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Abstract

Interleukin-1p (IL-1B) and tumor necrosis factor-a (TNF-a) play a critical role in initiating and
accelerating atherosclerosis. This study evaluated the imaging properties of 2°™Tc-TNFR2-Fc-
IL-1RA (%¥MTc-TFI), a dual-domain cytokine radioligand that targets TNF-a and IL-1p pathways,
in assessing atherosclerosis development in apolipoprotein-E-deficient (ApoE™/") mice.

Methods—The feasibility and specificity of detecting atherosclerosis with 9MTc-TFI SPECT
imaging were investigated in ApoE~/~ and ApoE*/* mice. Fifty-four ApoE~/~ mice were fed
either an atherogenic diet (AGD) or a normal diet (ND) beginning at 5 weeks of age. Eighteen
Apo-E wild-type (ApoE*/*) mice were fed a ND. Two groups of ApoE~/~ mice (n=12 each group)
on AGD and ND were imaged three times with 9MTc-TFI and a high-resolution SPECT system at
20-25, 30-40, and 48-52 weeks to study the evolution of atherosclerotic plaque.

Results—Focal radioactive accumulations in the aortic arch region were observed in the
ApoE~/~ mice (n=12) on AGD but not in the ApoE*/* mice on ND (n=10). Apo-E~/~ mice on ND
(n=11) exhibited lower radioactive uptake than ApoE™/~ mice on AGD (P<0.05). Co-injection of
an excess of cold ligand with 99MTc-TFI resulted in significant reduction of 99™Tc-TFI uptake in
the ApoE~/~ mice on AGD. Longitudinal studies showed that *™Tc-TFI uptake in the aortas of
ApoE~/~ mice progressively increased from 20 to 48 weeks. Real-time PCR assays demonstrated
that atherosclerotic aortas expressed significantly higher IL-1p and TNF-a than the aortas from
wild-type controls.

Conclusions—Atherosclerotic plaques were detected by 9™MTc-TFI imaging in ApoE~/~
mice. 99MTc-TFI is promising for specific detection of inflammatory response in atherosclerotic
plaques.

© 2014 Elsevier Inc. All rights reserved.
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1. Introduction

Atherosclerosis is a chronic inflammatory vascular disease that is mediated by a complex
network of pro-inflammatory cytokines, including members of the interleukin family, tumor
necrosis factor (TNF), and interferons (IFN) [1]. Molecular imaging of atherosclerotic
plague inflammation may provide an opportunity to measure the inflammatory molecular or
cellular components in the plaques and characterize plaque progression and vulnerability
[2]. However, imaging of plaque inflammatory components is challenging. The plaques are
small, requiring high-spatial-resolution imaging devices for localization. The signal strength
of reporter molecules may be weak, necessitating sensitive quantitative techniques for
detection. An imaging agent must be able to bind specifically to inflammatory components
with high affinity and adequate residence time for imaging. The imaging agent should be
rapidly cleared from the circulation to provide sufficient contrast between inflammatory
lesions and normal surrounding blood pool and tissues.

In view of the biological importance of Interleukin-1p (IL-1 ) and TNF-a in the
development of atherosclerosis [3, 4], imaging of IL-1p and TNF-a activities may be a
sensitive indicator of plaque inflammatory reactions and response to therapeutic
interventions. IL-1B and TNF-a have coordinated effects in mediating inflammatory
reactions [5—7]. A dual-domain fusion protein, TNFR2-Fc-1L-1RA (TFI), has been
developed in recent years for functional targeting of IL-1p and TNF-a pathways [8]. TFI
consists of a TNF-neutralizing domain that specifically binds to TNF-a, and an IL-1
receptor antagonist domain. We have previously demonstrated that %°MTc-labeled TFI
(99MTc-TFI) can target inflammatory sites with more potent affinity and increased
radioactive uptake compared to the individual cytokine radioligands, ®™Tc-TNFR2-Fc

and 9°MTc-1L-1RA-Fc [9, 10]. We hypothesized in this study that %™MTc-TFI imaging might
permit specific assessment of inflammatory reactions in atherosclerotic plaques. To test our
hypothesis and determine potential clinical usefulness of 9MTc-TFI, we performed SPECT
imaging studies with °™Tc-TFI in apolipoprotein-E-deficient (ApoE~/~) mice using
multiple experimental protocols. We investigated whether interrogation of the inflammatory
response via IL-1p and TNF-a pathways could provide monitoring of atherosclerotic plaque
evolution.

