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Attenuated suppression of the oxidative burst by cells
dying in the presence of oxidized low density lipoprotein®
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Abstract Macrophages ingesting apoptotic cells attenuate
inflammatory responses, such as reactive oxygen species
(ROS) generation. In atherosclerosis, ongoing inflammation
and accumulation of apoptotic/necrotic material are ob-
served, suggesting defects of phagocytes in recognizing or
responding to dying cells. Modified lipoproteins such as oxi-
dized LDL (oxLDL) are known to promote inflammation
and to interfere with apoptotic cell clearance. Here, we
studied the impact of cells exposed to oxLDL on their abil-
ity to interfere with the oxidative burst in phagocytes. In
contrast to apoptotic cells, cells dying in response to or in
the presence of oxLDL failed to suppress ROS generation
despite efficiently being taken up by phagocytes. In addi-
tion, apoptotic cells, but not oxLLDL-treated cells, inhibited
phosphorylation of extracellular signal-regulated kinase,
which is important for NADPH oxidase activation. oxLLDL
treatment did not interfere with activation of the antiinflam-
matory transcriptional regulator peroxisome proliferator-
activated receptor y by apoptotic cells. Moreover, cells
exposed to oxLDL failed to suppress lipopolysaccharide- in-
duced proinflammatory cytokine expression, whereas apop-
totic cells attenuated these phagocyte responses.Eli Thus,
the presence of oxLDL during cell death impaired the abil-
ity of apoptotic cells to act antiinflammatory with regard to
oxidative burst inhibition and cytokine expression in
phagocytes.—Namgaladze, D., C. Jennewein, S. Preiss, A.
von Knethen, and B. Briine. Attenuated suppression of the
oxidative burst by cells dying in the presence of oxidized
low density lipoprotein. J. Lipid Res. 2009. 50: 2173-2181.
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An immunologically silent removal of dying cells by pro-
fessional phagocytes and bystander cells is a prominent
feature of programmed cell death. Phagocytes ingesting
apoptotic material show diminished inflammatory re-
sponses toward pathogen stimulation, thus displaying a
desensitized phenotype (1, 2). A major characteristic of
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this phenotype shift is the attenuated production of reac-
tive oxygen species (ROS), known as the oxidative burst,
upon phagocytosis of pathogens or stimulation with phor-
bol esters (3, 4). Mechanistically, inhibition of the oxida-
tive burst by apoptotic cells was suggested to involve
peroxisome proliferator-activated receptor (PPAR)vy,
which prevented translocation of protein kinase Ca to the
membrane (3). A reduced ROS-producing capacity of
macrophages is accompanied by attenuated NO produc-
tion via enhanced arginase II expression (5) and a switch
from pro- to antiinflammatory cytokine production (6-8).
These responses are supposed to suppress inflammation
following the contact with apoptotic cells.

Cell death accompanies atherosclerosis at all stages of
disease progression but is particularly pronounced in ad-
vanced plaques (9). These plaques are characterized by
the formation of a necrotic core, which is mainly com-
posed of free cholesterol and material derived from dying
macrophages and smooth muscle cells. The size of the ne-
crotic core correlates with plaque instability and the risk of
plaque rupture (10). Defects in apoptotic cell clearance by
phagocytes are now recognized as a fundamental process
in the formation of the necrotic core (9, 11). Among the
factors attenuating phagocytosis in atherosclerotic plaques,
oxidized LDL (oxLLDL) has gained considerable impor-
tance. Several mechanisms may account for the detrimen-
tal effects of oxLDL on apoptotic cell clearance. Specifically,
oxLDL interferes with the recognition of apoptotic cells by
competing with epitopes on apoptotic cells for the interac-
tion with the CD36 receptor on macrophages (12-16). Al-
ternatively, oxLLDL induces oxidative stress, and oxidative
stress may avert phagocytosis of apoptotic cells (17). In ad-
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dition, oxLDIL-derived material may be trapped in mac-
rophage lysosome structures following oxLDL uptake
(11). This may cause lysosomal dysfunction and account
for impaired phagocytosis in atherosclerosis (17).

Although the nature of cell death may affect phagocyto-
sis of dying cells, little is known about phagocytosis of cells
dying in response to oxLDL. Similarly, the impact of ox-
LDL-treated cells on macrophage desensitization remains
unclear. It was reported that recognition of murine mac-
rophages undergoing apoptosis in response to oxLDL is
normal and suppresses proinflammatory cytokine produc-
tion, while the uptake of macrophages dying after free
cholesterol overload provokes a proinflammatory phago-
cyte phenotype (18).

