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Abstract

Background—The purpose of this study was to further elucidate the role of the vascular smooth
muscle cells (SMC) in abdominal aortic aneurysm (AAA) disease. We hypothesized that that
AAA-SMC are unique and actively participate in the process of degrading the aortic matrix.

Methods and Results—Whole-genome expression profiles of SMC from AAA, non-dilated
abdominal aorta (NAA) and carotid endarterectomy (CEA) were compared. We quantified
elastolytic activity by culturing SMC in [3H]elastin-coated plates and measuring solubilized
tritium in the media after 7 days. MMP-2 and MMP-9 production was assessed using real-time
PCR, zymography and western blotting.

Each SMC type exhibited a unique gene expression pattern. AAA-SMC had greater elastolytic
activity than NAA (+68%, P<0.001) and CEA-SMC (+45%, P<0.001). Zymography showed an
increase of active-MMP-2 (62kD) in media from AAA-SMC. AAA-SMC demonstrated 2-fold
greater expression of MMP-2 mRNA (P<0.05) and 7.3-fold greater MMP-9 expression (P<0.01)
than NAA-SMC. Culture with U937 monocytes caused a synergistic increase of elastolysis by
AAA-SMC (41%, P<0.001) but not NAA or CEA (P=0.99). Co-culture with U937 caused a large
increase in MMP-9 mRNA in AAA and NAA-SMC (P<0.001). MMP-2 mRNA expression was
not affected. Western blots of culture media showed a 4-fold increase of MMP-9 (92kD) protein
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only in AAA-SMC/U937 but not in NAA-SMC/U937 (P<0.001) and a large increase in active-
MMP2 (62kD) which was less apparent in NAA/U937 media (P<0.01).

Conclusions—AAA-SMC have a unique gene expression profile and a pro-elastolytic
phenotype that is augmented by macrophages. This may occur via a failure of post-transcriptional
control of MMP-9 synthesis.

Introduction

Methods

The aortic aneurysm remains a poorly understood inflammatory, matrix-degenerative
disease which results in significant morbidity and mortality. ENREF 1 ENREF 1 ENREF 1
The vascular smooth muscle cell (VSMC) is the principal intrinsic cell of the aortic wall and
is capable of 1) matrix synthesis, 2) protease and\or protease inhibitor elaboration and 3)
inflammatory cell recruitment. As such it is capable of key influence on the homeostasis of
the aortic matrix. The effect of these cells on the development and growth of aortic
aneurysms may be related to loss of synthetic capability due to apoptosis or other
mechanisms, 12 but there is also growing evidence that aortic VSMC have the potential to
directly participate in the degenerative process.3 In addition, the ENREF 8 unique
predilection of aneurysms for the infrarenal aorta and adjacent iliac vasculature could be
related to regionalization of the intrinsic cellular components.6-10

We hypothesized that the VSMC isolated from aortas in patients with abdominal aortic
aneurysms would demonstrate a unique pattern of gene expression when compared to cells
derived from non-dilated infrarenal aorta under identical culture conditions. We also
hypothesized that this expression phenotype would manifest with increased direct and
indirect elastolytic activity compared to VSMC derived from non-aneurysmal aortic wall or
even pathologically altered VSMC derived from atherosclerotic plaque. In this study, we
compared whole genome gene expression patterns of the explant VSMC from each of these
tissues, directly measured their ability to degrade elastin, and characterized specific
pathways and enzymes which are involved in this process.

Human tissues were collected with the approval and oversight of the Institutional Review
Board at Washington University. Details of the methods of analysis can be found in the on-
line appendix (Supplemental Methods).

Microdissection and RNA extraction

Briefly, frozen sections from abdominal aortic aneurysm specimens were microdissected
using a PixCell lle system (Arcturus). Each histologic layer of the aortic wall (intima, media
and aventitia) was identified and separately dissected onto “caps” assuring no incidental
attachment of adjacent tissue. Tissue from 5 serial sections was combined, and RNA
extracted using the PicoPure RNA Kit (Arcturus, #K1T0204). The cDNA was amplified and
the HG-U133 Plus GeneChip was used for the hybridization, and normalized across
microarrays using the Robust MultiChip Average program. One-way ANOVA was
performed using a conservative significance cut-off to identify informational genes that
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distinguished between the three cell classes: adventitia, media, and intima (Partek Pro
microarray analysis suite, www.partek.com).

