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A critical event in atherogenesis is the interaction of macrophages with subendothelial lipoproteins. Although most
studies model this interaction by incubating macrophages with monomeric lipoproteins, macrophages in vivo encounter
lipoproteins that are aggregated. The physical features of the lipoproteins require distinctive mechanisms for their uptake.
We show that macrophages create an extracellular, acidic, hydrolytic compartment to carry out digestion of aggregated
low-density lipoproteins. We demonstrate delivery of lysosomal contents to these specialized compartments and their
acidification by vacuolar ATPase, enabling aggregate catabolism by lysosomal acid hydrolases. We observe transient sealing
of portions of the compartments, allowing formation of an “extracellular” proton gradient. An increase in free cholesterol is
observed in aggregates contained in these compartments. Thus, cholesteryl ester hydrolysis can occur extracellularly in a
specialized compartment, a lysosomal synapse, during the interaction of macrophages with aggregated low-density lipopro-

tein. A detailed understanding of these processes is essential for developing strategies to prevent atherosclerosis.

INTRODUCTION

Recruitment of monocytes into developing lesions and ac-
cumulation of nonmotile foam cells are integral to athero-
sclerotic plaque formation. A critical step in foam cell for-
mation is the uptake of cholesterol from subendothelial
lipoproteins. Most in vitro studies have investigated this
interaction by incubating macrophages with monomeric li-
poproteins, in particular modified lipoproteins (Brown et al.,
1979; Goldstein et al., 1979). Such studies, coupled with data
from animal models of atherosclerosis (Suzuki ef al., 1997; de
Winther et al., 1999), have led to adoption of a model in
which the uptake of modified low-density lipoprotein (LDL)
via various types of scavenger or pattern recognition recep-
tors constitutes the major pathway for foam cell formation in
vivo. However, much of the LDL in atherosclerotic plaques
is aggregated and avidly bound to the subendothelial matrix
(Smith et al., 1976; Tabas, 1999; Boren et al., 2000). For exam-
ple, only 8% of lesional lipoproteins in human aortic fatty
streaks could be released by extraction or by electrophoresis
(Smith et al., 1976). The physical nature of these aggregated
lipoprotein deposits must be considered because it requires
different cellular uptake processes than those used for en-
docytosis of monomeric lipoproteins.
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The specialized cellular processes involved in the interac-
tion of macrophages with matrix-retained and aggregated
LDL (agLDL) have been partially characterized. Macro-
phages internalize agLDL by patocytosis, a nonscavenger
receptor-mediated pathway (Sakr et al., 2001; Kruth, 2002).
The agLDL is sequestered in deep invaginations at the cell
surface, termed surface-connected compartments (SCCs;
Zhang et al., 1997). The membrane of the SCC is continuous
with the cell surface for prolonged periods of time, during
which the rate of hydrolysis of the cholesteryl ester (CE)
moiety of agLDL was found to significantly exceed that of
the protein moiety (Buton et al., 1999). This is in stark con-
trast to receptor-mediated endocytosis of acetylated LDL in
which the rates of lysosomal hydrolysis of the CE and pro-
tein moieties are roughly equivalent (Goldstein et al., 1985).
However, the mechanism of CE hydrolysis and the function
of the SCC are currently unknown.

One possibility that has been proposed is that CE is trans-
ferred to lysosomes, either by a selective CE transport mech-
anism, similar to that which transfers CE from high-density
lipoprotein via scavenger receptor-Bl (SR-B1; Azhar and
Reaven, 2002) or by endocytosis of the CE-containing core of
the lipoprotein aggregates while leaving the apo proteins
outside the cell. An alternative possibility is that the macro-
phage digests the CE in the SCC during the prolonged
contact of the macrophage with the aggregate. There is some
prior evidence for partial catabolism of lipoproteins during
prolonged extracellular contact. Fluorescence resonance en-
ergy transfer between two lipid analogs in the outer shell of
B-very low-density lipoprotein was lost while the lipopro-
tein was still in a specialized SCC (Myers et al., 1993), indi-
cating that the outer layer of phospholipids was catabolized
before internalization. Additionally, macrophages and other
cells in atherosclerotic lesions secrete sphingomyelinase,
which can partially catabolize lipoproteins extracellularly
(Hakala et al., 2003). However, this degradation consists of
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limited hydrolysis that leads to processes such as fusion of
the lipoproteins to form agLDL (Devlin et al., 2008).

Hydrolysis of CE from agLDL requires lysosomal acid lipase
(LAL; Buton et al., 1999). LAL is released from cultured human
macrophages and is present in human atherosclerotic lesions
(Schissel et al., 1998). However, because LAL requires an acidic
pH for activity (Sheriff et al., 1995), it has been unclear how
extracellular LAL could hydrolyze CEs in agLDL. Although it
is well known that advanced atherosclerotic plaques are
acidic, foam cell formation occurs even at the earliest
stages of atherosclerosis, the fatty streak, when the extra-
cellular environment is neutral. Thus, it has not been clear
how lysosomal hydrolases could catabolize lipoproteins
extracellularly during the initiation of atherosclerosis.

Osteoclasts are tissue-specific macrophage-like cells that
create an extracellular, acidic, lytic compartment that de-
grades bone (Stenbeck, 2002; Jurdic et al., 2006). There have
also been reports of an extracellular, acidic environment
created by macrophages to degrade extracellular matrix
(Baron et al., 1985; Punturieri et al., 2000). Based on such
studies, we investigated the possibility that when macrophages
interact with agLDL the CE moiety is hydrolyzed extracellu-
larly in SCCs. Herein, we report that SCCs can be acidified and
that lysosomal contents are secreted into them. Portions of the
SCC are dynamic and change in permeability, thereby allow-
ing the formation of an “extracellular” pH gradient. We also
show that some hydrolysis of CEs occurs extracellularly.