We compared the oxidative burst in phagocytes follow-
ing their interaction with apoptotic cells generated by the
treatment with staurosporine versus cells dying in response
to or in the presence of oxLLDL. We observed that oxLLDL-
treated cells were incapable of blocking the oxidative
burst, although their uptake by phagocytosis was normal.
Cells exposed to oxLLDL retained their ability to activate
PPARY in macrophages but inefficiently suppressed proin-
flammatory cytokine formation. Taken together, these
data indicate that proinflammatory signals dominate the
phenotype shift in macrophages upon contact with cells
dying in response to oxLDL.

MATERIALS AND METHODS

Cell culture

The mouse macrophage cell line RAW264.7, human THP-1
monocytic cells, and Jurkat T-cells were maintained in RPMI
1640 containing 100 U/ml penicillin, 100 pg/ml streptomycin,
and 10% heatinactivated fetal calf serum. Human peripheral
blood mononuclear cells were isolated from buffy coats using Fi-
coll density centrifugation and plated in serum-free medium for
1 h followed by washing of nonadherent cells. Monocytes were
then differentiated into macrophages with RPMI 1640 contain-
ing 10% AB-positive human serum (PAA Laboratories) for 7
days. The investigation conforms to the principles outlined in the
Declaration of Helsinki.

LDL isolation and treatment

Human LDL (d=1.02-1.06 g/ml) was isolated from plasma of
healthy volunteers (DRK-Blutspendedienst Baden-Wiirttemberg-
Hessen, Institut fiir Transfusionsmedizin und Immunhamatolo-
gie Frankfurt am Main, Frankfurt, Germany) by sequential
ultracentrifugation. oxLLDL. was prepared by incubating LDL
with 5 pM CuSO, at room temperature for 24 h followed by dialy-
sis against PBS with 100 pM EDTA. Oxidation was monitored by
measuring relative electrophoretic mobility of LDL and oxLLDL
in agarose gels (relative electrophoretic mobility of 3—4) and by
spectrophotometric detection of thiobarbituric acid reactive sub-
stances (6-8 nmol/mg). Endotoxin content of the preparations
was <1 ng/mg oxLDL (Pyrotell assay, Associates of Cape Cod,
Falmouth, MA).

Apoptosis induction

Apoptosis was induced in THP-1 and Jurkat cells by treatment
with 0.5 pg/ml staurosporine for 3 h in serum-free medium. Sec-
ondary necrosis was induced by treatment with 0.5 pg/ml stauro-
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sporine for 36 h. For oxLDL-induced cell death, Jurkat and
THP-1 cells were treated for 8 h with 25 pg/ml and 75 pg/ml
oxLDL, respectively. Coincubation of oxLDL and staurosporine
was carried out for 3 h. In all cases, cells were washed two times in
serum-free medium prior to their exposure to macrophages.

Apoptosis analysis

Apoptotic cells were analyzed by flow cytometry (FACS Canto,
BD Biosciences, Heidelberg, Germany) using the Annexin
V-FITC apoptosis detection kit (Beckman Coulter, Krefeld, Ger-
many) according to the manufacturer’s instructions. Caspase-3/7
activity was quantified as described previously (19).

Oxidative burst

Superoxide production by RAW264.7 cells was analyzed by
flow cytometry measuring hydroethidine (HE) oxidation as de-
scribed (3). Briefly, cells were plated on 3 cm dishes at 1.5 x 10°
cells/dish 24 h before the experiment. Human macrophages
were plated at 2 x 10° /well in 24-well plates. Following their pre-
incubation with apoptotic cells ataratio of 1:5 (macrophages:AC),
macrophages were washed two times with PBS and subsequently
resuspended in PBS and treated for 20 min with 1 pM phorbol
12-myristate 13-acetate (PMA). Thereafter, 2 pM HE was added
and incubations continued for 20 min before analysis. Mac-
rophages were gated according to their forward scatter/side scat-
ter characteristics. Data from 10,000 gated cells were collected.
Quantitative analysis was performed using PE median fluores-
cence intensities. Data were normalized to median fluorescence
intensity values of PMA-treated cells.

