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Abstract

Objective—The purpose of this study was to determine whether myeloid differentiation factor 88
(MyD88) and its related Toll-like receptors (TLRS) 2 and 4 contributed to the development of
angiotensin Il (Angll)-induced abdominal aortic aneurysms (AAAs) and atherosclerosis.

Methods and Results—Angll was infused into either apoE~'~ or LDL receptor (LDLR) ™/~
male mice that were either MyD88*/* or =~ MyD88 deficiency profoundly reduced Angll-
induced AAAs and atherosclerosis in both strains. To define whether deficiency of specific TLRs
had similar effects, Angll was infused into LDLR ™/~ mice that were also deficient in either TLR2
or TLR4. TLR2 deficiency had no effect on AAA development, but inhibited atherosclerosis. In
contrast, TLR4 deficiency attenuated both AAAs and atherosclerosis. To resolve whether MyD88
and TLR4 exerted their effects through cells of hematopoietic lineage, LDLR™~ mice were
lethally irradiated and repopulated with bone marrow-derived cells from either MyD88 or TLR4
strains. MyD88 deficiency in bone marrow-derived cells profoundly reduced both Angll-induced
AAAs and atherosclerosis. However, TLR4 deficiency in bone marrow-derived cells had no effect
on either pathology.

Conclusions—These studies demonstrate that MyD88 deficiency in leukocytes profoundly
reduces Angll-induced AAAs and atherosclerosis via mechanisms independent of either TLR2 or
4.
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Introduction

Methods

Abdominal aortic aneurysms (AAAs) in humans are characterized by permanent dilations
that have an increasing propensity to rupture with expansion. Despite the devastating impact
of the disease in an increasingly larger number of people, the mechanistic basis for the
initiation, progression, and rupture of AAAs has not been defined. Aneurysmal tissues are
highly heterogeneous that is manifested as accumulation of several types of leukocytes,
substantial fragmentation of extracellular matrix, and atherosclerosis.! Notably, cells of the
innate and adaptive immune systems accumulate in human AAA tissue and have been linked
to the development of the disease.2

Several animal models of AAAs have become widely used to gain insight into mechanisms
of the human disease.3 One of the most commonly used AAA models generates the disease
by chronic subcutaneous infusion of Angll into mice.* Angll infusion promotes aneurysmal
disease in both normo- and hypercholesterolemic mice, although AAAs occur more
frequently in hypercholesterolemic mice.> In addition to AAAs, infusion of Angll to
hypercholesterolemic mice also augments atherosclerosis.”8 Like the human disease, AAAs
developed during Angll infusion are characterized by progressive leukocyte accumulation,
extracellular matrix degradation, lumen expansion, thrombus, and atherosclerosis.*

Both innate and adaptive immunities have proposed effects on AAA formation,® although
many facets are unknown regarding the relative contribution and mechanism. Myeloid
differentiation factor 88 (MyD88) is a mediator of signaling cascades that directly influences
leukocytes involved in innate immunity and has indirect effects on adaptive immunity.10
MyD88 was initially identified as a myeloid differentiation marker and was subsequently
defined as an adaptor protein for signaling.1! It was first demonstrated to act as an adaptor
protein in signaling mechanisms that follow the engagement of interleukin-1 (IL-1) with
IL-1 receptors.12 Later, MyD88 was identified as a critical adaptor protein engaged by the
majority of the Toll-like receptors (TLRs). MyD88 deficiency abolishes signaling of most
TLRs, with the exception of the TLR3 and TLR4 MyD88-independent signaling
pathways.13 Stimulation of MyD88 activates several signaling pathways including nuclear
factor xB and mitogen-activated protein kinase that trigger transcription of numerous
inflammatory cytokines to promote leukocyte recruitment.10

