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SMOOTH MUSCLE CELL DEATH, MACROPHAGE PHENOTYPES, and INFLAMMATION IN THE
PROGRESSION OF ABDOMINAL AORTIC ANEURYSM
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Under the supervision of Professor Bo Liu at the University of Wisconsin-Madison

Apoptosis or programed cell death plays an important role in development,
homeostasis, and disease. In most cases, apoptosis removes excessive or damaged cells without
eliciting immune responses. However, in certain disease conditions, apoptosis has been shown
to stimulate inflammation. The goal of my thesis work is to determine whether and how
apoptosis interacts with inflammation in a common and potentially lethal disease called

abdominal aortic aneurysm (AAA).

AAA is an age-related vascular disease characterized by progressive aortic dilation.
Histologic examination of AAA tissue shows the presence of significant apoptosis, inflammation,
and elastin degradation; events which cumulatively result in the weakening of the arterial wall
and expansion of arterial circumference. Currently, the only treatment options for aneurysm
are surgical or endovascular procedures, and the limitation is due to an incomplete
understanding of the biological mechanisms initiating and underlying the disease. The role of
apoptosis in aneurysm pathogenesis and progression has not been directly studied. Since
vascular smooth muscle cells (VSMCs) are the major source of extracellular matrix (ECM), it was
conventionally assumed that apoptosis of VSMCs would contribute to tissue destruction by
reducing ECM synthesis. While VSMCs are vital to vascular repair, data generated in our lab

suggest another role of apoptosis, i.e. forming an amplification loop with inflammation.



In my thesis work, | explore two related hypotheses. First, chapters 1-4 focus on the
idea that SMIC apoptosis in aneurysmal tissue drives the infiltration of inflammatory cells and
the subsequent development of aneurysm. In Chapters 1 and 2, we use a pan-caspase inhibitor
to prevent apoptosis in three different aneurysm models. In Chapter 3, we show that a
modified murine AAA model drives not only an advanced apoptotic and inflammatory response,
but also a faster expanding and more severe aneurysm. In Chapter 4, we manipulated apoptosis
through Protein Kinase C-delta (PKCS), a signaling protein our own group has shown to be
associated with SMC apoptosis. Once again, we demonstrated the link between SMC apoptosis

and pro-inflammatory signaling.

In Chapter 5, | explored mechanism(s) underlying the apoptosis-inflammation
interaction. Specifically, we hypothesized that the micro-environment within aneurysm tissues
causes a shift in monocyte differentiation that results in a reduction in M2 macrophage
polarization and diminished M2-mediated clearance of apoptotic cells. Furthermore, | tested
whether manipulation of macrophage phenotype slows aneurysm progression. In conclusion,
the work described here may shed some light on potential therapeutic targets for treatment of

human AAA.



INTRODUCTION

Abdominal aortic aneurysm (AAA) is an age-related, chronic inflammatory vascular
disease characterized by a loss of arterial wall integrity with extracellular matrix (ECM)
remodeling, vascular smooth muscle cell (VSMC) apoptosis, and the infiltration of inflammatory
cells. Recent large screening studies have shown AAA to have a prevalence of approximately
5% in men 65 years of age or older™?, and the disease accounts for roughly 4 to 5% of sudden
deaths in men over the age of 60°. Early aneurysm in patients has been identified as an aortic
diameter between 3.0 and 5.5 cm. Once the aneurysm reaches a size of 4.5 or 5.5cm in women
or men, respectively, surgical intervention methods are implemented®>. Patients with an
established small aneurysm are provided only behavioral modification options such as smoking
cessation or additional lifestyle changes that may lower cardiovascular risks, but current
therapies have proven minimally effective in preventing the progressive growth and eventual

rupture of small aneurysm?.

Current studies in AAA are primarily aimed at establishing more effective therapeutic
targets and methods for early aneurysm intervention. Due to the nature of human aneurysm
disease, early-stage tissues are essentially unavailable for research purposes. Rather, tissues
collected from patients tend to be almost exclusively in late-stages of the disease which limits
the insight(s) made available by these studies. In order to study early pathological events, then,
researchers turn to animal models of the disease. Several mouse models of AAA exist, including
genetic manipulations such as those that alter ECM proteins®, manipulate the matrix

metalloproteinase (MMP) system”®, or promote hyperlipidemia®. Additionally, several models



of AAA rely on chemical-induction methodologies. The Angiotensin Il model (Angll) is created
by infusing Angll at a dose of 500 to 1000 ng/kg/minue via a subcutaneous implanted mini-
pump to either LDL receptor -/- or apoE -/- mice to produce a suprarenal aneurysm over a 28
day periodlo. In the calcium chloride (CaCl2) model, CaCl2 solution is applied using periaortic
placement of a soaked gauze piece to the abdominal aorta between the renal artery and the
iliac bifurcation. This model produces arterial wall thickening and diameter expansion with a
substantial inflammatory responsell. A model related to the CaCl2 model, the calcium
phosphate (CaPO4) model, is induced in much the same way, but the application of CaCl2
solution is followed immediately by a similar application of a phosphor-buffered saline (PBS)-
soaked gauze piece. This method creates CaPO4 crystal precipitate which induces significant
aortic expansion, cell death, and inflammation®?, Finally, the Elastase Infusion model requires
the luminal infusion of elastase to the infrarenal segment of mouse aorta. This is achieved by
first isolating the infrarenal aorta from the iliac bifurcation to the renal artery and using silk
ligatures to stop blood flow through the region. A catheter can then be inserted above the iliac
bifurcation to introduce elastase at a constant pressure for 5 minutes, after which the catheter
is removed, the arteriotomy closed, and blood flow restored. This model creates immediate
aortic expansion which grows minimally through day 7 and robust aneurysm by day 14.
Pathologically this model creates significant elastin fragmentation and inflammatory infiltrate®®.

In my thesis work, | have utilized these four models of chemically-induced AAA.

Studies conducted using animal models of aneurysm have revealed several
pathophysiological events that appear to be crucial for aneurysm formation and progression.

One of the most prominent features of human and experimental aneurysms is substantial



inflammatory cell infiltration. Various work has suggested roles for specialized T lymphocytes™*

1617 "and neutrophils'®. However, macrophages have arisen as one of the most

1> mast cells
common, numerous, and significant players in aneurysm pathology. Macrophages are believed
to be attracted to the aneurysmal wall partially through fragmented elastin products19 as well
as cytokines and chemokines such as monocyte chemoattractant 1 (MCP-1), RANTES (regulated
on activation, normal T cell expressed and secreted), interleukin 6 (IL-6), interferon gamma

2022 Once recruited to the site of aneurysm,

(IFNy), and tumor necrosis factor alpha (TNFa)
macrophages produce nitric oxide (NO), matrix metalloproteinases (MMPs), cathepsins, and
additional cytokines and chemokines to further the inflammatory state. Using CD11b-
diphtheria toxin receptor (DTR) transgenic mice, Xu B et al. demonstrated that depletion of

macrophages prior to perfusion with elastase could ameliorate aortic expansion. Further,

eliminating these cells 4 days after elastase treatment could promote aneurysm regression®.

Vascular smooth muscle cells (SMCs) are a large component of the arterial wall. SMCs
possess significant plasticity in their expression profiles, a feature which allows them to
participate in a large number of functions®*. Studies using human AAA tissue have shown a
reduced medial content of medial SMCs, SMC apoptosis, and reduced propagation capability in
SMCs cultured from human tissues®>2%. Additionally, protease expression by SMCs has been

2939 Though the true

shown to be crucial to human AAA as well as some experimental models
role of SMCs in AAA is undefined, conventional knowledge suggests that it is in fact the lack of

SMCs in AAA tissue that most dramatically contributes to the disease. SMCs are a population of

cells uniquely equipped to produce ECM components, and thus the depletion of this population



through cell death events has been thought to contribute to the continued deterioration of

aortic tissue in AAAZ,

Cell death evens have for many years been described as either programed (apoptosis) or
incidental (necrosis) — a dichotomous categorization that has proven far too simplistic.
Apoptosis is a tightly regulated form of “programmed cell death” — a distinction indicating that
the genetic information and many enzymes involved in the process(es) pre-exist within the
cell®* - mediated through activation of apoptotic caspases 3, 6, and 8*2. Apoptotic cells are
characterized by a shrinkage of cell membrane and condensation of nuclear chromatin, and are
ultimately engulfed by neighboring cells in an anti-inflammatory manner®. Necrosis is a more
general term used to describe the postmortem morphological characteristics or events of
passive or ‘accidental’ cell death processes. Though necrosis can be the endpoint of various
accidental death events, it is characterized by a loss of membrane integrity and release of
intracellular contents, including ‘damage associated molecular patterns (DAMPs)34. A large
number of studies have led to an increasing awareness of the true complexity of cell death
processes. While the full description of each of these processes is beyond the scope of my

thesis, | have provided a very brief description as well as literature for reference.

Recent literature has expanded the category of ‘programmed cell death’ to include
pyroptosis, oncosis, and autophagy. Pyroptosis is mediated by caspase-1, occurs independently
of apoptotic caspases, and results in the rupture of cell membrane and the spillage of cellular
contents®>. Oncosis occurs in a process opposite of apoptosis in that cells and cellular

organelles swell and bleb, and the membrane permeability increases as the ionic pumps in the



plasma membrane(s) fail*®. Autophagy is a process by which a cell degrades its own

I*”. More recently, evidence has

components using autophagic vacuoles within the cel
suggested a convergence of programmed cell death and necrosis in a process termed
necroptosis. In necroptosis, cell death appears to occur in defined steps in a pathway
dependent upon the receptor-interacting protein kinase 1 (RIP1)-RIPK3 complexas. Itis
important to point out that while each of these processes is talked about as discrete entities, it
is more likely that various cell death processes occur simultaneously within tissue or even
within a single cell. For example, a process known as secondary necrosis occurs when an
apoptotic cell is not successfully cleared, and instead proceeds to a autolytic necrotic process
which is highly inflammatory®®. Although the above information is superficial, it suggests a
highly complex and interesting subject of study. In the context of aneurysm, much work

remains to be done regarding the type(s) of cell death present and the downstream

consequences of these events.

For the purpose of my thesis, | will be focusing mainly on the role of SMC apoptosis as
well as a somewhat limited view of necrosis, including secondary necrosis. | will describe the

use of the pan-caspase inhibitor Q-VD-OPh, which has been shown to be an effective and non-

40-42

toxic method for inhibiting apoptosis in vitro and in vivo™ . Further, | will explore the

potential role for protein kinase C-delta (PKC8), a member of the PKC family of serine and
threonine kinases. Evidence produced by our lab as well as others has shown PKC6 to have a

wide range of actions in vascular disease. Specifically, PKCS has been shown to be a crucial

43-45 46, 47

mediator for SMC apoptosis ~ , and has also been shown to have a role in SMC migration

and production of inflammatory cytokines specifically monocyte chemoattractant protein 1



(MCP1)* *°. This information led us to believe that PKCS would likely play a role in aneurysm

formation through regulation of apoptosis and/or inflammation in the vascular wall.

Consequences of apoptotic events depend largely upon the clearance of dead cells or
cell debris from tissues. In healthy tissues, apoptotic cells rarely trigger an inflammatory
response due to the robust phagocytotic mechanism that swiftly removes the dying cells before
their membrane disintegrates. Macrophages are well known as phagocytes, responsible for
clearing microbes and/or dead cells and tissues. While this clearance mechanism is often
sufficient and beneficial for the healing of tissue injuries or infections, its clearance capability
could be overwhelmed or defected in certain disease states, which consequently leaves
apoptotic cells to linger and undergo secondary necrosis thus creates a severe inflammatory
state. In atherosclerosis, it has been shown that macrophages found in the plaque have
diminished engulfment capability, which leads to a growing population of dead cells in the
regionso. The altered engulfment capability of plaque macrophages has been attributed to the
cholesterol-laden state of these cells, and it has been shown that oxidized low-density
lipoproteins (oxLDL) can effectively inhibit macrophage phagocytosis in vitro and in vivo Y 2,
Macrophages have somewhat recently been shown to exist along a spectrum of phenotypes,
each phenotype possessing unique characteristics that dictate their actions or role within a
tissue™. In a simplified depiction of these phenotypes, | will describe two extreme phenotype
categories designated as M1 inflammatory macrophages or M2 anti-inflammatory
macrophages. M1 and M2 macrophages are the two macrophage types that have been most

thoroughly explored and defined both in vitro and in vivo. In atherosclerosis, it has been shown

that M1 and M2 macrophages localize differentially within the atherosclerotic plaque, with M1



cells residing mainly in the necrotic core and M2 cells localize to the fibrous cap®. Further,
Cardilo-Reis L et al. showed that promoting an M2 dominant environment in atherosclerosis

favorably modulated morphology of established atherosclerotic plagues in mice”.

Although much evidence regarding macrophage phenotypes in vascular diseases has
been gathered, there are still many questions that remain. Definition of these macrophage
phenotypes was originally established using in vitro work, and transition of these data to in vivo
models has proved to be far from simple>®. In vivo, dynamic changes in the phenotype profile
has been observed, with tissues displaying a coexistence of macrophages in different activation
states and mixed phenotype populations®’. Additionally, recent evidence has shown the
existence of additional macrophage phenotypes outside of the simplistic M1 and M2
characterization. For example, M2 macrophages have can be subdivided to M2a (alternatively
activated), M2b (regulatory), and M2c (immunosuppressive)*®®. In 2010, Kadl et al described
the novel macrophage phenotype Mox which is driven following exposure to phospholipids®’.
Then, in 2012 a M4 macrophage was described as a unique macrophage phenotype driven by
CXCL4 and possessing pro-atherogenic qualities®’. However, no studies have been performed

to evaluate the potential role(s) for this array of macrophage phenotypes in aneurysm.

In my thesis, | will bring together the above described topics to explore the two-related
hypotheses. First, | will examine a unique and novel role for SMCs in aneurysm as an
inflammatory signal. Specifically, | propose that SMC apoptosis in aneurysmal tissue drives the
infiltration of inflammatory cells and the subsequent development of aneurysm. Secondly, |

will evaluate the potential contribution of macrophage phenotypes by proposing that the
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micro-environment within aneurysm tissues causes a shift in monocyte differentiation that
results in a reduction in M2 macrohpage polarization and diminished M2-mediated clearance

of apoptotic cells.
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Abstract

Objective:

The presence of apoptotic markers is a prominent histological feature of abdominal aortic
aneurysm. To understand the role of apoptosis in the pathogenesis of this common vascular
disease, we tested the effect of pan caspase inhibitor, Quinoline-Val-Asp-
Difluorophenoxymethylketone (Q-VD-OPh) on aneurysm formation using mouse angiotensin I

(Angll) model.

Methods and results:

Angll in ApoE-deficient mice significantly induced medial cell apoptosis 3 days after infusion at
the aortic region eventually becoming aneurismal. A daily administration of 20 mg/kg/day of Q-
VD-OPh starting 6 hours prior to Angll-infusion reduced aneurysm incidence from 83.3% to
16.7% and maximal aortic diameter from 2.43 + 0.29 mm to 1.58 + 0.18 mm. The caspase
inhibitor treated mice showed profoundly diminished levels of medial apoptosis and
inflammation. In contrast, administration of Q-VD-OPh starting 7 days after Angll infusion had
no significant impact on aneurysm development. In vitro, media conditioned by Angll-treated
SMCs stimulated macrophage chemotaxis in a caspase dependent manner. Inhibition of
monocyte chemoattractant protein-1 (MCP-1) in the conditioned media via a neutralizing

antibody completely blocked the ability of conditioned media to attract macrophages.

Conclusions:
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These results indicate that medial SMC apoptosis may contribute to vascular inflammation and

thus aneurysm formation in part through production of MCP-1.
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Introduction

Abdominal aortic aneurysm (AAA) is a common age-related degenerative disease
associated with high mortality. Histologically, AAA is characterized by destruction of the
extracellular matrix (ECM) accompanied by a depletion in medial vascular smooth muscle cells
(SMCs), infiltration of lymphocytes and macrophages, and neovascularization.” ? Selective
depletion of neutrophils®, lymphocytes®, matrix metalloproteinases (MMPs)> ©, or pro-
inflammatory cytokines’ have all been found to impair aneurysm formation in experimental

models of AAAs, demonstrating the multi-factoral nature of this disease.

Histological examinations of both animal and human experimental AAAs have revealed a
paucity of medial SMCs in these specimens.®*° Additionally, many medial SMCs in human AAA
specimens bear markers of apoptosis and demonstrate upregulation of pro-apoptotic initiators
such as FAS/FASL.? As medial SMCs are major sources of ECM proteins, it was postulated that
depletion of medial SMCs may also make an important contribution to aneurysm by eliminating

a cell population capable of directing connective tissue repair.

Apoptosis, the ordered dismantling of cells, is a multi-step process that is centered by
the activation of caspases, a group of structurally related cysteine proteases. Caspases can be
divided into three groups based on their biological functions: apoptosis initiation, apoptosis
execution, or cytokine activation. All caspases are synthesized and maintained as zymogens,
which give rise to the active forms through limited proteolysis.'* In mammalian cells, apoptosis
can be initiated through two main pathways. The extrinsic pathway involves the activation of

transmembrane death receptors such as Fas or TNF-o. receptor by their respective ligands
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leading to activation of caspase 8. The intrinsic pathway, secondary to DNA damage or
oxidative stress, involves mitochondrial depolarization that leads to the release of cytochrome c
and activation of caspase 9. Both pathways ultimately result in activation of caspase 3, which
then leads to the execution of apoptosis including the cleavage of cell proteins, subsequent

DNA fragmentation, and cell death.*?

Multiple factors identified in human aneurismal tissues can potentially activate the
extrinsic pathway (FasL and TNF-a.)° or the intrinsic pathway (oxidative stress)®. In addition,
activated caspase-9, the key initiator of the intrinsic pathway, was documented in experimental
aneurysm™, further supporting the presence of mitochondrial-dependent apoptosis during
aneurysm development. The integral relationship between SMC apoptosis and aneurysm is
further demonstrated by studies in which apoptosis was attenuated by experimental
approaches such as the removal of mast cells*, blockage of the angiotensin Il (Angll)
signaling,”® and inhibition of Rho GTPase'®. However, whether and how SMC apoptosis

contributes to aneurysm formation has not been directly addressed.

In the present study, we inhibit apoptosis with a broad spectrum caspase inhibitor
Quinoline-Val-Asp-Difluorophenoxymethylketone (Q-VD-OPh), in the Angll infusion model of
aneurysm. Using a combination of in vitro and in vivo approaches, we examined the potential

interplay between SMC apoptosis and aneurysm formation.
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Materials and Methods.

General Materials

Dulbecco’s Modified Eagles Medium (DMEM) and cell culture reagents were from Gibco BRL

Life Technologies. Chemicals, if not specified, were purchased from Sigma Chemical Co.

Animal model

Male, 24-week-old, apoE-deficient mice with a C57BL/6 background were obtained from
Jackson Laboratories (Bar Harbor, ME, USA). All mice had free access to a normal diet and
water. Angiotensin Il (1000 ng/kg/min) or saline was administered subcutaneously by Alzet
osmotic minipump (model 2004; Alzet, CA) up to 4 weeks. In the caspase inhibitor, Q-VD-OPh
(BioVision, CA) study, mice were randomized to receive either the inhibitor or DMSO. Q-VD-OPh
at 20 mg/kg/day or DMSO was administered daily via intraperitoneal injection to the Angll-
treated mice 6 hours before the beginning of, or 7 days after, the Angll infusion. The external
aortic diameter was measured at the region showing maximum dilatation with a digital caliper
(VWR, PA). Aneurysm incidence is defined as an external width of the suprarenal aorta that was
increased by 50% or greater compared with aorta from the infrarenal region. At selective time
points, mice were killed by an overdose of pentobarbital and were perfusion-fixed with a
mixture of 4% formaldehyde in PBS at physiological perfusion pressure. The observers were
blinded to treatment allocation. All experiments were conducted in accordance with
experimental protocols that were approved by the Institutional Animal Care and Use

Committee at the University of Wisconsin Madison (Protocol M02284).



Histology and Immunohistochemistry

Morphological and Immunohistochemical analysis was performed as described previously.*® In
brief, paraffin embedded aortas were cut into 6 um sections for morphological and
immunohistochemical analysis. The aortas of Q-VD-OPh or DMSO administered mice were
embedded and frozen in OCT compound, and cut into 6um sections. Morphometric analysis
was carried out on elastic-stained arteries by elastic-Van Gieson staining. Immunostaining for
IL-6, CD3 antibody (17A2) (Santa Cruz Biotechnology, CA), alpha-smooth muscle actin (DAKO,
CA), MCP-1 using rabbit polyclonal anti-MCP-1 antibody (Santa Cruz Biotechnology, CA) and
macrophage using monoclonal anti-Mac3 antibody (Santa Cruz Biotechnology, CA) was
performed as described previously.19 TUNEL staining was performed according to
manufacturer’s protocol (Roche Applied Science, IN). Immunofluorescent staining was
performed with donkey anti-rat Alexa 488 (Invitrogen, CA). 4',6-diamidino-2-phenylindole
dihydrochloride (DAPI) was used as a nuclear counterstain. Slides were then visualized with a
Nikon Eclipse E800 upright microscope with equipped with appropriate filters. Digital images
were acquired using a RetigaEXi CCD digital camera and processed and analyzed using IPLab
software.? TUNEL index was calculated as (number of TUNEL positive cells/number of total
nuclei) per section by identifying TUNEL positive cells out of DAPI positive cells from at least 5

independent high power fields in each sample on NIH image software (ImageJ 1.36b).

In situ Zymography

For in situ zymography, freshly cut frozen aortic sections (8 um) were incubated at 37°C with a

fluorogenic elastin substrate (DQ elastin, Invitrogen, CA) according to the manufacturer's
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protocol. Proteolytic activity represented by green fluorescence was measured after 48 h of
incubation under a Nikon Eclipse E800 upright microscope. Fluorescent images were also
acquired immediately after the addition of substrate (0 hour) and served as controls for tissue

autofluorescence. Digital images were acquired using a RetigaEXi CCD digital camera.?*
Cell Culture

Mouse aortic SMCs from the thoracic aorta of C57BL/6 mouse were isolated based on a
protocol described by Clowes et al.”? The isolated cells and RAW 264.7 cells (ATCC, VA) were

maintained in DMEM containing 10% FBS at 37°C with 5% CO2 and antibiotics.
DNA Fragmentation ELISA (Apoptosis Assay)

DNA fragmentation ELISA was performed according to manufacturer’s instruction using the Cell

Death Detection ELISA system (Roche Applied Science, IN)
Monocyte chemoattractant Protein-1 (MCP-1) ELISA

ELISA for MCP-1-ELISA to detect MCP-1 secreted by SMC was performed using mouse MCP-1
ELISA kit (BD Biosciences, CA). Conditioned media of SMCs were collected by culturing SMCs at
a density of 1 x 10°/ml in 1 ml of complete medium in the presence or absence of Angll in 6-
well plates. After incubation for specified periods of time at 37 °C, cell-free culture
supernatants were obtained. The concentrations of MCP-1 were then measured according to

the manufacturer's instructions.?>

Chemotaxis Assay
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Chemotaxis assay was performed as described previously.? 2 x 10° macrophages (RAW 264.7)
were placed in the upper chamber of Costar 24-well transwell plates with 5-um pore filters
(Corning, Inc., Corning, NY). Cultured conditioned medium or control media was placed into the
lower chambers or wells. Anti-MCP-1 antibody (Biolegend, CA) was used for neutralization of
MCP-1. After incubating plates for 6 h at 37 °C, migrated cells were collected from the lower

chambers and on the bottom of the filters were counted.”®

RNA Isolation and Quantification

RNA was isolated from mouse aortic smooth muscle cells (SMCs) stimulated with 10 uM of
angiotensin Il (Angll) for 24 hours using an adaptation of the Trizol method (Invitrogen, CA) and
the RNeasy mini column method (Qiagen) as previously described.?* %> RNA quality was

assessed using Nano Drop 1000 (Thermo Scientific, DE).

Expression Analysis by Real-Time PCR

The expression of selected genes was assessed independently by quantitative real-time PCR.
Total RNA was reverse-transcribed using High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, CA) and real-time PCR amplification was performed using the SYBR® Green PCR
Master Mix (Applied Biosystems, CA) on 7500 Real-time PCR System (Applied Biosystems, CA).
Gene expression was normalized against GAPDH. Relative gene expression (RQ) was calculated

using the AACt. Data was expressed as fold increase of RQ. n = 3, *P<0.05.

Statistical Analysis
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Values were expressed as means + standard error. Experiments were repeated at least three
times unless stated otherwise. Differences between 2 groups were analyzed by Student’s t test,
and one- or two-way analysis of variance (ANOVA) followed by Scheffe’s test was used for

multiple comparisons. Values of P<0.05 were considered significant.
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Results

Apoptosis in Angiotensin Il induced aneurysm

To characterize apoptotic events during the development of aneurysm, we conducted a
time course study using an Angll induced AAA model. Apolipoprotein E-deficient (ApoE KO)
mice were implanted with osmotic pumps containing either Angll (1000 ng.kg™*.min™") or saline,
and were sacrificed at selected time points. In contrast to the saline control, infusion of Angl|
led to rapid changes in the suprarenal region of abdominal aorta that subsequently became
aneurismal (Fig. 1A). At day 3, our earliest time point, most Angll-treated mice showed grossly
visible vascular hematomas, presumably resulting from medial dissection.?® Seven days after
Angll infusion, the maximal external diameter of suprarenal aorta became significantly larger
than saline-treated controls (saline: 1.1 + 0.1 at 28days; Angll: 1.6 £ 0.44, 2.2 + 0.28%, 2.5
0.24* mm at 3, 7 and 28 days, respectively. *P<0.05). By 28 days, 80% of Angll-treated mice
showed aneurysm formation, which was defined as a 250% increase in external aortic diameter
compared to that of the infra-renal region (Fig. 1B). Immunohistological analysis showed a
profound presence of TUNEL positivity in aortic media at day 3 in Angll infused mice (Fig. 1C).
Although a significant amount of TUNEL signal persisted to day 7, most of the apoptotic cells
were localized in adventitia at this point. The detection of TUNEL positivity was not restricted to
the region of aortic dissection. To confirm that the TUNEL positivity detected in tunic medium
resulted from apoptosis of vascular SMCs, we co-stained the tissue sections for smooth muscle
specific a-actin. As shown in Supplemental Figure 1, TUNEL staining colocalized with a-actin

positivity. Furthermore, immunostaining for a macrophage marker (Mac3) showed a
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remarkable increase in the number of infiltrated macrophages in the aortic wall 3 and 7 days

after pump implantation (Figure 1D).

In vivo inhibition of apoptosis

Since robust apoptosis occurs during the early phase of aneurysm development, we
hypothesized that blockage of apoptosis may attenuate pathogenesis of this disease process.
To test this hypothesis, we employed Q-VD-OPh, a broad spectrum inhibitor of caspases known
to block apoptosis mediated by both extrinsic and intrinsic pathways.?’” Indeed, an in vitro
apoptosis assay using cultured mouse aortic SMCs stimulated with hydrogen peroxide (H,0,), a
well known apoptotic stimulus, confirmed the potency of this inhibitor in vascular SMCs
(Supplemental Figure 2). Next, we administered Q-VD-OPh (20 mg/kg/day) or DMSO via daily
intraperitoneal injection to ApoE KO mice starting 6 hours before Angll infusion. Mice were
sacrificed 3, 7 or 28 days after. Compared to DMSO-injected mice, Q-VD-OPh-treated mice
showed remarkably impaired aneurysm formation (Fig. 2A) reflected by a reduced AAA
incidence (from 50% to 0% at day 7 and from 83.3% to 16.7% at day 28, respectively) (Figure 2B
& Supplemental Figure 3). Consistently, the maximal diameter of the suprarenal aorta was also
significantly decreased by Q-VD-OPh (Figure 2B and 2C). At day 7, vascular hematoma was only
noticed in 1 out of the 6 Q-VD-OPh-treated mice while 4 out of 6 mice in the DMSO group
showed substantial aortic hemorrhage (Supplemental Figure 3). In tissue cross sections, the
Angll-induced expansion of both luminal area and external diameter of the aorta were

completely eliminated by Q-VD-OPh at day 7 and greatly reduced at day 28 (Figure 2D).
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To test whether the pan caspase inhibitor affects aneurysm growth, we began the Q-VD-
OPh treatment 7 days after Angll infusion, a time point at which TUNEL positivity had begun to
subside. In contrast to what we observed with the early drug application, the delayed
administration of Q-VD-OPh had no significant impact on aneurismal expansion measured at

day 28 (Figure 2E).

Caspase inhibitor diminishes both aortic apoptosis and macrophage filtration

Further immunobhistological analyses of the aortic tissues harvested after 3, 7 or 28 days
of Angll infusion confirmed that Q-VD-OPh significantly inhibited apoptosis (Figure 3A). At day
3, the percentage of TUNEL positive cells detected in the aortic wall was reduced from 14.8 +
5.4% in the DMSO control group to 0.8 + 0.1% in the inhibitor group (P < 0.01; n = 6).
Furthermore, Q-VD-OPh profoundly reduced the level of macrophage infiltration, evident by
the nearly undetectable positivity of Mac3 in mice treated with this inhibitor (Figure 3A).
Immunostaining with an anti-CD3 antibody suggests that infiltration of T cells was also
decreased by the Q-VD-OPh treatment (Supplemental Figure 4). In agreement with the
diminished inflammation, arteries derived from the Q-VD-OPh treated mice showed profound
reduction in immunostaining to IL-6 as compared to arteries from the DMSO-treated mice

(Supplemental Figure 5).

We also examined the effect of the caspase inhibitor on neutrophil infiltration. At the

time points of our study (days 3, 7 and 28 post Angll infiltration), we did not detect the
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significant presence of neutrophils (data not shown). It is likely that the influx of neutrophils

occurs at earlier time points.

Since infiltrated macrophages are thought to be the major source of elastase activity in
aneurismal tissues, we next performed an in situ zymography assay using aortic samples
harvested from mice treated with Angll for 7 days. Freshly frozen aortic sections were
incubated with DQ-Elastin. Elastase activity, reflected by the fluorescence signal generated
during substrate degradation, was recorded before (0 h) or after incubation (48 h, 37°C).
Arteries derived from DMSO-injected, Angll infused mice showed a noticeable induction of
elastase activity (Figure 3B). In contrast, elastase activity was barely detectable in Q-VD-OPh-

injected, Angll-infused mice (Figure 3B).

The effect of pan caspase inhibitor on macrophage migration

The diminished macrophage infiltration resulting from the Q-VD-OPh treatment
suggests that aortic SMC apoptosis may actively contribute to vascular inflammation by
attracting macrophage or monocytes to the site where active apoptosis takes place. To test this
hypothesis, we turned to cultured mouse aortic SMCs. We found that Angll dose-dependently
induced SMC apoptosis (Figure 4A), an effect that was completely eliminated by Q-VD-OPh
(Figure 4B). Next, we tested the effect of Angll on migration of RAW264.7 cells, a monocyte/
macrophage cell line. As shown in Fig. 4C, Angll alone had little chemotactic effect on
RAW?264.7 cell migration. In contrast, media conditioned by Angll-treated SMCs prompted a

significant number of RAW264.7 to migrate through a porous membrane (Figure 4C). Inhibition



of caspase activity in SMCs by Q-VD-OPh blocked this chemotactic effect of the conditioned

media, suggesting an involvement of apoptosis (Figure 4D).

To identify the potential chemoattractant factors released by apoptotic SMCs, we
examined the expression of pro-inflammatory mediators in Angll-treated SMCs by real-time
PCR. Among the five inflammatory cytokines we examined, only the expression of MCP-1 was
significantly induced by Angll in a caspase-dependent manner (Supplemental Figure 6).
Subsequently, we confirmed an enhanced level of MCP-1 protein in media conditioned by
Angll-treated SMCs (Figure 4E). Similar to the mRNA induction, the accumulation of MCP-1
protein from the conditioned media was significantly reduced by Q-VD-OPh (Figure 4E). To
further show that MCP-1 released by Angll-treated SMCs is responsible for attracting
monocyte/macrophages, we incubated the conditioned media with a neutralizing antibody to
MCP-1 prior to the chemotaxis assay. The migration of macrophages was significantly blocked

by neutralization of MCP-1 (Figure 4F).

Based on the above in vitro study, we speculate that apoptotic SMCs in the aortic wall
recruit inflammatory cells by producing MCP-1. To test this hypothesis, we performed

additional immunohistological analyses of the aortic tissues harvested after 3 days of Angll
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infusion. As previously reported by Ishibashi et al., Angll infusion led to a significant elevation of

MCP-1 expression in the aortic wall (Figure 4G).” Such induction was profoundly impaired in

mice treated with Q-VD-OPh (Figure 4G).
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Discussion

The presence of apoptotic markers is a major pathological feature associated with
abdominal aortic aneurysm."® Many experimental manipulations that have been shown to
impair aneurysm formation have also caused a significant reduction in the number of apoptotic

cells detected in the aortic wall.> 1+1®

However, it has not been possible to determine whether
apoptotic cell death is merely a result of vascular inflammation or/and matrix destruction or if
apoptosis is a contributing cellular event necessary for the development of aneurysm. In order
to determine whether there is a causal relationship between apoptotic death and the
pathogenesis of aneurysm, we employed a new caspase inhibitor Q-VD-OPh, which inhibits
apoptosis by blocking activation of caspases. In the Angll-induced aneurysm model,
administration of Q-VD-OPh at the time of aneurysm induction profoundly reduced both the

incidence and severity of aneurysm in ApoE deficient mice. To the best of our knowledge, this is

the first report that directly links apoptosis to the pathogenesis of abdominal aortic aneurysm.

Histological analyses of aortic tissues removed from Q-VD-OPh-treated mice showed a
remarkable reduction in the number of infiltrated macrophages and CD3+ T cells. Associated
with diminished inflammation, the aortic wall of Q-VD-OPh-treated mice displayed significantly
decreased accumulation IL-6 as well as elastase activity. These findings suggest that inhibition
of apoptosis may attenuate aneurysm formation not only by preventing SMC depletion but also
by affecting vascular inflammation and matrix degradation. The potential interplay between the
apoptotic event and vascular inflammation is also supported by our time course study. We

showed that apoptotic SMCs were prominent throughout the tunic media 3 days after Angll
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infusion, a time point at which infiltrated macrophages were most prominent in the media. We
think that this early phase of apoptosis is critical to aneurysm formation, at least in the Angl|
model, since application of the pan caspase inhibitor after this window of apoptotic event had

little effect on Angll-induced aortic expansion.