Phagocytosis

Phagocytosis of apoptotic cells by human primary macrophages
was assessed by fluorescent microscopy. Jurkat cells were labeled
with 0.5 pM 5-chloromethylfluorescein diacetate (CMF-DA, Invit-
rogen, Karlsruhe, Germany) before apoptosis induction. Apop-
totic cells were washed two times and incubated with macrophages
prelabeled for 30 min with 5 pM CellTracker Orange CMRA (In-
vitrogen) at a ratio of 1:5 (macrophages:AC). Following 1 h incu-
bations, macrophages were washed three times with PBS and
analyzed by microscopy. At least 300 macrophages were counted
and the data are expressed as phagocytic index, i.e., percentage
of macrophages engulfing one or more apoptotic bodies multi-
plied by the number of engulfed particles per macrophage.
Phagocytosis of apoptotic cells by RAW264.7 macrophages was
performed according to Schrijvers et al. (20) with minor modifi-
cations. Jurkat cells were labeled with 0.5 pM CMF-DA before
apoptosis induction. Apoptotic cells were washed two times and
incubated with RAW264.7 cells preincubated for 30 min with 5
pM CellTracker Orange CMRA. Following 1 h incubations, mac-
rophages were washed three times in PBS and analyzed by flow
cytometry. Red fluorescent macrophages were measured in the
PE channel and green fluorescent apoptotic cells in the FITC
channel. Phagocytosis was quantified as the increase of median
FITC fluorescence intensity of the macrophage-gated popula-
tion, which excluded adherent apoptotic cells.

Western blotting

2 x 10° RAW264.7 cells were incubated with 10 x 10° apoptotic
or oxLDI-treated Jurkat cells followed by stimulation with 100
nM PMA for 5 min. Then 80 pg of cell lysates were resolved by
SDS-polyacrylamide gel electrophoresis. Proteins were blotted
onto nitrocellulose. Membranes were incubated overnight with
mouse anti-phospho-extracellular signal-regulated kinase (ERK)
and rabbit anti-ERK antibodies (#9106 and #4695, Cell Signaling
Technology, Danvers, MA), washed three times with Tris-buff-

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

0.DC1.html

Supplemental Material can be found at:
http://www.jlr.org/content/suppl/2009/06/05/M800615-JLR20

ered solution containing 0.1% Tween 20, incubated 1 h with a
mixture of IRDye680-coupled anti-rabbit and IRDye800CW-cou-
pled anti-mouse antibodies (LI-COR Biosciences, Bad Homburg,
Germany), washed four times with Tris-buffered solution con-
taining 0.1% Tween 20, and developed and quantified using
Odyssey infrared imaging system (LI-COR Biosciences, Bad
Homburg, Germany). Fluorescence intensities of phospho-ERK
bands were normalized to total ERK and expressed as fold of
PMA-treated cells.

Luciferase reporter assays

10° RAW264.7 cells were seeded on 6 cm dishes. For PPAR re-
sponse element (PPRE) reporter assays cells were transfected us-
ing JetPEI transfection reagent (PolyPlus Transfection) with 4.75
g p(ACOx)4-TK-luc coding for luciferase under the control of
acyl-CoA oxidase PPRE (provided by Christopher Glass, Univer-
sity of California, San Diego) and 0.25 pg pRL-CMV to normalize
for transfection efficiency. At 6 h posttransfection, the medium
was changed and cells were seeded at 200,000 per well in a 12-
well plate. On the next day, cells were treated with 2 x 10° apop-
totic cells for 15 h prior to analysis of firefly and Renilla luciferase
activities (dual luciferase reporter assay system, Promega).

Quantitative PCR

A total of 10° macrophages were cultured on 6 cm dishes. Cells
were treated for 90 min with 10 x 10° apoptotic Jurkat cells gener-
ated in the absence or presence of 25 pg/ml oxLDL followed by
stimulation with 1 pg/ml LPS for 3 h. Total RNA was isolated us-
ing PeqGold RNAPure kit (Peqlab, Erlangen, Germany). Re-
verse transcription was done with 1 pg of RNA using iScript™
c¢DNA Synthesis kit (BioRad, Munich, Germany). Quantitative
PCR was performed with Absolute QPCR SYBRGreen Fluores-
cein mix (Abgene, Hamburg, Germany) using MyiQ iCycler sys-
tem from BioRad. The following primer pairs were selected for
quantitative PCR: mouse monocyte chemotactic protein (MCP)-1
forward: 5’-GAT GAT CCC AAT GAG TAG GC-8’, MCP-1 reverse:
5-GGT TGT GGA AAA GGT AGT GG-8’, mouse tumor necrosis
factor (TNF)a forward: 5-CCA TTC CTG AGT TCT GCA AAG
G-3’, TNFa reverse: 5-AAG TAG GAA GGC CTG AGA TCT TAT
C-3’; mouse interleukin (IL)-6 forward: 5-GAA CAA CGA TGA
TGC ACT TGC-3, IL-6 reverse: 5-TCT CTG AAG GAC TCT GGC
TTT G-3’; mouse 16S ribosomal protein forward: 5-AGA TGA
TCG AGC CGC GC -3, 16S ribosomal protein reverse: 5-GCT
ACC AGG GCC TTT GAG ATG GA-3’; human B-microglobulin

forward: 5"TCCAAA GATTCAGGTTTACTCA-3’, B-microglobulin
reverse: 5’-ATA TTA AAA AGC AAG CAA CGA G-3. For determi-
nation of human TNFa and MCP-1 mRNA levels, we used Quanti-
Tect® Primer assays (Qiagen, Hilden, Germany). Values were
normalized to 16S ribosomal protein (mouse) or 3-microglobulin
(human) expression.