MyD88 and its association with TLRs have been studied in hypercholesterolemia-induced
atherosclerosis.14-18 However, a role for MyD88 in development of AAAs is currently
unknown. Therefore, we determined the role of MyD88 in Angll-induced AAAs and
atherosclerosis in both apolipoprotein E deficient (apoE ") and low density lipoprotein
receptor deficient (LDLR™") mice. MyD88 deficiency led to profound reductions on AnglI-
induced AAAs and atherosclerosis in both strains. In addition, the effects of MyD88 on
these two vascular pathologies were predominantly mediated by cells of the hematopoietic
lineage. Although TLR4 also contributed to Angll-induced AAA formation and
atherosclerosis, this TLR was not responsible for the MyD88-dependent signaling in
hematopoietic cells that promoted these two vascular pathologies.

A detailed description of all methods is presented in the Supplemental Materials.

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2012 December 1.
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Experimental Animal Models

MyD88~/~ 14 TLR2~/~,16 or TLR4~/~19 mice were bred to either apoE 7/~ or LDLR ™/~
backgrounds as described in detail in the Supplemental Materials. Angll (1,000 ng/kg/min)
was infused into male mice to develop AAAs and atherosclerosis as described previously.*
Bone marrow transplantations were performed as described previously.20 All studies were
performed with the approval of the University of Kentucky Institutional Animal Care and
Use Committee.

Genotyping by Polymerase Chain Reaction

All mice were genotyped by polymerase chain reaction (PCR) as described in detail in the
Supplemental Materials (Supplemental Table I).

Measurements of Vascular Pathologies

Statistics

Results

AAAs and atherosclerosis were quantified as described previously.21-23

All statistical analyses were performed using either version 3.5 of SigmaStat or version 8.2
of SAS. All measurements are represented as the mean+SEM. Analyses were performed
using tests that were appropriate for the number of groups and the parametric versus non
parametric nature of the data.

Deficiency of MyD88 Reduced Angll-induced AAAs and Atherosclerosis

To determine the contribution of MyD88 to Angll-induced AAAs and atherosclerosis, initial
studies were performed in male apoE~/~ mice that were either MyD88*/* or ~/~. These mice
were infused with Angll (1,000 ng/kg/min) for 28 days. The absence of MyD88 profoundly
reduced AAA development, with external aortic diameters of 2.0 £ 0.2 mm versus 0.97 +
0.08 mm in */* and ~/~ mice, respectively (P<0.001; Figure 1A). MyD88 deficiency also led
to significant reductions in death due to aorta rupture (P<0.01; Supplemental Table II). The
absence of MyD88 markedly reduced Angll-induced atherosclerosis in both aortic arches
and thoracic aortas (82% and 79% reductions, respectively, P<0.001; Figure 1B). These
reductions in Angll-induced AAAs and atherosclerosis occurred in the absence of MyD88
exerting any effects on plasma cholesterol concentrations, lipoprotein-cholesterol
concentrations, or systolic blood pressure (Supplemental Table 111 and Supplemental Figure

).

Since apoE has many effects on immunity,24-26 we also examined the effect of MyD88
deficiency on Angll-induced AAAs and atherosclerosis in mice with LDLR deficiency. To
induce hypercholesterolemia, these mice were fed a diet enriched in saturated fat.
Comparable to apoE~/~ mice, MyD88 deficiency in LDLR ™~ mice greatly reduced AAA
development (P<0.001; Figure 1A and Supplemental Figure I1) and death due to aortic
ruptures (P<0.01; Supplemental Table II). Furthermore, deficiency of MyD88 in male
LDLR ™~ mice resulted in profound reductions of atherosclerosis in both arch and thoracic
regions (64% and 87%, respectively, P<0.001; Figure 1C). Again, reductions of these two
vascular pathologies in MyD88 deficient mice occurred in the absence of any discernable
effects on plasma cholesterol concentrations, lipoprotein-cholesterol concentrations, or
systolic blood pressure (Supplemental Table I11 and Supplemental Figure I). All subsequent
studies were performed using male LDLR ~/~ mice fed the saturated fat-enriched diet.

