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Abstract

Purpose: Vulnerable plaques are key factors for ischemic diseases. Thus, their precise detection
is necessary for the diagnosis of such diseases. Immunoglobulin G (IgG)-based imaging probes
have been developed for imaging biomolecules related to plaque formation for the diagnosis of
atherosclerosis. However, IgG accumulates nonspecifically in atherosclerotic regions, and its
accumulation mechanisms have not yet been clarified in detail. Therefore, we explored 1gG
accumulation mechanisms in atherosclerotic lesions and examined images of radiolabeled IgG
for the diagnosis of atherosclerosis.

Procedures: Mouse 1gG without specificity to biomolecules was labeled with technetium-99m via
6-hydrazinonicotinate to yield [**™Tc]igG. ApoE™~ or C57BL/6J mice were injected intravenously
with [*®™Tc]lgG, and their aortas were excised 24 h after injection. After radioactivity
measurement, serial aortic sections were autoradiographically and histopathologically exam-
ined. RAW264.7 macrophages were polarized into M1 or M2 and then treated with [**™Tc]IgG.
The radioactivities in the cells were measured after 1 h of incubation. [**"Tc]lgG uptake in M1
macrophages was also evaluated after the pretreatment with an anti-Fcy receptor (FcyR)
antibody. The expression levels of FcyRs in the cells were measured by western blot analysis.
Results: [**™Tc]lgG accumulation levels in the aortas were significantly higher in apoE™~ mice
than in C57BL/6J mice (5.1 + 1.4 vs 2.8 + 0.5 %ID/g, p < 0.05). Autoradiographic images
showed that the accumulation areas highly correlated with the macrophage-infiltrated areas.
M1 macrophages showed significantly higher levels of [*®™Tc]igG than M2 or MO
(nonpolarized) macrophages [2.2 + 0.3 (M1) vs 0.5 + 0.1 (M2), 0.4 + 0.1 (MO) %dose/mg
protein, p < 0.01] and higher expression levels of FcyRI and FeyRIl. [*°™Tc]igG accumulation
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in M1 macrophages was suppressed by pretreatment with the anti-FcyR antibody [2.2 + 0.3
(nonpretreatment) vs 1.2 + 0.2 (pretreatment) %ID/mg protein, p < 0.01].

Conclusions: IgG accumulated in pro-inflammatory M1 macrophages via FcyRs in atheroscle-
rotic lesions. Thus, the target biomolecule-independent imaging of active inflammation should be
taken into account in the diagnosis of atherosclerosis using IgG-based probes.
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Introduction

Atherosclerosis, especially in cases of vulnerable plaques, is
a risk factor since plaque rupture and the following
thrombogenesis induce ischemic diseases such as cerebral
and myocardial infarctions [1]. Therefore, it is necessary to
precisely detect vulnerable lesions for the diagnosis of such
diseases. Various types of biomolecule are expressed or
activated as atherosclerosis progresses [2—4]. Thus, the
detection of those biomolecules in the lesions would make
it possible to determine the extent of progression of
atherosclerosis in detail.

For in vivo diagnosis of atherosclerosis, numerous
approaches have been developed and advanced to be
clinically useful for various imaging modalities especially
nuclear imaging techniques including positron emission
tomography (PET) and single-photon emission computed
tomography (SPECT) [5-7]. For in vivo imaging of
atherosclerotic plaques and monitoring the efficacy of
therapy, various kinds of PET and SPECT imaging probes
have been developed, for visualizing the expression or
activity of biomolecules associated with atherosclerosis [8,
9]. To achieve target biomolecule-specific in vivo imaging in
the diagnosis of atherosclerosis, immunoglobulin G (IgG)-
based PET/SPECT imaging probes have been developed
[10-12]. IgG has high and specific affinity to its target
biomolecules through the antigen—antibody reaction [13],
and it is comparatively easy to obtain the target IgG by
established methods such as the phage display technique
[14]. However, 1gG accumulates nonspecifically in inflam-
matory regions [15, 16]. In fact, we found that our IgG probe
accumulates in atherosclerotic lesions of apoE " mice (an
atherosclerosis model) independent of its target biomolecule
in our attempt to develop a novel SPECT imaging probe
targeting a biomolecule specifically expressed in vulnerable
lesions [17]. IgG has been reported to nonspecifically
accumulate in infectious and inflammatory sites [18], which
was considered to be due to the Fc domain of IgG [19].
Taking into account that atherosclerosis is a chronic disease,
the nonspecific accumulation of an IgG-based probe might
be due to its uptake by immune cells infiltrating the
atherosclerotic lesions. However, certain issues, such as the
types of immune cell in which IgG-based probes accumu-
late, remain to be clarified in detail.

