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Technical advance

Fluorescent pegylated nanoparticles
demonstrate fluid-phase pinocytosis by
macrophages in mouse atherosclerotic lesions
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The uptake of lipoproteins by macrophages is a critical step in the development of atherosclerotic lesions.
Cultured monocyte-derived macrophages take up large amounts of native LDL by receptor-independent
fluid-phase pinocytosis, either constitutively or in response to specific activating stimuli, depending on the
macrophage phenotype. We therefore sought to determine whether fluid-phase pinocytosis occurs in vivo in
macrophages in atherosclerotic lesions. We demonstrated that fluorescent pegylated nanoparticles similar
in size to LDL (specifically nontargeted Qtracker quantum dot and AngioSPARK nanoparticles) can serve
as models of LDL uptake by fluid-phase pinocytosis in cultured human monocyte-derived macrophages
and mouse bone marrow-derived macrophages. Using fluorescence microscopy, we showed that atheroscle-
rosis-prone Apoe-knockout mice injected with these nanoparticles displayed massive accumulation of the
nanoparticles within CD68* macrophages, including lipid-containing foam cells, in atherosclerotic lesions in
the aortic arch. Similar results were obtained when atherosclerotic mouse aortas were cultured with nanopar-
ticles in vitro. These results show that macrophages within atherosclerotic lesions can take up LDL-sized
nanoparticles by fluid-phase pinocytosis and indicate that fluid-phase pinocytosis of LDL is a mechanism

for macrophage foam cell formation in vivo.

Introduction
Macrophage uptake of lipoproteins, especially LDL, is considered
a critical process in the development of atherosclerosis, causing
transformation of the macrophages into foam cells, thus promot-
ing cholesterol accumulation and inflammation in the athero-
sclerotic plaque (1, 2). Heretofore, researchers believed that mac-
rophages could internalize only modified lipoproteins, typically
through a variety of scavenger receptors (3, 4). In recent studies,
we have demonstrated an alternative mechanism for macrophage
foam cell formation that does not depend on LDL modification
or macrophage receptors (5-7). In this mechanism of foam cell
formation, macrophages take up LDL through receptor-indepen-
dent fluid-phase pinocytosis. In contrast to receptor-mediated
uptake of lipoproteins, receptor-independent fluid-phase uptake
of ['*SI|LDL does not become saturated at high ['?SILDL concen-
trations (5, 7). Pinocytosis of fluid and solutes such as LDL can
occur either through uptake of fluid by micropinocytosis within
small vesicles (micropinosomes) less than 0.1 um in diameter or
by macropinocytosis within large vacuoles (macropinosomes)
usually greater than 1 um (8, 9). Macropinosomes form from
extended plasma membrane folds that fuse back with the plasma
membrane, trapping extracellular fluid with the intracellular
vacuoles that are formed.

Macrophage pinocytosis of LDL is either constitutive or acti-
vated through a protein kinase C-dependent signaling pathway,
depending on the macrophage differentiation phenotype. Differ-
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entiation of human monocytes in the presence of FBS and M-CSF
produces an elongated macrophage phenotype (CD68 and CD14
positive) in which large amounts of LDL are taken up and high
levels of cholesterol accumulate via constitutive pinocytosis (7).
Alternatively, human monocytes can be differentiated with human
serum or FBS and GM-CSF, producing a rounded, “fried egg”
macrophage phenotype (CD68 positive but CD14 negative) char-
acterized by LDL uptake and cholesterol accumulation following
stimulation of pinocytosis by protein kinase C activation (5, 6, 10,
11). The pinocytosis of fluid that occurs with both macrophage
phenotypes is accompanied by vigorous macropinocytosis, sug-
gesting that this mechanism of fluid uptake contributes to the
total pinocytotic fluid uptake observed in these macrophages.

In order to show that fluid-phase pinocytosis of lipoproteins
such as LDL can occur within atherosclerotic lesions in vivo, it
is necessary to have a tracer that does not bind to cells and that
ideally would be similar in size to LDL. Toward this end, we have
made use of fluorescent nanoparticles that do not bind cells as
a tracer for qualitative and quantitative analysis of fluid-phase
pinocytosis. AngioSPARK nanoparticles are highly near-infra-
red fluorescent nanoparticles specifically designed for in vivo
imaging. These nanoparticles are pegylated to minimize their
interaction with cells, and when introduced into the vasculature,
AngioSPARK nanoparticles remain localized therein for extend-
ed periods of time, showing a half-life of 14 hours in blood of
mice (12). Qtracker nontargeted quantum dots (see Methods)
are also stable, bright fluorophores that have high quantum
yields and narrow fluorescence emission bands. Qtracker non-
targeted quantum dots are also pegylated and exhibit a circulat-
ing half-life of 18.5 hours (13). The two types of nanoparticles
are similar in size (20-50 nm for AngioSPARK and 28-29 nm
for the quantum dots) to LDL (22 nm). We now show that these
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Macrophages take up quantum dot and AngioSPARK nanoparticles and Dil-LDL by fluid-phase pinocytosis. M-CSF—differentiated human mono-
cyte—derived macrophages were incubated with increasing concentrations of fluorescent lipoproteins or nanoparticles (x axis) for 5 hours, and
then macrophage uptake of fluorescent nanoparticles (y axis) was determined as described in Methods. Dil-AcLDL uptake showed saturation
at 80 nM (i.e., 44 ug/ml), consistent with receptor-mediated endocytosis, while quantum dot and AngioSPARK nanoparticle and Dil-LDL uptake
showed no saturation, consistent with fluid-phase pinocytosis. Dil-AcLDL and quantum dot uptake were analyzed in the same experiment, but
Dil-LDL and AngioSPARK uptake were determined in separate experiments using different macrophage cultures.

