetate solution and 3 ul SnCl,-2H,O solution
(1 mg/ml) were added into the mixture and reacted for
20 min at room temperature. For radiochemical purity, two
separate chromatography systems were applied as described
above with 0.9 % NaCl and 50 % acetonitrile as solvents.

Stability Tests

The in vitro stability of radiolabeled duramycin and Annexin
V were respectively tested at 1, 3, and 6 h through
incubation in 0.1 % BSA, 0.9 % NaCl solution, and DMEM
at room temperature and 37 °C. At each time point,
radiochemical purity was tested with Radio-TLC.

Cell Culture

RAW264.7 macrophage cells were cultured in DMEM at
37 °C in a humidified atmosphere with 5 % CO,. Medium
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was supplemented with 10 % FBS and 1 % antibiotics
(penicillin and streptomycin). Light microscopy was used to
check cell viability.

Apoptosis Analysis by Flow Cytometry

For apoptosis assay, cells were treated with a final
concentration of 3 mM H,0, in DMEM for 12 h at 37 °C
in a humidified atmosphere. Apoptotic cells were measured
by flow cytometry after FITC-Annexin V and PI staining
according to the manufacturer’s instructions. Briefly, cells
were washed with PBS and resuspended in binding buffer at
a final concentration of 2 x 10° cells/ml. Next, 1 ml of the
cell solution was transferred to a 5 ml culture tube, and then
5 ul of FITC-Annexin V and 5 pl of PI were added and
incubated for 15 min at room temperature in the dark
condition. Finally, 400 pul of binding buffer was added to the
culture tube. Untreated cells were used as control.

In Vitro Binding Tests

To study cell affinity of [*™Tc]duramycin, [*°™Tc]linear-
duramycin, and [*”™Tc]Annexin V, RAW264.7 cells were
cultured and induced for apoptosis with H,O, [27-29].
Apoptotic cells (2 x 10° cells) were transferred into 5 ml
tubes with binding buffer (pH 7.4); then a gradient
concentration of radiolabeled Annexin V (1-200 nM),
duramycin (1-200 nM), and linear-duramycin (1-200 nM)
was respectively added to the tubes at a final volume of
1 ml. After incubation at 37 °C for 2 h, the mixture was
centrifuged at 800 r/min for 5 min to remove free
radioactivities with the remnant tested as cell-bound radio-
activity by using y-counter (CRC-15R, Capintec Inc.,
Ramsey, NJ). The same amount of radiolabeled probes was
aliquoted in tubes with untreated cells as control groups and
also in DMEM solutions without cells to determine
nonspecific binding.

Animal Model Establishment

Apolipoprotein E knockout (ApoE ") and C57 mice (male,
8 weeks) were purchased from Peking University Laboratory
Animal Center (Beijing, China). The ApoE ™" mice were fed
with a high-fat diet (HFD, 21 % fat and 0.15 % cholesterol),
while the C57 mice were fed a normal murine diet (4-6 %
fat and < 0.02 % cholesterol). All mice were fed for at least
20 weeks to establish atherosclerosis before animal
experiments.

Micro-SPECT/CT Imaging and Data Analysis

[99mTc]duramycin (37 MBg/2 pg/mouse) was injected
through the tail vein to five ApoE and five C57 mice,
while the same dose of [*°™Tc]linear-duramycin was

injected into another five ApoE "~ mice. Two hours later,
mice were anesthetized via inhalation of 2 % isoflurane.
Then, mice were placed on a Micro-single-photon emission
computed tomography/computed tomography (SPECT/CT)
scanner (Bioscan, Washington DC, USA) for SPECT/CT
imaging according to the following parameters: CT: tube
current, 0.15 mA; tube voltage, 45 keV; exposure time,
500 ms/frame, and frame resolution, 256 x 512; SPECT:
energy peak, 140 keV; scanning time, 35 s/projection;
window width, 10 %; resolution, 1 mm/pixel; and matrix,
256 x 256. SPECT and CT scanning were performed with
same bed position. Data were reconstructed using the
HiSPECT algorithm. One week later, those mice that
experienced [*’™Tc]duramycin SPECT/CT underwent mi-
cro-SPECT/CT imaging again with same parameters at 5 h
after injection of [**™Tc]Annexin V (37 MBg/25 pg/mouse)
through tail vein.