2. Material and Methods
2.1 Radiolabeling and Cell Binding

TFI was obtained from AmProtein Corporation (San Gabriel, CA). The molecular size of
TFI as determined by SDS-PAGE is 84 kDa under reducing conditions and 168 kDa under
non-reducing conditions [8]. TFI was %*MTc-labeled using a modified indirect labeling
protocol with succinimidyl 6-hydrazinonicotinate acetone hydrazone (S-HyNic) (Solulink,
San Diego, CA) as a chelator [11]. The protein was chelated with S-HyNic at a molar ratio

Nucl Med Biol. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Liuetal.

Page 3

1:6. HyNic-conjugated TF1 (0.1 mg) was mixed with 925 MBq %°™TcO4~ (0.5 ml) in normal
saline, 5 pL SnCl, solution (1 mg/mL), and 200 L tricine solution (36 mg/mL). The
reaction was incubated at room temperature (RT) for 20 minutes to produce %™Tc-TFI in
PBS buffer (pH 7.4). Radiochemical purity (RCP) was determined by size-exclusion high-
performance liquid chromatography.

99mMTc_TFI cell binding affinity was determined using isolated polymorphonuclear
leukocytes, which were collected from healthy male Sprague-Dawley rats using the
hydroxyethyl-starch exchange transfusion method described previously [12]. A total of 5 x
105 cells suspended in 1 mL of binding solution were incubated with 2 nM 99MTc-TF| at
varying concentrations of cold TFI for 2 hours at RT. The ligand concentration that inhibited
50% of the maximum specific binding (1Csg) to the cells was calculated using the averages
of triplicate determinations.

2.2. ApoE™/~ Mouse Model

Breeding pairs of ApoE™/~ mice were purchased from Jackson Laboratory (Bar Harbor, ME)
and bred while consuming a regular diet in the University of Arizona Animal Care Center.
Fifty-four offspring ApoE~/~ mice were assigned to receive either an atherogenic diet
(AGD) containing 1.25% cholesterol, 0% cholate, and 15% fat starting at 5 weeks of age
(n=42) or a normal mouse chow (normal diet, ND) containing 4% fat (n=12). ApoE wild-
type (ApoE*/*) C57BL/6 mice with the same genetic background received ND and served
as controls (n=18).

2.3. Experimental Protocols

2.3.1. Feasibility of detecting atherosclerosis in vivo—ApoE~/~ mice on AGD
(n=12), ApoE~/~ mice on ND (n=11), and ApoE*/* mice on ND (n=10), all at 48-52 weeks
of age, were used to investigate the feasibility of detecting atherosclerotic plaques

with 99MTc-TFI. These mice had not received any agents earlier in life before 9MTc-TFI
was administered for imaging. The mice received intravenous injections of 111.0-129.5
MBq ?°™Tc-TFI in 0.22 mL and underwent SPECT imaging 2-3 times within 24 hours after
injection.

2.3.2. 99MTc-TF| uptake specificity—In vivo competitive studies were performed in
five ApoE~/~ mice on AGD at 48-52 weeks of age. 99™Tc-TFI was co-injected with a 100-
fold excess of unlabeled/cold TFI. Aortic radioactivity determined by SPECT imaging and
ex vivo measurements were compared with and without cold TFI blockade. Saturability in
the presence of an excess of cold TFI was studied in vitro using fresh aortic slices from two
ApoE~/~ mice on AGD at 50 weeks of age. Serial pairs of adjacent transverse cryostat slices
at 25-um thickness through the aortic root and arch were collected on glass slides. After pre-
incubation in PBS for 5 min, one aortic slice was incubated for 30 min at RT with 9™ Tc-
TFI at 30 nM concentration in the presence of unlabeled ligand; the adjacent slice was
incubated in the absence of competing ligand. The aortic slices were washed twice with PBS
and exposed to a phosphor plate and analyzed using a Fujifilm BAS-5000 system (Fujifilm
Medical Systems USA, Stamford, CT). The aortic slices were counted using a gamma well
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counter. The difference between averaged slice counts with and without blockade was
analyzed statistically.