Unlike necrosis, apoptosis is classically considered to be self-contained and non-
inflammatory. However, this conventional view has recently been challenged. Using a rat
carotid angioplasty model, Schaub et al. showed that activation of apoptosis in SMCs resulted in
a massive inflammatory response consisting almost entirely of macrophages.29 Using a genetic
approach, Clarke and colleagues showed that acute induction of vascular SMC apoptosis in
atherosclerotic plaques leads to intense intimal inflammation associated with thinning of
fibrous caps and a loss of matrix proteins.30 More recently, this same investigative group
showed that chronic low-level SMC apoptosis during either atherogenesis or within established
plaques of Apo-E deficient mice accelerates plaque growth by two-fold and is associated with
enhanced macrophage infiltration.>* By demonstrating that the inhibition of apoptosis
prevented the extensive vascular inflammation normally associated with aneurysm
development, our current data further supports the pro-inflammatory potential of apoptosis.
The inhibitory effect of Q-VD-OPh on inflammation was substantial. The immunostaining of
Mac3, CD3 or IL-6 was nearly undetectable in Q-VD-OPh mice, a great contrast to the extensive

inflammation observed in DMSO-treated controls.

The accumulation of macrophages in aortic media during the period of SMC apoptosis

(~3 day after Angll infusion) could be caused by active recruitment via release of monocyte
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chemoattractants, including MCP-1. Data generated from our in vitro chemotaxis studies and
from the immunohistochemical analysis support this notion. Media conditioned by AnglI-
treated SMCs attracted monocytes/macrophages in a caspase-dependent manner. This
chemoattractant property of apoptotic SMCs is mediated by MCP-1, as the release of MCP-1 is
also sensitive to caspase inhibition. Neutralizing MCP-1 activity with an anti-MCP-1 antibody in
the conditioned media diminished the chemotactic ability of apoptotic SMCs. Finally, in vivo
administration of Q-VD-OPh profoundly decreased the level of MCP-1 in Angll infused ApoE
deficient mice. MCP-1 mediated infiltration of monocytes and other inflammatory cells has
been previously shown to underlie Angll induced vascular inflammation.?® Of note, MCP-1 was
also identified by Schaub et al as an important chemoattractant released by Fas-induced
apoptosis of SMC.”® We have recently reported that protein kinase C-delta (PKC3) mediates the
expression of MCP-1 in vascular SMCs in response to another proinflammatory or apoptotic

33,34 is also found to be

factor TNFo..*? PKCS, a well established mediator for apoptosis,
upregulated in human aneurysm tissues.*® Whether PKCS is the molecular link between SMC

apoptosis and the production of monocyte chemoattractants remains to be tested.

In addition to a reduction in the number of apoptotic SMCs and infiltrated macrophages,
Q-VD-OPh resulted in dramatically diminished elastase activity thought to be responsible for
arterial matrix destruction and loss of tissue integrity. Our observed link between SMC
apoptosis and elastin degradation is supported by Clarke’s finding in atherosclerotic plaque.
Also using Apo E deficient mice, Clarke and colleagues showed that chronic induction of SMC
apoptosis leads to medial expansion accompanied by increased elastic lamina breaks.** Since

macrophages are the major source of proteases, we attribute the reduced elastase activity to
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the diminished macrophage invasion. However, our studies do not exclude the possibility that

caspase inhibition may directly influence the synthesis, secretion, or activation of proteases.

A potential limitation of our study is the use of Angll to induce aneurysm development.
This is a uniqgue model characterized by the initial formation of dissection followed by dilatation
of the suprarenal aorta. The exact cause of medial dissection in this model is not well
elucidated. Our observation of reduced vascular hematoma in Q-VD-OPh treated mice suggests
that cell apoptosis may contribute to medial dissection. Although Q-VD-OPh is highly specific to
caspases and no toxic effect associated with this inhibitor has been reported in vivo*?’, our
data do not exclude the possible that Q-VD-OPh might affect other classes of proteases
involved in arterial wall remodeling. We do not know whether Q-VD-OPh affected the lipid
profile of Apo E mice that were maintained on normal diet in our experiments. It is also possible
that Angll-induced aneurysm is more dependent upon apoptosis and thus more sensitive to the
caspase inhibitor as compared to other animal models of AAA, though this is unlikely since

upregulated apoptosis has been detected in all experimental models of aneurysms.** 16,38

In summary, our results demonstrate that the incidence and severity of Angiotensin Il
induced aneurysm in ApoE deficient mice was remarkably reduced by the blockage of apoptosis
with a pan caspase inhibitor, Q-VD-OPh. The recruitment of macrophage measured by
immunohistochemistry, chemotaxis assay, and in situ zymography was also blocked by this
inhibitor at least in part through the reduction of MCP-1 production. These results suggest that
apoptosis may be an early cellular event during aneurysm development that contributes to

tissue destruction by stimulating macrophage infiltration and depletion of residential SMCs.
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Figure Legends

Figure 1. Medial apoptosis occurs early during the development of experimental aneurysm.

A: Representative pictures of aortas removed from Angll- or saline-infused mice 3, 7 and 28
days after pump implantation in ApoE deficient mice. Scale bar =2 mm. B: Maximum diameter
of the suprarenal aorta of Angll-infused or saline infused mice after 3, 7 and 28 days. The rate
of AAA formation, defined as a 2100% increase in external aortic diameter compared to that of
the infra-renal region, is also shown. n = 5, *P<0.05 compared to saline. C: Representative
micrographs of TUNEL staining (red), and nuclei (blue) of aortic sections. Merged images are
shown in lower panels. Scale bar = 500 um. D: Representative pictures of immunostaining using
an anti-Mac3 antibody of aortic sections from saline- (28 days) or Angll-infused (3, 7 and 28

days) ApoE deficient mice. Scale bar = 250 um.

Figure 2. Inhibitor of caspase attenuates aneurysm formation induced by Angll.

A: Representative pictures of the aortas removed from Angll infused mice treated with Q-VD-
OPh or DMSO. Scale bar =2 mm. B-C: Morphological analyses. Aortic expansion, expressed as a
ratio of the maximum diameter of the supra-renal aorta to the infra-renal aorta (B) and rate of
aneurysm (C) of each group are shown. n = 6, *P<0.05. D: Representative pictures of elastin
staining of Q-VD-OPh or DMSO injected Angll infused ApoE mice at 7 or 28 days. Scale bar = 500

um.
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Figure 3. Q-VD-OPh blocks aortic SMC apoptosis, macrophage invasion and elastase

activation.

A: Representative pictures of TUNEL staining and immunostaining for Mac3. Aortic sections of
Q-VD-OPh or DMSO treated Angll infused ApoE KO mice at 3, 7 and 28 days were stained for
TUNEL or anti-Mac3. Scale bar = 50 um. n = 6. B: Representative pictures of in situ zymography.
Aortic sections of Q-VD-OPh or DMSO treated Angll infused ApoE KO mice at 7 days were
freshly frozen and incubated with DQ-elastin for 48 hours. The fluorescent intensity was

obtained before and after incubation. Scale bar = 200 um. n = 6.

Figure 4. Apoptotic SMCs attract monocytes through release of MCP-1.

A: Mouse aortic SMCs were stimulated with 0 to 10 uM of Angll for 48 hours. Apoptosis was
evaluated though ELISA measured DNA fragmentation. *P<0.05. B: Mouse aortic SMCs were
stimulated with 10 uM of Angll in the presence of 20 uM of Q-VD-OPh or DMSO. Apoptosis was
evaluated though ELISA-measured DNA fragmentation. *P<0.05. C&D: Migration of
macrophages was evaluated by chemotaxis assay. Fresh media containing Angll or media-
conditioned by aortic SMCs underwent treatment as indicated was used as chemoattractants. n
= 6. *P<0.05. E: Aortic SMCs were stimulated with 10 uM of Angll in the presence of 20 uM of
Q-VD-OPh for 48 hours. The amount of MCP-1 in media was evaluated by ELISA for MCP-1. n=
6, *P<0.05. F: Conditioned media was treated with a neutralizing antibody to MCP-1 (1 pg/ml)

prior to the chemotaxis assay of monocytes. n = 6, *P<0.05. G: Representative pictures of



immunostaining for MCP-1. Aortic sections of Q-VD-OPh or DMSO treated Angll infused ApoE

KO mice at 3 days were stained for anti-MCP-1. Scale bar = 100 um. n = 3.
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Supplemental Figure 1.

Representative pictures of immunostaining for alpha-smooth muscle actin (SMA) and TUNEL.
Aortic sections of Q-VD-OPh or DMSO treated Angll infused ApoE KO mice at 3 days were co-

stained for SMA and TUNEL. Scale bar =50 um, n = 3.

Supplemental Figure 2.

A: Effect of Q-VD-OPh on hydrogen peroxide (H,0,) induced apoptosis of SMCs.

SMCs were stimulated with 0 to 500 uM H,0, for 24 hours. Apoptosis was evaluated though

ELISA measured DNA fragmentation. n = 3. *P<0.05.

B: Effect of pan caspase inhibitor, Q-VD-OPh, on H,0, induced apoptosis of SMCs. SMCs were
stimulated with 500 uM of H202 in the presence of 20 uM of Q-VD-OPh or DMSO. Apoptosis

was evaluated though ELISA-measured DNA fragmentation. n = 3. *P<0.05.

Supplemental Figure 3.

Pictures of the aortas of removed from ApoE deficient mice treated with Q-VD-OPh or DMSO 7

and 28 days after Angll infusion. Scale bar =2 mm.

Supplemental Figure 4.

Representative pictures of immunostaining for CD3. Aortic sections of Q-VD-OPh or DMSO

treated Angll infused ApoE KO mice at 3 days were stained for CD3. Scale bar =50 um, n = 3.

Supplemental Figure 5.
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Representative pictures of immunostaining for IL-6. Aortic sections of Q-VD-OPh or DMSO

treated Angll infused ApoE KO mice at 3 days were stained for IL-6. Scale bar =50 um, n = 3.

Supplemental Figure 6.

Effect of Angll cytokine/chemokine expression in SMCs. SMCs were stimulated with 10 uM of
Angll for 24 hours with or without 20 uM of Q-VD-OPh. The relative gene expression (RQ) of
tumor necrosis factor-a (TNFa), interleukin-1B (IL1B), interleuskin-6 (IL6), interferon y (IFNy) or

MCP-1 was determined using the AACt. GAPDH was used as an internal control. n = 3. P<0.05.
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Transition

The nature of aneurysm makes their study highly difficult. Since biopsy is not a valid option in
AAA, the only human tissues available for research are obtained during open-surgery repair. Thus,
tissues harvested from human subjects are almost invariably end-stage tissue. Additionally, patients
and care-providers are increasingly choosing an endovascular approach to open-surgery repair, which
prevents the harvest of tissue. These facts limit not only tissue quantity, but the points of disease
progression from which data can be gathered. While efforts are being made toward data gathering in
patients with small aneurysm, animal modeling is an invaluable approach allowing us to gain insight to

the biological events that initiate and potentiate the disease.

For small aneurysm, there are four major murine models of aneurysm available, and each works
through distinct mechanisms. The Angiotensin Il (Angll) model, as described in Chapter 1, works by
activation of the inflammatory response, proteolytic cascade, NF-kappaB, and urokinase pathways.
Second, the elastase model, is a chemically induced aneurysm model that relies on the degradation of
elastin layers by the elastase enzyme introduced via catheter. Next, the calcium chloride (CaCl2) model,
involves a peri-aortic application of CaCl2 that results in structural disruption of the artery, especially
elastin layers, and an immense adventitial inflammatory response with aneurysm forming after 6 weeks.
Finally, the Calcium phosphate (CaPO4) model is similar to the CaCl2 model, but phosho-buffered saline
is applied to the artery after CaCl2 is removed. This creates CaPO4 crystals that are believed to

accelerate cellular death and inflammation, producing an aneurysm in only one week.

Each of these models produces aortic expansion and vascular destruction, similar to that seen in
large human aneurysm. Due to the lack of human data on small aneurysm, it has been difficult for the
field to evaluate the animal models for their respective value in studying progression of small aneurysm.

Thus, any therapeutic target identified in one model warrants investigation in additional model(s). The
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findings made in Chapter 1, specifically that inhibition of caspases by Q-VD-OPh prevents aneurysm
expansion in the Angll model, should be repeated in additional aneurysm models. With this in mind, we

decided to explore the efficacy of caspase inhibition in the CaPO4 and Elastase models.

In addition to validating the findings made in Chapter 1, Chapter 2 aims to translate. Because
human aneurysms are discovered after expansion has begun, treatments that begin before formation
will be nearly useless in the pursuit of therapeutic treatments. We therefore designed our study to

administer Q-VD-OPh after small aneurysm has formed.



Chapter 2: A Pan-Caspase Inhibitor Successfully Prevents Abdominal Aortic Aneurysm

Formation but Does Not Prevent Expansion of Established AAA in a Mouse Model.

Unpublished Work

Stephanie Morgan, Guoging Song, Timothy Hacker, Calvin Harberg, Qiwei Wang, and Bo Liu
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ABSTRACT

OBJECTIVE

Apoptosis has been shown to play an important role in murine abdominal aortic aneurysm
(AAA). We have previously shown the caspase inhibitor Q-VD-OPh to effectively prevent
aneurysm formation in a mouse model of AAA. Here, we sought to establish a role for
apoptosis in two additional mouse models of AAA as well the progression of an established

aneurysm.

METHODS

In the first experiment, murine AAA was induced by the CaPO4 model. Injection of a pan-
caspase inhibitor (Q-VD-OPh, 20mg/kg) was started 6 hours before surgery, and daily through
the seventh day after surgery. Aneurysm expansion was measured at 7 and 42 days after
surgery. Histological analysis was performed on 7 day tissue to measure apoptosis and
inflammation, and elastin degradation was measured in tissue harvested 42 days after surgery.
The efficacy of early Q-VD-OPh administration was confirmed in the elastase perfusion model of

AAA.

In a second experiment, Q-VD-OPh injections were started 7 days after surgery and continued
once every 48 hours through day 14. Ultrasound measurements were used first to establish
initial aneurysm formation at day 7, and again to measure final aneurysm expansion at day 14.

Tissue was harvested at day 14 for morphological and histological analysis.

RESULTS
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Early administration of Q-VD-OPh inhibited CaPO4-induced aneurysm growth in DMSO vs. Q-
VD-OPh treated animals at 7 days (100.1+8.2% vs. 13.8+1.79%, respectively). Further,
apoptosis was reduced from 5.8£2.1% in control to 0.5£1% in Q-VD-OPh treated animals. The
inhibition of aneurysm growth was continued through 42 days, with DMSO treated mice
showing aneurysmal expansion of 133.7+34.1% and Q-VD-OPh treated mice with 61.6£9.04%
expansion. Early Q-VD-OPh administration in Elastase-treated arteries reduced aneurysm
growth by 37%. However, administration of Q-VD-OPh to small aneurysm produced an
insignificant reduction in aneurysm size as compared to DMSO treated animals (1.16£0.12mm

vs. 1.21+0.08mm, respectively).

CONCLUSION

Data presented here suggests that apoptosis is an important and driving factor for events in
early aneurysm, such as inflammation. However, caspase-mediated cell death appears to have

a minimal role in the further growth of small aneurysm.
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Introduction

Abdominal aortic aneurysm (AAA) is a lethal, age-related vascular disease in which the
structural integrity of the artery is compromised and the aortic wall is segmentally weakened.
Currently, the only method of treatment for AAA is surgical intervention, and no effective
therapeutic targets have been identified. Histological and morphological features of human
AAA have been replicated in several animal models in order to investigate the
pathophysiological events that underlie AAA formation®. In this study, we will be utilizing two
chemically-induced aneurysm models. First, the calcium phosphate (CaP0O4) model is created
via a periaortic application of calcium chloride followed by phospho-buffered saline. This
method results in a significant amount of apoptosis, inflammation, and calcification; which
ultimately leads to aneurysm formation by 7 daysz. The second model is the elastase model,
which requires luminal infusion of porcine elastase to the abdominal aorta. This method results
an immediate mechanical stretching of the aorta, and continuous expansion forming aneurysm
between 7 and 14 days. Here, aneurysm will be defined as a 100% increase in extraluminal

diameter measurement3.

The depletion of vascular smooth muscle cells (SMCs) in human aneurysmal tissues has
been explored by several groups®®. The common hypothesis regarding this phenomenon is
that the elimination of the SMC population contributes to aneurysm by removing a group of
cells capable of producing extracellular matrix proteins and, possibly, repairing aneurysmal
tissue. Recently, we demonstrated that the administration of a pan-caspase inhibitor can

effectively inhibit aneurysm growth®. Further, we have shown that the acceleration of
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apoptosis is linked to the inflammatory response, elastin degradation, and calcification in
another aneurysm model®>. These data, as well as those provided by several other groups, led
us to hypothesize that the role for SMC apoptosis in aneurysm may expand beyond current

understanding, and that it may in fact be a critical event in the formation of aneurysm.

The investigations of SMC apoptosis in aneurysm, as briefly described above, were
carried out in studies in which apoptosis manipulation is enacted prior to, or in conjunction
with, aneurysm induction. Given the nature of the human aneurysm disease and the necessity
for therapeutic interventions, these early-administration methods make little headway in
regards to translational research strategies. Rather, research must focus on methods of
inhibiting or even reversing the expansion of an established aneurysm. This study addresses
the role of caspase activation in later stages of the disease by administering a pan-caspase

inhibitor after small aneurysm has formed.
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METHODS
Mouse Models of AAA

Male C57BL/6 mice, 12 weeks of age, were purchased from Jackson Laboratory (Bar
Harbor, ME). All mice had free access to a normal diet and water. CaPO, induced abdominal
aortic aneurysm model were created through a method described previouslyz. Briefly, animals
were placed under general anesthesia and a midline incision was made. The infrarenal region
of the abdominal aorta was isolated and a small piece of gauze soaked in 0.5M CaCl, was
applied perivascularly for 10 minutes. This gauze was then replaced with another piece of
phosphate buffered saline (PBS)-soaked gauze for 5 minutes. Control mice received a single
treatment of PBS soaked gauze for 15 minutes. The elastase-induced experimental aneurysm
was created as described previously. Briefly, the aorta is isolated from the renal vein to the iliac
bifurcation and occluded with silk suture proximally and distally of the isolation points. Then,
an aortotomy is made with a 30-gauge needle and a catheter is used to perfuse the artery with
() elastase or equal concentration heat inactivated elastase at constant pressure. Once the
catheter is removed, the aortotomy is closed with 11-0 suture. All animals were treated with
elastase from the same lot, and heat-inactivated (5 minutes at 1009C) elastase served as
control.

The caspase inhibitor, Q-VD-OPh (BioVision, CA) was administered at a dose of 20mg/kg,
with DMSO given as control. Q-VD-OPh or DMSO was injected via intraperitoneal (IP) injection
in two different injection protocols. In the first experiment, daily injections are started 6 hours
before surgery. In the second experiment, injections are given every 48 hours beginning 7 days

after surgery. The maximum external diameter of the infrarenal aorta was measured using a
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digital caliper (VWR Scientific, Radnor, PA) prior to treatment (initial measurement) and at the
time of tissue harvest (final measurement). Aortic expansion (% Aortic Dilation) was
determined by first calculating the expansion (final measurement — initial measurement), and
dividing that difference by the initial measurement: ((Final measurement - initial
measurement)/Final measurement)*100. In the second experimental design, ultrasound
images were collected on a Vevo 770 micro-unltrasound imaging system (Visualsonics Inc.,
Toronto, Canada).

At selected time points, mice were sacrificed and tissues were perfusion-fixed with a
mixture of 4% paraformaldehyde (PFA) in PBS at physiological perfusion pressure. Harvested
tissue was further fixed in 4% PFA and imbedded in O.C.T. Compound (Sakura Tissue Tek,
Netherlands) or fully processed for paraffin imbedding. All O.C.T. sections were cut 6um thick
using a Leica CM3050S cryostat, and all paraffin sections were cut at 8um thick on a Leica
RM2135 rotary microtome. All animal procedures were conducted in accordance with
experimental protocols that were approved by the Institutional Animal Care and Use
Committee at the University of Wisconsin, Madison (Protocol M02284).

Histology and Immunohistochemistry

Van Geison stains were carried out using Chromaview Van Gieson kit (Richard Allan
Scientific, Kalamazoo, MI) according to provided protocol. For additional
immunohistochemistry, arterial sections were permeabilized with 0.1% TritonX for 10 minutes
at room temperature. Non-specific sites were blocked using 5% bovine serum albumin (BSA),
3% normal donkey serum in Tris-buffered Saline and Tween 20 (TBS-T) for 1 hour at room

temperature. Primary antibodies to CD3 and Mac3 were purchased from Santa Cruz (Santa



64

Cruz, CA), CD45 was purchased from BD Biosciences (San Jose, CA), Ly6G was purchased from
BioLegend (San Diego, CA), CD68 was purchased from AbD Serotec (Raleigh, NC), and Smooth
muscle alpha-actin (SMA) was purchased from Sigma-Aldrich (St. Louis, MO). Primary
antibodies were diluted in previously described blocking solution and incubated overnight at
4°C. Apoptosis was identified through Terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) in an In Situ Cell Death Detection Kit (Roche, Indianapolis, IN), carried out
according to kit directions. Fluorescent stains were completed using secondary antibodies
purchased from Invitrogen Molecular Probes (Carlsbad, CA) and 4’6-diamidino-2-phenyl-indole,
dihydrochloride (DAPI, Invitrogen, Carlsbad, CA) was used to detect nuclei. Staining was
visualized with a Nikon Eclipse Ti inverted microscope system and digital images were acquired
using a Nikon DS-Ril digital camera. Quantification of stains was performed in a manner to that
previously described’ using Image J Software. Data quantification was performed using at least

3 sections per artery.

Statistical analysis

Values were expressed as means + standard error. Experiments were repeated at least
three times unless stated otherwise. Differences between 2 groups were analyzed by Student’s
t test, and one-way analysis of variance (ANOVA) followed by Scheffe’s test was used for

multiple comparisons. Values of P<0.05 were considered significant.
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RESULTS

A pan-caspase inhibitor prevents aneurysm in surgery-induced murine AAA models

To further assess the role of apoptosis in aneurysm formation, we designed two separate
experiments in which the pan-caspase inhibitor Q-VD-OPh was administered prior to the
surgical induction of murine AAA. In the first experiment, an intraperitoneal injection of Q-VD-
OPh (20 mg/kg/day) or DMSO (as control) was given 6 hours before C57B/6 males underwent
aneurysm induction by the Calcium phosphate (CaP04), and the inhibitor was administered
daily for 7 days after surgery (Figure 1A). In order to evaluate aneurysm expansion, the
maximum external diameter of the abdominal aorta was measured prior to elastase perfusion
and again at the time of sacrifice. Aortic expansion is expressed as a percentage describing the
difference between aortic diameter measured at sacrifice and that measured immediately prior
to AAA induction ((Final — Prior)/Prior)*100). Animals harvested at the end of the Q-VD-OPh
treatment schedule, at day 7, displayed significantly smaller aneurysm (1.13+.02mm,
61.619.04%) than animals receiving DMSO injections (2£0.1mm; 139+30.9%). When examined
5 weeks after cessation of drug treatment, aortic diameter of Q-VD-OPh treated mice retained
a significantly smaller aneurysm than that of DMSO-treated mice (1.61+0.11mm, 214.9+16.7%
vs. 2.394£0.31mm, 362.74+65.6%, respectively; Figure 1B, C). These measurements suggest that
the protective effect of early administration Q-VD-OPh remains through 42 days. However,
comparison made between 42 and 7 day time points of Q-VD-OPh-treated arteries showed
substantial aneurysm growth (Figure 1C). Tissues harvested 42 days after surgery were

evaluated for elastin integrity, revealing that Q-VD-OPh treated aorta displayed greater
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preservation of elastin (Supplemental Figure 1A). For histological analysis, tissues were
harvested 7 days after surgery. Results reveal that apoptosis was reduced in Q-VD-OPh treated
animals (Figure 1D). Further, administration of Q-VD-OPh successfully reduced infiltration of
neutrophils (Ly6G), macrophages (CD68), and T lymphocytes (CD3) (Figure 1E, F, Supplemental

Figure 1B).

To test whether the protective effect of Q-VD-OPh is specific to the CaPO4 model, we turned to
a different murine AAA model that employs intraluminal perfusion of aorta with elastase. First,
we tested three additional drug administration schedules by reducing injection frequency to
once every 48 hours and testing two additional doses (10mg/kg/day and 15mg/kg/day). These
modified methods provided results suggesting that the original dosage (20mg/kg/day) was the
minimum dosage necessary for apoptosis inhibition. However, we found administration every
48 hours was sufficient to inhibit apoptosis (results not shown). Using this new drug
administration schedule, we performed preliminary experiments (n=2) to test the efficacy of Q-
VD-OPh to inhibit aneurysm growth in the elastase-perfusion model of murine AAA
(Supplemental Figure 2A). As seen in Supplemental Figure 2B, a Q-VD-OPh administration
schedule beginning 6 hours before surgery prevented aneurysmal expansion when compared to
DMSO control injections (0.92, 88.7% vs. 1.09, 93.8%, respectively). Further, Q-VD-OPh
treatment reduced apoptosis as measured by TUNEL (Supplemental Figure 2C) as well as

infiltration of macrophages as identified by CD68 (Supplemental Figure 2D).

Pan-caspase inhibitor failed to prevent further dilation of small aneurysm
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In the clinical setting, AAA is identified almost exclusively once the disease process has begun to
noticeably expand the aortic diameter. Thus, in order to identify an effective translational drug
therapy target, we aimed to assess the role of caspase activation in established small
aneurysms. The elastase-induced AAA model drives aneurysm expansion by day 7 after
surgery, with further expansion continuing through day 14 (FigurelA). In this study, we utilized
the modified Q-VD-OPh administration schedule beginning 7 days after elastase induction of
aneurysm and continuing every 48 hours until sacrifice (Figure 2A). We used ultrasound
imaging, a routinely used imaging modality employed in clinical management of AAA patients,
to monitor aneurysm growth (Figure 2B). Mice were first Imaged 7 days after elastase
treatment to confirm the establishment of small aneurysm (Figure 2C, D). Mice of both
elastase- and control-treated groups were then randomly assigned to subgroups receiving
either Q-VD-OPh or DMSO control injections every 48 hours. Ultrasound measurements at 7
days after surgery showed treatment with inactive elastase induced smaller aortic dilation than
elastase treated arteries (0.89+0.09mm vs. 1.0520.18mm). In inactive elastase treated animals,
no significant aortic expansion was seen in either DMSO or Q-VD-OPh treated mice as
compared to measurements taken at 7 days (0.96+0.04mm vs. 0.97+0.11mm). Conversely,
elastase induced aneurysms from both DMSO and Q-VD-OPh treated animals showed a greater
expansion from measurements taken at 7 days, with aortic diameters increasing to
1.21+0.09mm and 1.15+0.12mm, respectively (Figure 2C, D). These measurements were shown
to be significantly greater than their inactive elatase-treated counterparts. Although the

aneurysmal measurements appear slightly reduced in Q-VD-OPh treated animals, the



68

differences were not statistically significant (p value 0.34). Further, no significant change was

noted in inactive elastase-induced aneurysm from either treatment mice from either group.

Morphological and histological features of AAA in pan-caspase treated AAA

Morphological and histological analyses of elastase-treated tissues revealed that elastin
fragmentation, a hallmark of elastase-induced aneurysm, was unchanged between Q-VD-OPh
or DMSO treated animals when pan-caspase injections began 7 days after aneurysm induction
(Figure 3A, B). Importantly, the efficacy of Q-VD-OPh is evidenced in Figure 3C and D by the
measurement of apoptosis in aneurysmal tissue. Control tissue from Q-VD-OPh treated mice
showed significantly increased infiltration of macrophages, but macrophages infiltration was
not seen to be significantly regulated in other treatment groups (Figure3E, F). Additional
inflammatory cell infiltrate was measured using markers for total leukocytes (CD45),
neutrophils (Ly6G), and T Lymphocytes (CD3) (Figure 4A, B, C). Total leukocyte content (CD45+)
was significantly reduced in elastase-induced aneurysm tissue treated with Q-VD-OPh as
compared to DMSO (12.1+3.5% vs. 21.1+5.1%, respectively; p value 0.009)(Figure 4A).
Interestingly, Q-VD-OPh treatment actually slightly increased T lymphocyte presence in

elastase-induced aneurysm as compared to DMSO treatment (Figure 4C).
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DISCUSSION

Clinically, the presence of apoptotic markers is a noted pathological feature associated
with late stage abdominal aortic aneurysm. However, the role apoptosis may play in aneurysm
development or progression remains poorly understood. In this study, we report that the pan-
caspase inhibitor, Q-VD-OPh, successfully inhibits aneurysm formation in three different murine
models when administered prior to aneurysm induction. When administered after aneurysm
has formed, however, Q-VD-OPh does not significantly attenuate further aneurysm expansion.
These findings suggest that caspase activation drives early pathological events in aneurysm, but

does not contribute substantially to later-stage events.

Previously, our group published a study in which daily Q-VD-OPh administration,
beginning 6 hours before experimental aneurysm induction, successfully reduced AAA
formation in the Angiotensin Il (Angll) murine model. The Angll model is one of four common
murine models which, at their final stages, resemble human aneurysm disease by displaying
significant reduction in smooth muscle cell (SMC) density, severe elastin degradation, and
substantial inflammatory infiltrate. Each of these four models, however, produces tissue
damage, inflammation, and aneurysm through distinct approaches. It is unclear which of these
approaches more closely resembles human aneurysm due largely to the lack of knowledge
surrounding early pathological events in human. Thus, none of the currently available methods
are considered entirely accurate depictions of the human disease, and a method of aneurysm
intervention tested in one model may be ineffective in another model. We postulated that

although each model possesses its own unique variation, they each depend on caspase activity
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to instigate common pathological events such as inflammation and SMC depletion. The
findings described in this study confirm that aneurysm induction via the Angll, CaPO4, and

Elastase models all require caspase activity.

Our findings from early-administration studies showed that once Q-VD-OPh
administration ceases, the rate of aneurysmal expansion in the Q-VD-OPh treated animals was
restored to that seen in DMSO treated animals. Further, a previous publication showed that
late-stage administration of Q-VD-OPh did not successfully inhibit aneurysm growth in the Angll
model. In that study, we speculated that the aortic dissection characteristic of Angll-induced
aneurysm brought the aneurysm to a ‘point of no return’, which prevented its growth from
being altered by Q-VD-OPh. Thus, we wanted to test whether a non-dissecting model, the
elastase model, could be inhibited by Q-VD-OPh. Ultrasound confirmed initial aneurysm
expansion 7 days after surgery, at which time Q-VD-OPh administration began. Again, our data
showed that Q-VD-OPh was unable to significantly alter aneurysm growth as compared to

control injections.

These results, in conjunction with those previously described in the Angll model, suggest
that caspase activity may only be important in the earliest stages of aneurysm development.
That is, cellular apoptosis likely plays a role in initiating inflammation and extracellular matrix
destruction in early aneurysmal disease. However, evidence provided here suggests that both
inflammatory responses and elastin integrity change minimally as a result of caspase inhibition
in small aneurysm. We believe the differential role of caspases in early and small aneurysm can

be attributed to the inflammatory response. Specifically, we believe that cellular apoptosis
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drives the inflammatory response in early stages of aneurysm formation, and thus
administering Q-VD-OPh prior to aneurysm induction prevents these events from occurring.
Conversely, small aneurysm contains an inflammatory cell presence sufficient to potentiate the
further, additional inflammatory response necessary to expand the aneurysm. Interestingly, we
have previously shown that supplying the inflammatory cytokine MCP-1 at the time of
aneurysm induction is sufficient to induce aneurysm formation even in the absence of

apoptosiss.

One important consideration in this study is a non-localized administration of a pan-
caspase inhibitor which, as suggested, inhibits activation of all caspases. This feature dictates
that the specific cells in which apoptosis is effectively altered is not definitive. The caspase
inactivation in our treated animals likely promotes the survival of smooth muscle cells and
inflammatory cells. Elimination of specific subsets of inflammatory cells at different stages of
atherosclerosis has been shown to have different outcomes®. Conversely, the promotion of
inflammatory cell survival is likely to produce a unique outcome in our model. Interestingly, we
did see an increase in the number of T lymphocytes in the Q-VD-OPh treated group. Caspases
have also been shown to play a role in the production of cytokines, such as IL1-beta. Thus, the
differential effects of Q-VD-OPh administration before or after small aneurysm formation
cannot be strictly attributed to apoptotic functions. Moving forward, it may be valuable to
focus on a method that specifically promotes survival of SMCs or prevents production of

caspase-related cytokines.
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The study we have described here focuses narrowly on caspase-mediated cell death and
admittedly ignores the potential contributions of one or more additional cell death forms. For
example, necrosis is a disorganized form of cell death which spills cellular contents to
surrounding areas, potentiating substantial inflammation and additional tissue damage. Clarke
et al. explored a somewhat related process termed ‘secondary necrosis’ which occurs when
apoptotic cells are unsuccessfully cleared from tissue. This process is shown to be highly
inflammatory and proatherogenic in mice. Each of these cell death forms are caspase
independent and could account for the inflammatory cytokine production and inflammatory
cell infiltration seen in experimental aneurysm tissues. Thus, it is possible that early
administration of Q-VD-OPh is successful in inhibiting aneurysm formation because caspase-
mediated cell death is important at early stages. Conversely, administration of Q-VD-OPh to
small aneurysm could be unsuccessful in aneurysm growth inhibition because alternative forms
of cell death such as necrosis and/or secondary necrosis dominate later stages of aneurysm
growth. Additional studies will be needed to clarify the potential role(s) for these cell death

forms.

The results presented in this study suggest that caspase activity is necessary for
aneurysm development in at least three distinct models of murine aneurysm. In animals
treated with the pan-caspase inhibitor, total apoptosis load is reduced and the inflammatory
response is attenuated. Ultimately, these same animals develop smaller aneurysm, suggesting
that these pathological features are crucial for aneurysm expansion. Additionally, our results

suggest that the generalized inhibition of caspases alone may not be a feasible therapeutic
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strategy for the prevention of AAA progression. However, a more specific and/or effective

system for the preservation of the smooth muscle cell population may still be a viable option.

One approach toward ameliorating inflammation and apoptosis is the targeting of
cellular stress response pathway components, such as the inflammasome. Recent studies have
explored various strategies to manipulate the inflammasome, related-caspase activity, and

1013 1 future studies, focusing on strategies such as these

specific inflammasome components
could prove effective in reducing the persistent inflammatory state noted in aneurysm tissues.

Further, these strategies may aid in identifying suitable therapeutic targets for aneurysm

treatment.

In summary, our data show that caspase activity is a vital pathological event in early
stages of aneurysm development. Casapse activity in this environment appears to drive
inflammatory cell death processes which in turn promote a substantial inflammatory response
characteristic of aneurysm. Further, caspase-mediated cytokine production may be at least
partially responsible for inflammation at this stage in the disease. At later stages of aneurysm
progression, however, caspase activity is not necessary for aneurysm expansion. Taken
together, we believe our results suggest that a broad-spectrum caspase inhibitor may not be a
suitable therapeutic strategy for human aneurysm treatment. Instead, methods of interfering

with the inflammatory process(es) taking place in aneurysm tissue may be more effective.
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Figure 1. Pan-caspase inhibitor prevents formation of aneurysm in the CaPO4 model.

