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Toll-like receptors (TLRs) and the downstream adaptor molecule
myeloid differentiation factor 88 (MyD88) play an essential role in
the innate immune responses. Here, we demonstrate that genetic
deficiency of TLR4 or MyD88 is associated with a significant
reduction of aortic plaque areas in atherosclerosis-prone apoli-
poprotein E-deficient mice, despite persistent hypercholesterol-
emia, implying an important role for the innate immune system in
atherogenesis. Apolipoprotein E-deficient mice that also lacked
TLR4 or MyD88 demonstrated reduced aortic atherosclerosis that
was associated with reductions in circulating levels of proinflam-
matory cytokines IL-12 or monocyte chemoattractant protein 1,
plaque lipid content, numbers of macrophage, and cyclooxygenase
2 immunoreactivity in their plaques. Endothelial-leukocyte adhe-
sion in response to minimally modified low-density lipoprotein
was reduced in aortic endothelial cells derived from MyD88-
deficient mice. Taken together, our results suggest an important
role for TLR4 and MyD88 signaling in atherosclerosis in a hyper-
cholesterolemic mouse model, providing a pathophysiologic link
between innate immunity, inflammation, and atherogenesis.

therosclerosis is now recognized to be a chronic inflammatory
disease characterized by subendothelial accumulation of
atherogenic lipoproteins, extracellular matrix, neovessels, calcium,
and inflammatory cells. Activation of inflammatory genes in the
vessel wall with subsequent adhesion, chemoattraction, subendo-
thelial migration, retention, and activation of inflammatory and
immune cells such as monocytes and T cells are believed to play a
critical role in the initiation, progression, and destabilization of
atherosclerosis (1-6). Increasing interest has focused on the po-
tential role of infectious agents and components of the innate
immune system as contributors to atherosclerosis (7), but clinical
trials investigating treatment of cardiovascular diseases with anti-
biotics have produced conflicting results (8—10), perhaps because of
inadequate power to detect differences or other shortcomings (11).
Notwithstanding clinical disappointments, experimental evi-
dence has accumulated that suggest that with enhanced under-
standing, treatment of cardiovascular disease with antibiotics
and/or immunization may one day become feasible (12-14). In
particular, intriguing data from animal studies suggest the potential
importance of Toll-like receptors (TLRs) and other key compo-
nents of the innate immune system in atherosclerosis-based pathol-
ogies (15). TLRs are a family of receptors that activate proinflam-
matory signaling pathways in response to microbial pathogens or
pathogen-associated molecular patterns. Ligand binding to TLRs
results in the recruitment of the adaptor molecule myeloid differ-
entiation factor 88 (MyD88) to the Toll/IL-1 receptor domain of the
receptor. Intracellular propagation of the signal leads to activation
of the transcription factor NF-«B, thereby influencing inflamma-
tory responses (16).
We and others (17, 18) have shown that human and murine
lipid-rich atherosclerotic plaques express TLR4, and that TLR4
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expression in macrophages is up-regulated by oxidized but not
native low-density lipoprotein (LDL). In vitro studies have demon-
strated that minimally modified LDL (MM-LDL), a proinflamma-
tory and proatherogenic lipoprotein, is recognized by TLR4 and the
coreceptor CD14 on macrophages, and binding of this lipoprotein
leads to actin polymerization and spreading of macrophages (19).
In human endothelial cells (ECs), the recognition of MM-LDL by
TLR4 results in the secretion of IL-8, a chemokine important in
monocyte transmigration and retention in the vessel wall (20).
However, this effect of MM-LDL was CD14-independent. Patients
expressing a polymorphism in the TLR4 gene manifest lipopoly-
saccharide (LPS) hyporesponsiveness, are protected from carotid
artery atherosclerosis and acute coronary events (21-24), and
derive greater benefit from risk reduction with statins (25). Col-
lectively, these findings suggest that TLR signaling may play a role
in the development of atherosclerotic plaques.

