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Introduction

Summary

Oxidized low-density lipoprotein (oxLDL) and oxLDL-containing immune
complexes (0xLDL-IC) contribute to the formation of lipid-laden macro-
phages (foam cells). Fcy receptors mediate uptake of oxLDL-IC, whereas
scavenger receptors internalize oxLDL. We have previously reported that
oxLDL-IC, but not free oxLDL, activate macrophages and prolong their
survival. Sphingomyelin is a major constituent of cell membranes and
lipoprotein particles and acid sphingomyelinase (ASMase) hydrolyses
sphingomyelin to generate the bioactive lipid ceramide. ASMase exists in
two forms: lysosomal (L-ASMase) and secretory (S-ASMase). In this study
we examined whether oxLDL and oxLDL-IC regulate ASMase differently,
and whether ASMase mediates monocyte/macrophage activation and cyto-
kine release. The oxLDL-IC, but not oxLDL, induced early and consistent
release of catalytically active S-ASMase. The oxLDL-IC also consistently
stimulated L-ASMase activity, whereas oxLDL induced a rapid transient
increase in L-ASMase activity before it steadily declined below baseline.
Prolonged exposure to oxLDL increased L-ASMase activity; however,
activity remained significantly lower than that induced by oxLDL-IC. Fur-
ther studies were aimed at defining the function of the activated ASMase.
In response to oxLDL-IC, heat-shock protein 70B’ (HSP70B’) was up-
regulated and localized with redistributed ASMase in the endosomal com-
partment outside the lysosome. Treatment with oxLDL-IC induced the
formation and release of HSP70-containing and IL-1p-containing exo-
somes via an ASMase-dependent mechanism. Taken together, the results
suggest that oxLDL and oxLDL-IC differentially regulate ASMase activity,
and the pro-inflammatory responses to oxLDL-IC are mediated by pro-
longed activation of ASMase. These findings may contribute to increased
understanding of mechanisms mediating macrophage involvement in
atherosclerosis.

Keywords: acid sphingomyelinase; HSP70; interleukin-1; oxidized low-
density lipoprotein immune complexes

lating immune complexes (oxLDL-IC).>® The uptake of
oxLDL-IC by macrophages is mediated primarily through

Oxidatively modified low-density lipoprotein (oxLDL)
plays an important role in the development of atheroscle-
rosis. Macrophages internalize oxLDL through several
membrane scavenger receptors,”? and once internalized,
oxLDL is transported to lysosomes for processing and
degradation.>® In addition, oxLDL is immunogenic and
induces the generation of auto-antibodies that form circu-

FcyR1 on the cell surface and results in the release
of pro-inflammatory cytokines, such as interleukin-1 f
(IL-1p) and tumour necrosis factor, and the formation of
lipid-laden foam cells.”"' We have previously shown that
oxLDL-IC, as opposed to oxLDL, up-regulate the genes
involved in both the inflammatory response and in cell
survival."? Whereas oxLDL can be toxic to monocytes, it
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has been shown that the engagement of FcyR1 by oxLDL-
IC promotes macrophage survival through a sphingosine
1-phosphate-mediated pathway and through Akt phos-
phorylation.'>"? We have also shown that cross-linking of
the FcyR1 alters how macrophages process internalized
oxLDL.* The lipid moiety from internalized oxLDL-IC is
‘trapped’ in the endosomal compartment, whereas the
apolipoprotein moiety is directed to the lysosomal com-
partment.* This difference in trafficking may determine
macrophage activation and survival in response to oxLDL.

Sphingomyelin (SM) is an abundant cellular sphingo-
lipid that has a tendency to self-associate into cell mem-
brane rafts and can account for up to 25% of the total
phospholipids in LDL particles.'*'> Acid sphingomyelin-
ase (ASMase), located in the luminal leaflet of endosomes,
lysosomes and phagosomes, can hydrolyse SM to form
ceramide.'®'” The ASMase has also been reported at the
outer leaflet of the plasma membrane upon the activation
of certain transmembrane receptors, and has been impli-
cated in the hydrolysis of SM in the plasma mem-
brane.'®'” It is believed that the generation of ceramide
at the cell surface might promote enhanced receptor
cross-linking and increased initiation of receptor-medi-
ated signal transduction.”*?!

The functionality of ASMase is critical for the macro-
phage response against both bacterial infections and in
the processing and trafficking of internalized lipids.**™°
Defects in lysosomal ASMase (L-ASMase) can lead to the
development of Niemann-Pick disease, a lysosomal stor-
age disorder characterized by the accumulation of
SM.?"*8 A secreted form of ASMase (S-ASMase) has also
been described® and is generated through differential
processing and trafficking of the same precursor as
L-ASMase.’>! Tt has been reported that S-ASMase in vitro
hydrolyses SM in LDL particles resulting in their aggrega-
tion into larger units.’>>> In addition, increased S-ASM-
ase activity has been reported in the arterial intima and
correlated with atherosclerotic plaque development.*
Interestingly, S-ASMase activity was shown to be higher
with oxLDL than native LDL particles, suggesting that the
oxidation of lipids favours SM hydrolysis.>" It has also
been suggested that arterial wall factors such as collagen
and lipases may enhance ceramide-mediated aggregation
of LDL.>' Moreover, LDL receptor/ASMase double knock-
out mice (Idlr""asm™") exhibit reduced arterial lipopro-
tein retention and reduced development of the
atheromata.® However, little is known about the role of
macrophage-derived ASMase isoforms in the functionality
of lipoprotein-stimulated macrophages.

We now describe differential activation profiles of both
L-ASMase and S-ASMase in response to oxLDL and ox-
LDL-IC in U937 monocytic cells and in monocytes isolated
from ASMase knockout (KO) mice. We also show that the
uptake of oxLDL-IC promotes the redistribution of intra-
cellular ASMase and its association with HSP70B’ in the

endosomal compartment outside the lysosomes. We fur-
ther demonstrate that prolonged activity of ASMase could
be responsible for macrophage IL-1f release in response to
oxLDL-IC through the generation of exosomes. We pro-
pose a potential novel role of macrophage-derived ASMase
in the development of atherosclerosis under conditions of
inflammation and immune complex formation.

