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Chemotaxis Assay

The chemotactic activity of THP-1 cells in response to MCP-1 was
measured by a Boyden chamber method, as described previously.*
Additional details can be found in the online-only Data Supplement.

Statistical Analysis

Data are expressed as mean+SE. For analysis of the number of bur-
ied/disrupted fibrous caps, differences were analyzed statistically by
ANOVA followed by the Dunn multiple comparison test, and dif-
ferences between 2 groups were analyzed with the Mann-Whitney
test. For the other analyses, differences were analyzed statistically by
ANOVA followed by post hoc Bonferroni or Dunnett multiple com-
parison tests. Differences between 2 groups were analyzed with an
unpaired # test. P<0.05 was considered significant.

Results

Adoptive Transfer of Inflammatory Macrophages
Accelerated Plaque Destabilization and Rupture

To clarify the role of inflammatory monocyte/macrophages
in plaque destabilization and rupture, we first examined
whether the adoptive transfer of inflammatory macrophages
accelerates plaque destabilization and rupture in a murine
model. We collected thioglycollate-induced peritoneal leu-
kocytes from ApoE7-CCR2** mice that contained Ly-6C"e"
inflammatory macrophages and from ApoE”-CCR2~~ mice
that contained <5% inflammatory macrophages (Figure 1A
and IIB in the online-only Data Supplement).**! ApoE~~mice
were assigned to the no-treatment group, the CCR2** inflam-
matory macrophage group (1x10° peritoneal leukocytes

from ApoE--CCR2** mice), or the CCR27~ leukocyte group
(1x10° peritoneal leukocytes from ApoE“-CCR27" mice).
The adoptive transfer of CCR2** inflammatory macrophages
tended to increase the incidence of disrupted/buried fibrous
caps. The adoptive transfer of CCR27~ leukocytes signifi-
cantly decreased the incidence of disrupted/buried fibrous
caps compared with that of CCR2** inflammatory macro-
phages (Figure 1A; Table 1). These results demonstrate that
inflammatory macrophages responsible for plaque rupture
are recruited from the circulation via MCP-1/CCR?2 signal-
ing, which suggests a role for peripheral Ly-6C"& monocytes
as the precursor of inflammatory macrophages. Because
splenic monocytes show a phenotype comparable to that of
peripheral monocytes,** we purified splenic monocytes from
ApoE~" mice fed a high-fat diet and examined whether the
adoptive transfer of splenic monocytes accelerated plaque
destabilization and rupture in the same model. We confirmed
=90% purity of splenic monocytes after negative selection
using magnetic cell separation, =85% of which expressed
a high level of Ly-6C (Figure IITA in the online-only Data
Supplement). Consistent with the data from the adoptive
transfer of CCR2** peritoneal macrophages, the adoptive
transfer of splenic monocytes tended to increase the inci-
dence of disrupted/buried fibrous caps (P=0.056; Figure
IIIB in the online-only Data Supplement), which confirms
the detrimental role of inflammatory monocyte/macrophage
lineage in atherosclerotic plaque rupture (Figure IIIB in the
online-only Data Supplement).
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Figure 1. The adoptive transfer of inflammatory macrophages accelerated plaque destabilization and rupture. A, Top, Photomicrographs
of atherosclerotic plaques in the brachiocephalic artery stained with elastica van Gieson (EVG), the antimacrophage surface glycoprotein
Mac8, and monocyte chemoattractant protein-1 (MCP-1) in the no-treatment (N), CCR2+* inflammatory macrophage (l), and CCR2-~
leukocyte (L) groups. Arrowheads indicate disrupted/buried fibrous caps. Scale bar=100 pm. Bottom, Quantitation of the number of
disrupted/buried fibrous caps, fibrous cap thickness, and Mac3- and MCP-1-positive areas. Data are mean+SEM. *P<0.05, **P<0.01,
and **P<0.001 vs CCR2** inflammatory macrophage group. B, Top, Photomicrographs of the intraluminal surface of the total aorta,
stained with oil red O. Bottom, Quantitation of the percentage of oil red O-positive area compared with total luminal surface area. Data
are mean+SEM. *P<0.05 vs CCR2** inflammatory macrophage group. C, Top, Photomicrographs of atherosclerotic plaques in aortic
root stained with EVG or Mac3. Bottom, Quantitation of plaque size and Mac3-positive areas. Scale bar, 200 um. Data are mean+SEM.
1P<0.05 vs CCR2** inflammatory macrophage group by 1-way ANOVA followed by Dunnett multiple comparison tests.
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Table 1. Characteristics of Brachiocephalic Artery Plaques
in the No-Treatment, CCR2** Inflammatory Macrophage, and
CCR2-- Leukocyte Groups