nanoparticles can be used to monitor fluid-phase pinocytosis in
cultured cells and by cells in vivo. Like LDL, these fluorescent
nanoparticles were taken up by cultured macrophages by fluid-
phase pinocytosis. Using both types of fluorescent nanoparticles,
we now demonstrate fluid-phase pinocytosis by macrophages in
vivo in atherosclerotic lesions using the Apoe-knockout mouse
model of atherosclerosis.

Results
First, we examined uptake of fluorescent Dil-acetylated LDL (Dil-
AcLDL), Dil-LDL, quantum dots, and AngioSPARK nanoparticles
by human monocyte-derived macrophages differentiated 1 week
with M-CSF in vitro. Following differentiation, macrophages
were incubated for 5 hours with increasing concentrations of
Dil-AcLDL (0-160 nM), DiI-LDL (0-320 nM), quantum dots
(0-160 nM), or AngioSPARK nanoparticles (0-160 nM) (Figure
1). Dil-AcLDL uptake was saturated at 80 nM (44 ug/ml), con-
sistent with scavenger receptor-mediated uptake, as previously
described for AcLDL (14). In contrast, Dil-LDL, quantum dort,
and AngioSPARK uptake was linearly related to the concentra-
tion of these particles in the medium, showing no saturation and
therefore not mediated by cell binding. Microscopy revealed that
Dil-LDL, quantum dots, and AngioSPARK nanoparticles accu-
mulated within the macrophages (Figure 2).

In another experiment, human macrophages were pretreated for
60 minutes without or with 2 ug/ml cytochalasin D (an inhibitor
1374
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of actin microfilament function) and then incubated with Angio-
SPARK nanoparticles (160 nM) for 30 minutes without or with
cytochalasin D, followed by rinsing of the cultures. Fluorescence
microscopy showed that while macrophages accumulated fluores-
cent nanoparticles without cytochalasin D, macrophages did not
accumulate nanoparticles in the presence of cytochalasin D (data
not shown). In both cases, no nanoparticles were observed bound
to the plasma membrane of the macrophages confirming that the
nanoparticles did not bind cells.

We also assessed the possibility that the size of nanoparticles
might change during incubation with macrophages. To test for
this, we performed fast performance liquid chromatography of
quantum dot nanoparticles (80 nM) incubated with human mac-
rophages for 5 hours or immediately after the nanoparticles (as
supplied by the manufacturer; see Methods) were diluted (Figure
3). Chromatograms showed that the quantum dot nanoparticles
eluted in 2 identifiable peaks: a small fraction of nanoparticles
eluting in fractions 25-29 and a large fraction of nanoparticles
eluting in fractions 32-45. We calculated the percentage of total
fluorescence for each peak and determined that fractions 25-29
represented 3% of the total fluorescence for both samples, and
fractions 32-45 represented 97% of the total fluorescence for both
samples. These data show that quantum dot nanoparticle size was
not altered during incubation with cultured macrophages. The
nanoparticles eluted slightly ahead of the elution position of LDL,
indicating that the nanoparticles are slightly larger than 22 nm,
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Figure 2

Accumulation of quantum dot and AngioSPARK nanoparticles and
Dil-LDL in cultured macrophages. Phase and fluorescence merged
photomicrographs of human macrophages cultured for 24 hours with-
out fluorescent particles (A) or with Dil-LDL (80 nM) (B), quantum dot
nanoparticles (80 nM) (C), and AngioSPARK nanoparticles (80 nM)
(D) are shown. The inset in C shows a confocal image. Arrowheads
indicate nuclei with accumulation of perinuclear nanopatrticles. Scale
bars: 50 um (A-D), 10 um (C, inset).

the size of LDL. This finding is consistent with information pro-
vided by the manufacturer (see Methods) that the size of the quan-
tum dot nanoparticles we used is 28-29 nm.

Next, we assessed the uptake of nanoparticles by murine bone
marrow-derived macrophages differentiated in vitro for 4 days
with M-CSF. Because we sought to investigate fluid-phase pino-
cytosis of nanoparticles by macrophages in vivo, we tested the
possibility that components within Apoe-knockout mouse plasma
might interact with nanoparticles, potentially causing nanopar-
ticle uptake by macrophages to occur in a receptor-dependent
manner. To test for this, we incubated quantum dot nanoparticles
for 24 hours in Apoe-knockout plasma and then incubated Apoe-
knockout bone marrow-derived macrophages with 0-160 nM
of plasma-treated nanoparticles (Figure 4). Uptake of nanopar-
ticles by macrophages was linearly related to the concentration of
nanoparticles in the medium, and was not saturated. Thus, similar
to results obtained with human macrophages, uptake of plasma-
treated nanoparticles by mouse macrophages was not due to mac-
rophage binding of the nanoparticles.