Materials and methods

Cells

Adherent mouse macrophage-like RAW 264.7 cells were
obtained from the American Type Culture Collection
(ATCC, Manassas, VA) and grown in RPMI-1640 (Gibco,
Grand Island, NY) supplemented with 100 U/ml penicillin
and 50 pg/ml streptomycin, and 10% fetal bovine serum
(FBS; Atlanta Biologicals, Lawrenceville, GA). U937 cells
were obtained from ATCC and were grown in Iscove’s
modified Dulbecco’s medium (Gibco) supplemented with
100 U/ml penicillin and 50 pg/ml streptomycin, and 10%
FBS. Mouse monocytes were obtained from ASMase™’~
and ASMase'’* C57BL/6 mice. Animals were maintained
under standard laboratory conditions. All animal proce-
dures were approved by the Medical University of South
Carolina Institutional Animal Care and Use Committee
and followed the guidelines of the American Veterinary
Medical Association. Mouse peripheral blood was collected
via cardiac puncture and monocytes were purified using a
two-step negative selection method as described by Swirski
et al.>> Monocyte purity was verified using flow cytometry
to be at least 90%. Unless otherwise stated, cells were
seeded at 10%ml before priming with 200 ng/ml inter-
feron-y (IFN-7) and cultured overnight in Iscove’s modi-
fied Dulbecco’s medium containing 1% FBS. Cells were
treated with either Dulbecco’s phosphate-buffered saline
(DPBS) vehicle, 75 pg/ml oxLDL, or 100 pg/ml oxLDL-IC
or keyhole limpet haemocyanin immune complexes (KLH-
IC) for various times. The concentrations of oxLDL and
oxLDL-IC were selected to account for the increased pro-
tein content of immune complexes, and therefore contain
similar levels of oxLDL. The KLH-IC was used as a control
for immune complexes because KLH has a molecular
weight comparable to LDL and is able to engage Fcy recep-
tors similar to oxLDL-IC without containing lipoproteins.
Exogenously added bacterial sphingomyelinase (bSMase)
(Sigma, Saint Louis, MO) was used at 200 mU/ml
Desipramine (Sigma) was used at 20 pm and added 2 hr
before stimulation to inhibit ASMase activity.

Lipoprotein isolation and oxidation

The LDL (d = 1-019-1-063 g/ml) was isolated from the
plasma of donors who were free from clinically apparent
disease, and oxidatively modified using Cu®* as described
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previously.'*?® The oxidative modification of LDL was
evaluated by quantification of conjugated dienes as previ-
ously described.””

Preparation of immune complexes

Immune complexes containing oxXLDL were prepared with
human oxLDL and human anti-oxLDL antibodies as
described previously.”'> After precipitation, immune
complexes were re-suspended in DPBS and the concentra-
tions of total protein were determined using the bicinch-
oninic acid (BCA) protein assay (Pierce). KLH-IC was

prepared as described previously.'®'?

Labelling of oxLDL with lipophilic fluorescent dyes

Fluorescent labelling of the lipid moiety of oxLDL or ox-
LDL-IC with 3,3'-dioctadecyloxacarbocyanine perchlorate
(DiO) or 1,1’-dioctadecyl-3,3,3’,3-tetramethy lindocarbo-
cyanineperchlorate (Dil) (Invitrogen, Carlsbad, CA) was
performed as described previously’® with modifications as
previously detailed.*

Transfection of RAW 264.7 cells

We have previously shown that U937 and RAW 264.7 cell
lines respond similarly with regard to internalization of
fluorescently labelled oxLDL and oxLDL-IC.*'" We used
RAW 264.7 cells for ASMase-dsRed expression experi-
ments because they are more amenable to plasmid trans-
fection. Construction and characterization of the plasmid
encoding the green fluorescent protein-tagged HSP70B’
(HSP70B>-GFP) protein has been previously described,
as has the plasmid encoding dsRed-tagged ASMase
protein (ASMase-dsRed).” Cells were transfected with
1 pg/ml of each plasmid using FuGENE HD Transfection
reagent (Promega, San Luis Obispo, CA) according to the
manufacturer’s instructions. Cells were cultured for 24 hr
before replacing the culture medium with serum-free
RPMI

Confocal microscopy

After priming with IFN-y overnight, cells were re-sus-
pended in fresh medium containing IFN-y and FBS 1 hr.
Cells were treated with either DiO-labelled oxLDL (DiO-
oxLDL; 75 pg/ml) or DiO-oxLDL-IC (100 pg/ml) for
5 hr before treatment with human plasma for 30 min at
4° to block Fc receptors. Cells were fixed in 4% formalde-
hyde and non-specific binding was blocked by incubating
the cells for 1 hr with 10% human plasma and 10% BSA.
The cells were then incubated with anti-ASMase antibody
(rabbit polyclonal antibody #1599, 1:50 dilution vol-
ume/volume, kindly provided by Dr Richard Kolesnick,
Memorial Sloan-Kettering Cancer Center, New York, NY)

in DPBS containing 10% human serum and 10% BSA.
Alexa-Fluor 488-conjugated goat anti-mouse F(ab’), anti-
body (Invitrogen) was used as a secondary antibody. Cells
were suspended in 100 pl DPBS and 10-pl aliquots were
loaded into 10-pl glass capillaries (Idaho Technology, Salt
Lake City, UT). The capillaries were sealed and cells were
visualized using confocal microscopy (Zeiss LSM 510
Meta Laser Scanning Confocal Microscope, Thornwood,
NY). Adherent RAW 264.7 cells were grown on Lab-Tek
IT 8 well chamber slides (Nalge Nunc International, Ver-
non Hill, IL). After treatment, the cells were fixed in 4%
paraformaldehyde before mounting with Mowiol (Sigma).
Lysosomal staining was performed in saponin-permeabi-
lized cells using antibody against lysosomal-associated
membrane protein 1 (LAMP-1) conjugated to Alexa-Fluor
647 (Santa Cruz Biotechnology, Santa Cruz, CA). Alterna-
tively, lysosomes were visualized by incubating the cells
with LysoTracker Green or Blue (Invitrogen) for 30 min
before live imaging.

Small interfering RNA disruption of ASMase

U937 cells were transfected with non-targeting or ASMase
gene** small interfering RNA (siRNA) using the Nucleofec-
tor " device (Amaxa Inc., Walkersville, MD) according to the
manufacturer’s instructions. Knockdown was verified using
quantitative PCR analysis. Twenty-four hours after trans-
fection, cells were primed with IFN-y and incubated with
treatments as described above. The non-specific ASMase
inhibitor desipramine was also used to reduce ASMase
expression and displayed similar ASMase inhibition when
compared with ASMase siRNA (data not shown).