CCR2++
Inflammatory
No Treatment ~ Macrophage CCR2-
(n=9) (n=5) Leukocyte (n=8)

Ruptured plaques per 3.3+0.2 5.0+0.71 2.6+0.4
animal, n

Plague area, x10° um? 230+10 230+10 170+10*
Fibrous cap thickness, um 1.6+0.2 110111t 2.2+0.3
Lipid core area, % 15+3 20+4 1543
Macrophage area, % 22+2 32411t 20+3
MCP-1 area, % 2141 28+2*t 20+3

Data are mean+SEM. Data concerning ruptured plaques per animal were
compared by ANOVA followed by Dunn multiple comparison tests. The other
data were compared by ANOVA followed by Bonferroni multiple comparison
tests. MCP-1 indicates monocyte chemoattractant protein-1.

*P<0.05 vs no-treatment group; **P<0.01 vs no-treatment group;

1P<0.05 vs CCR2”- leukocyte group; 111P<0.001 vs CCR2”- leukocyte
group.

Immunohistochemical analysis of serial sections revealed
that Mac3-positive macrophage infiltration was observed fre-
quently in the shoulder regions of atherosclerotic plaques, and
this infiltration was increased in the CCR2** inflammatory
peritoneal macrophage group compared with the no-treatment
group (Figure 1A; Table 1). MCP-1 immunostaining colocal-
ized with macrophages and was also observed in the media.
MCP-1 expression in atherosclerotic plaques increased in the
CCR2** inflammatory macrophage group compared with the
no-treatment group, but not in the CCR27- leukocyte group
(Figure 1A; Table 1). In a subset of experiments, we labeled peri-
toneal macrophages with PKH26 before adoptive transfer and
found that PKH26-labeled peritoneal macrophages were pres-
ent in the atherosclerotic plaques in the brachiocephalic arteries
(Figure IIC in the online-only Data Supplement). In the whole
aorta and aortic root, the adoptive transfer of CCR2** inflamma-
tory macrophages increased the atherosclerosis area compared
with the adoptive transfer of CCR27 leukocytes (Figure 1B and
1C), although the serum lipid profile was comparable among the
3 groups (Table I in the online-only Data Supplement).

Measurement of serum biomarkers with a multiplex immu-
noassay system showed that the adoptive transfer of CCR2"*
peritoneal macrophages, but not CCR27~ leukocytes, increased
the serum levels of MCP-1, MCP-3, and MCP-5, as well as
monocyte colony-stimulating factor (Table II in the online-only
Data Supplement). Importantly, the adoptive transfer of CCR2**
inflammatory macrophages increased MMP-9, a metalloprotein-
ase that may degrade the fibrous cap of plaques. Interestingly,
the adoptive transfer of CCR2** inflammatory macrophages did
not affect the serum levels of inflammatory cytokines, such as
interferon-vy, tumor necrosis factor-o., and the interleukin family
(Table II in the online-only Data Supplement).

Cellular Uptake and In Vitro Kinetics of PLGA
Nanoparticles in Macrophages

To clarify the advantage of the nanoparticle-mediated DDS for
targeting inflammatory monocytes/macrophages, the cellular
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uptake and kinetics of PLGA nanoparticles were examined in
cultured macrophages. Murine peritoneal macrophages took
up FITC-NPs, which were distributed within the cytosol, as
detected by confocal microscopy (Figure IVA and IVB in the
online-only Data Supplement). Electron microscopy revealed
that the PLGA nanoparticles were incorporated into the lyso-
somes (Figure IVC in the online-only Data Supplement).
Cellular uptake of FITC-NP and FITC was quantified as
the cellular fluorescent intensity in RAW?264.7 cells after
a 2-hour incubation with FITC-NP or FITC, followed by a
washout period. The FITC signal intensity in cells incubated
with FITC-NPs was greater than in cells incubated with FITC
over a 7-day period (Figure IVD in the online-only Data
Supplement), which suggests that FITC-NP leads to enhanced
and sustained uptake in cultured macrophages.

In Vivo Localization of FITC-NPs After Intravenous
Administration

Flow cytometric analysis of the blood revealed that neutrophils
(36+£13%) and monocytes (61+13%) had an FITC signal 2
hours after FITC-NP injection, which suggests that FITC-NPs
were taken up through phagocytosis. Flow cytometric analysis
of the spleen also revealed the uptake of FITC-NPs in neutro-
phils and monocytes (Figure 2A). Fluorescence microscopy
analysis of the aortic arch and the brachiocephalic arteries
revealed the presence of FITC signals mainly in the macro-
phage areas of atherosclerotic plaques in FITC-NP-injected
animals (Figure 2B).