In this study, to explore the IgG accumulation mecha-
nisms in atherosclerotic lesions, we first examined the
distribution of technetium-99m-labeled monoclonal IgG
(hereafter, [*°™Tc]IgG) in apoE "~ mice. We found that

[**™Tc]IgG accumulated in the macrophage-infiltrated areas
of atherosclerotic plaques. Thus, we next evaluated the
relationship between [gngc]IgG accumulation in macro-
phages and macrophage polarization and the expression of
Fcy receptors (FcyRs) which recognize the Fc domain of
IgG. Finally, we elucidated where the IgG-based imaging
probe itself distributes in the atherosclerotic state indepen-
dent of the target biomolecules of IgG.

Materials and Methods

Materials

All the chemicals used in this study were commercially
available and of the highest purity. 6-Hydrazinonicotinic
acid (HYNIC)-N-hydroxysuccinimide was prepared as pre-
viously reported [20]. [*”™Tc]pertechnetate was purchased
from Nihon Medi-Physics Co., Ltd. (Tokyo, Japan).

Preparation of Radiolabeled IgG ([*"Tc]IgG)

As a nontargeting mouse IgG, we chose mouse IgG2b,
kappa monoclonal [MG2b-57]-isotype control (Abcam,
Cambridge, UK), whose immunogen is trinitrophenol
keyhole limpet hemocyanin (KLH). IgG was radiolabeled
with technetium-99m after derivatization with HYNIC as
previously reported [21]. In brief, to HYNIC-N-hydroxysuc-
cinimide in N,N-dimethylformamide (1 mg/ml, 8.25 pl), IgG
solution in 0.16 M borate buffer (pH 8.0) (2 mg/ml, 250 pl)
was added, and the mixture was incubated at room
temperature for 2 h. The mixture was then purified by size
exclusion filtration with a diafiltration membrane [Amicon
Ultra 4 (molecular weight cutoff, 30,000); Millipore Co.,
Billerica, MA]. [**™Tc](tricine), (740 MBg/ml, 300 pl)
prepared as previously reported [22] was added to the
purified solution of the HYNIC-IgG solution in 10 mM
citrate buffer (pH 5.2) (1 mg/ml, 30 pl) and incubated at
room temperature for 1 h. The mixture was then purified on
a Sephadex G-25 column (PD-10, GE Healthcare,
Buckinghamshire, UK) equilibrated with 0.1 M phosphate-
buffered saline (PBS) (pH 7.4) to obtain [**™Tc]IgG. The
radiochemical purity of [**™Tc]IgG was measured by size
exclusion filtration using a PD-10 column and by size
exclusion high-performance liquid chromatography (HPLC).
HPLC analysis was performed with a Shimadzu HPLC
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gradient system (LC-20AD system; Shimadzu Corporation,
Kyoto, Japan) monitored using a UV detector at 280 nm and
a radiodetector (RLC-700, Hitachi Aloka, Medical, Tokyo,
Japan) equipped with a TSK gel SW3000 column (Tosoh
Bioscience, Tokyo, Japan) and equilibrated with 0.1 M
phosphate buffer (pH 6.8) at a flow rate of 0.2 ml/min. To
evaluate the stability of [*”™Tc]IgG, the probe (34.9 MBq/
ml, 50 pl) was incubated with the plasma (50 ul) derived
from C57BL/6J mice (male, 30 weeks) for 24 h, and then,
the mixture was analyzed by size exclusion filtration using
the PD-10 column.