The pan-caspase inhibitor Q-VD-OPh was administered daily beginning 6 hours before induction
of aneurysm by the CaPO4 model. Tissues were harvested at 7 and 42 days after surgery. (A)
Schematic of the experimental design. (B) Representative photos of abdominal aortas from PBS
(control, left) and CaPO4 (right) treated mice, taken 42 days after treatment. Scale bar = 5mm.
(C) Aortic dilation measured in CaP0O4 treated tissues from DMSO (control, white bar) and Q-
VD-OPh (black bar) groups 7 and 42 days after surgery. % Aortic dilation is calculated as
described in methods. Aneurysm is defined as a 100% increase (dashed line). (D) Co-stain
TUNEL (red) and SMCs (smooth muscle actin, SMA, green), overlay with DAPI (blue). Scale
bar=150um. (E) Quantification of cell death in aortic tissue as identified by TUNEL stain,
expressed as TUNEL positive(+) cells/nuclei. *p<0.05 compared to DMSO treated group, n=3.
(F, H) IFC for neutrophils (Ly6G, green, F) and macrophages (Mac3, green, H), overlay with DAPI
(blue). Scale bar=150um. (G, I) Quantification of neutrophil (G) or macrophage (l) content in
aortic tissue as identified by Ly6G or Mac3 staining, respectively, and quantified as positive(+)

cells/nuclei. *p<0.05 compared to DMSO treated group, n=3.

Figure 2. Pan-caspase inhibitor does not prevent expansion of established experimental

aneurysm.

Q-VD-OPh was administered every 48hours beginning 7 days after experimental aneurysm
induction. Ultrasound was used to monitor expansion of aortic diameter. (A) Schematic of the
experimental design. (B) Ultrasound image depicting method for measuring aortic diameter.

Detailed description in methods. (C) Representative ultrasound images from heat inactivated
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elastase (IE) or elastase (E) treated arteries. 14 day images are subdivided to DMSO and Q-VD-

OPh treated groups. (D) Aortic measurements taken from ultrasound images. *p<0.05.

Figure 3. Effective inhibition of cell death in established small aneurysm does not alter

additional aneurysm features.

Heat inactivated elastase (IE) and elastase (E) treated tissues receiving either Q-VD-OPh or
DMSO control were harvested 14 days after surgery for histological analysis. (A) Representative
photos of 14 day aortic sections stained for elastin (Van-Gieson), scale bar=100um. (B)
Quantification of cell death in aortic tissue as identified by TUNEL stain, expressed as TUNEL
positive (TUNEL+)/nuclei. *p<0.05. (C) Co-stain TUNEL (red) overlay with DAPI (blue). Scale
bar=100um. (D) Quantification of macrophage content in aortic tissue as identified by CD68
stain, expressed as CD68(+)/nuclei. *p<0.05. (E) Immunohistochemical (IHC) stain for

macrophages (CD68+), scale bar=100um.

Figure 4. Pan-caspase inhibition has differential effects on inflammatory cell populations.

Heat inactivated elastase (IE) and elastase (E) treated tissues receiving either Q-VD-OPh or
DMSO control were harvested 14 days after surgery for histological analysis. (A,C,E)
Quantification of leukocyte (A), neutrophil (C), and T lymphocyte (E) infiltration to aortic tissue
as identified by CD45, Ly6G, and CD3 stains, respectively, and expressed as positive cell
(+)/nuclei. *p<0.05. (B,D,F) IHC stain for leukocyte (B), neutrophil (D), and T lymphocyte (F),

scale bar=100um.
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Supplemental Figure 1. Additional aneurysm features mediated by early administration of

pan-caspase inhibitor in the CaPO4 model.

(A) Representative images of 42 day aortic section stained for elastin (Van-Gieson), scale
bar=150um. (B) Co-stain T lymphocyte (CD3) marker overlay with DAPI (blue), scale

bar=150um.

Supplemental Figure 2. Pan-caspase inhibition prevents aneurysm growth in the elastase

model.

(A) Schematic of the experimental design. (B) Aortic dilation measured 7 days after elastase
treatment in animals receiving either DMSO or Q-VD-OPh injections. % Aortic dilation is
calculated as described in methods. Aneurysm is defined as a 100% increase (dashed line). (C)
Co-stain TUNEL (red) overlay with DAPI (blue), scale bar=100um. (D) Co-stain CD68 (green)

overlay with DAPI (blue), scale bar=100um.
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Transition |l

Results from Chapter 2 provide two insights: (1) that caspase-mediated cell death is an
important event that likely drives inflammation and tissue degradation in early aneurysm development,

and (2) this role for caspase-mediated cell death does not exist in established aneurysm tissues.

Moving forward, we sought to further explore the role for cell death in early aneurysm by asking
whether augmenting apoptosis in early aneurysm would create a larger aneurysm. We hypothesized
that modification of an existing mouse model of aneurysm to promote greater levels of cell death would

in turn promote a more dramatic inflammatory response and ultimately a larger aneurysm.
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Chapter 3: “Accelerated Aneurysmal Dilation Associated with Apoptosis and Inflammation in

a Newly Developed Calcium Phosphate Rodent Abdominal Aortic Aneurysm Model”

Published in Journal of Vascular Surgery 2012; 56(2): 455-461
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Abstract

Objective

The Calcium Chloride (CaCl,) model is a widely accepted rodent model for abdominal aortic
aneurysm (AAA). Calcium deposition, mainly consisting of calcium phosphate (CaPQ,) crystals,
has been reported to exist in both human and experimental aneurysms. CaPO, crystal has been
utilized for in vitro DNA transfection by mixing CaCl, and Phosphate Buffered Saline (PBS). Here,
we describe accelerated aneurysm formation resulting from a modification of the CaCl, model.
Methods

The modified CaCl,, the CaPO4 model, was created by applying PBS onto the mouse infrarenal
aorta after CaCl, treatment. Morphological, histological and immunohistochemical analyses
were performed on arteries treated with both the CaPO4 model and the conventional CaCl,
model as control. In vitro methods were carried out using a mixture of CaCl, and PBS to create
CaPO, crystals. CaPO, induced apoptosis of primary cultured mouse vascular smooth muscle
cells (VSMCs) was measured by DNA fragmentation ELISA.

Results

First, we showed that the CaPO; model produces AAA, defined as an increase of 50% or greater
in the diameter of the aorta; faster than in the CaCl, model. CaPO, model showed significantly
larger aneurysmal dilation at 7, 28, and 42 days as reflected by a maximum diameter fold
change (measured in mm) of 1.69 + 0.07, 1.99 + 0.14 and 2.13 + 0.09 as opposed to 1.22 + 0.04,
1.48 £ 0.07 and 1.68+0.06 as seen in CaCl, model, respectively (n=6; P<0.05). A semi-
guantitative grading analysis of elastin fiber integrity at 7 days revealed a significant increase in

elastin degradation in the CaPO4 model as compared to CaCl, model (2.7+0.2 vs 1.5+0.2,
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p<0.05, n=6). Significantly higher level of apoptosis occurred in the CaPO4 model (apoptosis
index at 1, 2, and 3 days post-surgery: 0.26 + 0.14, 0.37+ 0.14, and 0.33 + 0.08 for CaPO4 model
and 0.012 £ 0.10, 0.15+ 0.02, and 0.12 + 0.05 for conventional CaCl, model) (n=3; p<0.05). An
enhancement of macrophage infiltration and calcification was also observed at 3 and 7 days in
CaP0Q,. CaP0O, induced approximately 3.7 times more apoptosis in VSMCs when compared to a
mixture of CaCl, (n=4; p<0.0001) in vitro.

Conclusion

Our data shows that the CaPO, model accelerates aneurysm formation with the enhancement
of apoptosis, macrophage infiltration and calcium deposition. This modified model, with its

rapid and robust dilation, can be utilized as a new model for AAA.
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Introduction

Abdominal aortic aneurysm (AAA) is a common vascular disease associated with high
mortality. Aneurysm results from the culmination of a series of events that lead to disruption of
structural integrity and segmental weakening of the abdominal aortic wall. AAA is the 10"
leading cause of death in men over the age of fifty-five and claims as many as 30,000 deaths
each year in the US. It is estimated that the prevalence of AAA increases continuously in men
over the age of 55 and reaches a peak of more than 10% in those 80 to 85 years old’.

Several animal models have been created to aid investigation of pathophysiological
events underlying human AAA, including models dependent upon genetic and/or chemical
manipulation®. Genetic manipulations are often associated with defects in extracellular matrix
maturation, disruption of lipid homeostasis, or alteration of angiotensin enzymes*’. The
chemically-induced aneurysm approaches include the intraluminal infusion of elastase and the
periaortic application of calcium chloride (CaCl,). A third chemical approach combines chemical
and genetic approaches, using a systemic infusion of angiotensin Il to mice genetically altered
to compromise lipid homeostasis such as mice deficient in Apolipoprotein E (Apo E) or Low
Density Lipoprotein (LDL) receptor®™*.

Aneurysmal changes in the carotid artery of hyperlipidemic rabbits resulting from
periaortic application of CaCl, was first described by Gertz, SD et al*?. This method was later

applied in the abdominal aortas of hyperlipidemic rabbits in combination with thioglycollate, as

10, 14

reported by Freestone et al®® and subsequently adapted to mice . Typically, by applying

CaCl; soaked gauze to the infrarenal aorta for 15- 20 minutes, one can reproducibly generate a

14, 15

aneurysmal dilation in the treated aortic segment within 4-6 weeks . This model does not
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require the use of genetically modified mice. Similar to the elastase-induced mouse aneurysm,
CaCly-induced aneurysmal dilation is accompanied by the depletion of medial layer smooth
muscle cells, as well as elastin degradation, infiltration of lymphocytes and macrophages,
elevation of pro-inflammatory cytokines and the increased activation of matrix
metalloproteinases (MMPs) 10,14, 15

The mechanism by which adventitial application of CaCl, causes the above described
molecular and cellular changes in the aortic wall is not entirely clear. Previous findings have
identified calcium ion binding sites on both collagen and elastin, suggesting that CaCl,
application may facilitate the degradation of these major arterial structure components'®. Our
own group has identified significant calcification also occurring in CaCl,-treated arteries, mainly
in the medial layer. We hypothesized that this calcification may also contribute to aneurysm
formation, and explored the formation of these calcification deposits. Calcium phosphate
(CaPOy4) crystals have been identified as the major component of calcification found in

17-19

atherosclerosis™ ™, and have been suggested to have significant proinflammatory effects,

induce apoptosis in various cell types, and stimulate production of pro-inflammatory cytokines
from monocytes/macrophages and smooth muscle cells (SMCs)?® 2,

In the current study, we tested whether calcium phosphate is a more potent stimulus
than calcium chloride in stimulation of apoptosis and induction of inflammatory cytokines.
Based on the CaPO,4 based cell transfection method, we adapted a method of calcium
phosphate generation in vivo through a sequential application of CaCl, and phosphate buffered

saline (PBS).>>** Compared to application of CaCl, alone, the sequential application of CaCl,

and PBS produces a more severe, rapid dilation of the aneurysmal artery associated with
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significantly enhanced smooth muscle apoptosis and inflammatory responses. While future
studies are necessary to determine how this new method, termed the CaPO4 model, may cause
arterial injury, its rapid induction of aneurysmal dilation is advantageous and could be used as

an additional rodent model in studies of AAA.
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Materials and Methods
General Materials

Dulbecco’s Modified Eagles Medium (DMEM) and cell culture reagents were from Gibco
BRL Life Technologies. Chemicals, if not specified, were purchased from Sigma Chemical Co.
Mouse Models of AAA

Male C57BL/6 mice, 12 weeks of age, were purchased from Jackson Laboratory (Bar
Harbor, ME). All mice had free access to a normal diet and water. CaPO, induced abdominal
aortic aneurysm model were created through a method closely resembling the CaCl, induced
model as described by Gertz et al.”> Under the general anesthesia, midline incision was made
and the infrarenal region of the abdominal aorta was isolated. A small piece of gauze soaked in
0.5M CaCl, was applied perivascularly for 10 minutes. This gauze is then replaced with another
piece of phosphate buffered saline (PBS)-soaked gauze for 5 minutes. CaCl, induced aneurysm
was created through a similar manner but with a single treatment of 0.5M CaCl, soaked gauze
for 15 minutes. Histological analyses suggest that vascular injury appears to be more severe at
the anterior surface where arterial tissue comes in contact with gauzes. Control mice received a
single treatment of 0.5M Sodium Chloride (NaCl) soaked gauze for 15 minutes. The maximum
external diameter of the infrarenal aorta was measured using a digital caliper (VWR Scientific,
Radnor, PA) prior to treatment and at the time of tissue harvest. At selected time points, mice
were sacrificed and tissues were perfusion-fixed with a mixture of 4% paraformaldehyde (PFA)
in PBS at physiological perfusion pressure. Harvested tissue was further fixed in 4% PFA and
imbedded in O.C.T. Compound (Sakura Tissue Tek, Netherlands). All sections were cut 6um

thick using a Leica CM3050S cryostat. All animal procedures were conducted in accordance with
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experimental protocols that were approved by the Institutional Animal Care and Use
Committee at the University of Wisconsin, Madison (Protocol M02284).
Histology and Immunohistochemistry

Van Geison stains were carried out using Chromaview Van Gieson kit (Richard Allan
Scientific, Kalamazoo, MI) according to provided protocol. Elastin integrity was quantified using
a grading system as described by Kitamonto et al: (1, no elastin degradation or mild elastin
degradation; 2, moderate; 3, moderate to severe; and 4, severe elastin degradation).26 Each
section was numbered and photographed at 10x or 20x magnification, maintaining their
respective numbers. Then, an objective participant graded the photographs according to the
aforementioned scale and recorded the grade with the section number. Calcification was
detected using Alizarin Red (Ricca Chemical Company; Arlington, TX). Quantification of calcium
content was calculated using Imagel Software as provided by the National Institutes of Health.
Total area of calcified media (stained red) was calculated and divided by total medial area of

the artery to yield the reported ratio(s).

For additional immunohistochemistry, arterial sections were permeabilized with 0.1%
TritonX for 10 minutes at room temperature. Non-specific sites were blocked using 5% bovine
serum albumin (BSA), 3% normal donkey serum in Tris-buffered Saline and Tween 20 (TBS-T) for
1 hour at room temperature. Primary antibodies to CD3, MCP-1, and Mac3 were purchased
from Santa Cruz (Santa Cruz, CA), MOMA2 was purchased from Abcam (Cambridge, MA),
Cleaved Caspase 3 (CC3) was purchased from Cell Signaling Technology (Boston, MA), and
Smooth muscle alpha-actin (SMA) was purchased from Sigma-Aldrich (St. Louis, MO). Primary

antibodies were diluted in previously described blocking solution and incubated overnight at
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4°C. Apoptosis was identified through Terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) in an /n Situ Cell Death Detection Kit (Roche, Indianapolis, IN), carried out
according to kit directions. Fluorescent stains were completed using secondary antibodies
purchased from Invitrogen Molecular Probes (Carlsbad, CA) and 4’6-diamidino-2-phenyl-indole,
dihydrochloride (DAPI, Invitrogen, Carlsbad, CA) was used to detect nuclei. Staining was
visualized with a Nikon Eclipse E600 upright microscope and digital images were acquired using
a RetigaEXi CCD digital camera. Quantification of stains was performed in a manner to that
previously described *’ using Image J Software. Data quantification was performed using at
least 3 sections per artery.
Cell Culture

Primary mouse aortic SMCs from the aorta of C57BL/6 mice were isolated based on a
protocol described by Clowes et al %. Briefly, aortas were perfused with PBS supplemented
with 2% penicillin/streptavidin antibiotics. The aorta was isolated from the aortic arch to the
iliac bifurcation and incubated 30 minutes in digestion buffer at 37°C. Adventitia was pulled
away from the medial layer, tissues were minced, and further incubated for 4 hours at 37°C.
Cells isolated from medial layer of individual mice were kept in separate dishes to allow a
biological replicate from each animal. Tissue was spun to a pellet by centrifugation and washed
with 10% FBS DMEM once, then suspended in a small volume of 10%FBS-DMEM and left
undisturbed for 48 hours to allow cells to migrate from tissue. All cell types were maintained in
DMEM supplemented with 10% fetal calf serum (FCS), 100 units/mL penicillin, and 100ug/mL
streptomycin in a 5% CO,/water-saturated incubator at 37°C.

In vitro CaCl, and CaPO, Treatments
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10% FBS DMEM was replaced with 0.5% FBS DMEM 24 hours prior to all cell treatment.
Cells designated for CaCl, treatment were washed with normal saline twice before being
treated with CaCl, (final concentration 0.05M) diluted in normal saline. Treated cells were
incubated at 37°C for 15 minutes, CaCl, solution was removed and cells were washed twice
with 10%FBS DMEM and let rest 6 hours at 37°C. Cells designated for CaPO, treatment were
washed twice with 1x PBS before being treated with CaCl, (final concentration 0.05M) diluted in
1x PBS for 15 minutes. The remainder of the treatment method was the same as the CaCl,
group.
DNA Fragmentation ELISA

In vitro detection of apoptosis via fragmented DNA labeling was carried out using the
Cell Death Detection ELISA kit (Roche, Indianapolis, Indiana) according to manufacturer’s
protocol.
Flow Cytometric Analysis

Apoptotic populations in treated cell groups were assessed by flow cytometry using a PE
Annexin V Apoptosis Detection Kit (BD Pharmigen, San Diego, CA). Flow cytometric data was
collected on a BD FACS Calibur Flow Cytometer equipped with a Cytek 633nm laser (Freemont,
CA) and analysis was performed using Flow Jo software (TreeStar, Inc.).
Statistical analysis

Values were expressed as means + standard error. Experiments were repeated at least
three times unless stated otherwise. Differences between 2 groups were analyzed by Student’s
t test, and one-way analysis of variance (ANOVA) followed by Scheffe’s test was used for

multiple comparisons. Values of P<0.05 were considered significant.
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Results
Calcium phosphate induces apoptosis in aortic SMCs

Primary cultured mouse aortic SMCs were treated with either CaCl, or CaPQyg; control
SMCs were similarly treated with normal saline. At the end of treatment, cells were placed into
normal growth media for 6 hours before being subjected to apoptotic evaluation. Analyses of
DNA fragmentation indicated the presence of apoptotic cells in both CaCl,- and CaPO,-treated
cells, however, CaPO4 induced approximately 3.7 times more apoptosis of SMCs compared to
CaCl, (P<0.0001) (Fig. 1A). Detailed cell profiling via FACS analysis showed that the majority of
dead cells in the CaCl,-treated group stained positive for both Annexin V and 7 AAD, indicating
secondary necrosis. On the other hand, the majority of dead cells in the CaPO,-treated group
stained positive only for Annexin V, indicating apoptosis to dominate this treatment group (Fig.
1B and Table 1).
CaPO, exacerbates aneurysm formation in mice

To facilitate CaPQO, crystal formation in vivo, we sequentially applied CaCl, and PBS, or
CaCl; alone as a control, to the adventitial surface of mouse abdominal aorta. Mice were
sacrificed at designated time points following the injury and the maximum diameter of the
aortas was measured. Aneurysm development was assessed by determining the fold change in
diameter, calculated as the post-surgical measurement divided by the diameter measured prior
to injury. As shown in Fig. 2, the aortas treated by CaPO, showed significantly larger aneurysmal
dilation at 7, 28 and 42 days as reflected by a maximum diameter fold change of 1.69 £ 0.07,
1.99+0.14 and 2.13 £ 0.09 as opposed to 1.22 £ 0.04, 1.48 + 0.07 and 1.68+0.06 as seen in

CaCl, model, respectively (n=6; P<0.05) (Fig 2A and B). The van Gieson staining of the aortic wall



97

at day 7 showed more fragmentation of the elastin layer in CaPQ, treated aorta (Fig. 2C). A
semi-quantitative grading analysis of elastin fiber integrity at 7 days revealed a significant

increase in elastin degradation in the CaPO, model as compared to CaCl, model (Fig. 2D).

Calcium phosphate intensifies apoptosis in aneurysmal arteries

Next, we compared the magnitude of apoptosis following aneurysm induction with
either CaCl, or CaPO4 by harvesting arteries at 1, 2 and 3 days post-injury. Apoptosis in the
aortic wall was evaluated by TUNEL staining at each time point. As demonstrated by
representative image and graphical depiction, CaPO, injury induced significantly more
apoptosis than CacCl, injury at 2 and 3 days post-injury (Fig. 3A and B, respectively). Most of the
apoptotic cells were noted in the media and localized to cells that were positive for smooth
muscle specific alpha actin (SMA) (Supp. Fig. 1).
Calcium phosphate-induced aneurysm is associated with inflammation and medial
calcification

A prevalent feature of human and experimental aneurysms is significant inflammatory
infiltrate. We have previously reported a relationship between apoptosis of SMCs and the
inflammatory response(s) leading to the infiltration of macrophages and other inflammatory
cells to the aortic wall®. At this notion, CaPO,-treated arteries were stained for the presence of
macrophages, as identified by the marker CD68. Representative images found in Figure 4A
depict CaPOy-treated arteries harvested 3 days after injury, showing significant macrophage
infiltration. Figure 4B shows graphical representation of macrophage infiltration as determined
by CD68 positive cells divided by total nuclei. Supplemental Figure 2 depicts additional

inflammatory markers in day 3 CaPO,-treated arteries. Macrophage marker Mac3, T
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lymphocyte marker CD3, and the inflammatory cytokine monocyte chemoattractant protein-1
(MCP-1) evidenced a significant inflammatory response. Using cleaved (activated) caspase 3 as
a marker for apoptosis, we evaluated the spatial relationship between apoptosis and
inflammation. As shown in Supplemental Figure 3 A, monocytes and Macrophages, marked by
MOMA, localized mostly in the adventitia. Using cleaved or activated caspase 3 as a marker for
apoptosis, we found that the majority of monocytes and macrophages at this time point were
not apoptotic, however, they tended to concentrate in areas proximal to apoptotic cells (Supp.
Fig. 3).

Significant calcification in CaPQ, treated arteries was easily noted visually and tactilely
at the time of artery harvest. Cross sections of the aortas receiving treatment with either CaCl,
or CaPOy injury were stained with Alizarin Red staining according to manufacturer’s protocol.
CaPOy injury caused pronounced medial calcification appearing around 48 hours post-injury,

and maximizing around 7 days (Fig. 5A and B).
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Discussion

Animal models of AAA have been utilized in a range of experiments to explore various
aspects of AAA pathogenesis as well as potential methods of AAA treatment. Here, we reported
the creation of mouse experimental AAA model with rapid and robust aneurysmal
dilationdilation through sequential adventitial application of CaCl, and PBS. This modified CaCl,
model, or the CaPO4 model, displayed similar pathological and histological characteristics as the
previously described CaCl, but at a higher magnitude.

We postulate that adventitial insult in the form of CaCl, application causes a series of
tissue degenerative events, at least in part through formation of CaPO, crystals. This argument
is supported by our finding that CaCl, did not cause significant degree of apoptosis or necrosis
when applied to cultured mouse aortic SMCs. In contrast, cultured mouse aortic SMCs
responded to CaPO,4 with massive apoptosis, findings consistent with reports from other
groups3°'32.

Although the creation of aneurysm phenotype with either CaCl, or CaPQy is artificial,
atherosclerotic calcification has been shown to consist mainly of CaPO, crystals, which is
typically seen in the intimal and medial layer of the diseased human aorta*® ' **. we did
observe medial calcification in the arterial segments that sustained the CaCl, or CaPO, insult.
Although substantial calcification is noted in these arteries by both tactile and
immunohistochemical methods, the biological mechanisms underlying this ectopic calcification
have yet to be identified. Thus, future studies may lend insight to these processes through

identification of calcification regulating genes such as osteopontin.
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Interestingly, robust apoptosis and calcification was observed in the medial layer of the
aorta starting at around 2 days after surgery, a time point the elastin fibers appeared grossly
intact.

A potential causal relationship between apoptosis and calcification has been
conceptualized by Proudfoot and coIIeagues34, who propose a model in which smooth muscle
cell death may form apoptotic bodies in the arterial wall, which in turn may serve as a nucleus
for vascular calcification®. In our time course studies, we noted the time line of apoptotic
induction in the arterial wall, which was noted to begin around 24 hours, was closely followed
by the detection of calcium deposition around 48 hours post injury. However, the link between
SMC apoptosis and medial calcification has yet to be directly tested. Although aortic
calcification has been reported in human AAA*®, the precise contribution calcification may make
toward aneurysm progression is still controversial.

One important limitation within this study lies in the formation of CaPO, crystals.
Although these crystals are known to be generated by mixing CaCl, with phosphate buffer, this
methodology provides no means of controlling the formation of CaPQO, crystals, nor of
measuring the final concentration or composition of these crystals, especially in vivo. In
preliminary studies, we tested the periaortic application of several forms of calcium phosphate
including hydroxyapatite, nanocrystal and basic calcium phosphate. However, each of these
calcium phosphate forms failed to induce aneurysm formation in vivo and produced little if any
apoptosis in vitro. One possible explanation for this significant difference between calcium
phosphate crystal types is size variations amongst these crystals, particularly in comparison to

the naturally formed crystals, may not be appropriate for the endocytosis or autophagocytosis
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3738 |n order to address a few guestions surrounding the

of these crystals to induce apoptosis
role of these CaPOQ, crystals, methods of interfering with crystal formation and/or the chemical
reaction(s) that take place may provide mechanistic insights. Although the scope of this study
does not allow such an experiment, future work must explore these methods in order to fully
understand the role of CaPOy crystals in this newly described model. Furthermore, a better

understanding of the role of calcification in aneurysm is necessary to fully understand the

potential impact of this study.

Conclusion

In conclusion, we have shown that the creation of a CaPO4 mouse AAA model through
the modification of the conventional CaCl, model significantly accelerates aneurysm formation.
CaPO,4 treatment also induced significant enhancement of apoptosis both in vitro and in vivo.
Calcification and macrophage infiltration were also prominent features of the CaPO4aneurysm,
sharing spatial and temporal similarities to the apoptosis within the medial layer. This model,

with its rapid and robust dilation, can be utilized as a new model for mouse experimental AAA.



102

References

10.

11.

12.

13.

14.

15.

Kent KC, Zwolak RM, Jaff MR, Hollenbeck ST, Thompson RW, Schermerhorn ML, Sicard
GA, Riles TS, Cronenwett JL. Screening for abdominal aortic aneurysm: A consensus
statement. J Vasc Surg. 2004;39:267-269

Bengtsson H, Sonesson B, Bergqvist D. Incidence and prevalence of abdominal aortic
aneurysms, estimated by necropsy studies and population screening by ultrasound. Ann
N Y Acad Sci. 1996;800:1-24

Daugherty A, Cassis LA. Mouse models of abdominal aortic aneurysms. Arterioscler
Thromb Vasc Biol. 2004;24:429-434

Brophy CM, Tilson JE, Braverman IM, Tilson MD. Age of onset, pattern of distribution,
and histology of aneurysm development in a genetically predisposed mouse model. J
Vasc Surg. 1988;8:45-48

Silence J, Collen D, Lijnen HR. Reduced atherosclerotic plague but enhanced aneurysm
formation in mice with inactivation of the tissue inhibitor of metalloproteinase-1 (timp-
1) gene. Circ Res. 2002;90:897-903

Kuhlencordt PJ, Gyurko R, Han F, Scherrer-Crosbie M, Aretz TH, Hajjar R, Picard MH,
Huang PL. Accelerated atherosclerosis, aortic aneurysm formation, and ischemic heart
disease in apolipoprotein e/endothelial nitric oxide synthase double-knockout mice.
Circulation. 2001;104:448-454

Nishijo N, Sugiyama F, Kimoto K, Taniguchi K, Murakami K, Suzuki S, Fukamizu A, Yagami
K. Salt-sensitive aortic aneurysm and rupture in hypertensive transgenic mice that
overproduce angiotensin ii. Lab Invest. 1998;78:1059-1066

Anidjar S, Salzmann JL, Gentric D, Lagneau P, Camilleri JP, Michel JB. Elastase-induced
experimental aneurysms in rats. Circulation. 1990;82:973-981

Curci JA, Thompson RW. "Variable induction of experimental abdominal aortic
aneurysms with different preparations of porcine pancreatic elastase". J Vasc Surg.
1999;29:385

Chiou AC, Chiu B, Pearce WH. Murine aortic aneurysm produced by periarterial
application of calcium chloride. J Surg Res. 2001;99:371-376

Daugherty A, Manning MW, Cassis LA. Angiotensin ii promotes atherosclerotic lesions
and aneurysms in apolipoprotein e-deficient mice. J Clin Invest. 2000;105:1605-1612
Gertz SD, Kurgan A, Eisenberg D. Aneurysm of the rabbit common carotid artery induced
by periarterial application of calcium chloride in vivo. J Clin Invest. 1988;81:649-656
Freestone T, Turner RJ, Higman DJ, Lever MJ, Powell JT. Influence of
hypercholesterolemia and adventitial inflammation on the development of aortic
aneurysm in rabbits. Arterioscler Thromb Vasc Biol. 1997;17:10-17

Longo GM, Xiong W, Greiner TC, Zhao Y, Fiotti N, Baxter BT. Matrix metalloproteinases 2
and 9 work in concert to produce aortic aneurysms. J Clin Invest. 2002;110:625-632
Yoshimura K, Aoki H, Ikeda Y, Fujii K, Akiyama N, Furutani A, Hoshii Y, Tanaka N, Ricci R,
Ishihara T, Esato K, Hamano K, Matsuzaki M. Regression of abdominal aortic aneurysm
by inhibition of c-jun n-terminal kinase. Nat Med. 2005;11:1330-1338



16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

103

Urry DW. Neutral sites for calcium ion binding to elastin and collagen: A charge
neutralization theory for calcification and its relationship to atherosclerosis. Proc. Nat.
Acad. Sci. USA. 1971;68:810-814

Bostrom K, Watson KE, Stanford WP, Demer LL. Atherosclerotic calcification: Relation to
developmental osteogenesis. Am J Cardiol. 1995;75:88B-91B

Weissen-Plenz G, Nitschke Y, Rutsch F. Mechanisms of arterial calcification: Spotlight on
the inhibitors. Adv Clin Chem. 2008;46:263-293

Villa-Bellosta R, Sorribas V. Calcium phosphate deposition with normal phosphate
concentration. Circ J. 2011

Ewence AE, Bootman M, Roderick HL, Skepper JN, McCarthy G, Epple M, Neumann M,
Shanahan CM, Proudfoot D. Calcium phosphate crystals induce cell death in human
vascular smooth muscle cells: A potential mechanism in atherosclerotic plague
destabilization. Circ Res. 2008;103:e28-34

Pazar B, Ea HK, Narayan S, Kolly L, Bagnoud N, Chobaz V, Roger T, Liote F, So A, Busso N.
Basic calcium phosphate crystals induce monocyte/macrophage il-1beta secretion
through the nirp3 inflammasome in vitro. J Immunol. 2011;186:2495-2502

Gertz SD, Kurgan A, Eisenberg D. Aneurysm of the rabbit common carotid artery induced
by periarterial application of calcium chloride in vivo. The Journal of Clinical
Investigation. 1988;81:649-656

Tang XN, Berman AE, Swanson RA, Yenari MA. Digitally quantifying cerebral hemorrhage
using photoshop® and image j. Journal of Neuroscience Methods. 2010;190:240-243
Clowes A, Clowes M, Fringerle J, Reidy M. Kinetics of cellular poliferation after arterial
injury: Role of acute distension in the induciton of smooth muscle proliferation. Lab
Invest. 1989;60:360-364

Yamanouchi D, Morgan S, Kato K, Lengfeld J, Zhang F, Liu B. Effects of caspase inhibitor
on angiotensin ii-induced abdominal aortic aneurysm in apolipoprotein e-deficient mice.
Arterioscler Thromb Vasc Biol. 2010;30:702-707

Ewence AE, Bootman M, Roderick HL, Skepper JN, McCarthy G, Epple M, Neumann M,
Shanahan CM, Proudfoot D. Calcium phosphate crystals induce cell death in human
vascular smooth muscle cells. Circulation Research. 2008;103:e28-e34

Pazar B, Ea H-K, Narayan S, Kolly L, Bagnoud N, Chobaz V, Roger T, Lioté F, So A, Busso N.
Basic calcium phosphate crystals induce monocyte/macrophage il-1p secretion through
the nlrp3 inflammasome in vitro. The Journal of Immunology. 2011;186:2495-2502
Trion A, van der Laarse A. Vascular smooth muscle cells and calcification in
atherosclerosis. American Heart Journal. 2004;147:808-814

Hunt JL, Fairman R, Mitchell ME, Carpenter JP, Golden M, Khalapyan T, Wolfe M,
Neschis D, Milner R, Scoll B, Cusack A, Mohler ER, 3rd. Bone formation in carotid
plagues: A clinicopathological study. Stroke. 2002;33:1214-1219

Proudfoot D, Skepper JN, Hegyi L, Bennett MR, Shanahan CM, Weissberg PL. Apoptosis
regulates human vascular calcification in vitro : Evidence for initiation of vascular
calcification by apoptotic bodies. Circulation Research. 2000;87:1055-1062

Reynolds JL, Joannides AlJ, Skepper JN, McNair R, Schurgers LJ, Proudfoot D, Jahnen-
Dechent W, Weissberg PL, Shanahan CM. Human vascular smooth muscle cells undergo
vesicle-mediated calcification in response to changes in extracellular calcium and



32.

33.

34.

104

phosphate concentrations: A potential mechanism for accelerated vascular calcification
in esrd. JAm Soc Nephrol. 2004;15:2857-2867

Matsushita M, Nishikimi N, Sakurai T, Nimura Y. Relationship between aortic
calcification and atherosclerotic disease in patients with abdominal aortic aneurysm. Int
Angiol. 2000;19:276-279

Sarkar S, Korolchuk V, Renna M, Winslow A, Rubinsztein DC. Methodological
considerations for assessing autophagy modulators: A study with calcium phosphate
precipitates. Autophagy. 2009;5:307-313

Gao W, Ding WX, Stolz DB, Yin XM. Induction of macroautophagy by exogenously
introduced calcium. Autophagy. 2008;4:754-761



105

Figure Legend

Figure 1. Apoptosis induced by Calcium phosphate treatment in vitro.

Cultured mouse aortic SMCs were treated with CaCl, or CaPO, as described in Materials and
Methods. A) In vitro apoptosis determined by DNA fragmentation ELISA. Fold change
determined with comparison to untreated cell group (Control). *p<0.0001, n=4. B)
Representative results of flow cytometry analyses. Apoptotic and necrotic cells were identified
by annexin V and 7AAD, respectively. n=4.

Figure 2. Aneurysm induction by CaPO, treatment in mouse model.