Treatment With Pitavastatin-NPs Inhibits Plaque
Destabilization and Rupture

A 4-week treatment with pitavastatin-NPs, but not with
FITC-NPs or pitavastatin, significantly reduced the inci-
dence of disrupted/buried fibrous caps associated with thick
luminal fibrous caps (Figure 3A; Table 2) and decreased
serum biomarkers, including MCP-1, CD40L, vascu-
lar endothelial growth factor, and von Willebrand factor
(Table IIT in the online-only Data Supplement). To clarify
the pharmacokinetics of nanoparticle treatment, we mea-
sured plasma concentration of pitavastatin in the pitavas-
tatin and pitavastatin-NP groups. Plasma concentration of
pitavastatin was below the limit of detection (0.625 ng/mL)
except 2 hours after intravenous injection of pitavastatin-NP
(Table IV in the online-only Data Supplement). There
were no significant differences in lipid profiles among the
4 groups (Table V in the online-only Data Supplement).
Immunohistochemical analysis revealed that treatment with
pitavastatin-NPs attenuated the infiltration of Mac3-positive
cells and MCP-1 expression in atherosclerotic plaques
(Figure 3A; Table 2). In cultured monocytes, pretreatment
with pitavastatin-NPs at 10 pmol/L, but not with pitavas-
tatin at the same dose, inhibited interferon-y—induced gene
expression of MCP-1 (Figure 4B). Consistent with these
data, treatment with pitavastatin-NPs, but not FITC-NPs or
pitavastatin, decreased the atherosclerosis area in the whole
aorta and aortic root (Figure 3B and 3C). Treatment with
pitavastatin-NPs, but not with FITC-NPs or pitavastatin, also
attenuated the infiltration of Mac3-positive cells to the aortic
root (Figure 3C).
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FITC-NP No Treatment Figure 2. In vivo nanoparticle-mediated
drug delivery. A, Representative flow
cytometry dot plots of circulating leukocytes
2 hours after intravenous injection of PLGA
nanoparticles encapsulated with FITC
(FITC-NP). Cells were stained with lineage
markers and anti-CD11b. The histograms
demonstrate FITC uptake by neutrophils (i)
and monocytes (ji) in the blood and spleen.
Purple indicates control fluorescence in
cells derived from uninjected mice. Green
indicates fluorescence in cells derived from
FITC-NP-injected mice. The percentages of
FITC-positive cells is reported as mean+SEM
(n=3 per group). B, Top, Representative
FITC-NP No Treatment fluorescent and light stereomicrographs of
isolated segments of the aortic arch 24 hours
after intravenous injection of saline (control)
or FITC-NPs. Scale bar, 1 mm. Bottom,
Representative photomicrographs of serial
sections of atherosclerotic plagues in the
brachiocephalic artery (red dotted line of
upper panel) examined with fluorescence
microscopy or stained with hematoxylin-
eosin (HE). In the fluorescent micrographs,
the nuclei were counterstained with
propidium iodide (red). Scale bar, 200 pm.

Lin——>

Fluorescence

CD11b —>

Aortic Arch

—— No Treatment
—— FITC-NP

(i) Neutrophil (ii) Monocyte
36+13% W 61+13%

Light

Blood

Cell count

20+7% . 48+9%

Fluorescence

¢

Spleen
—;f“;:
Brachiocephalic Artery

Treatment With Pitavastatin-NPs Inhibits is another potential mechanism through which plaques
Gelatinase Activity in the Atherosclerotic Plaque can be destabilized.® In situ zymography revealed that
As reported previously, MMP secretion was upregulated pitavastatin-NPs but not control nanoparticles reduced
in inflammatory monocytes, and focal activation of MMPs gelatinase activity (Figure 5A). A gelatinase activity
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Figure 3. Treatment with nanoparticles (NPs) encapsulated with pitavastatin (Pitava-NP) inhibits atherosclerotic plague destabilization
and rupture. A, Top, Photomicrographs of atherosclerotic plagues in the brachiocephalic artery stained with elastica van Gieson (EVG),
the antimacrophage surface glycoprotein Mac3, and monocyte chemoattractant protein-1 (MCP-1) from the no-treatment (N), FITC-NP
(FN), pitavastatin (P), and Pitava-NP groups (PN). Scale bar, 100 um. Bottom, Quantitation of the number of disrupted/buried fibrous
caps, fibrous cap thickness, and Mac3- and MCP-1-positive areas. Data are mean+SEM. *P<0.05 vs no-treatment group. B, Top,
Photomicrographs of intraluminal surface of total aorta stained with oil red O. Bottom, Quantitation of percentage of oil red O-positive
area compared with total luminal surface area. Data are mean+SEM. *P<0.05 vs no-treatment group. C, Top, Photomicrographs of
atherosclerotic plagues in aortic root stained with EVG or Mac3. Bottom, Quantitation of plaque size and Mac3-positive areas. Scale bar,
200 pum. Data are mean+SEM. tP<0.05 vs no-treatment group by 1-way ANOVA followed by Dunnett multiple comparison tests. *P<0.05
vs no-treatment group by 1-way ANOVA followed by Bonferroni multiple comparison tests.
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Table 2. Characteristics of Brachiocephalic Artery Plaques in
the No-Treatment, FITC-NP, Pitavastatin, and Pitavastatin-NP
Groups