By using a genetic approach, we show here that atherosclerosis-
prone hypercholesterolemic mice Apoe™ that also harbor a null
mutation in either the adaptor molecule MyD88 or its upstream
receptor TLR4 exhibit reduced aortic atherosclerosis, plaque lipid
content, plaque macrophage infiltration, and cyclooxygenase
(COX)-2 immunoreactivity without significantly altering circulat-
ing cholesterol levels or lipoprotein profiles. We further provide
evidence suggesting that MyDS88 deficiency leads to decreased
levels of the circulating proinflammatory molecules IL-12p40
and/or monocyte chemoattractant protein 1 (MCP-1) and impaired
endothelial-leukocyte adhesion in response to MM-LDL, which
may contribute to the atheroprotective effects of MyD88 deficiency.
These results implicate TLR4- and MyD88-mediated signaling as a
pivotal link between hypercholesterolemia, inflammation, and ath-
erosclerosis, and may provide a foundation for the development
of innovative therapeutic targets for prevention and therapy of
atherosclerosis.

Materials and Methods

Generation of Apoe/MyD88 and Apoe/TLR4 Double Knockout Mice.
Apoe-deficient C57BL/6 mice were obtained from The Jackson
Laboratory. MyD88~/~ and TLR4~'~ mice were kindly provided by
S. Akira (Osaka University, Osaka). Both strains were backcrossed
for four generations into the C57BL/6 strain. MyD88~/~ and
TLR4~/~ mice were crossed with Apoe™'~ C57BL/6 mice. Het-
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erozygous mice were intercrossed to generate homozygous Apoe ™/~
mice bearing combinations of MyD88"/*, +/= =/~ ‘and TLR4*/*
and ~/~ mice. This process results in a total backcross of five
generations onto the C57BL/6 background. Male and female mice
were fed a high (0.15%)-cholesterol diet (Harlan Teklad, Madison,
WI) for 6 months. All experiments were performed according to
Cedars—Sinai Medical Center Institutional Animal Care and Use
Committee guidelines.

Assessment of Atherosclerosis in Aortas and Aortic Sinus. Aortas were
excised, adherent (adventitial) fat was removed, and were then fixed
in HistoCHOICE (Amrecso, Solon, OH). Whole aortas were
opened longitudinally from the aortic arch to the iliac bifurcation,
mounted en face, and stained for lipids with Oil red O. Hearts were
embedded in OCT compound (Tissue Tek, Sakura, Torrance, CA)
and cross sections of the aortic sinus were stained with Oil red O.
Lesion areas were quantified with IMAGEPRO PLUS (Media Cyber-
netics, Silver Spring, MD). Image analysis was performed by a
trained observer blinded to the genotype of the mice. To assess
macrophage infiltration into atherosclerotic plaques, frozen sec-
tions of aortic sinuses were fixed, incubated with 3% hydrogen
peroxide, and permeabilized. The sections were incubated with
MOMA-2, a macrophage-specific antibody, or control IgG anti-
body (Serotec). For visualization, 3-amino-9-ethyl-carbazole chro-
mogen (DAKO) was used as a substrate (12). MOMA-2 macro-
phage immunopositive areas were quantified with IMAGEPRO PLUS.

COX-2 Staining. Sections were blocked in 0.1 M TrissHCI/0.15 M
NaCl/0.5% blocking reagent (TNB blocking buffer) and incubated
with primary COX-2 or control IgG antibody (Santa Cruz Bio-
technology) diluted in TNB blocking buffer at 4°C overnight
(1:5,000 dilution), followed by incubation with streptavidin-
horseradish peroxidase complex. The signal was enhanced by using
the tyramide signal amplification kit (NEN Life Science Products,
Boston) according to the manufacturer’s recommendations and
sections were counterstained for nuclei with 100 nM SYTOX green
(Molecular Probes).

Lipid Profiles. Sera from mice were obtained at the time of killing,
after an overnight fast. Total cholesterol concentrations were
determined in duplicate by using a colorimetric assay (infinity
cholesterol reagent, Sigma Diagnostics, St. Louis). Triglyceride
concentrations were determined by using the L-type triglyceride H
assay according to the manufacture’s instructions (Wako Chemicals
USA, Richmond, VA). Lipoprotein profile was determined by
using HPLC.