Briefly, anonymous discard tissues of non-dilated abdominal aorta (NAA), abdominal aortic
aneurysm (AAA) and carotid plaque (CP). The intimal layer was removed from the aortic
tissue. The tissue was digested with collagenase type | (Worthington Biochemical,
Lakewood, NJ) and porcine pancreatic elastase (Sigma Aldrich, Saint Louis, MO). The cells
were suspended in DMEM containing Smooth Muscle Cell Growth Supplement (#1152,
ScienceCell, Carlsbad, CA) with 10% fetal calf serum, Glutamax I, non-essential amino
acids, 6mM HEPES, and antibiotics. Samples of cells (passage < 5) were analyzed by flow
cytometry for cell type-specific marker proteins.

U937 cells for use in the elastolytic assays were cultured in RPMI media containing
10%FBS, and antibiotics. Prior to use in our experiments, the cells were differentiated in
media containing 10 nM phorbol 12-myristate 13-acetate (PMA) (Sigma Aldrich, Saint
Louis, MO) for 24 hours.

Expression Profiling

Whole genome gene expression profiles of vascular smooth muscle cells were analyzed in
two independent batches. Total RNA was extracted and analyzed on the HumanHT-12 v4
Expression BeadChip according to the manufacturer's instructions (Illumina, San Diego,
CA).

The expression data was normalized in BeadStudio software (Illumina) using the cubic-
spline method. The data was then imported into Partek Genomics Suite v6.5 (Partek Inc,
Saint Louis, MO). Differential gene expression analysis was performed using a mixed model
ANOVA. A gene list was then created using a median false discovery rate (FDR) of 0.05.
Inclusion of patient age and sex did not influence the model. Genes that were differentially
expressed in VSMC derived from AAA compared to VSMC from CEA and NAA were
subjected to gene ontology analysis.

Class prediction analysis was based on k-nearest neighbor classification (k=1 and k=3,
based on a Euclidean distance measure). The misclassification rate of each model was
estimated using complete leave-one-out cross-validation (LOOCV).

Elastolytic Activity

Tritiated elastin, which had been prepared as described previously, was purchased from
Moravek Biochemicals (Brea, Ca).1! Tissue culture wells (24/plate) were coated with 200pg
[3H] elastin. Co-culture experiments were performed using a Transwell co-culture system
(#3414, Corning Inc, Big Flats, NY). The VSMC were incubated for 24 hours in serum-free
DMEM containing 20pg/ml lipopolysaccharides (LPS) (#L.3024, Sigma Aldrich, Saint
Louis, MO). Experiments were performed with 1 x 10° cells in the well and/or with 0.5 x
10° cells in the transwell for 7 days before the solubilized [3H]-elastin was quantitated by
counting an aliquot of the media in a B-scintillation counter. All assays were performed with
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three technical replicates. Activity is reported in total micrograms elastin degraded per well
based on the specific activity of [3H] elastin.

Degradation of Mouse Aortic Elastin Ex Vivo

Serial sections of OCT-embedded infrarenal aortic tissue from C57/BI6 mice (Jackson Labs,
Bar Harbor, Maine) were mounted on coverslips. The sections were then examined using a
fluorescence microscope (Olympus BX61, Center Valley, Pennsylvania) at 200X. The tissue
sections were cultured for 10 days with VSMC derived from AAA or NAA tissue, and
reimaged.

