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Abstract The aorta is a high-pressure conduit that also conserves the energy
output of the heart (elastic recoil). The main structural proteins of the aorta
— collagen and elastin — serve these functions. The aortic architecture is not
uniform and varies from the thoracic aorta to the infrarenal aorta. With these
basic understandings of the aortic structure and function in mind, it is clear
that inflammation, genetics, and mechanical forces play important roles in the
pathogenesis of abdominal aortic aneurysms. Additional research is needed to
further understand the relationship between these factors.
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Introduction

The aorta is a complex structure in which form follows function. The aorta is a
high-pressure conduit that also conserves the energy output of the heart (elastic
recoil). The main structural proteins of the aorta — collagen (strength) and elastin —
serve these functions. In addition to these proteins, there are thousands of other
proteins that make up the extracellular matrix (ECM) of the aorta. In recent
years, it has been discovered that the ECM is not a passive structure but con-
tains growth factors and encrypted protein fragments. The packaging of growth
factors and the disregulation of transforming growth factor-beta (TGF-P) play
a central role in the pathogenesis of Marfan’s disease.!> The ECM, therefore,
may also play a central role in healing and disease.

Aortic architecture is not uniform and varies from the thoracic aorta to the
infrarenal aorta.® This variation in aortic structure may be explained in part
by differences in regional hemodynamics. The abdominal aorta is the source
of visceral blood flow and, below the renal arteries, the muscles of the lower
extremity. The infrarenal aorta, thus, experiences large oscillations in blood
flow, depending on lower extremity activity.*
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With these basic understandings of the aortic structure and function in
mind, the role that inflammation plays in the pathogenesis of abdominal aortic
aneurysms (AAAs) becomes more apparent. In 1950, Dubost reported the first
repair of an AAA using a human homograft.® In his report, he also describes
clearly the inflammation found in AAAs: “The main feature, together with the
destruction of the elastic tissue is the presence throughout the outer half of the aorta
of masses of lymphocytic cells accompanying the vaso vasorum; these cells
form concentric sheets but are also seen sometimes to follow the vessels at right
angles to all layers of the wall. ... In summary ... this endarteritis and periarteri-
tis would suggest an inflammatory process without any specific indication as
to its nature.” This observation was not studied in detail until the mid-1980s.
Rizzo et al. described an inflammatory infiltrate in the outer walls of the aorta
in biochemical studies of patients with aneurysms and occlusive disease. This
inflammatory infiltrate was later characterized by Koch who found that the
majority of cells within the median and adventitia of AAAs were CD3-positive
T lymphocytes ranging from 67% to 80%.” In addition, CD19-positive B cells
were also found within the arterial wall. Further, there was a spectrum of dis-
ease progressing from occlusive disease to AAA and to inflammatory AAA
with increasing inflammation. This data suggested that aortic aneurysms may
represent an immune-mediated event rather than simple degeneration of the
arterial wall. Brophy et al. also described the presence of Russell bodies, which
are the accumulation of large amounts of immunoglobulins in the arterial wall.?
Tilson et al. purified these immunoglobulins and characterized a potential anti-
genic source, aneurysm-associated protein-40.°

The histological and cytokine profiles of the inflammatory infiltrate suggest
both an adaptive and an innate immune response. Platsoucas et al.'? examined
whether the infiltrate represented a monoclonal or a polyclonal T-cell ampli-
fication. The B-chain T-cell receptor transcripts from patients with AAAs
were amplified and characterized. In nine of the ten patients studied, there
was an oligoclonal population of T cells. In addition, they found that many of
the mononuclear cells found in AAAs expressed early, intermediate, and late
activation antigens. They concluded that AAAs are a specific antigen-driven
T-cell disease with evidence of an ongoing inflammation.

The relationship between inflammatory infiltrate and the subsequent dam-
age to the arterial wall has been evaluated in many animal models.!'! Using an
elastase-induced aneurysm model, Thompson et al. studied the progression of
disease.!? Three days following an acute response, a transitional inflammatory
state exists. By days 10-14, the inflammation becomes chronic. (See Fig. 1.)
During this period, there are alterations in the cytokine proteins as well as the
expression of metalloproteinases and their inhibitors. However, experimental
aneurysms may occur without an initial injury. APO E knockout mice when
exposed to angiotensin II spontaneously develop aortic aneurysms without the
sequence of events described above.!* Thus, the role that inflammation plays
in the initiation of AAA is uncertain.

