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Communicated by Jan L. Breslow, The Rockefeller University, New York, NY, October 31, 2006 (received for review September 25, 2006)

Macrophage pattern recognition receptors (PRRs) play key roles in
innate immunity, but they also may contribute to disease processes
under certain pathological conditions. We recently showed that
engagement of the type A scavenger receptor (SRA), a PRR, triggers
JNK-dependent apoptosis in endoplasmic reticulum (ER)-stressed
macrophages. In advanced atherosclerotic lesions, the SRA, acti-
vated JNK, and ER stress are observed in macrophages, and
macrophage death in advanced atheromata leads to plaque ne-
crosis. Herein, we show that SRA ligands trigger apoptosis in
ER-stressed macrophages by cooperating with another PRR, Toll-
like receptor 4 (TLR4), to redirect TLR4 signaling from prosurvival
to proapoptotic. Common SRA ligands activate both TLR4 signaling
and engage the SRA. The TLR4 effect results in activation of the
proapoptotic MyD88-JNK branch of TLR4, whereas the SRA effect
silences the prosurvival IRF-3-IFN-� branch of TLR4. The normal
cell-survival effect of LPS-induced TLR4 activation is converted into
an apoptosis response by immunoneutralization of IFN-�, and the
apoptosis effect of SRA ligands is converted into a cell-survival
response by reconstitution with IFN-�. Thus, combinatorial signal-
ing between two distinct PRRs results in a functional outcome-
macrophage apoptosis that does not occur with either PRR alone.
PRR-induced macrophage death may play important roles in
advanced atherosclerosis and in other innate immunity-related
processes in which the balance between macrophage survival and
death is critical.

apoptosis � atherosclerosis � scavenger receptor � Toll-like receptor �
innate immunity

Macrophages play key roles in all stages of atherosclerosis (1).
In advanced atheromata, macrophage apoptosis in the set-

ting of defective phagocytic clearance leads to plaque necrosis (2).
Plaque necrosis is thought to promote lesion instability, leading to
myocardial infarction, stroke, and peripheral vascular disease (3–7).
Thus, advanced lesional macrophage apoptosis may be a critical
step in benign-to-vulnerable plaque transformation.

Based on mechanistic studies and known properties of ad-
vanced atherosclerotic lesions, we have proposed a ‘‘multihit’’
model of advanced lesional macrophage apoptosis. In this model,
macrophage apoptosis is triggered by the endoplasmic reticulum
(ER) stress pathway known as the unfolded protein response
(UPR) in combination with engagement of the macrophage type
A scavenger receptor (SRA), but not by either stimulus alone
(8). The UPR is activated in advanced murine and human
atherosclerotic lesions (9–11), and these lesions are known to
contain a number of UPR activators (e.g., oxidant stress and
nitric oxide) and SRA ligands (e.g., oxidized lipoproteins and
advanced glycosylation end products) (12–14). Moreover, sub-
populations of macrophages in apoptotic-rich areas of lesions are
filled with lipoprotein-derived free cholesterol (FC) (15–19). In
this scenario, the modified lipoproteins engage the SRA, and the
lipoprotein-derived FC activates the UPR, leading to macro-
phage apoptosis (8). The UPR-SRA pathway of macrophage
apoptosis requires activation of the protein kinase JNK (8),
which also is known to be present in atheromata and promote

atherogenesis (20). Despite the new insight gained from these
studies, the mechanisms by which SRA engagement contributes
to apoptosis and how JNK activation is linked to the UPR or
SRA were not elucidated.

Because there is little evidence for direct signaling by the SRA
(21), we reasoned that SRA may cooperate with another receptor
to initiate apoptotic signaling. In particular, the SRA is a pattern
recognition receptor (PRR) of the innate immune system (22), and
recent work has demonstrated that different PRRs can functionally
cooperate in macrophage–bacteria interactions and signaling (23,
24). In this context, we focused on a possible role for Toll-like
receptors (TLRs) in cooperating with SRA, because TLRs are bona
fide signaling PRRs (25, 26). Consistent with our hypothesis, we
show here that the SRA alters TLR4 signaling in a manner that
promotes macrophage apoptosis.