Mice were subjected to AAA induction with CaCl, or CaPO4 and were sacrificed at indicated
time points as described in Materials and Methods. A) Representative pictures of arterial
dilation 7 days after surgery. B) Quantification of arterial expansion measured 3, 7, 28, and 42
days after surgery. Fold Change = Maximum Diameter/Pre-surgery diameter. *p < 0.05, n =6. C)
Van Gieson’s stain depicting elastin layer degradation in representative treated arteries 7 days
after surgery. Scale bar 100um. D) Semi-quantification of elastin degradation in arteries
harvested 7 days after surgery.

Figure 3. CaPOs-induced aneurysm displays apoptosis

Mice were subjected to AAA induction with CaCl, or CaPO,4 and were sacrificed at indicated
time points as described in Materials and Methods. A) Representative images of
immunohistochemistry for apoptosis, as measured by TUNEL (red), nuclei shown by DAPI stain
(blue) in treated arteries 3 days after injury. Scale bar = 100 um. B) TUNEL index as determined

by TUNEL positive cells/nuclei. Measurements taken from CacCl,- (black bar, mCaCl,) and CaPO,
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—treated (white bars, 0CaPQ,) arteries harvested 24, 48 or 72 hours after surgery. *p < 0.05, n =
3.

Figure 4. Inflammation accompanies CaPOs-induced aneurysm

Mice were subjected to AAA induction with CaCl, or CaPO,4 and were sacrificed at indicated
time points as described in Materials and Methods. A) Representative images of
immunohistochemistry for macrophage marker CD68 (green) in CaCl, - and CaPQ, -treated
aorta 3 days after injury. Nuclei stained with DAPI (blue). Scale bar =100 um. B) Graphical
representation of macrophage infiltration as determined by CD68 positive cells/nuclei in
treated arteries 24, 48, and 72h after treatment.. *p < 0.05, n = 3.

Figure 5. CaPOs-induced aneurysm samples contain medial calcification.

A) Arterial sections stained with Alizarin Red for calcium deposit detection, calcium appearing
red on a pink and yellow background. ‘Control’ sections harvested from animals treated with
NaCl only; ‘48 hour’,” 72 hour’, and ‘7 day’ sections harvested at respective times after
treatment by CaPO, surgery. Scale bar = 200 um for all images. B) Quantification of calcium
content in arterial sections harvested from arteries with the conventional CaCl, model (CaCl2)
or the CaPO4 model (CaPO4). Data was expressed as a ratio of the total calcified media divided

by the total medial area of each arterial section. n=4.
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Supplemental Figure 1.

Representative images of immunofluoresent stained CaPO4-treated arteries harvested 3 days
after injury. A) Apoptosis as identified by cleaved caspase 3 (red), overlay with nuclei (DAPI,
blue). Scale bar 100 um. B) Co-localization of the SMC marker smooth muscle alpha-actin

(SMA, green) with TUNEL (red). Overlay with DAPI (blue). Scale bar 200 um.

Supplemental Figure 2.
Representative images of CaPOy-treated arteries harvested 7 days after injury stained for
macrophages (Mac3), T lymphocytes (CD3), and the inflammatory cytokine Monocyte

Chemoattractant Protein-1 (MCP-1).. Scale bar =100um.

Supplemental Figure 3.

Mice were subjected to CaPO, treatment and sacrificed 7 days after. A) Representative photos
showing inflammatory cells localized to adventitia, with monocytes and macrophages, marked
by MOMA and the medial layer delineated by SMA (red), overlay with DAPI (blue). Left panel
scale bar 200um, right panel scale bar 100um. B) A representative co-staining image depicting
apoptosis (cleaved caspase-3 positive cells, Red) and inflammation (MOMA, green). Overlay

with DAPI. Scale bar =100 pm.

Table 1.
Analysis of cells after treatment with calcium chloride (CaCl;) or calcium phosphate (CaPQ,)

shown as % of total.
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Supplemental Figure 1. B.

A.
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Supplemental Figure 2.
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Secondary

Healthy Apoptotic Necrotic necrotic

(Negative) (Annexin V+) (7TAAD+) (Double +)

CaCl, 89.2 + 1.27 1.08 + 0.01 2.79+235 6.94+1.02
CaPO, 22 +7.92° 68.8 + 7.6° 1.4+0.23 7.8+0.14

7AAD, 7-aminoactinomycin D.

“P < 0.05 vs control.
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Transition Il

The CaPO4 model appears to work through the acceleration of apoptosis and inflammation to
promote a fast-growing aneurysm. This finding confirms the role of apoptosis in aneurysm, as
previously explored in Chapters 1 through 3. However, the method of apoptosis inhibition, that
is, chemical inhibition of caspase activation, is a systemic administration that has untold
consequences on the rest of the body. Clearly, to develop a therapeutic treatment, we must

identify a more specific regulator of apoptosis.

Previously, research produced by Dr. Liu described a critical role for Protein Kinase C-delta
(PKC8) in smooth muscle cell (SMC) apoptosis’. Further, the expression of PKCS was seen to be
upregulated in human aneurysm tissue?. This information led us to believe that PKCS may have
arole in a murine aneurysm model. Using PKC6 knockout mice, previously developed by
Miyamoto A et al.?, we aimed to explore the role of PKCS in murine aneurysm through the CaCl,

model.

1. Kato K, Yamanouchi D, Esbona K, Kamiya K, Zhang F, Kent KC, Liu B. Caspase-mediated
protein kinase c-{delta} cleavage is necessary for apoptosis of vascular smooth muscle
cells. Am J Physiol Heart Circ Physiol. 2009;297:H2253-2261

2. Schubl S, Tsai S, Ryer EJ, Wang C, Hu J, Kent KC, Liu B. Upregulation of protein kinase
c[delta] in vascular smooth muscle cells promotes inflammation in abdominal aortic
aneurysm. Journal of Surgical Research. 2009;153:181-187

3. Miyamoto A, Nakayama K, Imaki H, Hirose S, Jiang Y, Abe M, Tsukiyama T, Nagahama H,
Ohno S, Hatakeyama S, Nakayama KI. Increased proliferation of b cells and auto-
immunity in mice lacking protein kinase c[delta]. Nature. 2002;416:865-869
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Chapter 4: Elevated Protein Kinase C-delta Contributes to Aneurysm Pathogenesis through

Stimulation of Apoptosis and Inflammatory Signaling

Published in Arteriosclerosis Thrombosis and Vascular Biology 2012; 32(10): 2493-2502
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ABSTRACT

Objective: Apoptosis of smooth muscle cells (SMCs) is a prominent pathological characteristic of
Abdominal Aortic Aneurysm (AAA). We have previously shown that SMC apoptosis stimulates
proinflammatory signaling in a mouse model of AAA. Here, we test whether Protein Kinase C-
delta (PKC3), an apoptotic mediator, participates in the pathogenesis of AAA by regulating

apoptosis and proinflammatory signals.

Methods and Results: Mouse experimental AAA is induced by perivascular administration of
CaCl,. Mice deficient in PKCS exhibit a profound reduction in aneurysmal expansion, SMC
apoptosis, and transmural inflammation as compared to wildtype littermates. Delivery of PKC3
to the aortic wall of PKCS”" mice restores aneurysm, while overexpression of a dominant
negative PKCO mutant in the aorta of wildtype mice attenuates aneurysm. In vitro, PKCS”" aortic
SMCs exhibit significantly impaired monocyte chemoattractant protein-1 (MCP-1) production.
Ectopic administration of recombinant MCP-1 to the arterial wall of PKCS” mice restores

inflammatory response and aneurysm development.

Conclusions: PKCS is an important signaling mediator for SMC apoptosis and inflammation in a
mouse model of AAA. By stimulating MCP-1 expression in aortic SMCs, upregulated PKCS
exacerbates the inflammatory process, in turn perpetuating elastin degradation and

aneurysmal dilatation. Inhibition of PKCS may serve as a potential therapeutic strategy for AAA.
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INTRODUCTION

Abdominal aortic aneurysm (AAA), a progressive aortic dilation, is a common vascular
disease associated with high mortality. Aneurysm results from the culmination of a series of
events that lead to disruption of structural integrity and segmental weakening of the abdominal
aortic wall. An incomplete understanding of the biological mechanisms underlying the disease
has limited the development of therapeutic treatment and diagnostic strategies, thus leaving
surgical and endovascular procedures as the only treatment options for patients with

abdominal aortic aneurysm.

Histologically, aneurysmal tissues are characterized by disruption of the elastic fibers in
the aortic wall and extensive transmural infiltration of macrophages and lymphocytes *3. These
features have been consistently duplicated in animal models of AAA *. The prevailing view is that
inflammatory cells, mainly macrophages, are the major source of matrix-degrading enzymes

such as matrix metalloproteinases > and proinflammatory cytokines 10-12

. Anti-inflammatory
strategies such as those that deplete neutrophils, lymphocytes, mast cells, or proinflammatory
cytokines have been shown to prevent the upregulation of matrix metalloproteinases and

attenuate aneurysm formation in mouse models of AAA 1316,

Although the depletion of vascular smooth muscle cells (SMCs) is well documented in
human aneurysmal tissues '/, potential interactions between SMCs and infiltrating
inflammatory cells remain unclear. We have recently demonstrated that blocking apoptosis
with a pan caspase inhibitor protected mice from angiotensin Ill-induced aneurysm

expansion '®. The caspase inhibitor not only prevented SMC depletion but also diminished
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infiltration of macrophages and lymphocytes, suggesting a potential link between the
apoptotic process and inflammatory signaling in the pathogenesis of aneurysm.
Protein kinase C-delta (PKC3), a member of the PKC family of serine and threonine

19-21

kinases, is a crucial mediator of SMC apoptosis . Studies of PKC6 knockout (KO) mice reveal

that mice lacking PKC& develop normally but exhibit an apoptosis-resistant phenotype when
subjected to models of vascular injury such as vein graft or carotid artery ligation 22,23
Conversely, gene transfer of PKC® via an adenoviral vector led to excessive apoptosis of
vascular SMCs in a rat carotid balloon injury model . More recently, we showed that PKCS may
also be involved in the regulation of chemokine expression. Inhibition of PKCO with rottlerin
profoundly decreases the production of monocyte chemoattractant protein-1 (MCP-1) by aortic

vascular SMCs and subsequently inhibits chemotaxis of inflammatory cells toward SMC-

conditioned media .

We have previously shown that the expression of PKCJ is significantly higher in human
aneurysmal aortic tissues as compared to normal arteries 2'. The collection of these tissues at
the time of surgical repair precluded analysis of a potential causal relationship between PKC3
and aneurysm; specifically, whether PKC6 upregulation contributes to the pathophysiology of
aneurysm or is merely a resultant phenomenon. To determine whether PKCd is an integral
mediator of SMC apoptosis and vascular inflammation during aneurysm pathogenesis, the
current study tests the effects of PKCO gene deficiency on aneurysm formation using the
calcium chloride (CaCl,) mouse model. In addition, we explored the potential molecular
mechanisms by which PKC3 regulates the pro-inflammatory signals produced by apoptotic

SMCs.
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METHODS
The detailed methods are shown in online supplements.
Mouse Models of AAA

The generation of PKCS target deletion in mice was described elsewhere®. PKCS knockout
mice and their wildtype littermates were generated by mating heterozygous pairs. C57BL/6
mice and ApoE'/' mice were purchased from Harlan Laboratories (Madison, WI) and Jackson
Laboratory (Bar Harbor, ME), respectively. GFP transgenic mice were gifted from Dr. William

Burlingham at the University of Wisconsin-Madison.

Male mice, 12 weeks of age, underwent a CaCl, —induced abdominal aortic aneurysm model as

2528 Briefly, the infrarenal region of the aorta was isolated and treated

described previously
with 0.5M CaCl, perivascularly via gauze for 20 minutes. Control mice were similarly treated
with 0.5M of sodium chloride (NaCl). Tissues were fixed in 4% formaldehyde in phospho-

buffered saline (PBS), embedded and cut to 6 or 8um sections for OCT and paraffin-imbedded

arteries, respectively.
Immunohistochemistry

Antibodies were purchased from Abcam (Cambridge, MA; IFN-y, IL-6, MOMA2, MHC, and
CDA45), Santa Cruz (Santa Cruz, CA; CD3, MCP-1, Mac3, PKC§, Ly6G, and CD68), Sigma-Aldrich
(SMA), and Cell Signaling (Danvers, MA; Cleaved caspase-3). TUNEL staining kit was purchased
from Roche (Madison, WI). Van Geison stains were carried out using Chromaview Van Gieson

kit (Richard Allan Scientific, Kalamazoo, Ml).
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Cell Culture

The murine macrophage cell line RAW264.7 cells were obtained from American Type Culture
Collection (ATCC, Manassas, VA). Primary mouse aortic SMCs from the aorta of both PKC6 KO

and WT mice were isolated based on a protocol described by Clowes et al. %.

Migration Assay

In vitro migration assay was carried out as previously described®. Briefly, RAW264.7
macrophages, or CD11b" cells isolated from bone marrow, were placed in a 5um pore transwell
insert. Conditioned and/or treated media were used as chemoattractants. Following 6 hours
incubation, inserts were removed and stained with hematolxylin to facilitate nuclei
visualization. The mean value of migrated cells was counted in eight high-power fields per

membrane.
Bone Marrow Isolation and Sorting

Bone marrow was isolated from long bones, washed with PBS, and counted. Monocytes were
collected from bone marrow by magnetic sorting using CD11b microbeads (Miltenyi Biotec,
Boston, MA). Purity of the resulting CD11b" cells was assessed by flow cytometry using

antibodies to CD3, CD11b, and CD45/B220 (Miltenyi Biotec).
Statistical Analysis

Values were expressed as mean + standard error. Experiments were repeated at least three

times unless stated otherwise. Differences between 2 groups were analyzed by Student’s t test.
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For time course comparison, one-way ANOVA analysis was followed by Bonferroni correction to

adjust for multiple comparisons. Values of p<0.05 were considered significant.

More detailed methods are provided in Supplemental Methods.
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RESULTS
PKCd expression in experimental aneurysms

We subjected C57BL/6 male mice to perivascular treatment of 0.5M CaCl; (or equal
concentration of NaCl) to the infrarenal region of the aorta and sacrificed the animals at
selected time points. Administration of CaCl; led to gradual aortic dilatation associated with
elastin fragmentation (Supplemental Figure 1). Immunohistochemical analysis showed a
profound upregulation of PKCS protein in the aortic media 3 and 7 days after CaCl, treatment
(Figure 1A), a time frame at which aortic expansion was barely visible. The temporal and spatial
pattern of PKC6 expression mirrored that of TUNEL positivity (Figure 1B). Confocal images
confirmed the colocalization between PKCS upregulation and apoptosis (TUNEL). Furthermore,
PKCS positive cells were primarily SMCs, as identified by Myosin Heavy Chain (MHC) (Figure 1C).
A similar expression pattern of PKCS and its association with apoptosis was also observed in
angiotensin ll-induced aneurysm in apoE'/’ (Supplemental Figure 2). Western blot analysis
confirmed the elevated level of PKCS protein in CaCl,-treated aortas as compared to the NaCl-
treated controls (Figure 1D, E). Additionally, levels of the apoptosis-associated catalytic

fragment of PKCS became readily detectable in CaCl,-treated group (Figure 1D).
Mice lacking PKCJ are resistant to AAA induction

To prove a potential role of PKCS in AAA formation, we subjected PKCS knockout (KO)
mice and their wildtype (WT) littermates to aneurysm induction by CaCl,. Forty-two days after
the CaCl, treatment, abdominal aorta of WT mice were visibly inflamed and dilated while the

arteries of KO mice appeared minimally affected (Figure 2A). The maximal external diameter of
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the abdominal aorta was measured immediately prior to the CaCl, application and at the time
of tissue harvest. As seen in Figure 2B, the baseline aortic diameters are comparable in PKC6
WT and KO mice. Six weeks after the CaCl, treatment, arteries of WT mice expanded to
1.04+0.08mm (96.6131%), while arteries of KO mice expanded only to 0.74+0.06mm (39.7+9%)
(Figure 2B). Similarly, PKC& was shown to play a role in the elastase perfusion model of murine
AAA. Inactive elastase produced minimal dilation of the artery in both WT and KO animals
(0.77+£0.06mm and 0.76+0.02mm, respectively; n=2), while active elastase treatment produced
a more severe dilation in WT animals (1.47+0.16mm) compared to KO (0.97+0.29mm)

(Supplemental Figure 3).

Histological analysis performed at 7 days after CaCl,-treatment revealed similar elastin
degradation in KO and WT arteries (Supplemental Figure 4). However, the same histological
analysis 42 days after CaCl, treatment showed elastin fibers in arteries harvested from KO mice
appeared continuous and organized, similar to NaCl-treated controls, whereas elastin fibers in
CaCl,-treated WT arteries appeared fragmented and disoriented (Figure 2C, D). Furthermore,
PKCS KO tissue harvested at 7 days displayed significantly reduced SMC apoptosis, as evidenced
by confocal staining showing colocalization of MHC and apoptosis (TUNEL), as compared to WT
samples (Figure 2E). Accordingly, cleaved Caspase-3 was nearly undetectable in PKC5 KO
arteries, while it was abundant in the WT arteries (Supplemental Figure 5A, B). Furthermore,
the percentage of nuclei staining positive for TUNEL was decreased from 24.1+3.4 in WT
arteries to 12.5+2.9 in KO arteries (Data not shown). In vitro analysis of cultured SMCs

confirmed the apoptosis-resistant phenotype. The lack of PKC3 diminished the ability of SMCs
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to undergo apoptosis in response to TNFa, which was rescued by restoration of PKC3

expression with an adenoviral vector (Supplemental Figure 5C, D).

PKC3 is critical for the inflammatory response

Next, we analyzed macrophage infiltration, another important characteristic of
aneurysm, in the aortas of both WT and KO animals. Immunohistochemical analysis revealed a
profound reduction in the number of macrophages (Mac-3*, CD68") detected in the aorta of
PKCS KO mice as compared to their WT littermates (Figure 3A, B). Additionally, neutrophils
(Ly6G"), leukocytes (CD45%), and T cells (CD3") were shown to be present in the aortic samples
of the PKCO WT mice, mostly prevalent in the adventitia, and almost entirely absent in KO
aortas (Supplemental Figure 6). Similarly, levels of AAA-associated inflammatory cytokines IL-6
and monocyte chemoattractant protein-1 (MCP-1) were markedly decreased by PKC5 gene
deficiency (Figure 3C). To better quantify the altered cytokine expression, we analyzed aortic
tissues using real-time (RT)-PCR analysis. As shown in Figure 3D, PKCO gene deficiency caused a
50.7% and 48.1% reduction in mRNA levels of IL-6 and MCP-1 in TNFa-treated SMCs,
respectively. Additionally, aneurysm-associated induction of IL-13 and INFy was also
significantly blunted in PKC3 KO mice (Supplemental Figure 7). There was also a small but

statistically insignificant trend of reduction in TNF-oo mRNA abundance.

PKCd-deficient aortic SMCs are impaired in MCP-1 expression

The diminished inflammatory infiltrate in PKCo KO mice could be caused by a lack of

PKC5-mediated chemokine production in the aortic wall or diminished migratory property of
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monocytes. A complete blood count (CBC) performed on WT and KO animals showed no
significant difference in white blood cell or red blood cell populations between the two
genotypes (Supplemental Table 1). Furthermore, the percentage of monocytes (CD11b") in the
bone marrow was comparable between the genotypes (Supplemental Figure 8A, B). In a
chemotaxis assay, CD11b" monocytes isolated from KO and WT animals migrated with equal
efficiency toward recombinant MCP-1 protein (Supplemental Figure 8C). Together, these data
suggest that neither number nor migratory capability of bone marrow monocytes are affected

by PKC6 gene deficiency.

RT-PCR analysis of aortic SMCs showed KO cells to have a nearly absolute impairment of
MCP-1 production. Expression of IFNy and IL-6 also appeared to be modulated by PKC9, albeit
to a lesser degree (Figure 4A). The dependence of MCP-1 expression on PKCS was further
demonstrated by ELISA measurement of MCP-1 production by cultured SMCs. Following
treatment with TNFa, WT SMCs are shown to produce significantly more MCP-1 as compared to
KO SMCs (Figure 4B). Furthermore, overexpression of PKCS using adenoviral-mediated gene

delivery (AdPKC9) further enhanced the production of MCP-1 in WT SMCs (Figure 4C).

To further test the notion that PKC3 gene deficiency reduces the presence of
proinflammatory aneurysm signals produced by the aortic wall, we examined the ability of
aortic SMCs to attract RAW264.7 monocyte/macrophages. As shown in Figure 4D, the number
of RAW264.7 cells that migrated toward media conditioned by KO SMCs was ~50% less than

that toward media conditioned by WT SMCs. Furthermore, administration of an MCP-1
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neutralizing antibody completely eliminated the ability of WT SMCs to stimulate migration,

suggesting MCP-1 to be a critical proinflammatory signal released by aortic SMCs (Figure 4D).

Exogenous PKCS reverses the aneurysm-resistant phenotype of KO mice

Data derived from the above in vitro analyses suggest that PKCS gene deletion
attenuates aneurysm development primarily through preventing aortic SMCs from undergoing
apoptosis and/or producing proinflammatory chemokines, specifically MCP-1. To test this
hypothesis, we developed an aortic tissue-specific gene transfer method to restore PKC6
expression in the arterial wall of KO mice. As described in Methods, adenovirus was
administered to the aortic wall immediately following the removal of CaCl,. This gene transfer
method produced a localized transgene expression as illustrated by using an adenovirus
encoding EGFP (AdGFP). While producing abundant GFP expression in the infrarenal region of
the aortic wall, aortic administration of AdGFP did not produce transgene expression in

circulating white blood cells (Supplemental Figure 9A, B).

To restore PKC& expression in aortas of PKCS KO mice, adenovirus expressing either
PKCd or B-galactosidase (AdPKCS or AdLacZ) was administered to the infrarenal aorta of PKCS
KO mice. Mice were sacrificed after 7 or 42 days for histological and morphological analyses,
respectively. Delivery of AdPKCS successfully induced localized aortic expression of PKCS in KO
mice, mostly in the perivascular region and to a lesser degree in the SMA" media (Supplemental
Figure 9C, D). Forty-two days after the CaCl, treatment, AdLacZ-treated PKCS KO mice
displayed minimum aortic expansion, with a final diameter measurement of 0.67+0.07mm

(29.2+15.9%), indicating that viral infection alone did not alter the aneurysm-resistant
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phenotype of KO mice. In comparison, delivery of AAPKCO produced significant aortic expansion
in KO mice (final diameter 1.11+0.21mm; 114.8+28.3%), an induction comparable to that seen
in wildtype mice (Figure 5A, B). The apparent restoration of aneurysm formation shown to
accompany aortic gene transfer of PKCJ is further evidenced by fragmented elastin fibers as
well as TUNEL positive apoptotic cells and infiltrating monocytes/macrophages at 7 days after

surgery (Figure 5C).

Aortic inhibition of PKC3 attenuates aneurysm formation in C57B/6 mice

To further demonstrate the importance of aortic PKCS expression in aneurysm
development, we tested the effect of aortic inhibition of PKC3. Following the routine CaCl,
treatment, C57BL/6 mice were subjected to local infection with either a dominant negative
PKCS mutant adenovirus (AdPKCSDN) or AdLacZ as control. Mice were sacrificed after 7 or 42
days for histological and morphological analyses, respectively. As shown in Figure 5D and E,
treatment with AAPKCSODN produced a moderate but significant attenuation in aneurysm
formation in C57B/6 mice as reflected by a reduction in aortic expansion as compared to the
AdLacZ-treated mice (final aortic diameter measurement 0.74+0.11mm or 54.7+28.3%, and
1.05+0.06mm or 126.5+15.7%, respectively). Accordingly, local inhibition of PKCS activity
diminished elastin degradation, apoptotic activity, and infiltration of monocytes/macrophages

in the arterial wall (Figure 5F).

Exogenous MCP-1 protein restores aneurysm to PKC& KO animals

Various studies have implicated an important role for both MCP-1/CCR2 signaling in

31-34

vascular diseases including atherosclerosis and AAA . Both in vivo and in vitro analyses
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within the current study indicate a reduction of MCP-1 expression caused by PKC6 gene
deficiency; this prompted us to test whether delivery of exogenous MCP-1 to the arterial wall of
PKCb6 KO mice could restore aneurysm formation. Immediately following CaCl, treatment,
recombinant MCP-1 protein suspended in pluronic gel was delivered to the infrarenal aortic
region of KO mice. As vehicle controls, parallel groups of KO and WT mice were treated with
pluronic gel + solvent. As shown in Figure 6A and B, solvent treated WT aortas developed
aneurysmal expansion comparable to those previously observed in these mice at 42 days after
CaCl, treatment (0.84+0.04mm, 73.7+8.2%). At this same time point, pluronic gel + solvent
treated PKCS KO aortas maintained their aneurysm-resistant phenotype despite the
administration of pluronic gel, a stark contrast to the KO aortas treated with recombinant MCP-
1 (Aortic diameter 0.62+0.06mm or 27.1+12.5%, and 0.91+0.04mm or 89.6+9.4%, respectively).
Administration of recombinant MCP-1 in KO aorta created elastin degradation similar to that
seen in solvent treated WT aorta, while solvent treated KO aortas remained largely unaffected.
Further histological analysis of these samples revealed a marked increase of macrophage
infiltration in the MCP-1 treated mice as compared to solvent-treated PKCS KO mice. Of note,
the level of aortic SMC apoptosis in PKCS KO mice was not significantly altered by the MCP-1

administration (Figure 6C).



DISCUSSION

Our data for the first time provide direct evidence that PKCS is an integral signaling
molecule in the pathogenesis of abdominal aortic aneurysm. We showed that inhibition of
PKCS, either through targeted gene deletion or overexpression of a dominant negative
mutant, protected mice from developing characteristic features of aneurysm including
inflammation, disruption of elastin fibers, and loss of vascular SMCs. Additionally, the
aneurysm-resistant phenotype was accompanied by diminished inflammatory infiltration,
cytokine production, and medial apoptosis. These results not only confirm the importance
of PKCJ in regulation of SMC apoptosis but also indicate a novel role for this kinase in the
proinflammatory signaling cascade, at least in the aneurysm setting.

Although PKCo is ubiquitously expressed in many tissues and cell types, results
reported here suggest the role of this signaling protein in aneurysm pathophysiology may be
primarily localized in vascular SMCs. Furthermore, our evidence suggests PKC& may act
largely through regulating expression of proinflammatory chemokines and cytokines, notably
MCP-1. This notion is supported by several in vivo and in vitro findings: (1) PKCd gene
deficiency reduced the production of MCP-1 and other cytokines by aortic SMCs, but did not
significantly alter the ability of monocytes to migrate; (2) an adenovirus-mediated delivery of
PKCS locally to the arterial wall was sufficient to rescue aneurysm development in PKC3 KO
mice; (3) aorta-specific inhibition of PKCS delivered a moderate but significant level of
protection in C57B/6 mice; and (4) ectopic administration of MCP-1 to the aortic wall of

PKCOo KO mice sufficiently rescued aneurysm development.
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It has been postulated that vascular SMCs are the “soil” of AAA development *°.
Being a major source of ECM proteins, SMCs would be critical in counter balancing the
upregulated proteolytic activities present in aneurysmal tissue. As such, the depletion of
medial SMCs eliminates a cell population capable of directing connective tissue repair and
may thus potentiate the degradation of the arterial wall and facilitate eventual rupture 3,
This study contains data supporting the idea that the dearth of connective tissue in AAA can
be reversed in the presence of healthy SMCs, thus possibly either preventing or even
reversing aneurysm growth. Specifically, we showed that arteries of CaCl,-treated KO mice
sustained a similar degree of initial damage to aortic elastin fibers as WT aorta, but by 42
days elastin integrity is restored in KO arteries.

Results from the current study further illustrate another important function of SMCs
in vascular disease, i.e. as providing proinflammatory signals. The potential link between
SMC apoptosis and the production of pro-inflammatory chemokines has been previously
indicated in atherosclerosis. Using a mouse atherosclerosis model, Clarke and colleagues
convincingly demonstrated that SMC apoptosis induces MCP-1 expression, inflammatory
infiltrate, and other features of plaque rupture *’. Recently, our own group demonstrated
that blocking apoptosis with a pan-caspase inhibitor protected mice from angiotensin II-
induced vascular inflammation and aneurysm expansion ¥ These data suggest that, while
apoptosis and inflammation are most commonly considered unrelated events, apoptosis in
an aneurysm setting may promote the inflammatory response. Such interaction between

apoptosis and inflammation has been explored in atherosclerosis. Clarke and colleagues

suggest that the pro-inflammatory property of apoptotic SMCs may be attributed to

134
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inhibited phagocytosis generated in the hyperlipidemic environment in atherosclerotic
arteries (31). Although abdominal aortic aneurysm is commonly associated with
atherosclerosis, these two diseases are believe to be caused by distinct pathological
processes. However, deficient phagocytosis is also being investigated as an underlying
pathophysiological event in other types of inflammatory disorders, including autoimmue
diseases (32), thus warranting the exploration of this process in the pathogenesis of AAA.
Another important finding described in this work is the apparent critical role of PKC6 in
MCP-1 function during formation and progression of aneurysm. In vitro and in vivo evidence
suggests that impaired production of MCP-1 expression by aortic SMCs was the primary
mechanism underlying the aneurysm-resistant phenotype of PKCS KO mice. Importantly, this
notion is further supported by the evidence that localized aortic administration of recombinant
MCP-1 to the aorta of PKCS KO mice restored vascular inflammation, elastin degradation, and
aneurysmal expansion. While several groups have explored the role of the CCR2/MCP-1

31,3890 this work provides what we believe to be the

signaling axis in the aneurysm progression
first evidence suggesting MCP-1 to be a critical downstream effector of PKCS signaling in the

pathogenesis of aneurysm.

Although our study has implicated a critical role for MCP-1 in AAA, it is important to
consider the large number of cytokines that likely play a role in AAA development and
progression. Our RT-PCR analysis identified additional cytokines that may be regulated by PKC&

and require further investigation.
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Interestingly, localized aortic delivery of exogenous MCP-1 failed to reverse the
apoptosis-resistant phenotype of PKCS KO mice. A similar number of TUNEL" cells were found
in MCP-1 and solvent-treated PKCO KO mice. In contrast, a similar rescue experiment delivering
exogenous PKCJ to the arterial wall restored all aneurysm-related cellular events, i.e.
inflammation, apoptosis, and elastin degradation, in CaCl, PKCS KO arteries. These results not
only underscore the critical role of PKCS in the apoptotic response of SMCs, but also provide
support for a novel relationship between PKCS, MCP-1, and AAA. In the absence of this
“master” mediator, apoptosis would be inhibited even when aortic SMCs are surrounded by
infiltrating inflammatory cells, their inflammatory byproducts, and degraded elastin fibers.
Based on rescue experiments presented here, as well as other data from the current and prior

19,20 '\ve propose a model in which PKC8-mediated MCP-1 functions as a molecular link

reports
through which apoptotic SMCs stimulate the inflammatory process. Importantly, our model
suggests that SMC apoptosis may contribute to aneurysm development primarily through the
induction of inflammatory cytokines. That is, in the presence of abundant pro-inflammatory
cytokines, such as the environment created by delivery of exogenous MCP-1 protein, the

inflammatory and proteolytic events can proceed in full force without the participation of

apoptosis.

Using a rat carotid balloon-injury model of intimal hyperplasia, our group recently
showed that PKCd mediated the expression of MCP-1, which was critical for the migration of
adventitial fibroblasts to the media and neo-intima **. In the CaCl,-treated aorta, we noted a
marked expansion of the adventitia associated with abundant infiltration of macrophages and

other inflammatory cells. While the presence of macrophages in the adventitia is a prominent
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feature of AAA 33%3% and the role of adventitial fibroblasts in aneurysm has been explored to

some extent by several groups ***°

, the precise relationship between adventitial fibroblasts,
SMCs, and inflammatory cells in the context of AAA remains a highly interesting subject for
future study. Evidence presented here shows the localization of IL-6 and macrophages
predominantly in the adventitia, whereas MCP-1 production and apoptosis appears to occur
primarily, though not exclusively, in the medial layer. It is also important to note that PKCS,
being a ubiquitously expressed protein, is also found in the adventitia. Whether PKC§ also
contributes to aneurysm pathogenesis through adventitia cells should be explored in future
studies given the prominent inflammatory response in the adventitia. However, several key
guestions remain to be addressed in models of AAA, for example, how adventitial fibroblasts
may respond to medial SMC depletion, matrix degradation, and inflammatory cell infiltration.
Being a major signaling molecule, PKCS can be activated by multiple extracellular and
intracellular signals including growth factors, inflammatory cytokines, mechanical stimuli, and
oxidative stress. Not all of these signals are able to induce apoptosis or the production of MCP-
1. It remains to be determined whether the pro-apoptotic and proinflammatory functions of
PKCS are exerted through the same or partially overlapping pathways. We have previously

shown that MAP kinase pathways are affected by PKCS gene deficiency *

. Although the
involvement of MAP kinases in the regulation of MCP-1 expression has been demonstrated */
the precise molecular interaction between PKCS and MAP kinases and how this interaction may
influence MCP-1 expression remains to be determined. Additionally, Liu and colleagues

recently demonstrated that PKCS mediates the stability of MCP-1 mRNA in vascular SMCs using

a chemical inhibitor of PKC& *®. Our group previously described the role of MAP kinases in
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regulation of mRNA stability in vascular SMCs, leading us to speculate that PKCS may control

MCP-1 mRNA turnover through a MAP kinase-mediated mechanism *.

Taken together, our data show that the stress response regulating apoptosis and
inflammatory signaling in the arterial wall may be largely dependent upon PKCS upregulation.
Accordingly, inhibition of PKCS attenuated vascular inflammation and preserved tissue
integrity, resulting in the prevention of aneurysm development in a CaCl,-induced model of
AAA. Further, PKC5 gene deficiency appears to protect mice from developing aneurysm in the
elastse model of AAA, as shown in Supplemental Figure 3. Unfortunately, the potential role of
PKCS in the Angiotensin Il model is yet to be explored, as our attempts to breed PKC6'/'ApoE'/'
double knockout mice were unsuccessful. However, we did show that levels of PKCS were
significantly elevated in aortas of ApoE'/' mice treated with Angll. Taken together, we believe
the elevated expression of this stress gene in human aneurysmal tissues, as well as the role we
have shown it to play in mouse models, suggest it to be an attractive candidate for therapeutic

target(s).
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Figure 1. PKC& expression correlates with apoptosis in an experimental aneurysm model.
Aortas of C57B/6 mice were treated with CaCl, or NaCl and harvested 3, 7 and 14 days (CaCl,
group) or 7 days (NaCl group) after surgery. (A) Cross sections stained for PKCS (green) or
apoptosis (TUNEL, red), and nuclei (DAPI, blue). Scale bar=200um. (B) Positive cell ratio
calculated as number of apoptotic (TUNEL+) or PKCS positive cells divided by respective
number of DAPI positive cells. *p<0.05 compared to NaCl control, n=6. (C) Representative
confocal images for co-localization analysis in cross sections harvested 7 days after CaCl,
treatment. Top panel: Co-stain TUNEL (red) and PKC6 (green). Bottom panel: Co-stain for SMCs
(MHC, red) and PKCS (green). Scale bar=50 um, Overlay with DAPI (blue). (D) Representative
Western blot analysis of PKCS expression in tissues harvested from two different aortas of
C57B/6 mice 7 days after NaCl or CaCl, treatment. (E) Quantification of PKC& expression from
Western blot, normalized to B-actin. PKC& expression shown as a total of both cleaved and full-

length portions. *p<0.05, n=4.