Statistical analysis

Data are presented as mean + SE. Data were analyzed by one-
way ANOVA test with Bonferroni post hoc means comparison us-
ing OriginPro 7.5 (OriginLab Northampton, MA). Differences
were considered statistically significant for P< 0.05.

RESULTS

Impact of oxLDL-exposed cells on the oxidative burst
in phagocytes

We monitored oxLDIL-induced cell death in THP-1
monocytes and Jurkat T-lymphoma cells by flow cytometry
following Annexin V/propidium iodide staining (Table 1).
Both apoptosis and necrosis were observed. While apop-
tosis reached a maximum at 8 h, necrosis gradually in-
creased thereafter (Supplementary Fig. I). Jurkat cells
were more sensitive toward oxLDIL-induced toxicity com-
pared with THP-1 cells. To achieve a similar extent of cell
death, i.e., apoptosis plus necrosis, we incubated Jurkat
with 25 pg/ml and THP-1 cells with 75 pg/ml oxLLDL, re-
spectively. In addition, oxLDL-induced cell death was ac-
companied by caspase activation (Table 1). For comparison,
we used staurosporine to initiate cell death. Incubations
with staurosporine for 3 h provoked an exclusive apoptotic
mode of cell death. Prolonged exposures to staurosporine
initiated secondary necrosis as well (Table 1).

In a second step, we compared the ability of apoptotic,
secondary necrotic, and oxLDIL-treated THP-1 cells to
modulate the oxidative burst in RAW264.7 macrophages
(Fig. 1). As shown in Fig. 1A, preincubation of RAW264.7
macrophages with apoptotic THP-1 cells suppressed PMA-
induced superoxide generation. Secondary necrotic

TABLE 1. Characterization of cell death induced by staurosporine and/or oxLDL.

Necrosis, % Caspase Activity, Arbitrary Units

Treatment Apoptosis, %
YYNTHP-1 untreated 5.0+ 0.4 (6)
AC THP-1 83.3 £ 1.2% (6)
SN THP-1 9.1+3.5(8)
oxLLDL THP-1 26.5 + 3.3* (10)

oxLDL-AC THP-1
Jurkat untreated

30.7 + 2.7% (9)
74+0.4 (5)

AC Jurkat 81.0 + 2.2%* (12)
oxLDL Jurkat 31.3 £ 2.2% (5)
oxLDL-AC Jurkat 28.3 + 4.3% (12)

5.9+ 0.9 (6) 490 = 40 (4)
7.7+ 1.1 (6) 20470 + 2800% (4)
86.2 = 4.6% (8) ND

49.7 + 5.8 (10)
51.8 + 3.4% (9)
7.1+2.0 (5)
11.8+ 1.5 (12)
98.8 + 5.3% (5)
62.5 + 4.9% (12)

11080 + 835* (7)
15960 = 2520% (3)
499 = 187 (4)
13830 + 1090% (3)
1250 = 210% (3)
6320 = 610% (3)

Apoptotic cells (AC) were generated by treatment with 0.5 pg/ml staurosporine for 3 h. Secondary necrotic
cells (SN) were generated by incubating cells for 36 h with staurosporine. oxLLDL was added at 25 pg/ml (Jurkat)
or 75 pg/ml (THP-1) for 8 h. Cotreatment with staurosporine and oxLDL (oxLDL-AC) was for 3 h. Apoptosis/
necrosis was determined by staining cells with Annexin V and propidium iodide. Apoptosis was defined as the
percentage of Annexin V positive, propidium iodide negative cells and necrosis as the percentage of Annexin V,
propidium iodide double-positive cells. *, P < 0.05 versus untreated cells. The number of experiments for each

group is given in parentheses.
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Fig. 1. oxLDL interferes with the ability of apoptotic cells to
block ROS formation. A: RAW264.7 macrophages were incubated
with apoptotic THP-1 cells generated in the absence (AC THP) or
presence (oxLDL-AC THP) of 75 pg/ml oxLDL as well as with sec-
ondary necrotic cells (SN THP) or cells exposed to oxLLDL alone
(oxLDL THP) for 1 h prior to stimulation with 1 pM PMA. B: Jur-
kat cells were treated with staurosporine in the absence (AC Jur-
kat) or presence (oxLDIL-AC Jurkat) of 25 pg/ml oxLDL or with
oxLDL alone (oxLDL Jurkat). RAW264.7 macrophages were incu-
bated with different AC alone or in combination with 100 pg/ml
oxLLDL for 1 h prior to stimulating ROS production with 1 pM
PMA. C: Human primary macrophages were incubated with apop-
totic THP-1 cells, generated in the absence (AC) or presence (ox-
LDL-AC) of 75 pg/ml oxLDL for 1 h prior to stimulating ROS
formation with 1 pM PMA. Superoxide generation was analyzed by
staining with 2 pM HE and flow cytometry. ¥, P< 0.05 vs. PMA; #,
P<0.05vs. AC (n =5).