2.3.3. Longitudinal studies—Twenty-four ApoE~/~ mice were divided into groups on
AGD (n=12) and ND (n=12) to study the evolution of atherosclerotic plaque. Five ApoE~/~
mice on AGD and six on ND were imaged three times at 20-25, 30-40, and 48-52 weeks.
At each session SPECT images were acquired at 0.5-1, 3 and 24 hours after 111.0-129.5
MBq 9MTc-TFI injection (0.22 mL). The other seven ApoE~/~ mice on AGD and six mice
on ND were euthanized with either no images or after imaging only 1-2 times within 20-40
weeks of age because of progressive skin lesions likely due to high plasma cholesterol level.
After each imaging study, the animals were recovered and housed until the final study.

2.4. SPECT Image Acquisition and Analysis

All mice were anesthetized with 1.0-1.5% isoflurane. 2°™Tc-TFI was injected through the
tail vein. Each mouse was imaged multiple times up to 24 hours using a stationary SPECT
imager, FastSPECT I1. Its spatial resolution is about 1 mm with a 16-pinhole aperture. The
mouse was positioned with the field of view covering the entire chest and neck area.
Projection data were acquired for 5-20 minutes based on the injected dose and time after
injection.

Reconstructions of FastSPECT |1 data were processed using 50 iterations of the OS-EM
algorithm. Using AMIDE 0.9.2 software, tomographic transverse, coronal, and sagittal slices
with one-voxel thickness (0.5 mm) were produced. An image was interpreted as positive if
focal uptake (hot spot) was localized to the region of the aorta on at least three adjacent
tomographic slices. Visual sub-classification was performed on focal activity 3 hours post-
injection as follows: 0 = equal to soft-tissue radioactive background, 1 = slightly higher
accumulation than soft-tissue background, 2 = focal uptake and activity lower than liver, 3 =
focal uptake and activity equal to liver, and 4 = focal uptake and activity higher than liver. In
addition, using the line profile function of Amide software, relative pixel intensities were
determined over the lesions in the aortic areas for semi-quantitative assessment of
radioactive uptake.

2.5. Postmortem Analysis

At the end of the final imaging session, mice were euthanized. The entire aorta,
brachiocephalic trunk and carotid arteries were harvested and weighed. Radioactivity
(%ID/g) in the whole aorta was determined by gamma-well counting.

Atherosclerotic plaques were evaluated by Oil Red O staining of intact aortas in 6 ApoE™/~
mice on AGD, 6 ApoE~/~ mice on ND, and 5 ApoE*/* mice on ND at 48-52 weeks of age.
The aortic specimens were rinsed with 60% 2-propanol for 3 min and incubated in Oil Red
O solution at 37°C for 40 min. Stained samples were mounted on glass slides for
autoradiography. In another procedure, the entire aorta was harvested as described above in
6 ApoE~/~ mice on AGD, 5 ApoE~/~ mice on ND, and 5 ApoE*/* mice on ND at 48-52
weeks of age. The segment of ascending aorta and aortic arch was cut off and fixed with
10% paraformaldehyde for histological examination. The thoracic and abdominal segments
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were longitudinally incised, mounted on glass slides, stained with Oil Red O, photographed,
and evaluated by autoradiography. The autoradiograph exposure time of the samples varied
from 20 minutes to 3 hours depending on the aortic radioactivity. Photographs and
autoradiographs were evaluated side by side based on anatomical landmarks to clarify the
presence of plaque and radioactive uptake. A numerical index was determined based on
lesion size and intensity of Oil Red O staining: 0 = no lesions, not stained; 1 = small lesions,
slightly stained; 2 = scattered lesions, moderately stained; 3 = lesions covering up to 50% of
the aortic wall, intensely stained; 4 = lesions covering more than 50% of the aortic wall,
very intensely stained.