Animal Study

As previously described by Shimizu et al. [17], animal care
and all experimental procedures were performed with the
approval of the animal care committee of Hokkaido
University. The studies were performed on male apoE '~
mice obtained from the Taconic Gnotobiotic Center (NY,
USA) and C57BL/6] mice obtained from Charles River
Japan Inc. (Kanagawa, Japan). The animals were kept in a
temperature-controlled facility in the laboratory of animal
experiments at the Institute for Animal Experimentation,
Graduate School of Medicine, Hokkaido University on a 12-
h light cycle with free access to food and water. At 5 weeks
of age, the mice were maintained on a high-fat diet (21 %
fat, 0.15 % cholesterol, no cholate; obtained from Oriental
Yeast Co., Ltd.). At 35 weeks of age, the animals (n = 4/
group) were anesthetized with pentobarbital (0.025 mg/kg
body weight, intraperitoneally). [**™Tc]IgG (481-962 kBg/
2 pg/100 pl of PBS(—) per mouse) was intravenously
injected to the mice. Twenty-four hours after the injection,
the animals were euthanized under pentobarbital anesthesia
(0.025 mg/kg body weight, intraperitoneally) to be sacri-
ficed, and then, the aortas were excised. The excised aortas
were perfused with cold 0.1 M PBS (pH 7.4) and then fixed
by a cold fixative, 4 % paraformaldehyde in 0.1 M PBS (pH
7.4). Each excised aorta was cut and placed onto glass
slides. The dissected aortic root of the mice was embedded
in Tissue-Tek medium (Sakura Finetechnical Co., Ltd.,
Tokyo, Japan) and frozen in isopentane/dry ice. Serial cross
sections of 10-um thickness for autoradiography study and
5-um thickness for immunohistochemistry were cut imme-
diately and thaw-mounted on glass slides. The other organs
were also excised, and their radioactivities were measured
using a Wizard 1480 gamma counter (PerkinElmer Life
Sciences, Boston, MA).

Autoradiography Study

The excised and cryosections of aortas on glass slides were
exposed to a phosphor imaging plate (Fuji Imaging Plate
BAS-SR 2025, Fuji Photo Film Co., Ltd., Tokyo, Japan)
together with a set of calibrated standards for about 12 h.
After each exposure, the imaging plate was scanned with a

computerized imaging analysis system (FLA 7000 Bio-
Imaging Analyzer; Fuji Photo Film Co., Ltd.) and images
were analyzed using Multi Gauge V3.2 (Fuji Photo Film
Co., Ltd.).

Immunohistochemistry

Movat’s pentachrome staining of serial aortic root sections
was performed with previously reported procedure [17, 23].
Immunohistochemical staining of the serial sections with a
mouse macrophage-specific antibody (Mac-2, clone m3/38,
Cedarlane, Ontario, Canada) was performed in accordance
with a previously reported immunohistochemical procedure
[17, 24]. Briefly, the sections were treated with 3 %
hydrogen peroxide to block the endogenous peroxide
activity. Then, the primary antibodies (Mac-2, 1:500) were
added to the sections and incubated with for 30 min at room
temperature. The sections were washed twice with Tris-
buffered saline, and then, Histofine Simple Stain (MAX-PO,
Nichirei Bioscience, Gumma, Japan) and 3,3'-diaminobenzi-
dine tetrahydrochloride (DAB) (Dako Japan, Tokyo, Japan)
were used to visualize the bound primary antibody in the
section by the avidin/biotin conjugate immunoperoxidase
procedure. After counterstaining with hematoxylin, the
sections were observed under a microscope (Biozero BZ-
8000; KEYENCE Japan Co., Osaka, Japan).