Assay of ASMase activity

Activity of ASMase was determined using a minor modi-
fication of the method of Jenkins et al.>® For L-ASMase
activity, cells were pelleted and re-suspended in L-ASMase
lysis buffer (0-2% Triton X-100, 50 mm Tris—=HCl, pH
7-4, 1 mM EDTA, with phosphatase and protease inhibi-
tors). Lysates were sonicated (one or two pulses, 10 s),
and cellular debris and unbroken cells were pelleted by
centrifugation at 1000 g for 5 min at 4°. After determina-
tion of protein concentration (BCA assay, Pierce), 100 g
protein (in a total volume of 100 pl) was added to 100 pl
reaction mixture containing 100 pm porcine brain SM,
1 x 10° counts/min of choline—[methyl—MC] in micelles
containing 0-2% Triton X-100 in sodium acetate buffer
(250 mm, pH 5-0) with 1 mm EDTA. S-ASMase activity
was performed with 100 pl conditioned medium and
assayed with a similar reaction buffer, differing only in
the substitution of 0-1 mm ZnCl, for 1 mm EDTA. The
S-ASMase activity (nmol/ml/hr) was normalized to total
cellular protein to correct for variations in cell number
(nmol/ml of medium/mg of cellular protein/hr). For both
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S-ASMase and L-ASMase assays, the reaction was run for
60 min at 37°. The reaction was terminated by the addi-
tion of 800 ul chloroform/methanol (2 : 1, volume/vol-
ume) followed by the addition of 0-2 ml Milli-Q water.
After mixing and centrifugation at 2000 g for 5 min, the
upper (aqueous) phase was removed and used for liquid
scintillation counting.

Isolation of immune complexes after incubation with
U937 cells

U937 cells (2 x 10° cells/ml) were treated with DPBS, ox-
LDL, oxLDL-IC or KLH-IC for 15 min, 30 min or 5 hr.
Cells were then washed with ice-cold DPBS and incubated
with magnetically labelled Protein G (Dynal, Grand
Island, NY) pre-conjugated to rabbit anti-oxLDL antibody
for 30 min at 4°. The beads were then recovered using a
magnet. After three washes the beads were suspended in
elution buffer (Dynal) containing protease inhibitors
(Roche, Indianapolis, IL). The suspension was sonicated
twice on ice, 10 s each time and then the ASMase activity
assay was performed. In these experiments oxLDL-IC
formed with rabbit anti-oxLDL were also used,*' because
the affinity of antibodies is much greater when antibodies
from immunized rabbits are used than when we use puri-
fied spontaneously formed human antibodies.*®

Isolation of exosomes from conditioned media

Exosomes were isolated according to the previously pub-
lished protocol with a slight modification.** Briefly,
2 x 107 cells were incubated with oxLDL or oxLDL-IC in
RPMI-1640 containing 1% FBS that had been previously
spun at 100 000 g overnight to remove bovine exosomes.
After separation of cells, conditioned media were centri-
fuged using Beckman SW41 rotor at 10 000 g for 30 min
to remove high-density debris, then at 100 000 g for 4 hr
to pellet exosomes. Purification of exosomes using a dis-
continuous sucrose gradient was performed as previously
described.*> The exosome-containing layer was washed by
re-suspension in PBS then centrifugation at 100 000 g for
1 hr. The washed pellets were re-suspended in radioim-
munoprecipitation assay buffer containing 0-5% Triton
X-100 in preparation for Western blotting. Samples were
run in NuPAGE 4-12% Bis-Tris Gels (Invitrogen) and
probed using antibodies against ASMase (Abcam, Cam-
bridge, MA), HSP70, HSP70B’ (Pharmingen, Chicago,
IL), and IL-1 (Santa Cruz). Proteins were visualized
using enhanced chemiluminescence (Pierce).

Quantification of IL-1f secretion

The extracellular concentration of IL-1§ from treated
human U937 cells was measured using the human IL-1f
ELISA kit (Abcam) and from mouse monocytes using the

mouse IL-1f ELISA (Invitrogen) kit following the manu-
facturer’s instructions.

Statistical analysis

Significant differences between two groups were evaluated
by Student’s f-test and one way analysis of variance fol-
lowed by Tukey’s post hoc test for mean separation
(P < 0-05). All data are expressed as mean + SE.

Results

0xLDL-IC but not oxLDL induce ASMase release

To assess whether oxLDL or oxLDL-IC could activate and
cause translocation of ASMase, U937 cells were incubated
with DiO-labelled oxLDL or DiO-labelled oxLDL-IC for
either 30 min or 5 hr, and ASMase was detected using
fluorescent labelling. At 30 min, oxLDL could already be
detected on the cell surface, and after 5 hr, oxLDL was
internalized (Fig. 1a). However, ASMase was not translo-
cated in response to oxLDL. In contrast, at 30 min, the
extracellular insoluble oxLDL-IC had not enough time to
fully engage the Fcy receptors on the cell surface (Fig. 1b).
Intriguingly, ASMase was detected on the exterior of the
cell co-localizing with oxLDL-IC (Fig. 1b), whereas intra-
cellular ASMase in oxLDL-IC-treated cells was decreased
compared with oxLDL-treated cells. As cells were washed
before the addition of oxLDL-IC, the presence of
co-localizing S-ASMase is probably a result of de novo
secretion. At 5 hr post-treatment, oxLDL-IC were evenly
distributed on the cell surface in organized macrodo-
mains, possibly cross-linked to Fcy receptors, and contin-
ued to be co-localized with ASMase. Expression patterns
of ASMase in oxLDL-treated (Fig. la) and non-stimulated
cells after 5 hr (Fig. 1c) did not exhibit any significant
differences.