No Treatment  FITC-NP  Pitavastatin  Pitavastatin-NP

(n=9) (n=7) (n=6) (n=10)
Ruptured plaques 3.3+0.2 3.4+05 3.3+x0.2 2.0+0.4*
per animal, n
Plaque area, 230+10 17010  130+40* 150+20*
x10% pm?
Fibrous cap 1.6+0.2 1.3+0.1 1.2+0.1 1.9+0.2*
thickness, pm
Lipid core area, % 15+3 12+3 8+2 1142
Macrophage 22+2 22+3 27+2 14+3*
area, %
MCP-1 area, % 211 24+2 26+2 15+3*

Data are mean+SEM. Data concerning ruptured plaques per animal were
compared by ANOVA followed by Dunn multiple comparison tests. Other data
were compared by ANOVA followed by Bonferroni multiple comparison tests.
MCP-1 indicates monocyte chemoattractant protein-1; and NP, nanoparticles.

*P<0.05 vs no-treatment group.

assay with gelatin zymography in the culture medium of
RAW?264.7 cells showed that pitavastatin-NPs reduced
MMP-9 secretion in a dose-dependent manner, whereas
the same dose of pitavastatin showed no effects on MMP-9
secretion (Figure 5B). Both the pro-form and active form of
MMP-2 were almost undetectable in the culture medium of
RAW264.7 cells, even when stimulated with lipopolysac-
charide (Figure 5B).
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Treatment With Pitavastatin-NPs Inhibits the
Recruitment of Ly-6C"#" Monocytes to the
Circulating Blood

Monocytosis and increased Ly-6C"" monocytes in the cir-
culating blood critically promote the progression of ath-
erosclerosis.’ Treatment with pitavastatin-NP reduced the
percentage of monocytes among the total leukocytes on days
7 (Figure 4A). A monocyte subset analysis showed a marked
reduction of Ly-6C"#" monocytes in the circulating blood
in the pitavastatin-NP group (Figure 4A). Although CCR2,
a key chemokine receptor that promotes the migration of
Ly-6C"#" monocytes, was not affected by pretreatment with
pitavastatin-NPs (Figure 4B), MCP-1-induced chemotaxis
was inhibited by pretreatment with pitavastatin-NPs in a
dose-dependent manner (Figure 4C).

Nanoparticle-Mediated Anti-MCP-1 Gene Therapy
Inhibits Plaque Destabilization and Rupture

To further elucidate the impact of inhibition of MCP-1/
CCR2 signaling through a nanoparticle-mediated DDS on
plaque destabilization and rupture, we examined the effects
of nanoparticles that contained plasmids that encode 7ND,
a deletion mutant of MCP-1. We previously reported that
systemic gene therapy with the 7ND plasmid attenuated the
development and progression of atherosclerosis in ApoE~~
mice?”**3¢ and that nanoparticle-mediated transfection of the
TND plasmid inhibited MCP-1-induced monocyte chemo-
taxis ex vivo.*” Treatment with 7ND-NPs reduced macrophage
infiltration into the plaques and the incidence of disrupted/bur-
ied fibrous caps associated with thick fibrous caps (Figure 6A;
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Figure 5. Effects of nanoparticles (NPs)
encapsulated with pitavastatin (Pitava-NP)
* on gelatinase activity of atherosclerotic
.y plaque. A, Left, In situ zymography for
gelatinase activity of atherosclerotic
plaque in brachiocephalic artery. Nuclei
were counterstained with DAPI. Scale bar,
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100 um. The addition of EDTA was used
as a negative control for each section.
Right, Quantitative analysis of relative
fluorescence units (RFUs) of gelatinase
activity in atherosclerotic plaques treated
with control NPs or pitavastatin-NPs.
Data are mean+SEM. *P<0.05 vs
Control-NP group by unpaired t test.