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2012 December 1.
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TLR2 and TLR4 Deficiencies Exerted Differential Effects on Angll-induced AAAs and
Atherosclerosis

TLR2 signaling occurs via a MyD88-dependent signaling pathway. Therefore, to determine
whether TLR2 deficiency mimicked the effects of MyD88 deficiency, male LDLR ™/~ mice
that were either TLR2*/* or =/~ were fed the saturated fat-enriched diet for 5 weeks and also
infused with Angll (1,000 ng/kg/min) during the final 4 weeks. Surprisingly, TLR2
deficiency exerted no significant effect on Angll-induced expansion of suprarenal aortic
diameter, AAA incidence, or death due to aortic rupture (Figure 2A and Supplemental Table
I1). Similar to reported effects in hypercholesterolemic mice,16-18 TLR2 deficiency reduced
Angll-induced atherosclerosis in both aortic arches and thoracic aortas to a similar extent as
observed in MyD88 deficient mice (73% and 87%, respectively, P<0.001; Figure 2B). TLR2
deficiency had no effect on plasma cholesterol concentrations, systolic blood pressure, or
body weight (Supplemental Table I11). These data demonstrate that reductions in AAA
formation in MyD88 deficient mice are independent of TLR2-MyD88 signaling.

TLR4 signaling is mediated through either MyD88 dependent or independent mechanisms.
We determined whether TLR4 deficiency mimicked the effects of MyD88 deficiency on the
Angll-induced vascular pathologies. Unlike TLR2 deficiency, but comparable to MyD88
deficiency, TLR4 deficiency nearly ablated Angll-induced increases in external diameters of
suprarenal aortas and AAA incidence (P<0.001; Figure 3A and Supplemental Table I1).
Deficiency of TLR4 in male LDLR™~ mice also resulted in reductions of atherosclerotic
lesion size in both aortic arches and thoracic aortas (55% and 66%, respectively, P<0.001;
Figure 3B). TLR4 deficiency had no effect on plasma cholesterol concentrations
(Supplemental Table I1I), but a modest effect in reducing systolic blood pressure. Since
Angll-induced increases in systolic blood pressure have minimal impact on AAAs and
atherosclerosis, these changes in systolic blood pressure are not likely to have contributed to
reduced vascular pathologies in TLR4 deficient mice.8:27 These data were generally
consistent with TLR4 being the major receptor for MyD88 in the regulation of Angll-
induced vascular pathologies.

MyD88 Expression in Bone Marrow-derived Cells Determined Angll-induced AAAs and
Atherosclerosis Independent of TLR4 in Hematopoietic Cells

Given the critical roles of MyD88 and TLR4 in the development of Angll-induced vascular
pathologies, we used bone marrow transplantation to define whether the effect of MyD88 or
TLR4 deficiency on Angll-induced AAAs and atherosclerosis was mediated by cells of the
hematopoietic lineage. Recipients with MyD88*/* or 7/~ donor cells had no change in
plasma cholesterol concentrations, systolic blood pressure, body wieght, and white blood
cells (Supplemental Tables IV and V). At the termination of each experiment, bone marrow
was harvested and genotyping was performed to confirm chimerism.

Similar to the results of whole body deletion, deficiency of MyD88 in bone marrow-derived
cells significantly attenuated suprarenal aortic width (Figure 4A) and atherosclerosis (Figure
4B). Angll infusion into LDLR™~ mice repopulated with MyD88*/* bone marrow-derived
cells resulted in a 68% incidence of AAAs versus only 9% (P<0.001) in mice repopulated
with MyD88~/~ bone marrow-derived cells. Furthermore, atherosclerotic lesions were
significantly attenuated in both aortic arches and thoracic aortas (P<0.006; Figure 4B) of
mice repopulated with MyD88~/~ bone marrow-derived cells, compared to those
repopulated with MyD88*/* donor cells.