We propose that rapid CE hydrolysis and the transfer of free
cholesterol (FC) directly from LDL aggregates to the macro-
phage plays a major role in the conversion of a macrophage
into a foam cell. The importance of this novel cholesterol up-
take pathway is highlighted by a recent investigation that
reported that loss of receptor-mediated lipid uptake via SR-A
or CD36 pathways does not prevent foam cell formation in
hyperlipidemic mice (Manning-Tobin et al., 2009). Thus, mech-
anisms of cholesterol uptake that do not require receptor-
mediated endocytosis, such as the one described herein, may
play an important role in atherogenesis. A detailed under-
standing of these processes is essential for developing strate-
gies to prevent or reverse foam cell formation and, conse-
quently, atherosclerosis.

MATERIALS AND METHODS
Cells and Cell Culture

Mouse macrophage cell line J774A.1 was obtained from the American Type
Culture Collection (Manassas, VA). Cells were maintained in DMEM supple-
mented with 1% (vol/vol) penicillin/streptomycin, 3.7 g/1 sodium bicarbon-
ate, and 10% (vol/vol) fetal bovine serum (FBS). Human monocyte-derived
macrophages (hMDMs) were obtained from human peripheral blood mononu-
clear cells as described previously (Muller and Weigl, 1992). The isolated mono-
cytes were differentiated in vitro by incubation in RPMI containing 10% heat-
inactivated FBS and 10 ng/ml macrophage colony-stimulating factor (R&D
Systems, Minneapolis, MN) for 5 d. For all live cell imaging experiments, media
was changed to DMEM containing 25 mM 4-(2-hydroxyethyl)-1-pipierazine
ethane sulfonic acid (HEPES) without phenol red or sodium bicarbonate.

Lipoproteins and Reagents

LDL was isolated from fresh human plasma by preparative ultracentrifuga-
tion as previously described (Havel ef al., 1955). LDL was vortex aggregated
for 10 s (Buton et al., 1999). Acyl-CoA cholesterol acyltransferase (ACAT)
inhibitor 58035, originally from Sandoz (East Hanover, NJ), was kindly pro-
vided by Dr. Ira Tabas (Columbia University, New York). CypHer 5E Mono
N-hydroxysuccinimide ester (CypHer 5E) was purchased from GE Healthcare
(Chalfont St. Giles, United Kingdom). AlexaFluor488 (Alexa488), Alexa546,
Alexa633, biotin-fluorescein-dextran (10,000 MW), biotin-Alexa546, Alexa555-
cholera toxin subunit B (CtB) and Alexa488-CtB were purchased from Invitro-
gen (Carlsbad, CA). All solvents (acetic acid, chloroform, diethyl ether, di-
methyl sulfoxide [DMSO], hexane, and sodium hydroxide), as well as 99%
fatty-acid free bovine serum albumin (BSA), bafilomycin A1, biotin, strepta-
vidin, HEPES, sphingomyelinase from Bacillus cereus, paraformaldehyde
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(PFA), saponin- and streptavidin-coated red fluorescent latex beads (1-um
diameter) were purchased from Sigma-Aldrich (St. Louis, MO).

Delivery of Lysosomal Contents

Lysosome labeling of J774 cells plated on poly-p-lysine—coated, glass-cover-
slip bottom dishes was accomplished via an 18-h pulse with 2.2 mg/ml
biotin-fluorescein-dextran. Cells were chased for 2 h in DMEM and subse-
quently incubated with coaggregated streptavidin-LDL and Alexa546-LDL
(3:1 ratio) for 90 min. Before fixation, cells were incubated with 200 uM biotin
for 10 min to bind any unoccupied streptavidin sites before cell permeabili-
zation. Control cells were incubated with agLDL pretreated with biotin. Cells
were then fixed with 0.5% PFA for 5 min, washed, and permeabilized with 1%
Triton for 30 s. For quantitative measurements, the average fluorescein signal
over a 1-um? area associated with either nonphagocytosed beads in contact
with macrophages (as determined by the Nomarski differential interference
contrast [DIC] image) or cell-associated agLDL was measured. Beads touch-
ing aggregates were excluded from this analysis as lysosomal exocytosis may
be targeted to them because of their proximity to agLDL. The density of
streptavidin on both the aggregates and beads was determined by incubating
with excess biotin-fluorescein-dextran. The fluorescein signal per unit area
was measured on beads and aggregates saturated with biotin-fluorescein-
dextran, and average values were used to correct for differences in streptavi-
din density. Images were acquired with a Zeiss LSM 510 laser scanning
confocal microscope (Thornwood, NY) using a 63X 1.4 numeric aperture
(NA) objective (axial resolution 1.0 um).

pH Measurements

J774, primary mouse peritoneal or bone marrow—derived macrophages, or
hMDMs were plated on poly-p-lysine—coated glass-coverslip bottom dishes.
The cells were incubated for 30 min with CypHer 5E, a pH-sensitive fluoro-
phore, and Alexa488, a pH-insensitive fluorophore, dual-labeled agLDL. The
pH values within each pixel were assessed quantitatively by comparison with
ratio images obtained in calibration buffers of varying pH. Live cells were
imaged on the confocal microscope described above using a 63X 1.4 NA
objective. Cell temperature was maintained at 37°C with a heated stage and
objective heater. For time-lapse data sets, a 40X 0.8 NA objective was used,
and pinholes were opened (so laser power could be lowered to reduce
photobleaching), resulting in an axial resolution of 14 um. This caused an
increase in the lowest pH observed when compared with truly confocal
images (axial resolution of 1.0 um) because of axial spatial averaging. Where
indicated, Alexa555-CtB (5 pg/ml) or bafilomycin Al (2 uM) were added to
dishes on the microscope stage. Cells were reimaged <1 min after the addi-
tion of CtB and 10 min after the addition of bafilomycin Al.