Polarization of Macrophages

RAW264.7 mouse macrophages were purchased from
ATCC (Rockville, MD) and cultured in DMEM with 10 %
fetal bovine serum and penicillin (100 U/ml)-streptomycin
(100 pg/ml) at 37 °C in a humidified atmosphere containing
5 % CO,. RAW264.7 macrophages were polarized to M1 or
M2 in accordance with a previously reported method with
some modification [25]. In brief, the cells were cultured at
37 °C for 48 h in DMEM with stimulants [for MI,
lipopolysaccharide (LPS, 10 nM) and interferon gamma
(IFN-y, 10 nM); for M2, interleukin-4 (IL-4) (40 nM)]. The
polarizations were confirmed by evaluating the expressions
of markers [for M1, inducible nitric oxide synthase (iNOS);
for M2, mannose receptor (MR)] by quantitative RT-PCR
analysis. Total RNA was extracted using ISOGEN reagent
(Toyobo Co., Ltd., Osaka, Japan) and then transcribed using
a ReverTra Ace® gqPCR RT kit (Toyobo Co., Ltd.) with
PCR Thermal Cycler Dice (Takara Bio Inc., Otsu, Japan).
The acquired cDNA was quantified by real-time PCR
analysis using the SYBR Green dye (Toyobo Co., Ltd.)
and a 7500 real-time PCR system (Life Technologies,
Carlsbad, CA, USA). The expression level of each messen-
ger RNA (mRNA) was normalized to that of f-actin mRNA.
The primer sets used in this study were as follows: B-actin
5'-CCCTGTATGCCTCTGGTC-3" (forward), 5-GTCT
TTACGGATGTCAACG-3' (reverse); iNOS 5'-CACGGAC-
GAGACGGATAG-3' (forward), 5'-GGGAGGAGCTGATG
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GAGT-3' (reverse); MR 5'-CTCGTGGATCTCCGTGA-
CAC-3' (forward), 5-GCAAATGGAGCCGTCTGTGC-3'
(reverse) [25].

Cellular Uptake Study

RAW264.7 macrophages (1 x 10° cells) were cultured and
polarized to M1 or M2 or nonpolarized (M0) by the method
described above for 48 h in a 6-well dish (Becton Dickinson,
Mountain View, CA). The cells were washed twice with
PBS(-). [*™Tc]igG [100 kBg/0.1 pg/2 ml PBS(-)] was
added to the cells, and the cells were incubated at 37 °C in a
humidified atmosphere containing 5 % CO,. After 1 h of
incubation, the cells were washed three times with PBS(—)
and lysed with 0.2 N NaOH. The radioactivity of the lysates
was measured using a Wizard 1480 gamma counter
(PerkinElmer Life Sciences, Boston, MA), and the cell
lysate protein concentration was measured by the bicincho-
ninic acid (BCA) method (Thermo Fisher Scientific, Wal-
tham, MA).

Western Blot Analysis

Cell lysates were prepared from M1, M2, and MO
RAW?264.7 macrophages by homogenization in RIPA buffer
(Thermo Fisher Scientific) containing 1 % protease inhibitor
(P8340, Sigma-Aldrich Co., MO). The protein content of the
lysates was determined by the BCA method (Thermo Fisher
Scientific) using 5 pg of protein/lane. The lysates were
subjected to electrophoresis on 5-20 % sodium dodecyl
sulfate (SDS)-polyacrylamide gels, and the separated pro-
teins were transferred to polyvinylidene difluoride mem-
branes. After blocking with Blocking One (Nacalai Tesque,
Inc., Kyoto, Japan), the membranes were incubated with a
goat anti-mouse FcyRI antibody (AF2074, R&D Systems,
Minneapolis, MN) or a goat anti-mouse FcyRII/RIII anti-
body (AF1460, R&D Systems) followed by horseradish
peroxidase-conjugated donkey anti-goat IgG antibody (sc-
2033, Santa Cruz Biotechnology, Santa Cruz, CA). The
bands were visualized using Pierce™ ECL Plus Western
Blotting Substrate (Thermo Fisher Scientific) with a LAS-
4000 luminocapture instrument (Fuji Photo Film Co., Ltd.).
B-Actin was used as a protein loading control.

Cellular Uptake of [*"Tc]IgG Under Blockade of
Fcy Receptors

For the blocking study, M1 RAW264.7 macrophages
(1 x 10° cells) were treated with an anti-FcyR antibody
(553141, BD Biosciences, San Jose, CA) (0.1 mg/1 ml of
PBS) for 15 min and [**™Tc]IigG (100 kBq/0.1 pg/2 ml of
PBS) was then added. After 1 h of incubation, the cells were
washed three times with PBS and lysed with 0.2 N NaOH.
The radioactivity of the lysates was measured using a
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Wizard 1480 gamma counter (PerkinElmer Life Sciences),
and the cell lysate protein concentration was measured by
the BCA method (Thermo Fisher Scientific).