1.6 B, Quantitative analysis of native form of
matrix metalloproteinase-9 (MMP-9) by
gelatin zymography. Data are mean+SEM
(n=3 per group) and were compared by
2-way ANOVA followed by Bonferroni
multiple comparison tests. *P<0.05 vs
lipopolysaccharide (LPS) group by 1-way
ANOVA followed by Bonferroni multiple
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Table 3), although the serum lipid profile was comparable
(Table VI in the online-only Data Supplement). In contrast,
treatment with 7ND-NPs did not decrease the atherosclerosis
area in the aorta (Figure 6B).
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Figure 6. Nanoparticle-mediated anti-MCP-1 (monocyte
chemoattractant protein-1) gene therapy inhibits plaque
destabilization and rupture. A, Top, Photomicrographs of
atherosclerotic plaques in brachiocephalic artery stained
with elastica van Gieson (EVG) or Mac3. Arrowheads indicate
disrupted/buried fibrous caps. Scale bar, 100 um. Bottom,
Quantitative comparison of number of disrupted/buried fibrous
caps, fibrous cap thickness, and Mac3-positive area. Data
are mean=SEM. *P<0.05 and ***P<0.001 vs FITC-NP group.
B, Quantitation of percentage of plaque area compared with
total luminal surface area. Data are mean+SEM. There were
no statistically significant differences between the 2 groups.
FITC-NP indicates nanoparticles encapsulated with FITC,
7ND-NP, nanoparticles encapsulated with 7ND plasmid.

comparison tests.

Effects of Oral Treatment With Pitavastatin on
Plaque Destabilization and Rupture

Daily oral administration of pitavastatin 0.1 mg/kg had no
significant effects on plaque destabilization and rupture, but
administration of pitavastatin at 1.0 mg/kg reduced the inci-
dence of disrupted/buried fibrous caps associated with thick
fibrous caps and plaque size (Figure VA in the online-only
Data Supplement; Table 4). Daily oral administration of
pitavastatin 1.0 mg/kg also decreased the atherosclerosis
area in the whole aorta and aortic root, whereas administra-
tion of pitavastatin 0.1 mg/kg did not (Figure VB and VC in
the online-only Data Supplement). Daily oral administration
of pitavastatin 1.0 mg/kg significantly inhibited macrophage
infiltration and MCP-1 expression in the brachiocephalic
artery (Mac3 immunostaining area: 49+3 [x10°® pm? n=9],
535 [x10° pm? n=10], and 22+4 [x10° pm?* n=11] for no
treatment, pitavastatin 0.1 mg/kg, and pitavastatin 1 mg/kg,
respectively; P<0.01 for no treatment versus pitavastatin 1
mg/kg; MCP-1 immunostaining area: 47+3 [x10° pm? n=9],

Table 3. Characteristics of Brachiocephalic Artery Plaques in
the FITC-NP and 7ND-NP Groups

FITC-NP 7ND-NP
Ruptured plaques per 3.1+0.4 (n=12) 1.4+0.4* (n=10)
animal, n
Plaque area, x10° pm? 140+15 (n=8) 170+30 (n=5)
Fibrous cap thickness, pum 1.6+0.3 (n=8) 3.6+0.8* (n=9)
Macrophage area, % 16+1 (n=5) 9+1* (n=6)
MCP-1 area, % 17+2 (n=6) 14+3 (n=6)

Data are mean+=SEM. Data concerning ruptured plaques per animal were

compared by Mann-Whitney test. Other data were compared by unpaired ¢ test.
MCP-1 indicates monocyte chemoattractant protein-1; and NP, nanoparticles.
*P<0.05 vs FITC-NP.
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Table 4. Characteristics of Brachiocephalic Artery Plaques in
the No-Treatment, Pitavastatin 0.1 mg/kg, and Pitavastatin 1.0
mg/kg Groups

No Treatment Pitavastatin 0.1 Pitavastatin 1.0

(n=9) mg/kg (n=10)  mg/kg (n=11)
Ruptured plaques per 3.3+0.2 3.2+0.7 1.9+0.31
animal, n
Plaque area, x10° um? 230+10 190+20 130+10*
Fibrous cap thickness, pm 1.6+0.2 1.5+0.1 2.6+0.4**
Lipid core area, % 15+3 26+2 14+2
Macrophage area, % 22+2 26+3 18+4
MCP-1 area, % 21+1 17+1 16+3

Data are mean+SEM. Data concerning ruptured plaques per animal were
compared by ANOVA followed by Dunn multiple comparison tests. Other data
were compared by ANOVA followed by Bonferroni multiple comparison tests.
MCP-1 indicates monocyte chemoattractant protein-1.