Figure 2. PKC& knockout mice are resistant to aneurysm induction. (A) Representative photos
of abdominal aortas of PKCS wildtype (WT) and knockout (KO) mice, taken 42 days after the
CaCl;, treatment. Scale bar=5 mm. (B) Aortic diameter measured prior to (Pre, white bars), and
42 days after (Post, black bars), CaCl, treatment. *p<0.05 compared to the CaCl, treated KO
arteries, n=6. (C) Representative photos of 42 day aortic sections stained for elastin (Van-
Gieson), scale bar=100 um. (D) Grading of elastin degradation in Van Gieson stained arteries
harvested 42 days after surgery. *p<0.05 WT compared to KO, n=4. (E) Representative

confocal images of arterial sections co-immunostained for TUNEL (red) and Myosin Heavy Chain
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(MHC, green) overlay with DAPI (blue); arteries harvested 7 days after surgery, scale bar =

50um.

Figure 3. PKCb gene deficiency attenuates the inflammatory response in experimental
aneurysm. (A) Macrophage infiltration as measured by immunofluorescent stain (IFC) for Mac3
(green), overlay with DAPI (blue) or by immunohistochemical stain (IHC) for CD68; scale bar =
200um. (B) Quantification of macrophage infiltration in aneurysm tissue as identified by CD68
stain, expressed as CD68 positive cells/nuclei. *p<0.05 compared to CaCl, treated KO arteries,
n=4. (C) IHC for inflammatory cytokine interleukin 6 (IL-6) and IFC for monocyte
chemoattractant protein-1 (MCP-1). Scale bar=200 um. (D) RT-PCR analysis of IL-6 and MCP-1
mRNA abundance in aorta of WT and KO animals 7 days after surgery. *p<0.05 compared to KO

arteries, n=4.

Figure 4. PKC& mediates production of MCP-1 by vascular SMCs. Cultured aortic SMCs isolated
from PKC& KO or WT mice were treated with TNFa (50ng/mL, for 6h) (A-C). (A) RT-PCR analysis
of selected cytokines. (B) Levels of secreted MCP-1 protein, measured by ELISA. (C) Levels of
MCP-1 protein secreted by WT cells infected with AdLacZ or AdPKC, followed by treatment with
TNFa. (D) Migration of RAW264.7 macrophages in response to conditioned media harvested
from TNFa treated WT or KO SMCs in the presence of an anti-MCP-1 antibody (a-MCP-1) or

hamster 1gG (1gG) as control. *p<0.05, n=3.
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Figure 5. Acute manipulation of PKCé by adenovirus alters aneurysm phenotype in mice.
Adenoviruses encoding PKC& (AdPKCS) (A-C) or a dominant negative PKCS mutant (AdPKC&-DN)
(D-F) were delivered to aortas of PKC6KO mice or C57B/6 mice, respectively, immediately
following CaCl, treatment. AdLacZ was used as a control. (A&D) Representative photos of
aortas taken 42 days after surgery. Scale bar=5mm. (B&E) Aortic diameter measured prior to
(Pre, white bars), and 42 days after (Post, black bars), CaCl, treatment. *p<0.05, n=4 and n=5 in
B and E, respectively. (C&F) Aortic sections stained for Van Gieson (elastin) at 42 days, TUNEL
(red, 7 days), or monocytes and macrophages (MOMA, green, 7 days). Nuclei were stained by

DAPI (blue). ‘L’ delineates arterial lumen. Scale bar=200um.

Figure 6. Delivery of exogenous MCP-1 to PKC6 KO mice restores aneurysm formation. (A)
Representative photos of abdominal aortas of WT or KO mice that received solvent or MCP-1
(80uM), taken 42 days after the CaCl, procedure; scale bar=5mm. (B) Aortic diameter measured
prior to (Pre, white bars), and 42 days after (Post, black bars), CaCl, treatment. *p<0.05, n=4.
(C) Aortic sections stained for Van Gieson (42 days), TUNEL (red, 7 days), or monocytes and
macrophages (MOMA, green, 7 days). Nuclei were stained by DAPI (blue). ‘L’ delineates arterial

lumen. Scale bar=200 pm.
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Supplementary Table I. Complete Blood Count (CBC) results of PKC6 WT and KO mice. Red

blood cells (RBC) and white blood cells (WBC) are shown; n=4.

Supplementary Figure I. Perivascular application of CaCl, induces progressive dilatation of
abdominal aorta. (A) Representative photos of abdominal aortas of C57B/6 mice treated with
0.5M CaCl; or equal concentration of NaCl, taken 42 days after surgery. (B) Van Gieson stain to
identify elastin continuity in aneurysmal (CaCl,) and control (NaCl) aortas. Scale Bar=50um. (C)
Aortic expansion over the time course of 42 days measured by fold change of maximum
diameters as calculated by dividing aortic diameter at time of sacrifice by aortic diameter prior

to treatment.

Supplementary Figure Il. PKC expression correlates with apoptosis in an experimental
aneurysm model. (A) Infusion of Angll in ApoE'/' animals leads to induction of both PKC6

(green) and TUNEL (red) in the aortic wall, overlay with DAPI (blue).

Supplemental Figure lll. PKC& expression moderates aneurysmal expansion in an Elastase
perfusion model of murine AAA. Aortic diameter measured prior to (Pre, white bars), and 14

days after (Post, black bars), Elastase perfusion treatment.

Supplemental Figure IV. CaCl, treatment causes similar early elastin damage in both PKC6
WT and KO aortas. Representative Van Gieson stains of arterial sections harvested 7 days after

surgery.

Supplemental Figure V. The lack of PKCé causes an apoptosis-resistant phenotype in vivo and

in vitro. (A) Representative photos of immunohistochemistry for cleaved caspase-3 at 7 days,
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scale bar=100um. (B) Cleaved caspase 3 index. *p<0.05, n=6. (C) PKC3 KO SMCs were resistant
to apoptosis induced by TNFa (50ng/mL, for 6h). (D) Adenovirus-mediated expression of
exogenous PKCS in PKCS KO SMCs rescued the apoptotic phenotype. *p<0.05 compared to

AdlLacZ, n=3.

Supplemental Figure VI. PKC8 gene deficiency has a broad inhibitory effect on inflammatory
infiltration. (A) IHC for neutrophils (Ly6G), T lymphocytes (CD3), and leukocytes (CD45) at 7
days; Scale Bar=200pm. Quantification of immunohistochemistry stains expressed as ratio of

positive cells divided by nuclei. *p<0.05, n=6.

Supplementary Figure VII. PKC6 mediates expression of cytokines and chemokines in aortas.
Total RNA was isolated from aortas of PKCO WT or KO mice 7 days after surgery. mRNA levels

of selected cytokines and chemokines were determined by RT-PCR., *p<0.05, n=4.

Supplementary Figure VIII. PKCS gene deficiency does not significantly affect the number or
function of monocytes. (A) Bone marrow cells isolated from PKCS WT or KO mice were stained
with CD11b (monocytes), B220 APC-CY7 (B lymphocytes), and CD3 (T lymphocytes) for analysis
by flow cytometry. (B) Purified monocyte population derived from whole bone marrow using
CD11b" magnetic bead sorting technique compared to whole bone marrow and CD11b-
depleted bone marrow. (C) CD11b" monocytes were isolated from bone marrow of PKCS WT
and KO mice. Migration of monocytes toward recombinant MCP-1 was analyzed by the trans-

well assay, n=4.
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Supplementary Figure IX. Perivascular application of adenovirus leads to aorta-specific gene
transfer. (A&B) AdGFP or AdLacZ were administered perivascularly following CaCl, treatment.
Green fluorescence was evaluated by fluorescent microscopy for GFP expression in the aortic
wall, Scale bar=500um, (A) or by flow cytometry for GFP expression in peripheral blood, GFP**
and GFP”" mice were used as positive and negative controls, respectively (B). (C&D) PKC6 KO
mice were treated with Ad PKC6 or AdLacZ following the CaCl, procedure. Aortic sections were

co-stained with antibodies specific to PKCS (green) and smooth muscle cell-specific a-actin

(SMA, red), overlay with DAPI (blue). Scale bar=200um.

Supplemental Figure X. Elastin degradation scaling. Representative images depicting the
grading scale used to evaluate elastin degradation in mouse aneurysmal tissue. Detailed

description in Supplemental Methods.

Supplemental Figure XI. Representative control images for immunoflourescent staining. (A)
Primary antibody alone for PKC6 and TUNEL (diluent only, no enzyme), overlay with DAPI. Scale
bar = 200um. (B) Secondary antibody only for green fluorescent anti-mouse (Anti-Mouse 488)

and red fluorescent anti-rabbit (Anti-Rabbit 546), overlay with DAPI. Scale bar = 200um.



Supplemental Figure |

156

O

Maximum Diameter

1.8

(Fold Change)
= -
H (=)}

=
N
-

0o 3 7 14 &
Day After Surgery



Supplemental Figure Il
A. PKC5

Saline

Angll
3 days

Angll
28 days

157



Supplemental Figure Il

Aortic Diameter {mm)

2

=
«n

[y

ot
»n

*

WT (n=5)

KO (n=3)

158



159

Supplemental Figure IV
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Supplemental Figure VI
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Supplemental Figure VIII
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Supplemental Figure IX
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Supplemental Figure XI
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Supplemental Table |

WT KO
RBC (x1076/pl) 7.78 +0.56 8.49 +0.34

WBC (x1073/pl) 7.01 +£2.75 6.98 +3.21




SUPPLEMENT MATERIAL

Supplemental Methods

Mouse Models of AAA

The generation of PKCS target deletion in mice was described elsewhere'. PKC$
knockout mice and their wildtype littermates were generated by mating heterozygous
pairs. C57BL/6 mice and apoE” mice were purchased from Harlan Laboratories
(Madison, WI) and Jackson Laboratory (Bar Harbor, ME), respectively.

Male mice, 12 weeks of age, underwent a CaCl,- or elastase- induced abdominal
aortic aneurysm model as described previously””. Briefly, animals were anesthetized
using continuous flow of 1-2% Isofluorane. For the CaCl,, the infrarenal region of the
aorta was isolated and treated with 0.5M CaCl, perivascularly via gauze for 20 minutes.
Control mice were similarly treated with 0.5M of sodium chloride (NaCl). For the
elastase model, the infrarenal region of the aorta was isolated temporary silk ligatures
were placed around proximal and distal portions of the aorta. An aortotomy was created
near the bifurcation using a 30-gauge needle and heat-tapered polyethylene tubing
(Baxter Healthcare Corp., Illinois, USA) was introduced through the aortotomy and
secured with a silk tie. The aorta was filled with saline containing 0.295 U/mL Type I
porcine pancreatic elastase (Sigma, St. Louis, MO) at a constant pressure of 100mm Hg.
For control, the elastase solution was heat-inactivated (100°C) before use.

In CaCl, and Elastase model surgical procedures, Buprenorphine was
administered subcutaneously at a dose of 0.05mg/kg immediately after surgery.
Subsequently, a 2.5% Xylocaine topical ointment was applied to the suture site.

Additional doses of Buprenorphine were given via intraperitoneal injection every 8-12
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hours after surgery for the first 48 hours. The maximum external diameter of the
infrarenal aorta was measured using a digital caliper (VWR Scientific, Radnor, PA) prior
to treatment and at the time of tissue harvest.

For the Angiotensin II model, male, 24-week-old, apoE-deficient mice with a
C57BL/6 background were implanted with a Alzet osmotic minipump (model 2004;
Alzet, CA) delivering Angiotensin II (1000ng/kg/min) or saline subcutaneously for up to
4 weeks. The external aortic diameter was measured at the region showing maximum
dilatation with a digital caliper (VWR, PA).

At selective time points, mice were killed by an overdose of isoflourane and
tissues were perfusion-fixed with 4% formaldehyde in phospho-buffered saline (PBS).
Tissues meant for immunohistochemical analyses were imbedded in O.C.T. Compound
(Sakura Tissue Tek, Netherlands), and tissues meant for morphological analyses were
processed for paraffin embedding. All frozen sections were cut to 6pm thick using a
Leica CM3050S cryostat and paraffin sections were cut to 8um thick using a Reichert-
Jung 2050 SuperCut Microtome. All experiments were conducted in accordance with
experimental protocols that were approved by the Institutional Animal Care and Use

Committee at the University of Wisconsin-Madison (Protocol M02284).
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C57B6 |PKCdWT |[PKCdKO |PKCdHZ |GFP-/- |GFP+/+ |ApoE-/-
PKCd and TUNEL timecourse
and co-localization 12
Fresh tissue western blot 8
PKCd WT vs. KO Aneurysm 18 11
Fresh tissue RNA extraction 6 6
Adenovirus PKCd rescue in KO
animals 14
PKCd Dominant Negative 14
Pluronic Gel MCP-1 Delivery 7 14
Establish CaCl2 Model 18
Elastase Model in WT/KO 8 4
Angiotensin Upregulates
PKCd in ApoE-/- mice
CBC table 3 3
Bone Marrow Harvest and
Monocyte Count 4 4
Adenoviral-mediated Gene
Delivery Test 4 4
Breeding Pairs 40
TOTALS 56 46 60 80

Immunohistochemistry

Van Geison stains were carried out using Chromaview Van Gieson kit (Richard
Allan Scientific, Kalamazoo, MI) according to provided protocol. Elastin integrity was
evaluated using a semi-quantitative methodology described previously: (1, no elastin
degradation or mild elastin degradation; 2, moderate; 3, moderate to severe; and 4, severe
elastin degradation)™’. Representative images for each grading score are provided in
Supplemental Figure 10. Each section was numbered and photographed at 10x and 20x
magnification, maintaining their respective numbers.

graded the photographs according to the aforementioned scale and recorded the grade

with the section number.

Then, an objective participant

170



Arterial sections were permeabilized with 0.1% TritonX for 10 minutes at room
temperature. Non-specific sites were blocked using 5% bovine serum albumin (BSA),
3% normal donkey serum in Tris-buffered Saline and Tween 20 (TBS-T) for 1 hour at
room temperature. Primary antibodies to CD3, MCP-1, and CD68 were purchased from
Santa Cruz (Santa Cruz, CA), IFN-y, IL-6, MOMA2, CDA45, and anti-smooth muscle
specific Myosin heavy chain 11 (MHC) antibodies from Abcam (Cambridge, MA), and
Cleaved Caspase 3 from Cell Signaling (Danvers, MA). All antibodies were diluted in
previously described blocking solution and incubated overnight at 4°C. Fluorescent
stains were completed using secondary antibodies purchased from Invitrogen Molecular
Probes (Carlsbad, CA) and 4’6-diamidino-2-phenyl-indole, dihydrochloride (DAPI,
Invitrogen, CA) was used to detect nuclei. Control images, included in Supplemental
Figure 11A and B, show primary and secondary only antibody stains, respectively.
Conventional stains were developed using secondary antibodies purchased from Bio Rad
(Hercules, CA) with hematoxylin counter-stain. TUNEL staining kit was purchased from
Roche (Madison, WI) and carried out according to the provided protocol. Staining was
visualized with a Nikon Eclipse E800 upright microscope or Nikon A1RSi Confocal
system, and digital images were acquired using a RetigaEXi CCD digital camera.

Microscope exposure settings were held constant for all images taken amongst
experimental group sets. For example, the representative images shown in Figure 5C
were all taken with ISO Sensitivity ISO400, with exposure time for MOMA (FITC-
HYQ) at 1/7s, TUNEL (G-1A) at 1/3s, and DAPI (UV) at 1/180s. Similarly,
representative values for confocal images shown in Figure 1C were Gain 5.95B and

Offset 127 for green (PKCo) and Gain 6.65B and Offset 127 for red (TUNEL).
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Quantification of stains was performed in a manner to that previously described ® using
Image J Software as provided by the National Institutes of Health. Data quantification

was performed using at least 3 sections per artery.

Fresh Tissue Western Blot

Aorta was harvested from NaCl or CaCl,-treated WT and KO mice and the tissue was
flash-frozen in liquid nitrogen to be processed at a later time. Aortic tissue was ground to
a fine powder in a small amount of liquid nitrogen, and protein was extracted from the
powder using radioimmunoprecipitation assay (RIPA) buffer consisting of 50mM
TRIZMA HCI, 150mM NaCl, 1% Nonidet-P40, 0.5% sodium dioxycholate, 0.1% SDS
(all reagents from Sigma-Aldrich, St. Louis, MO). Equal amounts of protein extracts
were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to PVDF membranes. The membranes were incubated with
rabbit polyclonal antibodies to Protein Kinase Cd, C-17 fragment from Santa Cruz (Santa
Cruz, CA) and mouse monoclonal antibodies to -actin (Sigma, MO) followed by
horseradish peroxidase labeled goat anti-rabbit or anti-mouse IgG (Bio-Rad, Hercules,
CA). Labeled proteins were visualized with an enhanced chemiluminescence system

(Perkin-Elmer, Boston, MA).

Cell Culture
The murine macrophage cell line RAW264.7 cells were obtained from American Type
Culture Collection (ATCC, Manassas, VA). Primary mouse aortic SMCs from the

thoracic aorta of both PKC6 KO and WT mice were isolated based on a protocol



described by Clowes et al °. Briefly, aortas were perfused with phospho-buffered saline
supplemented with 2% penicillin/streptavidin antibiotics. The aorta was isolated from the
aortic arch to the iliac bifurcation and incubated 30 minutes in digestion buffer (DMEM,
Bovine serum albumin, Collagenase, Soybean trypsin inhibitor, and Elastase Type III) at
37°C. Adventitia was pulled away from the medial layer, tissues were minced, and
further digested for 4 hours at 37°C. Tissue was spun to a pellet by centrifugation and
washed with 10%FBS DMEM once, before suspension in a small volume of 10%FBS-
DMEM and left undisturbed for 48 hours to allow cells to migrate from tissue. All cell
types were maintained in DMEM supplemented with 10% fetal calf serum (FCS), 100
units/mL penicillin, and 100pug/mL streptomycin in a 5% CO,/water-saturated incubator

at 37°C.

MCP-1 ELISA
The BD OptEIA ELISA kit was obtained from BD Biosciences (San Jose, CA), and

carried out according to the manufacturer’s protocol.

Real-Time PCR Analysis

Total RNA was isolated from cultured cells using Trizol reagent (Invitrogen, CA)
according to manufacturer’s protocol. For fresh tissue, aortic tissue was ground to a fine
powder in a small amount of liquid nitrogen, and RNA was isolated from the powder
using the RNeasy Plus Mini Kit (Qiagen, CA).

cDNA was synthesized using High Capacity cDNA Reverse Transcription Kit (Applied

Biosystems, CA) on a Veriti 96-well Thermal Cycler (Applied Biosystems, CA). Primers
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were purchased from Invitrogen and amplification was detected using SYBR Green PCR
Master Mix (Applied Biosystems, CA). Real-time PCR was carried out using a 7500
Fast Real-time PCR System Machine (Applied Biosystems, CA). RQ value, where RQ=
(Etarget ACPtargel(°Onm’I'S"m‘ple))/ (Ereference ACPref(COnm’l'sm’le)), the reference gene was GAPDH,
and CP is defined as a ‘crossing point’, was used to compare expression of target

cytokines.

Adenovirus Infection
The adenoviral vector that expresses wildtype PKCO was created as described previously

A recombinant adenoviral vector containing the dominant negative PKC$

(AdPKCSDN) ' was obtained from Dr. T. Biden (Garvan Institute, Australia). In vitro
adenovirus infection was carried out as described previously '2. For perivascular
adenovirus delivery, a small piece of latex was inserted underneath the aorta to create a
‘cup’ cradling the infrarenal aorta. After removal of the CaCl, —containing gauze from
the artery, adenovirus suspended in saline (2.5x10’ particle forming units (PFU)/mL) was
added to the latex cup to bathe the artery for 20 minutes. Precautions were taken to avoid

direct contact of viral solution with surrounding tissues.

Migration Assay

In vitro migration assay was carried out as previously described >. RAW 264.7
macrophages, or CD11b" cells isolated from bone marrow harvested from PKCS KO or
WT mice, were placed in a Sum pore transwell insert (Corning Inc, Wilkes Barre, PA) to

a density of 500,000cells/mL. Media conditioned by TNFa (R&D Systems, Minneapolis,
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MN) stimulated aortic SMCs, or recombinant MCP-1 protein (R&D Systems,
Minneapolis, MN) were used as chemoattractants. Following 6 hour incubation at 37°C,
inserts were removed and washed with PBS, fixed with ice cold 70% Ethanol and stained
with hematoxylin for nuclei visualization. The mean value of migrated cells counted in

eight high-power fields per membrane was used as a measurement of migration.

Bone Marrow Isolation and Sorting

Bone marrow cells from both PKCd KO and WT animals were isolated from long bones,
washed with PBS, and counted. Monocytes were isolated from bone marrow by
magnetic sorting using anti-CD11b microbeads (Miltenyi Biotec, Auburn CA). Purity of
the resulting CD11b+ cells was assessed by flow cytometry using antibodies to CD3
(FITC), CD11b (APC), and CD45/B220 (APC-Cy7) (BD Pharmigen, San Diego, CA).
Flow cytometric data was collected on a BD FACS Calibur Flow Cytometer equipped
with a Cytek 633nm laser (Freemont, CA) and analysis was performed using Flow Jo

software (TreeStar, Inc.).

Migration Assay

Chemotaxis assay was performed as described previously (cite). 2x10"5 macrophages
(RAW264.7) were placed in the upper chamber of Costar 24-well transwell plates with
Sum pore filters (Corning, Inc., Corning, NY). Cultured conditioned medium or control
media was placed into the lower chambers or wells. Anti-MCP-1 antibody (Biolegend,

CA) was used for neutralization of MCP-1. After incubating plates for 6h at 37C,
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migrated cells were collected from the lower chambers and on the bottom of the filters

were counted.

Statistical analysis

Values were expressed as mean + standard error. Experiments were repeated at least
three times unless stated otherwise. Differences between 2 groups were analyzed by
Student’s t test. For time course comparison, one-way ANOVA analysis was followed
by Bonferroni correction to adjust for multiple comparisons. Values of p<0.05 were

considered significant.
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Transition IV

Evidence gathered in Chapters 1-4 suggests a critical role for apoptosis in abdominal
aortic aneurysm development. First, we showed early administration of a pan-caspase inhibitor
could prevent aneurysm growth in three different murine models. The same caspase inhibitor
was unable to block expansion of established aneurysm. However, evidence suggested that
the inflammatory response appeared to be linked to cellular apoptosis and directly related to
aneurysm formation. Interestingly, in Chapter 4, we showed that administration of
recombinant monocyte chemoattractant protein-1 (MCP-1) to the aortic wall of protein kinase
c-delta (PKC&) knockout mice could restore inflammation as well as aneurysm formation
without altering apoptosis in the tissue. Further, Clarke et al. demonstrated that SMC-specific
induction of apoptosis was not sufficient to induce aneurysm®. This information indicates that
inflammation, or a component of the inflammatory response, is likely the necessary event

underlying aneurysm formation.

For many years, a critical role for macrophages has been described in the aneurysmal
inflammatory environment. Macrophages are recruited to aneurysmal tissue where they are
thought to secrete matrix- and elastin-degrading enzymes and inflammatory cytokines.
Recently, macrophages have been described to fall in to at least two different subtypes as
delineated by their phenotypes and functionality. Further, the different macrophage
phenotypes have been shown to play distinct roles in various diseases such as atherosclerosis.

In the next chapter, we explore the possibility that the inflammatory response driving aneurysm



179

may be dominated by inflammatory macrophages and/or lacking in anti-inflammatory

macrophages.

1. Clarke MCH, Talib S, Figg NL, Bennett MR. Vascular smooth muscle cell apoptosis
induces interleukin-1-directed inflammation. Effects of hyperlipidemia-mediated
inhibition of phagocytosis. Circ Res. 2009:CIRCRESAHA.109.208389
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Chapter 5: Macrophage Phenotypes in a Murine Model of AAA
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ABSTRACT

OBJECTIVE

Histologic examination of human abdominal aortic aneurysm (AAA) tissue shows the presence
of significant apoptosis, inflammation, and elastin degradation. The conventional view
describes the contribution of inflammatory cells, particularly macrophages, to be the
production of destructive enzymes such as matrix metalloproteinases and the secretion of
proinflammatory cytokines. In the past decade, multiple studies have described several unique
macrophage phenotypes. In this work, we aim to evaluate the role of two well-established
macrophage phenotypes: inflammatory (M1) macrophages which produce proteases and
proinflammatory cytokines, and alternatively activated (M2) macrophages which produce anti-
inflammatory cytokines and extracellular matrix (ECM) components. Secondly, we will
investigate whether the peroxisome proliferation activation receptor- gamma (PPARy) agonist
Rosiglitazone (RGZ) is capable of altering the M2 and/or M1 population profiles in experimental

AAA.

METHODS

The elastase model of murine AAA was created using luminal perfusion of porcine elastase, or
heat-inactivated elastase as control, in all experiments. Immunohistochemical, flow cyometric,
and RT-PCR analysis were performed to identify macrophage phenotypes at 3, 7, and 14 days
after surgery. RGZ (10mg/kg/day) was administered orally in order to manipulate macrophage
phenotype. Macrophage phenotype content was evaluated using flow cytometry and

immunohistochemistry. For in vitro experiments, a mouse bone marrow derived
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monocyte/macrophage culture was created by harvesting bone marrow from long bones and
culturing the mixture with 10% DMEM supplemented with L292-cell conditioned media. M1
type macrophages were driven from culture using LPS (100ng/mL), while M2 macrophages

were driven using IL-4 (10ng/mL).

RESULTS

Elastase-perfused arteries were shown to contain a significantly higher number of total
macrophages 7 and 14 days after surgery (803.94331.5 vs. 449.5+177.9 at 7 days and
486.8460.5 vs. 295.9+143.4 at 14 days, counts out of 10,000 events in IE vs. E-treated arteries,
respectively; p<0.05). Further, the M2 macrophage population is significantly higher in IE-
treated aortas as compared to E-treated tissues at 3 and 7 days after surgery (34.5+13.2% vs.
23.78+8% at 3 days and 26.59+2.92% vs. 15.8+6.77% at 7 days in |E vs. E treated tissues).
Immunohistochemical analysis further confirmed presence of M1 and M2 macrophages in both
IE and E treated tissues. RT-PCR analysis revealed elastase-treated arteries to contain

significantly higher levels of both M1 and M2 markers at day 14.

Administration of RGZ to mice 5 days after treatment with either IE or E significantly reduced
the size of elastase-induced aneurysm as compared to mice receiving DMSO injections

(82.8£13.2% vs. 145.7+18.87%, respectively). Further, RGZ treatment was shown to increase
the M2 macrophage population and significantly reduce the M1 macrophage population in E-

treated tissues.

CONCLUSION
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In the setting of aneurysm, an increased presence of M2 macrophages is associated
with reduced aortic dilation. Aneurysmal tissues, on the other hand, contain a smaller
percentage of M2 macrophages and an increased number of total macrophages. Free-standing
apoptotic cells are more prevalent in aneurysmal tissue, suggesting that the M2:M1 balance

may be associated with clearance of apoptotic debris.
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INTRODUCTION

Abdominal Aortic Aneurysm (AAA) is a lethal vascular disease characterized by a
weakening of the aortic wall and the subsequent expansion of aortic diameter. AAA is an age-
related disease characterized by tissue-destructive features such as macrophage infiltration,
smooth muscle cell (SMC) depletion, and elastin fragmentation'™. The mechanisms that
potentiate these features are poorly understood, a fact that has made therapeutic strategies

elusive and leaving surgical intervention as the only treatment option.

The role of macrophages in aneurysm has long been understood to center main on the
ability of these cells to produce elastin-degrading enzymes and pro-inflammatory cytokines®.
These processes result in additional inflammation, augmenting the inflammatory processes
occurring within the arterial wall. Multiple studies have evidenced the existence of a variety of
macrophage subtypes (or phenotypes) existing within the larger macrophage population® *°.
The differentiation of these phenotypes results from the interaction of a macrophage with a
tissue microenvironment. These phenotypes display unique characteristics and appear to
possess differential functions within various diseases, including atherosclerosis™" 2 while
various macrophage phenotypes have been suggested to exist, two phenotypes have been
most thoroughly studied: classically activated (M1) and alternatively activated (M2)
macrophages. The M1 macrophage is driven by inflammatory factors and is associated with
tissue destruction. M2 macrophages, associated with IL-4 and IL-13 cytokines, promote
angiogenesis and matrix remodeling and suppress tissue-destructive functions of immune

responses™™ ',
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An additional distinguishing factor between M1 and M2 macrophages is their varied
response to apoptotic cells. M2 polarization essentially forms a positive feedback loop in the
setting of inflammation resolution, in which apoptotic cell uptake can ‘switch on’ M2
polarization signals, and macrophages of the M2 phenotype in turn promote apoptotic cell
uptake. M1 macrophages, on the other hand, demonstrate reduced uptake of apoptotic cells®.
Clarke et al. demonstrated that apoptotic cells that are not engulfed undergo a highly
inflammatory process called ‘secondary necrosis’ which further drives inflammatory cell
infiltration™®. Thus, it follows that tissues with high levels of apoptosis and an insufficient M2

phenotype population would maintain an inflamed state with tissue degradation potential.

Promotion of M2 differentiation involves activation of nuclear receptors peroxisome

17,18 Agonists of these

proliferator activated receptor-gamma and —delta (PPARy and PPARS)
two receptors make up a class of drugs called thiazolidinediones (TZDs), including Thioglitazone
and Rosiglitazone. Rosiglitazone has been used in various studies to drive M2 polarization, and
has been shown to reduce development and rupture of aneurysm in the Angiotensin Il-induced

19,20 Rosiglitazone (RGZ) was shown to reduce c-Jun N-terminal

model of murine aneurysm
kinase (JNK) phosphorylation and reduce toll-like receptor 4 (TLR4) expression. Further, RGZ
was shown to reduce proinflammatory cytokines monocyte chemoattractant protein 1 (MCP1)

and Macrophage inflammatory protein 1 a (MIP1a). However, mediation of macrophage

phenotypes by RGZ has not been explored in aneurysm.

While a plethora of studies have shown M1 and M2 populations to play important roles

in various diseases, very little work has been done to explore the role of these phenotypes in
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human or experimental AAA. Understanding the role of these phenotypes in AAA could be an
important component in understanding the mechanisms of the disease and may identify
potential therapeutic targets. To explore whether M1 or M2 macrophages contribute to AAA
progression, the current study utilizes the elastase-induced mouse model of AAA. We first
tested the presence of macrophage phenotypes in aneurysmal tissues and evaluated their
functions. Finally, we tested the efficacy of the PPARy-agonist RGZ to drive M2 polarization and

ameliorate AAA formation.
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METHODS

Mouse Models of AAA

C57BL/6 mice were purchased from Jackson Laboratory (Bar Harbor, ME). All mice had free
access to a normal diet and water. Male mice, 12 weeks of age, underwent elastase-induced
experimental aneurysm was created as described previously21. Briefly, the aorta is isolated
from the renal vein to the iliac bifurcation and occluded with silk suture proximally and distally
of the isolation points. Then, an aortotomy is made with a 30-gauge needle and a catheter is
used to perfuse the artery with 0.4144U/mL elastase or equal concentration heat inactivated
elastase at constant pressure for 5 minutes. Once the catheter is removed, the aortotomy is
closed with 11-0 suture. All animals were treated with elastase from the same lot, and heat-
inactivated (5 minutes at 1002C) elastase served as control. The maximum external diameter of
the infrarenal aorta was measured using a digital caliper (VWR Scientific, Radnor, PA) prior to
treatment (initial measurement) and at the time of tissue harvest (final measurement). Aortic
expansion (% Aortic Dilation) was determined by first calculating the expansion (final
measurement — initial measurement), and dividing that difference by the initial measurement:
((Final measurement — initial measurement)/Final measurement)*100. Aneurysm was defined
as a 100% increase in aortic diameter.

For in vivo studies, Rosiglitazone (10mg/kg/day; Cayman Chemical, Ann Arbor, Ml) was diluted

in 1:3 DMSO:H,0 solution as described by manufacturer, and kept on ice. The drug was

administered by oral gavage every 24 hours beginning 5 days after surgery and continuing until

time of sacrifice at 14 days.
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Flow Cytometry

For fresh tissue flow cytometry, arteries were harvested and processed for flow cytometry as
previously described®®. Briefly, arteries were incubated for 1hour at 372 in a digestion buffer
containing 125U/mL Collagenase Type Xl, 60U/mL Hyaluronidase Type I-S, 60U/mL DNAsel,
450U/mL Collagenase Type |. Arteries were then mashed through 70um mesh screen and
washed twice with phospho-buffered saline (PBS). For in vitro flow cytometry, cells were lifted
using Accutase (Invitrogen, Grand Island, NY) and washed twice with PBS. All single-cell
suspensions were blocked with TruStain fcX anti-mouse CD16/CD32 (BioLegend, San Diego, CA)
for 5 minutes on ice before surface marker labeling. FITC conjugated CD86, CD206, LY6C and
CD3; PE conjugated F4/80 and CD115; 7aad; PE-Cy5 B220; APC-CD11b and Ly6G; APC-Cy7CDA45.
klsotype controls include FITC conjugated Rat IgG2a and IgM; PE Rat IgG2a; APC Rat IgG2b and
IlgG2a, and APC/Cy7 Rat IgG2b (Biolegend, San Diego, CA). Flow cytometric data was collected
on a BD FACS Calibur Flow Cytometer equipped with a Cytek 633 laser (Freemont, CA) and

analysis was performed using Flow Jo software (TreeStar, Inc.).

Engulfment Assays

RAW 264.7 cells were treated with either PBS (1:1000), LPS (100ng/mL), or IL-4 (10ng/mL) for
24 hours. 22 hours after RAW cells were treated, SMCs were placed under UV or normal white
light for 5 minutes and then placed at 379c for recovery. 2 hours later, RAW264.7 cells were
labeled with Vybrant DiD cell-labeling solution (13uL for 20 miuntes), and SMCs were labeled

with Vybrant DiO cell-labeling solution (7uL for 13 minutes) (Invitrogen, Carlsbad, CA). Cell
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suspensions were then washed and combined at a SMC:RAW ratio of 1:2. 6 hours after cells
were combined, the suspensions were spun down and labeled with PE-conjugated CD68
(BioLegend, San Diego, CA) at room temperature for 20 minutes. Cells were washed and

measured by flow cytometry.