Fixed ascending-aorta and aortic-arch specimens were embedded in paraffin and cut at 5-um
thickness. Histological sections were stained with hematoxylin-eosin (H&E) to evaluate the
overall architecture, presence of atherosclerotic plaque, and inflammatory cell infiltration.
The expression of IL-1f and TNF-a in the plaques was evaluated after immunostaining the
paraffin sections with rabbit monoclonal antibody (mAb). All procedures, including staining
of the tissue sections, deparaffinization, and cell conditioning (antigen retrieval with a
borate-EDTA buffer) were performed on a Discovery XT Automated Immunostainer
(Ventana Medical Systems, Inc., Tucson, AZ), using Ventana-validated reagents. Rabbit
IL-1P and TNF-a mAb were detected using an anti-rabbit biotinylated secondary mAb
followed by biotinylated streptavidin-horseradish peroxidase and 3,3’-diaminobenzidine.
Primary antibody staining was detected by hematoxylin counterstaining. Following staining,
slides were dehydrated through graded alcohols, cleared in xylene, and cover-slipped with
mounting medium. Images were captured using a Nikon microscope with digital image
software.

2.6. Measurement of IL-1p and TNF-a by real-time PCR

Quantitative real-time PCR (qRT-PCR) data were obtained in ApoE™/~ mice on AGD (n=6,
20 weeks old; n=4, 30-52 weeks old) and ND (n=4, 20 weeks old; n=4, 30-52 weeks old).
The ApoE~/~ mice had previously received one or more injections of 9MTc-TFI. Eight
ApoE*/* mice on ND (n=4, 20 weeks old: n=5, 30-52 weeks old), which had not been used
in any other studies, served as controls. The whole aorta from ascending segment to
abdominal aorta was harvested and kept at —80°C until the time of gRT-PCR. Total RNA
was isolated using a mirvVana™ PARIS™ total RNA isolation kit (Life Technologies, Grand
Island, NY). First-strand cDNA was produced from 50 ng of total RNA using a SuperScript
VILO cDNA Synthesis kit, and qRT-PCR was performed in triplicate on cDNA using the
Tagman gene expression assay. The primer pairs from Life Technologies were TNF-a.:
MmO00443260_g1, and IL-1f: Mm00434228_m1. GAPDH was used as an internal control.
Negative controls with no cDNA were cycled in parallel with each run. Fold changes of
each target gene in the experiment groups relative to the control group were calculated using
the 272ACT method, where CT (threshold cycles) is the number of cycles that the
fluorescence generated crosses a threshold and ACT is relative fold change in gene
expression (ACT = CT/target gene — CT/GAPDH). PCR data were analyzed based on ACT
values (AACT) in ApoE™/~ mice compared to those in wild-type controls.
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2.7. Data Analysis

2.8. Ethics

3. Results

All quantitative results were expressed as mean £+ S.E.M. Comparisons between two
variables were performed with one-way analysis of variance. Probability values less than
0.05 were considered significant.

The animal experiments were carried out in compliance with the Principles of Laboratory
Animal Care from the National Institutes of Health (NIH Publication 85-23, revised 1985)
and were approved by the Institutional Animal Care and Use Committee (IACUC) at the
University of Arizona.

3.1. Radiolabeling and Cell Binding

The radiolabeling yield of %MTc-TFI was typically greater than 80%. After gel

purification, 9MTc-TFI RCP was always greater than 98% for animal injection. Binding

of 99MTc-TFI to leukocytes gradually decreased with addition of increasing amounts of non-
radiolabeled TFI, as shown in Fig. 1. The ICsq for 9MTc-TFI was 48.04 nM (n=3).