Results
TLR4 Is Required for SRA-Induced Apoptosis in ER-Stressed Macro-
phages. To determine whether TLR signaling in general was
necessary for SRA-induced apoptosis in ER-stressed macro-
phages, we compared WT macrophages with those lacking the
common TLR adaptor MyD88. We began with a simplified
model of SRA-induced macrophage apoptosis (8), in which the
SRA is engaged with the ligand fucoidan and the UPR is
activated with the SERCA inhibitor thapsigargin. As shown in
Fig. 1A, macrophages from Myd88�/� mice were resistant to
apoptosis under these conditions, indicating an involvement of
TLR signaling. Experiments with Tlr2�/� macrophages showed
that this member of the TLR family was not involved in
apoptosis. However, fucoidan/thapsigargin-induced apoptosis
was markedly suppressed in macrophages lacking TLR4. Similar
results were obtained by using FC loading (the SRA ligand
acetyl-low-density lipoprotein (LDL) plus the cholesterol ester-
ification inhibitor 58035) as the inducer of SRA-dependent
apoptosis [see ref 8. and supporting information (SI) Fig. 5 A–C].
Of note, very prolonged FC loading causes necrosis of macro-
phages (27), which is independent of TLR4 (unpublished ob-
servations). TLR4 activation by LPS requires two additional
components, CD14 and MD2 (25), and these molecules also
were found to be essential for SRA/ER stress-induced macro-
phage apoptosis (Fig. 1 A and SI Fig. 5D). Importantly, the
critical requirement for TLR4 in macrophage apoptosis could
not be explained by endotoxin contamination. All reagents used
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in these experiments contained �0.1 endotoxin units/ml endo-
toxin as determined by the Limulus Amebocyte Lysate (LAL)
assay. Moreover, neither apoptosis nor the TLR4-signaling
reactions described below could be replicated by incubating
macrophages with an amount of endotoxin that was 2- to 5-fold
greater than the minute amounts detected in the LAL assay.
Finally, as will become evident in the following data, TLR4
signaling triggered by acetyl-LDL or fucoidan was found to be
fundamentally different from that induced by higher amounts of
endotoxin.

The scavenger receptor family contains another member,
CD36, which can bind certain SRA ligands and, in addition,
functionally interact with TLRs (23, 24). We therefore tested
whether CD36 was necessary for fucoidan-induced apoptosis in
ER-stressed macrophages. Whereas fucoidan-induced apoptosis
in ER-stressed macrophages was suppressed markedly in Sra�/�

macrophages (8), fucoidan-induced apoptosis was similar in WT
vs. Cd36�/� ER-stressed macrophages (data not shown).

SRA Ligands, Acting Through TLR4 but Not SRA, Activate NF-�B and
JNK in ER-Stressed Macrophages. The finding that TLR4 is neces-
sary for SRA-induced apoptosis in ER-stressed macrophages

raised the question as to whether SRA ligands activate TLR4
signaling, a scenario consistent with previous studies using
atherogenic lipoproteins that are SRA ligands (28). If so, the
model would involve two distinct actions of SRA ligands,
activation of TLR4 and engagement of the SRA itself, that
somehow combine to induce apoptosis in ER-stressed macro-
phages. To begin, we focused on the MyD88-Mal branch of
TLR4 signaling, which results in nuclear translocation of NF-
��-p65 and activation of MAPKs such as JNK (26). We first
showed that endotoxin-free fucoidan plus thapsigargin activated
IRAK1 (data not shown), which functions immediately down-
stream of MyD88. We then tested whether SRA engagement
activated the NF-�B pathway in ER-stressed macrophages in a
TLR4-dependent manner. As shown in SI Fig. 6, treatment of
macrophages with endotoxin-free fucoidan plus thapsigargin led
to both degradation of I-�B� and nuclear translocation of p65,
two key steps in NF-�B activation. Similar results were found by
using FC-enriched macrophages (29). Functional significance of
SRA ligand-induced NF-�B activation was demonstrated by the
finding that the p65-responsive genes TNF�, IL-6, and iNOS
were induced by fucoidan plus thapsigargin (SI Fig. 6B, gray
bars, and SI Fig. 6C, WT M�s). Most relevant to macrophage
apoptosis, fucoidan plus thapsigargin as well as FC loading with
the SRA ligand acetyl-LDL activated proapoptotic JNK (Fig. 1
B and C, WT M�s). Importantly, the expression of p65-inducible
genes and activation of JNK by fucoidan and acetyl-LDL were
dependent on both TLR4 and MD2 (SI Fig. 6B, black bars; SI
Fig. 6C and Fig. 1 B and C, Tlr4del M�s; and SI Fig. 7).