Measurement of metalloproteinase production

Statistics

Results

Evaluation of matrix metalloproteinase production and activity were performed as
previously described.1! Briefly, the VSMC cultured from AAA, CEA, and NAA tissue were
plated in 6-well culture plates (Corning, Big Flats, NY) at a density of 0.5 x 10 and
incubated in serum-free media for 7 days. For co-culture experiments, activated U937 cells
(3 x 10°) were suspended in transwells. Equal amounts of protein were resolved on 4-20%
gradient gels or 12.5% gels containing 0.2% gelatin. The zymogram gels were incubated
overnight in assay buffer then rinsed with deionized water and stained with Coomassie Blue.
Western blotting was performed on proteins that were transferred to nitrocellulose, blocked
in 5% non-fat dried milk in PBST buffer for 1 hour at room temperature, and incubated with
primary antibody toward MMP-2 or MMP-9 (ab37150, ab38898, Abcam, Cambridge, MA)
overnight. A peroxidase-chemiluminescent system (GE Healthcare, Pittsburgh, PA) was
used to detect bound primary. Expression of MMP-2 and MMP-9 mRNA in VSMC was
compared by gRT-PCR [Applied Biosystems, Grand Island, NY (assay ID:
Hs01548727_ml, Hs00234579_ml, and Hs02758991_gl, respectively)]. Gene expression in
AAA and CEA-VSMC relative to NAA-VSMC was calculated using the 2722CT method.

For analysis of the elastolytic assay data, a one-way ANOVA was performed using SPSS
vI9 (IBM, Armonk, NY) comparing mean pg elastin degraded and mean MMP-2 and
MMP-9 production between experimental groups. Tukey's post hoc test was used to
compare mean ug elastin degraded between the individual groups within experiments. The
same analysis was carried out to compare MMP production in western blotting.

Characterization of Cells

Cell cultures were obtained by enzymatic explantation techniques from fresh surgical
discard tissues under a Humans Studies Committee protocol. All VSMC cultures used in
experiments were negative by flow cytometry for cell markers CD1Ic, CD20, CD3, CD31
and CD68 and were positive for alpha smooth muscle actin.
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Expression Profiles of VSMC in culture

We performed gene expression profile analyses from 22 AAA, 29 CEA, and 17 NAA
vascular smooth muscle cell lines, representing all available cell lines produced at the time
of analysis. Characteristics of the patients from which the tissue was harvested are shown in
Table I. The mean age between patients with AAA and CEA was similar. Patients from
whom NAA tissue was harvested were generally younger than CEA or AAA patients. A
majority of the AAA patients were male. The distribution of male and female patients was
approximately equal for NAA and CEA patients.

Using a false discovery rate (FDR) of <0.05, we identified 816 genes which were
differentially expressed by the VSMC derived from these tissue types. A principal
component analysis (PCA) was plotted based on those genes and is shown in Figure 1A. In
the PCA, the 3 distinct clusters clearly show the unique gene expression pattern of the cells
derived from aortic aneurysm tissue and hierarchical clustering further demonstrates the
very distinct pattern of aneurysm-derived cell types.

We were able to validate the application of gene expression profiling to discriminate
between VSMC derived from AAA, CEA, and NAA tissue with high accuracy using a class
prediction analysis based on k-nearest neighbor classification (k=1 and k=3). Models were
constructed containing a range of predictor genes. After cross-validation with LOOCYV, the
mean percent of correct classification of VSMC subset (AAA, NAA, CEA) by these models
ranged from 73-90% with the 3-nearest neighbor classification containing 30 predictor genes
performing most accurately. Table 11 outlines the performance of this model. The model
correctly classified 20 out of 22 AAA cell lines (91%). Normal diameter aorta VSMC were
correctly identified in 14 out of 18 cases (82%) and cells from CEA were correctly classified
in 27 out of 29 cases (93%).

Expression Profiles of Microdissection of AAA Wall

Amplified RNA from microdissection specimens of the 3 principal layers of the aortic wall
—intima, media and adventitia — was subjected to microarray analysis. We performed cluster
analysis of these data to resolve whether there are consistent differences in expression which
would allow us to specifically group the microdissected layers of the aortic wall. We
identified 49 genes which highly significantly (p<0.0005) differentiated between these three
layers of the aortic wall (Supplemental Figure 1).

Gene Ontology

Gene ontology analysis revealed that a number of functional classification groups were
expressed differentially in AAA derived VSMC in comparison to NAA and CEA cells.
Some of the most significantly enriched functional categories included genes related to axis
specification, response to oxidative stress, pro-apoptotic pathways, the proliferation and
migration of VSMC, several pro-inflammatory pathways, and proteolysis.