Functional Studies in Isolated Murine Aortic ECs. Thoracic aortas
from MyD88~'~ and MyD88"'* mice were cleaned and cut into
3-mm-long rings. These segments were turned inside-out and
placed in tissue culture dishes coated with collagen type I (BD
Biosciences, Bedford, MA) and incubated in MCDB131 (Invitro-
gen) supplemented with 20% FBS (Omega Scientific, Tarzana,
CA), 1% antibiotic/antimycotic solution (Invitrogen), 1 unit/ml
heparin (Sigma), and 60 pg/ml EC growth supplement (Upstate,
Charlottesville, VA). The vessel rings were removed once cell
outgrowth was observed. The identity of cells was confirmed by
staining with von Willebrand factor (DAKO) and by 1,1'-
dioctadecyl-3,3,3",3'-tetramethylindocarbocyanine-acetylated
LDL (Molecular Probes) uptake experiments (purity of ECs >
95%). For adhesion assays ECs were grown to confluency. The cells
were stimulated with MM-LDL, native LDL, LPS, or tumor
necrosis factor (TNF)-« in culture medium containing 1% lipopro-
tein-deficient serum for 6 h. After incubation, cells were washed
with medium without serum and incubated with human peripheral
blood mononuclear cells labeled with 5 uM 2’,7'-bis-(2-
carboxyethyl)-5-(and-6)-carboxyfluorescein, acetoxymethyl ester
(Molecular Probes) for 1 h. Cells were washed and lysed with 0.5
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N NaOH. Fluorescence was measured in a fluorescence microplate
reader (excitation, 485 nm; emmission, 528 nm).

Serum Levels of Cytokines and Chemokines. IL-10, IL-12p40, MCP-1,
and chemokine KC concentrations in the sera of mice were
measured by ELISAs according to the manufacturer’s instructions
(BD Biosciences for IL-10, IL-12p40, and MCP-1 and R & D
Systems for KC).

Statistical Analysis. Data are expressed as mean * SD. Statistical
significance was determined by one-factor ANOVA with Bonfer-
roni correction and Student’s ¢ test. P < 0.05 was considered to be
statistically significant.

Results

MyD88 Deficiency Does Not Alter Circulating Cholesterol or Lipopro-
tein Profiles in Apoe~/~ Mice. To study the role of MyDS88 on the
development of atherosclerosis, we generated double knockout
mice by intercrossing Apoe ™'~ and MyD88~/~ mice, backcrossed
onto the C57BL/6 strain for at least five generations to enhance
congenicity and reduce secondary sources of variance. Apoe™'~/
MyD88~/~ and littermate controls (Apoe~'~/MyD88*'~ and
Apoe™'~/MyD88"'*) were fed a high-cholesterol diet and were
killed at 6 months. To evaluate the effect of MyD88 on plasma lipid
concentrations, we measured total serum cholesterol concentra-
tions. No significant differences in total cholesterol or plasma
triglyceride concentrations were found between the genotypes at 24
weeks of age (Table 1, which is published as supporting information
on the PNAS web site). There was no significant effect of MyD88
deficiency on lipoprotein profiles (data not shown).

MyD88 Deficiency Reduces the Extent of Aortic Atherosclerosis in
Apoe~'~ Mice. Apoe™~ mice fed an atherogenic diet develop
atherosclerotic lesions with morphological characteristics similar to
those seen in humans (26). To evaluate the effect of MyD88
deficiency on the extent of aortic atherosclerosis, we measured the
total lesion area by using en face preparation of the aorta and Oil
red O staining for lipids (Fig. 14). Computer-assisted quantitative
histomorphometric analysis revealed a 57% reduction in the extent
of atherosclerosis in Apoe ™~ /MyD88~/~ mice. The extent of ath-
erosclerosis in the Apoe~'~/MyD88"/~ mice was intermediate
between that observed in Apoe™~/MyD88/+ and Apoe™'~/
MyD88~/~ mice, which is consistent with a gene dose-response
effect (Fig. 1B Left). The atheroprotective effect of MyD88 defi-
ciency was observed in male as well as in female mice.

