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Abstract

Elastolytic matrix metalloproteinases (MMPs) have been
implicated in the pathogenesis of abdominal aortic aneu-
rysms (AAA), a disorder characterized by chronic aortic
wall inflammation and destruction of medial elastin. The
purpose of this study was to determine if human macro-
phage elastase (HME; MMP-12) might participate in this
disease. By reverse transcription-polymerase chain reaction,
HME mRNA was consistently demonstrated in AAA and
atherosclerotic occlusive disease (AOD) tissues (six of six),
but in only one of six normal aortas. Immunoreactive pro-
teins corresponding to proHME and two products of extra-
cellular processing were present in seven of seven AAA tis-
sue extracts. Total HME recovered from AAA tissue was
sevenfold greater than normal aorta (P < 0.001), and the
extracted enzyme exhibited activity in vitro. Production of
HME was demonstrated in the media of AAA tissues by in
situ hybridization and immunohistochemistry, but HME
was not detected within the media of normal or AOD speci-
mens. Importantly, immunoreactive HME was specifically
localized to residual elastin fragments within the media of
AAA tissue, particularly areas adjacent to nondilated nor-
mal aorta. In vitro, the fraction of MMP-12 sequestered by
insoluble elastin was two- to fivefold greater than other
elastases found in AAA tissue. Therefore, HME is promi-
nently expressed by aneurysm-infiltrating macrophages
within the degenerating aortic media of AAA, where it is
also bound to residual elastic fiber fragments. Because elas-
tin represents a critical component of aortic wall structure
and a matrix substrate for metalloelastases, HME may have
a direct and singular role in the pathogenesis of aortic aneu-
rysms. (J. Clin. Invest. 1998. 102:1900-1910.) Key words:
aortic aneurysm o elastin « matrix metalloproteinases o
mononuclear phagocytes « macrophage elastase
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Introduction

Abdominal aortic aneurysms (AAA)! represent a potentially
fatal disorder that affects 2-9% of the population > 65 yr of
age (1-3). Numerous clinical studies have established associa-
tions between AAA and aging, atherosclerosis, and male gen-
der, as well as cigarette smoking, pulmonary emphysema, and
high blood pressure (4). Aneurysms also occur with a familial
tendency that suggests a genetically inherited component to
the disease (5-8), but specific gene defects underlying the com-
mon forms of AAA have yet to be identified (9, 10). Whereas
aneurysmal degeneration is thought to arise through mecha-
nisms of vascular wall remodeling distinct from those observed
in either aging, atherosclerosis, or hypertension alone, the eti-
ology of AAA remains unresolved (11-13).

Tissue remodeling in aneurysms is characterized by de-
struction of the structural and cellular components of the aor-
tic wall in association with chronic transmural inflammation
(11-13). The most prominent of these features is progressive
irreversible degeneration of the elastic media (14-16), a signif-
icant finding given the biologic stability of elastin in tissue (17,
18). Biophysical alterations associated with the loss of aortic
elastin are considered functionally responsible for aneurysmal
dilatation and tortuosity (19-22). Processes associated with the
destruction of aortic elastin include infiltration of the aortic
media by mononuclear inflammatory cells (23, 24), deposition
of IgG recognizing elastic fiber components (25, 26), medial
neovascularization (27), and a decrease in medial smooth mus-
cle cell density (28). These processes are associated with in-
creased local production of cytokines, chemokines, and pros-
taglandins (29-31), as well as fibrinolytic and matrix-degrading
proteinases (32-34).

Recent studies indicate that the connective tissue destruc-
tion in aortic aneurysms is likely mediated by matrix metallo-
proteinases (MMPs), a family of structurally related protein-
ases involved in developmental tissue remodeling, wound
repair, chronic inflammatory diseases, and cancer (35, 36).
Four members of this family are known to be capable of de-
grading insoluble elastic fibers under physiologic conditions:
the 92- and 72-kD gelatinases (MMP-9 and MMP-2, respec-
tively) (37), matrilysin (MMP-7) (38), and the more recently
described macrophage elastase (MMP-12) (39). MMP-9 and
MMP-2 are the most prominent elastolytic activities secreted
by human AAA tissues in organ culture (32, 40), and both of
these enzymes are expressed in human AAA tissue (32, 41,
42). Although tissue inhibitors of metalloproteinases (TIMPs)
are also overproduced in human AAA tissue (32, 40, 41), it re-

1. Abbreviations used in this paper: AAA, abdominal aortic aneu-
rysm; AOD, atherosclerotic occlusive disease; DAB, diaminobenzi-
dine; HME, human macrophage elastase; HNE, human neutrophil
elastase; MME, mouse macrophage elastase; MMP, matrix metallo-
proteinase; PPE, porcine pancreatic elastase; RT-PCR, reverse tran-
scription-PCR; TIMP, tissue inhibitor of metalloproteinase.



mains unclear if elastin-degrading MMPs can be completely
sequestered by TIMPs in vivo (43, 44).