Our microarray data revealed a significant elevation of matrix-metalloproteinase 2 (MMP-2)
and matrix-metalloproteinase 9 (MMP-9) mRNA expression in AAA-derived VSMC
relative to VSMC cultured from NAA and CEA tissue. Analysis of the microarray data also
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suggested significantly increased expression of the cysteine proteases, cathepsin B,
cathepsin L, cathepsin K, and cathepsin S. The data did not reveal differences in expression
of the endogenous MMP inhibitors TIMP-1 and TIMP-2 or the cysteine protease inhibitor
cystatin C between VSMC types. There was increased expression of TIMP-3 by AAA
VSMC (Figure 1B).

Enhanced Elastolytic Activity of AAA-derived SMC

An assay of elastolytic activity of these cells (n=11/tissue type) was performed by culturing
the cells on [3H]-labeled elastin-coated plates for 7 days. Cells derived from AAA
consistently degraded significantly more elastin than cells derived from non-dilated
abdominal aortas (18.9 + 5.5ug vs 6.1 + 3.9ug, P < 0.001) and carotid plaque derived cells
(10.45 + 5.5ug, P = 0.001) (Figure 2A).

The addition of inhibitors to the media [BB-94, a non-selective MMP inhibitor (5uM), a
serine protease inhibitor, aprotinin (100ug/ml), and a cysteine protease inhibitor, E64
(10pM)] of NAA and CEA cells did not have a significant effect on elastolytic activity. In
AAA derived cells, however, MMP inhibition with BB94 inhibited elastolysis by
approximately 60 percent (7.6+0.9ug vs 18.9+5.5ug, P=0.008, n=3). Aprotinin and E64 did
not result in significant reductions in elastolytic activity degrading 11.3+£2.6ug vs
18.945.5ug, (P=0.09, n=3) and 14.9+2.7ug vs 18.9+5.51g, (P=0.55, n=3), respectively
(Figure 2C, 2D). Elastin degradation by VSMC required direct contact as cells suspended in
transwell inserts above the labeled elastin resulted in low levels of elastolysis (5.0+2.9ug for
NAA, 5.8+4.2ug for CEA, and 6.0£4.8ug for AAA derived VSMC (n=6).

MMP-2 and MMP-9 in Conditioned Media

A band consistent with pro-MMP-2 was detected both by zymography and by Western
blotting in conditioned media from the VSMC. There was no significant difference in the
VSMC production of pro-MMP-2 between the tissue of origin groups.

Active MMP-2, visualized as a 62 kD band on the gelatin zymogram, was most pronounced
in VSMC derived from AAA tissue whereas very little active MMP-2 was detected in NAA
and CEA cells (Figure 3A). A band consistent with activated MMP-2 was not seen on
Western blotting, however, for any of the VSMC groups (Supplemental Figure 2). A low
level of MMP-9 was detectable by zymography (but not by Western blotting) in the
conditioned media from AAA-derived and CEA-derived SMC, but no band was seen at
92kDa in the NAA-derived VSMC.

Elastolysis in VSMC — Macrophage Co-Cultures

We analyzed elastolytic activity in a co-culture system where VSMC were cultured in the
presence of PMA activated U937 cells suspended in transwell inserts. In co-cultures
containing AAA-derived VSMC with U937 cells, there was an over 40% increase in
elastolytic activity when compared to cultures containing AAA-VSMC alone (26.67+8.2,g,
n=11, vs 18.9+5.5ug, n=11, P<0.001). In contrast, elastolytic activity was not significantly
affected with the addition of U937 cells to NAA (6.83£5.38ug, n=11, vs 6.09+3.89ug, n=11,
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P=1.0) or CEA (11.81%4.24ug, n=11, vs 10.45+5.40ug, n=11, P=0.99) derived VSMC
cultures (Figure 2D).

Elastolytic activity was also measured in co-cultures with U937 cells plated on the
radiolabeled elastin with the VSMC suspended in transwell inserts (Figure 2E). When
cultured alone in contact with insoluble elastin, the activated U937 cells exhibited only a
small amount of elastolytic activity (3.3£2.9ug per well, n=3). We similarly saw relatively
little elastolytic activity of the VSMC, regardless of tissue of origin, when cultured in the
transwell alone and not in contact with the elastin. Co-culturing NAA or CEA-derived
VSMC with the U937 cells did not significantly augment elastin degradation compared to
either cell type alone. When AAA-derived VSMC were suspended above the U937 cells in
transwell inserts, there was an approximate 6-fold increase in elastolytic activity compared
to VSMC in the transwell alone (19.0+3.55ug, P<0.001, n=7), and compared to activated
macrophages alone (P<0.001).