MyD88 Deficiency Is Associated with Reduction in Plaque Lipid Con-
tent, Macrophage Infiltration, and COX-2 Immunoreactivity. To ex-
amine the effect of MyD88 deficiency on the composition of
atherosclerotic plaques, we examined lipid content with Oil red O
histochemical staining and the extent of macrophage infiltration
with MOMA-2 immunostaining in aortic sinus plaques of
Apoe~'~ /MyD88~/~, Apoe~'~ /MyD88"/~, and Apoe '~ /MyD88 '+
mice. Aortic sinus plaques of Apoe™~/MyD88~/~ mice exhibited
significantly less lipid and macrophage accumulation than plaques
of Apoe™~ /MyD88*'* mice (69% and 75% reduction, respec-
tively). Intermediate levels were observed in Apoe™~/MyD88"'~
mice (Fig. 2 A Left, and B and C), which was again consistent with
a gene dose—response relationship. Quantification of lesion size of
aortic sinus plaques revealed a significant reduction of lesion size in
Apoe™'~ /MyD88~'~ compared with Apoe /'~ /MyD88*/* mice (P <
0.05, data not shown). To determine whether reduction in the
extent of atherosclerosis produced by MyD88 deficiency is accom-
panied by decreased expression of the proinflammatory enzyme
COX-2, we assessed COX-2 immunostaining in the aortic sinus
plaques of Apoe™'~ /MyD88~/=, Apoe™'~ /MyD88*'~, and Apoe~'~/
MyD88™/* mice. Lesions from Apoe™'~/MyD88*'* mice showed
extensive COX-2 immunostaining, which was markedly less in
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Fig. 1. MyD88 and TLR4 deficiency reduces the extent of aortic atheroscle-
rosis. (A) Aortas of Apoe~'~/MyD88~/~, Apoe~'~/MyD88*'~, and Apoe~'~/
MyD88** mice fed with a high-cholesterol diet for 6 months were isolated
and stained for lipid deposition with Oil red O. Representative specimens
from the three groups are shown. (B) Quantification of plaque areas in
whole aortas in Apoe~/~/MyD88~/~ (Left) and Apoe~'~/TLR4~'~ (Right)
mice. Aortas of Apoe~/~/MyD88 /=, Apoe~'~/MyD88*'~, Apoe~'~/
MyD88*'*, Apoe~'~/TLR4~/~, and Apoe~'~/TLR4*/* mice stained for lipid
deposition with Oil red O. Means and SD (n = 13 for Apoe™~/MyD88~/~,
Apoe~'~/MyD88*/~, Apoe~'~/MyD88*'*; n = 8 for Apoe~~/TLR4*/*; and
n =12 for Apoe™~/TLR4~/~) of plaque areas are shown. Total plaque area
in MyD88~/~ or TLR4~/~ was significantly reduced compared with corre-
sponding wild-type mice (*, P < 0.01).

Apoe™'~ /MyD88~/~ mice (Fig. 2D, and Fig. 6, which is published as
supporting information on the PNAS web site; 73% reduction).
Intermediate levels of COX-2 immunoreactivity were observed in
Apoe™'~ /MyD88*/~ mice (Figs. 2D and 6).

MyD88 Deficiency Is Associated with Reduced Circulating Levels of the
Inflammatory Cytokine IL-12 and MCP-1. Although the results above
indicate that MyD88 expression has direct effects on the arterial
wall, it is possible that MyDS88 deficiency may also secondarily
inhibit atherogenesis by a general antiinflammatory mechanism.
We therefore determined how MyDS88 deficiency altered circulat-
ing concentrations of key proinflammatory cytokines and chemo-
kines (the T helper 1 cytokine IL-12 and MCP-1) in Apoe ™/~ mice
with or without MyD88 deficiency. Apoe™'~/MyD88~/~ mice had
markedly reduced serum levels of IL-12p40 and MCP-1 compared
with Apoe™~/MyD88*/* mice (Fig. 3 A and B). IL-12p40 serum
concentrations of Apoe ™'~ /MyD88"/~ mice were comparable with
the serum concentrations of wild-type Apoe '~ /MyD88*/*. Serum
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concentrations of MCP-1 in Apoe ™~ /MyD88*/~ mice were com-
parable with those of wild-type Apoe ™/~ /MyD88*'* mice. MyD88
deficiency was not associated with any significant changes in the
circulating concentrations of the antiinflammatory cytokine IL-10
or the chemokine KC (data not shown). These results appear most
consistent with the interpretation that at least part of the suppres-
sion of atherogenesis observed in mice with both apolipoprotein E
(apoE) and MyD88 deficiency may be mediated by a general
reduction in circulating levels of proatherogenic inflammatory
molecules.