*P<0.05 vs the no-treatment group; **P<0.01 vs the no-treatment group.

1P<0.05 vs the no-treatment group; data were compared by ANOVA followed
by Dunnett multiple comparison tests.

40£5 [x10° pm?; n=10], and 21+2 [x10* pm?, n=11] for no
treatment, pitavastatin 0.1 mg/kg, and pitavastatin 1 mg/kg,
respectively; P<0.01 for no treatment versus pitavastatin 1 mg/
kg; Figure VA in the online-only Data Supplement; Table 4).
The serum lipid profile was comparable among the 3 groups
(Table VII in the online-only Data Supplement). The cumula-
tive effective dose of orally administered pitavastatin was =20
times greater than that of the dose of pitavastatin-NPs required
to achieve plaque stability (28 versus 1.6 mg/kg, respectively).

Discussion

Advanced atherosclerotic plaques spontaneously rupture in
the brachiocephalic arteries of ApoE™ or low-density lipo-
protein receptor—deficient (LDL-R”") mice, and this rupture
appears to represent several key histological features of rup-
tured human plaques, including an increase in plaque desta-
bilization markers (eg, monocyte infiltration/activation, lipid
accumulation, fibrous cap thinning) and evidence of disrupted
and buried fibrous caps.!”*33 The recruitment of Ly-6Che"
monocytes was observed during the development of aortic
atherosclerosis in ApoE”~ mouse®'; however, substantial proof
for a decisive role of Ly-6C"¢" monocytes in plaque destabi-
lization and rupture has been lacking. In the present study,
we used this murine model and found that (1) the recruitment
of inflammatory monocytes into the atherosclerotic plaque
is critical for accelerating plaque destabilization and (2) the
nanoparticle-mediated delivery of pitavastatin inhibits plaque
destabilization and rupture by inhibiting the recruitment of
inflammatory monocytes.

A recent study reported that local macrophage proliferation
rather than monocyte recruitment is a major component of
atherosclerosis formation.* In the present study, we demon-
strated that the adoptive transfer of inflammatory monocytes
accelerated plaque destabilization in a CCR2-dependent
manner, which suggests a role of direct recruitment of inflam-
matory monocytes in this process. The different importance
of monocyte recruitment and local macrophage proliferation
between these studies may be attributable to the difference in
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the model, because angiotensin II infusion strongly induces
MCP-1 expression in arterial walls,*' which might reveal the
importance of monocyte recruitment. There is a possibility
that adoptive transfer of inflammatory monocytes indirectly
enhanced local macrophage proliferation through an increase
in serum monocyte-colony stimulating factor (Table IT in the
online-only Data Supplement) to accelerate atherosclero-
sis. Further study is needed to examine the relative impor-
tance of different mechanisms of monocyte/macrophage
contribution to atherosclerosis in different pathological set-
tings. Adoptive transfer of CCR2*Ly-6C"&" macrophages
also increased serum levels of monocyte/macrophage che-
moattractants (MCP-1, MCP-3, and MCP-5; Table II in the
online-only Data Supplement), which might further accel-
erate monocyte/macrophage-mediated inflammation. These
findings suggest that targeting CCR2*Ly-6C"" inflammatory
monocytes/macrophages with a DDS is a promising strategy
to inhibit the destabilization of rupture-prone atherosclerotic
plaques.