AngioSPARK nanoparticles (0.5 nmol/mouse) or normal saline
as a control were injected into Apoe-knockout mice fed a high-
cholesterol diet for 20 weeks and into C57BL/6 wild-type mice
fed a normal chow diet. After 24 hours, aortas were harvested
and imaged with a near-infrared fluorescence (NIRF) reflectance
imaging system. Aortic arch atherosclerotic lesions were also
examined by fluorescence microscopy. NIRF reflectance imag-
ing of aortas showed more intense fluorescence signal in aortas
from Apoe-knockout mice that were injected with AngioSPARK
nanoparticles compared with control mice, and the most intense
signal was mainly localized in aortic arch areas where athero-
sclerotic lesions are known to occur in Apoe-knockout mice (15)
(Figure 5A). AngioSPARK-injected wild-type mice without ath-
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erosclerotic lesions showed much less aortic fluorescence com-
pared with AngioSPARK-injected Apoe-knockout mice (Figure
5B). Uninjected Apoe-knockout and wild-type mice showed a
small degree of aortic fluorescence due to intrinsic tissue auto-
fluorescence (Figure 5, C and D). Quantitative analysis of infrared
mean fluorescence intensity in the aortic arch regions captured by
NIRF reflectance imaging showed a greater than 6-fold increase in
fluorescent signal in AngioSPARK-injected Apoe-knockout mice
compared with AngioSPARK-injected wild-type mice (Figure SE).
Fluorescence microscopic imaging of aortic arch sections revealed
accumulation of AngioSPARK nanoparticles in cells of the ath-
erosclerotic lesions (Figure 6).

Quantum dots (2 nmol/mouse) or normal saline as controls
were also injected into Apoe-knockout mice. The concentration
of injected quantum dot nanoparticles was such as to achieve an
initial concentration of plasma nanoparticles equivalent to the
concentration of LDL in humans (i.e., about 2 uM LDL). After
24 hours, aortas were harvested, and aortic arch atherosclerotic
lesions were examined by fluorescence microscopy. Alternatively,
aortic arches from uninjected mice were removed and incubated
24 hours with 0.8 uM quantum dots. In both cases, fluorescence
imaging of aortic arch sections revealed accumulation of quan-
tum dot nanoparticles in atherosclerotic lesions, mostly within
cells that were identified with nuclear staining (Figure 7, A and
B). Aortic arches incubated without quantum dots, used as con-
trols, showed no fluorescent nanoparticles, as expected (Figure
7C). Quantum dots were localized within atherosclerotic lesion
macrophages identified with anti-CD68 antibody (Figure 8, A
and B) and foam cells identified with oil red O lipid staining
(Figure 8, C and D). There were few or no quantum dots in the
vascular media (data not shown).
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Figure 3

Incubation of quantum dot nanoparticles with macrophages does
not alter nanoparticle size. Quantum dot nanoparticles (80 nM) were
immediately fractionated by fast performance liquid chromatography
(A) or incubated for 5 hours with M-CSF—differentiated human mono-
cyte—derived macrophages prior to fractionation by fast performance
liquid chromatography (B). The peak LDL elution was observed in frac-
tion 48 as indicated. Fluorescence (y axis) of fractions (x axis) was
detected as described in Methods. V, indicates the void volume.
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Murine macrophages take up plasma-treated quantum dot nanoparticles
by fluid-phase pinocytosis. Quantum dots were incubated for 24 hours
in Apoe-knockout mouse plasma. Subsequently, M-CSF—differentiated
murine bone marrow—derived macrophages were incubated with increas-
ing concentrations of plasma-treated fluorescent quantum dots (x axis)
for 5 hours, and then macrophage uptake of fluorescent nanoparticles
(y axis) was determined as described in Methods.

Discussion

We report the application of fluorescent pegylated nanoparticles
for the visualization of fluid-phase pinocytosis in vivo. Previously,
no suitable method existed for in vivo detection of this important
endocytic process that, as we have shown here, functions in ath-
erosclerotic lesion macrophages. The previous use of fluorescently
labeled dextran to monitor fluid-phase pinocytosis has been found

