Dissected arteries were opened longitudinally, and exposed on a phosphor
imaging plate (Fuji Imaging Plate BAS-UR, Fuji Photo Film, Japan) for 19
hr. Autoradiographic images were obtained and analyzed by a computerized
imaging analysis system (Fuji bio-imaging analyzer FLA 3000).
Furthermore, aortic tissues were stained with Oil Red O for plaque area
determination. Five regions of interest (ROIs) were placed on the plaque
area (target) and the non-plaque area (non-target) in the aortic tissue, as well
as three ROIs for background area around each aorta in ARG images. Signal
intensities were shown as photostimulated luminescence per unit area
(PSL/mm?), and average values for each are were used for the analysis. The

target-to-nontarget ratios (TNRs) were calculated as follows;

TNR = ([Target signal] — [Background signal]) / ([Non-target signal] —
[Background signal])

SPECT/CT imaging with WHHL rabbits

WHHL rabbits (17 mo, 3.3-3.5 kg) or control rabbits (NZW rabbit, 17 mo,
3.4 kg) were used for SPECT imaging studies. Rabbits were anesthetized
with a bolus injection of sodium pentobarbital (30 mg/kg, i.v.) followed by
continuous injection with propofol (10 mg/kg/hr, i.v.). [''In]PS100 or
['"'In]PS200 (74 MBq) was injected into a marginal ear vein, and SPECT
scanning was carried out 48 hr post-injection of liposomes by use of an FX
system PET/SPECT/CT scanner (64 frames, 60 sec/frame, Gamma-Medica
Inc., USA) using high-resolution parallel hole collimators. After the SPECT

study, a CT angiogram was acquired using iohexol as a contrast agent.

After the last scan, rabbits were sacrificed with an overdose of sodium
pentobarbital. The aorta was removed and 10 and 5 pm-thick consecutive
sections were prepared. The autoradiogram was obtained with a phosphor
imaging system (FLA-3000, Fujifilm Corp., Tokyo, Japan) with 10
pm-thick sections. Other 5 upm-thick sections were subjected to
immunohistochemical staining for macrophages, Azan-Mallory staining,

and Oil-Red O staining. Immunohistochemistry was performed according to
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the method reported by Tsukada et al. using the rabbit macrophage-specific
monoclonal antibody RAM-11 (Dako Corp., Santa Barbara, CA, USA) (23),
and slices were co-stained with hematoxylin for identification of the

nucleus.

Statistical analysis

Data are presented as the mean + SD. Statistical analysis was carried out
using the Mann-Whitney U-test or paired #-test for comparisons between or
within groups, respectively. Statistical significance was established at
P<0.05.

RESULTS
In vitro uptake of m In-liposomes to macrophages

The in vitro uptake of '''In-labelled liposomes and ['''In]InCl; by mouse
peritoneal macrophages are summarized in Fig. 1. Uptake of both sizes was
significantly higher for PS liposomes than for PC liposomes. ['''In]PS100
showed significantly higher uptake than ['''In]JPS200. D-serine liposomes
accumulated in macrophages, but the level was lower than for L-serine

liposomes of each size. Only a slight uptake of ['!'In]InCl; was observed.

Biodistribution studies in normal mice

Data are summarized in Tables 1, 2, 3, and 4. High liver uptake was
observed for all liposomes investigated. Uptake into spleen was higher for
PC liposomes than PS liposomes. Blood clearance was faster for PS
liposomes than PC liposomes, and ['''In]JPC100 showed the slowest

clearance.
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Ex vivo ARG in apoE-/- mice

En face ex vivo ARG showed accumulation of all investigated
"n-liposomes in the plaque area in mice (Fig. 2 A, B, C). Radioactive
regions were well matched with Oil Red O staining. The uptake to
nonspecific regions was higher in PC liposomes, and the TNRs were lower

in PC liposomes than PS liposomes (Fig. 2 D).

SPECT imaging, ex vivo ARG, and histological analysis in WHHL rabbits

Figure 3 summarizes the SPECT, ARG, and histological images in WHHL
and normal rabbits. The white arrows indicate the position of the aorta. The
atherosclerotic regions were successfully visualized with ['''In]PS200 and
["""In]PS100, and the clearest image was obtained with ['''In]JPS200. No
aortic accumulation was seen in normal rabbits with ['''In]PS200. ARG
images of the aortic section showed accumulation of radioactivity in the
plaque area in WHHL rabbits. High accumulation of radioactivity was
observed in macrophage foam cell area, and radioactivity was low in

fibrotic area as shown by Azan-Mallory staining.