Matrix metalloproteinases (MMPs) appear to play a critical role in the
pathogenesis of aneurysms. Busuttil et al. first described collagenase-like
activity in the wall of patients with AAAs in 1980.!* Since then many
investigators have described the role that MMPs play in aneurysm formation.
The metalloproteinases are a subfamily of the metazincin superfamily of
proteinases.'® The majority of these proteins are secreted as a proenzyme,
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Fig. 1 Arterial response following injury. Modified from Thompson et al.'

requiring extracellular activation. However, several of the MMPs are mem-
brane-bound. Aortic aneurysms have been associated with a variety of MMPs,
including 2, 9, and 13.'¢ The substrate specificity of each MMP is variable and,
while at first it was thought to be only ECM proteins, other substrates have
been identified. Enzyme substrates include both noncollagenase ECM proteins,
such as fibronectin and laminen, as well as nonstructural components. The
nonstructural components may be even more important to the pathogenesis
of AAAs. Nonstructural substrates of the MMPs include interleukin-1 alpha
(IL-1ov), active MMP-9, chemokine (C-X-C motif) ligand 5 (CXCL-5), IL-1p,
IL-2 receptor, TGF-B, and many of the pro-MMPs.!” Thus, MMPs may regulate
the inflammatory response.

The immune response is highly regulated to prevent injury to the host. In the
majority of instances, the inflammatory process leads to a healing process and
tissue repair. However, in some instances, this process becomes pathologic,
leading to continued tissue damage secondary to the immune response. An
infectious etiology is clear in many cases; however, the initiating event may
be unknown. The key intersection of MMPs in the regulations of inflammation
may be the central process in the pathogenesis of AAAs. The modification of
proinflammatory cytokines, chemokines, and the shedding of the membrane
receptors by the MMPs are critical. CXCL-7, CXCL-12, CXCL-5 (chemokine),
and TGF-f are substrates of MMP-2, MMP-3, and MMP-9.'® The lack of
critical control of the immune response at multiple layers may, therefore, lead
to the same phenotype (AAAs). Therefore, AAAs may arise from a variety
of stimulators and the response (healing or destruction) is guided by subtle
differences in the control of inflammation.
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Fig. 2 A schematic diagram of some of the proteins that comprise the extracellular matrix (ECM) and the poten-
tial for matrix metalloproteinase (MMP) cleavage. The ECM is composed of both laminin and collagen networks.
Within ECM network, many laminins and collagens are present as well as proteins such as nidogen, perlecan (i.e.,
heparin sulate proteoglycans), and fibronectin (not shown). Cell surface receptors such as integrins and dystro-
glycan interact with proteins of the basement membrane network. Cleavage of ECM molecules releases bioactive
fragments that have been referred to as matricryptins or matrikines. Furthermore, growth factors, such as latent
transforming growth factor-beta (TGF-f3), are embedded with ECM, and proteolysis of binding proteins that keep
the growth factors in a latent state is a major activation pathway. In addition, some of the cell surface receptors
such as dystroglycan are targets for proteolysis. Cleavage of these types of molecules breaks cell-ECM contact.
Reprinted from Mott and Werb.!® Reproduced with permission from Elsevier

As MMPs digest the matrix, signals may be released to the surrounding vas-
cular smooth muscle cells and inflammatory cells. Cryptic fragments include
arrestin, deprellin, endostatin, restin, elastin degradation products, and the
growth factors TGF-3 and vascular endothelial growth factor.!® Thus, a pos-
sible scenario for the progression of aneurysms is digestion of the ECM by the
inflammatory infiltrate, which exposes encrypted fragments that continue to
stimulate the immune response. A simple example may be elastin degradation
products, which have been shown to be chemotactic for monocytes.? (Fig. 2.)

The Genetic Basis of the Inflammatory Response in AAA

The differential expression of genes involved in immune function in AAA
versus control aortic tissue was recently described by Lenk et al.?! They used
[lumina and Affymetrix microarray platforms to obtain gene expression profiles,
and Gene Ontology and Kyoto Encyclopedia of Genes and Genomes database
tools to analyze biological pathways. The AAA tissues showed significantly
more expression of genes involved in immune function, most notably in pathways
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regulating cell adhesion molecules, natural killer cell-mediated cytotoxicity,
and leukocyte transendothelial migration. The authors acknowledged that a
limitation of their study was sampling of AAA tissue from late-stage disease.
However, their gene expression data provides valuable insight into the future
development of immune-based treatment strategies, as well as direction to the
search for underlying genetic factors in AAA.

Family history, or genetics, is a significant and independent risk factor for
AAA.?2 Which genes predispose to AAA is yet to be determined, but several
candidate gene polymorphism studies have shown an association between AAA
and genes mediating inflammation. A recent review by Sandford et al. includes
a comprehensive evaluation of genetic research in AAA, based on familial,
segregation, and candidate gene studies.?* In a case-control study of 100 AAA
patients and age- and gender-matched controls, Bown et al. reported cytokine
gene polymorphism data for the proinflammatory IL-1f + 3953, IL-6 — 174,
and tumor necrosis factor-alpha (TNF-o) — 308, and the anti-inflammatory
IL-10 promoter polymorphisms at positions —1082 and —592. The A allele
for IL-10 — 1082 was found in association with AAA, while the others failed to
reach statistical significance.?* This allele is associated with low IL-10 secretion,
and may contribute to the chronic inflammation that is characteristic of AAA.
In another study, Ghilardi et al. reported the association of chemokine recep-
tor CCR5 A32 deletion and AAA when compared to patients with peripheral
arterial occlusive disease, carotid artery disease, and controls. Within the AAA
subjects, CCR5 A32 was also more commonly found in patients with ruptured
aneurysms.” The deletion results in the production of fewer receptors and,
in theory, less cytokine activation through this receptor pathway. This would
appear contrary to increased cytokine levels found in AAA tissue, although the
mechanism of this receptor has not been fully described.