We used a PLGA nanoparticle as a phagocyte-directed
DDS in the present study because PLGA is a biocompat-
ible material that is already in clinical use. Intravenously
administered FITC-NPs were rapidly taken up by circulat-
ing and splenic leukocytes, predominantly by monocytes/
macrophages, and accumulated in macrophages in athero-
sclerotic plaques (Figure 2). An in vitro pharmacodynam-
ics assay with FITC-NPs showed that nanoparticulation
enhanced cellular uptake and retention over a 7-day period
in cultured macrophages (Figure IV in the online-only
Data Supplement). Weekly intravenous treatment with
pitavastatin-NPs inhibited plaque destabilization and rup-
ture associated with reduced macrophage infiltration and
MCP-1 expression without affecting serum cholesterol lev-
els. We previously reported that pitavastatin-NPs inhibited
lipopolysaccharide-induced nuclear factor-kB activation
in cultured macrophages.** Nuclear factor-xB is a central
regulator of monocyte inflammatory activation and leads to
the upregulation of MCP-1 and MMP expression.* Indeed,
pitavastatin-NPs inhibited MCP-1 expression and gelatin-
ase activity in macrophages both in vivo and in vitro. In
the present study, interference with MCP-1/CCR2 signal-
ing by the intravenous administration of 7ND-NP inhibited
the recruitment of monocytes into the plaque, followed by
plaque stabilization in the brachiocephalic artery (Figure 6),
which confirms the pivotal role of MCP-1/CCR2 signaling—
mediated monocyte migration, which makes this signaling
pathway a therapeutic target to inhibit plaque destabilization.
In the present study, aortic atherosclerosis was not reduced
by intravenous injection of 7ND-NPs, which primarily tar-
get circulating monocytes and their microenvironment.*’
We have reported previously that aortic atherosclerosis in
ApoE”~ mice fed a high-fat diet (without angiotensin II
infusion) was attenuated by HVJ (hemagglutinating virus of
Japan; Sendai virus) liposome-mediated 7ND gene trans-
fer into hindlimb muscles, which maintains 7ND-mutant
MCP-1 in the circulation.’* Because we have previously
shown that angiotensin II infusion strongly induces MCP-1
expression in smooth muscle cells in the aorta,* a different
source of MCP-1 (macrophages in the setting of a high-fat
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diet, and macrophages and smooth muscle cells in the set-
ting of a high-fat diet and angiotensin II infusion) might
affect the different therapeutic effect of 7ND plasmid on a
different mode of administration, although this was beyond
the scope of the present study.

Importantly, pitavastatin-NPs reduced the number of
circulating Ly-6CMe" inflammatory monocytes, which sug-
gests that pitavastatin-NPs inhibited recruitment of Ly-6Chie"
monocytes from the sites of hematopoiesis to the circula-
tion,* in addition to inhibiting recruitment from the circula-
tion to the atherosclerotic lesions. Because pitavastatin-NPs
did not affect CCR2 expression, in contrast with MCP-1
expression (Figure 4B), pitavastatin-NPs might inhibit
monocyte chemotaxis by inhibiting the geranylgeranylation
of RhoA, which regulates the ERM (ezrin/radixin/moesin)
family of proteins.*3

Pitavastatin was used in the present study because we pre-
viously found that this compound elicited the most potent
inhibitory effects on HMG-CoA reductase activity in rodent
liver microsomes compared with other statins (April, 2012).
A prior study reported that daily oral administration of
pitavastatin at 1 and 10 mg/kg, which exceeds the clinical
norm and could lead to serious adverse side effects, attenu-
ates the development of aortic atherosclerosis in ApoE™"
mice.* We thus examined whether nanoparticle-mediated
pitavastatin delivery is superior to daily oral administration
of pitavastatin alone for the inhibition of aortic atherosclero-
sis and plaque destabilization and rupture, and we found that
oral daily administration of pitavastatin at 0.1 mg-kg='-d™' for
28 days (cumulative dose, 0.1 mg/body) had no therapeutic
effects, but administration of pitavastatin at 1.0 mg-kg'-d™!
(cumulative dose, 1.0 mg/body) showed significant therapeu-
tic effects. Therefore, our nanoparticle-mediated DDS (0.05
mg of pitavastatin per body) potentiated the therapeutic effi-
cacy of pitavastatin (by >20-fold). Our nanoparticle-medi-
ated DDS may extend the usages of statin treatment while
reducing potential side effects.

There are some limitations in the present study. First, we
could not detect thrombus formation in the brachiocephalic
artery or myocardial infarction or stroke in our murine model
because mouse ruptured plaques rarely undergo thrombotic
occlusion, which may reflect the difference in coagulation/
fibrinolytic activity between mice and humans.*’

Second, we could not determine the proportion of trans-
ferred macrophages that migrated into the arteries. Although
a substantial proportion of transferred macrophages might be
trapped in the reticuloendothelial system, such as liver and
lung, we did observe increased macrophage infiltration to the
brachiocephalic artery associated with upregulated monocyte/
macrophage-associated serum proteins, which suggests that
transferred macrophages were biologically active in the pres-
ent study.

Third, the tissue concentrations of pitavastatin could not be
measured because the sample size from the brachiocephalic
arteries was too small for high-performance liquid chromatog-
raphy. Although we examined the plasma level of pitavastatin
in the pitavastatin and pitavastatin-NP groups, the concentra-
tion of pitavastatin could be measured only >2 hours after
intravenous injection. Further studies are needed to clarify the

in vivo pharmacokinetics of pitavastatin after pitavastatin-NP
treatment in larger animals.