DISCUSSION

Macrophage infiltration plays a pivotal role in plaque rupture by releasing
inflammatory cytokines and proteases; therefor it is reasonable to target
macrophages for vulnerable plaque imaging. Also, it is well known that
macrophages are predisposed to phagocytize particles such as liposomes (/3,/4).
Therefore, in this study, we employed liposomes as carriers for the atherosclerotic
region and designed a SPECT imaging probe. In fact, cultured macrophages took
up control PC-liposomes, to a certain extent (Fig. 1). Uptake was higher in 100 nm
than 200 nm liposomes. In addition, when the “eat-me” signal, PS, was

incorporated into the liposome, uptake into cultured macrophages was significantly
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elevated; furthermore, ‘D-isoform PS’ showed lower uptake into macrophages than
the naturally occurring ‘L-isoform PS’ (Fig. 1). These results suggest that
macrophage targeting succeeded using liposomes, and that target specificity was
enhanced by PS modification. D-PS liposomes showed higher accumulation into
macrophages than PC liposomes for each size. The negative charge on the surface
of the liposome may enhance particle capture by macrophages. We previously
reported that ['*F]JFDG uptake into cultured mouse peritoneal macrophages was
48.8% dose/mg protein with 3 hr incubation (24). In this study, the uptake of
["In]PS100 (60.5% dose/mg protein) was greater than that of ['"*F]FDG. These
results show the potential of ['"'In]JPS100 for in vivo atherosclerotic plaque

imaging.

In the in vivo investigation, the atherosclerotic regions were successfully visualized
with ""'In-labeled PS liposomes in apoE -/- mice. In contrast to in vitro results,
accumulation was higher in ['"'In]PS200 than ['''In]PS100. Atherosclerotic lesions
were visualized by '''In-labeled PC liposomes of both sizes, but nonspecific
accumulation was higher with PC liposomes than PS liposomes; thus TNRs were
higher in PS liposomes than PC liposomes. The highest TNR was obtained with
['"'In]PS200 in in vivo evaluation. Also, a successful SPECT image was provided
by ['"'In]PS200 in WHHL rabbits. Thus, ['"'In]PS200 showed the best features for
in vivo imaging, although ['''In]PS100 provided the best results in in vitro
investigations. In the biodistribution study in normal mice, [''In]PS200 showed
somewhat slower blood clearance than ['''In]JPS100. This may cause the higher
accumulation in the atherosclerotic region in ['''In]PS200 than ['''In]PS100. Also,
we observed a slower blood clearance of PC liposomes than PS liposomes. These
results suggest that slow blood clearance should accelerate liposome accumulation
into the plaque. However, in atherosclerosis imaging, signals from the blood pool
disturb the visualization of plaque in the vessel wall; thus, blood clearance of the
imaging probe should ideally be not too slow. In general, PEGylation of particles
prolongs the blood clearance due to the avoidance from the reticuloendothelial
system (RES) (25). On the other hand, liver accumulation is seen as liposome
uptake into the Kupffer cells, which have similar characteristics as macrophages
concerning phagocytosis. However, excessive liver uptake makes it difficult to

visualize the small atherosclerotic region in coronary arteries. Therefore, for
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atherosclerosis imaging, a certain level of PEGylation of liposomes is desirable,
which prolongs blood clearance to a limited extent, and which does not disturb
phagocytosis by macrophages. Further investigation of liposome PEGylation
would be required, to determine the optimal “balance” between macrophage

targeting ability and blood clearance.

CONCLUSION

In this study, the atherosclerotic region was detectable by macrophage
targeting with radiolabeled liposomes (PS-liposomes), although additional
investigations would be needed to improve the in vivo biodistribution and
plaque accumulation level. Liposomes can act as a platform for various other
imaging modalities, such as MRI and optical imaging. Recently, several
liposome-based atherosclerosis-imaging probes for various imaging
modalities have been reported (26-28). Since liposomes are biocompatible and
have long histories as drug carriers for human use (29), such imaging probes
including the liposome system we have described, should be good candidates for

clinical use in the future.
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Table 1 Biodistribution of ['"'In]PS100 in normal mice.

Time after injection (min)

Organ 1 5 20 60 120 240

Blood 184+238 154031 098+0.09 101+022 0.74+0.15 0.66+0.06
Intestine 029+0.06 0.19£0.03 023+0.08 026+0.05 023+0.07 042+0.01
Kidney 233+£032 284%£036 333049 324+£059 349028 4.00+0.29
Liver 349+£2.60 589+650 62.6+£8.10 62.1+416 578+£8.75 593+3.03
Stomach 027+0.08 0.53+028 021+£0.06 029+0.10 031+0.15 041%0.17
Spleen 143+£442 424+114 367740 409+732 423109 445+471
Pancreas 0.50+£0.07 036+0.01 030006 048+027 030£0.06 0.30=+0.07
Lung 951+381 149+£0.16 099+£0.10 1.17+£0.57 0.72+£0.08 0.76+0.12
Heart 250+064 061+0.13 046+0.06 049+0.09 042+0.07 0.44+0.04

*Each value represents mean + S.D. (%dose/g, n=4 or 5).
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Table 2 Biodistribution of ['''In]PS200 in normal mice.