Statistical Analysis

Data are presented as mean £ SD for the in vivo study and
mean + SEM for the in vitro studies. Results of the in vivo
study (the radioactivity of apoE~~ mouse aorta vs that of
C57BL/6J mouse aorta) and in vitro study (the radioactivity
of FcyR-blocked M1 macrophages vs that of nonblocked M1
macrophages) were compared using unpaired Student’s ¢
test. Results of the in vitro studies (the cellular uptake study
of [*™T¢]IgG and the expression levels of FcyRs in M1,
M2, and MO macrophages) were statistically evaluated by
one-way factorial ANOVA followed by the Tukey—Kramer
test.

Results

Probe Preparation

[gngc]IgG was acquired with a radiochemical yield of
31.8 £ 6.8 % (n = 3) and a radiochemical purity of over
99 % (n = 3) (Supplemental Fig. 1). The stability of
[**™Tc]igG in mouse plasma was over 90 % for 24-
h incubation.

In Vivo Study of [ Tc]lgG

The distributions of [**™Tc]igG in apoE”  mice and
C57BL/6J (wild type) mice in each organ 24 h after
administration are shown at Table 1. The accumulation
levels of [*™Tc]IgG in the aortas were significantly higher
in apoE”~ mice than in C57BL/6J mice (5.1 + 1.3 vs
2.8 £ 0.5 %ID/g, p < 0.05), whereas the radioactivities of

Table 1. Biodistribution of [**™T¢]IgG in apoE ™~ or C57BL/6] (wild type)
mice 24 h after administration

ApoE ™"~ C57BL/6]
Aorta 5.1+£1.3 2.8+0.5
Heart 1.6 £0.1 1.9+0.3
Lung 22+13 1.7+14
Liver 4612 48+0.8
Kidney 23+0.5 23+04
Stomach 1.5+04 1.9+0.6
Small intestine 14+02 1.7+0.2
Large intestine 35+0.6 3.0+0.3
Pancreas 0.7+0.2 1.0 £ 0.1
Spleen 53+0.8 6.9 +0.8
Brain 0.1 £0.0 0.1 £0.0
Muscle 0.6 £0.2 0.8+0.1
White fat 0.3 +0.1 04 £0.1
Brown fat 1.3+04 1.2+03
Thyroid 1.9+£0.2 23+0.3
Blood 15.8 £0.9 182 £2.0

The results are expressed as %ID/g (mean + SD)
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other organs were not significantly different between apoE
"~ mice and wild-type mice.

Autoradiography and Histopathological Analysis

The distributions of [**™Tc¢]IgG in apoEfF and C57BL/
6J mice aortas were evaluated by autoradiography
(Fig. la, c). Autoradiography (ARG) images showed a
heterogeneous distribution of [**™Tc]IgG, and high
radioactivity was found near the atherosclerotic lesions
(Fig. 1a, b). On the other hand, the radioactivity derived
from [*°™Tc]IgG was scarcely observed in the C57BL/6J
mouse aortas (Fig. 1c, d). These findings indicate that
[gngc]IgG accumulated specifically in the atherosclerotic
plaques in the apoE "~ mouse aortas. As for the study of
aortic roots of apoE " or C57BL/6] mice, Movat’s
pentachrome staining revealed significant intimal thick-
ening (Fig. le—j), which suggests that atherosclerotic
plaques were formed in the intima of aortic roots.
Macrophage-infiltrated areas of the plaques were detected
by Mac-2 immunohistochemical staining (Fig. 1f), and
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the Mac-2-positive areas coincided with high-
radioactivity areas observed by ARG (Fig. le). These
findings suggest that [*°™Tc]IgG accumulates in the
macrophage-infiltrated atherosclerotic plaques.

Cellular Uptake Study of [*"Tc]lgG

The polarization of RAW264.7 macrophages to M1 or M2
was confirmed by quantitative RT-PCR analysis (Fig. 2).
The iINOS expression level was significantly higher in the
RAW264.7 macrophages stimulated with LPS and IFNy,
which suggests that they were M1 macrophages (Fig. 2a).
On the other hand, the macrophages treated with IL-4
showed significantly higher MR expression levels, which
suggests that they were M2 macrophages (Fig. 2b). As for
the cellular uptake of [*™Tc]IgG in each polarized macro-
phage type, M1 macrophages showed significantly higher
levels of [**™Tc]IgG than M2 or MO macrophages [2.2 + 0.3
M1) vs 0.5 = 0.1 (M2), 0.4 = 0.1 (MO) %dose/mg protein,
p <0.01] (Fig. 3).