In contrast to 92- and 72-kD gelatinases, knowledge is lim-
ited regarding the role of either human macrophage elastase
(HME) or matrilysin in vascular disease. MMP-12 is known to
be prominently expressed in human carotid atherosclerotic le-
sions (45), and by foam cells associated with aortic lesions in
cholesterol-fed rabbits (46). It is also present in apo E—defi-
cient mice, which develop complex aortic lesions with micro-
aneurysm formation (47). Therefore, we predicted that HME
might also play an important role in human AAA. The investi-
gations reported here demonstrate for the first time that HME
is produced in human AAA tissue and is expressed by aneu-
rysm-infiltrating macrophages in vivo. Importantly, macro-
phage elastase is also prominently localized to residual elastin
fiber fragments within aneurysm tissue by immunohistochem-
istry, a pattern distinct from other elastolytic MMPs. The ele-
vated production of HME and its unique localization to frag-
mented aortic elastin suggest a particularly important role for
this enzyme in aneurysmal degeneration.

Methods

Human aortic tissues. Fresh aortic wall specimens were obtained in
the operating room from normal organ transplant donors without vis-
ible evidence of aortic atherosclerosis (n = 12), and from 27 patients
undergoing aortic reconstruction for either atherosclerotic occlusive
disease (AOD; n = 12) or infrarenal AAA (n = 15). All tissue speci-
mens were taken after a protocol approved by the Washington Uni-
versity School of Medicine Human Research Subjects Committee. In
addition to AAA specimens from the mid-portion of the aneurysm,
in several instances a longitudinal specimen of aortic wall was also
obtained from the transition zone between the normal (nondilated)
infrarenal aorta and the proximal aspect of the aneurysm. One por-
tion of each aortic wall specimen was fixed overnight in 10% neutral
buffered formalin and processed for routine embedding in paraffin.
An adjacent portion was snap-frozen in liquid nitrogen, stored at
—80°C, and subsequently used for protein and nucleic acid extraction.

Immunoblot analysis of HME. Frozen aortic tissue samples were
pulverized under liquid nitrogen and extracted in ice-cold 50 mM
Tris-HCI buffer, pH 7.5, containing 1.0 M NaCl, 2.0 M urea, 0.1%
(wt/vol) Brij-35, 0.1% EDTA, and a mixture of serine, cysteine, and
aspartic protease inhibitors (protease inhibitor cocktail No. P8340;
Sigma Chemical Co., St. Louis, MO). After centrifugation at 10,000 g
for 1 h at 4°C, the supernatant was centrifugally concentrated using a
5,000 molecular weight cut-off membrane for 2 h at 4°C. Samples
were normalized to total protein content and resolved by SDS-PAGE
under nonreducing conditions, using 12% polyacrylamide gels. Pro-
teins were transferred to nitrocellulose, blocked with 5% powdered
milk in TBS (20 mM Tris HCI, pH 7.5, 0.5 M NaCl), then incubated
overnight at 4°C with affinity-purified rabbit antibodies to the amino-
terminal portion of HME (39). Peroxidase-conjugated goat anti-rab-
bit IgG (Jackson ImmunoResearch, West Grove, PA) was used as the
secondary antibody and immune complexes were visualized by ECL
using kit reagents (Amersham Life Science, Inc., Arlington Heights,
IL). The relative density of immunoreactive HME was determined
with 1D Plus Densitometry software from Phoretix (Newcastle Upon
Tyne, UK). The amount of HME recovered in extracts of normal
aorta, AOD, and AAA was determined as the mean*+SEM of rela-
tive densities for all samples of each tissue type and data were com-
pared using ANOVA and the Newman-Student-Keul’s multiple com-
parisons test (48).

Specificity of anti-HME antibodies. Additional assays were per-
formed to exclude cross-reactivity of the anti-HME antibodies to
elastic fiber components. Human soluble aortic elastin, human solu-

ble lung elastin, bovine soluble nuchal ligament elastin, alpha-elastin,
ETNA (kappa)-elastin, and Leu-Gly-Thr-Ile-Pro-Gly were all pur-
chased from Elastin Products Co. (Owensville, MO). Chondroitin
sulfate and the elastin-specific peptide Val-Gly-Val-Ala-Pro-Gly
were obtained from Sigma. Collagen type IV was purchased from
GIBCO BRL (Gaithersburg, MD). Recombinant HME was ex-
pressed in Escherichia coli and the 22-kD active form was purified as
described previously (39). Each protein was blotted onto a nitrocellu-
lose membrane at room temperature using a slot blotting apparatus
from Bio-Rad (Richmond, CA). The membrane was washed, blocked
with 3% gelatin, then incubated for 20 h at 4°C with affinity-purified
rabbit anti-HME antibody, monoclonal mouse anti-human elastin
(Sigma), or monoclonal mouse anti—collagen type IV (Sigma). Im-
mune complexes were detected and quantified as described above.