ASMase activity is regulated in a time- and
dose-dependent manner

The activity of the extracellular oxLDL-IC-associated S-
ASMase was then measured to determine whether the
released S-ASMase was catalytically active. At 30 min
post-incubation an increase in S-ASMase activity of 50%
and 100% was detected in response to oxLDL-IC and rab-
bit oxLDL-IC, respectively, compared with corresponding
baseline controls (Fig. 2a). These results suggest that
cross-linking of the Fcy receptors can induce the release
of activated S-ASMase, which specifically binds to the ox-
LDL-IC. It has been previously shown that LDL modified
by oxidation is hydrolysed by S-ASMase forming aggre-
gates at pH 7-4.>> Extracellular aggregated oxLDL has not
been found in our studies, indicating that free oxLDL did
not stimulate S-ASMase release (Fig. la).
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unlabelled oxLDL-IC 2° antibody only
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(©) DPBS Alexa594 2° antibody Merge
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Figure 1. Oxidized low-density lipoprotein-
containing immune complexes (oxLDL-IC) but
not oxLDL induce acid sphingomyelinase
(ASMase) release. After priming with inter-
feron-y (IEN-y) overnight, U937 cells were
re-suspended in fresh medium containing IFN-
y and 1% fetal bovine serum for 1 hr before
treatment with either 3,3’-dioctadecyloxacarbo-
cyanine perchlorate-labelled (DiO-) oxLDL
(75 pg/ml) (a), DiO-oxLDL-IC (100 pg/ml)
(b), or Dulbecco’s PBS-treated for 5 hr
(¢) then fixed at 30min or 5hr
post-treatment; ASMase was visualized using
anti-ASMase antibody and secondary Alexa-
Fluor 594-labelled F(ab)’, anti-rabbit antibody.
Cells were treated with unlabelled oxLDL-IC,
and secondary antibody only as a control
(lower panel). Yellow denotes areas of ASMase
and oxLDL-IC co-localization. Results are rep-
resentative of two independent experiments.
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Early time-points were examined to determine whether
there were any transient increases in L-ASMase activity.
Interestingly, after 30 min incubation with oxLDL, but
not oxLDL-IC or KLH-IC, L-ASMase activity increased to
1-4-fold compared with baseline levels, then dropped to
baseline levels by 1 hr before it decreased further
(Fig. 2b). To further characterize the kinetics of S-ASMase
and L-ASMase activation by oxLDL-IC, U937 cells were
incubated with oxLDL, oxLDL-IC or KLH-IC for various

times. Treatment with oxLDL (75 pg/ml) gradually

Concentration (ug/ml)

50 75 100 0 25 50 75 100
Concentration (pg/ml)

reduced S-ASMase activity after 8 hr of incubation, and
almost completely abolished activity by 18 hr (Fig. 2¢). In
contrast, oxXLDL-IC treatment (with an equal amount of
oxLDL in the immune complex) gradually increased
S-ASMase activity after 8 hr of incubation, reaching four-
fold increase at 18 hr compared with base line (Fig. 2¢).
The control KLH-IC-treated cells did not demonstrate
any change in S-ASMase activity.

Incubation with oxLDL significantly reduced L-ASMase
activity below baseline levels for the first 8 hr, but started
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to rise above baseline constantly for the duration of the
experiment (Fig. 2d). In contrast, oxLDL-IC treatment
steadily and significantly increased L-ASMase activity dur-
ing the entire time—course, reaching a 1-5-fold increase at
18 hr (Fig. 2d). Interestingly, in cells treated with KLH-IC
control immune complexes there was a gradual increase
in L-ASMase activity from basal levels for up to 8 hr, but
this then dropped back to around basal levels by 18 hr
(Fig. 2d). The L-ASMase activity in response to oxLDL-
IC was significantly higher than KLH-IC at each time
after engagement with cell surface.

To determine the dose effect of oxLDL, oxLDL-IC and
KLH-IC on S-ASMase and L-ASMase activity, U937 cell
were incubated with different concentrations of the treat-
ments for 18 hr. Treatment with lower doses of oxLDL
(50 pg/ml) did not affect S-ASMase activity; however,
higher doses of oxLDL (above 50 pg/ml) were inhibitory
to S-ASMase activity (Fig. 2e). In contrast, increasing
concentrations of oxLDL-IC increased S-ASMase activity
(Fig. 2e). Intriguingly, L-ASMase activity was significantly
elevated in response to both oxLDL and oxLDL-IC at low
doses (50 pg/ml) (Fig. 2f); however, concentrations above
50 pg/ml of both oxLDL and oxLDL-IC were inhibitory
to L-ASMase activity (Fig. 2f). Increasing concentrations
of KLH-IC did not significantly affect either S-ASMase or
L-ASMase activity. Studies on ASMase activity in the con-
ditioned media have shown that the majority is Zn**-
dependent, indicating that S-ASMase is primarily the
secreted form (see supplementary material, Fig. S1).

ASMase-dsRed DiO
(a)
oxLDL
oxLDL-IC
(b)
oxLDL-IC

We then evaluated levels of ASMase protein using Wes-
tern blot analysis in both U937 and RAW 264.7 cells.
There were no significant changes detected in protein lev-
els at time-points up to 24 hr in U937 cells (see supple-
mentary material, Fig. S2A) or up to 5 hr in RAW 264.7
cells (see supplementary material, Fig. S2B). Therefore, we
conclude that the increase in ASMase activity could
be mainly the result of a direct effect on the enzyme
function.

ASMase co-localizes with the lipid moiety of
oxLDL-IC but not with oxLDL

To determine whether ASMase is involved with the
uptake of oxLDL and oxLDL-IC, RAW 264.7 cells were
transfected with ASMase-dsRed and incubated with either
DiO-0xLDL or DiO-oxLDL-IC for 3 hr. As shown in
Fig. 3(a) (top panel) ASMase-dsRed co-localized only
slightly with internalized oxLDL, whereas it completely
co-localized with internalized oxLDL-IC (Fig. 3a, bottom
panel). We have previously reported that both the protein
and lipid moieties of free oxLDL are internalized into
lysosomes whereas the lipid moiety oxLDL-IC is ‘trapped’
in endosomes outside the lysosomal compartment.* The
data in Fig. 3(a) suggest that oxLDL-IC-associated
L-ASMase could be in the endosomal compartment,
whereas in oxLDL-treated cells ASMase remained lyso-
somal. Hence, the uptake of oxLDL and oxLDL-IC may
have induced differential redistribution of L-ASMase.

Merge

Figure 3. Acid sphingomyelinase (ASMase)
co-localizes with the lipid moiety oxidized
low-density lipoprotein-containing immune
complexes (0xLDL-IC) but not with oxLDL.
(a) RAW 264-7 cells were transfected with
ASMase-dsRed and treated with either 3,3’-di-
octadecyloxacarbocyanine perchlorate-labelled
(DiO-) oxLDL (top panel) or DiO-oxLDL-IC
(bottom panel) (24 and 32 pg/ml, respectively)
for 4 hr before live visualization by confocal
microscopy. (b) ASMase is involved with the
phagocytosis of DiO-oxLDL-IC. Arrow denotes
an area of ASMase-dsRed and DiO-oxLDL-IC
co-localization (yellow) in a phagosome.
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Additionally, ASMase-dsRed was detected associated with
DiO-0xLDL-IC around the periphery of the phagosome
(Fig. 3b). A video showing ASMase-dsRed associated with
the uptake of DiO-oxLDL-IC is presented in Video Sl
(see supplementary material). These data suggest that
phagocytosis of oxLDL-IC may require the presence of
L-ASMase.