THP-1 cells also significantly attenuated ROS formation.
This observation indicates that plasma membrane integ-
rity during cell demise is not a prerequisite for attenuating
superoxide generation. Interestingly, cells dying in re-
sponse to oxLLDL did not interfere with the oxidative burst
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in macrophages. Although the percentage of apoptotic
cells after oxLLDL treatment was reduced compared with
staurosporine-treated cells, we noticed that apoptotic cells
generated in response to staurosporine suppressed the
oxidative burst even when added at a 1:4 ratio with viable
cells (Supplementary Fig. II). This excludes the possibility
that simply reducing the amount of apoptotic cells after
oxLDL treatment is responsible for their inability to at-
tenuate the oxidative burst.

The failure of oxLDL-treated cells to attenuate phago-
cyte ROS generation suggests that oxLLDL. may inhibit
pathways in apoptotic cells, which reduce the oxidative
burst upon their phagocytosis. To examine whether ox-
LDL affects the ability of apoptotic cells to lower PMA-
induced ROS formation, we exposed cells to staurosporine
in the presence or absence of oxLDL. Cotreatment with
oxLDL shifted cell death toward necrosis while retaining
caspase activity (Table 1). In contrast to preincubations
with apoptotic THP-1 cells, cells treated with the combina-
tion of staurosporine plus oxLLDL failed to inhibit the oxi-
dative burst (Fig. 1A). However, cells cotreated with
staurosporine and unmodified LDL still suppressed ROS
generation (Supplementary Fig. II). Thus, oxLDL appar-
ently suppressed changes in apoptotic cells that interfered
with superoxide generation in phagocytes. The observa-
tions made with apoptotic/necrotic THP-1 cells could be
reproduced with Jurkat T-cells. As shown in Fig. 1B, apop-
totic Jurkat cells suppressed superoxide generation in
RAW264.7 macrophages. Treatment of Jurkat cells with
oxLDL alone or together with staurosporine reversed their
oxidative burst-suppressing properties. Interestingly, add-
ing oxLLDL at concentrations that prevent apoptotic cell
phagocytosis (12, 13) directly during coincubations of
RAW264.7 macrophages with apoptotic cells left the inhi-
bition of ROS formation intact. We then extended obser-
vations made in mouse macrophages to human primary
macrophages (Fig. 1C). Preincubating human mac-
rophages with apoptotic THP-1 cells decreased PMA-stim-
ulated superoxide generation to levels observed in
untreated cells. In contrast, when human macrophages
were preincubated with cells cotreated with staurosporine
and oxLDL, ROS formation was no longer suppressed,
confirming results obtained in the murine system.

oxLDI treated cells are phagocytized normally and
activate PPARYy

Phagocytosis of apoptotic cells is important in shaping
macrophage responses toward dying cells. Although
oxLDL inhibited phagocytosis of apoptotic material when
added simultaneously with apoptotic cells, the ability of
macrophages to ingest apoptotic cells generated by oxLDL
treatment remained intact (18). To examine whether the
effect of oxLLDL on ROS formation reflects differences in
phagocytosis, we generated apoptotic cells in the presence
or absence of oxLLDL and studied their uptake by human
primary macrophages. As shown in Fig. 2, we observed no
significant changes in the uptake of apoptotic Jurkat cells
exposed to oxLLDL during cell death induction. Similarly,
there was no difference in phagocytosis of apoptotic cells
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Fig. 2. Phagocytosis of apoptotic cells. Jurkat cells were prela-
beled with 0.5 pM CMF-DA prior to the treatment with 0.5 pg/ml
staurosporine in the absence (AC) or presence (oxLDL-AC) of 25
pg/ml oxLLDL. Resulting apoptotic cells as well as untreated (via-
ble) cells were incubated for 1 h with human primary macrophages
labeled with 5 pM CellTracker Orange. Phagocytosis was analyzed
by microscopy. Representative images of macrophages engulfing
AC (A) or oxLDL-AC (B) are shown. C: Quantitation of phagocyto-
sis using the phagocytic index as described in the Methods section.
* P<0.05 versus viable cells (n = 8).

obtained in the presence or absence of oxLDL by
RAW264.7 macrophages (Supplementary Fig. III). Thus,
the failure of oxLDL-treated apoptotic cells to attenuate
ROS formation is not caused by impaired uptake by
phagocytes.