A

Figure 5

Visualization and quantification of AngioSPARK nanoparticle
fluorescence signal in atherosclerotic aortas. Mouse aortas
from Apoe-knockout (Apoe~-) and wild-type mice injected
24 hours earlier with AngioSPARK nanoparticles or normal
saline as control were imaged ex vivo by NIRF reflectance
imaging, as described in Methods. NIRF images of aortas from
Apoe-knockout mice with AngioSPARK injection (A) show sub-
stantially brighter NIRF signal than the aortas from wild-type
mice (B). Aortas from Apoe-knockout (C) and wild-type mice
(D) injected with normal saline as control show only a small
fluorescent signal due to intrinsic tissue autofluorescence. The
vessel wall NIRF signal is mainly localized in the aortic arch
(aa) regions defined between the 2 black bars. h, heart; da,
descending aorta. The color scale from black to white indicates
NIRF arbitrary units from 70 to 300 and applies to all aorta
images. (E) Quantitative analysis of infrared mean fluorescence
intensity in the aortic arch regions from 5 AngioSPARK-injected
mice minus the intrinsic mean fluorescence intensity of aortas
from 2 uninjected control mice (mean fluorescence intensity on
the y axis). Fluorescence of atherosclerotic aortic arches from
injected Apoe-knockout mice was significantly greater (P = 0.04)
than fluorescence of aortic arches with no lesions from wild-
type mice. Data represent mean + SEM of mean fluorescence
intensity determinations for each group.
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to be unsuitable because this probe can be internalized by receptor-
mediated uptake in cells such as macrophages expressing the man-
nose receptor (16, 17). As discussed below, fluid-phase pinocytosis
can mediate macrophage cholesterol accumulation, an important
process in the development of atherosclerotic lesions. Furthermore,
fluid-phase pinocytosis has been shown to function in vitro in den-
dritic cell and macrophage uptake of soluble antigens that are then
processed for antigen presentation to T cells (9, 17). The techniques
we report here make it possible now to study fluid-phase pinocy-
tosis in vivo as it occurs in atherosclerosis and during the process
of antigen presentation. Also, fluid-phase pinocytosis by other cell
types in vivo can now be discovered and investigated.

Learning how macrophages accumulate cholesterol and trans-
form into foam cells within atherosclerotic plaques has been a
major goal of research directed at understanding the pathogenesis
of atherosclerosis. The widely accepted hypothesis for foam cell for-
mation in atherosclerotic lesions involves receptor-mediated endo-
cytosis of blood-derived LDL that has entered the vessel wall and
become modified presumably by oxidation or aggregation (3, 4).
We have recently shown that modification of LDL is not necessary
for its uptake and degradation by macrophages. Human mono-
cyte-derived macrophages take up large amounts of native LDL
by receptor-independent fluid-phase pinocytosis, constitutively or
after activation with PMA, depending on the macrophage pheno-
type (5-7). We believe pinocytosis of fluid-phase rather than bound
LDL to be a novel mechanism of lipoprotein-induced macrophage
cholesterol accumulation. The current study has shown that this
fluid phase-mediated mechanism of macrophage lipoprotein
uptake could also occur in vivo in atherosclerotic plaques.

Wild-type

Apoe™"
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We encountered an unexpected technical problem with the
use of pegylated nanoparticles to probe fluid pinocytosis in vivo.
Because the nanoparticles do not bind to cell contents or matrix
and cannot be fixed in place (by design, the nanoparticles lack reac-
tive functional groups), the particles are not well retained in tissue
sections that are rinsed. To overcome this problem, it was optimal
to image the fluorescent nanoparticles in DAPI-stained frozen
sections without rinsing, fixation, immunostaining, or mounting
medium. Then further staining could be carried out, imaged, and
superimposed on the nanoparticle image.

The culture model used for the research reported here is char-
acterized by human monocyte-derived macrophages, differenti-
ated in the presence of M-CSF, that constitutively take up large
amounts of native LDL by fluid-phase pinocytosis (7). We showed
that these macrophages can also take up by fluid-phase pino-
cytosis fluorescent nanoparticles similar in size to native LDL.
Dil-LDL particles are LDL labeled with the fluorescent lipophil-
ic dye Dil, which diffuses into the hydrophobic portion of LDL
without affecting lipoprotein receptor binding (18-20). Thus, as
expected from our previous studies with native LDL (S, 7), Dil-LDL,
like the pegylated nanoparticles, showed nonsaturable fluid-phase
uptake by macrophages. In contrast, Dil-AcLDL showed saturable
receptor-mediated uptake by macrophages, consistent with its
known interaction with macrophage scavenger receptors (21).

After injection of AngioSPARK and quantum dots into Apoe-
knockout mice, both types of fluorescent nanoparticles could be
localized within aortic arch atherosclerotic lesions that develop

Figure 7

Accumulation of quantum dots in mouse aorta atherosclerotic lesions
occurs in vivo and in vitro. (A—C) Merged images of quantum dot
(green) and nucleus (blue) fluorescence in the intima. Some red auto-
fluorescence is present in the images in A and B. (A) Quantum dots
(2 nmol) were injected into an Apoe-knockout mouse. After 24 hours,
the aorta was harvested and processed for fluorescence microsco-
py. An aortic arch tissue section is shown, revealing accumulation of
quantum dots in atherosclerotic lesions, mostly within cells. (B and C)
Aortic arches from Apoe-knockout mice were cultured 24 hours with
(B) or without (control) (C) 0.8 uM quantum dots. The accumulation of
quantum dots within cells of atherosclerotic lesions was similar to that
observed in vivo. The lumen region is indicated. Scale bar: 2 um.
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Figure 6