3.2. Feasibility of detecting atherosclerosis in vivo

In 48-52-week-old ApoE~/~ mice on AGD, focal radioactive accumulation (hot spot) in the
aortic arch region became visible around 60 minutes and remained detectable over the 3-24
hour post-injection period. Representative %MTc-TFI images of an ApoE~/~ mouse on AGD
at age 50 weeks are shown in Fig. 2(A-F). Radioactive uptake in the aortic lesions of
ApoE~/~ mice on AGD was 14-fold (14.2+1.3) higher than radioactive distribution in chest
wall, based on line-profile analysis. ApoE™/~ mice on ND exhibited less aortic uptake than
ApOoE~/~ mice on AGD, with uptake only 6.8+1.1 times higher than soft-tissue background
(P<0.05 vs. AGD). 9¥MTc-TFI accumulation was barely detectable in ApoE*/* mice on ND,
as shown in Fig. 2(G-L); profile analysis showed that aortic uptake was 1.52+0.43 times
higher than the chest wall background and significantly lower than that in ApoE~/~ mice on
AGD or ND (P<0.01 for both comparisons).

3.3. Specificity of 99MTc-TFI Uptake

In vivo blockade by unlabeled TFI induced a significant decrease in radioactive uptake

of 99MTc-TFI in aortic plaque in ApoE~/~ mice. The radioactivity (%1D/g) with blockade
was reduced to 0.36+0.05 compared to 1.27+0.15 in those without blockade (P<0.01). The
specificity of 99MTc-TFI uptake in plaque was further evident by in vitro tissue binding
studies on slices of aortic arch samples incubated with and without blockade (Fig. 3). The
bound radioactivity (% of total %9™Tc activity) was significantly reduced in the slices with
cold ligand blocking compared to that without blocking (6.2+1.1 vs. 49.7+8.6, P<0.001).

3.4. Longitudinal Imaging Results

ApoE~/~ mice on ND exhibited slower development of plaques and lower radioactive uptake
in the aorta than ApoE™/~ mice on AGD, as shown in Fig. 4 (row A-C). Radioactive lesions
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were typically detectable starting at age 30 weeks. The aortic lesions became prominent at
48-52 weeks. Focal aortic uptake of 9°™MTc-TFI in the ApoE~/~ mice on AGD increased
from 20-25 weeks to 48-52 weeks (Fig. 4, row D-F), suggesting growth of plaque. At age
20-25 weeks, focal uptake in the aortic region was readily detectable. Around 30-40 weeks,
the radioactive lesions became more significant and the carotid arteries also demonstrated
focal radioactive accumulation. By 48-52 weeks, radioactive lesions were prominent in the
aortic arch and carotid arteries. Representative profile changes of aortic radioactive uptake
in the longitudinal study are shown in Fig. 4(G and H).

3.5. Postmortem Analysis

Ex vivo levels (%ID/g) of ™MTc-TFI were significantly higher in the aortas of ApoE~/~
mice on AGD (1.27+0.15) than in ApoE~/~ mice on ND (0.73%0.14) (P<0.01). 99MTc-TFI
aortic uptake in both of these groups was significantly higher than that in ApoE*/* control
mice on ND (0.33+0.02) (P<0.01 for both comparisons).

Oil Red O staining and autoradiography demonstrated prominent atherosclerotic lesions
with high radioactive uptake in the aortic arch, brachiocephalic trunk, and carotid arteries of
ApOoE~/~ mice on AGD, as shown in Fig. 5(A-F). In ApoE~/~ mice on ND, stained
atherosclerotic lesions were also observed in aortas, especially aortic arches, but lesion size,
number, and radioactivity were markedly less than in the ApoE™/~ mice on AGD. There
were few stained lesions in aortas from ApoE*/* control mice on ND, and 9MTc-TFI
accumulation was barely detectable by autoradiography. In the longitudinally incised
thoracic-abdominal aorta from ApoE™/~ mice on AGD, multiple plaques were clearly
observed on the luminal surface, as shown in Fig. 5(G-L). Autoradiography showed good
consistency between 9°™MTc-TFI accumulation and Oil Red O staining. ApoE~/~ mice on ND
also exhibited plaques and increased 9®MTc-TFI accumulation, but there were fewer plaques
with less staining and lower radioactive uptake. ApoE*/* controls showed tiny lipid
depositions on the luminal surface, with barely noticeable radioactive accumulations.
Estimated indexes of atherosclerotic lesions by Oil Red O and FastSPECT Il imaging were
similar, as shown in Fig. 6. Respective values were 0.83+0.31 vs. 1.00 £0.26 (P>0.05) in
ApoE*/* mice on ND; 1.83+0.40 vs. 2.33 + 0.33 (P>0.05) in ApoE~/~ mice on ND, and
3.17+0.31 vs. 3.33+0.21 (P>0.05) in ApoE™/~ mice on AGD.