Previous observations suggested an important role of
PPARy in suppressing the oxidative burst by apoptotic
cells (3). Therefore, we examined whether the presence of
oxLDL during apoptosis modulates the ability of apoptotic
material to activate PPAR+y by using a PPAR luciferase re-
porter assay. Figure 3 shows that apoptotic Jurkat cells
caused robust PPAR reporter activation in RAW264.7 mac-
rophages. There were no differences in the reporter re-
sponse when apoptotic cellswere generated in the presence
of oxLDL. Similar results were obtained with apoptotic
THP-1 cells. These observations exclude that differences

16 4 ACOx-PPRE 2
14 4 .

6
ne
2]
0 +——1- ‘ ;

Control AC oxLDL- ACT oxLDL-
AC ACT

Relative promoter activity
o

Fig. 3. Activation of PPARYy by apoptotic cells. RAW264.7 mac-
rophages were transfected with the plasmids encoding ACOx-PPRE
luciferase and Renillaluciferase and subsequently stimulated for 15
h with apoptotic Jurkat cells (AC) or THP-1 cells (AC T) generated
in the absence or in the presence of 25 pg/ml oxLLDL (oxLDL-AC/
oxLDL-AC T). Renillaenormalized reporter activity is presented. *,
P<0.05 versus control (n =4).

in PPARYy activation may account for defective inhibition
of ROS production by oxLDL-exposed apoptotic cells.

Cells exposed to oxLLDL do not suppress PMA-induced
ERK activation

Mitogen-activated protein kinases ERK and p38 modu-
late the phagocyte oxidative burst (21, 22). Moreover,
apoptotic cells may affect activation of these kinases (23,
24). Thus, we tested whether apoptotic and oxLDL-treated
cells differentially regulate ERK and p38 phosphorylation
in RAW264.7 cells after PMA stimulation using phospho-
specific antibodies. As seen in Fig. 4A, PMA caused robust
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Fig. 4. Effects of apoptotic and oxLDL-treated cells on PMA-
induced ERK and p38 phosphorylation. RAW264.7 cells were incu-
bated with apoptotic or oxLDL-treated Jurkat cells for 1 h followed
by 5 min stimulation with 100 nM PMA. A: Phosphorylation of ERK
and p38 was evaluated using Western blotting. B: Quantification of
ERK phosphorylation using the Odyssey imaging system. *, P< 0.05
versus PMA; #, P< 0.05 versus AC (n = 3).
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stimulation of ERK phosphorylation. Preincubation with
apoptotic Jurkat cells reduced PMA-induced ERK phos-
phorylation. This reduction was significantly lower when
macrophages were preincubated with oxLDL-treated cells
(Fig. 4B shows quantification of ERK phosphorylation).
p38 was not phosphorylated after PMA treatment.

Inhibition of ROS formation by apoptotic cells is
independent of phosphatidylserine exposure

Considering the importance of phosphatidylserine (PS)
exposure on apoptotic cells and the relevance of PS oxida-
tion for the interaction with phagocytes (16), we ques-
tioned whether externalization of PS might affect ROS
formation. Experimentally, we treated THP-1 cells with
staurosporine in the presence or absence of oligomycin.
Oligomycin lowers PS exposure, while leaving caspase-3/7
activation intact (25). As expected, staurosporine-induced
PS externalization was reduced in the presence of oligo-
mycin from 83.3 + 1.2% to 26.1 + 7.4%, while caspase-3
activity remained comparable to values observed in stauro-
sporine-exposed cells (20,470 + 2,800 units in stauro-
sporine-treated cells vs. 21,800 = 250 units in staurosporine
plus oligomycin-treated THP-1). Exposing staurosporine
versus staurosporine plus oligomycin-treated apoptotic
cells to RAW264.7 macrophages revealed a more potent
inhibition of the oxidative burst by oligomycin-treated
cells (Fig. 5). Therefore, inhibition of ROS formation in
macrophages does not require PS exposure on the surface
of apoptotic cells. Moreover, oxidative events at the sur-
face of phagocytes and/or apoptotic cells may interfere
with apoptotic cell recognition by phagocytes (17). To-
ward this possibility, treatment of apoptotic cells with 1
mM of the oxidative, i.e., peroxynitrite-generating, com-
pound SIN-1 did not affect their ability to block the phago-
cyte oxidative burst (Supplementary Fig. IV). This suggests
that oxLLDL is unlikely to act via a simple oxidative process
in reversing the ability of apoptotic cells to block the oxi-
dative burst in macrophages.
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Fig. 5. PS exposure does not interfere with the oxidative burst.
THP-1 cells were treated for 3 h with 0.5 pg/ml staurosporine (STS)
with or without 10 pg/ml oligomycin. RAW264.7 cells were incu-
bated with apoptotic THP-1 cells (AC), generated in the absence or
presence of oligomycin, for 1 h prior to stimulation of the oxidative
burst. *, P< 0.001 versus PMA; #, P< 0.05 versus AC (n = 4).
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Phagocytosis of oxLDL-treated cells does not suppress
phagocyte cytokine production