Given that TLR4 is critical for the activation of NF-�B and
proapoptotic JNK by endotoxin-free SRA ligands, does engage-
ment of the SRA itself by these ligands play a role in these two
processes? Significantly, we found that SRA ligands induced
iNOS and activated JNK equally well in WT vs. Sra�/� ER-
stressed macrophages (data not shown), indicating that the SRA
was not involved in NF-�B gene expression and JNK activation.
We then considered a role for the SRA in another key compo-
nent of our multihit model, namely induction of the proapoptotic
UPR effector CHOP (GADD153) (9), because this pathway
does not involve TLR4 (Fig. 1C Top). However, our previous
studies showed that induction of CHOP in our model was also
independent of the SRA (8). Together, these results point to the
existence of two complementary but distinct proapoptotic path-
ways, both of which are SRA-independent: TLR4-dependent
JNK activation and TLR4-independent CHOP expression. The
fact that neither pathway requires SRA (above) but that SRA is
necessary for macrophage apoptosis (8) raised the intriguing
question as to how SRA functions as a critical component in
death signaling. This question is addressed after the following
section.

Cytoplasmic Calcium Is Necessary for TLR4-JNK Activation and Apo-
ptosis in ER-Stressed Macrophages. The above data show that
fucoidan without thapsigargin is only a very weak activator of
TLR4-dependent cytokine induction or JNK activation. Similar
data were obtained with acetyl-LDL alone (29). Thus, fucoidan
and acetyl-LDL activate TLR4-MyD88 signaling only under
conditions of thapsigargin treatment or FC enrichment, respec-
tively. Based on our previous studies, we knew that at least one
role of these treatments is their ability to activate the CHOP
branch of the UPR (9, 30). However, these treatments, like many
other UPR activators, also block calcium reuptake from the
cytoplasm into the ER lumen (9, 30). Therefore, we sought to
determine whether perturbations of cellular calcium also might
be important. Indeed, previous work has suggested a role for
cytoplasmic calcium in the TLR4 pathway (31). To investigate
this point, we directly compared fucoidan-induced JNK activa-
tion in macrophages treated with three different UPR activators:
thapsigargin; the calcium ionophore A23187; and the protein
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fucoidan, thapsigargin plus fucoidan, or 100 �g/ml acetyl-LDL (Ac-LDL) plus 10
�g/ml compound 58035. Cell lysates then were immunoblotted for Thr-183/
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glycosylation inhibitor tunicamycin, which does not affect cel-
lular calcium. As shown in the top three blots in Fig. 2A, JNK
activation in fucoidan-treated macrophages was enhanced and
sustained by both thapsigargin and A23187, whereas tunicamy-
cin had no such effect. Similar results were found in comparing
the effects of thapsigargin and tunicamycin on LPS-induced JNK
activation (Fig. 2 A Bottom). Consistent with the JNK data,
tunicamycin plus fucoidan did not induce macrophage apoptosis
(data not shown).