Substrate gel zymography. Aortic tissue proteins were extracted
as described above for immunoblotting. No additional steps were
taken to remove EDTA during sample preparation for substrate zy-
mography, because preliminary experiments demonstrated that this
was not necessary to effectively detect enzymatic activities. Samples
were resolved through 10% polyacrylamide gels copolymerized with
1 mg/ml a-casein (Sigma), as described (37), then washed with 2.5%
Triton X-100 and incubated for 48 h in substrate buffer (50 mM Tris-
HCI, pH 8.5, 5 mM CaCl,, and 0.02% NaN3;) at 37°C. After staining
with 0.1% Coomassie blue R-250, casein-degrading activities were
observed as clear bands against a dark background of intact substrate.

Reverse transcription-PCR (RT-PCR). Total RNA was isolated
from aortic tissue samples by guanidium isothiocyanate-phenol-chlo-
roform extraction as described by Chomczynski and Sacchi (49). All
samples were normalized to total RNA and each sample was ana-
lyzed in duplicate, along with controls for genomic DNA (absence of
reverse transcriptase) and for nonspecific DNA contamination (ab-
sence of RNA template). First strand cDNA synthesis was performed
in a 20-pl reaction volume using 0.1 pg of total RNA, 20 U RNase in-
hibitor, 2.5 uM random hexamers, 1 mM dNTPs, and 50 U murine
leukemia virus reverse transcriptase, as provided in the GeneAmp
RNA PCR kit from Perkin-Elmer (Norwalk, CT). Samples were in-
cubated at 42°C for 15 min and the reaction was terminated by heat-
ing to 99°C for 5 min. RT products served as the template for PCR
amplification, using primers for HME exons 4-7 (synthesized by
GIBCO BRL): 5'-TCACGAGATTGGCCATTCCTT-3" (forward
primer, bp 663-683) and 5'-TCTGGCTTCAATTTCATAAGC-3'
(reverse complement primer, bp 1015-1035). PCR amplifications
were performed in a 100-pl reaction with 10 mM Tris-HCI buffer con-
taining 50 mM KCl, 2 mM MgCl,, 100 pmol (each) forward and re-
verse complement primers, and 2.5 U of AmpliTag DNA polymerase.
Reactions included 4 min at 95°C for denaturation and 30 cycles of
1 min at 95°C, 1 min at 55°C, and 1 min at 72°C; samples were then in-
cubated for 7 min at 72°C for final extension before holding at 4°C. A
30-wl aliquot of each sample was resolved by electrophoresis through
1.2% agarose in the presence of 5 ng/ml ethidium bromide, and DNA
was visualized under ultraviolet light to detect the presence of PCR
amplification products at the anticipated size (261 bp).

RT-PCR products were transferred from agarose to Hybond N*
nylon membranes (Amersham) by standard Southern transfer tech-
niques. Hybridization was performed with a cDNA oligonucleotide
probe specific for HME (5'-CATACGTGGCATTCAGTCCCT-3',
bp 774-794 in exon 5), using an ECL 3’ oligolabeling and detection
system purchased from Amersham. Membranes were incubated at
42°C for 90 min with 10 ng/ml labeled cDNA, washed under stringent
conditions, and incubated with ECL detection reagents before expo-
sure to radiographic film. For all samples of each aortic tissue type ex-
amined (normal, AOD, and AAA; n = 6 each), consistent hybridiza-
tion of the HME cDNA probe to the RT-PCR product was used to
confirm the presence of HME mRNA.

In situ hybridization. Probes for in situ hybridization were gener-
ated as described (50). A cDNA fragment corresponding to HME bp
1-400, which extends through exons 1 and 2, was subcloned into a
pGEM?7(+) transcription vector from Promega (Madison, WI). Sense
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and antisense cRNA probes were transcribed in the presence of
digoxigenin-11-UTP under conditions recommended by and with re-
agents from Boehringer-Mannheim (Indianapolis, IN). Paraffin-embed-
ded tissue sections (5 wm) were rehydrated to PBS and treated with
proteinase K, then rinsed in 0.1 M triethanolamine buffer, acetylated
in 0.25% acetic anhydride, and air dried. Sections were then incu-
bated at 42°C with digoxigenin-labeled cRNA probes (18 h in a hu-
midified chamber). Unhybridized probe was removed by digestion
with RNase A and sections were washed under stringent conditions
before treatment with alkaline phosphatase-conjugated antidigoxi-
genin antibody and 10% normal sheep serum. 5-bromo-4-chloro-3-indoyl
phosphate and nitroblue tetrazolium were used as chromogens. After
development for 24 h in the dark, the color reaction was stopped with
Milli-Q water and slides were counterstained with nuclear fast red.
Sections were examined under a BX60 light microscope with a PM-30
automatic photomicrographic system from Olympus America, Inc.
(Melville, NY).