MMP-2 and MMP-9 in Co-cultures

Zymography using conditioned media from activated U937 monocytes demonstrated the
presence of pro-enzyme forms of both MMP-9 and MMP-2 (Figure 3A). The VSMC
cultures demonstrated relatively little MMP-9 activity, but all cell lines showed activity at
72kDa, consistent with pro-MMP-2. The AAA and CEA-derived cell lines appeared to have
more MMP-2 activity than cells derived from NAA, including the presence of activated
MMP-2. Culturing the VSMC in the presence of U937 cells in transwells led to increased
amounts of active MMP-2 in the culture media (62 kDa band) in all VSMC types, relative to
VSMC cultured alone. This effect was much more pronounced with AAA and CEA-derived
VSMC in comparison to NAA-VSMC (Figure 3A). Significant amounts of MMP-9 were
detected in all wells containing U937 cells.

Western blotting of conditioned media from co-cultures containing AAA-derived VSMCs
demonstrated a uniformly higher concentration of MMP-9, with a mean relative density 3.8
fold greater than in NAA-U937 co-cultures (P<0.001, n=6) (Figure 3D). In concordance to
our results from gelatin zymography, media from wells containing co-cultured U937 and
VSMC consistently demonstrated the presence of active MMP-2, with a band at 62 kDa.
Once again, the increase of active MMP-2 was most pronounced in co-cultures containing
AAA derived VSMCs. The density of the band corresponding to active MMP-2 was
approximately 6 times that of the band observed for NAA-VSMC cultures (P=0.01, n=6)
(Figure 3D).

MMP-2 and MMP-9 Expression

Under basal conditions, the level of MMP-2 and MMP-9 mRNA expression was
significantly higher in the AAA-derived VSMC. Cells cultured from AAA tissue exhibited
2.0 fold higher expression of MMP-2 compared to NAA-VSMC (P<0.05, n=11) and 7.3 fold
increased expression of MMP-9 mRNA (P<0.01, n=11) (Figure 3B).

The presence of U937 cells suspended in transwell-inserts did not increase expression of
MMP-2 mRNA by VSMC. In fact, MMP-2 expression decreased by a small but statistically
significant amount (P<0.05, n=3). Co-culture with U937 monocytes led to a large relative
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increase in the expression of MMP-9 mRNA in both AAA and NAA VSMC (P<0.001, n=3)
(Figure 3C). MMP-2 and MMP-9 mRNA production by U937 cells was not significantly
affected by co-culture with VSMC (Supplemental Figure 3).
Discussion

The abdominal aortic aneurysm is a progressive degenerative disease of a major vascular
conduit with considerable impact on patient mortality and healthcare costs. The aneurysmal
change is frequently localized to the infrarenal segment of the abdominal aorta although it
can extend into the adjacent common and internal iliac vessels. Development of a weakened
aortic wall is associated with severe destruction of the medial elastic fibers. This study
sought to demonstrate that the VSMC which populate the aneurysm wall have a unique
phenotype that directly contributes to the pathogenesis of the aneurysm. We also sought to
develop a mechanistic understanding of the role of the VSMC in the destruction of medial
elastin that characterizes AAA.2

Traditionally, it has been hypothesized that the destruction of extracellular matrix in AAA is
primarily a consequence of an exuberant chronic inflammatory infiltrate that is responsible
for the elaboration of elastases and other proteases which damage the medial matrix
structure of the aorta.5 Substantial work has shown that the intramural macrophages may
have a central role,1~57-9 but more recent studies have also focused on the contributions of
neutrophils,1: 12 mast cells'3 and other infiltrating cells.15: 16 Much of the supporting
evidence for the central role of inflammation in AAA comes from mouse models where
nearly all manners of anti-inflammatory therapy inhibit aneurysm formation.17-19 In
humans, however, anti-inflammatory treatment has not been similarly successful.20