These data raised the possibility that cytoplasmic calcium
played an important role in fucoidan-induced JNK activation
and apoptosis. We therefore determined whether chelating

cytoplasmic Ca2� with 1,2-bis(2-aminophenoxy)ethane-
N,N,N�,N�-tetraacetate (BAPTA)-AM could prevent TLR4-
induced JNK activation and apoptosis. As shown in Fig. 2B,
pretreatment of macrophages with BAPTA-AM markedly sup-
pressed JNK activation in FC-enriched macrophages. Most
importantly, apoptosis induced by both FC enrichment and
thapsigargin plus fucoidan was markedly inhibited by
BAPTA-AM (Fig. 2C). Thus, the subset of UPR activators that
function by perturbing cellular calcium homeostasis play roles in
two pathways critical for macrophage apoptosis: They induce
proapoptotic CHOP, and they increase cytoplasmic calcium,
which is necessary for maximal induction of the TLR4-JNK
proapoptotic pathway.

Fucoidan and Acetyl-LDL Promote Apoptosis in ER-Stressed Macro-
phages by Suppressing the IRF3-IFN-� Cell-Survival Branch of TLR4
Signaling. The section before last suggested a model in which the
SRA played a critical role in macrophage apoptosis indepen-
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dently of the TLR4-JNK pathway. If so, a TLR4 activator that did
not activate this putative proapoptotic SRA pathway should not
trigger apoptosis in ER-stressed macrophages. To test this
prediction, we determined whether the TLR4 activator LPS
could induce apoptosis in ER-stressed macrophages in the
absence of an SRA ligand. As shown in Fig. 3A, 500 pg/ml LPS
was unable to trigger apoptosis in control or ER-stressed mac-
rophages, whereas there was increased apoptosis with fucoidan
in ER-stressed macrophages. As expected from our earlier data
above, fucoidan and LPS (500 pg/ml) were equally effective in
stimulating the TLR4-MyD88 pathway in ER-stressed macro-
phages, as indicated by assays of TNF� and iNOS (data not
shown). Thus, even though SRA ligands and LPS stimulate the
TLR4-MyD88 pathway to a similar extent, their effects on the
survival-death balance in macrophages are very different. These
data further highlight the critical role for the SRA in apoptosis
of ER-stressed macrophages.

In addition to activating the MyD88-Mal branch, LPS also
activates a TLR4 branch involving the adaptor pair TRIF-
TRAM (32). Significantly, the TRIF-TRAM branch has cell-
survival potential through the activation of the IRF3-IFN-�
pathway (33–35). In this context, we hypothesized that SRA
engagement might somehow suppress this branch of the TLR4
pathway. In support of this hypothesis, we found that the SRA
ligand fucoidan was a relatively poor inducer of nuclear IRF3 in

ER-stressed macrophages compared with LPS (Fig. 3B Top).
Consistent with our previous data on the MyD88 pathway,
fucoidan and LPS had similar effects on promoting p65 nuclear
translocation (Fig. 3B Middle Top). Moreover, TLR4-dependent
expression of two IRF3-inducible genes, IFN-� and RANTES,
was much less in macrophages treated with fucoidan plus
thapsigargin compared with macrophages exposed to LPS plus
thapsigargin (Fig. 3C). Significantly, fucoidan blocked nuclear
IRF3 even in the presence of LPS, demonstrating a dominant
effect of the SRA ligand as an IRF3 suppressor (SI Fig. 8A).