Accumulation of AngioSPARK nanoparticles in mouse aortic arch ath-
erosclerotic lesions. Aortic arch sections from Apoe-knockout mice
injected with AngioSPARK nanoparticles (A—C) or normal saline (D)
are shown. Accumulation of AngioSPARK nanoparticles (red) within
cells of atherosclerotic lesions is shown at higher magnification in C.
Sections in A and B were not stained with DAPI, but nuclei of cells
appear as small, nonfluorescent oval regions surrounded by red Angio-
SPARK nanoparticles. Cell nuclei stained with DAPI in C and D are
shown in blue. Tissue autofluorescence is shown in green. Scale bars:
10 um (A); 5 um (B); 2 um (C and D). i, intima; m, media. Horizontal
bars on the left in C and D indicate intimal-medial borders.

in these hypercholesterolemic mice. Macrophages within the
atherosclerotic lesions accumulated the nanoparticles. We
hypothesized that the mechanism underlying their uptake was
fluid-phase pinocytosis, since this process was shown to occur in
vitro with nanoparticles treated with plasma from Apoe-knock-
out mice that were then incubated with bone marrow-derived
macrophages from Apoe-knockout mice. Two findings made it
unlikely that the fluorescent nanoparticles were taken up by
monocytes in the circulation and carried into the vessel wall.
Rare CD68-labeled monocytes that were attached to the luminal
surface of the vessel wall did not show accumulation of quan-
tum dots. Moreover, when we exposed atherosclerotic aortas
removed from Apoe-knockout mice to quantum dots in vitro
rather than by injecting the quantum dots into mice, quantum
dots also accumulated within atherosclerotic lesion macro-
phages. This shows that the quantum dots could enter the ves-
sel wall and be taken up by macrophages already present within
atherosclerotic lesions.

lumen

lumen
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lumen B

Figure 8

Accumulation of quantum dots in macrophages and foam cells of ath-
erosclerotic lesions in vivo. Quantum dots (2 nmol) were injected into an
Apoe-knockout mouse. After 24 hours, the aorta was harvested, and the
aortic arch was processed for fluorescence microscopy. Nuclei (blue)
and quantum dots (green) in the intima were first imaged (A and C).
Then the same respective tissue sections were either immunolabeled
with anti-CD68 to detect macrophages (red) (B) or stained with oil red
O to demonstrate lipid in foam cells (red) (D). Quantum dots are only
visualized in A and C because they are lost from the tissue sections dur-
ing subsequent oil red O lipid staining and macrophage immunostaining.
These images show localization of quantum dots within macrophages
and foam cells of atherosclerotic lesions. Scale bar: 2 um.

Our results showed that pinocytosis persists even in lipid-
filled macrophage foam cells, because macrophages that showed
extensive lipid deposits also accumulated substantial amounts
of quantum dots (Figure 7). Thus, macrophage lipid accumula-
tion does not downregulate fluid-phase pinocytosis, consistent
with our in vitro findings that LDL-induced macrophage cho-
lesterol accumulation does not downregulate macrophage pino-
cytosis (7,22). Unregulated uptake of LDL could eventually lead
to toxic levels of cholesterol accumulation within macrophages,
contributing to macrophage death, since excess unesterified
cholesterol accumulation is one factor shown to trigger macro-
phage apoptosis (23).

Previously, it was shown that a minimum of one-third of
LDL catabolism in animals and humans occurs via a receptor-
independent route, most prominently in the spleen, liver, small
intestine, and kidney (24). These same tissues show the highest
rates of fluid-phase pinocytosis (25), consistent with the sug-
gestion that receptor-independent catabolism of plasma LDL
is due to fluid-phase pinocytosis (26, 27). Also, consistent with
the hypothesis that receptor-independent catabolism of plasma
LDL is due to fluid-phase pinocytosis is the finding that recep-
tor-independent catabolism of plasma LDL is a linear function
of the plasma LDL concentration (24). Suppression of macro-
phage function results in decreased receptor-independent catab-
olism of LDL and raised LDL levels, suggesting that receptor-
independent uptake of LDL is mediated in part by macrophages
(26, 28). Furthermore, a recent study (27) has shown enhanced
fluid-phase (i.e., bulk-phase) uptake of LDL cholesterol in those
tissues infiltrated by macrophages in a mouse model of Nie-
mann-Pick type C disease, a cholesterol storage disorder caused
by a defect in cellular trafficking of cholesterol.

1378
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Our findings here show substantial fluid-phase pinocytosis by
macrophages in atherosclerotic plaques. Thus, not only is mac-
rophage fluid-phase pinocytosis of LDL a mechanism for foam
cell formation that we have shown occurs with cultured macro-
phages (5-7), but itis also a plausible mechanism to explain foam
cell formation of atherosclerotic plaque macrophages. Mono-
cyte differentiation into plaque macrophages is well established.
Also, M-CSF is present in plaques (29, 30), and we have shown
that this factor differentiates monocytes into a macrophage phe-
notype showing constitutive pinocytosis (7, 11). LDL is present
within atherosclerotic plaques at levels that are about twice the
blood concentrations of LDL (31-33). These levels are greater than
1 mg/ml (i.e.,, =2 uM) LDL, and we showed these LDL levels can
produce substantial macrophage cholesterol accumulation in
human monocyte-derived macrophages (5, 7). Fluid-phase pino-
cytosis of LDL produces macrophage LDL uptake that occurs in
a linear relationship with LDL concentration. Thus, fluid-phase
pinocytosis is an uptake mechanism that can explain why plasma
cholesterol concentration is an indicator of risk for the develop-
ment of coronary artery disease (34, 35). Also, fluid-phase pino-
cytosis of LDL can explain why macrophage foam cell formation
occurs even in the absence of the scavenger receptors that medi-
ate uptake of oxidized LDL (36, 37). These findings indicate that
future studies aimed at limiting macrophage cholesterol accumu-
lation in atherosclerotic plaques should consider fluid-phase pino-
cytosis of LDL as a potentially important target pathway.