All reconstructed data was used to post-processing with
software InVivoScope (Version 1.43, Bioscan, Washington
DC, USA). For quantitative analysis, 3D region of interest
(ROI) was drawn in the place of the thoracic aorta with
obvious radioactivity accumulation in each mouse, while the
background ROIs with similar diameter were drawn in the
area of surrounding muscle. Concentration of radioactivity
of each ROI (uCi/mm®) was calculated by the software. The
plaque-to-background ratio (P/B) was used to express plaque
signal intensity, aiming to reduce inter-mice variations.

Aorta Harvest

After micro-SPECT/CT imaging, mice were anesthetized by
intraperitoneal injection of 4 % chloral hydrate. Weight were
measured and recorded. Then aortas were perfused with
0.9 % NaCl and fixed with 4 % paraformaldehyde,
respectively, through a puncture in the left ventricle. After
that, the entire aorta was exposed and photographed with a
digital camera for visualizing lipid deposition. Finally, aortas
were harvested and stored in the 20 % sucrose solution for
use after fixing in 4 % paraformaldehyde at 4 °C overnight.

Oil Red O Staining

Oil Red O was used to stain lipids deposited in atheroscle-
rosis plaques. Briefly, the dissected aortas were opened
longitudinally and incubated in 60 % propylene glycol for
10 min. Then, the aortas were stained in 0.5 % Oil Red O
solution for 30 min and washed with 60 % propylene glycol
for 5 min until the background was nearly transparent. The
stained aorta was placed flat on a black board for imaging
using a digital camera. Images were then transferred to
Image Pro Plus (Version 6.0, Media Cybernetics, Washing-
ton DC, USA) to calculate the percentages of area that were
stained positive.
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Histology and Immunohistochemistry

Paraformaldehyde-fixed aortas were embedded in paraffin
and sectioned at 5 um thickness at thoracic regions with
obvious plaques. Sections were stained with hematoxylin-
eosin (HE) for morphologic analysis. In order to look insight
into the plaques, CD68 staining and the terminal
deoxynucleotidyl transferase-mediated UTP end labeling
(TUNEL) were performed on adjacent sections according
to a standard procedure using a commercially available kit.
The apoptotic cells presented as tan particles were consid-
ered as positive cells in TUNEL images. CD68-staining and
TUNEL images were analyzed by Image Pro Plus. Inte-
grated Optic Density/Area (IOD/Area) and Apoptosis Index
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(AI) were used to express the quantification of macrophages
and apoptotic cells in plaques, respectively.

Statistical Analysis

SPSS 22 (IBM, Chicago, IL, USA) and GraphPad Prism
6.0 (GraphPad Software Inc.) were used for statistical
analysis. Numeric parameters were presented as
mean =+ standard deviation (s.d.). To determine the
statistical significance of differences between groups, a
one-way ANOVA followed by a Bonferroni post-hoc test
was performed. The correlation between P/B on
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Fig. 1. Radiochemistry and in vitro stability of [**™Tc]duramycin and [**"Tc]Annexin V: radiochemical purities of a
[®*™Tc]duramycin and b [*®™Tc]Annexin V evaluated by Radio-TLC. Stability of [°®™Tc]duramycin and [*®™Tc]Annexin V in
0.1 % BSA, 0.9 % NaCl, and DMEM for 6 h post-labeling: Stability of ¢ [*®™Tc]duramycin and d [*®™Tc]Annexin V at room
temperature; stability of e [**™Tc]duramycin and f [*®™Tc]Annexin V at 37 °C.
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[**™Tc]duramycin or [*°™Tc]Annexin V SPECT/CT and
Al in plaque of corresponding area was calculated by
Pearson correlation analysis. P value < 0.05 was
considered statistically significant.