The VSMC of the aorta have received less attention than the inflammation as a contributor
to aneurysmal change. Some studies have shown potential secondary participation of these
cells in AAA pathogenesis due to a reduction in the quantity or activity of medial VSMC.
The reduction in VSMC has been hypothesized to limit matrix repair in the damaged
aorta.?! There is also inferential evidence that the VSMC may play a more direct role in
aneurysm formation.22

By examining the complete expression profile of a large number of pure, early passage
VSMC cultures from aneurysmal and non-aneurysmal infrarenal aorta, we have shown that
VSMC derived from AAA exhibit a unique pattern of gene expression that is distinct from
VSMC derived from non-dilated abdominal aortic tissue with a high degree of predictability.
The microdissected aneurysm specimens suggested that the expression profiles of the cells
in the intima were distinct from that of the media and adventitia in aortic specimens. This
would be consistent with a distinct process of disease development of intimal atherosclerosis
and aneurysmal dilatation. Therefore, to optimize the collection of aneurysm specific
pathogenic cells, we grossly removed the intima prior to cell culture of the aortic specimens
Furthermore, we also compared the profile of the aneurysm-derived VSMC to VSMC
derived from carotid plaque, and confirmed that the profile of the AAA cells was distinct
from that of atherosclerotic plaque which further supports the concept that the aneurysm cell
phenotype is unique.
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These crucial observations demonstrate that the AAA-derived cells have either an intrinsic
or acquired phenotype that may contribute to the degeneration of the aorta. These
experiments cannot demonstrate how these AAA-derived cells developed their unique
phenotype, or the mechanism by which this phenotype persists relative to other VSMC even
when exposed to common in vitro culture conditions. A detailed discussion of the potential
sources of this unique phenotype has been reviewed in detail, in a prior review.? Briefly,
studies of the long-term growth characteristics of aneurysm-derived VSMC compared to
similarly cultured VSMC from non-aneurysmal vasculature have demonstrated consistent
differences, 21 23-25 even when derived from the same patient.2% The specific ontogeny of
the distal aortic VSMC may also play an important role in the particular susceptibility of this
vascular segment to aneurysmal degeneration. It is notable that the external iliac arteries,
which are highly aneurysm resistant, form much later in gestation and from different
precursors compared to the adjacent dorsal aorta-derived and aneurysm-prone infrarenal
aorta, common iliac and internal iliac vessels.?. 28

To understand how this novel phenotype of the AAA-derived cells may predispose to AAA
development, we focused on determining the role of these cells with respect to the elastic
fiber degeneration characteristic of the AAA. We confirmed that within the aneurysm-
specific expression profile is upregulation of several proteases of metalloprotease and
cysteine classes that are capable of elastolysis. Also potentially informative were the
findings of the MMP inhibitors including a lack of upregulation of TIMP-1 and TIMP-2
while there was considerable upregulation of TIMP-3. The lack of increased TIMP-1 or 2 in
the setting of increased MMP activity suggests an imbalanced proteolytic state,29: 30
although the role of TIMP-3 is unclear. In whole aneurysm tissue, others have shown
significantly increased expression of TIMP-3 in AAA,3! but both gene expression32 and
protein production33 have been shown to be decreased in thoracic aortic aneurysms. This
unique role of TIMP-3 in AAA development is also supported by a genetic variant of
TIMP-3 (nt-1296) that has been found to be associated with familial AAA.34

Of the elastolytic matrix metalloproteases, only MMP-2 and MMP-9 demonstrated
significant upregulation in the AAA-derived VSMC, which we confirmed by gRT-PCR.
However, we also found significant upregulation of several cysteine proteases that are
capable of contributing to elastolysis. By incubating the VSMC on labeled insoluble elastin
as well as murine aortic sections, we confirmed that the AAA-derived VSMC were able to
degrade significantly more insoluble elastin than cells derived from non-dilated infrarenal
aorta or from carotid plaque. Using broad-spectrum class-selective inhibitors, this potent
elastolytic activity appeared to be primarily mediated by the activity of MMPs.