H&E staining showed that atherosclerotic plaques were mainly observed in the aortic root,
aortic arch, and abdominal aorta in the ApoE™/~ mice on AGD. Fewer atherosclerotic
lesions were found in thoracic aortic segments. Fig. 7A is a representative microscopic
image of atherosclerotic aortic arch from an ApoE™/~ mouse on AGD at age 50 weeks, in
which plague with intense inflammatory reaction is present. Similar plaque and
inflammatory cell recruitment were found in all examined ApoE~/~ mice on AGD at 48-52
weeks of age, but not in the ApoE™/* mice on ND, as shown in Fig. 7D. Histologic sections
from areas with lower #¥MTc-TFI uptake showed less inflammatory infiltration, and sections
from areas with higher 9™Tc-TFI uptake exhibited stronger inflammatory response.
Immunohistochemical examination showed that expression of IL-18 and TNF-a was up-
regulated in the atherosclerotic plaques in ApoE~/~ mice on AGD (Fig. 7B and 7C), but not
in ApoE*/* mice (Fig. 7E and 7F).
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3.6. IL-1f and TNF-a qRT-PCR assays

The results of gRT-PCR assays are summarized in Fig. 8. IL-1p RNA levels in ApoE™/~
mice on both AGD and ND were significantly higher at 30-52 weeks compared to ApoE*/*
mice (P<0.001 for both comparisons). TNF-a levels in ApoE™/~ mice on AGD, but not on
ND, were higher than those in ApoE*/* mice on ND (P=0.002). Moreover, the levels of
IL-1B and TNF-a in ApoE™/~ mice on AGD were significantly higher at 30-52 weeks of age
than at 20 weeks (P<0.001 and P<0.05, respectively). There was a significant difference in
the level of IL-1B RNA between the ApoE™/~ mice on AGD and ND (P<0.05). However, the
difference in TNF-a between these groups did not reach statistical significance.

4. Discussion

Cytokine-based SPECT imaging could be a specific measure of plague development linked
directly to inflammatory response. Previously, 9MTc-labeled interleukin-2 (IL-2) uptake in
carotid plagues was used to measure absolute number of lymphocytes expressing IL-2
receptors in the plaque, suggesting that non-invasive cytokine imaging can allow
quantification of atherosclerotic plaque inflammation [13]. 9™Tc¢-TFI imaging data in this
study provides implications for clinical detection of atherosclerotic inflammation via I1L-1
and TNF pathways, as these two pro-inflammatory cytokines play a critical role in
atherosclerosis from initiation to destabilization.

IL-1f binds to Type I IL-1 receptors (IL-1RI), which are expressed on the cell membrane of
vascular endothelial cells, smooth muscle cells, and inflammatory cells. Upregulation of
IL-1f results in high IL-1RI1 expression in atherosclerotic vessels [14]. IL-1p binding
promotes release of metalloproteinase that breaks down the connective tissue matrix of the
plaque and makes the plaque vulnerable [15, 16]. The carboxy-terminal IL-1RA sequence
of 99MTc-TFI acts as a competitive receptor antagonist for binding of IL-1, and it has higher
binding affinity for IL-1RI than do IL-1a and I1L-1B [17]. ®™Tc-TFI uptake therefore
reflects the expression of IL-1f in atherosclerotic aortas by IL-1RI binding.