Cell culture or arteries were prepared to single-cell suspension as described above. Single cell
suspension was incubated with FluoSpheres Carboxylate-modified microspheres (Invitrogen,
Grand Island, NY; 1uL/500,000 cells) for 20minutes at 372C. Mixtures were then washed twice
with cold PBS and incubated with TruStain fcX anti-mouse CD16/CD32 for 5 minutes on ice

before surface marker labeling.

Immunohistochemistry

Tissues were fixed in 4% formaldehyde in phospho-buffered saline (PBS), embedded and cut to
6um sections for OCT and paraffin-imbedded arteries. Van Geison stains were carried out using
Chromaview Van Gieson kit (Richard Allan Scientific, Kalamazoo, Ml). Primary antibody for Ym1
was purchased from StemcCell Technologies (Vancouver, BC, Canada), CD206 was purchased
from BioLegend (San Diego, CA), iNOS was purchased from Abcam (Cambridge), and CD68 was
purchased from AbD Serotec (Raleigh, NC). Primary antibodies were diluted in previously
described blocking solution and incubated overnight at 42C. Apoptosis was identified through
Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) in an In Situ Cell Death
Detection Kit (Roche, Indianapolis, IN), carried out according to kit directions. Fluorescent
stains were completed using secondary antibodies purchased from Invitrogen Molecular Probes

(Carlsbad, CA) and 4’6-diamidino-2-phenyl-indole, dihydrochloride (DAPI, Invitrogen, Carlsbad,
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CA) was used to detect nuclei. Staining was visualized with a Nikon Eclipse Ti inverted
microscope system and digital images were acquired using a Nikon DS-Ri1 digital camera.
Quantification of stains was performed in a manner to that previously described®® using Image J

Software. Data quantification was performed using at least 3 sections per artery.
Cell Culture

The murine macrophage cell line RAW264.7 cells were obtained from American Type Culture
Collection (ATCC, Manassas, VA). Primary monocyte cells were harvested and cultured as
previously described®®. Briefly, bone marrow was isolated from long bones and washed with
PBS. Bone marrow was suspended in 10% DMEM supplemented with 10% L-cell conditioned
media (LCCM). LCCM media was collected from L929 cells cultured in T-75 cm?filter cap flasks
in DMEM for 7 days and filtered through 0.2u. Media was changed after 3 days, and culture
was ready for use at day 7 after harvest. Primary mouse aortic SMCs from the thoracic aorta of
both PKCS KO and WT mice were isolated based on a protocol described by Clowes et al .
Briefly, aortas were perfused with phospho-buffered saline supplemented with 2%
penicillin/streptavidin antibiotics. The aorta was isolated from the aortic arch to the iliac
bifurcation and incubated 30 minutes in digestion buffer (DMEM, Bovine serum albumin,
Collagenase, Soybean trypsin inhibitor, and Elastase Type Ill) at 37°C. Adventitia was pulled
away from the medial layer, tissues were minced, and further digested for 4 hours at 37°C.
Tissue was spun to a pellet by centrifugation and washed with 10%FBS DMEM once, before
suspension in a small volume of 10%FBS-DMEM and left undisturbed for 48 hours to allow cells

to migrate from tissue. All cell types were maintained in DMEM supplemented with 10% fetal



191

calf serum (FCS), 100 units/mL penicillin, and 100ug/mL streptomycin in a 5% CO,/water-

saturated incubator at 37°C.

For macrophage polarization, cells were treated with LPS (100ng/mL; R&D Systems,
Minneapolis, MN), IL-4 (10ng/mL; R&D Systems, Minneapolis, MN), or PBS control. 24 hours
after administration, cell culture was collected for analysis. For in vitro studies, Rosiglitazone
(10mg/kg/day; Cayman Chemical, Ann Arbor, MI) was diluted in 1:3 DMSO:H20 solution as
described by manufacturer, and kept on ice. Rosiglitazone was then administered 30 minutes
prior to treatment. The LXR agonists GW3965 (1um) and TO-901317 (1um) were purchased
from Sigma Aldrich (St. Louis, MO) and prepared as directed by manufacturer. LXR agonists

were administered 30 minutes prior to treatment with PBS or LPS.
Real-Time PCR Analysis

Total RNA was isolated from cultured cells using Trizol reagent (Invitrogen, CA) according to
manufacturer’s protocol. For fresh tissue, aortic tissue was ground to a fine powder in a small
amount of liquid nitrogen, and RNA was isolated from the powder using the RNeasy Plus Mini

Kit (Qiagen, CA).

cDNA was synthesized using High Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
CA) on a Veriti 96-well Thermal Cycler (Applied Biosystems, CA). Primers were purchased from
Invitrogen and amplification was detected using SYBR Green PCR Master Mix (Applied
Biosystems, CA). Real-time PCR was carried out using a 7500 Fast Real-time PCR System

Machine (Applied Biosystems, CA). RQ value, where RQ= (Eqarge; "Bt COMOISamPle)) /(o once
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ACPref(control-sample)y “+ha reference gene was GAPDH, and CP is defined as a ‘crossing point’, was
used to compare expression of target cytokines.
Statistical Analysis

Values were expressed as mean = standard error. Experiments were repeated at least three
times unless stated otherwise. Differences between 2 groups were analyzed by Student’s t test.

Values of p<0.05 were considered significant.
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RESULTS

Macrophage content in experimental aneurysm tissue

We subjected C57B/6 male mice to luminal perfusion of elastase or heat-inactivated
elastase (IE) to the infrarenal region of the aorta and sacrificed animals at selected time points.
Aortic expansion, elastin degradation, inflammatory infiltrate, and apoptosis evidenced
successful aneurysm formation in elastase-treated mice at 7 and 14 days after surgery (Figure
1A, Supplemental Figure 1). Conversely, measurements of |E-treated aorta showed a small
dilation by 7 days (47.9+8.02%), and no significant change at 14 days (46.39+6.92%). In
comparison with IE-treated arteries, elastase-treated aortic tissue contained a significantly
higher number of total macrophages (CD11b+F4/80+) as measured by flow cytometry 7 and 14
days after surgery (803.9+331.5 vs. 449.5+177.9 and 486.8+60.5 vs. 295.9+143.4 out of 10,000
events, respectively; p<0.05). The largest number of macrophages was seen 3 days after
surgery, where |IE —treated tissues contained 2476.7£375, and elastase-treated tissues
contained 2261+885.6 macrophages, with no significant difference existing between the two
treatment groups (Figure 1B). Immunochistochemical analysis of aortic tissue harvested 3 and
7 days after surgery supported flow cytometry results. Macrophage infiltration was
significantly higher in elastase-treated tissues 7 days after surgery, but not at 3 days after
surgery (Figure 1C). Immunohistochemical images showed that elastase-treated tissues
consistently contain a greater number of free-standing apoptotic cells, despite the large

number of macrophages present in the artery (Figure 1D). This evidence suggests that
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macrophages present in the aneurysmal artery may have reduced engulfment capability, which

could be attributed to macrophage phenotypes present in the arterial wall.

Macrophage phenotype characteristics in vitro

We adopted methods of macrophage polarization in vitro by using LPS (100ng/mL) and
IL-4 (10ng/mL), known to drive M1 and M2 phenotypes respectively. First, flow cytometry was
used to evaluate the M1 (CD86+) and M2 (CD206+) populations, shown as a percentage of
CD68+ cells (Figure 2A). Secondly, fluorescent labeled smooth muscle cells (SMCs) were
combined with RAWs in an engulfment assay that showed the percent of IL-4 treated RAWSs
engulfing SMCs was greater than the percent of LPS or control treated RAWS (Figure 2B).
Finally, we used real-time (RT)-PCR to evaluate M1 (iNOS, TNFa) and M2 (Arginase 1, IL-10)
markers in PBS, LPS, and IL-4 treated cells. Results showed that LPS treatment significantly

upregulated all four markers as compared to PBS and IL-4 treatment groups (Figure 2C).

The broad relatively unspecific activation phenotype evidenced in the RAW cell line in
Figure 2 prompted us to adopt a method of culturing primary monocyte/macrophages, bone
marrow derived monocytes (BMDM) for treatment. Figure 3A shows that LPS induced M1-
polarization, whereas IL-4 drove a larger percentage of M2 macrophages as compared to PBS
and LPS —treated groups. Further, an engulfment assay using fluorophore-labeled latex beads
reveals that M2-polarized macrophages display a greater engulfment capability as compared to
M1 counterparts (Figure 3B, C). RT-PCR analysis revealed that M1 markers were upregulated in

LPS-treated BMDM as compared to PBS and IL4 treated BMDM. Argl was upregulated in IL-4
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treated cells as compared to PBS and LPS, but IL-10 did not appear to be significantly regulated

by either LPS or IL4 treatment (Figure 3D).

Macrophage phenotype profiles in aneurysm

By immunostaining arterial tissue sections, we showed that both M1 (iNOS+CD68+) and
M2 (CD206+CD68+) macrophages were present in human aneurysmal tissues (Figure 4A, B).
Similarly, we showed that M1 (iNOS+CD68+) and M2 (Ym1+CD68+) macrophages were present
in experimental aneurysm tissue (Figure 4C,D). To further explore M1 and M2 populations in
experimental aneurysm tissue, we used flow cytometry to measure the M1 and M2 populations
present in elastase and control-treated tissues harvested 3, 7, and 14 days after surgery. Total
macrophage (CD11b+F4/80+) populations, as shown in Figure 1B, were further classified to
either alternatively activated M2 macrophages (CD206+) or classically activated M1
macrophages (CD86+) (Supplemental Figure 2). M1 and M2 populations are expressed as a
percentage of the total number of macrophages counted. The percentage of M2 macrophages
is significantly lower in elastase-treated tissues at 3 and 7 days after surgery, while the
percentage of M1 macrophages remains similar between elastase- and control- treated tissue
at all timepoints (Figure 5A). A ‘macrophage phenotype profile’, or the ‘M2:M1 ratio’, was
calculated by dividing the percentage of M2 macrophages by the percentage of M1

macrophages (Figure 5B).

Next, we aimed to evaluate markers of M1 and M2 macrophages using real-time (RT)-
PCR analysis. As shown in Figure 6, no significant difference was seen in M1 or M2-associated

markers between control and aneurysmal tissue at 3 and 7 days after surgery. 14 days after
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surgery, however, the M2 markers FIZZ1 and Ym-1, as well as all M1 markers were significantly
upregulated in elastase-induced aneurysm. Conversely, Arg-1 was moderately but

insignificantly attenuated in elastase-perfused tissue 14 days after surgery.

Functionality of M1 and M2 macrophages

As previously described, we noted an apparent difference in engulfment capability
between IE- and elastase-treated tissues when examined by histology. In order to explore this
further, we set out to measure the engulfment capability of the macrophage phenotypes in our
aneurysm model. To this end, we designed an experiment in which fluorophore-labeled beads
were added to the cell isolates harvested from treated arteries. Using flow cytometry, we
were then able to identify macrophages in the sample and evaluate their engulfment capacity
using two parameters: percent of cells positive for fluorescent beads (% engulfing), and the
mean fluorescence intensity (MFI) which indicates the number of beads/cell (capacity). As
shown in Figure 7A and B, the percent of M2 cells engulfing beads appears generally higher at 3
and 7 days, but only measured as significant in elastase-treated tissue 3 days after surgery
(Figure 7B). However, the MFI of M2 cells was significantly higher in elastase-treated tissues at
7 and 14 days after surgery, and in control-treated tissue 14 days after surgery (Figure 7C, D).
Further, our results revealed the only difference seen in total macrophage populations
harvested from elastase or control treated tissues to be a significant reduction in engulfment
capacity of macrophages harvested from elastase-treated tissue 14 days after surgery (Figure 8

A, B).

PPARy-agonist attenuates experimental aneurysm formation
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Having shown M2 macrophages to be consistently downregulated in elastase treated
tissues, we postulated that fewer M2 macrophages may in part be responsible for defective
apoptotic cell clearance, and that these lingering apoptotic cells become necrotic and induce a
substantial inflammatory response. Therefore, experimental manipulations that increase M2
differentiation may improve apoptotic cell clearance, thus attenuating inflammation and
aneurysm progression. To test this hypothesis, we turned to chemical agonists of liver X
receptor (LXR) and peroxisome proliferator-activated receptor gamma (PPARy), which have
been shown to favor M2 polarization. First, we used the in vitro macrophage polarization
methodology described previously to perform preliminary tests using four different drugs
suggested to have a role in macrophage phenotype differentiation. The LXR agonists GW3965
(1um) and TO-901317 (1um) had moderate success in driving M2 polarization in LPS treated
BMDM (Figure 9A). PPARy agonists Troglitazone (10um) and Rosiglitazone (10um) were shown
to be more effective in driving M2 polarization (Figure 9B), and appeared to have a small role in
increasing the percent of cells engulfing beads (Figure 9C). Data gathered in this study led us to
carry Rosiglitazone (RGZ) toward in vivo application, administering RGZ, or DMSO control, to
mice from both elastase and control-treated groups. As shown in Figure 10A and B, RGZ
successfully inhibited elastase-induced aneurysmal expansion when administered 5 days after
surgery (145.7+£18.8 vs. 82.8+13.3% in DMSO and RGZ groups, respectively).
Immunohistochemical analysis revealed a significant difference in elastin degradation (Figure
10C). As compared to DMSO, RGZ moderately reduced macrophage infiltration in elastase
treated tissues, and significantly reduced macrophage infiltration to control-treated tissues

(Figure 10D).
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PPARy-agonist drives M2 phenotype in elastase-induced aneurysm

M1 and M2 macrophage populations were measured using the flow cytometry-based
method in DMSO and RGZ-treated mice. Results show that RGZ administration increased the
percentage of M2 macrophages in both elastase and control treated tissue, though statistical
significance was not reached (Figure 11A). The M1 population was also reduced in tissue
harvested from RGZ treated mice, and the difference was significant in elastase-treated tissue.
The M2:M1 ratio clearly shows that RGZ treatment creates a macrophage phenotype profile
heavily favoring M2 macrophages (9.8 vs. 8.97 in elastase and control (IE) treated tissue,
respectively), whereas an M2:M1 measuring 2.58 and 1.667 in elastase and control treated
arteries (Figure 11B). Immunohistochemical analysis provides further evidence for the
presence of both M1 and M2 macrophages in treated tissue. A qualitative assessment of tissue
shows that RGZ reduces iNOS+ macrophages (CD68+), while increasing Ym1+ macrophages

(Figure 12A, B).
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DISCUSSION

While macrophages have long been known to play a crucial role in aneurysm, the
conventional view has focused on these cells as one homogenous population capable of

producing matrix degrading enzymes and pro-inflammatory factors®® %’

. As our understanding
of macrophages has improved, we have begun to describe the various subtypes of
macrophages and describe their diverse characteristics®®. The findings presented in this work
detail what we believe to be the first exploration of macrophage phenotypes over time in a
murine aneurysm model. More importantly, we have provided evidence that M2 macrophages

are associated with cessation of aortic dilation, tissue repair, and elastin preservation in

experimental aneurysm.

Using a quantitative flow cytometry based method, we provided a detailed description
of the macrophage populations(s) found in aneurysmal tissue. Active and inactive elastase
triggered a similar, dramatic initial inflammatory response, indicated by the large number of
infiltrated macrophages 3 days after surgery. We believe this acute inflammatory response is a
normal tissue response to the surgical procedure associated with the model and perhaps heat-
stable contaminants in elastase. The fact that macrophage infiltration subsided in arteries
treated with inactivated elastase indicates that what is observed in the control group is a typical
acute inflammatory response that is successfully resolved. In contrast, immune resolution was
markedly defected or delayed in elastase-treated arteries. This pattern accurately reflects the
inflammatory environment that has been considered characteristic of aneurysm. Studying the

macrophage population in more detail, we then showed that, when compared to elastase-
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treated tissues, IE-treated tissues contained a greater percentage of M2 macrophages,

indicating an environment that is anti-inflammatory and pro-tissue repair.

The prevalence of M2 phenotype macrophages in control-treated experimental
aneurysm tissue is likely linked to the low number of free-standing apoptotic cells in this tissue.
Conversely, elastase-treated tissues display a significantly higher number of apoptotic cells 7
days after surgery, a time point when total macrophage numbers remain significantly higher
than IE-treated tissues. Histological analysis revealed that these apoptotic cells are not being
effectively engulfed by the macrophages. Taken together, this evidence suggests that apoptotic
cells in elastase-treated tissues may linger in the artery and undergo necrosis, a highly
inflammatory process. The inflammatory environment reduces M2 macrophage polarization
while recruiting additional macrophages, creating a persistent inflammatory state that

degrades vascular tissue.

Results from this study further support a crucial role for M2 macrophages in attenuation
of aneurysm formation by the use of the PPARy agonist Rosiglitazone (RGZ) to drive M2
marophages in small aneurysm. Administering RGZ to animals that have undergone elastase-
induced aneurysm surgery was shown to significantly reduce aneurysmal expansion as
compared to DMSO administration. Examination of aortic tissue harvested from these animals
revealed a higher number of M2 macrophages present in the tissue and accordingly increased
M2:M1 ratio values. As compared to DMSO control, RGZ administration did not significantly
reduce total macrophage number in elastase treated tissues. This result suggests that the

macrophage phenotype present in tissue is likely much more important than the total number
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of macrophages found in the tissue. It is important to note that RGZ administration was begun
5 days after surgery and was capable of interfering with the ongoing inflammatory processes in
the treated tissue, suggesting that RGZ may in fact be a candidate for therapeutic intervention

strategies.

When examining results of our study, we found that expressing the macrophage
population profile as a ratio, the M2:M1 ratio, was a simple and effective way of describing the
balance of the two phenotypes. When the ratio is near 1, arteries show aneurysm hallmarks
such as elastin degradation and apoptosis. Conversely, larger ratios indicated arteries in which
tissue integrity was preserved and a healing process was likely underway. While the M1:M2
ratio is a good indicator for overall tissue environment, it does mask the individual macrophage
populations. In our model, a larger ratio almost always indicated an increase in M2
macrophages, but conceivably this ratio could go up if M1 numbers fell. Thus, it is important to

supplement the M2:M1 ratio with numbers from each population.

When considering results from this study, it should be noted that we have chosen to
focus on only two macrophage phenotypes. As our understanding of macrophages expands, so
too does the number of macrophage phenotypes identified. Appropriately, then, our data
shows that M1 and M2 phenotypes identified in our tissue samples only make up around 50%
of the total macrophages measured in the same sample. This suggests that there are various
other macrophage phenotypes present in the tissue and their potential contributions to the

disease and its development should not be ignored.
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Macrophages are very plastic cells, and the idea of ‘polarization’ is an oversimplification
of the process. ltis likely that, at any one point, macrophages possess characteristics of one or
more identified subsets. It is for this reason, we chose to do three different measurements for
the identification of M1 and M2 subsets in our tissue (i.e. flow cytometry, RT-PCR, engulfment
assays), but it is also for this reason that our study is significantly limited. In the future, it will
be important to expand upon these findings to include additional macrophage subtypes as well

as additional methods of identification such as laser capture microdissection and/or cell sorting.

In addition, it will be beneficial to explore additional methods of manipulating M2
macrophage population in aneurysm. In addition to PPARy agonists, LXR agonists are another
class of nuclear receptors that are capable of modulating macrophage differentiation™. The
potential use of LXR agonists to modulate macrophage phenotypes thus curb aneurysm
progression is further supported by our in vitro demonstration of the pro-M2 effect of these
agents. Another important consideration for translating PPARy or LXR agonists to aneurysm
therapy is toxicity of these drugs. In collaboration with material scientists, our lab is exploring

tissue-specific drug delivery using nanotechnology.

In summary, data presented in this chapter implicate that the selective reduction in M2
macrophage polarization is at least in part responsible for the defected inflammation resolution
and tissue repair. Furthermore, we provided proof-of-concept evidence that promoting M2

phenotype with PPARy agonists may be an effective drug therapy for aneurysm treatment.
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Figure 1. Differential macrophage content relates to aneurysm expansion in the elastase-

induced mouse model of AAA.

(A) Aortic Dilation measured in elastase (E) and heat-inactivated elastase (IE) tissues 3, 7, and
14 days after surgery. % Aortic dilation is calculated as described in methods. *p<0.05, as
compared to |E-treated tissues measured at same timepoint. (B) Total number of macrophages
measured in IE and E-treated tissues 3, 7, and 14 days after surgery. *p<0.05. (C) Quantification
of IHC stain for macrophage (CD68+) content in |IE and E-treated tissues harvested 3 and 7 days
after surgery. *p<0.05. (D) Representative co-stain for macrophages (CD68, green) and

apoptosis (TUNEL, red) overlay with DAPI. Scale bar=50um.

Figure 2. A mouse macrophage cell line may not be an accurate model for macrophage

polarization.

(A) M1 (CD86+, white bar) and M2 (CD206+, black bar) populations identified by flow
cytometry in RAW264.7 monocyte/macrophages treated with PBS, LPS, or IL-4. Populations are
shown as a percent of the total number of macrophages identified. n=1. (B) Percent of
RAW?264.7 cells from PBS, LPS, or IL-4 treatment groups engulfing healthy (untreated, CTL) or
apoptotic (UV light-treated, UV) smooth muscle cells (SMCs). (C) RT-PCR of selected M1 (iNOS,

TNFa) and M2 (Arginase-1, IL-10) associated genes. *p<0.05, n=3.

Figure 3. Bone marrow derived monocytes can be stimulated to differentiate to M1 or M2

phenotypes.
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(A) M1 (CD86+, white bar) and M2 (CD206+, black bar) populations measured by flow
cytometry in bone marrow derived monocyte/macrophages (BMDM) treated with PBS, LPS, or
IL-4. Populations are shown as a percent of the total number of macrophages identified. n=2.
(B) Percent of M1 (white bar) and M2 (black bar) engulfing fluorescent beads 20 minutes (m),
30m, 1 hour (h), and 2 hours after adding beads to cell suspension. n=1. (C) Mean fluorescent
intensity (MFI) of M1 (white bar) and M2 (black) cells from experiment in (B). (D) RT-PCR of

selected M1 (iNOS, TNFa) and M2 (Arginase-1, IL-10) associated genes. n=1.

Figure 4. M1 and M2 phenotype markers are present in human and experimental aneurysm

tissue.

(A) Co-stain for macrophages (CD68, green) and M1 marker (iNOS, red) overlay with nuclei
(DAPI, blue) in human AAA tissue. 20x scale bar=100um, 40x scale bar=50um. (B) Co-stain for
M2 macrophages (CD206, green) and apoptotic cells (TUNEL, red) overlay with nuclei (DAPI,
blue) in human AAA tissue. (C) Co-stain for M2 macrophages (Ym1, red) and macrophages
(CD68, green) overlay with nuclei (DAPI, blue) in mouse tissue treated with heat-inactivated
elastase or elastase. Scale bar=50um. (D) Co-stain for M1 macrophages (iNOS, red) and
macrophages (CD68, green) overlay with nuclei (DAPI, blue) in mouse tissue treated with heat-

inactivated elastase or elastase. Scale bar=100um.

Figure 5. M2 macrophage phenotypes are more prevalent in inactive elastase-treated tissues.

(A) M1 (A) and M2 (O) populations in heat inactivated elastase (IE, dashed line) and elastase (E,
solid line) treated arteries harvested from mice 3, 7, and 14 days after surgery. Expressed as a

percentage of total macrophages counted. *p<0.05 as compared to M1 IE; **p<0.05 as
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compared to M2 E; ##p<0.05 as compared to M1 E. (B) M2:M1 ratio (%M2 macrophages/%M1
macrophages) in IE (white bar) and E (black bar) treated aortic tissues 3, 7, and 14 days after

surgery calculated from (A).

Figure 6. M1 and M2 related genes are upregulated in developed experimental aneurysm.

(A) RT-PCR analysis of selected M1 (iNOS, IFNy, MCP-1, TNFa) and M2 (IL-10, Arginase-1 (Argl),
FIZZ1, and YM-1) related genes measured in heat-inactivated elastase (IE) and elastase (E)
treated tissues 3, 7, and 14 days after surgery. *p<0.05; n=5 for 3 day |IE and E, n=4 for 7 day IE

and n=6 for 7 day E, n=3 for 14 day IE and E.

Figure 7. M1 and M2 macrophage phenotypes possess differential engulfment capabilities in

control and aneurysmal tissues.

(A,B) Percent of M1 (white bar) and M2 (black bar) engulfing fluorescent beads in inactive
elastase (A) or elastase (B) treated tissues. *p<0.05. (C) Mean fluorescent intensity (MFI) of M1
(white bar) and M2 (black bar) cells from experiment in (A). (D) MFI of M1 (white bar) and M2

(black bar) cells from experiment (B). (A-D) *p<0.05; n=3 for 3, 7, and 14 day samples.

Figure 8. Engulfment capability of total macrophage population reduced in developed

experimental aneurysm.

(A) Percent of total macrophages engulfing fluorescent beads in inactive elastase (IE) or
elastase (E) treated tissues 3, 7, and 14 days after surgery. n=3. (B) Mean fluorescent intensity

(MFI) of total macrophage cells from experiment (A). *p<0.05, n=3.



208

Figure 9. A PPARy agonist promotes M2 dominated population in bone marrow derived

monocytes.

(A) Bone marrow derived monocyte/macrophages (BMDM) were pre-treated with LXR agonists
T0O-901317 (TO) or GW3965 (GW) followed by stimulation with LPS or PBS control. M1 (CD86+,
white bar) and M2 (CD206+, black bar) populations were measure by flow cytometry.
Populations are shown as a percent of the total number of macrophage identified. n=1. (B-C)
BMDM were stimulated with PBS, LPS, or IL-4 with (+) or without (-) Rosiglitazone pre-
treatment. (B) M1 (white bar) and M2 (black bar) populations measured by flow cytometry.
Populations are shown as a percent of the total number of macrophages identified. n=2. (C)

Percent of M1 (white bar) and M2 (black bar) engulfing fluorescent beads. n=1.

Figure 10. A PPARYy agonist reduces aneurysm formation in a mouse model of AAA.

(A) Aortic Dilation measured in heat-inactivated elastase (IE) and elastase (E) treated tissues
from mice receiving Rosiglitazone (RGZ) or DMSO control injections. Final measurements taken
14 days after surgery, Aortic dilation is calculated as described in methods. *p<0.05. (B)
Representative photos of abdominal aortas of mice treated with Inactive Elastase or Elastase
and receiving injections of either DMSO or RGZ. Images taken at day 14, scale bar=5mm. (C)
Representative images of 14 day aortic sections stained for elastin (Van Gieson), scale
bar=200um. (D) Total number of macrophages measured in IE and E-treated tissues harvested
14 days after surgery from mice receiving RGZ and DMSO injections. *p<0.05. n=3 for both

treatment groups receiving DMSO, n=4 for both groups receiving RGZ.

Figure 11. Administration of a PPARy drives M2 differentiation in treated aortic tissue.
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(A) M1 (white bar) and M2 (black bar) populations in heat inactivated elastase (IE) and elastase
(E) treated arteries harvested 14 days after surgery from mice receiving Rosiglitazone (RGZ) or
control (DMSO) injections. Expressed as a percentage of total macrophages counted. **p<0.05
as compared to CD206 cells within treatment group. (B) M2:M1 ratio (%M2 macrophages/%M1
macrophages) in IE and E treated tissues harvested from mice receiving DMSO and RGZ

injections, calculated from (A).

Figure 12. Immunohistochemistry reveals presence of M1 and M2 macrophages in aortic

tissue.

(A) Co-stain for M1 macrophages (iNOS, red) and macrophages (CD68, green) overlay with
nuclei (DAPI, blue) in aortic tissue treated with heat-inactivated elastase or elastase and
receiving Rosiglitazone (RGZ) or control (DMSO) injections. Scale bar=100um. (B) Co-stain for
M2 macrophages (Ym1, red) and macrophages (CD68, green) overlay with nuclei (DAPI, blue) in
aortic tissue treated with heat-inactivated elastase or elastase and receiving RGZ or DMSO

injections. Scale bar=50um.
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Figure 2.
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Figure 5.
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Figure 6.

iINOS IFNy MCP-1 TNFa
5 12 6 * 2 ”
4 10 > 1.5 |
4
3 8
6 3 1 T T -
2
2
4 0.5 -
1 2 1
0 0 0 - 0 -
IE|E | IE|E |IE|E IE/E|IE|E|IE|E
3 ‘ 7 ‘ 14 ‘ 3 ‘ 7 ‘ 14 ‘
IL-10 Argl FIZZ1 YM-1
5 2 8 18 -
* *
T |
4 1.5 6 16 .
3 14 /
, 1 | T 4 6/
4.
1 - 0.5 - 2 - , I
0 - 0 - 0 - o == ﬁ e -
IE|E IE|E IE|E IE E|IE|E|IE E IE|E | IE|E |IE|E IE E IE E IE E
3 ‘ 7 ‘ 14 ‘ 3 ‘ 7 ‘ 14 ‘ 3 ‘ 7 ‘ 14 ‘ 3 7 14




Figure 7.

A.

Inactive Elastase B
100 100
80 80
[G) [G)
2 2
5 60 = 60
8 oMl 8
Z 40 M2 Z 40
X X
20 20
0 0
3 7 14
Inactive Elastase D.
200 120
150 * 100
5
r' 80
= 100 = 60
= oML =
40
50 m M2
20
0 0

3 7 14
Days After Surgery

216

Elastase

3 7 14
Elastase
3

- %k

3 7 14
Days After Surgery



217

Figure 8.
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Figure 9.

<<

I | ] | ]

i T T T I
o o o o o
o0 (o) < (o]

o
<]
L |
3ulyn8u3z
= N
s 2
O m
mw :
— + nD\...
y i il‘. -~
e
0
, o
H
© ©9 0 © o o
S ® © ¥ «
so8eydoude|\ |e10] JO %
=i
s 2
O m
| — o
T moy 2
OSINa
|
_ - \o
_ Lﬂ m
_ OSINa
I | ]
©O O © o o ©o
h & oo N o
sa8eydoude|\ |e10] JO %



219
“igure 1u.

>
O

Elastase

200 - * %

| i _____ I | H_ | -
GZ

[

Ul

o
1

Aortic Dilation
=
(=)
o
L

50 -
0
DMSO| RGz DMSO‘ R
n=6 n=8 | n=6 n=8
IE E
RGZ
B.
DMSO D. 1000 - *

(7] ! *
& 800 - |
£
§' 600 -
o
S 400 -
©
&= 2 -
8 00

RGZ 0

IE E IE E
DMSO RGZ




220

Figure 11.
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Figure 12.
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Supplemental Figure 1. Elastase-induced model of murine aneurysm.

(A) Representative photos of IE-treated aorta (left) and elastase-treated aorta (right) 14 days
after surgery. Scale bar=5mm. (B) Representative images of 14 day aortic section stained for
elastin (Van-Gieson), scale bar=100um. (C) Co-stain macrophages (CD68, green, top panel) and

apoptosis (TUNEL, red, bottom panel) overlay with nuclei (DAPI, blue). Scale bar=100um.

Supplemental Figure 2. Gating Process for Identification of M1 and M2 phenotypes in fresh
tissue.

Cells are first gated according to size to isolate leukocyte and macrophage-sized events. Dead
cells are eliminated using 7AAD. Leukocytes are evaluated as CD45+, and macrophages are
identified as being CD11b+F4/80+. Finally, macrophages are tested for positivity for CD86 (M1,

not shown) or CD206 (M2).
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Supplemental Figure 1.
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DISCUSSION

In the preceding work, | have provided evidence indicating that smooth muscle cell
(SMC) apoptosis and inflammation are critical and intertwined events that drive aneurysm
formation in several experimental models. Additionally, | have shown that the inflammatory
environment that characterizes an experimental AAA model may be attributable to a shift in
the inflammatory macrophage population. Further, | have shown that a drug capable of driving
anti-inflammatory macrophage polarization can ameliorate aneurysm progression in an animal
model. Taken together, my thesis provides a novel insight in regard to pathophysiology of a
major human disease: SMC death, inflammation, and macrophage phenotypes interact to drive

an inflammatory environment that potentiates aneurysm disease.

The relationship between caspase-mediated cell death and the subsequent
inflammatory response in aneurysm is a novel idea. Apoptosis is generally a non-inflammatory
or even anti-inflammatory event. The general a belief is that the apoptotic event in aneurysm is
pathological because it reduces the number of smooth muscle cells which are a major cource of
extracellular matrix proteins. However, recent studies of other disease processes suggest that
the unsuccessful clearance of apoptotic cells from tissue can lead to a highly inflammatory state
in the tissues™>. In Chapters 1 and 2, we showed that the pan-caspase inhibitor Q-VD-OPh can
prevent the formation of experimental aneurysm, likely through the reduction of apoptosis and
inflammation. Conversely, beginning administration of the same caspase inhibitor 7 days after

aneurysm induction showed no significant change in aneurysm progression. These results



226

suggest that caspase-mediated events are critical for inflammation and aneurysm formation, at
least in mice. The altered effect of caspase inhibition in aneurysm progression may result from
the promoted survival of inflammatory cells or a diminished importance of SMC death in later

stages of the disease.

In Chapter 3, | described a modified aneurysm model capable of driving a more dramatic
apoptotic response in vitro and in vivo. We showed this apoptosis phenotype to result in a
similarly upregulated inflammatory response. Further, aneurysms induced by this new model
were shown to expand to a larger size and at a faster pace than the model from which it was
modified. Collectively, data presented in Chapter 3 further support our idea that a generalized
manipulation of apoptosis causes a correlated inflammatory response in three aneurysm

models.

Protein Kinase C-delta (PKC) is a signaling molecule that has been shown by our group
and others to be an important apoptotic mediator. Using two different models of aneurysm in
mice, | showed that PKC& knockout (KO) mice are resistant to aneurysm formation and display a
significantly lower level of smooth muscle cell apoptosis and vascular inflammation.
Furthermore, | showed that the aortic expression of PKCS is necessary for aneurysm formation,
and that ectopic delivery of recombinant MCP-1 protein to the arterial wall is sufficient to
restore aneurysm in PKC& KO mice. This evidence, provided in Chapter 4, indicates that SMC
apoptosis and the inflammatory response are crucial for aneurysm formation in mice, and that

an inflammatory cascade driven by MCP-1 can override a lack of apoptosis in PKC6 KO mice.
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Ultimately, my thesis provides evidence that aneurysm induction promotes a
macrophage population skewed toward an inflammatory state, that is, a larger number of M1
inflammatory macrophages than control-treated tissues. Further, M2 anti-inflammatory
macrophage numbers are significantly reduced in elastase-treated tissues as compared to
control treated tissues 3 days after treatment. We believe this reduced M2 content could ‘set
the stage’ for an inflammatory state in these tissues. Evidence from Chapter 5 also showed that
driving M2 polarization using the PPARy agonist Rosiglitazone could successfully prevent the
expansion of elastase-induced aneurysm when administered 5 days after surgery. Collectively,
data from Chapter 5 demonstrate that aneurysmal tissues contain a macrophage profile that
may not be conducive to healing processes and instead drive a chronic inflammatory state, and
that shifting this macrophage population toward healing phenotype may be an effective

therapeutic strategy.