MyD88 Deficiency Is Associated with Reduced Adhesion of Leukocytes
to ECs upon Stimulation with MM-LDL. Enhanced leukocyte—-EC
adhesion constitutes one of the pivotal early events in development
of atherosclerotic plaques. To determine the effect of MyDS88
deficiency on leukocyte—endothelial adhesion we isolated aortic
ECs from MyD88~/~ and MyD88"'* mice and assessed their
interaction with leukocytes (human peripheral blood mononuclear
cells) upon stimulation with MM-LDL. ECs from the aortas of
MyD88** mice showed a dose-dependent increase in leukocyte
adhesion when stimulated with MM-LDL, but not with unmodified
native LDL (Fig. 4). In contrast, leukocyte adhesion to ECs derived
from MyD88-deficient mice did not increase in response to stim-
ulation with either MM-LDL or LDL. However, TNF-a-induced
leukocyte adhesion to ECs was not impaired in MyD88~/~ ECs and
was not different from leukocyte adhesion to MyD88"/* ECs. These
results suggest that impaired leukocyte adhesion to MM-LDL-
stimulated MyD88~/~ ECs may lead to reduced infiltration of
mononuclear phagocytes into developing plaques of Apoe™/'~/
MyD88~/~ mice.

TLR4 Deficiency Reduces the Extent of Aortic Atherosclerosis in
Apoe~'~ Mice. To elucidate further the role of MyD88 and upstream
receptor(s) on the development of atherosclerosis, we generated
double knockout mice by intercrossing Apoe '~ and TLR4~/~ mice.
Apoe™'~ /TLR4~/~ and littermate controls (4poe '~ /TLR4™'*)
were fed a high-cholesterol diet and were killed at 6 months. We
measured total serum cholesterol and triglyceride concentrations
and, as was the case with mice deficient in both Apoe and MyDSS,
we found no significant differences in total cholesterol or plasma
triglyceride concentrations between genotypes (Table 1). We mea-
sured the total lesion area of whole aortas after Oil red O staining.
Quantitative analysis revealed a 24% reduction in the extent of
atherosclerosis in Apoe™~/TLR4~/~ mice (n = 12 for Apoe™'~/
TLR4~'~ and n = 8 for Apoe ™'~ /TLR4™'*, P < 0.01; Fig. 1B Right).

TLR4 Deficiency Is Associated with Reduction in Plaque Lipid Content,
Macrophage Infiltration, and MCP-1 Serum Concentration. To further
explore the characteristics of atherosclerosis in Apoe™'~/TLR4~/~
mice, we quantified lipid content and macrophage infiltration in
aortic sinus plaques (Figs. 24 Right panel and 54). The lipid content
of aortic sinus plaques was significant reduced in Apoe ™'~ /TLR4~/~
mice (55% reduction). Macrophage infiltration in Apoe™'~/
TLR4~'~ mice was also significantly reduced by 65% compared
with control mice. Furthermore, MCP-1 serum concentrations
were significantly reduced in Apoe ™'~ /TLR4~'~ mice (Fig. 5B). In
contrast to Apoe~'~/MyD88~/~ mice, there was no significant
differences in IL-12p40 serum concentrations between Apoe™'~/
TLR4~'~ and Apoe™'~ /TLR4*'* mice (data not shown).