Exogenous sphingomyelinase enhances
the uptake of oxLDL-IC

To ascertain the role of the early S-ASMase secretion
observed with oxLDL-IC treatment, cells were incubated
with Dil-oxLDL or Dil-oxLDL-IC and LysoTracker Green
for 5 hr in the presence and absence of bSMase. Eight to
ten microscope fields containing approximately 20 cells
each were examined per treatment. Results show that
bSMase had no apparent effect on the magnitude of
uptake and trafficking of oxLDL to lysosomes (Fig. 4a);
however, bSMase treatment increased oxLDL-IC internali-
zation (Fig. 4a). These data suggest that exogenous SMase
activity enhances the uptake of oxLDL-IC. Furthermore,
the presence of bSMase at the concentrations used in our
study did not affect cell proliferation or cell survival of
U937 cells (see supplementary material, Fig. S3).

We have previously shown that simultaneous addition
of oxLDL and oxLDL-IC resulted in their separate intra-
cellular localization, with the lipid moiety of oxLDL
located in the lysosomes and that of oxLDL-IC in the
endosomes.* However, when oxLDL-IC was added 2 hr
before the addition of oxLDL, the lipid moiety of both
was internalized to the endosomal compartment.* To
determine if SMase activity could influence the intracellu-
lar trafficking of oxLDL when introduced simultaneously
with oxLDL-IC, bSMase was added along with the simul-
taneous addition of DiO-oxLDL and Dil-oxLDL-IC
(Fig. 4b). The yellow colour in the cells shown in the
presence of bSMase indicates that oxLDL and oxLDL-IC
were internalized into the same non-lysosomal compart-
ment (Fig. 4b). When DiO-oxLDL was mixed with DiO-
oxLDL-IC in a cell-free system in the presence of either
bSMase or supernatant from 18 hr-oxLDL-IC-treated
U937 co-aggregation of the lipid moieties was observed
(see supplementary material, Fig. S4). Therefore, the
intracellular co-localization of the lipid moieties of ox-
LDL and oxLDL-IC shown in Fig. 4(b) is possibly the
result of internalization of the co-aggregates via the Fc
receptors.

ASMase co-localizes with HSP70B’ in the endosomal
compartment outside lysosomes

It has been previously reported that HSP70 can stabilize
lysosomes by binding to an endolysosomal anionic phos-
pholipid bis(monoacylglycero)phosphate, an essential co-

factor for ASMase activity.** We have previously shown
that the expression of the HSP70 family member HSP70B’
is up-regulated in response to oxLDL-IC."" We also have
shown that the lipid moiety from internalized oxLDL-IC
is ‘trapped’ in the endosomal compartment, whereas the
apolipoprotein moiety is directed to the lysosomal com-
partment. In the current study we examined whether
ASMase is associated with HSP70B’. We co-transfected
RAW 264.7 cells with both ASMase-dsRed and HSP70B’-
GFP, then added either oxLDL or oxLDL-IC for 5 hr.
There was significant co-localization of both ASMase and
HSP70B’ in oxLDL-IC-treated cells (Fig. 5, bottom panel).
Interestingly, ASMase did not co-localize with LAMP-1 in
cells treated with oxLDL-IC (Fig. 5, bottom panel). This
suggests that oxLDL-IC up-regulates HSP70B’ expression
and causes the redistribution of ASMase outside the lyso-
some. On the other hand, ASMase co-localized with the
lysosomal marker LAMP-1 in both the control and
oxLDL-treated cells (Fig. 5, top and middle panel).

Disruption of L-ASMase inhibits internalization of
extracellular oxLDL-IC aggregated with
HSP70B’ and ASMase

To determine whether L-ASMase could affect HSP70B’
localization, we transfected RAW 264.7 cells with both
ASMase-dsRed and HSP70B’-GFP, then incubated the
cells with oxLDL-IC in the presence and absence of
20 puM desipramine and visualized live cells. Treatment of
the doubly transfected cells with oxLDL-IC induced
HSP70B’-GFP expression and intracellular co-localization
with ASMase-dsRed (Fig. 6a), as shown also in Fig. 5
using fixed cells (the effects of oxLDL-IC on total expres-
sion of HSP70B’-GFP could be the result of activation of
the cytomegalovirus early immediate promoter in stimu-
lated RAW 264.7 cells).!"™* Treatment with tricyclic an-
tidepressants including desipramine has been shown to
accumulate in the lysosomes, where it uncouples ASMase,
which is subsequently degraded. S-ASMase, by virtue of
its different processing in the Golgi, never enters the lyso-
some and therefore is secreted unaffected by these drugs.
Interestingly, desipramine treatment resulted in significant
co-localization of ASMase with HSP70B’ extracellularly
associated with oxLDL-IC aggregates (Fig. 6b). However,
the ASMase—HSP70B’ complexes could not be re-internal-
ized because of the dysfunctional lysosomes that were
devoid of ASMase activity.