The work provided in my thesis provides evidence for a novel paradigm by which
aneurysm may develop and progress. Specifically, we show that apoptotic events are
inextricably linked to an inflammatory response, which ultimately generates a pathological
state overrun with cell death and inflammatory cell products. Cumulatively, the pathological

state feeds back upon itself to potentiate aneurysm formation and progression.

Conventionally, apoptosis has been considered a contributor to aneurysm simply by
eliminating vascular smooth muscle cells from the arterial wall, a population of cells capable of
producing extracellular matrix proteins. Here, we present a novel paradigm in which apoptosis

and cell death plays a critical role in aneurysm by promoting production of inflammatory
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cytokines. Importantly, it is likely that apoptosis itself is not the direct cause, but rather an
unsuccessful clearance of the apoptotic population which can drive the highly inflammatory
events of secondary necrosis. This stipulation suggests that the inflammatory response that
follows these cell death events may be the critical factor in aneurysm development and
progression. Indeed, evidence | provided shows that driving an inflammatory response by
delivering recombinant MCP-1 locally to the aorta can also restore aneurysm formation in PKC6
KO mice. This evidence suggests that the inflammatory response is pivotal to aneurysm

formation and needs to be taken into consideration in designing drug therapies for aneurysm.

In addition to serving as a therapeutic target, inflammation - particularly the type of
inflammatory cells present in the aneurysm - may be useful in assessment of aneurysm
progression. Specifically, my work provides the first evidence we are aware of that describes
the macrophage phenotypes in aneurysm and ties the presence of M1 macrophages to
aneurysm growth. Further, we were able to show for the first time that driving M2
macrophage polarization with the administration of Rosiglitazone (RZD) could prevent
expansion of established aneurysm. Together, our evidence suggests that detecting and
manipulating a more specific component of the inflammatory response could be used to

monitor and treat aneurysm.

Interestingly, the existing literature concerning the role of PPARy in murine aneurysm is
controversial. Subramanian et al reported that SMC-specific deletion of PPARy has no effect on
aneurysm formation® while Hamblin et al showed an aneurysm promoting effect®. The fact

that two different models of aneurysm induction were used may contribute to the discrepancy.
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Using the PPARy agonist RZD, several groups successfully showed a prevention of aneurysm
formation and rupture in the Angll-induced model of murine aneurysm®’. Our data support the
notion that chemical activation of PPARy is beneficial. While the precise cell type(s) that may be
benefit most from PPARy activation remains to be elucidated, our data clear showed the
therapeutic potential of PPARy agonist in amelioration of exiting aneurysm. The RZD class of
drugs has approved by FDA in treatment of diabetes, however, was found to be accompanied
by significant cardiovascular risks. Thus, modification of the drug itself or the use of targeting

mechanism(s) may be necessary for use in humans.

While several of our studies indicated a role for MCP-1 specifically in aneurysm, the role
for various other inflammatory cytokines cannot be ignored. MCP-1 is a potent chemotactic
factor capable of attracting various types and large numbers of inflammatory cells, but
recruited inflammatory cells then likely produce a slew of inflammatory cytokines. Thus, while
MCP-1 may be one chemokine capable of instigating a substantial inflammatory response, it is
likely not the only chemokine capable of such an action. Further, MCP-1 is almost certainly not
solely responsible for the inflammatory state found in aneurysmal tissues. In order to
appropriately target this inflammation, a more thorough understanding of the components of

this inflammation must be achieved.

Insights provided in this work have led us to several exciting new directions. We aim to
explore another potential method of manipulating macrophage phenotypes, namely,
microRNAs (miRNAs). miRNAs have been shown to have various roles in multiples diseases,

including vascular disease such as atherosclerosis and aneurysm®*°. Targeting of these dynamic
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molecules could provide a more feasible approach for interfering with inflammation and/or
macrophage phenotypes in aneurysm and will certainly provide an interesting future direction

for our study.

One of the main predictors for aneurysm development is age, with about 8% of men
over the age of 65 displaying aneurysm development, and the prevalence amongst women

113 "1n order to address this factor, we plan to explore the role of the changing

growing rapidly
extracellular matrix in aneurysm development. As people age, arteries have been shown to
become more stiff, reflecting a change in the extracellular matrix composition and/or protein
crosslinking. Further, particular extracellular matrix proteins or environments have been shown

%15 Using this information,

to be involved in mediating macrophage phenotype polarization
we aim to explore the role of aging-related arterial stiffness in aneurysm models and the
subsequent regulation of macrophage polarization. Ultimately, evidence from these proposed

studies may provide a way of altering macrophage phenotypes and the inflammatory state of

aneurysm to counteract the pathogenic activities taking place within the aging arterial wall.
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CHAPTER CONTRIBUTION SUMMARIES

Chapter 1 Contribution Summary

Dr. Dai Yamanouchi produces Figures 1-3. | produced the data and statistical analysis
for Figure 4A-F, but did not contribute to Figure 4G. | provided the data and statistical analysis

for Supplemental Figure 2B and Supplemental Figure 6.

Chapter 2 Contribution Summary

| provided all data and statistical analysis for Figure 1. Dr. Timothy Hacker obtained
ultrasound images for Figure 2 and Dr. Guoqing Song performed the surgeries for Figure 2,
though | compiled measurement data for Figure 2. | provided Figure 3A-D, and Drew
Roennenberg performed the immunohistochemical stain in Figure 3E as well as Figure 4B, D,
and F. For each of these stains, | provided images and quantification (Figure 3D, 4A, C, E). |

provided all data and analysis of Supplemental Figures.

Chapter 3 Contribution Summary

| provided data and analysis for Figure 1. Dai Yamanouchi provided Figure 2A and C,
while | provided Figures 2B and D. | provided Figures 3-5. Dai Yamanouchi is also credited with

production of the CaP0O4 model itself. | provided all Supplemental Figures.

Chapter 4 Contribution Summary

The original surgical evidence suggesting that Protein Kinase C-delta knockout mice

were resistant to aneurysm formation was provided by Dai Yamanouchi. | provided Figure 1 A,
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B, D, and E. | stained the tissue used for confocal imaging in Figure 1C, but Qiwei Wang
provided the images. Dai Yamanouchi provided Figure 2A and B, and | provided Figure 2C-E.
Conventional IHC in Figure 3 was performed by Drew Roennenberg, and | provided all imaging
and quantitation in the rest of the figure. | also performed the RNA harvest and RT-PCR analysis
depicted in Figure 3D. Figure 4A, B, and D was provided by myself, and Dai Yamanouchi
provided Figure 4C. | provided the entirety of Figure 5 and 6. | produced Supplemental Table 1.
Dai Yamanouchi provided Supplemental Figures |, and Il. All additional Supplemental Figures

were provided by me, with aid from Melissa Keller for Supplemental Figure 8 and 9B.

Chapter 5 Contribution Summary

| provided Figure 1A, B, and C, and Qiwei Wang contributed the images for Figure 1B. |
provided Figure 2A and B, and Qiwei Wang performed RT-PCR for Figure 2C. | provided Figure
3A, B, C, while Qiwei Wang again produced RT-PCR data for Figure 3D. | provided all additional
Figures, including Supplemental Figures. Calvin Harberg and Qiwei Wang assisted in culturing

BMDM and in the administration of RZD in this chapter.
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Elevated Protein Kinase C-d Contributes to Aneurysm
Pathogenesis Through Stimulation of Apoptosis and
Inflammatory Signaling

Stephanie Morgan, Dai Yamanouchi, Calvin Harberg, Qiwei Wang, Melissa Keller, Yi Si,
William Burlingham, Stephen Seedial, Justin Lengfeld, Bo Liu

Objective—Apoptosis of smooth muscle cells (SMCs) is a prominent pathological characteristic of abdominal aortic
aneurysm (AAA). We have previously shown that SMC apoptosis stimulates proinflammatory signaling in a mouse
model of AAA. Here, we test whether protein kinase C-6 (PKC9), an apoptotic mediator, participates in the pathogenesis
of AAA by regulating apoptosis and proinflammatory signals.

Methods and Results—Mouse experimental AAA is induced by perivascular administration of CaCl,. Mice deficient in PKCo
exhibit a profound reduction in aneurysmal expansion, SMC apoptosis, and transmural inflammation as compared with
wild-type littermates. Delivery of PKCd to the aortic wall of PKC3~~ mice restores aneurysm, whereas overexpression
of a dominant negative PKC® mutant in the aorta of wild-type mice attenuates aneurysm. In vitro, PKC&7~ aortic SMCs
exhibit significantly impaired monocyte chemoattractant protein-1 production. Ectopic administration of recombinant
monocyte chemoattractant protein-1 to the arterial wall of PKC&™ mice restores inflammatory response and aneurysm

development.

Conclusion—PKC9 is an important signaling mediator for SMC apoptosis and inflammation in a mouse model of AAA.
By stimulating monocyte chemoattractant protein-1 expression in aortic SMCs, upregulated PKCO exacerbates the
inflammatory process, in turn perpetuating elastin degradation and aneurysmal dilatation. Inhibition of PKC may serve
as a potential therapeutic strategy for AAA. (Arterioscler Thromb Vasc Biol. 2012;32:2493-2502.)

Key Words: aneurysms m apoptosis m vascular biology m inflammation m protein kinase C-0

bdominal aortic aneurysm (AAA), a progressive aortic

dilation, is a common vascular disease associated with
high mortality. Aneurysm results from the culmination of
a series of events that lead to disruption of structural integ-
rity and segmental weakening of the abdominal aortic wall.
An incomplete understanding of the biological mechanisms
underlying the disease has limited the development of thera-
peutic treatment and diagnostic strategies, thus leaving surgi-
cal and endovascular procedures as the only treatment options
for patients with AAA.

Histologically, aneurysmal tissues are characterized
by disruption of the elastic fibers in the aortic wall and
extensive transmural infiltration of macrophages and lym-
phocytes.' These features have been consistently dupli-
cated in animal models of AAA.* The prevailing view
is that inflammatory cells, mainly macrophages, are the
major source of matrix-degrading enzymes, such as matrix
metalloproteinases®™ and proinflammatory cytokines.!*?
Anti-inflammatory strategies, such as those that deplete
neutrophils, lymphocytes, mast cells, or proinflammatory
cytokines, have been shown to prevent the upregulation of

matrix metalloproteinases and attenuate aneurysm forma-
tion in mouse models of AAA.!3-16

Although the depletion of vascular smooth muscle cells
(SMCs) is well documented in human aneurysmal tissues,'”
potential interactions between SMCs and infiltrating inflam-
matory cells remain unclear. We have recently demonstrated
that blocking apoptosis with a pan caspase inhibitor protected
mice from angiotensin II-induced aneurysm expansion.'® The
caspase inhibitor not only prevented SMC depletion but also
diminished infiltration of macrophages and lymphocytes, sug-
gesting a potential link between the apoptotic process and
inflammatory signaling in the pathogenesis of aneurysm.

Protein kinase C-0 (PKCJ), a member of the PKC fam-
ily of serine and threonine kinases, is a crucial mediator of
SMC apoptosis.'*?! Studies of PKC knockout (KO) mice
reveal that mice lacking PKC® develop normally but exhibit
an apoptosis-resistant phenotype when subjected to models of
vascular injury, such as vein graft or carotid artery ligation.?>*
Conversely, gene transfer of PKCS via an adenoviral vector led
to excessive apoptosis of vascular SMCs in a rat carotid bal-
loon injury model.”® More recently, we showed that PKC may
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also be involved in the regulation of chemokine expression.
Inhibition of PKCO with rottlerin profoundly decreases the
production of monocyte chemoattractant protein-1 (MCP-1) by
aortic vascular SMCs and, subsequently, inhibits chemotaxis of
inflammatory cells toward SMC-conditioned media.?!

We have previously shown that the expression of PKC&
is significantly higher in human aneurysmal aortic tissues
as compared with normal arteries.?! The collection of these
tissues at the time of surgical repair precluded analysis of a
potential causal relationship between PKCO and aneurysm,
specifically, whether PKC& upregulation contributes to the
pathophysiology of aneurysm or is merely a resultant phenom-
enon. To determine whether PKC9 is an integral mediator of
SMC apoptosis and vascular inflammation during aneurysm
pathogenesis, the current study tests the effects of PKCO gene
deficiency on aneurysm formation using the CaCl, mouse
model. In addition, we explored the potential molecular mech-
anisms by which PKCSJ regulates the proinflammatory signals
produced by apoptotic SMCs.

Materials and Methods

A detailed description of the Materials and Methods are shown in
online-only Data Supplement.

Mouse Models of AAA

The generation of PKC9 target deletion in mice was described else-
where.?* PKCO KO mice and their wild-type (WT) littermates were
generated by mating heterozygous pairs. C57BL/6 mice and apolipo-
protein E—deficient mice were purchased from Harlan Laboratories
(Madison, WI) and Jackson Laboratory (Bar Harbor, ME),
respectively. Green fluorescent protein transgenic mice were gifted
by Dr William Burlingham of the University of Wisconsin—-Madison.

Male mice, aged 12 weeks, underwent a CaClz—induced AAA
model as described previously.>2® Briefly, the infrarenal region of
the aorta was isolated and treated with 0.5 mol/L CaCl, perivascularly
via gauze for 20 minutes. Control mice were similarly treated with
0.5 mol/L of NaCl. Tissues were fixed in 4% formaldehyde in PBS,
embedded and cut to 6- or 8-um sections for optimal cutting tempera-
ture and paraffin-imbedded arteries, respectively.

Immunohistochemistry

Antibodies were purchased from Abcam (Cambridge, MA;
interferon-vy, interleukin [IL]-6, monocyte+macrophage antibody,
myosin heavy chain, and CD45), Santa Cruz (Santa Cruz, CA; CD3,
MCP-1, Mac3, PKC9, Ly6G, and CD68), Sigma-Aldrich (smooth
muscle actin), and Cell Signaling (Danvers, MA; Cleaved caspase-3).
Terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) staining kit was purchased from Roche (Madison, WI).
Van Geison stains were carried out using Chromaview Van Gieson kit
(Richard Allan Scientific, Kalamazoo, MI).

Cell Culture

The murine macrophage cell line RAW264.7 cells were obtained from
American Type Culture Collection (ATCC, Manassas, VA). Primary
mouse aortic SMCs from the aorta of both PKCO KO and WT mice
were isolated based on a protocol described by Clowes et al. %

Migration Assay

In vitro migration assay was carried out, as previously described.!®
Briefly, RAW264.7 macrophages, or CD11b* cells isolated from bone
marrow, were placed in a 5-um pore Transwell insert. Conditioned
and treated media were used as chemoattractants. After 6 hours of
incubation, inserts were removed and stained with hematolxylin to
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facilitate nuclei visualization. The mean value of migrated cells was
counted in 8 high-power fields per membrane.

Bone Marrow Isolation and Sorting

Bone marrow was isolated from long bones, washed with PBS, and
counted. Monocytes were collected from bone marrow by magnetic
sorting using CD11b microbeads (Miltenyi Biotec, Boston, MA).
Purity of the resulting CD11b* cells was assessed by flow cytometry
using antibodies to CD3, CD11b, and CD45/B220 (Miltenyi Biotec).

Statistical Analysis

Values were expressed as mean+SE. Experiments were repeated
at least 3 times unless stated otherwise. Differences between the 2
groups were analyzed by Student ¢ test. For time course comparison,
1-way ANOVA analysis was followed by Bonferroni correction to
adjust for multiple comparisons. Values of P<0.05 were considered
significant.

Results

PKCd Expression in Experimental Aneurysms

We subjected C57BL/6 male mice to perivascular treatment
of 0.5 mol/LL CaCl, (or equal concentration of NaCl) to the
infrarenal region of the aorta and euthanized the animals at
selected time points. Administration of CaCl, led to gradual
aortic dilatation associated with elastin fragmentation (Figure
I in the online-only Data Supplement). Immunohistochemical
analysis showed a profound upregulation of PKC® protein in
the aortic media 3 and 7 days after the CaCl, treatment (Figure
1A), atime frame at which aortic expansion was barely visible.
The temporal and spatial pattern of PKCS expression mirrored
that of the TUNEL positivity (Figure 1B). Confocal images
confirmed the colocalization between PKCO upregulation and
apoptosis (TUNEL). Furthermore, PKCo-positive cells were
primarily SMCs, as identified by myosin heavy chain (Figure
1C). A similar expression pattern of PKC® and its association
with apoptosis was also observed in angiotensin II-induced
aneurysm in apolipoprotein E—deficient mice. (Figure II
in the online-only Data Supplement). Western blot analy-
sis confirmed the elevated level of PKCd protein in CaCl,-
treated aortas as compared with the NaCl-treated controls
(Figure 1D and 1E). Additionally, levels of the apoptosis-
associated catalytic fragment of PKCO became readily
detectable in CaCl,-treated group (Figure 1D).

Mice Lacking PKCd Are Resistant to AAA Induction
To prove a potential role of PKCO in AAA formation, we
subjected PKCO KO mice and their WT littermates to aneu-
rysm induction by CaCl,. Forty-two days after the CaCl, treat-
ment, abdominal aorta of WT mice were visibly inflamed
and dilated whereas the arteries of KO mice appeared mini-
mally affected (Figure 2A). The maximal external diameter
of the abdominal aorta was measured immediately before the
CaCl, application and at the time of tissue harvest. As seen
in Figure 2B, the baseline aortic diameters are comparable in
PKCO6 WT and KO mice. Six weeks after the CaCl, treatment,
arteries of WT mice expanded to 1.04+0.08 mm (96.6+31%),
whereas arteries of KO mice expanded only to 0.74+0.06 mm
(39.7£9%) (Figure 2B). Similarly, PKCd was shown to play a
role in the elastase perfusion model of murine AAA. Inactive
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Figure 1. Protein kinase C-6 (PKCd) expression correlates with apoptosis in an experimental aneurysm model. Aortas of C57B/6 mice
were treated with CaCl, or NaCl and harvested 3, 7, and 14 days (CaCl, group) or 7 days (NaCl group) after surgery. A, Cross sections
stained for PKCo (green) or apoptosis (terminal deoxynucleotidyl transferase dUTP nick end labeling [TUNEL], red), and nuclei (DAPI,
blue). Scale bar, 200 pm; magnification, 10x. B, Positive cell ratio calculated as number of apoptotic (TUNEL+) or PKCo-positive cells
divided by respective number of DAPI-positive cells. *P<0.05 compared with NaCl control; n=6. C, Representative confocal images for
colocalization analysis in cross sections harvested 7 days after CaCl, treatment. Top panel: Costain TUNEL (red) and PKC$ (green).
Bottom panel: Costain for smooth muscle cells (myosin heavy chain [MHC], red) and PKC$ (green). Scale bar, 50 um; magnification,

40x Overlay with DAPI (blue). D, Representative Western blot analysis of PKCo expression in tissues harvested from 2 different aortas of
C57B/6 mice 7 days after NaCl or CaCl, treatment. E, Quantification of PKCo expression from Western blot, normalized to -actin. PKCo
expression shown as a total of both cleaved and full-length portions. *P<0.05; n=4.

elastase produced minimal dilation of the artery in both WT
and KO animals (0.77£0.06 mm and 0.76+0.02 mm, respec-
tively; n=2), whereas active elastase treatment produced a
more severe dilation in WT animals (1.47+0.16 mm) com-
pared with KO (0.97+0.29 mm) (Figure III in the online-only
Data Supplement).

Histological analysis performed at 7 days after CaCl, treat-
ment revealed similar elastin degradation in KO and WT
arteries (Figure IV in the online-only Data Supplement).
However, the same histological analysis 42 days after the

c

CaCl, treatment showed elastin fibers in arteries harvested
from KO mice appeared continuous and organized, similar to
NaCl-treated controls, whereas elastin fibers in CaCl —treated
WT arteries appeared fragmented and disoriented (Figure 2C
and 2D). Furthermore, PKC KO tissue harvested at 7 days
displayed significantly reduced SMC apoptosis, as evidenced
by confocal staining showing colocalization of myosin heavy
chain and apoptosis (TUNEL), as compared with WT sam-
ples (Figure 2E). Accordingly, cleaved Caspase-3 was nearly
undetectable in PKC KO arteries, whereas it was abundant

=
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diameter measured before (white bars) and
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KO arteries; n=6. C, Representative photos of
42-day aortic sections stained for elastin (Van
Gieson); scale bar, 100 ym; magnification,
40x. D, Grading of elastin degradation in Van
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n=4. E, Representative confocal images of
arterial sections coimmunostained for termi-
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bar, 50 ym; magnification 40x.
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in the WT arteries (Figure VA and VB in the online-only Data
Supplement). Furthermore, the percentage of nuclei stain-
ing positive for TUNEL was decreased from 24.1+3.4 in WT
arteries to 12.5+2.9 in KO arteries (data not shown). In vitro
analysis of cultured SMCs confirmed the apoptosis-resistant
phenotype. The lack of PKC® diminished the ability of SMCs
to undergo apoptosis in response to tumor necrosis factor-9,
which was rescued by restoration of PKC expression with an
adenoviral vector (Figure VC and VD in the online-only Data
Supplement).

PKC) Is Critical for the Inflammatory Response
Next, we analyzed macrophage infiltration, another important
characteristic of aneurysm, in the aortas of both WT and KO
animals. Immunohistochemical analysis revealed a profound
reduction in the number of macrophages (Mac-3*, CD68)
detected in the aorta of PKC KO mice as compared with their
WT littermates (Figure 3A and 3B). Additionally, neutrophils
(Ly6G™), leukocytes (CD45%), and T cells (CD3*) were shown
to be present in the aortic samples of the PKCO WT mice,
mostly prevalent in the adventitia, and almost entirely absent
in KO aortas (Figure VI in the online-only Data Supplement).
Similarly, levels of AAA-associated inflammatory cytokines
IL-6 and MCP-1 were markedly decreased by PKCO gene
deficiency (Figure 3C). To better quantify the altered cyto-
kine expression, we analyzed aortic tissues using real-time
polymerase chain reaction analysis. As shown in Figure 3D,
PKCO gene deficiency caused a 50.7% and 48.1% reduction
in mRNA levels of IL-6 and MCP-1 in tumor necrosis
factor-d—treated SMCs, respectively. Additionally, aneurysm-
associated induction of IL-16 and IFN-9 was also significantly
blunted in PKC& KO mice (Figure VII in the online-only Data
Supplement). There was also a small but statistically insignifi-
cant trend of reduction in the tumor necrosis factor-6 mRNA
abundance.
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CcD68

* Figure 3. Protein kinase C-6 (PKCd) gene
deficiency attenuates the inflammatory
response in experimental aneurysm. A,
Macrophage infiltration as measured by
immunofluorescent stain (IFC) for Mac3
(green), overlaid with DAPI (blue), or by
immunohistochemical stain (IHC) for CD68;
scale bar, 200 ym; magnification 40x. B,
Quantification of macrophage infiltration
KO in aneurysm tissue as identified by CD68
stain, expressed as CD68-positive cells/
nuclei. *P<0.05 compared with CaCl,-
treated knockout (KO) arteries; n=4. C, IHC
for inflammatory cytokine interleukin 6 (IL-6)
and IFC for monocyte chemoattractant pro-
tein-1 (MCP-1). Scale bar, 200 pm; magnifi-
cation 40x. D, Real-time polymerase chain
reaction analysis of IL-6 and MCP-1 mRNA
abundance in aorta of wild-type (WT) and
KO animals 7 days after surgery. *P<0.05
compared with KO arteries; n=4.

PKCd-Deficient Aortic SMCs Are Impaired in
MCP-1 Expression

The diminished inflammatory infiltrate in PKCO KO mice
could be caused by a lack of PKCd-mediated chemokine pro-
duction in the aortic wall or diminished migratory property of
monocytes. A complete blood count performed on WT and
KO animals showed no significant difference in white blood
cell or red blood cell populations between the 2 genotypes
(Table I in the online-only Data Supplement). Furthermore,
the percentage of monocytes (CD11b*) in the bone marrow
was comparable between the genotypes (Figure VIIIA and
VIIIB in the online-only Data Supplement). In a chemotaxis
assay, CD11b* monocytes isolated from KO and WT animals
migrated with equal efficiency toward recombinant MCP-1
protein (Figure VIIIC in the online-only Data Supplement).
Together, these data suggest that neither number nor migra-
tory capability of bone marrow monocytes are affected by
PKC9 gene deficiency.

Real-time polymerase chain reaction analysis of aortic
SMCs showed KO cells to have a nearly absolute impairment
of MCP-1 production. Expression of interferon-y and IL-6
also appeared to be modulated by PKC9, albeit to a lesser
degree (Figure 4A). The dependence of MCP-1 expression on
PKCd was further demonstrated by ELISA measurement of
MCP-1 production by cultured SMCs. After treatment with
tumor necrosis factor-a, WT SMCs are shown to produce sig-
nificantly more MCP-1 as compared with KO SMCs (Figure
4B). Furthermore, overexpression of PKCJ using adenoviral-
mediated gene delivery (AdPKCO) further enhanced the
production of MCP-1 in WT SMCs (Figure 4C).

To further test the notion that PKCO gene deficiency reduces
the presence of proinflammatory aneurysm signals produced
by the aortic wall, we examined the ability of aortic SMCs
to attract RAW264.7 monocyte/macrophages. As shown
in Figure 4D, the number of RAW264.7 cells that migrated
toward media conditioned by KO SMCs was =50% less than
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Figure 4. Protein kinase C-6 (PKC) mediates production of monocyte chemoattractant protein-1 (MCP-1) by vascular smooth muscle cells
(SMCs). Cultured aortic SMCs isolated from PKCd knockout (KO) or wild-type (WT) mice were treated with tumor necrosis factor-o. (TNF-a;
50 ng/mL, for 6 hours; A-C). A, Real-time polymerase chain reaction analysis of selected cytokines measured by relative quantitation (RQ)
value. B, Levels of secreted MCP-1 protein, measured by ELISA. C, Levels of MCP-1 protein secreted by WT cells infected with adenovi-
rus expressing beta-galactosidase (AdLacZ) or adenoviruses encoding PKCo (AdPKC9), followed by treatment with TNFa. D, Migration of
RAW264.7 macrophages in response to conditioned media harvested from TNFa treated WT or KO SMCs in the presence of an anti-MCP-1
antibody (a-MCP-1) or hamster IgG (IgG) as control. HPF indicates high power field. *P<0.05; n=3. IL indicates interleukin.

that toward media conditioned by WT SMCs. Furthermore,
administration of an MCP-1-neutralizing antibody com-
pletely eliminated the ability of WT SMCs to stimulate migra-
tion, suggesting MCP-1 to be a critical proinflammatory signal
released by aortic SMCs (Figure 4D).

Exogenous PKCd Reverses the Aneurysm-Resistant
Phenotype of KO Mice

Data derived from the above in vitro analyses suggest that
PKCd gene deletion attenuates aneurysm development pri-
marily through preventing aortic SMCs from undergoing
apoptosis and producing proinflammatory chemokines, spe-
cifically MCP-1. To test this hypothesis, we developed an
aortic tissue—specific gene transfer method to restore PKCo
expression in the arterial wall of KO mice. As described in the
Materials and Methods section, adenovirus was administered
to the aortic wall immediately after the removal of CaCl,. This
gene transfer method produced a localized transgene expres-
sion as illustrated by using an adenovirus encoding enhanced
green fluorescent protein (AdGFP). While producing abun-
dant green fluorescent protein expression in the infrarenal
region of the aortic wall, aortic administration of adenovirus
encoding green fluorescent protein did not produce transgene

expression in circulating white blood cells (Figure IXA and
IXB in the online-only Data Supplement).

To restore PKCO expression in the aortas of PKCS KO
mice, adenovirus expressing either PKCO or (3-galactosidase
(AdPKC9 or AdLacZ, respectively) was administered to the
infrarenal aorta of PKC& KO mice. Mice were euthanized
after 7 or 42 days for histological and morphological analy-
ses, respectively. Delivery of AAPKCd successfully induced
localized aortic expression of PKCd in KO mice, mostly in
the perivascular region and to a lesser degree in the smooth
muscle actin positive media (Figure IXC and IXD in the
online-only Data Supplement). Forty-two days after the CaCl,
treatment, AdLacZ-treated PKCO KO mice displayed mini-
mum aortic expansion, with a final diameter measurement of
0.67£0.07 mm (29.2+15.9%), indicating that viral infection
alone did not alter the aneurysm-resistant phenotype of KO
mice. In comparison, delivery of AAPKCO produced signifi-
cant aortic expansion in KO mice (final diameter 1.11+0.21
mm; 114.8+28.3%), an induction comparable with that seen
in WT mice (Figure 5A and 5B). The apparent restoration of
aneurysm formation shown to accompany aortic gene transfer
of PKCS9 is further evidenced by fragmented elastin fibers, as
well as TUNEL-positive apoptotic cells and infiltrating mono-
cytes/macrophages, at 7 days after surgery (Figure 5C).
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Aortic Inhibition of PKCd Attenuates Aneurysm
Formation in C57B/6 Mice

To further demonstrate the importance of aortic PKCS
expression in aneurysm development, we tested the effect of
aortic inhibition of PKC&. After the routine CaCl, treatment,
C57BL/6 mice were subjected to local infection with either
a dominant negative PKC mutant adenovirus or AdLacZ as
control. Mice were euthanized after 7 or 42 days for histo-
logical and morphological analyses, respectively. As shown
in Figure 5D and 5E, treatment with dominant negative
PKC®& mutant produced a moderate but significant attenua-
tion in aneurysm formation in C57B/6 mice as reflected by a
reduction in aortic expansion as compared with the AdLacZ-
treated mice (final aortic diameter measurement 0.74+0.11
mm or 54.7+28.3%, and 1.05+0.06 mm or 126.5+15.7%,
respectively). Accordingly, local inhibition of PKCJ activ-
ity diminished elastin degradation, apoptotic activity, and
infiltration of monocytes/macrophages in the arterial wall
(Figure 5F).
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Figure 5. Acute manipulation of protein
kinase C-6 (PKC0) by adenovirus alters
aneurysm phenotype in mice. Adenovi-
ruses encoding PKCo (AdPKCd) (A-C)

or a dominant negative PKCd mutant
(AdPKCo-DN) (D-F) were delivered to aor-
tas of PKC knockout (KO) mice or C57B/6
mice, respectively, immediately after CaCl,
treatment. AdLacZ was used as a control.
A and D, Representative photos of aortas
taken 42 days after surgery. Scale bar, 5
mm. B and E, Aortic diameter measured
before (white bars) and 42 days after
(black bars) CaCl, treatment. *P<0.05; n=4
and n=5 in B and E, respectively. C and

F, Aortic sections stained for Van Gieson
(elastin) at 42 days, terminal deoxynucleo-
tidyl transferase dUTP nick end labeling
(TUNEL; red, 7 days), or monocytes and
macrophages (monocyte+macrophage
antibody [MOMA], green; 7 days). Nuclei
were stained by DAPI (blue). L delineates
arterial lumen. Scale bar, 200 ym; magnifi-
cation, 40x.

AdPKC®-DN

Exogenous MCP-1 Protein Restores Aneurysm to
PKCd KO Animals

Various studies have implicated an important role for both
MCP-1/C-C chemokine receptor 2 signaling in vascular dis-
eases, including atherosclerosis and AAA.**** Both in vivo
and in vitro analyses within the current study indicate a reduc-
tion of MCP-1 expression caused by PKC gene deficiency;
this prompted us to test whether delivery of exogenous MCP-1
to the arterial wall of PKCd KO mice could restore aneurysm
formation. Immediately after the CaCl, treatment, recombi-
nant MCP-1 protein suspended in pluronic gel was delivered
to the infrarenal aortic region of KO mice. As vehicle controls,
parallel groups of KO and WT mice were treated with pluronic
gel + solvent. As shown in Figure 6A and 6B, solvent-treated
WT aortas developed aneurysmal expansion comparable with
those previously observed in these mice at 42 days after the
CaCl, treatment (0.84+0.04 mm; 73.7+8.2%). At this same
time point, pluronic gel + solvent-treated PKCS KO aortas
maintained their aneurysm-resistant phenotype despite the
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administration of pluronic gel, a stark contrast to the KO aortas
treated with recombinant MCP-1 (aortic diameter 0.62+0.06
mm or 27.1x12.5%, and 0.91+0.04 mm or 89.6+9.4%,
respectively). Administration of recombinant MCP-1 in KO
aorta created elastin degradation similar to that seen in the
solvent-treated WT aorta, whereas solvent-treated KO aortas
remained largely unaffected. Further histological analysis
of these samples revealed a marked increase of macrophage
infiltration in the MCP-1-treated mice as compared with
solvent-treated PKCO® KO mice. Of note, the level of aor-
tic SMC apoptosis in PKCO KO mice was not significantly
altered by the MCP-1 administration (Figure 6C).

Discussion

Our data for the first time provide direct evidence that PKCd
is an integral signaling molecule in the pathogenesis of
AAA. We showed that inhibition of PKCS, either through
targeted gene deletion or overexpression of a dominant nega-
tive mutant, protected mice from developing characteristic
features of aneurysm, including inflammation, disruption of
elastin fibers, and loss of vascular SMCs. Additionally, the
aneurysm-resistant phenotype was accompanied by dimin-
ished inflammatory infiltration, cytokine production, and
medial apoptosis. These results not only confirm the impor-
tance of PKCJ in the regulation of SMC apoptosis but also
indicate a novel role for this kinase in the proinflammatory
signaling cascade, at least in the aneurysm setting.

Although PKCS$ is ubiquitously expressed in many tissues
and cell types, results reported here suggest that the role of this
signaling protein in aneurysm pathophysiology may be primar-
ily localized in vascular SMCs. Furthermore, our evidence sug-
gests PKCO may act largely through regulating expression of
proinflammatory chemokines and cytokines, notably MCP-1.
This notion is supported by several in vivo and in vitro find-
ings: (1) PKCO gene deficiency reduced the production of
MCP-1 and other cytokines by aortic SMCs, but did not sig-
nificantly alter the ability of monocytes to migrate; (2) an
adenovirus-mediated delivery of PKCS locally to the arterial
wall was sufficient to rescue aneurysm development in PKCO
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Figure 6. Delivery of exogenous MCP-1 to
PKCd KO mice restores aneurysm forma-
tion. A, Representative photos of abdomi-
nal aortas of wild-type (WT) or knockout
(KO) mice that received solvent or mono-
cyte chemoattractant protein-1 (MCP-1)
(80 umol/L), taken 42 days after the CaCl,
procedure; scale bar, 5 mm. B, Aortic
diameter measured before (white bars) and
42 days after (black bars) CaCl, treatment.
*P<0.05; n=4. C, Aortic sections stained for
Van Gieson (42 days), terminal deoxynu-
cleotidyl transferase dUTP nick end label-
ing (TUNEL; red; 7 days), or monocytes
and macrophages (MOMA,; green;

7 days). Nuclei were stained by DAPI
(blue). L delineates arterial lumen. Scale
bar, 200 pm; magnification, 40x.