Time after injection (min)

Organ 1 5 20 60 120 240

Blood 13.1+588 316055 329+057 292+036 244+050 1.95+053
Intestine 048+0.12 046+0.08 044=+0.09 0.61+0.16 0.68+0.24 0.86%0.26
Kidney 389+1.05 898+1.53 923+£196 895+131 11.0+£348 12.0+3.07
Liver 223+£596 32.8+5.01 3524347 36.0+330 37.1+6.12 39.1+2.00
Stomach 041+0.14 038+0.11 045+0.06 046=+0.13 039+£0.09 057+£022
Spleen 6.05+2.09 207573 17.8+538 19.0+5.89 21.2+£296 23.8+535
Pancreas 1.05+0.10 0.83=+0.14 0.70+0.08 083+0.04 0.66+0.11 0.76+0.09
Lung 993+£253 259+047 237+035 222+£039 2.14+049 1.60+0.36
Heart 244+0.79 1.09+£0.17 101+0.16 1.11+£022 093+0.15 091+0.25

*Each value represents mean = S.D. (%dose/g, n=4 or 5).
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Table 3 Biodistribution of ['"'In]JPC100 in normal mice.

Time after injection (min)

Organ 1 5 20 60 120 240

Blood 329+4.08 30.1£046 17.0+599 575+4.63 0.52+049 1.58+1.96
Intestine 0.40+£0.05 046=0.06 037+0.16 028=+0.13 0.23+0.10 0.59+0.33
Kidney 343+£0.50 3.51+0.17 3.02+£096 228+0.99 1.56+0.38 3.39+1.63
Liver 634167 125+266 28.1£6.65 472+575 538+6.85 46.5+134
Stomach 045+0.14 056+0.23 043+0.14 040+0.16 039+021 044+0.14
Spleen 516277 179+£320 101+£326 171+694 174+£68.3 193+53.7
Pancreas 0.65+0.14 0.66+0.09 0.54+025 032+£0.21 021+0.19 084+048
Lung 189+£7.76 11.8+1.51 6.62+191 348+255 0.64+050 2.66+2.20
Heart 433+0.88 331+1.00 2.08+0.76 0.78+0.63 0.19+0.07 0.53+0.54

*Each value represents mean + S.D. (%dose/g, n=4 or 5).
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Table 4 Biodistribution of ['"'In]PC200 in normal mice.

Time after injection (min)

Organ 1 5 20 60 120 240

Blood 332+4.03 18.6£5.01 6.83+347 257+133 110+0.13 0.65+0.10
Intestine 036+0.07 031+0.05 027+£0.03 0.28+0.07 032+0.14 032+0.09
Kidney 335+0.62 338+£0.51 4.81+£103 438+£0.75 4.72+£0.67 541+£1.02
Liver 8.08+£232 267+£832 386+4.17 488+338 494+6.14 462+7.84
Stomach 054+022 044+0.16 044+0.13 040+0.14 033+£0.20 0.28+0.11
Spleen 100424 494+122 7224155 112+303 142+438 173+£76.2
Pancreas 071+027 0.58+0.18 044+0.14 043+0.10 045+0.15 038%0.15
Lung 20.8+3.74 989+1.79 420+195 2.00£0.74 1.62+1.02 099+0.24
Heart 6.05+£253 295+1.71 1.02+£039 056+022 049+0.13 0.33+0.07

*Each value represents mean = S.D. (%dose/g, n=4 or 5).
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FIGURE LEGENDS
FIGURE 1.

Mn-labeled liposome uptake by cultured macrophages. A significantly
higher uptake was observed in PS liposomes compared to PC liposomes of
each size (¥*P<0.05). D isomer of PS liposomes showed lower uptake than L

1somers.
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FIGURE 2.

En face autoradiography of ApoE -/- mice aorta. Photographic images of
unstained aorta (A), images after Oil Red O staining (B), autoradiograms
(C), and target-to-nontarget ratio (TNR) (D). The autoradiograms were well
matched with Oil Red O staining. TNR was significantly higher in PS
liposomes than PC liposomes in each size (*P<0.05). PS200 showed higher
TNR than PS100 (7P<0.05).
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FIGURE 3.

SPECT and CT images, ex vivo ARG, and histological images of
["'"In]PS100 (A) and ['"'In]PS200 (B) in WHHL rabbits, and ['''In]PS200
in a normal rabbit (C). The white arrows indicate the position of the aorta.
“L” represents the liver. Magnified images of Azan-Mallory staining show a
macrophage foam cell-rich region with less smooth muscle cells (dashed red
circle), and a more fibrotic region with dead macrophages (dashed yellow
circle). The atherosclerotic regions were successfully visualized with
[""'In]PS200 and ['''In]PS100 in WHHL rabbits. The radioactivity was
accumulated in macrophage foam cell area, and was low in the fibrotic area.

No aortic accumulation was seen in a normal rabbit.
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