Methods

Culture of human monocyte—derived macrophages. Human monocytes were puri-
fied with counterflow centrifugal elutriation of mononuclear cells obtained
by monocytopheresis of normal human donors. Monocytopheresis was car-
ried out by the Department of Transfusion Medicine, Clinical Center, NIH,
and the human research protocol was approved by the NIH Institutional
Review Board. Written informed consent was received from donors. M-CSF
monocyte-derived macrophage cultures were initiated with the elutriated
human monocytes suspended in RPMI 1640 medium (MediaTech) with 10%
FBS (GIBCO, Invitrogen) seeded in 6-well plates (Corning CellBIND) at a
density of 2 x 105 monocytes/cm?. After 2 hours incubation in a cell culture
incubator with 5% CO,/95% air at 37°C, the attached monocytes were rinsed
3 times with RPMI 1640 medium. Then the monocytes were differentiated
into macrophages by culturing with RPMI 1640 medium containing 10%
FBS, 50 ng/ml M-CSF (PeproTech), and 25 ng/ml IL-10 (PeproTech) (38).
The medium was exchanged with fresh medium after 6 days of culture, and
monocyte-derived macrophages were used for experiments the next day.

For experiments, monocyte-derived macrophage cultures (about 0.2 mg
protein/well) were first rinsed 3 times with serum-free RPMI 1640 medium.
Cultures were incubated in RPMI 1640 medium with the indicated concen-
tration of fluorescent nanoparticles and lipoproteins specified in each exper-
iment. Experimental incubations with these monocyte-derived macrophages
were carried out in the presence of 10% FBS and the same concentration of
cytokines used during differentiation of monocytes into macrophages.

Culture of murine bone marrow—derived macrophages. Bone marrow from
8-month-old female Apoe-knockout mice (CS7BL/6 strain) fed a chow diet
was obtained by flushing femurs and humeri with Dulbecco’s PBS (DPBS;
without Ca?', Mg?") containing 1 mM EDTA. Cells were centrifuged for
5 minutes at 2,000 g and resuspended in RPMI 1640 medium containing
100 U/ml penicillin, 100 ug/ml streptomycin (Sigma-Aldrich), 10% FBS,
and 50 ng/ml M-CSF. Then cells were seeded at 2 x 10° marrow cells/cm?
in 6-well culture plates (Corning CellBIND). After 24 hours, adherent cells
were washed 3 times, and fresh medium was added to cultures.
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After 4 days of additional culture, murine bone marrow-derived macro-
phages were rinsed 3 times with RPMI 1640 medium containing 100 U/ml
penicillin and 100 ug/ml streptomycin and then incubated in this medi-
um with added M-CSF (50 ng/ml), 10% mouse plasma, and the indicated
concentration of nanoparticles.

Preparation of nanoparticles and lipoproteins for use in experiments. Before use
with culture, Qtracker 565 nontargeted quantum dots provided in borate
buffer (catalog Q21031MP), human Dil-AcLDL, and human Dil-LDL
(all from Invitrogen) were dialyzed 24 hours against RPMI 1640 medium
(2 changes, 1 liter/each change). When used for injection into mice, quan-
tum dots were dialyzed against normal saline. Dialysis was carried out
with Pierce Slide-A-Lyzer cassettes (10,000-MW cut-off). After dialysis, the
nanoparticles and lipoproteins were sterilized by passage through a 0.45-um
(pore size) low-protein binding filter (Gelman Sciences). AngioSPARK
680-IVM nanoparticles (VisEn Medical) were provided in PBS and were
not dialyzed prior to use.

Determination of fluorescent nanoparticle uptake by macrophages. Human mac-
rophages were incubated in 1 ml culture medium (as described above) with
increasing concentrations of AngioSPARK nanoparticles, quantum dots,
Dil-LDL, or Dil-AcLDL as indicated for 5 hours. Then macrophages were
rinsed 3 times with serum-free RPMI 1640 medium, harvested by scrap-
ing into 1 ml distilled H,O at 4°C, and sonicated. A sonicated sample of
800 wl for each condition was then analyzed with a spectrofluorometer. Dil-
lipoprotein fluorescence was determined using a 520-nm excitation wave-
length and a 575-nm emission wavelength. Quantum dot fluorescence was
determined using a 480-nm excitation wavelength and a 565-nm emission
wavelength. AngioSPARK fluorescence was determined using a 665-nm
excitation wavelength and a 680-nm emission wavelength. Macrophage
uptake of lipoproteins and fluorescent nanoparticles was calculated from a
standard curve relating particle fluorescence to particle concentration and
was expressed as pmol/mg cell protein. Protein content of macrophages
was determined by the Lowry method (39).