To fabricate the micropatterned arrays of agLLDL, a thin layer of parylene ¢ was
deposited on 100-mm glass wafers (Precision Glass & Optics, Santa Ana, CA)
using the PDS-2010 Labcoater 2 (Specialty Coating Systems, Indianapolis, IN).
The wafers were then spin-coated with a photoresist layer and patterned using
standard photolithography techniques (Wu et al., 2004). The parylene-coated
surfaces were incubated with N-aminopropytrimethoxysilane (Sigma Aldrich;
2% vol/vol in acetone) for 10 min and NHS-biotin was attached to the patterns
of amino-derivatized silanes. The surface was incubated with streptavidin-
labeled Alexa488-CypHer 5E-LDL for 1 h, treated with 50 mU/ml sphingomy-
elinase in 5 mM MgCl, for 30 min to induce aggregation (Devlin ef al., 2008), and
washed extensively with DMEM. The micropatterned surfaces were incubated with
774 cells for 30 min, and live cell imaging was performed as described above.

All data were analyzed with MetaMorph image analysis software, (Molec-
ular Devices, Downingtown, PA). A binary mask was created using the
Alexa488 signal intensity and applied to both channels to remove background
noise. Images were convolved with a 7 X 7-pixel Gaussian filter, and ratio
images were generated.

Electron Microscopy

J774 cells were incubated with colloidal gold-labeled agLDL for 1 h (Handley
et al., 1981). After incubation with agLDL the cells were fixed with a modified
Karnovsky’s solution containing 2.5% glutaraldehyde, 4% PFA, and 0.02%
picric acid; postfixed with 1% osmium tetroxide, 1.5% potassium ferricyanide,
enbloc contrasted with uranyl acetate; dehydrated through a graded ethanol
series; and embedded in LX112 resin. En face serial sections were cut at 250
nm and picked up on formvar-coated, four-slot copper grids. Sections were
further contrasted with uranyl acetate and lead citrate. Images were acquired
at the New York Structural Biology Center on a JEM 2100F electron micro-
scope (Jeol, Peabody, MA) operating at 200 kV at a set magnification of X8000.
The tilt range was approximately —60° to +60°, using a nominal 2° interval
with cosine adjustment. Tomogram reconstruction was performed using the
Protomo software package (Winkler and Taylor, 2006).

CtB Labeling

For surface labeling with fluorescent CtB, J774 macrophages were incubated with
Alexa546-agL.DL at 37°C for 2 h, labeled with Alexa488-CtB on ice for 3 min,
rinsed with ice-cold medium, and fixed with PFA. Images were taken with a 63X
objective on the confocal microscope described above (axial resolution 0.8 um).
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Hydrolysis of Cholesteryl-[4-14C]-oleate—containing LDL

Cholesteryl-[4-14C]-oleate (55 uCi/mmol) was purchased from American Ra-
diolabeled Chemicals (Saint Louis, MO). LDL was reconstituted with cho-
lesteryl-[4-'“C]-oleate as described previously (Krieger, 1986). ]774 cells were
plated in six-well poly-p-lysine—coated dishes. AgLDL was delivered to cells
in media containing 0.2% fatty-acid free BSA (to prevent nonspecific protein
binding), 1% ACAT inhibitor (to prevent reesterification of hydrolyzed
[C]CE), and, where indicated, 2 uM bafilomycin Al in DMSO. For the
control samples, DMSO was added instead of bafilomycin Al. Cells were
incubated for 30 min with radiolabeled agLDL, and then the supernatant was
gently aspirated to remove any unbound aggregates. Degradation of bound
aggregates proceeded for an additional 60 min, and cells were then washed
vigorously to remove extracellular but cell-engaged aggregates. The lipids
from the aggregates were extracted twice with 2 ml of hexane-isopropenol
(3:2 vol/vol) for 30 min, dried under argon, and resuspended in hexane. For
each well, the ['*C]CE and ["“C]FC radioactivity of supernatant/wash was
quantified by TLC. Samples were spotted on TLC Whatman Partisil LK5D
plates (20 X 20 cm) purchased from VWR International (Batavia, IL) using a
TLC Autospotter (Romer Labs, Union, MO). The solvent system used to
separate cellular lipids was hexane/diethylether/acetic acid (70/30/1, vol/
vol/vol). TLC plates were exposed to phosphorimaging screens (Amersham
Biosciences, Piscataway, NJ) for 1 wk at room temperature and then scanned
on a STORM 860 Phosphor Imager system (Molecular Dynamics, Sunnyvale,
CA). CE hydrolysis is expressed as the percentage of the sum of the signals of
FC and CEs. A lactose dehydrogenase assay (Roche Diagnostics, Alameda,
CA) was used to ensure that cell detachment during washing was not respon-
sible for the FC seen in the supernatant/wash. No lactose dehydrogenase
activity was detected in the released material (data not shown).