This critical finding confirms our hypothesis that the intrinsic VSMC found in AAA can
actively participate in the matrix degradation process through MMP-dependent elastolytic
activity. However, it left open the relative participation of the aortic VSMC and the
inflammatory cells in the degradation of elastin. To evaluate the potential interaction of
VVSMC with macrophages in the degradation of elastin, we performed the co-culture
experiments using activated U937 cells.3® Remarkably, the elastolytic activity of AAA-
derived VSMC was substantially augmented in the setting of co-culture with the activated
macrophages — a synergistic effect not seen in co-culture with NAA or CEA-derived cells.
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The unique elastolytic activity of the AAA and macrophage cell co-culture was associated
with an incredibly large increase in the expression of MMP-9 mRNA in the co-cultured
VSMC. At the same time, it was associated with a decreased expression of MMP-2 mRNA.
Somewhat surprisingly, we saw a nearly identical effect of co-culture on MMP expression in
the cells derived from non-aneurysmal aorta — cells that did not increase their elastolytic
activity in co-culture. There was no appreciable effect on the mRNA expression of either
MMP-9 or MMP-2 in the macrophages when co-cultured with VSMC.

Despite the similar response of both AAA-derived and NAA-derived cells to MMP
expression in the setting of activated macrophages, co-culture of the AAA-derived cells was
associated with a significantly greater increase in MMP-9 protein in the conditioned media
compared to the NAA-derived cells. This would suggest substantial post-transcriptional
control of MMP-9 production that occurs in normal cells, but is not effective in the AAA-
derived VSMC. We also found that there was substantially more activated MMP-2 in the
conditioned media from the AAA-derived VSMC co-cultured with the activated U937.

Taken together, these data demonstrate that the VSMC which populate the AAA have a
unique pro-elastolytic phenotype that is augmented in the presence of activated
macrophages. This effect appears to occur via a post-transcriptional failure of MMP-9
synthesis control leading to increased production and activation of elastolytic MMPs. These
are unique and important findings regarding the pathobiology of the disease that create new
opportunities with respect to therapies which can result in effective aneurysm inhibition.
Further study is needed to determine the inter- and intracellular mechanisms which allow for
the synergistic over production of elastolytic proteases, particularly MMP-9, by the
aneurysm-derived VSMC in the presence of activated macrophages.
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Clinical Relevance Paragraph

The only current therapeutic modalities for treatment of the abdominal aortic aneurysm
rely on physical exclusion of the aneurysm — therapies associated with substantial risks
and costs. Medical therapies which block the progressive destruction of the aortic wall
have great potential to reduce the need for surgical treatment. These experiments
demonstrate that the intrinsic smooth muscle cells in the wall of the aneurysmal aorta are
uniquely capable of enzymatic destruction of elastin and potentiate the elastolytic
capability of the inflammatory cells. Effective therapy for aneurysms may require
treatments targeting the dysfunctional activities of the intrinsic smooth muscle cells.
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Figure 1.

(A) Principal Components Analysis and hierarchical clustering demonstrating distinct gene
expression patterns of cultured vascular smooth muscle cells (VSMC) derived from
abdominal aortic aneurysm (AAA, n=22) (red), non-dilated infrarenal aorta (NAA, n=17)
(green), and carotid endarterectomy tissues (CEA, n=29) (blue). (B) Microarray data
demonstrating relative gene expression of specific elastases and inhibitors between vascular
smooth muscle cells cultured from abdominal aortic aneurysm (AAA, n=22), non-dilated
infrarenal aorta (NAA, n=17), and carotid endarterectomy tissues (CEA, n=29). AAA-
derived tissues exhibited significantly increased gene expression of several elastin-degrading
endopeptidases including matrix metalloproteinase-2 (MMP-2), matrix metalloproteinase-9
(MMP-9), cathepsin-B, cathepsin-L, and cathepsin-K. (*P<0.05, **=P<0.01, ANOVA)
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Figure 2.
(A) Insoluble [3H]-elastin digestion (g + SE) by vascular smooth muscle cells (VSMC)