To obtain more information how apoptotic cells versus
cells dying in response to oxLLDL might affect the balance
between pro- and antiinflammatory signals, we analyzed
LPS-induced proinflammatory cytokine expression in
RAW264.7 and human primary macrophages. Apoptotic
cells attenuated mRNA expression of MCP-1, TNFa, and
IL-6 in response to LPS in RAW264.7 cells (Fig. 6A). This
inhibition was absent (TNFa and IL-6) or only slightly vis-
ible (MCP-1) when apoptotic cells were generated in the
presence of oxLDL. In human macrophages, expression
of MCP-1 mRNA by LPS was suppressed by apoptotic cells
generated in the absence, but not in the presence, of ox-
LDL (Fig. 6B, AC vs. oxLDL-AC). When macrophages
were exposed to Jurkat cells treated with oxLDL (oxLLDL
Jurkat), MCP-1 mRNA induction was enhanced compared
with cells treated with LPS alone. In addition, the expo-
sure of macrophages to oxLLDL Jurkat cells did not affect
TNFa mRNA induction by LPS, while exposure to apop-
totic cells significantly suppressed it. Thus, cells dying in
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Fig. 6. oxLDL treatment of apoptotic cells reverses their ability
to suppress macrophage proinflammatory cytokine gene expres-
sion. A: RAW264.7 cells were incubated with apoptotic Jurkat cells,
generated in the absence (AC) or presence (oxLDL-AC) of 25 pg/
ml oxLLDL for 90 min prior to stimulation with 1 pg/ml LPS for
3 h. B: Human primary macrophages were incubated with apop-
totic Jurkat cells, generated in the absence (AC) or presence (ox-
LDL-AC) of 25 pg/ml oxLLDL or with cells treated with oxLLDL
alone (oxLDL-Jurkat) for 90 min prior to stimulation with 1 pg/ml
LPS for 3 h. Cytokine mRNA expression was analyzed by quantita-
tive PCR. *, P< 0.05 versus LPS; #, P< 0.05 versus AC (n = 6).
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response to or in the presence of oxLDL did not share the
ability of apoptotic cells to lower inflammatory cytokine
production after LPS treatment. This suggests that oxLLDL-
induced cell death may contribute to a proinflammatory
microenvironment in the atherosclerotic plaque.

DISCUSSION

Advanced atherosclerosis is characterized by a defec-
tive apoptotic cell clearance (9, 11). It was suggested that
oxLDL attenuates phagocytosis of apoptotic material,
thus provoking accumulation of cells progressing toward
secondary necrosis and necrotic core formation in the
advanced plaques. It is also established that oxLLDL in-
duces death of vascular cells (26). What remains un-
known is how oxLDL affects properties of dying cells
regarding their phagocytic recognition and their ability
to balance pro- vs. antiinflammatory signals in phago-
cytes. We show that cells dying in the presence of oxLDL
are defective in suppressing NADPH oxidase activation
and concomitant ROS formation. Blocking the phago-
cyte oxidative burst appears to be an essential component
of the antiinflammatory program elicited by apoptotic
cells (3, 4). Thus, the failure of oxLLDL-treated cells to
inhibit NADPH oxidase activity may support a continu-
ing inflammatory process in the lesion during advanced
atherosclerosis.

oxLDIAinduced cell death reveals characteristics of both
apoptosis and necrosis, depending on the cell type and
the concentration of oxLDL. In mouse peritoneal mac-
rophages, oxLLDL initiates an apoptotic program (18, 27,
28), while human macrophages die by necrosis (29). More-
over, pro-survival effects of oxLDL were also observed,
with the notion that the degree of LDL oxidation appears
important in balancing pro-versus antiapoptotic responses
(19, 28). Under the conditions used here, oxLLDL induced
a mixed type of cell death based on PS exposure, plasma
membrane permeabilization, or caspase-3 activation. In-
creased plasma membrane permeability in oxLDL-treated
cells indicated a switch to necrosis. There are indications
that both necrotic and apoptotic cells are phagocytized
and irrespective of the mode of cell death may elicit anti-
inflammatory responses (30, 31). However, other studies
point to fundamental differences between apoptotic and
necrotic cells in polarizing macrophages (24, 32), includ-
ing their ability to inhibit the oxidative burst (3). Some of
the reported discrepancies are likely to result from differ-
ences in generating necrotic cells, e.g., necrosis induced
by ATP depletion (30) as opposed to freeze-thawing or
heating (3, 24, 32). Based on our observations with sec-
ondary necrotic cells, it appears unlikely that membrane
permeabilization observed in cells treated in the presence
of oxLLDL would per se determine burst inhibition. Al-
though necrotic cells may release a number of soluble
proinflammatory factors such as proteases or HMGBI1 (33,
34), our procedure to generate apoptotic cells includes
several washing steps, which would eliminate soluble fac-
tors. As oxLDL-treated cells also retained caspase activity,
the differences in affecting ROS generation elicited by