RESULTS

Lysosome Exocytosis Is Targeted to SCCs

In order for aggregates to undergo catabolism in SCCs,
macrophages must secrete a hydrolase. LAL is a lysosomal
hydrolase with an acidic pH optimum that is essential for
the intracellular degradation of CEs. Hydrolysis of CEs in
agLDL was completely absent during interaction of LAL™/~
macrophages with agLDL (Buton et al., 1999). We tested
whether lysosomal contents, which include LAL, were de-
livered to SCCs. Biotin-fluorescein-dextran was incubated
with J774 macrophages overnight, leading to endocytosis of
the dextran and delivery to lysosomes (Mukherjee et al.,
1997). We verified that the cells exhibited punctate fluores-
cence indicative of efficient lysosome labeling. Cells were
then exposed to streptavidin-labeled agLDL for 90 min fol-
lowed by a 30-s treatment with biotin-Alexa546 to label
extracellular aggregates. Next, excess biotin was applied for
10 min to block any remaining free streptavidin on the
aggregates. Cells were then fixed and permeabilized to re-
move the bright lysosomal fluorescence and facilitate iden-
tification of the weaker more diffuse SCC fluorescein signal.

When macrophages were in contact with agLDL for 90
min (Figure 1, A-D) there was significant deposition of
biotin-fluorescein-dextran onto the agLDL in regions in con-
tact with cells. Consistent with previous studies, the biotin-
Alexab46 staining (Figure 1D) clearly indicated that the ag-
gregate was largely extracellular after the 90-min incubation
(Buton et al., 1999). Colocalization of the fluorescein and Al-
exab46 signals demonstrated that lysosomal contents were exo-
cytosed and delivered to SCCs. In control experiments, the
retention of biotin-fluorescein-dextran on the agLDL was in-
hibited if streptavidin-labeled agLDL was pretreated with bi-
otin before exposure to cells (Figure 1, E-G). This indicates that
the excess biotin treatment prevented binding of intracellular
biotin-fluorescein-dextran to the aggregates upon permeabiliza-
tion. These data show that lysosomal contents were delivered to
SCCs, and the previously internalized biotin-fluorescein-dextran
became associated with extracellular aggregates.

To investigate the importance of this pathway, we quan-
tified the number of macrophages that exhibited lysosomal
exocytosis after a 90-min incubation with agLDL. More than
80% of macrophages in contact with agLDL demonstrated
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Figure 1. Lysosome exocytosis is targeted to SCCs. (A-D) ]J774 cells
were incubated overnight with 2.2 mg/ml biotin-fluorescein-dextran
to deliver the dextran to lysosomes. Cells were then incubated with
streptavidin-Alexa633-agLDL for 90 min followed by a 30-s treatment
with 200 uM biotin-Alexa546 to label extracellular aggregates con-
tained in SCCs. Next, 200 uM biotin was applied for 10 min to block
any remaining free streptavidin. Cells were then fixed and permeabil-
ized to remove unbound biotin-fluorescein-dextran from the lysosomes.
Representative images of (A) Nomarski DIC, (B) streptavidin-Alexa633-
agLDL, (C) biotin-fluorescein-dextran, and (D) biotin-Alexa546. Colocal-
ization of the fluorescein and Alexa546 signals demonstrated that the
lysosomal contents are delivered to SCCs. (E-G) Control cells in which
the streptavidin-Alexa633-agLDL was treated with 200 uM biotin be-
fore incubation to ensure that excess biotin treatment prevented
binding of the cellular biotin-fluorescein-dextran to the aggregates
upon permeabilization. Representative images of (E) Nomarski DIC,
(F) streptavidin-Alexa633-agL.DL, and (G) biotin-fluorescein-dextran.
(H-K) Cells loaded with lysosomal biotin-fluorescein-dextran were
coincubated with streptavidin-Alexa546-agLDL and streptavidin-
coated red fluorescent beads for 90 min followed by incubation with
200 uM biotin for 10 min. Cells were then fixed and permeabilized.
Representative images of (H) Nomarski DIC, (I) streptavidin-Alexa546-
agLDL and red fluorescent beads, and (J) and biotin-fluorescein-dext-
ran. (K) The average fluorescein signal per unit area associated with
nonphagocytosed beads in contact with macrophages (an example is
depicted with an arrow in I) or agLDL in SCCs was measured. The
average fluorescein signal associated with beads (constitutive exocyto-
sis) and aggregates, corrected for streptavidin density, is shown. Error
bars, =SEM. Scale bars, 25 um.

SCC fluorescein staining. To see if this was a specific re-
sponse to agLDL, we examined the interaction of streptavi-
din-coated beads with macrophages (Figure 1, H-K). Biotin-
fluorescein-dextran was delivered to J774 macrophage
lysosomes by an overnight incubation. Streptavidin-labeled
agLDL and streptavidin-coated beads were coincubated
with the cells for 90 min. The fluorescein signal associated
with either nonphagocytosed beads in contact with macro-
phages (arrow in Figure 1I) or cell-associated agLDL was
measured. Beads touching aggregates were excluded from this
analysis as lysosomal exocytosis may be targeted to them be-
cause of their proximity to agLDL. Ten cells, with several beads
and aggregates per cell, were examined. We found that only
small amounts of biotin-fluorescein-dextran became associated
with the beads before phagocytosis (Figure 1, I and J). A
quantitative comparison of the average amount of fluorescein
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signal per unit area associated with the beads and the aggre-
gates, that corrects for streptavidin density, shows that agLDL
induced roughly fivefold more lysosome secretion than was
observed upon macrophage interaction with streptavidin-
coated beads (Figure 1K). Thus, the lysosomal exocytosis to
SCCs containing agLDL is a specialized response.