For nanoparticle uptake by murine bone marrow-derived macrophages,
quantum dots were dialyzed against RPMI 1640 containing 100 U/ml
penicillin and 100 ug/ml streptomycin (2 changes, 1 liter/each change)
and then sterile-filtered (as described above). Then quantum dots were
incubated for 24 hours in a final concentration of 10% Apoe-knockout
mouse plasma that was sterile-filtered through a 0.45-um low-protein
binding filter. Macrophages were incubated with increasing concentra-
tions of quantum dots in 1 ml of culture medium containing antibiot-
ics, M-CSF, and 10% mouse plasma composed of 1% Apoe-knockout plas-
ma and 9% wild-type plasma. After 5 hours, macrophages were washed
and harvested, and fluorescence and protein levels were determined as
described for human macrophages.

Fast performance liquid chromatography of quantum dot nanoparticles. Human
macrophages were incubated with 1 ml of culture medium (as described
above) containing 80 nM quantum dot nanoparticles for S hours. After incu-
bation, culture medium was harvested and then fractionated by fast perfor-
mance liquid chromatography. As a control, quantum dots, as supplied by
the manufacturer, were diluted to 80 nM in ISOTON II Diluent (Beckman
Coulter) and immediately analyzed by fast performance liquid chromatogra-
phy. Two hundred and seventy-five microliters of each sample was fraction-
ated using a series of two Superose 6 10/30 columns (GE Healthcare), equili-
brated with buffer (150 mM NaCl, 20 mM Tris-HCl, 0.5 mM EDTA, and
0.1% NaN3), and eluted at a flow rate of 0.5 ml/min. Fractions were collected
in a 96-well plate (0.5 ml/fraction) and stored at 4°C for 24 hours before
fluorescence analysis. Fluorescence was measured for each fraction with a
spectrofluorometer using a 480-nm excitation wavelength and a 565-nm
emission wavelength. The void volume was determined to be 11 ml (i.e., frac-
tion 22) using Blue Dextran 2000 (GE Healthcare) as a standard.
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Mouse aorta culture. Apoe-knockout mice bred on a C57BL/6 background
(The Jackson Laboratory) were euthanized by exsanguination at age
36-40 weeks. The arterial tree was perfused with DPBS plus Ca?*, Mg?',
and the perfused aorta was dissected from the heart to the iliac bifurca-
tion. Then the aortic arch was separated from the remaining aorta and
was placed into a 22-mm diameter culture dish and incubated with RPMI
1640 medium containing 10% autologous mouse serum without or with
0.8 uM quantum dots, in a total volume of 500 ul. After 24-hour incuba-
tion in a cell culture incubator with 5% CO,/95% air at 37°C, the aortic
arch was rinsed 3 times in DPBS with Ca?* and Mg?* and then frozen in
OCT medium for cryostat sectioning.

Intravenous injection of AngioSPARK and quantum dot nanoparticles into mice.
AngioSPARK nanoparticles (0.5 nmol/mouse) or an equivalent volume of
normal saline solution (0.1 ml volume) were injected intravenously via tail
vein into Apoe-knockout male mice fed a high-cholesterol diet for 20 weeks
starting at 8 weeks of age (5 mice) and into C57BL/6 wild-type mice of the
same age and sex fed a chow diet (2 mice) (carried out at VisEn Medical).
For quantum dot injection, 40-week-old Apoe-knockout male mice fed only
a chow diet were anesthetized using 2.5% Avertin (0.015 ml/g body weight,
i.p.) before a saphenous vein cut-down procedure was performed. Then
quantum dots (2 nmol/mouse) in normal saline solution (1 ml volume)
were infused via saphenous vein (carried out at the NIH). Normal saline
solution without nanoparticles was injected into control mice. All animal
procedures at the NIH were performed according to a research protocol
approved by the Animal Care and Use Committee of the NHLBI, and all
animal procedures at VisEn Medical were performed according to a research
protocol approved by the Animal Care and Use Committee of VisEn Medi-
cal in accordance with the Guide for the care and use of laboratory animals (NIH
publication no. 85-23. Revised 1985). Twenty-four hours after injection,
mice were euthanized by exsanguination, arterial trees were perfused, and
aortic arches were prepared for cryosectioning as described above.

Ex vivo NIRF reflectance imaging. Mouse aortas from Apoe-knockout and
wild-type mice injected with AngioSPARK nanoparticles or normal saline
as a control were imaged ex vivo by NIRF reflectance imaging at VisEn
Medical. NIRF images with a 2-minute acquisition were captured with a
12-bit monochrome CCD camera equipped with an emission long-pass fil-
ter at a 700-nm wavelength (Kodak 2000MM reflectance imaging system).
In order to quantify the infrared signal, regions of interest (ROIs) were
drawn around aortic arch regions (defined from the aortic root to the ori-
gin of third artery branch (i.e,, left subclavian artery) using Kodak Molec-
ular Imaging Software version 4.0.1. Mean fluorescence was determined
for each ROI as a sum of the signal intensities divided by the area of the
selected region. Mean fluorescence of aortic arch regions from uninjected
Apoe-knockout and wild-type mice due to intrinsic tissue autofluorescence
was subtracted from the mean fluorescence of aortic regions from Apoe-
knockout and wild-type AngioSPARK-injected mice, respectively.