cells dying in the presence or absence of oxLLDL appear to
be unrelated to caspase activity. We also noticed that ox-
LDL had to be continuously present during the time
course of cell death induction to reverse burst inhibition.
A 10 min exposure of staurosporine-treated cells to oxLLDL
followed by its washout did not interfere with inhibition of
macrophage ROS production by apoptotic cells (data not
shown).

The uptake of apoptotic cells may affect macrophage
polarization. During atherosclerosis, oxLLDL was reported
to prevent phagocytosis of apoptotic cells by macrophages
(13, 15, 17), probably by competing for common phago-
cyte recognition receptors (15, 16). In contrast, we ob-
served that the presence of oxLDL during apoptosis does
not interfere with the uptake of apoptotic material by mac-
rophages, corroborating a previous report demonstrating
normal uptake of oxLLDL-treated cells by mouse peritoneal
macrophages (18). Our data showing that oxLDL, coincu-
bated with apoptotic cells, does not prevent inhibition of
the oxidative burst concurs with previous results indicat-
ing that the ability to impair NADPH oxidase is unrelated
to the uptake of apoptotic cells (3).

Phosphorylation events regulate NADPH oxidase as-
sembly and activity (35). In this regard, MAP kinase ERK
was reported to phosphorylate and activate the cytosolic
NADPH oxidase components p47phox and p67phox (21,
22). As we observed inhibition of PMA-induced ERK phos-
phorylation by apoptotic cells, but not by oxLDL-treated
cells, these differences may explain altered ROS forma-
tion. Further studies are needed to elucidate the mecha-
nism whereby apoptotic cells attenuate ERK and thus to
explain the divergent effects of apoptotic versus oxLDL-
treated cells.

PS exposure on the surface of apoptotic cells was re-
ported to suppress phagocyte inflammatory responses, in-
cluding ROS generation (4). In addition, PS oxidation
affects the interaction of apoptotic cells with phagocyte
recognition receptors (16), and oxLDL may influence the
degree of PS oxidation on the surface of apoptotic cells.
Using oligomycin-treated apoptotic cells showing reduced
PS exposure, we noticed that the ability of apoptotic cells
to attenuate ROS formation was unrelated to PS external-
ization during apoptosis. Thus, although PS enrichment
in the outer leaflet of the plasma membrane may provide
an inhibitory signal for ROS production (4), the degree of
PS exposure may not explain discrepancies in NADPH oxi-
dase inhibition by apoptotic versus oxLLDL-treated cells.

Analysis of proinflammatory cytokine expression showed
areduced ability of oxLDL-treated cells to block induction
of proinflammatory cytokines in both murine and human
macrophages. These results strengthen the conclusion on
a proinflammatory character of oxLDIL-induced cell death.
Surprisingly, the diminished inhibitory effect of oxLDL-
exposed cells on macrophage cytokine expression is not
paralleled by changes in PPARy reporter activation. Previ-
ously, we showed an important role of PPARy in mac-
rophage polarization in response to apoptotic cells
regarding both oxidative burst and cytokine production
(3, 36). These discrepancies may reflect different mecha-
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nisms governing PPAR<y activation and suppression of
gene expression or suggest PPARy-independent pathways
accounting for a proinflammatory character of oxLDL-
treated cells.

Although excluding a number of possibilities to explain
why apoptotic cells generated in the presence of oxLDL
failed to block ROS formation compared with classically
induced apoptotic cells, our observations might be of
medical importance. Considering that oxLLDL is a major
cell death inducer in atherosclerosis, our findings support
the notion that macrophages in the atherosclerotic plaque
remain activated and do not polarize toward an antiin-
flammatory phenotype. It will be challenging to determine
the molecular mechanisms of how oxLLDL induces a proin-
flammatory character of cell death in order to identify po-
tential targets for preventing chronic inflammatory
responses during atherosclerosis progression .l

The authors thank Christine von Hayn and Franz-Josef Streb
for technical assistance.
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