Portions of SCCs Are Actively Acidified

In order for LAL or other secreted lysosomal acid hydrolases
to function in the SCC, an acidic environment is required. To
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Figure 2. Ratiometric images of acidified SCCs as macrophages
interact with agLDL. Cells were incubated for 30 min with agLDL
labeled with CypHer 5E, a pH-sensitive fluorophore, and Alexa488,
a pH-insensitive fluorophore. The pH values within each pixel were
determined by comparison with ratio images obtained in calibration
buffers. The color range is scaled for each image to provide the
maximum dynamic range. Thus, colors from panel to panel are not
comparable. (A and B) Images of ]774 cells forming acidic SCCs. In
A, an inset of the DIC image with increased contrast shows cellular
projections that engulf the aggregate. (C and D) Images of hMDMs
forming acidic SCCs. (E) ]J774 cells. (F) Image acquired 10 min after
the addition of 2 uM bafilomycin Al to the cells shown in E.
Bafilomycin Al abolished the low pH seen in E. (G) ]J774 cell. (H)
Image acquired after the addition of Alexa555-CtB (5 ug/ml) to the
cell shown in G. The regions of low pH are surrounded by plasma
membrane, demonstrating that the acidic domains are extracellular.
(I) J774 macrophages were incubated on a surface micropatterned
with agLDL labeled with CypHer 5E and Alexa488. AgLDL at-
tached to the coverslip is exposed to an acidic environment under-
neath macrophages. (J) Histograms of the pH values of macroph-
age-associated patterns (red trace) and patterns not in contact with
cells (blue trace) in I. Scale bars, 10 um.

Vol. 20, December 1, 2009

Macrophage Uptake of Aggregated LDL

test whether SCCs are acidified, we labeled LDL with
CypHer 5E and Alexa488. The fluorescence of CypHer 5E
increases as the pH decreases from 7 to 5 (Beletskii ef al.,
2005), whereas Alexa488 is pH-independent in this range.
Macrophages were incubated with agLDL, and the pH sur-
rounding the aggregate was determined from the ratio of
CypHer 5E to Alexa488 fluorescence compared with values
obtained in pH calibration buffers. When ]J774 macrophages
interacted with the dual-labeled agLDL, regions of low pH
could be seen at the contact sites (Figure 2, A and B). Similar
results were obtained using hMDMs (Figure 2, C and D) and
murine peritoneal and bone marrow-derived macrophages
(data not shown). A wide range of acidic pH values were
measured. The most acidic value observed was 5.0. The
range of optimal activity for lysosomal acid lipase is re-
ported to be at pH 5.5, with 10% of maximal activity at pH
6.5 (Sheriff et al., 1995). Macrophage lysosomal pH is typi-
cally at pH 4.8 (Majumdar et al., 2007). Thus, the measured
pH values are sufficient for activation of lysosomal hydro-

Merged Image

lexa546 -agl. DL

Figure 3. Portions of SCCs are almost sealed. ]J774 cells were
incubated with colloidal gold-labeled agLDL for 1 h and EM images
acquired to investigate the morphology of the SCC. (A) A single
computed tomogram slice. (B and C) Enlarged views of nearly
sealed portions of the SCC, highlighted by boxes in A. Regions of
close apposition of the macrophage membrane are indicated by
arrows. Scale bar, 500 nm. (D-L) J774 macrophages were incubated
with Alexa546-agLDL for 2 h and treated with Alexa488-CtB on ice
for 3 min to label the plasma membrane. Cells were fixed and
Alexa488-CtB staining in SCCs visualized. (D) Alexa488-CtB, (E)
Alexa546-agLDL, and (F) merged image. (G-L) Enlarged views,
highlighted by a box in F, depicting variable degrees of CtB staining
within a single SCC (arrow). These data suggest that portions of
SCCs have different permeabilities to the extracellular space. Images
in D-I are single confocal slices, with axial resolution 0.8 um. (J-L)

Axial slices through the 6-um-thick SCC at the position of the
dashed line in 1. Scale bar, 10 um.
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lases. We have observed significant acidification in contact
regions of more than 1000 cells under a variety of conditions
and over a wide range of aggregate sizes, indicating that the
acidification is a robust phenomenon.

The acidification depended on the activity of the vacuolar
(H*)-ATPase (V-ATPase), as the acidic regions were abol-
ished by treatment with the V-ATPase inhibitor, bafilomycin
Al (Figure 2, E and F). V-ATPases on the macrophage
plasma membrane serve to translocate protons from the
cytoplasm to the extracellular environment (Grinstein ef al.,
1992). Bafilomycin Al is a potent and highly specific inhib-
itor of V-ATPases (Bowman and Bowman, 2002). Acidified
regions of contact between agLDL and macrophages were
neutralized by addition of bafilomycin A1l to the cells (Fig-
ure 2, E and F). Immunolocalization studies did not indicate
that the V-ATPase is enriched in the SCC compared with the
rest of the plasma membrane (data not shown). These data
demonstrate that V-ATPase in the macrophage plasma mem-
brane is responsible for acidification of SCCs. This acidification
enables hydrolysis by lysosomal enzymes, including LAL.