TNF-a is believed to participate in every step of inflammation from atherosclerotic initiation
to destabilization [18—-20]. When the carboxy-terminal sequence of #™Tc-TFI binds to
IL-1RI, the amino-terminal segment (TNFR2) domain retains the ability to bind to its targets
on TNF-producing cells, including membrane-bound TNF (mTNF) and soluble TNF (sTNF)
[21, 22]. TNFR2 binds with higher affinity to mTNF than to STNF [23-25]. It is possible
that 99MTc-TFI bound predominately to mTNF in the inflammatory plaques of our ApoE ™/~
mouse models. When the TNFR2 domain binds to mTNF/sTNF, the IL-1RA domain may
bind to IL-1RI on other cell membranes.

The atherosclerotic plaques in ApoE™/~ mice exhibit upregulated cytokines and provide a
platform to evaluate the targeting properties of 99MTc-TFI. Feeding the ApoE~/~ mice an
AGD accelerated the atherosclerotic plaque formation and resulted in enhanced 99MTc-TFI
uptake. The ApoE~/~ mouse model resembles human atherosclerosis in that the most
prominent cells involved in lesion development are monocyte-derived macrophages and T-
lymphocytes [4, 26]. The 99MTc-TFI imaging data in the ApoE~/~ model support the
feasibility of clinical detection of atherosclerotic inflammation via IL-1 and TNF pathways.
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The experimental results in this study suggest that increased uptake of 9MTc-TFl in the
early stage of atherosclerotic plaques may be primarily due to the IL-1 pathway, whereas in
a more advanced stage of plaque development, both IL-1 and TNF pathways may contribute
to 99MTc-TFI uptake. These two pro-inflammatory cytokines play a critical role in
atherosclerotic destabilization, but this study was not designed to evaluate progression to
rupture of vulnerable plague. We plan further studies using this dual-domain cytokine
radioligand to assess inflammatory responses leading to plaque vulnerability and rupture.

There are limitations to this study. When animal SPECT images were collected in this study,
a micro-CT was unavailable for dual-modality imaging in our laboratory. Co-registered CT
contrast images would be very helpful to localize focal radioactive uptake in the mouse aorta
on SPECT images. Liver and intestinal 9MTc-TFI activity may hinder detection of plague in
the abdominal aorta. Some uptake of 9MTc-TFI in the aorta may result from non-specific
uptake due to increased endothelial permeability and intra-plague neovascularization; further
studies using a control molecule similar in size to TFI would be useful. Total RNA in this
study was extracted from the whole aortas, not exclusively from the plaques, and thus
mRNA levels of IL-1f and TNF-a measured by qRT-PCR assays might represent an
averaged cytokine profile and not just the cytokine expression in the plaques. This technical
drawback may explain why the difference in mRNA levels of IL-1p and TNF-a between the
Apo~/~ and Apo*/* mice was relatively faint although statistically significant.

5. Conclusion

Atherosclerotic plaques in ApoE~/~ mice were noninvasively detected by high-resolution
SPECT imaging using 99MTc-TFI. This dual-domain cytokine radioligand showed
increasing uptake during plaque evolution, as confirmed by histological examinations and
cytokine measurements. Bifunctional imaging with ™MTc-TFI may exploit the synergy
between IL-1f and TNF-a pathways and may enable characterization of vascular plaques
undergoing inflammation at different phases. Further studies are warranted to determine
if 9¥9MTc-TFI SPECT imaging is a feasible and specific tool with which to identify
vulnerable plaque in patients at high risk of atherosclerotic complications, thereby
promoting timely therapy to prevent plaque rupture and cardiovascular death.
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Fig. 1.