Results

Radiolabeling and Stability of [*°" Tc]Duramycin
and [**"Tc]Annexin V

The radiochemical purities of [**™Tc]duramycin and
[**™Tc]Annexin V were 97.13 £ 1.52 % (n = 3, Fig. la)
and 94.94 + 0.65 % (n = 3, Fig. 1b), respectively. The final
radiopharmaceuticals with high purity were used for further
in vitro and in vivo studies without additional purification.
The specific radioactivity of [*°™Tc]duramycin and
[**™Tc]Annexin V was 3.7 x 10" and 4.736 x 10'° MBgq/
mol, respectively. The stability of Tc-99 m labeled probes
was further evaluated at room temperature and 37 °C in
0.1 % BSA, 0.9 % NaCl, and DMEM, respectively, resulting
in over 94 % stability for [**™Tc]duramycin (Fig. lc, ) and

over 90 % stability for [**™Tc]Annexin V (Fig. 1d, f) over a
6-h post-labeling period.

In Vitro Affinity to Apoptotic Cells

The apoptotic ratio of untreated (Fig. 2a) and H,O,-induced
(Fig. 2b) cells was evaluated by flow cytometry with FITC-
Annexin V. As shown in Fig. 2c, the apoptotic ratio of normal
cells was 3.61 + 0.44 %, which was significantly lower (n = 3,
mean + s.d., P < 0.05) than the H,O,-treated cells
(22.60 + 2.92 %). A cell binding test revealed that the total
binding capacity (Bmax) of duramycin is about 56.04 mol/10"
cells (Fig. 2d), which is about 1.78-fold higher than that of
Annexin V (Bmax = 31.55 mol/10"® cells; Fig. 2e). The
equilibrium dissociation constant (Kd) was calculated to be
6.92 nM for duramycin and 12.63 nM for Annexin V,
respectively. The cell binding curve of [**™Tc¢]linear-duramycin
to apoptotic cells over concentrations was close to the baseline,
while [*™Tc]duramycin revealed high specificity to the
apoptotic cells (Fig. 2d), which was even higher than the
specificity of [**™Tc]Annexin V (Fig. 2e). The affinity of
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Fig. 2. In vitro cell binding of [*®™Tc]duramycin and [*°®™Tc]Annexin V to apoptotic cells: RAW264.7 cells were incubated in
medium a without any stimulation for 12 h at 37 °C resulted in lower percentage of apoptosis than those that were b treated
with 3 uM H,0,, as detected by flow cytometry analysis. ¢ Quantitative statistical comparison of the percentage of apoptosis
between H,0,-induced group and normal group (n = 3, mean + s.d.). Cell binding curves with gradient concentrations of d
[®*®*™Tc]duramycin and e [*°*™Tc]Annexin V with apoptotic cells and normal cells, respectively (n = 3, mean + s.d., P < 0.001). A
significant difference was also found between [**™Tc]duramycin and [*®™Tc]linear-duramycin in apoptotic cell binding (n = 3,

mean =+ s.d., “*P < 0.001).
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[**™Tc]duramycin to normal cells was significantly lower
compared with results from H,O,-induced cells, and slightly
higher than [**™Tc]linear-duramycin (n = 3, mean + s.d.,
P <0.001, P < 0.001).