Finally, we only adopted the protocol of weekly intra-
venous administration of pitavastatin-NPs at the indicated
dose. The dose of pitavastatin-NPs used in the present study
was selected because of its effectiveness in previous studies
from our laboratory in murine and rabbit models of hindlimb
ischemia.”* Further studies are needed to determine the
optimal dose range and interval of pitavastatin-NPs for clini-
cal application.

In conclusion, recruitment of inflammatory monocytes is
critical in the pathogenesis of plaque destabilization and rup-
ture. Nanoparticle-mediated pitavastatin delivery inhibited
plaque destabilization and rupture and regulated the recruit-
ment of inflammatory monocytes by interfering in MCP-1/
CCR2 signaling in this model. This nanotechnology-based
modality can be developed as a new therapeutic strategy for
vulnerable patients with rupture-prone unstable plaques.
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CLINICAL PERSPECTIVE

Acute myocardial infarction is the most severe type of coronary heart disease. Recent advances in therapeutic intervention
for acute myocardial infarction have been associated with an increased prevalence of heart failure with high long-term mor-
tality, which remains a serious concern worldwide. The pathophysiological process of acute myocardial infarction includes
atherosclerotic coronary plaque destabilization and rupture. In clinical settings, the use of HMG-CoA reductase inhibitors
(statins) reduces cardiovascular risks; however, even a high-dose strong statin is insufficient to suppress acute myocardial
infarction. In the present study, we identified circulating CCR2*Ly-6C"¢" inflammatory monocytes/macrophages as a cul-
prit and a therapeutic target for plaque destabilization and rupture. We engineered poly(lactic-co-glycolic acid) (PLGA)
nanoparticles containing pitavastatin, which was taken up mainly by circulating monocytes. PLGA nanoparticle-mediated
delivery of pitavastatin inhibited aortic atherosclerosis and the plaque destabilization and rupture associated with decreased
monocyte chemoattractant protein-1/CCR2 signaling—mediated monocyte infiltration and gelatinase activity in the plaque.
A nanoparticle-mediated drug-delivery system potentiates the therapeutic efficacy of pitavastatin at least 20-fold compared
with daily oral administration of pitavastatin. We are now performing a phase I/Ila clinical trial of nanoparticles encapsu-
lated with pitavastatin in patients with critical limb ischemia (UMIN [University Hospital Medical Information Network]
clinical trial registry No. UMINO000008011). Given the safety profile of GMP (good manufacturing practices)-compliant
pitavastatin-encapsulated nanoparticles, future clinical trials will examine their clinical value in patients with unstable coro-
nary plaques. Finally, nanoparticle-mediated drug delivery is a novel modality that may advance current statin treatment for
unstable plaques and achieve an optimal therapeutic strategy for the prevention of acute myocardial infarction in the future.
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SUPPLEMENTARY MATERIAL

Supplementary Materials and Methods

Diet preparation

A high-fat diet (HFD) that contained 21% fat from lard and was supplemented with 0.15%
(wt/wt) pure cholesterol (Oriental yeast, Tokyo Japan) was prepared according to the
formula recommended by the American Institute of Nutrition. This diet contained the
following constituents: casein, cystine, corn starch, sucrose, cholic acid, a mineral mixture,
a vitamin mixture, powdered cellulose, choline bitartrate, and tert-butylhydroquinone.
Experimental protocols

At 16 to 18 weeks of age, mice began receiving the HFD. After 4 weeks of HFD, all mice
were infused with angiotensin II dissolved in phosphate-buffered saline (PBS) at 1.9
mg/kg per day via an osmotic mini-pump (Alzet, Cupertino, CA, USA) for 4 weeks."?
Systolic blood pressure and heart rate were measured by the tail-cuff method and body
weight was measured 4 weeks after the angiotensin II infusion. Mice were euthanized with
intraperitoneal injection of pentobarbital at day 28 of angiotensin II infusion for analysis.
Blood samples were collected via the left ventricles. Commercially available
enzyme-linked immunosorbent assay kits (Wako Pure Chemical Industries, Osaka, Japan)
were used to measure plasma lipid profiles (total cholesterol and triglycerides). Serum
levels of various biomarkers were measured with the Luminex LabMAP instruments
(Charles River Laboratories, Wilmington, MA, USA)
(http://www.criver.com/en-US/ProdServ/ByType/Discovery/Pages/PlasmaBiomarkerAnal
ysis.aspx).

Experimental protocol I: To examine whether inflammation-activated macrophages

accelerate plaque destabilization and rupture, CCR2"*-inflammatory macrophages from

the peritoneal cavity of ApoE” CCR2"* mice and CCR2""-leukocytes from the peritoneal