Results of in vitro competitive cell binding of %™MTc-TFI and unlabeled TFI (competitor)
using isolated rat leukocytes.
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Fig. 2.
Coronal, transverse, and sagittal slices of #9MTc-TFI SPECT images (0.5 mm/slice) in an

ApoE~/~ mouse on AGD (A-F) and ApoE*/* mouse (G-L) at age 50 weeks. The mice were
anesthetized with 1.0% isoflurane and received 114.7 and 122.1 MBq %°™Tc-TFI. The
imaging data were acquired for 5 and 15 minutes at 3 and 24 hours post-injection,
respectively. Focal radioactive accumulations (arrows) are visualized in the aortic area
above the heart in the ApoE™/~ mouse at 3 hours (A, C, E) and 24 hours (B, D, F) post-
injection, but not in the corresponding site (G-L) in the ApoE*/* mouse.
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Fig. 3.
Representative 9™Tc-TFI autoradiographs of adjacent aortic slices from a 52-week-old

ApoE~/~ mouse in the absence (no blocking) and presence (blocking) of cold TFI. The slices
were simultaneously exposed on the same phosphor plate with the scale set at the same
guantitative value. The bound radioactivity was significantly reduced in the slice with
blocking compared to that without blocking.
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Fig. 4.
99mMTC-TFI SPECT images (three adjacent coronal slices) of one ApoE~/~ mouse on ND at

age 20 (A), 30 (B), and 48 (C) weeks, and another ApoE~/~ mouse on AGD at age 25 (D),
40 (E), and 48 (F) weeks. The mice were anesthetized with 1.0% isoflurane and received
intravenous injection of 111.0-129.5 MBq %™MTc-TFI at each time. The imaging data were
acquired for 10 minutes at 3 hours post-injection. Starting at 30 weeks, the aortic area in the
ND mouse demonstrated focal radioactive uptake (white arrow), which became more
evident at 48 weeks. Higher focal radioactivity (white arrow) was observed in the aortic area
of the AGD mouse from 25 to 48 weeks and increased at later times. At 40 and 48 weeks,
the carotid arteries (yellow arrows) in the AGD mouse demonstrated focal uptake. Semi-
quantitative profile analysis at the levels marked by light-blue dashed lines showed
progressive increase in relative pixel intensity indicative of radioactivity over the aortic
lesions of representative mice on ND (G) and AGD (H).
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Fig. 5.
Photographs of Oil Red O staining vs. autoradiographs of intact mouse aortas (top row) and

incised aortic segments (bottom row) from an ApoE*/* mouse (A, B, G, and H), ApoE~/~
mouse on ND (C, D, I, and J), and ApoE~/~ mouse on AGD (E, F, K, and L) at age 48-52
weeks. Autoradiographs showed significantly higher radioactive uptake in aortic and carotid
artery lesions stained by Oil Red O in the Apo-E~/~ mouse on AGD (F, L), but barely
detectable radioactive accumulations in the corresponding vessels of the ApoE*/* mouse (B,
H). The ApoE™/~ mouse on ND exhibited slightly increased uptake in the aorta and carotid
artery (D, J).
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Fig. 6.

Estimated indexes of atherosclerotic aortic lesions by SPECT imaging and post-mortem Qil
red O staining. * = P < 0.05 compared to ApoE*/*. t = P < 0.05 compared to ApoE~/~ on
ND. There was no significant difference between SPECT and Oil red O assessment (P >
0.05).
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Fig. 7.
Histologic images (magnifications: 40x) of sections from the aortic arch of an ApoE™/~

mouse on AGD and ApoE*/* mouse on ND, both at 50 weeks of age. Hematoxylin-eosin
staining showed atherosclerotic plague on the aortic arch of the ApoE™/~ mouse (A) and no
plague on ApoE*/* mouse (D). Immunohistochemical assays with anti-IL-1B and TNF-a.
antibodies showed strong IL-1p3 and TNF-a expression in the aortic arch of the ApoE™/~
mouse (B and C), but not in the ApoE*/* mouse (E and F).
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Fig. 8.
Results of gRT-PCR analysis of IL-1f and TNF-a in homogenized aortas of ApoE™/~ mice

on AGD, ApoE~/~ mice on ND, and ApoE*/* mice. Specimens were obtained from animals
at ages of 20 weeks and 30-52 weeks. * = P<0.05 compared to ApoE*/* at 30-52 weeks. t
= P < 0.05 compared to corresponding ApoE~/~ at 20 weeks.
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