Discussion

Accumulating evidence implicates a fundamental link between
the immune system and atherosclerosis, but thus far this evi-
dence has been mostly indirect. Here, we demonstrate that
genetic deficiency of either MyD88 or TLR4 reduces aortic
atherosclerosis in apoE-deficient mice. Furthermore, MyD88 or
TLR4 deficiency was associated with alterations in plaque
composition that suggest greater structural stability; namely,
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Lipid content, macrophage infiltration, and COX-2 expression in aortic sinus plaques is reduced in Apoe~'~/MyD88~/~ mice. (A) Quantification of the

lipid content in aortic plaques from Apoe~'~/MyD88~/~, Apoe ™'~ /MyD88*'~, and Apoe~'~/MyD88*'* (Left) and Apoe '~ /TLR4~/~ and Apoe™'~/TLR4*'* (Right)
mice. Shown are means and SD of the percentage of lipid content relative to total plaque areas (n = 10 for Apoe~'~/MyD88~/~, Apoe~'~/MyD88*'~, and
Apoe™'~/MyD88*'*; n = 7 for Apoe™~/TLR4*/*; and n = 8 for Apoe ™'~ /TLR4~/~). Relative lipid contentin Apoe ™~ /MyD88~/~ or Apoe~'~/TLR4~/~ issignificantly
reduced compared with corresponding wild-type mice (**, P < 0.01; *, P < 0.05). (B) Representative MOMA-2 staining of aortic sinus plaques from
Apoe~'~/MyD88~'~, Apoe~'=/MyD88*'~, and Apoe~'~/MyD88*'* mice. (C) Quantitative analysis of macrophage immunoreactivity in aortic sinus plaques of
Apoe~'~/MyD88~'~, Apoe~'~/MyD88*/~, and Apoe~'~/MyD88*'* mice, expressed as a proportion of the total plaque areas (n = 10 in each group). Means and
SD are shown (*, P < 0.01). (D) Quantitative analysis of COX-2 immunofluorescent staining in sclerotic plaques of Apoe~'~/MyD88~'~, Apoe™'~/MyD88*/~, and

Apoe~'~/MyD88** mice (n = 7 in each group). Means and SD are shown (*, P < 0.01).

reduction in lipid and macrophage content, and markedly de-
creased expression of the proinflammatory enzyme, COX-2.
Cell culture studies with ECs derived from mice with or without
genetic deficiency in MyD88 showed that leukocyte—EC adhe-
sion was markedly hindered by genetic deficiency of MyDS§S.
Finally, we show that the atheroprotective effect of MyDS88 or
TLR4 deficiency is not secondary due to altered serum choles-
terol or lipoproteins. Our findings of reduced circulating proin-
flammatory cytokine IL-12 and MCP-1 suggest that the athero-
protective effects of MyD88 and TLR4 deficiency may result in
part from reduced systemic inflammation. Collectively, our
results directly indicate that innate immune signaling has both
systemic and local effects that together markedly inhibit devel-
opment of atherosclerosis and promote a more stable plaque
phenotype.

MyD8S8 is thought to transduce signals of all of the TLRs (except
for TLR3), as well as the IL-1 and IL-18 receptors. Previous studies
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(27) using IL-1B-deficient mice on an Apoe '~ background found
a modest 30% decrease in the extent of atherosclerosis, which is
considerably less than the nearly 60% reduction observed in our
study with mice deficient in both MyD88 and Apoe (Fig. 1). This
finding suggests that MyD88 signaling mediates downstream
proatherogenic effects in addition to those depending on intact
IL-18 signaling. Our results with Apoe™'~/TLR4~/~ mice, which
have intact IL-1p signaling, are consistent with this interpretation.
As anticipated, in comparison with Apoe™~/MyD88~/~ mice,
Apoe~'=/TLR4~/~ mice display a more moderate but significant
reduction in atherosclerotic lesions (57% vs. 24%, respectively) and
a sustained reduction in macrophage infiltration and MCP-1 serum
concentration. However, this moderate reduction was not unex-
pected. Atherosclerosis is multifactorial, dynamic, and highly vari-
able temporally and spatially within the vasculature. Whereas there
are many important contributors, there is no single culprit cause
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Fig. 3. Serum concentration of IL-12p40 and MCP-1 are reduced in