To determine whether fucoidan was acting through SRA to
suppress IFN-�, we compared IFN-� production in WT vs.
Sra�/� ER-stressed macrophages. As shown by Fig. 4A Left,
fucoidan-induced IFN-� production was substantially greater in
Sra�/� macrophages, consistent with an IFN-�-suppressive role
of the SRA. In contrast, SRA deficiency did not influence
LPS-induced IFN-� production (Fig. 4A Right). Enhancement of
IFN-� also was observed when SRA was blocked by using an
anti-SRA antibody and when acetyl-LDL was used as the SRA
ligand instead of fucoidan (SI Fig. 8B). Consistent with these
data, the IRF3-dependent cytokine RANTES also was enhanced
by SRA inhibition (SI Fig. 8C). These data and those above
suggest that SRA ligands have two independent effects in
ER-stressed macrophages: In a TLR4-depedendent manner,
they activate or induce molecules downstream of MyD88-Mal
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Fig. 4. SRA-dependent suppression of IFN-� contributes to macrophage apoptosis. (A) WT or Sra�/� macrophages were incubated for 6 h with thapsigargin
plus fucoidan (Tg � Fuc) or thapsigargin plus 500 pg/ml LPS. The media then were assayed for IFN-� (*, P � 0.001 vs. WT Tg � Fuc). (B) Macrophages were incubated
for 18 h with thapsigargin alone, fucoidan alone, thapsigargin/fucoidan plus increasing concentrations of recombinant IFN-�, or IFN-� alone. The cells then were
assayed for apoptosis as described in Fig. 1. (C) Macrophages were incubated for 24 h with thapsigargin, thapsigargin plus 1 ng/ml LPS, thapsigargin/LPS plus
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(i.e., IRAK1, TNF�, IL-6, and JNK), and in an SRA-dependent
manner, they suppress molecules downstream of TRIF-TRAM
(i.e., IRF3, IFN-�, and RANTES).

To investigate the possible proapoptotic role of IFN-� suppres-
sion in SRA ligand-induced apoptosis, we determined whether
adding back this cytokine to SRA-engaged macrophages could
block apoptosis. As shown in Fig. 4B, the addition of as little as 1
unit (�40 pg) of IFN-� protected ER-stressed macrophages from
apoptosis by fucoidan. We next addressed the converse issue, i.e.,
whether inhibiting IFN-� could convert the LPS survival response
into an apoptosis response. As shown in Fig. 4C, a neutralizing
antibody against IFN-� significantly increased apoptosis in ER-
stressed macrophages treated with LPS.

Based on these data and those above, we propose that in
macrophages exposed to LPS, activation of a ‘‘dominant’’ TRIF-
TRAM-IRF3-IFN-� pathway promotes cell survival even
though a potential proapoptotic response is activated via the
MyD88-JNK pathway (Fig. 4D Left). However, SRA ligands
selectively activate the proapoptotic MyD88-JNK branch
through TLR4 while muting the prosurvival IRF3-IFN-� branch
through SRA (Fig. 4D Right). When combined with ER stress-
induced CHOP expression and calcium mobilization, this mul-
tihit pathway induces macrophage apoptosis.

Discussion
Our study provides evidence of how combinatorial PRR signal-
ing between TLR4 and SRA in ER-stressed macrophages con-
verts TLR4 signaling into an apoptosis pathway. Although the
original pathophysiologic context of this work was based on the
importance of macrophage death in advanced atherosclerosis, it
is possible that our findings may have broader implications to
innate immunity. For example, macrophage death induced by
combinatorial PRR signaling may be a host defense mechanism
against those pathogenic organisms that seek safe haven inside
living macrophages (36–38). With regard to evidence that SRA
and TLR4 may functionally interact in vivo, three independent
reports have shown that mice lacking SRA have altered cytokine
and survival responses to LPS (39–41), although the mecha-
nisms of the altered responses were not elucidated.

In terms of atherosclerosis, lesional macrophages express both
TLR4 and SRA (14, 22, 42, 43), and lesions contain a number of
SRA ligands, including atherogenic lipoproteins, advanced glyco-
sylation end products, and amyloid-� (12, 14, 44). Moreover, exactly
as predicted from our model, a microarray study listed IRF-3
among those genes suppressed in human macrophages exposed to
oxidized LDL (45), an SRA ligand that exists in atherosclerotic
lesions. Although previous studies have reported the effects of SRA
and TLR4 pathway deficiencies on murine atherosclerosis, in some
cases with contradictory results, all of these studies used early to
mid-stage lesion area as the endpoint (14, 42, 46, 47). The model
described here is specifically relevant to processes involved in
advanced lesion morphology, and so the roles of SRA and TLR4 on
advanced lesional macrophage death and plaque necrosis represent
an important area for future study. Advanced plaques also contain
molecules or conditions that promote calcium-based ER stress,
including atherogenic lipoproteins and peroxynitrite (8, 13), and
lesional macrophages display multiple markers of UPR activation
in vivo (9, 10). Moreover, we recently found that the apoptosis
pathway described here is enhanced in insulin-resistant macro-
phages both in vitro and in advanced atherosclerotic lesions, and the
advanced lesions of humans with type II diabetes are characterized
by increased lesional macrophage death and plaque necrosis (48,
49). Thus, PRR-mediated macrophage apoptosis in advanced ath-
erosclerotic lesions may be relevant particularly in the setting of
insulin resistance.