In Vivo Imaging of Atherosclerosis

SPECT/CT was used to image atherosclerotic lesions using
[?°™Tc]duramycin, [*°™Tc]linear-duramycin, and
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[**™Tc]Annexin V. As presented in Fig. 3, the radioactivity
of plaques increased progressively with age in ApoE ™"~
mice: P/B of 823 + 091 at 20 weeks (Fig. 3a) and
15.02 + 0.23 at 30 weeks (Fig. 3f) for [*™Tc]duramycin,
and P/B of 545 + 048 at 20 weeks (Fig. 3d) and
12.14 + 0.22 at 30 weeks (Fig. 3i) for [**™Tc]Annexin V.
Interestingly, the P/B of [*™Tc]duramycin was higher than
that of [*™Tc]Annexin V over the period of monitoring for
30 weeks (n = 3, mean + s.d., P < 0.05; Fig. 3k). The uptake
levels of both tracers in ApoE” mice were noticeably
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Fig. 3. Micro-SPECT/CT imaging and corresponding quantitative analysis: sagittal SPECT/CT images of 20 w ApoE™~ mice
scanned at 2 h post-injection of a [*®™Tc]duramycin and ¢ [*®™Tc]linear-duramycin, and d scanned at 5 h post-injection of
[®*™Tc]Annexin V. The control 20 weeks C57 mice were b scanned at 2 h post-injection of [**™Tc]duramycin and e scanned at
5 h post-injection of [*®™Tc]Annexin V. f-j Sagittal SPECT/CT images of 30 weeks mice acquired with the same tracers and
order as shown in a—e. k Quantitative analysis of P/B on SPECT/CT: ApoE™~ mice represented higher uptake of both
[*®*™Tc]duramycin and [**™Tc]Annexin V than control C57 mice within the same age groups (n = 3, mean + s.d.). In ApoE™~
mice, [*®™Tc]duramycin showed significantly higher uptake compared with [*®™Tc]Annexin V (n = 3, mean + s.d.).
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higher than those in C57 mice, and higher than the control
[**™T¢]linear-duramycin uptake in ApoE™~ mice (n = 3,
mean + s.d., P < 0.05; Fig. 3k).

Ex Vivo Lipid Deposition in Plaques Confirmed
In Vivo Imaging

Color images in Fig. 4a—d shown that atherosclerotic
plaques were predominantly located in the thoracic aortas
of ApoE™~ mice, while no plaques were observed in C57
mice. Despite substantial increase of body weight in both
ApoE™" and C57 mice from 20 to 30 weeks, ApoE ™ mice
showed significant higher increase than C57 mice (Fig. 4i).
Oil Red O staining of aortas replicated these findings, as
shown in Fig. 4e—i. The percentage of plaque area in ApoE
7~ mice at 20 and 30 weeks was 23.02 + 1.98 and
55.00 £ 1.95 %, respectively, which is significantly higher
than those of C57 mice either at 20 weeks (1.30 £ 0.37 %) or
at 30 weeks (1.30 + 0.25 %). Besides, the plaque area of
ApoE ™" mice increased significantly from 20 to 30 weeks
(P < 0.001), while those of C57 mice did not show
significant difference between the two time points
(P> 0.05).

Apoptosis and Macrophage Infiltration in
Atherosclerotic Plaques

HE staining of ApoE™" mice revealed that a significant
amount of plaques was developed during 20 and 30 weeks
(Fig. 5a, d). To evaluate macrophage infiltration in the
atherosclerotic plaques, CD68 staining was further used in
addition to TUNEL assay for in situ apoptosis in plaques. As
demonstrated by CD68 staining, the macrophage infiltration
in ApoE”~ at 30 weeks (IOD/Area, 0.135 % 0.019) was
more severe than those at 20 weeks (IOD/Area,
0.053 + 0.016; P = 0.005) (Fig. 5b, e, j). Interestingly,
significantly more TUNEL-positive cells were observed in
ApoE ™" mice at 30 weeks than those of 20 weeks old ApoE
7~ mice in the CD68 positive area (expressed as Al,
23.06 £ 7.40 vs. 7.42 £ 1.63, P = 0.023; Fig. 5c, f, k).
These results indicate that macrophage infiltration and
apoptosis in atherosclerotic plaques might deteriorate along
with the progress of plaque. However, no meaningful
findings could be observed in C57 mice on HE, CDG6S,
and TUNEL staining (Fig. 5g—i). The Pearson correlation
analysis further proved that plaque radioactivity of
[*™Tc]duramycin and [*™Tc]Annexin V significantly cor-
related with the corresponding Al in TUNEL (» = 0.976 and
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Fig. 4. Lipid location in atherosclerotic plaques: representative images of exposed aortas of a, ¢ ApoE™~ mice and b, d C57
mice at a, b 20 weeks and ¢, d 30 weeks show obvious lipid deposition in ApoE™~ mice (circles and arrows) but not in C57
mice. e-h Oil Red O staining images of aortas resected from the mice corresponding to a—d in order. Lipids deposited in
plaques were stained in red. i Body weight analysis between mice groups (n = 3, mean + s.d, P = 0.001 between ApoE™~ and
C57 mice within the same age group; P = 0.037 between 20 and 30 weeks ApoE ™~ mice) and j quantitative analysis of plaques
in aorta measured by Oil Red staining from e to h (n = 3, mean + s.d, P < 0.001 between ApoE ™~ and C57 mice within the same