To determine whether the S-ASMase complexed with
HSP70B’ was active, RAW 264.7 cells were treated for
2 hr with desipramine before stimulation with oxLDL or
oxLDL-IC. The data show that Zn*'-independent ASM-
ase (L-ASMase) activity was higher in oxLDL-IC-stimu-
lated cells than in either oxLDL-stimulated or
non-stimulated cells, and desipramine robustly inhibited
L-ASMase activity (Fig. 6¢, left panel). Zn®*-dependent
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Figure 4. Exogenous sphingomyelinase enhances the uptake of oxidized low-density lipoprotein-containing immune complexes (oxLDL-IC).
U937 cells were incubated with and without 200 mU bacterial sphingomyelinase (bSMase) and with (a) 1,1’-dioctadecyl-3,3,3',3-tetramethy lindo-
carbocyanineperchlorate-labelled (Dil-) oxLDL (24 pg/ml, top panels) or Dil-oxLDL-IC (32 pg/ml); or (b) with both 3,3’-dioctadecyloxacarbocy-
anine perchlorate-labelled (DiO-) oxLDL and Dil-oxLDL-IC simultaneously for 5 hr. Thirty minutes before live visualization by confocal
microscopy, the cells were treated with LysoTracker Green (a) or LysoTracker Blue (b). Arrows in (a) denote co-localization (yellow) of Dil-
oxLDL (red) with LysoTracker Green. Arrows in (b) top panel denote co-localization (turquoise blue) of DiO-oxLDL (green) with LysoTracker
Blue; arrow in lower panel denotes co-localization (yellow) of DiO-oxLDL (green) and Dil-oxLDL-IC (red).
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Figure 5. Acid sphingomyelinase (ASMase) co-localizes with heat-shock protein 70B’ (HSP70B’) in the endosomal compartment outside lyso-
somes. RAW 264-7 cells were co-transfected with both HSP70B’-GFP and ASMase-dsRed before treatment with either unlabelled oxidized low-
density lipoprotein (oxLDL; 75 pg/ml) or oxLDL-containing immune complexes (oxLDL-IC; 100 pg/ml) for 5 hr. The cells were fixed in 4%

paraformaldehyde and permeabilized using 0-25% saponin and 10% fetal bovine serum in PBS. Lysosomes were probed with anti-LAMP-1 conju-
gated to Alexa-fluor 647 (blue). Yellow, co-localization of HSP70B’-GFP with ASMase-dsRed; purple, co-localization of ASMase-dsRed with

LAMP-1; NS, non-stimulated.

ASMase (S-ASMase) activity was also higher in oxLDL-IC-
stimulated cells compared with oxLDL-stimulated or
non-stimulated cells, but was not inhibited by desipra-
mine (Fig. 6¢, right panel). These results suggest that in
response to stimulation with oxLDL-IC, S-ASMase is
secreted along with HSP70B’, and that L-ASMase activity
is required for the uptake of S-ASMase/HSP70B’/oxLDL-
IC complexes.

Treatment with oxLDL-IC induces
the formation of exosomes

Extracellular HSP70B” and S-ASMase were closely associ-
ated, so we investigated whether the two proteins may
have also been part of exosomes secreted in the media.
Exosomes are approximately 100-nm diameter mem-
brane-bound vesicles implicated in a wide variety of bio-
logical processes from cell-to-cell communication to
cytokine release.*®*” U937 cells were treated with either
oxLDL or oxLDL-IC in the presence and absence of desi-
pramine. Western blot analysis of isolated exosomes
showed that they contained ASMase and the known exo-
some marker, HSP70, but not HSP70B’ (Fig. 7). Interest-
ingly, oxLDL-IC produced more exosomes that contained
higher levels of ASMase protein when compared with ox-
LDL. In addition, desipramine treatment abolished the
formation of exosomes, so indicating that ASMase activity
is required for the formation of oxLDL-IC-induced
exosomes.

ASMase activity is required for IL-1f secretion in
exosomes

We have previously reported that oxLDL-IC-treatment of
U937 cells promotes the release of IL-14.""'? In this study
we examined whether ASMase mediates IL-1f release and
whether IL-1f is secreted in the ASMase-containing exo-
somes. Release of IL-1f in response to oxLDL-IC was
consistently higher than in response to oxLDL at time-
points measured starting 2 hr after stimulation (Fig. 8a),
and importantly was inhibited with desipramine. Using
quantitative reverse transcription-PCR we detected con-
stitutive expression of IL-1§ mRNA in U937 cells (data
not shown). U937 cells transfected with ASMase siRNA
exhibited significantly reduced IL-1f levels in response to
both oxLDL and oxLDL-IC treatments (Fig. 8b). Knock-
down of ASMase protein expression was verified by Wes-
tern blotting (see supplementary material, Fig. S5).
Interleukin-1f release was also examined in monocytes
from ASMase KO mice and wild-type controls (Fig. 8c).
Again, there was no significant release of IL-1f in either
oxLDL-IC-treated or oxLDL-treated ASMase KO mono-
cytes compared with controls. The highest levels of
released IL-1f in response to oxLDL-IC were at 12 hr
after treatment; however, oxLDL began to stimulate the
release of IL-1f at 12 hr after treatment (Fig. 8c). These
data suggest that ASMase activity is required for IL-1f
release in monocytes stimulated with either oxLDL-IC or
free oxLDL, and that regulation of IL-1f release may be
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Figure 6. Disruption of lysosomal acid sphin-
gomyelinase (L-ASMase) inhibits internaliza-
tion of extracellular oxidized low-density
lipoprotein-containing immune complexes (ox-
LDL-IC) aggregated with heat-shock protein
70B’ (HSP70B’) and ASMase. RAW 264.7 cells
were transfected with both ASMase-dsRed and
HSP70B’-GFP and treated with oxLDL-IC
(100 pg/ml) (a) in the presence and absence of
desipramine for 4 hr (b). Pretreatment with
desipramine (20 um) was for 2 hr. Cells were
visualized live by confocal microscopy. Yellow,
co-localization of HSP70B’-GFP with ASMase-
dsRed; arrows denote co-localization of
HSP70B’-GFP with ASMase-DsRed extracellu-
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in part post-translational. Intriguingly, we detected the
presence of IL-1f in the isolated exosomes (Fig. 7). Taken
together, these data suggest that treatment with oxLDL-
IC, and to a lesser extent oxLDL, induces IL-1f-contain-
ing exosomes via an ASMase-dependent mechanism.

Discussion

The role of S-ASMase in macrophage activation and
development of atherosclerotic plaques has been obscure
despite several seminal studies on synthesis and function-
ality of the enzyme.’>*®** The source of S-ASMase has
often been assumed to have originated from endothelial
cells in vivo;”® however, our data suggest that activated
monocytes/macrophages may also be an additional source
of released S-ASMase. In this study we have provided evi-
dence for a potential mechanism by which uptake of ox-
LDL-IC, as opposed to oxLDL, can promote and regulate
the release of S-ASMase in macrophages. Additionally, we
demonstrated that the uptake of oxLDL-IC requires exog-
enous SMase activity and that uptake and intracellular

oxLDL oxLDL-IC

independent experiments (1 = 4).

trafficking are also dependent on L-ASMase activity. Fur-
thermore, we showed that S-ASMase is indeed targeting
the insoluble oxLDL-IC cross-linking to the cell mem-
brane receptors. The co-localization of S-ASMase with
HSP70B’ extracellularly and in the endosomal compart-
ment in response to oxLDL-IC implies a key role for
HSP70B’ in the redistribution of ASMase and in main-
taining its enzymatic activity. We also showed that ASM-
ase activity is required for IL-1f secretion in response to
oxLDL, in free form or complexed to corresponding anti-
bodies of the IgG isotype. Desipramine inhibited both
L-ASMase and the formation of exosomes in oxLDL-IC-
treated cells, which suggests that L-ASMase activity is
required for exosome release.