At a cell biological level, the findings reported here raise a
number of mechanistic questions related to the mechanism by
which SRA engagement suppresses IRF-3-IFN-�, the step in the

TLR4-IFN-� pathway that is suppressed by SRA engagement,
the downstream prosurvival molecules induced by IFN-�, and
the mechanism by which perturbation of cellular calcium me-
tabolism enhances the TLR4-MyD88 pathway. Moreover, IRF3
also can function as a coactivator of NF-�B-regulated genes (50),
and so inhibition of IRF3 by SRA might prevent activation of
genes involved in the inflammatory response. This hypothesis
may provide insight into how SRA affects the inflammatory
response to LPS in vivo (39–41). Addressing these questions and
probing combinatorial PRR apoptosis signaling in vivo may yield
new therapeutic strategies related to diseases and host defense
processes in which the balance between macrophage survival and
death plays important roles.

Materials and Methods
The materials and methods used for preparation of lipoproteins,
endotoxin testing, immunoblot analysis, cytokine ELISA, and
statistics are in SI Materials and Methods.

Mice. The following mice were purchased from The Jackson Lab-
oratory (Bar Harbor, ME): C57BL/6 mice, Tlr2�/� mice (strain
B6.129 Tlr2 tm1Kir/J) backcrossed to the C57BL/6J background,
Tlr4del mice (strain C57BL/10ScNJ), Tlr4control mice (strain C57BL/
10ScSnJ), and Cd14�/� mice (strain B6.129S-Cd14tm1Frm/J) back-
crossed to the C57BL/6J background. Myd88�/�, Sra�/� (Msr�/�),
Cd36�/�, and Md2�/� mice were described in refs. 8, 24, 51, and 52.
Macrophages from female 8- to 10-week C57BL/6J mice were used
as WT controls in experiments in which the gene-targeted mice
were on the C57BL/6J background, i.e., all mice except Tlr4del. For
the experiments using Tlr4del mice, the WT controls are indicated
above.

Mouse Peritoneal Macrophages. Peritoneal macrophages from
adult female C57BL/6J mice and all mutant mice used in this
study were harvested 3 days after i.p. injection of Con A or 4 days
after i.p. injection of methyl-BSA in mice previously immunized
with this antigen (29). Macrophages were harvested 4 days later
by peritoneal lavage and maintained in medium containing
DMEM, 10% FBS, and 20% L-cell-conditioned medium. The
medium was replaced every 24 h until cells reached 90%
confluency. For the BAPTA experiments, macrophages were
pretreated for 10 min with 5 or 15 �M BAPTA-AM plus 0.02%
F127 Pleuronic; 0.02% F127 Pleuronic in DMSO served as the
vehicle control.

Cell Death Assays. After treatment, macrophages were assayed for
early to mid-stage apoptosis by staining with Alexa 488-conjugated
Annexin V (green) and late-stage apoptosis by costaining with
propidium iodide (red), as described in ref. 8. Cells were viewed
immediately at room temperature by using an Olympus IX-70
inverted fluorescent microscope equipped with a mercury 100W
lamp (CHIU Technical Corp., Kings Park, NY), filter wheels,
f luorescent filters (Chroma, Brattleboro, VT), an Olympus
LCPlanF1 �20 objective, Imaging software (Roper Scientific,
Tucson, AZ), and a Cool Snap CCD camera and (RS Photometrics,
Tucson, AZ). Representative fields (for to six fields containing
�1,000 cells) were photographed for each condition. The number
of Annexin V- and PI-positive were counted and expressed as a
percent of the total number of cells in at least four separate fields
from duplicate wells.
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