from abdominal aortic aneurysm (AAA, n=11), non-dilated abdominal aorta (NAA, n=11),
and carotid endarterectomy plaque (CEA, n=1) cultured for 7 days. The AAA-derived cells
degraded significantly more [3H]-elastin than VSMC cultured from CEA or NAA tissue. (B)
VSMC cultured from NAA and AAA tissues were cultured for 10 days with mouse aortic
tissue imaged with auto-fluorescence before and after. Representative images demonstrate
diminished elastin in aortic tissue incubated with AAA-derived VSMC. (C) The effect of
specific proteinase inhibitors on the in vitro degradation of insoluble [3H]-elastin. VSMC
derived from AAA, NAA, and CEA (n=3 each) were cultured in serum free media in the
presence or absence of BB94, (a broad inhibitor of matrix-metalloproteinases [5uM]), the
serine protease inhibitor aprotinin (100pug/mL), and the cysteine protease inhibitor E64
(10uM). Only BB94 significantly reduced the elastin degraded by AAA-derived VSMC. (D)
The effect of co-culture of VSMC in contact with [3H]-elastin with activated U937
macrophages in transwells. VSMC (n=11 each) were plated in [3H]-elastin coated culture
wells for 7 days with activated U937 cells in transwell inserts. The shaded area of the
histogram represents monoculture, and the open area represents co-culture conditions. The
presence of activated U937 cells significantly increased elastin degradation only with AAA-
VSMC compared to monoculture of SMC. (E) The effect of co-culture of activated U937
macrophagees in contact with [3H]-elastin with VSMC in transwells. VSMC derived from
AAA (n=7), NAA (n=3), or CEA (n=3) were cultured for 7 days in transwells above [3H]-
elastin coated plates with or without activated U937 cells. There was no effect of cell origin
on elastin degradation when the VSMC were not in contact with the elastin. However,
elastin degradation was only significantly increased in wells with AAA-VSMC in transwell
co-culture with activated U937 macrophages.
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Figure 3.
(A) Gelatin zymography of conditioned cell culture media (CM). Vascular smooth muscle

cells (VSMC) derived from abdominal aortic aneurysm (AAA), non-dilated abdominal aorta
(NAA) and carotid endarterectomy (CEA) were cultured in serum-free media for 7 days in
the presence or absence of PMA-stimulated U937 cells in transwell inserts. Media from
cultures of SMC alone was dominated by MMP-2 activity (62kDa) particularly in the AAA-
derived VSMC. Media from co-cultures demonstrated consistent bands corresponding to
MMP-9 activity (92 kD) and increased active MMP-2 activity relative to the monocultures,
which was most pronounced from AAA-VSMC / U937 co-cultures. (B) Western blot
analysis of conditioned cell culture media for MMP-2 and MMP-9 from co-culture
experiments (representative blots are shown from n=6 for densitometry for each). MMP-9
(92 kD) was more highly expressed in the media from co-cultures with AAA-VSMC. The
production of pro-MMP2 did not differ by SMC origin in the co-culture setting. However,
significantly more active MMP-2 (62 kD) was present in cultures containing AAA-derived
VSMCs. (C) Real-Time PCR in VSMC from monoculture as well as in cells after co-culture
with activated U937 macrophages. At baseline, both MMP-2 and MMP-9 expression were
significantly elevated in AAA-derived VSMC relative to NAA and CEA. In response to co-
culture with activated macrophages, the MMP-9 expression increased dramatically in both
NAA and AAA VSMC. Whereas expression of MMP-2 mRNA significantly decreased in
both cell types under the co-culture conditions. (* P<0.05, **P<0.01, ANOVA with Tukey
post-hoc test)
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Table |

Characteristics of patients from which vascular smooth muscle cells (VSMC) were harvested for microarray
analysis. VSMC were cultured from abdominal aortic aneurysm (AAA), normal abdominal aorta (NAA), and
carotid endarterectomy (CEA) tissues. (1=P<0.001, ANOVA with Tukey post hoc test).

Tissue type (n) Mean Age (+SE) %Male, %Female  Mean Cell Passage Number (+SE)

AAA (22) 69.8 (1.9) 76%, 24% 2.8(0.16)
NAA (17) 4561 (4.1) 47%, 53% 2.2(0.12)
CEA (29) 67.0 (2.0) 53%, 47% 2.6 (0.21)
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