Fig. 1. Autoradiography (ARG) images of apoE ™~ mice 24 h after [*®™Tc]lgG administration. a ARG and b bright-field images of
aortas from apoE™~ mice and ¢ ARG and d bright-field images of aortas from C57BL/6J (wild type) mice 24 h after injection of
[®®"Tc]lgG. Scale bar represents 10 mm. e ARG and f Mac-2 (macrophage) immunohistochemical staining and g Movat’s
pentachrome staining images of aortic root of apoE~~ mice or h ARG and i Mac-2 (macrophage) immunohistochemical staining
and j Movat’s pentachrome staining of aortic root of C57BL/6J (h—j) mice 24 h after injection of [*°°™Tc]IgG. Scale bar represents

0.5 mm.
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Fig. 2. aiNOS and b MR expression levels in RAW264.7 cells normalized by (3-actin expression levels after treatment with LPS
and IFN-y (M1) or IL-4 (M2) or nontreatment (MO) determined by quantitative RT-PCR analysis. Data are expressed as iNOS per
B-actin or MR per B-actin values (mean + SEM). Comparison in each group was performed by one-way factorial ANOVA
followed by the Tukey—Kramer test [*p < 0.01 vs M2 and MO (a) or M1 and MO (b)].

Fcy Receptor Expression on Polarized
Macrophages

As shown in Fig. 4, the expression levels of FcyRs on
each type of polarized macrophage were evaluated by
western blot analysis. As a result, M1 macrophages
showed higher expression levels of FcyRI and FcyRII
than M2 and MO macrophages [FcyRI/B-actin 2.5 + 0.2
(M1) vs 1.6 = 0.1 (M2), 1.4 = 0.1 (MO); FcyRII/B-actin
1.9 £ 0.2 M1) vs 1.3 £ 0.1 (M2), 0.9 £ 0.1 (MO)]
(Fig. 4a—c). On the other hand, there was no significant
difference among the macrophage subtypes in the expres-
sion level of FcyRIIl [FcyRIII/B-actin 1.2 £ 0.1 (M1) vs
1.2 + 0.1 (M2), 1.1 + 0.1 (MO)] (Fig. 4a, d).
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Fig. 3. Cellular uptake of [*®°™Tc]igG in M1, M2, or MO
macrophages 1 h after incubation. Data are expressed as
%dose/mg protein (mean + SEM). Comparison in each group
was performed by one-way factorial ANOVA followed by the
Tukey—Kramer test (*p < 0.01 vs M2 and MO).

Cellular Uptake of [**"Tc]IgG Under Blockade of
Fcy Receptors

To evaluate whether [**™Tc]IgG uptake in M1 macrophages
depends on the FcyRs, the cellular uptake of [**™Tc]IgG was
studied with or without pretreatment with the anti-FcyR
antibody. The [**™Tc]IgG accumulation in M1 macrophages
was significantly suppressed by pretreatment with the anti-
FcyR antibody [2.2 + 0.3 (nonpretreatment) vs 1.2 + 0.2
(pretreatment) %ID/mg protein, p < 0.01] (Fig. 5).

Discussion

In this study, we first confirmed that radiolabeled non-
targeting IgG ([*”™Tc]IgG) accumulated in atherosclerotic
lesions, especially in macrophage-infiltrated areas in apoE ™'~
mice (Fig. 1). Furthermore, M1 macrophages showed a
significantly higher uptake level of [**™Tc]IgG than M2
macrophages or MO macrophages (Fig. 3). These findings
suggest that IgG itself was delivered to macrophages,
especially in areas infiltrated by M1 macrophages in plaque
lesions.