Chimerism of LDLR™/~ mice repopulated with TLR4*/* or =/~ donor cells was confirmed
by genotyping of bone marrow DNA at the end of the experiment and no effect was found
on plasma cholesterol concentrations, systolic blood pressure, and body weight

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2012 December 1.
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(Supplemental Table 1V). Although the overall numbers of WBCs were not changed, there
was a small reduction of platelets in mice repopulated with TLR4~/~ donor cells (P=0.04;
Supplemental Table V). Surprisingly, TLR4 deficiency in bone marrow-derived cells had no
effect on either the expansion of suprarenal aortas (Figure 5A) or the development of
atherosclerosis in aortic arches and thoracic aortas (Figure 5B) of LDLR™/~ recipient mice
infused with Angll. These data imply that unlike MyD88, the effects of TLR4 on AAAs and
atherosclerosis are mediated by non-hematopoietic cells.

MyD88 Deficiency Attenuated Angll-induced Monocytosis and Redistribution of Ly-6C

Populations

Chronic Angll infusion for 28 days significantly increased leukocytes, neutrophils, and
monocytes (P<0.001) in peripheral blood of LDLR™~ mice. While MyD88*/* and ~/~ mice
had no differences on leukocyte numbers prior to Angll infusion, MyD88 deficiency
completely attenuated the Angll-induced increases of leukocyte numbers, with equivalent
effects on neutrophils and monocytes (Supplemental Figure I11). However, TLR4 deficiency
did not change leukocyte and its subtype numbers.

Redistribution of Ly-6C populations has been detected in Angll-induced AAAs and
implicated in the progression of atherosclerosis in apoE ™~ mice.28.2% Therefore, we
investigated the effects of Angll on the Ly-6C monocytes in peripheral blood that were
categorized into 3 populations of Ly-6C (Ly-6C!W, Ly-6CiM and Ly-6CM).30 MyD88
deficiency ablated Angll-induced increases of Ly-6CM and reductions of Ly-6C'oW
monocyte numbers (P<0.007; Supplemental Figure 1V). However, TLR4 deficiency did not
change Angll-induced redistribution of Ly-6C populations.

There is evidence that spleen acts as a major reservoir for monocytes in peripheral blood.2°
However, there was no overt difference in spleens of MyD88*/* versus ~/~ mice in regard to
CD68 immunoreactivity when infused with Angll. Consistent with the changes of Ly-6C
monocyte populations in peripheral blood, MyD88 deficiency abolished Angll-induced
increases of Ly-6CM and reductions of Ly-6C!°" monocyte numbers in spleens (P<0.001;
Supplemental Figure V).

To determine whether MyD88~/~ mice had impaired response to macrophage elicitation,
thioglycollate was injected into mouse peritoneal cavities. MyD88 deficiency significantly
reduced the numbers of macrophages elicited to peritoneal cavities (P<0.001; Supplemental
Figure V1), whereas TLR4 deficiency showed no significant effect on macrophage
elicitation to peritoneal cavities. All of these findings infer differential effects of MyD88 and
TLR4 on monocyte/macrophage behaviors.

We also examined whether Angll had differential effects on MyD88 and TLR4 in smooth
muscle cells isolated from the aneurysmal prone suprarenal aortic region. While Angll had
no effect on the expression of MyD88 in smooth muscle cells, it greatly increased the
abundance of TLR4 mRNA in these cells that was comparable to the TLR4 agonist,
lipopolysaccharide (P<0.001; Supplemental Figure VII).

Discussion

Angll infusion into hypercholesterolemic mice has been used in many studies to induce
AAAs and augment the development of atherosclerosis.48 These diseases are frequently co-
morbid, and therefore the model permits simultaneous evaluation of both vascular
pathologies. Previous studies have demonstrated distinctions between mechanisms that
influence the processes of AAAs versus atherosclerosis.31-34 In the present study, MyD88
and TLR4 deficiencies had equivalent effects on Angll-induced AAAs and atherosclerosis.