Apoe~'~/MyD88~'~ mice. (A) IL-12p40 serum concentrations of Apoe~/~/
MyD88~'~, Apoe™~ /MyD88*/~, and Apoe ™~ /MyD88*/* mice fed with a high-
cholesterol diet for 6 months (n = 19 in each group). (B) MCP-1 serum
concentrations of Apoe~'~/MyD88~/~, Apoe~'~/MyD88*'~, and Apoe~'~/
MyD88** mice (n = 24 in each group). Means and SD are shown (*, P < 0.01).

that accounts for the overwhelming variance in either the preva-
lence or extent of the disease. Our results are consistent with these
notions, and demonstrate that TLR4 and MyDS88 signaling is one
contributor, but also directly show that innate immune mechanisms
are important contributors to the pathobiology of the disease rather
than being secondarily associated with it. In addition, other TLRs
using MyD88 may also be involved in atherogenesis. Recently,
several bacterial or viral microorganisms have been postulated to be
involved in atherogenesis, which contain ligands for TLR2, for
instance (6, 28, 29).

MyD88 deficiency has been associated with a shift toward a T
helper type 2 response (30-32). In accord with this concept, we
observed that MyDS88 deficiency was associated with reduced
serum concentrations of IL-12p40. We also examined COX-2,
IL-12, and MCP-1, because all are implicated in atherogenesis and
are downstream targets of TLR4 and MyD88 signaling (33-35).
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Fig. 4. ECs from MyD88-deficient mice show reduced MM-LDL-induced
adhesion of leukocytes. Adhesion of human peripheral blood mononuclear
cells to murine aortic endothelial cells derived from aortas of MyD88~/~ or
MyD88*/* mice stimulated with MM-LDL, LDL, or TNF-a. Data from one of
three representative experiments with similar results are shown as fold in-
crease in leukocyte adhesion over background (*, P < 0.05).
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Fig. 5. TLR4 deficiency reduces the extent of macrophage infiltration and

MCP-1 secretion. (A) Quantitative analysis of macrophage immunoreactivity
in aortic sinus plaques of Apoe/~/TLR4~/~ and Apoe~/~/TLR4*'* mice, ex-
pressed as a proportion of the total plaque areas (n = 7 per group). Means and
SD are shown (¥, P < 0.01). (B) MCP-1 serum concentrations of Apoe™~/
TLR4~'~ and Apoe '~ /TLR4*'* mice (n = 8 for Apoe '~ /TLR4*/* and n = 14 for
Apoe~'~/TLR4~'~). Means and SD are shown (*, P < 0.01).

Because IL-12 is directly linked to progression of atherosclerosis in
mice, reduced IL-12p40 levels observed in MyDS88- but not in
TLR4-deficient mice could, in part, account for the further reduc-
tion of atherosclerosis we observed in Apoe /'~ /MyD88~/~ mice (36,
37). TLR4 or MyD88 deficiency was also associated with a marked
reduction in circulating levels of MCP-1, a key proatherogenic
chemokine (38, 39). MCP-1 deficiency may also have contributed
to reduced atherosclerosis in Apoe™~/MyD88~/~ and Apoe~'~/
TLR4~/~ mice, because recent work has shown that genetic defi-
ciency of MCP-1 (or its receptor CCR?2) is associated with reduced
macrophage infiltration and atherosclerosis in Apoe or LDL recep-
tor-deficient mice (38, 39).

Increased expression of COX-2 in atherosclerotic lesions to-
gether with pharmacologic and direct genetic evidence suggest that
COX-2 promotes atherosclerotic lesion formation (40, 41, 42—-45).
Consistent with these data, we found that MyD88 deficiency
resulted in a marked reduction in COX-2 immunoreactivity in
atherosclerotic plaques. This result might at least partially account
for the inhibition of atherosclerosis we observed in our Apoe™"~/
MyD88~/~ mice.

One of the key early events in the process of atherogenesis is
enhanced leukocyte—-EC adhesion. We found that MyDSS-
deficient ECs demonstrated an impaired ability to support
leukocyte adhesion in response to MM-LDL stimulation but not
to TNF-« stimulation. Previous data (46) suggested that ECs
from C57BL/6J mice exhibited substantial induction of proin-
flammatory molecules in response to MM-LDL, whereas ECs
from C3H/HeJ mice did not. Together, these data suggest that
MyD88 might regulate expression and/or function of cellular
adhesion molecules on ECs, mononuclear phagocytes, or both.
However, the possibility that MyD88 and/or TLR4 might also
affect processes such as monocyte to macrophage conversion, or
survival or retention of mononuclear phagocytes within the
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arterial wall cannot be excluded. Further studies will be required
to directly test the validity of these hypotheses.