Macrophages have been reported to polarize to various
types, especially M1 and M2 [26]. M1 macrophages, which
are the classically activated macrophages, have pro-
inflammatory properties; for example, they secrete pro-
inflammatory cytokines and mediators. M2 macrophages,
which are the alternatively activated macrophages, show
anti-inflammatory properties, that is, they produce factors
that suppress T cell proliferation and activities. In human
and animal atherosclerosis models, M1 and M2 macro-
phages are reported to exist in atherosclerotic plaque lesions.
For example, M1 macrophages are reported to be abundant
in areas with high levels of lipids and to localize in areas that
are distinct from those in which M2 macrophages localize in
human atherosclerotic plaques [27]. Although the origin of
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Fig. 4. Detection of expression of FcyRI, FcyRIl, and FcyRIll on M1, M2, or MO macrophages by western blot analysis. a
Representative images of western blot analysis. Quantitative analysis of b FcyRl, ¢ FcyRIl, and d FcyRlIl. Data are expressed as
values for each FcyR per B-actin level (mean + SEM). Comparison in each group was performed by one-way factorial ANOVA
followed by the Tukey—Kramer test ("p < 0.05 and **p < 0.01 vs M2 and MO).

polarized macrophages and the mechanisms by which they
are involved in the progression of atherosclerotic plaques are
still unclarified, polarized macrophages may play critical
roles in the development of atherosclerotic plaques [28].
Therefore, we examined the correlation between macro-
phage polarization and IgG accumulation and found that
[99mTc]IgG was taken up especially in M1 macrophages
(Fig. 3).

To clarify the mechanism of [*”™Tc]IgG accumulation in
M1 macrophages, we next focused on the expression levels
of FcyRs, which bind to the Fc domain of IgG and show
high affinity (K, = 10-10° M ") to IgG [29]. FcyRs allow
macrophages to respond to products of adaptive immune
systems, stimulate the production of cytokines in macro-
phages, and activate immune systems [30, 31]. Furthermore,
intact IgG and Fc fragments were reported to localize at the
inflammation sites of bacterial infection, whereas Fab frag-
ments localize marginally [19]. Hence, FcyRs are supposed
to be the main factor for [*™Tc]IgG accumulation in M1
macrophages. Indeed, our study showed that the expression
levels of FeyRI and FcyRII were higher in M1 macrophages
than in M2 or M0 macrophages (Fig. 4). We also performed
a cellular uptake study in which the FcyRs were inhibited by
the anti-FcyR antibody. Although the blockade was not
complete because the anti-FcyR antibody used in this study
mainly binds to FcyRII and FcyRIII and has a relatively low
affinity to FeyRI, the accumulation of [**™Tc]IgG in MI
macrophages was significantly suppressed by the pretreat-
ment with the anti-FcyR antibody (Fig. 5). These findings
suggest that IgG itself is accumulated in M1 macrophages
via FcyRs in the atherosclerotic plaques.

In the noninvasive imaging of atherosclerosis by PET/
SPECT, 2-deoxy-2-['*F]fluoro-p-glucose (['*FIDG), a
fluorine-18-labeled glucose analog, has been extensively

studied and used for clinical diagnosis [6]. ["*F]DG enables
the visualization of macrophage-infiltrated atherosclerotic
plaques since ['*F]DG accumulates in cells with enhanced
energy metabolism [32]. In addition, ['®*F]DG has recently
been reported to accumulate in M1 macrophages [33].
However, there are some limitations in the imaging of
atherosclerotic plaques using ["®F]DG since ['*F]DG uptake
is affected by blood glucose level and renal function [34,
35]. Hence, further studies have been performed to develop
PET/SPECT imaging probes for visualizing atherosclerotic
plaques with high sensitivity and specificity [8]. Over the
past few decades, recombinant antibodies such as single-

3 r

%dose/mg protein

0

Non-blocking Blocking

Fig. 5. Cellular uptake of [*®™Tc]igG in M1 macrophages 1 h
after incubation with or without pretreatment with anti-FcyR
antibody. Data are expressed as %dose/mg protein
(mean + SEM). Comparison in each group was performed
by the Student’s t test (o < 0.01 vs blocking group).
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chain Fv (scFv), nanobodies, and diabodies have been
generated [36]. These antibodies are designed to minimize
the IgG structure without the loss of binding affinity to
antigens, which leads to the rapid clearance from blood
compared with IgG. In addition, they do not have the Fc
domain, which is favorable for the escape from the target-
independent accumulation in macrophages infiltrating in
atherosclerotic plaques, as shown in this study. Indeed,
nanobody-based imaging probes (ex. [**™Tc]anti-vascular
cell adhesion molecule-1 (VCAMI) nanobodies) have been
developed and have shown good properties for the diagnosis
of atherosclerosis [37]. Thus, those recombinant antibodies
are promising base compounds for use in atherosclerosis
imaging probes.