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2012 December 1.
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However, while TLR2 deficiency reduced Angll-induced atherosclerosis, we were not able
to discern any effect on the development of AAAs.

Deficiency of MyD88 was studied on the effects of Angll-induced AAAs in both apoE ™/~
mice fed a normal laboratory diet and LDLR™~ mice fed a saturated fat-enriched diet. There
are marked differences in plasma cholesterol concentrations and lipoprotein characteristics
between the two strains. There is also evidence that apoE has direct effects on innate and
adaptive immune responses independent of lipoproteins, which has the potential to lead to
different responses between apoE~~ and LDLR ™/~ mice.24-26 Despite these differences,
aneurysms that form during Angll infusion in the two strains are similar in size and
characteristics. Consistently as demonstrated in this study, deficiency of MyD88 had a
similar effect in attenuating Angll-induced AAAs in both strains.

Infusion of Angll leads to medial accumulation of macrophages in regions that are prone to
aneurysmal formation.3® Following luminal dilation, there is enhanced macrophage
accumulation and the presence of other leukocyte types, such as lymphocytes.3®
Macrophages are the most abundant leukocyte type that infiltrates aortic tissue at all stages
of aneurysmal formation.35:36 Despite this abundance, the function of macrophages in
aneurysmal pathology has not been determined. Our previous study using osteopetrotic mice
that have marked reductions in circulating monocytes3’” was confounded by several defects
in this strain and a low incidence of Angll-induced AAAs in the genetic background-
matched wild type mice. A later study demonstrated that substantial reductions of circulating
monocytes by clodronate-lipoproteins decreased severity of Angll-induced AAAs.5 In the
present study, we found that the striking effect of MyD88 on AAA formation was attenuated
by selective deletion of MyD88 in hematopoietic cells, strongly suggesting a role for
MyD88 signaling in leukocytes in promoting AAAs. Interestingly, the same effect did not
occur for TLR4 deficiency in hematopoietic cells, despite the pronounced attenuation of
AAA formation in mice with whole body TLR4 deficiency.

Ly-6CN monocytes are the predominant population of macrophages accumulating in AnglI-
induced AAAs.28 We demonstrated that MyD88 deficiency ablated Angll-induced Ly-6C'oW
to Ly-6CN monocyte switching in both peripheral blood and spleens. These results are
consistent with the previous report that Angll mediates monocyte recruitment from the
spleen to peripheral tissues after injury.38 It is possible that MyD88 deficiency blunts
macrophage infiltration into the aortic wall via abolishing the ability of Angll-induced
Ly-6C monocyte switching.

Angll exerts its bioactive effects predominantly through binding AT1a receptors. AT1a
receptors are ubiquitously present on many cell types including macrophages and resident
cell types of the aorta. Comparable to whole body deficiency of AT1a receptors,3 whole
body deficiency of MyD88 strikingly reduced Angll-induced AAAs. However, while
MyD88 deficiency in bone marrow-derived cells also profoundly reduced Angll-induced
AAAs, AT1a receptor deficiency on bone marrow-derived cells failed to influence AnglI-
induced AAAs.39 These findings infer that Angll induces changes in cells of non-
hematopioetic origins that subsequently promote AAAs through a mechanism based on
MyD88 of hematopoietic origin.

The role of MyD88 and its link to TLRs in the development of atherosclerosis have been
previously studied in apoE~~ mice.1415.17 Consistent with the previous studies, we
demonstrated that deficiency of MyD88 also decreased atherosclerotic lesions that were
augmented by Angl! infusion in apoE~/~ mice. We also demonstrated that deficiency of
MyD88 had a comparable effect on the reduction of atherosclerosis in LDLR™/~ mice. The
effect of MyD88 deficiency on Angll-induced atherosclerosis occurred in both mouse