The evidence for involvement of NF-«B in the development of
atherosclerosis is substantial, albeit largely indirect (47). However,
a recent study by Kanters et al. (48) reported that macrophage-
specific inhibition of the NF-«kB pathway leads to more severe
atherosclerosis in mice, perhaps due to a reduction in IL-10
production by macrophages. However, in our study, there were no
differences in IL-10 expression in Apoe ™~ /MyD88~/~ mice com-
pared with littermate controls. Intriguingly, Kanters et al. (49) more
recently reported that bone marrow transplants of p50-deficient
donor mice into proatherogenic LDL receptor-null recipient mice
leads to a decrease of atherosclerosis. Clearly, the involvement of
NF-«B in atherosclerosis is complex, and further studies will be
necessary to more clearly elucidate mechanistic details.

Our results contrast with those previously reported by Wright et
al. (50), which suggested there was no difference in the extent of
atherosclerosis between Apoe™~ and Apoe™~ /Ips® mice, a strain
generated by backcrossing Apoe ™'~ and the LPS-hyporesponsive
strain C57BL/10ScN. However, whereas our study directly mea-
sured atherosclerosis, Wright et al. (50) estimated atherosclerotic
burden from cholesteryl ester content in whole aortas. Additionally,
Apoe~'~ /lps* mice only partially reflect a TLR4~/~ genotype be-
cause they also lack two additional genes with unknown function
(51). Furthermore, a different LPS-hyporesponsive strain C3H/HeJ
that has nonfunctional TLR4 because of a spontaneous mutation
(52), is resistant to development of atherosclerosis (46), a finding
that is consistent with our results.

We conclude that genetic deficiency of MyDSS, and to a lesser
extent, that of TLR4, reduces aortic atherosclerosis in apoE-
deficient mice and is associated with alterations in plaque compo-
sition that suggest greater stability. Our work represents an impor-
tant step in establishing a link between TLR4 and MyD88 signaling
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and hypercholesterolemia and atherosclerosis. With the advent of
small-molecule antagonists (53), it may soon be feasible to evaluate
the efficacy of therapeutic inhibition of TLR signaling in treating
atherosclerosis-based pathologies.

Note. While this manuscript was being prepared, Bjorkbacka et al. (54)
reported that Apoe =/~ /MyD88~/~ mice develop less atherosclerosis than
Apoe~/~ /MyD88"/* littermate controls, which is consistent with our
findings here, but also found that Apoe™'~/CD14~/~ mice exhibited
similar atherosclerosis compared with Apoe =/~ /CDI14*/* controls (54).
They interpreted these latter findings as being consistent with the
interpretation that the TLR4/CD14 complex plays no role in plaque
development. CD14 is a coreceptor that recruits and facilitates LPS
binding to the TLR4 receptor (55). However, CD14 is not a signaling
receptor and does not interact directly with MyD88. Furthermore, TLR4
can interact with its cognate ligands and transduce signals independently
of CD14 as well (20, 56). Therefore, CD14-null mice cannot be used as
a surrogate for TLR4-null mice. In our study, we directly tested the
involvement of TLR4 and found that loss of TLR4 results in decreased
plaque formation. Our findings thus corroborate, clarify, and extend the
work of Bjorkbacka et al. (54). Collectively, the most likely interpretation
is that TLR4 signaling contributes to atherosclerotic plaque develop-
ment, but that this process does not involve the participation of CD14.
Alternatively, CD14-independent TLR4 signaling might mediate
proatherogenic influences. This finding is consistent with in vitro data
showing that ox-PAPC (a major bioactive component of MM-LDL) may
initially bind to a glycosylphosphatidylinositol-anchored molecule other
than CD14, and then to TLR4 to activate ECs (20). Unraveling these
complexities will be an important goal for future studies.
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