IgG was reported to accumulate in atherosclerotic plaques
in animal models; however, the cell type visualized in the
atherosclerotic lesions using radiolabeled IgG remains
unclear [15]. In this study, we found that radiolabeled IgG
accumulated specifically in M1 macrophages, which indi-
cates that radiolabeled IgG can be used for visualizing
inflammatory atherosclerotic lesions where ['*F]DG mainly
accumulates. Thus, radiolabeled IgG may be used similarly
to ['®FIDG for in vivo imaging of inflammatory lesions.
["®FIDG has been used clinically for the diagnosis of
atherosclerosis; however, it is difficult to detect coronary
atherosclerosis since the background myocardial uptake of
['®F]DG is greater than any signal derived from coronary
plaques [5]. On the other hand, [**™Tc]IgG showed lower
accumulation levels in the apoE ™~ mouse heart than in the
apoE~ mouse aorta in this study (heart 1.6 + 0.1; aorta
5.1 £ 1.3 %ID/g), which is preferable for visualizing
coronary atherosclerosis. In addition, the IgG distribution
would not be affected by systemic conditions such as blood
glucose levels as in the case of ['®FIDG. Therefore,
radiolabeled IgG would be a more favorable probe for the
diagnosis of coronary atherosclerosis in addition to that of
the carotid artery. Furthermore, several studies demonstrated
that ['"®F]DG can be used for the precise evaluation of the
therapeutic efficacy of antihyperlipidemic agents such as
statin in the treatment of atherosclerosis [38, 39]. Therefore,
[**™T¢]IgG may also be a potential probe for evaluating the
therapeutic efficacy of agents for atherosclerosis. However,
[*™Tc]IgG showed a long half-life in serum (artery-to-blood
ratio 24 h after injection in apoE /" mice 0.32 + 0.09). This
feature would be unfavorable for the SPECT imaging of
atherosclerosis because a higher rate of clearance from blood
is necessary for the rapid high-contrast imaging of the target
pathological lesion [40]. The accumulation of IgG in
inflammatory atherosclerotic lesions would be via FcyRs
expressed on M1 macrophages, as confirmed by this study.
This suggests that the key factor for IgG accumulation is the
Fc domain of IgG. Previously, it was reported that a
radiolabeled Fc fragment, prepared by IgG digestion and
had a molecular weight one third that of IgG, could be used
for the diagnosis of inflammation [16]. Thus, our study also
suggests the possibility of using a radiolabeled Fc fragment

for visualizing active inflammatory atherosclerotic plaques.
In this study, we were unable to clarify the extent to which
the PET/SPECT imaging of atherosclerosis using IgG-based
probes is affected by the expression of FcyRs on the
inflammatory macrophages infiltrating into atherosclerotic
plaques, compared with the expression of the biomolecule
targeted by the IgG-based probes. Therefore, to determine
whether a radiolabeled Fc fragment is a useful probe for the
diagnosis of atherosclerosis, especially active inflammatory
atherosclerotic lesions, it would be necessary to estimate
how a radiolabeled Fc fragment accumulates in atheroscle-
rotic lesions depending on the FcyR expression levels. The
expression levels of FcyRs should also be compared with
those of other biomolecules that are the targets of the
previously reported IgG-based probes. Thus, the preparation
of radiolabeled Fc fragments and studies on these issues are
Nnow in progress.

Conclusions

In this study, we found that radiolabeled IgG accumulated in
pro-inflammatory M1 macrophages, probably via FcyRs in
atherosclerotic lesions. This finding suggests that imaging
probes based on IgG enable the visualization of active
inflammatory atherosclerotic lesions independent of the
target biomolecules of IgG. This feature should be taken
into account in the diagnosis of atherosclerosis using IgG-
based probes.
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