age group; P < 0.001 between 20 and 30 weeks ApoE™~ mice).
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as control. Insets are microscopic images captured with higher magnification (x400) of corresponding staining. In TUNEL
staining, apoptotic cells are stained brown (black arrows). Data analysis of j CD68 and k TUNEL staining of aortic tissue
obtained from ApoE™~ mice between 20 and 30 weeks (n = 6, mean = s.d.). | Pearson correlation analysis between P/B on
SPECT/CT and corresponding Al in TUNEL. /OD, integrated optic density; Al, apoptosis index.

0.987, respectively; Fig. 51). This indicates that both  reliable SPECT/CT imaging agents for evaluating macro-
[**™Tc]duramycin and [*”™Tc]Annexin V could be used as  phage infiltration and apoptosis in unstable atherosclerotic
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plaques. However, no plaques were seen in C57 mice by
HE, CD68, or TUNEL staining (Fig. 5g—i).

Discussion

Although Annexin V has been extensively studied to
monitor apoptotic environment in many disease models
including myocarditis and infective endocarditis, tumors,
and myocardial ischemia, there are several limitations in
evaluating unstable atherosclerotic plaques compared with
duramycin [13, 15-20].

First, the size of targeting moiety matters. Annexin V is a
human protein with relative larger molecular weight (36 kDa),
while duramycin contains only 19 amino acids with molecular
weight of 2 kDa. This means duramycin is more permeable to
the tissue of interest than Annexin V, which contributes to a
higher targeting efficiency [30]. In the cell binding test (Fig. 2),
[**™Tc]duramycin showed a relatively lower Kd value
(6.92 nM), thus a higher binding affinity, compared with
[**™Tc]Annexin V (12.63 nM) in binding to apoptotic
macrophages. Additionally, because of the relative large size,
Annexin V presents slow clearance from the background tissue
and non-targeted organs, leading to reduced signal-to-
background ratio [22]. Both of tracers’ renal excretion is the
predominant route of clearance, but the blood clearance is
faster with duramycin than with Annexin V (blood half-life of
less than 4 vs 10.5 min) [9, 13, 21]. This also proved by micro-
SPECT/CT scans of ApoE~~ mice after injecting
[**™Tc]duramycin and [**™Tc]Annexin V. [*™Tc]Annexin V
SPECT/CT showed a high background uptake at 2 h post-
injection, leading to a lower radioactivity uptake in the plaques,
while higher P/B ratio was obtained at 5 h post-injection. In
contrast, [**™Tc]duramycin depicted a high uptake in the
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plaques with fast clearance from the background, thus resulted
in a higher P/B ratio at 2 h post-injection (Fig. 6).

Second, target density (Bmax) and the affinity (Kd) of tracer
on the target tissue matter. PE and PS show a synchronized
externalization when cells experience apoptosis [10], and impor-
tantly, PE is the second most abundant phospholipid with the PE/
PS ratio of 2.5-4.0 in mammalian plasma membrane [31, 32]. The
Bmax of [**™Tc]duramycin (56.04 mol/10" cell) was higher than
that of [*™Tc]Annexin V (31.55 mol/10" cell) in binding to
apoptotic cells. In addition, in vivo SPECT/CT imaging proved
higher affinity of [**™Tc]duramycin on the plaques compared
with [*™Tc]Annexin V in ApoE " mice (P < 0.05; Fig. 3). In
normal cells, the binding of [*™Tc]duramycin was higher than
[*™Tc]Annexin V (Fig. 2). It has been well documented that
outer layer of normal cells contains PE, while no PS detected [31].
However, there is no significantly nonspecific uptake was seen in
SPECT/CT images (Fig. 3).