Immunostaining and fluorescence microscopy. Longitudinal aortic arch 10-um
frozen sections, which included greater and lesser aortic arch curvatures
extending from the aortic root to beyond the origin of the left subclavian
artery, were applied to Superfrost Plus slides (Daigger). Sections from Apoe-
knockout mice injected with quantum dots or normal saline as control
were stained, without fixation, with 1 ug/ml DAPI acetate (D-9564; Sigma-
Aldrich) in DPBS with Ca?* and Mg?* to fluorescently label nuclei. Then sec-
tions were imaged with a digital camera attached to an Olympus IX81 fluo-
rescence microscope at the NIH. Quantum dot fluorescence was imaged
using Qdot565 Chroma Filter Set 32005 (exciter E460SPUVv2; emitter
D565/20m) and pseudocolored green; DAPI staining was imaged using
DAPI Chroma Filter Set U-N31000 (exciter D360/40; emitter D460/50)
and pseudocolored blue; and tissue autofluorescence was imaged using the
Texas Red Chroma Filter Set 41004 (exciter HQ560/55; emitter HQ645/75)
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and pseudocolored red. Merged color images of quantum dot fluorescence,
cell nuclei DAPI fluorescence staining, and tissue autofluorescence were
used to visualize localization of quantum dot nanoparticles in atheroscle-
rotic lesion cells, as shown in Figure 6.

For some sections, after imaging of quantum dots and nuclei, macro-
phage immunostaining was performed by fixing tissue sections in ice-
chilled acetone, rehydrating sections in DPBS, and sequential blocking
with 10% normal goat serum in DPBS followed by treatment with avidin
and biotin blocking solutions (Vector Laboratories). Then sections were
immunostained using 10 ug/ml rat monoclonal anti-mouse CD68 anti-
body (AbD Serotec), followed by incubation with 20 ug/ml secondary
biotinylated anti-rat IgG antibody (Vector Laboratories). Negative control
staining was performed using rat IgG negative control (AbD Serotec) as
primary antibody at the same concentration as the rat anti-CD68 antibody.
Sections were then incubated with 5 ug/ml Alexa Fluor 594-conjugated
streptavidin to image the macrophage immunolabeling using the Texas
Red Chroma Filter Set 41004 (exciter HQ560/55; emitter HQ645/75).
This immunolabeling was pseudocolored red. Following immunolabeling,
sections were restained with DAPI as described above to label cell nuclei.
This was necessary because acetone removed the initial DAPI staining.
Merged color images of CD68-labeled macrophage fluorescence staining
and restained cell nuclei DAPI fluorescence staining were obtained and
compared with the initial merged color image of quantum dots and nuclei
(Figure 8, A and B). Nuclear staining in both sets of merged images allowed
for alignment of the sets of merged images.

In other sections, after imaging of quantum dots and nuclei, lipid stain-
ing was carried out with oil red O (40). Following oil red O staining, sections
were restained with DAPI as described above to image cell nuclei. Oil red O
lipid staining fluorescence was imaged using the Texas Red Chroma Filter
Set 41004 (exciter HQ560/55; emitter HQ645/75) and was pseudocolored
red. Merged color images of quantum dot fluorescence and cell nuclei DAPI
staining (Figure 8C) were compared with merged color images of oil red O
and cell nuclei DAPI staining (Figure 8D) showing the same area.

Sections from Apoe-knockout mice injected with AngioSPARK nanopar-
ticles or normal saline as a control were stained with 1 ug/ml DAPI acetate

(D-9564; Sigma-Aldrich) in DPBS to label cell nuclei. Then, sections were
imaged, without fixation, with a digital camera attached to an AxioVision
Zeiss fluorescence microscope at VisEn Medical. AngioSPARK fluores-
cence was imaged using a NIRF Filter Set and pseudocolored red; DAPI
staining was imaged using a UV filter set and pseudocolored blue; and
tissue autofluorescence was imaged using a FITC filter set and pseudo-
colored green. Merged color images of AngioSPARK fluorescence, cell
nuclei DAPI fluorescence staining, and tissue autofluorescence were used
to visualize localization of AngioSPARK nanoparticles in atherosclerotic
lesion cells as shown in Figure 6.

Cultured macrophages incubated with AngioSPARK nanoparticles or
quantum dots were imaged with the same microscope filters, as described
above for imaging of these particles in tissue sections.

Statistics. Results from the ex vivo NIRF reflectance imaging are expressed
as mean = SEM and were analyzed by the 2-tailed unpaired Student’s ¢ test for
statistical significance. A P value less than 0.05 was considered significant.
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