Our laboratory compared five inflammatory mediator gene polymorphisms
in a population of 79 elderly male Caucasian AAA patients versus 71 case-
matched healthy controls free of inflammatory conditions. Proinflammatory
cytokine polymorphisms included IL-13 Taq I fragment in exon 5 and
TNF-o — 308, and the anti-inflammatory cytotoxic T-lymphocyte antigen-4
(CTLA-4) at positions =318 and +49, and IL-1 receptor antagonist variable
nucleotide tandem repeat in intron 2. The +49 CTLA-4 A/G allele frequen-
cies differed significantly (p < 0.01) between the two groups, while the others
did not reach significance. The healthy controls violated Hardy-Weinberg
equilibrium (75% of the subjects were heterozygous), indicating a possible
bias. This may have been due to the exclusion of subjects with emphysema,
autoimmune disorders, arthritis, stroke, myocardial infarction, and diabetes.
However, the controls were matched to AAA cases by age, gender, ethnicity,
and smoking history, so it is possible that the data support the idea that the
A/G genotype is associated with protection against inflammatory diseases in
our study population.

Evidence of Inflammation in the Circulation
of AAA Patients

The presence of inflammatory cells and a number of cytokines within AAA
tissue has been well-documented through histology, immunohistochemistry,
and in situ hybridization, although reports of elevated circulating levels
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of cytokines have been fewer. One exception is IL-6. In 1999, Rohde et al.
reported increased plasma IL-6 concentrations with increasing abdominal
aortic diameter in subjects without aortic dilatation.?® Recently, Dawson et al.
reported elevated levels of plasma IL-6 in AAA patients, and a positive corre-
lation between aneurysm surface area and mean plasma IL-6 concentration.?’

As our understanding of inflammation moves beyond proinflammatory
cytokines, a number of interesting studies have emerged. A recent paper by
Duftner et al. reviewed serological markers of inflammation in AAA, and also
presented data supporting a T-cell-mediated pathophysiology of AAA.?8

The authors review one of the most common, and controversial, serological
markers to be analyzed in AAA, C-reactive protein (CRP). Data from studies
of CRP levels in asymptomatic AAA have produced varying results, although
data from subsets of patients have been more consistent. For example, eleva-
tions of serum CRP were found in symptomatic and ruptured AAA,* and
hsCRP was positively associated with aneurysm size.*® Duftner also described
data from her own studies that showed an increased prevalence of circulating
CD4*, CDS8*, and CD28" T cells in AAA patients free of preexisting immune-
mediated disease, cancer, or acute infection. This subgroup of T cells is known
to produce large amounts of interferon-y, and has been previously seen in
patients with a variety of autoimmune diseases.

Our own work has recently focused on T-cell costimulatory factors in
AAA. In collaboration with the laboratory of the late Ann Kari Lefvert of
the Karolinska Hospital in Stockholm, Sweden, plasma samples from 100
of our AAA patients and 109 normal controls were analyzed for the soluble
forms of the following T-cell costimulatory factors: sCD28, sCTLA-4, sCD86,
and sCD80, as well as MMP-9. Compared to controls, plasma from AAA
patients showed elevated levels of the T-cell-activating sCD28 and sCD86
(p = 0.0001), and a decrease in an inhibitor of T-cell activation, SCTLA-4
(»p = 0.0018). We also found a significant inverse relationship between con-
centrations of SCTLA-4 and sCD80 with MMP-9.3! Soluble costimulatory
molecules of T-cell activation may provide a new set of markers of immune
activation in AAA and possible therapeutic targets for future therapies.

Conclusions

Inflammation appears to play a central role in the pathogenesis of AAAs.
The initiating factors that begin the inflammatory cascade are unknown. It is
certainly possible that atherosclerosis may be the initiating event. However,
smoking is an essential component to the progression of the disease. Once the
inflammatory response has been initiated, it appears to be self-perpetuating.
Possible explanations for this perpetuation of the inflammation is repeated
exposures of cryptic protein fragments. However, what is interesting is that
once these patients are treated with endovascular grafts, the aneurysm sac
regresses and continued destruction of the aneurysm ceases. If it were true that
the inflammatory process was self-sustained, why is it then that the aneurysm
sac shrinks when an endograft is placed? Thus, mechanical forces must also
play a role in sustaining the process. From the endovascular aneurysm repair
experience, it is not pulsatility in as much as its continued pressure. Much
additional research must be accomplished to further understand the relationship
between mechanical forces, inflammatory disease, and genetics.
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