pH

To show that these acidified regions were still topologi-
cally outside the cell, we labeled cells with Alexa555-CtB
immediately after measuring the pH (Figure 2, G and H).
Regions of contact between dual-labeled agLDL and macro-
phages were imaged in live cells. After data acquisition,
Alexa555-CtB was added to cells on the microscope stage,
and each field immediately reimaged. Acidified sites of con-
tact with the agLDL were outlined by CtB, indicating that
this compartment is connected to the cell surface and topo-
logically outside of the cell. The acidification likely occurs in
small invaginations off the large open SCC shown in Figure
2H. This mechanism of acidification is consistent with the
detailed SCC morphology revealed by electron microscopy
(EM; Figure 3, A-C). To further confirm that the acidified
regions were extracellular, we examined the interaction of
macrophages with micropatterned arrays of agLDL. Mi-
cropatterned regions of biotin formed on glass coverslips
(Wu et al., 2004) were incubated with streptavidin-derivat-
ized CypHer 5E and Alexa488 dual-labeled LDL. After in-
cubation, the coverslips were treated with sphingomyelinase

Figure 4. Time-lapse images of acidic domains formed
during interaction of J774 cells with agLDL. Cells were
incubated for 30 min with agLDL dual-labeled with
CypHer 5E and Alexa488. (A) Selected ratiometric im-
ages from a time-lapse data set. The data set was ac-
quired for 22 min with 10 s between frames. Scale bar,
25 um. (B and C) Enlarged images from the time-lapse

10

Time (min.)

20 data set highlighted by boxes in column A. Some por-
tions of the aggregate were internalized and could be
seen moving as independent vesicles (examples are in-

dicated by arrows in column 4B). Scale bars, 10 um. (D)
Acidity profile (red trace), averaged over the region
indicated by a circle in column B (t = 0 min), as a
function of time. The pH measured in a region of agLDL
far away from cells (blue trace), indicated in column C
(t = 0 min), is included for comparison. (E) Acidity
profile (red trace), averaged over the region indicated

g

by a circle in column C (t = 0 min), as a function of time.

0 25 50
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Fluctuations in pH are on the order of minutes and are
typical of most data sets.
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to induce aggregation (Devlin et al., 2008) and washed ex-
tensively. J774 macrophages were incubated with the mi-
cropatterned arrays of agLDL for 30 min. When macrophages
interacted with the agLDL tightly bound to the coverslip, re-
gions of low pH were seen at contact sites (Figure 2I), further
demonstrating that the acidic domains are extracellular. Figure
2] displays histograms of the pH values of macrophage-asso-
ciated patterns (red trace) and patterns not in contact with cells
(blue trace) in Figure 2I. The pH of aggregates not touching
cells is neutral, whereas the cell-associated aggregates display a
range of acidic pH values.

SCCs Are Dynamic and Change in Permeability

We used EM to investigate the morphology of the SCC. 774
cells were incubated with colloidal gold-labeled agLDL for
1h. Cells were prepared for EM, 250-nm sections cut, images
were acquired at different tilt angles, and a tomographic
reconstruction was performed (Winkler and Taylor, 2006).
Figure 3A shows an SCC from a single computed EM slice.
Extensive plasma membrane ruffling is observed in the re-
gion of contact between the macrophage and agLDL, remi-
niscent of the actin rich protrusions and ruffled border seen
during osteoclast bone resorption (Baron et al., 1985). The
SCC is clearly contiguous with the extracellular space but a
close apposition of the macrophage membrane (arrows) was
observed. Figure 3, B and C, shows enlarged views of nearly
sealed portions of the SCC, highlighted by boxes in Figure
3A. Although this is only a single two-dimensional section,
almost sealed regions like this may explain how the SCC is
able to maintain a proton gradient while remaining outside
the boundaries of the plasma membrane.

Our preliminary EM data suggests that some portions of
the SCC are less permeable than others. Consistent with this,
SCCs showed varying degrees of accessibility to CtB. ]J774
macrophages were incubated with Alexa546-agLDL (Figure
3,E, H, and K) for 2 h and then treated with Alexa488-CtB on
ice to label the plasma membrane. Cells were fixed, and
Alexa488-CtB staining in SCCs was visualized (Figure 3, D,
G, and ]). Because the cells were not permeabilized, the mac-
romolecular CtB can only label glycolipids on the plasma
membrane. Figure 3G shows an enlarged view of the region
indicated by a box in Figure 3F, which depicts variable de-
grees of CtB staining within a single SCC (arrow). Figure 3]
shows an axial slice through the SCC at the position of the
dashed line in Figure 31. These data suggest that portions of
SCCs have different permeability to the extracellular space.
It follows that regions of the SCC that are less accessible to
CtB may correspond to those portions that are most effec-
tively acidified.

Measurements of pH in small regions showed time-de-
pendent fluctuations indicating that portions of the SCC that
are acidified are only transiently sealed. Figure 4 shows
selected images from a time-lapse data set (Supplemental
Movie I). Figure 4, B and C (top to bottom) shows enlarged
views, highlighted by boxes in Figure 4A. This data set was
acquired for 22 min, with 10 s between frames. Over the period
of observation, significant portions of the aggregate were di-
gested. Some portions were internalized and could be seen
moving as independent vesicles (examples are indicated by
arrows in panel B). The fluorescence of these internalized li-
poproteins is lost rapidly from the cells, indicating that these
lipoproteins are catabolized completely after internalization.