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2012 December 1.
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strains, despite profound differences in both concentrations and characteristics of plasma
lipoprotein cholesterol distributions. Our study advances the previous understanding of the
role of MyDa88 in atherosclerosis by demonstrating that MyD88 in bone marrow-derived
cells accounts for the predominant effect of this adaptor protein in the development of
atherosclerosis. Deficiency of TLR2 or TLR4 decreases atherosclerosis in both apoE~~ and
LDLR ™~ mice.15-18 The present study also demonstrated that deficiency of these TLRs
decreased atherosclerosis in Angll-infused LDLR ™~ mice. There is compelling evidence for
the similarities of the effects of MyD88, TLR2, and TLR4 in the development of
atherosclerosis. However, it was unclear whether MyD88 served as a required adaptor
signaling molecule for TLR2 or TLR4 to promote atherosclerosis. Our findings using bone
marrow transplantation in the present study clearly demonstrate that reductions in
atherosclerosis in mice with complete deficiency of TLR4 were attributable to MyD88-
independent mechanisms. This conclusion is consistent with the recent demonstration that
TRIF deficiency reduced atherosclerosis by a mechanism not involving hematopoietic
cells.40

In conclusion, this study demonstrates that MyD88 deficiency in hematopoietic cells has a
profound effect in reducing Angll-induced AAAs and atherosclerosis. While whole body
deficiency of TLR4 had a similar ability to reduce Angll-induced vascular pathologies, the
use of bone marrow transplantation clearly demonstrated that these effects were unrelated to
MyD88 mediated signaling in hematopoietic cells. Future studies will systemically evaluate
other MyD88-linked receptors, such as IL-1p and IL-18, in Angll-induced AAA formation
and atherosclerosis.#1-44

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. MyD88 deficiency attenuated Angll-induced AAAs and atherosclerosis in both
apoE‘/‘ and LDLR™™ mice
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(A) Maximal external width of abdominal aortas was measured in apoE 7~ and LDLR ™/~
mice that were either MyD88*/* or ~/~. Percent atherosclerotic lesion area was determined
on aortic arches and thoracic aortas in apoE '~ (B) and LDLR ™/~ (C) mice that were either
MyD88*/* or 7/~ Triangles represent individual mice. Circles represent means, and bars are
SEM. * denotes P<0.001 by Mann-Whitney Rank Sum analyses.
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Figure 2. TLR2 deficiency did not change AAAs, but reduced Angll-induced atherosclerosis in

(A) AAAs were defined by measuring maximal external width of abdominal aortas. (B)
Percent atherosclerotic lesion area was determined on aortic arches and thoracic aortas.
Triangles represent individual mice. Circles represent means, and bars are SEM. * denotes
P<0.001 by Mann-Whitney Rank Sum analysis.
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Figure 3. TLR4 deficiency attenuated Angll-induced vascular pathologies in LDLR™~ mice
(A) AAAs were defined by measuring maximal external width of abdominal aortas. (B)
Percent atherosclerotic lesion area was determined on aortic arches and thoracic aortas.
Triangles represent individual mice. Circles represent means, and bars are SEM. * denotes

P<0.001 by Mann-Whitney Rank Sum analysis.
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Figure 4. Angll-induced AAAs and atherosclerosis were attenuated by MyD88 deficiency in
bone marrow-derived cells

(A) AAAs were defined by measuring maximal external width of abdominal aortas. (B)
Percent atherosclerotic lesion area was determined on aortic arches and thoracic aortas.
Triangles represent individual mice. Circles represent means, and bars are SEM. * denotes
P<0.006 by Mann-Whitney Rank Sum analyses.
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Figure 5. Angll-induced AAAs and atherosclerosis were not changed by TLR4 deficiency in

bone marrow-derived cells

(A) AAAs were defined by measuring maximal external width of abdominal aortas. (B)
Percent atherosclerotic lesion area was determined on aortic arches and thoracic aortas.
Triangles represent individual mice. Circles represent means, and bars are SEM.
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