KO mice; (3) aorta-specific inhibition of PKCd delivered a
moderate but significant level of protection in C57B/6 mice;
and (4) ectopic administration of MCP-1 to the aortic wall of
PKCd& KO mice sufficiently rescued aneurysm development.

It has been postulated that vascular SMCs are the soil of
AAA development.* Being a major source of extracellular
matrix proteins, SMCs would be critical in counter balancing
the upregulated proteolytic activities present in aneurysmal
tissue. As such, the depletion of medial SMCs eliminates a
cell population capable of directing connective tissue repair
and may, thus, potentiate the degradation of the arterial wall
and facilitate eventual rupture.’ This study contains data sup-
porting the idea that the dearth of connective tissue in AAA
can be reversed in the presence of healthy SMCs, thus either
preventing or even reversing aneurysm growth. Specifically,
we showed that the arteries of CaCl -treated KO mice sus-
tained a similar degree of initial damage to aortic elastin fibers
as WT aorta but by 42 days elastin integrity is restored in KO
arteries.

Results from the current study further illustrate another
important function of SMCs in vascular disease, (ie, as pro-
viding proinflammatory signals). The potential link between
SMC apoptosis and the production of proinflammatory chemo-
kines has been previously indicated in atherosclerosis. Using
a mouse atherosclerosis model, Clarke et al** convincingly
demonstrated that SMC apoptosis induces MCP-1 expression,
inflammatory infiltrate, and other features of plaque rupture.
Recently, our own group demonstrated that blocking apoptosis
with a pan-caspase inhibitor protected mice from angiotensin
II-induced vascular inflammation and aneurysm expansion.'®
These data suggest that, although apoptosis and inflammation
are most commonly considered unrelated events, apoptosis in
an aneurysm setting may promote the inflammatory response.
Such interaction between apoptosis and inflammation has
been explored in atherosclerosis. Clarke et al** suggest that the
proinflammatory property of apoptotic SMCs may be attrib-
uted to inhibited phagocytosis generated in the hyperlipid-
emic environment in atherosclerotic arteries. Although AAA
is commonly associated with atherosclerosis, these 2 diseases
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are believed to be caused by distinct pathological processes.
However, deficient phagocytosis is also being investigated
as an underlying pathophysiological event in other types of
inflammatory disorders, including autoimmue diseases,’' thus
warranting the exploration of this process in the pathogenesis
of AAA.

Another important finding described in this work is the
apparent critical role of PKCo in MCP-1 function during for-
mation and progression of aneurysm. In vitro and in vivo evi-
dence suggests that impaired production of MCP-1 expression
by aortic SMCs was the primary mechanism underlying the
aneurysm-resistant phenotype of PKC KO mice. Importantly,
this notion is further supported by the evidence that localized
aortic administration of recombinant MCP-1 to the aorta of
PKCd KO mice restored vascular inflammation, elastin deg-
radation, and aneurysmal expansion. Although several groups
have explored the role of the CCR2/MCP-1 signaling axis in
the aneurysm progression,***’-** this work provides what we
believe to be the first evidence suggesting MCP-1 to be a criti-
cal downstream effector of PKC9 signaling in the pathogen-
esis of aneurysm.

Although our study has implicated a critical role for MCP-1
in AAA, it is important to consider the large number of cyto-
kines that likely play a role in AAA development and pro-
gression. Our real-time polymerase chain reaction analysis
identified additional cytokines that may be regulated by PKCd
and require further investigation.

Interestingly, localized aortic delivery of exogenous
MCP-1 failed to reverse the apoptosis-resistant phenotype of
PKCO KO mice. A similar number of TUNEL"* cells were
found in MCP-1 and solvent-treated PKCd KO mice. In
contrast, a similar rescue experiment delivering exogenous
PKCS to the arterial wall restored all aneurysm-related cel-
lular events (ie, inflammation, apoptosis, and elastin deg-
radation in CaCl, PKCd KO arteries). These results not
only underscore the critical role of PKCS in the apoptotic
response of SMCs but also provide support for a novel rela-
tionship between PKCd, MCP-1, and AAA. In the absence
of this master mediator, apoptosis would be inhibited even
when aortic SMCs are surrounded by infiltrating inflamma-
tory cells, their inflammatory byproducts, and degraded elas-
tin fibers. Based on rescue experiments presented here, as
well as other data from the current and earlier reports,'>?° we
propose a model in which PKCd-mediated MCP-1 functions
as a molecular link through which apoptotic SMCs stimulate
the inflammatory process. Importantly, our model suggests
that SMC apoptosis may contribute to aneurysm develop-
ment primarily through the induction of inflammatory cyto-
kines. That is, in the presence of abundant proinflammatory
cytokines, such as the environment created by delivery of
exogenous MCP-1 protein, the inflammatory and proteolytic
events can proceed in full force without the participation of
apoptosis.

Using a rat carotid balloon injury model of intimal hyper-
plasia, our group recently showed that PKCd mediated the
expression of MCP-1, which was critical for the migra-
tion of adventitial fibroblasts to the media and neointima.*
In the CaCl -treated aorta, we noted a marked expansion
of the adventitia associated with abundant infiltration of
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macrophages and other inflammatory cells. Although the pres-
ence of macrophages in the adventitia is a prominent feature
of AAA313* and the role of adventitial fibroblasts in aneu-
rysm has been explored to some extent by several groups,*' =
the precise relationship between adventitial fibroblasts,
SMCs, and inflammatory cells in the context of AAA remains
a highly interesting subject for future study. Evidence pre-
sented here shows the localization of IL-6 and macrophages
predominantly in the adventitia, whereas MCP-1 production
and apoptosis appears to occur primarily, though not exclu-
sively, in the medial layer. It is also important to note that
PKCSJ, being a ubiquitously expressed protein, is also found
in the adventitia. Whether PKC9 also contributes to aneurysm
pathogenesis through adventitia cells should be explored in
future studies given the prominent inflammatory response in
the adventitia. However, several key questions remain to be
addressed in models of AAA, for example, how adventitial
fibroblasts may respond to medial SMC depletion, matrix deg-
radation, and inflammatory cell infiltration.

Being a major signaling molecule, PKCO can be activated
by multiple extracellular and intracellular signals, including
growth factors, inflammatory cytokines, mechanical stim-
uli, and oxidative stress. Not all of these signals are able to
induce apoptosis or the production of MCP-1. It remains to
be determined whether the proapoptotic and proinflammatory
functions of PKC9 are exerted through the same or partially
overlapping pathways. We have previously shown that mito-
gen-activated protein (MAP) kinase pathways are affected by
PKC9 gene deficiency.”* Although the involvement of MAP
kinases in the regulation of MCP-1 expression has been dem-
onstrated,* the precise molecular interaction between PKCd
and MAP kinases and how this interaction may influence
MCP-1 expression remains to be determined. Additionally,
Liu et al*’ recently demonstrated that PKCd mediates the sta-
bility of MCP-1 mRNA in vascular SMCs using a chemical
inhibitor of PKCd. Our group previously described the role
of MAP kinases in regulation of mRNA stability in vascu-
lar SMCs, leading us to speculate that PKCd may control
MCP-1 mRNA turnover through a MAP kinase—mediated
mechanism.*

Taken together, our data show that the stress response
regulating apoptosis and inflammatory signaling in the arte-
rial wall may be largely dependent upon PKC upregulation.
Accordingly, inhibition of PKC$ attenuated vascular inflam-
mation and preserved tissue integrity, resulting in the preven-
tion of aneurysm development in a CaCl -induced model of
AAA. Further, PKCO gene deficiency appears to protect mice
from developing aneurysm in the elastse model of AAA,
as shown in Figure III in the online-only Data Supplement.
Unfortunately, the potential role of PKC9 in the Angiotensin
I model is yet to be explored, as our attempts to breed PKCo™~
apolipoprotein E—deficient, double KO mice were unsuccess-
ful. However, we did show that levels of PKCO were signifi-
cantly elevated in aortas of apolipoprotein E—deficient mice
treated with Angiotensin II. Taken together, we believe the
elevated expression of this stress gene in human aneurysmal
tissues, as well as the role we have shown it to play in mouse
models, suggest it to be an attractive candidate for therapeutic
target(s).
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Accelerated aneurysmal dilation associated with
apoptosis and inflammation in a newly developed
calcium phosphate rodent abdominal aortic
aneurysm model

Dai Yamanouchi, MD, PhD, Stephanie Morgan, BS, Colin Stair, BS, Stephen Seedial, BS,
Justin Lengfeld, BS, K. Craig Kent, MD, and Bo Liu, PhD, Madison, Wisc

Objective: The calcium chloride (CaCl,) model is a widely accepted rodent model for abdominal aortic aneurysms (AAAs).
Calcium deposition, mainly consisting of calcium phosphate (CaPO,) crystals, has been reported to exist in human and
experimental aneurysms. CaPO, crystals have been used for in vitro DNA transfection by mixing CaCl, and phosphate-
buffered saline (PBS). Here, we describe accelerated aneurysm formation resulting from a modification of the CaCl, model.
Methods: A modified CaCl, model, the CaPO, model, was created by applying PBS onto the mouse infrarenal aorta after
CaCl, treatment. Morphologic, histologic, and immunohistochemical analyses were performed on arteries treated with
the CaPO, model and the conventional CaCl, model as the control. In vitro methods were performed using a mixture of
CaCl, and PBS to create CaPO, crystals. CaPO,- induced apoptosis of primary cultured mouse vascular smooth muscle
cells (VSMCs) was measured by DNA fragmentation enzyme-linked immunosorbent assay.

Results: The CaPO, model produces AAA, defined as an increase of =50% in the diameter of the aorta, faster than in the
CaCl, model. The CaPO,4 model showed significantly larger aneurysmal dilation at 7, 28, and 42 days, as reflected by a
maximum diameter (measured in mm) fold-change of 1.69 % 0.07, 1.99 % 0.14, and 2.13 £ 0.09 vs 1.22 = 0.04, 1.48
+0.07,and 1.68 = 0.06 in a CaCl, model, respectively (n = 6; P < .05). A semiquantitative grading analysis of elastin fiber
integrity at 7 days revealed a significant increase in elastin degradation in the CaPO, model compared with the CaCl, model
(2.7 £0.2vs 1.5 £ 0.2; n = 6, P < .05). A significantly higher level of apoptosis occurred in the CaPO, model (apoptosis index
at 1, 2, and 3 days postsurgery: 0.26 * 0.14, 0.37 % 0.14, and 0.33 £+ 0.08 vs 0.012 %= 0.10, 0.15 = 0.02, and 0.12 = 0.05
in the conventional CaCl, model; n = 3; P < .05). An enhancement of macrophage infiltration and calcification was also
observed at 3 and 7 days in the CaPO, model. CaPO, induced approximately 3.7 times more apoptosis in VSMCs than a
mixture of CaCl, (n = 4; P < .0001) in vitro.

Conclusions: The CaPO, model accelerates aneurysm formation with the enhancement of apoptosis, macrophage
infiltration, and calcium deposition. This modified model, with its rapid and robust dilation, can be used as a new model
for AAAs. (J Vasc Surg 2012;mm:mmm. )

Clinical Relevance: Animal models of abdominal aortic aneurysms (AAAs) have been used in a range of experiments to
explore various aspects of pathogenesis and potential methods of treatment. The conventional calcium chloride (CaCl,)
model has been widely accepted as an experimental animal model with many pathologic similarities with human AAAs.
This conventional model typically shows aneurysmal dilation at 4 to 6 weeks after injury. We have created a mouse
experimental AAA model with rapid and robust aneurysmal dilation through the modification of the conventional CaCl,
model that uses calcium phosphate. This modified model, with its rapid and robust dilation, can be used as a new model
for AAAs.

Abdominal aortic aneurysm (AAA) is a common vascu-
lar disease associated with high mortality. Aneurysm results
from the culmination of a series of events that lead to
disruption of structural integrity and segmental weakening
of the abdominal aortic wall. AAA is the 10th leading cause
of death in men aged >55 years and causes as many as
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30,000 deaths each year in the United States.' The preva-
lence of AAAs increases continuously in men aged >55
years and reaches an estimated peak of >10% in those aged
80 to 85 years.”

Several animal models have been created to aid investi-
gation of pathophysiologic events underlying human
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AAAs, including models that depend on genetic or chem-
ical manipulation, or both.®> Genetic manipulations are
often associated with defects in extracellular matrix matu-
ration, disruption of lipid homeostasis, or alteration of
angiotensin enzymes.* 7 The chemically induced aneurysm
approaches include the intraluminal infusion of elastase and
the periaortic application of calcium chloride (CaCl,). A
third chemical approach combines chemical and genetic
approaches, using a systemic infusion of angiotensin II to
mice genetically altered to compromise lipid homeostasis
such as mice deficient in apolipoprotein E or low-density
lipoprotein receptor.® !

Anecurysmal changes in the carotid artery of hyperlipid-
emic rabbits resulting from periaortic application of CaCl,
was first described by Gertz et al.'? This method was later
applied in the abdominal aortas of hyperlipidemic rabbits in
combination with thioglycollate, as reported by Freestone
et al'® and subsequently adapted to mice.'®'* By applying
CaCl,-soaked gauze to the infrarenal aorta for 15 to 20
minutes, one can typically generate aneurysmal dilation in
the treated aortic segment within 4 to 6 weeks.'**® This
model does not require the use of genetically modified
mice. Similar to the elastase-induced mouse aneurysm,
CaCl,-induced aneurysmal dilation is accompanied by the
depletion of medial layer smooth muscle cells (SMCs), as
well as elastin degradation, infiltration of lymphocytes and
macrophages, elevation of proinflammatory cytokines, and
the increased activation of matrix metalloproteinases
(MMPS).10’14‘15

The mechanism by which the adventitial application of
CaCl, causes these molecular and cellular changes in the
aortic wall is not entirely clear. Previous findings have
identified calcium ion binding sites on both collagen and
elastin, suggesting that CaCl, application may facilitate the
degradation of these major arterial structural compo-
nents.'® Our group has identified significant calcification
also occurring in CaCl,-treated arteries, mainly in the me-
dial layer. We hypothesized that this calcification might also
contribute to aneurysm formation and explored the forma-
tion of these calcification deposits. Calcium phosphate
(CaPO,) crystals have been identified as the major compo-
nent of calcification found in atherosclerosis'”** and have
been suggested to have significant proinflammatory eftects,
induce apoptosis in various cell types, and stimulate pro-
duction of proinflammatory cytokines from monocytes,
macrophages, and SMCs.?!

In the current study, we tested whether CaPO, is a
more potent stimulus than CaCl, in stimulation of apopto-
sis and induction of inflammatory cytokines. Based on the
CaPOy,-based cell transfection method, we adapted a
method of CaPO, generation in vivo through a sequential
application of CaCl, and phosphate-buffered saline
(PBS).>*2* Compared with the application of CaCl, alone,
the sequential application of CaCl, and PBS produces a
more severe, rapid dilation of the aneurysmal artery associ-
ated with significantly enhanced smooth muscle apoptosis
and inflammatory responses. Although future studies are
necessary to determine how this new method, termed the
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CaPO, model, may cause arterial injury, its rapid induction
of'aneurysmal dilation is advantageous and could be used as
an additional rodent model in studies of AAA.

METHODS

All animal procedures in this study were conducted in
accordance with experimental protocols that were ap-
proved by the Institutional Animal Care and Use Commit-
tee at the University of Wisconsin, Madison (Protocol
M02284).

General materials. Dulbecco’s modified Eagle’s me-
dium (DMEM) and cell culture reagents were from Gibco
BRL Life Technologies, Grand Island, NY. Chemicals, if
not specified, were purchased from Sigma Chemical Co. St
Louis, MO.

Mouse models of AAAs. Male 12-week-old C57BL/6
mice were purchased from Jackson Laboratory (Bar Harbor,
Me). All mice had free access to a normal diet and water.
The CaPO,-induced AAA model was created through a
method closely resembling the CaCl,-induced model as
described by Gertz et al.'? Under general anesthesia, the
infrarenal region of the abdominal aorta was isolated
through a midline incision. A small piece of gauze soaked in
0.5 mol /L CaCl, was applied perivascularly for 10 minutes.
This gauze was replaced with another piece of PBS-soaked
gauze for 5 minutes. The CaCl,-induced aneurysm was
created through a similar manner but with one 15-minute
treatment of gauze soaked with 0.5 mol /L CaCl,. Control
mice received one treatment of 0.5 mol /L sodium chloride
(NaCl) soaked gauze for 15 minutes.

Histologic analyses suggest that vascular injury appears
to be more severe at the anterior surface where arterial
tissue comes in contact with gauzes. The maximum exter-
nal diameter of the infrarenal aorta was measured using a
digital caliper (VWR Scientific, Radnor, Pa) before treat-
ment and at the time of tissue harvest.

At selected intervals, mice were euthanized and tissues
were perfusion-fixed with a mixture of 4% paraformalde-
hyde in PBS at physiologic perfusion pressure. Harvested
tissue was further fixed in 4% paraformaldehyde and imbed-
ded in optimal cutting temperature compound (Sakura
Tissue Tek, Alphen aan den Rijn, The Netherlands). All
sections were cut 6-pm thick using a Leica CM30508S
cryostat.

Histology and immunohistochemistry. Samples
were stained with van Gieson using the Chromaview Van
Gieson kit (Richard-Allan Scientific, Kalamazoo, Mich)
according to the provided protocol. Elastin integrity was
quantified using a grading system as described by Kita-
monto et al*®: no elastin degradation or mild elastin deg-
radation, 1; moderate, 2; moderate to severe, 3; and severe
elastin degradation, 4. Each section was numbered and
photographed at original magnification X10 or X20,
maintaining their respective numbers. Then, an objective
participant used the scale to grade the photographs and
recorded the grade with the section number.

Calcification was detected using Alizarin Red (Ricca
Chemical Co, Arlington, Tex). Quantification of calcium
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content was calculated using Image] Software (National
Institutes of Health, Bethesda, Md). Total area of calcified
media (stained red) was calculated and divided by total
medial area of the artery to yield the reported ratio(s).

For additional immunohistochemistry, arterial sections
were permeabilized with 0.1% TritonX for 10 minutes at
room temperature. Nonspecific sites were blocked using 5%
bovine serum albumin and 3% normal donkey serum in
Tris-buffered saline and Tween 20 for 1 hour at room
temperature. Primary antibodies to CD3, monocyte che-
moattractant protein-1 (MCP-1), and Mac3 were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, Calif),
anti-monocyte /macrophage-specific antibody (MOMA2)
was purchased from Abcam (Cambridge, Mass), cleaved
caspase 3 was purchased from Cell Signaling Technology
(Boston, Mass), and smooth muscle-a actin (SMA) was
purchased from Sigma-Aldrich (St. Louis, Mo).

Primary antibodies were diluted in previously described
blocking solution and incubated overnight at 4°C. Apopto-
sis was identified through terminal deoxynucleotide
transferase-mediated deoxy uridine triphosphate nick-end
labeling (TUNEL) in an In Situ Cell Death Detection Kit
(Roche, Indianapolis, Ind) according to kit directions.
Fluorescent stains were completed using secondary anti-
bodies purchased from Invitrogen Molecular Probes
(Carlsbad, Calif), and 4’,6-diamidino-2-phenylindole
(DAPT; Invitrogen, Carlsbad, Calif) was used to detect
nuclei. Staining was visualized with a Nikon Eclipse E600
upright microscope, and digital images were acquired using
a RetigaEXi CCD digital camera. Quantification of stains
was performed in a manner to that previously described®®
using Image] Software. Data quantification was performed
using at least three sections per artery.

Cell culture. Primary mouse aortic SMCs from the
aorta of C57BL/6 mice were isolated by using a protocol
described by Clowes et al.>” Briefly, aortas were perfused
with PBS supplemented with 2% penicillin /streptavidin
antibiotics. The aorta was isolated from the aortic arch to
the iliac bifurcation and incubated 30 minutes in digestion
buffer at 37°C. Adventitia was pulled away from the medial
layer, and tissues were minced and further incubated for 4
hours at 37°C. Cells isolated from the medial layer of
individual mice were kept in separate dishes to allow a
biologic replicate from each animal. Tissue was spun to a
pellet by centrifugation and washed with 10% fetal bovine
serum (FBS) DMEM once, then suspended in a small
volume of 10% FBS-DMEM and left undisturbed for 48
hours to allow cells to migrate from the tissue. All cell types
were maintained in DMEM supplemented with 10% fetal
calf serum, 100 U/mL penicillin, and 100 pwg/mL strep-
tomycin in a 5% CO,/water-saturated incubator at 37°C.

In vitro CaCl, and CaPO, treatments. The 10%
FBS DMEM was replaced with 0.5% FBS DMEM 24 hours
before all cell treatment. Cells designated for CaCl, treat-
ment were washed with normal saline twice before being
treated with CaCl, (final concentration 0.05 mol/L) di-
luted in normal saline. Treated cells were incubated at 37°C
for 15 minutes, the CaCl, solution was removed, and cells

247

Yamanouchi et al 3

caCl,

4 Tor 02
1.09% T86%

15.0

Annexin V

03
100 Js01m 113%

10 TA.AD 10
CaPO,

-
o
o

S

DNA Fragmentation
(Fold Change)
o
o

Annexin V

ool

Control CaCl, CaPO,

123%

Fig 1. Apoptosis induced by calcium phosphate (CaPO,) treat-
ment in vitro. Cultured mouse aortic smooth muscle cells were
treated with calcium chloride (CaCL,) or CaPO, as described in
the Methods section. A, In vitro apoptosis determined by DNA
fragmentation enzyme-linked immunosorbent assay. Fold-change
was determined with comparison to untreated cell group (control;
n =4). *P < .0001. B, Representative results of flow cytometry
analyses. Apoptotic and necrotic cells were identified by annexin V
and 7-aminoactinomycin D (7AAD), respectively (n = 4). The
error bars show the standard error.

Table. Analysis of cells after treatment with calcium
chloride (CaCl,) or calcium phosphate (CaPO,), shown
as % of total

Secondary
Healthy Apoptotic Necrotic necrotic
(Negative) (Annexin V+) (7TAAD+)  (Double+)

1.08 £ 0.01 2.79 =2.35 6.94 £ 1.02
68.8 = 7.6° 14+023 78=*0.14

CaCl, 89.2%=1.27
CaPO, 22.0 = 7.92°

7ADD, 7-aminoactinomycin D.
2P < .05 vs control.

were washed twice with 10% FBS DMEM and let rest 6
hours at 37°C. Cells designated for CaPO, treatment were
washed twice with 1 X PBS before being treated with CaCl,
(final concentration 0.05 mol /L) diluted in 1 X PBS for 15
minutes. The remainder of the treatment method was the
same as the CaCl, group.

DNA fragmentation enzyme-linked immunosor-
bent assay. In vitro detection of apoptosis via fragmented
DNA labeling was done using the Cell Death Detection
enzyme-linked immunosorbent kit (Roche, Indianapolis,
Ind) according to the manufacturer’s protocol.

Flow cytometric analysis. Apoptotic populations in
treated cell groups were assessed by flow cytometry using a
PE Annexin V Apoptosis Detection Kit (BD Pharmigen,
San Diego, Calif). Flow cytometric data were collected on a
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Fig 2. Mice were subjected to abdominal aortic aneurysm (AAA) induction with calcium chloride (CaCl,) or calcium
phosphate (CaPO,) and were euthanized at indicated times as described in the Methods section. A, Representative
pictures of arterial dilation 7 days after surgery. B, Quantification of arterial expansion measured 3, 7, 28, and 42 days
after surgery (n = 6). Fold change calculated as maximum diameter/presurgery diameter. *P < .05. C, Van Gieson
stain shows elastin layer degradation in representative treated arteries 7 days after surgery. Scale bar = 100 um. D,
Semiquantification of elastin degradation in arteries harvested 7 days after surgery. The error bars show the standard

¢rror.

BD fluorescence-activated cell sorting (FACS) Calibur
Flow Cytometer equipped with a Cytek 633-nm laser
(Freemont, Calif) and analysis was performed using FlowJo
software (TreeStar Inc, Ashland, Ore).

Statistical analysis. Values are expressed as means =
standard error. Experiments were repeated at least three
times, unless stated otherwise. Differences between two
groups were analyzed by the Student #test. One-way anal-
ysis of variance (ANOVA), followed by the Scheffe test, was
used for multiple comparisons. Values of P < .05 were
considered significant.

RESULTS

CaPO, induces apoptosis in aortic SMCs. Primary
cultured mouse aortic SMCs were treated with CaCl, or
CaPO,; control SMCs were similarly treated with normal
saline. At the end of treatment, cells were placed into
normal growth media for 6 hours before undergoing apo-
ptotic evaluation. Analyses of DNA fragmentation indi-
cated the presence of apoptotic cells in CaCl,-and CaPO,-
treated cells, however, CaPO, induced approximately 3.7
times more apoptosis of SMCs than CaCl, (P < .0001; Fig
1, A). Detailed cell profiling by FACS analysis showed that
most of the dead cells in the CaCl,-treated group stained
positive for annexin V and 7-aminoactinomycin D, indicat-
ing secondary necrosis. However, most of the dead cells in
the CaPO,-treated group stained positive only for annexin

V, indicating apoptosis to dominate this treatment group
(Fig 1, B; Table).

CaPO,, exacerbates aneurysm formation in mice.
To facilitate CaPO, crystal formation in vivo, we sequen-
tially applied CaCl, and PBS, or CaCl, alone as a control, to
the adventitial surface of mouse abdominal aorta. Mice
were euthanized at designated intervals after the injury, and
the maximum diameter of the aortas was measured. Ancu-
rysm development was assessed by determining the fold-
change in diameter, calculated as the postsurgical measure-
ment divided by the diameter measured before injury. As
shown in Fig 2, the aortas treated by CaPO, showed
significantly larger aneurysmal dilation at 7, 28, and 42
days, as reflected by a maximum diameter fold-change of,
respectively, 1.69 £ 0.07,1.99 =+ 0.14,and 2.13 = 0.09 in
the CaPO, model vs 1.22 = 0.04, 1.48 *= 0.07, and 1.68
+0.06 in the CaCl, model (n = 6; P< .05; Fig 2, Aand B).
The van Gieson staining of the aortic wall at day 7 showed
more fragmentation of the elastin layer in CaPO,-treated
aortas (Fig 2, C). A semiquantitative grading analysis of
elastin fiber integrity at 7 days revealed a significant increase
in elastin degradation in the CaPO, model compared with
the CaCl, model (Fig 2, D).

CaPO, intensifies apoptosis in aneurysmal arteries.
Next, we compared the magnitude of apoptosis after aneu-
rysm induction with CaCl, or CaPO, by harvesting arteries
at 1, 2, and 3 days after injury. Apoptosis in the aortic wall
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Fig 3. Calcium phosphate (CaPO,)-induced aneurysm displays
apoptosis. Mice underwent abdominal aortic aneurysm induction
with calcium chloride (CaCl,) or CaPO, and were euthanized at
indicated times as described in the Methods section. A, Represen-
tative images of immunohistochemistry for apoptosis, as measured
by terminal deoxynucleotide transferase-mediated deoxy uridine
triphosphate nick-end labeling (TUNEL; red), nuclei shown by
4',6-diamidino-2-phenylindole (DAPI) stain (&lue) in treated ar-
teries 3 days after injury. Scale bar = 100 pm. B, TUNEL index as
determined by TUNEL-positive cells/nuclei. Measurements taken
from CaCl,-treated (black bar) and CaPO,-treated (white bars)
arteries harvested 24, 48, or 72 hours after surgery (n = 3). *P <
.05. The error bars show the standard error.

was evaluated by TUNEL staining at each interval. CaPO,
injury induced significantly more apoptosis than CaCl,
injury at 2 and 3 days after injury (Fig 3, A and B, respec-
tively). Most of the apoptotic cells were noted in the media
and localized to cells that were positive for SMA (Supple-
mental Fig 1, online only).

CaPO,-induced aneurysm is associated with in-
flammation and medial calcification. A prevalent feature
of human and experimental aneurysms is significant inflam-
matory infiltrate. We have previously reported a relation-
ship between apoptosis of SMCs and the inflammatory
response(s) leading to the infiltration of macrophages and
other inflammatory cells to the aortic wall.>® At this notion,
CaPO,-treated arteries were stained for the presence of
macrophages, as identified by the marker CD68. CaPO,-
treated arteries harvested 3 days after injury showed signif-
icant macrophage infiltration (Fig 4, A). The graph in Fig
4, B shows macrophage infiltration as determined by
CDo68-positive cells divided by total nuclei. Supplemental
Fig 2 (online only) depicts additional inflammatory markers
in day 3 CaPO,-treated arteries. Macrophage marker
Mac3, T-lymphocyte marker CD3, and the inflammatory
cytokine MCP-1 evidenced a significant inflammatory
response.

Using cleaved (activated) caspase 3 as a marker for
apoptosis, we evaluated the spatial relationship between
apoptosis and inflammation. Monocytes and macrophages,
marked by MOMA, localized mostly in the adventitia (Sup-
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Fig 4. Inflammation accompanies calcium phosphate (CaPO.,)-
induced aneurysm. Mice underwent abdominal aortic aneurysm
induction with calcium chloride (CaCl,) or CaPO, and were
euthanized at indicated intervals as described in the Methods
section. A, Representative images are shown of immunohisto-
chemistry for macrophage marker CD68 (green) in CaCl,-treated
and CaPOy,-treated aorta 3 days after injury. Nuclei stained with
4',6-diamidino-2-phenylindole (DAPIL blue). Scale bar = 100
wm. B, Macrophage infiltration as determined by CD68-positive
cells/nuclei in treated arteries 24, 48, and 72 hours after treatment
(n = 3). *P < .05. The error bars show the standard error.

plemental Fig 3, A online only). Using cleaved or activated
caspase 3 as a marker for apoptosis, we found that most of
the monocytes and macrophages at this interval were not
apoptotic; however, they tended to concentrate in areas
proximal to apoptotic cells (Supplemental Fig 3, online
only).

Significant calcification in CaPO,-treated arteries
was easily noted visually and tactilely at the time of artery
harvest. Cross-sections of the aortas receiving treatment
with CaCl, or CaPO, injury were stained with Alizarin
Red according to manufacturer’s protocol. CaPOy, injury
caused pronounced medial calcification appearing ~48
hours after injury and maximizing at ~7 days (Fig 5, A
and B).

DISCUSSION

Animal models of AAAs have been used in a range of
experiments to explore various aspects of AAA pathogene-
sis as well as potential methods of AAA treatment. Here, we
report the creation of a mouse experimental AAA model
with rapid and robust aneurysmal dilation through sequen-
tial adventitial application of CaCl, and PBS. This modified
CaCl, model, or the CaPO, model, displayed similar
pathologic and histologic characteristics as the previously
described CaCl, model but at a higher magnitude.

We postulate that adventitial insult in the form of
CaCl, application causes a series of tissue degenerative
events, at least partly through formation of CaPO, crystals.
Supporting this argument is our finding that CaCl, did not
cause a significant degree of apoptosis or necrosis when
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Fig 5. Calcium phosphate (CaPO,)-induced aneurysm samples contain medial calcification. A, Arterial sections were
stained with Alizarin Red for calcium deposit detection. Calcium appears 7ed on a pink and yellow background. The
control sections were harvested from animals treated with saline only. Sections were harvested at 48 hours, 72 hours,
and at 7 days after CaPO, treatment. Scale bar = 200 wm for all images. B, Quantification of calcium content in arterial
sections harvested from arteries with the conventional calcium chloride (CaCl,) or the CaPO, model. Data are
expressed as a ratio of the total calcified media divided by the total medial area of each arterial section (n = 4). The error

bars show the standard error.

applied to cultured mouse aortic SMCs. In contrast, cul-
tured mouse aortic SMCs responded to CaPO, with mas-
sive apoptosis, findings consistent with reports from other
groups.20:21:2°

Although the creation of an aneurysm phenotype with
CaCl, or CaPO, is artificial, atherosclerotic calcification has
been shown to consist mainly of CaPO, crystals, which is
typically seen in the intimal and medial layer of the diseased
human aorta.'®'?*® We observed medial calcification in
the arterial segments that sustained the CaCl, or CaPO,
insult. Although tactile and immunohistochemical meth-
ods show substantial calcification in these arteries, the
biologic mechanisms underlying this ectopic calcification
have yet to be identified. Thus, future studies may lend
insight to these processes through identification of
calcification-regulating genes such as osteopontin.

Interestingly, robust apoptosis and calcification was
observed in the medial layer of the aorta starting at ~2 days
after surgery, at which time the elastin fibers appeared
grossly intact.

A potential causal relationship between apoptosis and
calcification has been conceptualized by Proudfoot et al,*!
who propose a model in which SMC death may form
apoptotic bodies in the arterial wall, which in turn may
serve as a nucleus for vascular calcification.®? In our time
course studies, we noted the time line of apoptotic induc-
tion in the arterial wall, which began at ~24 hours, was
closely followed by the detection of calcium deposition at
~48 hours after injury. However, the link between SMC
apoptosis and medial calcification has yet to be directly
tested. Aortic calcification has been reported in human
AAAs,*® but the precise contribution calcification may
make toward aneurysm progression is still controversial.

One important limitation within this study lies in the
formation of the CaPO, crystals. Although mixing CaCl,
with PBS generates these crystals, this method provides no
means of controlling the formation of CaPO, crystals or of
measuring the final concentration or composition of these
crystals, especially in vivo. In preliminary studies, we tested
the periaortic application of several forms of CaPO,, in-
cluding hydroxyapatite, nanocrystal, and basic CaPO,.
However, each of these forms of CaPO, failed to induce
aneurysm formation in vivo and produced little if any
apoptosis in vitro. One possible explanation for this signit-
icant difference among the types of CaPO, crystal is that
the size variation, particularly compared with the naturally
formed crystals, may not be appropriate for the endocytosis
or autophagocytosis of these crystals to induce apopto-
sis.**3% To address a few questions surrounding the role of
these CaPO, crystals, methods of interfering with crystal
formation or the chemical reaction(s), or both, that take
place might provide mechanistic insights. Although the
scope of this study does not allow such an experiment,
future work must explore these methods to fully under-
stand the role of CaPO, crystals in this newly described
model. Furthermore, a better understanding of the role of
calcification in aneurysms is necessary to fully understand
the potential effect of this study.

CONCLUSIONS

We have shown that the creation of a CaPO, mouse
AAA model through the modification of the conventional
CaCl, model significantly accelerates aneurysm formation.
CaPO, treatment also induced significant enhancement of
apoptosis both in vitro and in vivo. Calcification and mac-
rophage infiltration were also prominent features of the
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CaPO, aneurysm, sharing spatial and temporal similarities
to the apoptosis within the medial layer. This model, with
its rapid and robust dilation, can be utilized as a new model
for mouse experimental AAAs.
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