Next, specificity should be considered. PS exposure onto
the cell surface is not only presented during apoptosis, but
also occurs in activated macrophages and autophagy, thus
cells expressing PS can be cleared by macrophages before
the imaging probe can target these cells [33, 34]. In addition,
duramycin only binds to PE, whereas Annexin V interacts
with PS, PI, and likely PE as well [35]. In order to confirm
the high affinity and specificity of [**™Tc]duramycin, we
chose inactivated duramycin (linear-duramycin) as control,
which resulted in little to no binding to the target tissue
in vitro and in vivo (Figs. 2 and 3). The regions showing
high uptake of [**™Tc]duramycin rather than [**™Tc]linear-
duramycin were filled with apoptotic macrophages as
detected by TUNEL and CD68 staining (Fig. 5).

Nevertheless, there are several limitations that need to be
improved. [**™Tc]duramycin and [**™Tc]Annexin V
SPECT/CT only demonstrated atherosclerotic plaques in

[*"Tc]duramycin-2h [*™Tc]duramycin-5h

Fig. 6. Explore the micro-SPECT/CT imaging time of [°®™Tc]Annexin V and [**™Tc]duramycin: [°*™Tc]Annexin V images in
ApoE™~ mice at a 2 h and b 5 h. The uptake of [*°°™Tc]Annexin V in aorta at 5 h is higher than that at 2 h, while the background
is lower (white circle). [*°™Tc]duramycin images in ApoE™~ mice at ¢ 2 h and d 5 h. [**™Tc]duramycin has a significantly uptake
in ApoE™~ mice at 2 h (white circle), and it has been cleared out from the aorta at 5 h.
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thoracic aorta, whereas plaques could be visualized through-
out the whole aorta either in the digital camera imaging or in
Oil Red O staining. This might be resulted from the lower
radioactivity uptake in abdominal aorta, which might have
been covered by surrounding high radioactivity from the
liver or kidney. The hepatobiliary and intestinal signal may
hinder the detection of plaques in abdominal aorta [24].
Additionally, the present study does not include in vivo
pharmacokinetic and biodistribution experiments of both
tracers, which were already reported previously [9, 13, 18,
22, 30, 36-38]. The mouse model we used just mimicked
the process of atherosclerosis, but the pathogenesis of
plaques in human is more complex, there could be a
discrepancy in clinical transformation.

Additionally, as it was shown in Fig. 6, we can find
[**™Tc]Annexin V has longer effective image time window
compared to [**™Tc]duramycin. There are similar focus
uptakes in images achieved at 2 h p.i. (Fig. 6a, c); however,
[**™Tc]Annexin V was showing more intense signal at 5 h p.i.
compared to [**™Tc]duramycin (Fig. 6b, d). There were other
studies that also proved that Annexin V could be labeled with
long half-life radionuclide such as 1-124 and In-111 for
detecting longer-term biological process and effectively cap-
turing the minimal apoptotic cells [39, 40]. Thus, Annexin V as
a conventional apoptotic imaging agent still plays its unique
role in some certain diseases and evaluation of prognosis.

Conclusion

The study showed that [ Tc]duramycin was comparable to
[**™Tc]Annexin V with regard to the cell binding affinity and
specificity in vitro, as well as the plaque-to-background ratio of
SPECT/CT imaging in detecting apoptosis in atherosclerosis in
early time points, holds promise for effective apoptotic imaging
by monitoring vulnerable atherosclerotic plaques. However,
Annexin V has its advantage on imaging at longer time points
after injection when it was labeled by longer half-time isotopes,
such as Cu-64, 1-124, and Zr-89.
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