The fluctuations in pH in the regions indicated by circles
in Figure 4, B and C (t = 0 min) are shown in Figure 4, D and
E, respectively. The pH measured in a region of agLDL far
away from cells, indicated in Figure 3C (t = 0 min), was
stable near a value of 7.4 (blue trace). In cell-associated
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Figure 5. Time-lapse images of acidic domains formed during
interaction of J774 cells with agLDL. Cells were incubated for 30 min
with agLDL dual-labeled with CypHer 5E and Alexa488. (A) Se-
lected ratiometric images from a time-lapse data set. Images were
acquired for 5 min with 1 s between frames. Scale bar, 15 um. An
enlarged panel highlighting the SCC is shown in the lower right-
hand corner of each image. (B) Acidity profile (red trace), averaged
over the region indicated by a circle in the ratiometric image shown
at t = 0 min, as a function of time. The pH measured in a region of
agLDL far away from the cell (blue trace), also indicated by a circle,
is included for comparison.

regions, fluctuations in pH occurred on the time scale of
minutes (red traces). The traces shown do not extend for the
full time course of the experiment because the signal was
lost as the agLDL was digested. It should be noted that the
locally averaged pH values shown in Figure 4, D and E,
were not as acidic as some individual pixels in Figure 4,
A-C, suggesting that the most highly acidified regions may
be small and transient. Such temporal fluctuations are con-
sistent with the dynamic nature of SCCs.

Figure 5 shows selected images from another time-lapse
data set (Supplemental Movie II). This data set was acquired
for 5 min, with 1 s between frames. An acidic domain,
highlighted by a circle in the ratiometric image shown at t =
0 min, persists for the period of observation. The red trace
displays fluctuations in pH in the acidic region. The pH
measured in a region of agLDL far away from the cell, the
blue trace, is shown for comparison. Again, fluctuations in
pH were on the time scale of minutes, which was typical of
most data sets.

FC Increases in SCCs during Macrophage Uptake

of agLDL

To show that agLDL undergoes catabolism in SCCs, agLDL
reconstituted with cholesteryl-[4-14C]-oleate was added to a
monolayer of macrophages. After a 30-min incubation with
radiolabeled agLDL, the supernatant was gently aspirated to
remove any unbound aggregates. Degradation of cell-en-
gaged aggregates proceeded for an additional 60 min. Cells
were then washed vigorously to remove extracellular aggre-
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Figure 6. The presence of free cholesterol in cell-engaged but
noninternalized aggregates. AgLDL reconstituted with cholesteryl-
[4-*C]-oleate was added to a monolayer of macrophages. After a
90-min exposure, the cells were washed vigorously to remove any
cell-engaged but extracellular aggregates. Wash/supernatant was
assayed for both radiolabeled FC and CE. FC was generated extra-
cellularly during macrophage interaction with agLDL. The extracel-
lular generation of FC was blocked upon addition of bafilomycin
Al, a V-ATPase inhibitor. Error bars, =SEM. Significance was de-
termined with an unpaired ¢ test. A lactose dehydrogenase assay
was used to ensure that cell detachment during washing was not
responsible for the increase in FC seen in the supernatant/wash. No
detectable lactose dehydrogenase was found in the material re-
leased by the vigorous washing, indicating that cells were not
detached by this procedure (data not shown).

gates from SCCs, and the fraction of hydrolyzed cholesterol
in the released agLDL was measured. FC was found in the
agLDL released from the cells (Figure 6), showing that li-
poprotein CE hydrolysis occurs extracellularly. Although a
relatively small percentage of FC was detected, it represents
only that portion of the hydrolyzed CE that was not trans-

ferred to the cell during the 90-min incubation. Consistent
with this, biochemical data indicates a large amount of FC is
internalized during the 90-min incubation (>60% of the cell
associated radiolabeled cholesterol is in the form of FC). The
production of FC in the SCC was blocked by the V-ATPase
inhibitor, bafilomycin A1l (Figure 6).

DISCUSSION

A key pathogenic event in the development of atherosclero-
sis is the retention of lipoprotein particles in the subintima
(Tabas et al., 2007). These lipoprotein particles undergo ox-
idative modification, association with extracellular matrix
proteoglycans, and aggregation. Our studies elucidate the
mechanism of a novel pathway for catabolism of agLDL by
macrophages. We observed the delivery of lysosomal con-
tents to SCCs and their acidification, thereby enabling acti-
vation of LAL and other hydrolases. Our data show that
portions of SCCs have different permeability to the extracel-
lular space and that those portions that are actively acidified
are dynamic and only transiently sealed. Further, an in-
crease in FC, which was inhibited by the addition of bafilo-
mycin Al, was observed in aggregates contained in SCCs.
Together, these results demonstrate that during macrophage
engagement of agLDL, at least a portion of CE hydrolysis
occurs in an extracellular lysosome-like compartment,
which can be described as a lysosmal synapse. This mecha-
nism of degradation is supported by the extensive degrada-
tion of extracellular agLDL that can be seen in time-lapse
imaging (Figure 4). This interaction with agLDL, which dif-
fers substantially from receptor-mediated endocytosis, is de-
signed to mimic the initial events that occur as macrophages
encounter lipoproteins in vivo. On the basis of our findings,
we propose that rapid CE hydrolysis and the transfer of FC
directly from LDL aggregates to the macrophage may occur
when macrophages encounter subendothelial lipoproteins
in developing atherosclerotic lesions.