It is important to note that although we observed
extracellular S-ASMase by confocal microscopy within
30 min of treatment (Fig. 1b), we did not detect S-ASMase
activity in the conditioned media before 8 hr (Fig. 2¢).
Extracellular ASMase was localized to insoluble oxLDL-IC
and upon pelleting the treated cells the insoluble oxLDL-
IC with associated ASMase would have also been in
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Figure 7. Treatment with oxidized low-density lipoprotein-contain-
ing immune complexes (oxLDL-IC) induces the formation of exo-
somes. U937 cells were either not stimulated (lane 1), or were
treated for 5 hr with oxLDL (75 pg/ml) (lane 2), oxLDL-IC (100 pg/
ml) (lane 3), or oxLDL-IC (100 pg/ml) in the presence of desipra-
mine (20 um) (lane 4). Exosomes were isolated from conditioned
media, purified using a discontinuous sucrose gradient, and prepared
for Western blotting as described in Materials and Methods. Data
shown are representative of three independent experiments.

the pellet, hence removing the majority of S-ASMase
present in the conditioned medium. Furthermore,
S-ASMase activity requires the presence of additional
Zn**, which is not required for L-ASMase activity;'
therefore, the in vitro assay measuring L-ASMase activity
adopted in this study would not detect S-ASMase activity.
The increasing S-ASMase activity detected after 8 hr of
stimulation with oxLDL-IC suggests that there was no
feedback mechanism that could limit the secretion. How-
ever, the individual roles of macrophage-derived L-ASM-
ase and S-ASMase on the development of atherosclerosis
remain to be determined.

We have previously shown that oxLDL particles begin
to be internalized by macrophages at around 30 min
post-treatment, whereas oxLDL-IC internalization begins
5 hr after treatment.* This difference in kinetics of uptake
may be attributed to the engagement of Fcy receptors by
immune complexes. In the present study, L-ASMase activ-
ity in oxLDL-treated cells decreased below baseline for up
to 8 hr after treatment then rose to above baseline activity
for the duration of the experiment (Fig. 2d). Whereas the
degradation of oxLDL occurs rapidly, there may be a
threshold level of intracellular by-products of degradation
(such as cholesterol esters) that might increase L-ASMase
activity after 8 hr. In contrast, immune complexes
induced an initial increase in L-ASMase activity that was
maintained for 8 hr, suggesting a role for Fc receptor
stimulation (Fig. 2d). Once bound to immune complexes,
Fc receptors are internalized and degraded.”’ This may
eventually lead to a reduction in Fc receptor density on
the cell surface, or decrease the extracellular concentration
of immune complexes. Either of these mechanisms could
result in insufficient Fc receptor-mediated L-ASMase

activation after 8 hr of incubation with immune com-
plexes. The increased L-ASMase activity observed as a
result of oxLDL-IC treatment may be the result of syner-
gism between both Fc receptor signalling and oxLDL
degradation.

Our data suggest that oxLDL-IC requires both exoge-
nous (S-ASMase) and endogenous (L-ASMase) ASMase
activity for both internalization and trafficking to the en-
dosomal compartment. In addition, exogenous SMase
activity allowed for uptake of oxLDL and oxLDL-IC and
their simultaneous trafficking. One effect that SMase
activity may have is hydrolysing the SM present in ox-
LDL, leading to larger particles that can more easily
aggregate.” Larger oxLDL particles may induce phagocy-
tosis, which may involve different uptake mechanisms
than the uptake of oxLDL alone, such as via LDL recep-
tor-related protein.’>>> Another non-mutually exclusive
possibility is that S-ASMase may be hydrolysing cell sur-
face SM into ceramide to facilitate internalization, which
has been previously shown to enhance the internalization
of the transferrin receptor.”

Desipramine has been shown to decouple ASMase from
the lysosomal compartment causing its deactivation and
breakdown.”*® Inhibition of IL-1§ release by desipra-
mine treatment may therefore be the result of the inhibi-
tion of L-ASMase activity. Our data show that lack of
ASMase (in this instance probably L-ASMase) signifi-
cantly reduced levels of IL-1f. Inhibition of ASMase using
a chemical inhibitor (SMA-7) was also reported to reduce
the secretion of inflammatory cytokines including IL-1f
in THP-1 macrophages and in an inducible colitis mouse
model.”” It is possible that the requirement for ASMase
activity in cytokine release is cell-type specific, and also
may depend on which cell surface receptors have been
stimulated.”® In addition, it is interesting to note that
ASMase knockdown inhibited IL-1f release after treat-
ment with both oxLDL-IC and oxLDL, but with different
magnitude. We speculate that the early and transient
increase in L-ASMase activity after addition of oxLDL
could also be sufficient for IL-1f release. It has been
shown that the release of IL-1f follows an unconventional
pathway involving caspase-1 activation by the inflamma-
some, an innate immune effector.”” Inflammasome activa-
tion and induced autophagy in macrophages were recently
found to synergize in secreting IL-15.°" Further study on
any possible inflammasome involvement during oxLDL-
IC stimulation would be warranted.

We have previously shown that knockdown of HSP70B’
(gene: HSPA6) completely inhibits oxLDL-IC-induced
secretion of IL-1p."* The findings indicated that HSP70B’
expression is required in the process by which oxLDL-IC
augments the secretion of IL-1f. Interestingly, we found
that IL-1f mRNA expression is not affected by HSP70B’
siRNA knockdown.'> We have later shown that oxLDL-IC
induces up-regulation of both HSP70 and HSP70B’ in
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RAW 264.7 cells.'"' In this study HSP70, but not
HSP70B’, was detected in released exosome, which sug-
gests that HSP70B’ and HSP70 play different but comple-
mentary roles in macrophages stimulated with oxLDL-IC.

Figure 8. Acid sphingomyelinase (ASMase) activity is required for
interleukin-1f (IL-1f) secretion in exsosomes. (a) U937 cells were
transfected with ASMase small interfering (si) RNA and treated with
oxidized low-density lipoprotein (oxLDL; 75 pg/ml) or oxLDL-
immune complexes (oxLDL-IC; 100 pg/ml) and then conditioned
media were collected and analysed by ELISA for IL-1f at various
time-points. *denotes significant difference between oxLDL-treated
cells and oxLDL-IC-treated cells within the control-transfected group
at each time-point (P < 0-01). Both oxLDL and oxLDL-IC treat-
ments exhibit significant differences between control and ASMase
siRNA-transfected cells (P < 0-01). (b), Monocytes were isolated
from ASMase knockout and wild-type mice and treated as men-
tioned above for U937 cells. *denotes significant difference between
oxLDL-treated and oxLDL-IC-treated cells within the wild-type
group at each time-point (P < 0-01). #denotes significant difference
between ASMase-expressing monocytes and monocytes lacking ASM-
ase expression in oxLDL-treated cells (P < 0-01). Data shown are
Mean * SE from duplicate samples from two independent experi-
ments (n = 4).

While L-ASMase is by definition located in the lyso-
somes, our data show that the uptake of oxLDL-IC forced
the redistribution of L-ASMase outside the lysosome into
the endosomal compartment containing oxLDL-IC. Given
that the activity of L-ASMase in response to oxLDL-IC
steadily increases, this suggests that ASMase activity is at
least partially maintained. Treatment with desipramine
did not result in any significant difference in the magni-
tude of intracellular co-localization of ASMase with
HSP70B’, suggesting that ASMase activity is not required
for the expression and distribution of HSP70B’ in ox-
LDL-IC-treated cells. However, large aggregates contain-
ing both HSP70B’ and ASMase were detected outside the
desipramine-treated cells, indicating that L-ASMase activ-
ity is required for the internalization of HSP70B’/ASMase
associated with oxLDL-IC. Our results therefore suggest
that in oxLDL-IC-treated cells, HSP70B’ up-regulation
and co-localization with ASMase may be required for
both redistribution of L-ASMase in the endosomal com-
partment outside lysosomes and maintaining S-ASMase
activity. As we found that desipramine-treated oxLDL-IC-
stimulated cells also show HSP70B’ associated with ASM-
ase extracellularly, we propose that the role of HSP70B’/
S-ASMase complexes in oxLDL-IC-treated macrophages
may be in enhancing and maintaining ASMase activity
for proper phagocytosis of oxLDL-IC.

The redistribution of ASMase and the differential regu-
lation of ASMase activity suggest different roles in the
uptake and processing of oxLDL versus oxLDL-IC. The
uptake of oxLDL engages the class A scavenger receptor
(SR-A),*! CD36,%> CD14 and Toll-like receptor 4.9 On
the other hand, oxLDL-IC engage Fcy receptor. Hence,
the differential trafficking and processing of the particles
once engulfed may enable the macrophage to fulfil its
innate and acquired immunological roles, and may pro-
vide the context for the function of the different processing.
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Although our data show that ASMase activity is necessary
for IL-1f release in oxLDL-IC-treated cells, the effects of
free oxLDL are different in untransformed mouse mono-
cytes compared with U937 cells. Our data with wild-type
monocytes are broadly in agreement with previously pub-
lished data.!®®* However, we detected differences in the
magnitude of IL-1f release in response to oxLDL in wild-
type monocytes and U937 cells. These differences may be
attributable to an increased state of activation of the
transformed U937 cell line.

Human serum S-ASMase activity can be induced by
tumour necrosis factor, IL-15,>° lipopolysaccharide and
oxidative stress.”” Additionally, S-ASMase levels are increased
in haemophagic lymphohistiocytosis, a disease where one
of the symptoms includes hyper-activated macrophages.*®
It has also been reported that MCF-7 cells release S-ASM-
ase upon tumour necrosis factor and IL-1f stimulation,
hydrolysing long-chain SM in the plasma membrane to
form ceramide.”® Hence, S-ASMase may play a role in
producing ceramide in the extracellular compartment,
and may therefore enhance cellular stimulation in either
an autocrine or a paracrine manner. The released S-ASM-
ase bound to oxLDL-IC in this study might generate cera-
mide on neighbouring macrophages and stimulate their
response to oxLDL-IC, which is supported in part with
our data using bSMase. In addition, bacterial infections
have been linked to the formation of atherosclerosis.®”’
Our data showing the increased uptake of oxLDL and ox-
LDL-IC in the presence of bSMase suggest another mech-
anism where bacterial infection may promote the
formation of atherosclerotic plaques.

In conclusion, our current data show that engagement
of Fcy receptors with modified LDL immune complexes
stimulates the release of S-ASMase and may produce a
long-term activation of L-ASMase. In addition, up-regula-
tion of HSP70B’ protein appears to be associated with ASM-
ase redistribution. Importantly, we showed that ASMase
activity promotes the release of the inflammatory cytokine
IL-1p. Activated ASMase may provide the necessary sub-
strates for the downstream synthesis of the bioactive
sphingolipid sphingosine-1-phosphate, which is involved
with both survival and inflammatory responses. Both
enhanced macrophage survival and enhanced release of
pro-inflammatory cytokines are likely to play a key role
in the perpetuation of the vascular inflammatory disease.
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Acid sphingomyelinase regulation by oxLDL versus oxLDL immune complexes

Video S1. Video depicting involvement of acid sphin-
gomyelinase (ASMase) in phagocytosis of 3,3'-dioctade-
cyloxacarbocyanine perchlorate-labelled oxidized low-
density lipoprotein-containing immune complexes (ox-
LDL-IC).

Figure S1. Enzyme activity of secreted acid sphingomy-
elinase (ASMase) in conditioned media is Zn“-depen-
dent.

Figure S2. Cellular acid sphingomyelinase (ASMase)
protein is not cleaved during incubation with either oxi-
dized low-density lipoprotein (oxLDL) or oxLDL-contain-
ing immune complexes (oxLDL-IC).

Figure S3. Addition of bacterial sphingomyelinase
(bSMase) has no significant effect on U937 viability.

Figure S4. Extracellular sphingomyelinase (S-ASMase)
activity co-aggregates oxidized low-density lipoprotein
(oxLDL) and oxLDL-containing immune complexes (ox-
LDL-IC).

Figure S5. Treatment with acid sphingomyelinase
(ASMase) small interfering (si) RNA inhibits ASMase
protein expression.
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