Endothelium

Figure 7. Schematic diagram of agLDL macrophage

Intima

Modified and aggregated lipoproteins
retained on extracellular matrix

interactions. (a and b) Monomeric LDL in the blood
stream is deposited in the subintimal space, where it
becomes oxidatively modified, retained and aggregated.
(c) When subintimal macrophages (shown in purple)
interact with agLDL, an extracellular, acidic, hydrolytic
compartment is formed. The low pH of the compart-
ment is maintained by V-ATPases in the macrophage

plasma membrane. (d) FC may be transferred to the
macrophage plasma membrane either directly from the
agLDL or after hydrolysis of LDL CE by LAL that has
been delivered to the SCC from lysosomes. (e) FC in the
plasma membrane may initiate or potentiate signaling
events, such as modulation of Rho GTPase activities,
which lead to polymerization of actin. (f) Actin poly-

merization drives membrane extension and thus more
extensive membrane contact with agLDL, which pro-
motes more FC delivery to the membrane, additional
actin polymerization, and the continuation of the cycle.
Portions of agLDL are internalized into endosomes,
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where further degradation occurs.
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Prolonged incubation of macrophages with agLDL leads
to massive CE accumulation (Khoo et al., 1988; Suits et al.,
1989). Studies from our laboratory and others have shown
that sterols that are delivered to the plasma membrane can
be redistributed to intracellular organelles within minutes
(Hao et al., 2002; Wustner et al., 2005). Thus, the sterol
released extracellularly may become incorporated into the
plasma membrane and then delivered rapidly to the endo-
plasmic reticulum where it is reesterified by ACAT, thereby
contributing to foam cell formation.

Changes in plasma membrane cholesterol content dramat-
ically affect the biology of cells, including alteration of sev-
eral signal transduction processes (Maxfield and Tabas,
2005). Such changes could play an important role in deter-
mining the properties of SCCs. It is known that actin cy-
toskeleton-mediated processes are required for agLDL ca-
tabolism (Grosheva et al., 2009) and that uptake of agLDL is
very sensitive to treatment of cells with actin-depolymeriz-
ing agents or inhibitors of certain Rho GTPases (Sakr et al.,
2001). Elevation of plasma membrane cholesterol in macro-
phages (by incubation of cells with cholesterol chelated to a
carrier) results in dramatic changes in the actin cytoskeleton,
such as membrane ruffling and cell spreading (Qin et al.,
2006; Nagao et al., 2007). Cell spreading can be seen in
macrophages contacting agLDL (Figure 4B). This suggests
that changes induced by agLDL cause alterations in cellular
plasma membrane cholesterol levels and that such local
increases in cholesterol may mimic the effects of global
plasma membrane cholesterol loading.

We have emphasized the role of CE hydrolysis and cho-
lesterol delivery to macrophages in altering cellular proper-
ties such as actin assembly. Although increased levels of
cholesterol can promote actin assembly independent of the
ligation of specific receptors (Yeung and Grinstein, 2007),
receptor interactions could also play an important role in the
formation and properties of SCCs. However, previous stud-
ies have shown that the LDL receptor is not required for
catabolism of agLDL, and the lack of competition by a vast
excess of oxidized LDL suggests that SR-A and SR-B are also
not critical (Buton et al., 1999). One receptor that does play a
role in the uptake of agLDL is the LDL receptor-related
protein (LRP). A significant inhibition of agLDL degradation
was observed with the use of LRP inhibitors, indicating that
LRP partially mediates the interaction of macrophages with
agLDL (Sakr et al., 2001). Recent work has also indicated a
role for syndecan-4 in the uptake of lipolytically modified
LDL (Boyanovsky et al., 2009). Other cell surface molecules
may also play important roles in interaction with agLDL.

We propose a model for a pathogenic circle of events,
depicted in Figure 7. When subintimal macrophages come
into contact with LDL aggregates, an extracellular, acidic,
hydrolytic compartment (a lysosomal synapse) is formed.
The low pH of the compartment is maintained by the V-
ATPase in the macrophage plasma membrane. FC may be
transferred to the macrophage plasma membrane either di-
rectly from the aggregate or after hydrolysis of LDL CEs by
LAL that has been delivered to the extracellular space by
lysosomal exocytosis. FC in the plasma membrane activates
signaling events, such as modulation of Rho GTPase activi-
ties, which lead to polymerization of actin. This drives mem-
brane extension and thus a broader area of cell surface
contact with the aggregate, which may promote more FC
delivery to the membrane, additional actin polymerization,
and the continuation of the cycle. This lysosomal synapse
allows rapid catabolism of even large aggregates or aggre-
gates that are tightly linked to the extracellular matrix that
could not be internalized even by phagocytic mechanisms.
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From our time-lapse imaging, it appears that after partial
catabolism outside the cell, remnants can be internalized by
the macrophages and digested in lysosomes. This model of
agLDL catabolism may explain why cholesterol-enriched
extracellular lipid particles have been found in human athe-
romas (Kruth, 1985; Chao et al., 1988).

Eventually, foam cells in lesions undergo apoptosis releas-
ing their cholesterol load as well as several chemoattractants
(Tabas, 2004). This cholesterol load would again need to be
removed by macrophages if a lesion were to regress. How-
ever, it has been found that clearance of remnants of foam
cells eventually ceases, leading to mature atherosclerotic
plaques with unresolved necrotic cores (Tabas, 2007). Better
understanding of the mechanisms by which macrophages
interact with agLDL and other cholesterol-rich components
of plaques may lead to improved strategies to prevent lesion
formation or promote lesion regression (Llodra et al., 2004;
Williams et al., 2008).
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