Immunohistochemistry. Serial sections of aortic tissue (5 pm)
were deparaffinized and rehydrated to PBS. Slides were quenched
with 0.3% hydrogen peroxide, treated with 0.1% trypsin (5 min at
37°C), then blocked with dilute horse serum (goat serum was used for
sections to be stained for HME). Sections were incubated for 30 h at
4°C in a humidified chamber with the following antibodies: mouse
anti-human MMP-2 (Ab-3; Calbiochem, La Jolla, CA), mouse anti—
human MMP-7 (Ab-1; Calbiochem), mouse anti-human MMP-9
(ADb-3; Calbiochem), mouse anti-human CD68/KP1 for tissue mac-
rophages (Dako Corp., Carpinteria, CA), and affinity-purified rabbit
anti-HME (1:350). After incubating with biotin-conjugated horse
anti-mouse IgG for 30 min at room temperature (sections treated
with anti-HME were incubated with biotin-conjugated goat anti-rab-
bit IgG), peroxidase-conjugated avidin-biotin complex solution was
applied to all sections for 30 min according to the manufacturer’s in-
structions (Vectastain Elite kit; Vector Laboratories, Burlingame,
CA). Control sections were incubated without primary antibody and
then processed under identical conditions. Immune complexes were
detected with diaminobenzidine (DAB) before counterstaining with
hematoxylin.

For double-label immunohistochemistry, tissue sections were in-
cubated with mouse anti-CD68, as described above, but the second-
ary antibody was replaced by peroxidase-conjugated horse anti—
mouse IgG. Sections were developed with DAB substrate and then
incubated with dilute goat serum for 20 min at room temperature.
Rabbit anti-HME was applied overnight at 4°C, followed by incuba-
tion with biotin-conjugated goat anti-rabbit IgG for 30 min at room
temperature. Sections were incubated with alkaline phosphatase—
conjugated avidin-biotin complex (30 min at room temperature), and
immune complexes were detected with an alkaline phosphatase sub-
strate (Vector Laboratories). Slides were counterstained with hema-
toxylin.

Immunohistochemical staining was also used to determine if the
anti-HME antibodies exhibited any degree of cross-reactivity with in-
tact or damaged elastic fibers in aortic tissue. Deparaffinized sections
of normal aorta were rehydrated and incubated with elastase buffer
(50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 10 mM CaCl,, and 0.02%
Brij-35) containing either 0, 10, or 100 U/ml type I porcine pancreatic
elastase (PPE; Sigma). Slides were incubated at 37°C for 1 h in a
humidified chamber, then washed in elastase buffer and processed
for immunohistochemistry with anti-HME antibodies as described
above.

Elastin binding assay. Recombinant HME and murine macro-
phage elastase (MME) were expressed in E. coli and purified as the
22-kD active forms, as described (51). Human MMP-7 was expressed
in baculovirus, purified, and activated as previously described (52).
Because human MMP-2 and MMP-9 bind elastin through fibronectin
type II-like repeats common to these two enzymes (52), MMP-9 was
used as a representative gelatinase for these experiments. It was ob-
tained from HT-1080 cells cotransfected with 92-kD gelatinase
cDNA and E1A to suppress endogenous MMP production, purified
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free of TIMP by gelatin-agarose chromatography and activated, as
described (53). Human neutrophil elastase (HNE) and recombinant
human TIMP-1 were purchased from Calbiochem, and PPE was ob-
tained from Sigma. Each enzyme was independently dissolved in 100
wl of binding buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 10 mM
CaCl,, and 0.02% Brij-35) at a concentration of 7 X 1077 M, then
mixed with a molar excess of insoluble bovine elastin (ES60; Elastin
Products Co.) or binding buffer alone. An equimolar concentration
of TIMP-1 was added to the enzyme mixture in a subset of experi-
ments. Enzyme mixtures were agitated for 10 min at 4°C and the in-
soluble elastin was precipitated by brief centrifugation. The residual
elastolytic activity in the supernatant was measured by incubation
with a fluorochrome-labeled elastase substrate, as described previ-
ously (54). Elastin binding was calculated as the fraction of elastolytic
activity lost upon incubation with insoluble elastin compared with in-
cubation with binding buffer alone. Results were expressed as the
mean*SEM of six different experiments and compared using
ANOVA and the Newman-Student-Keul’s multiple comparisons test
(48).

Results

Expression of HME mRNA in AAA tissues

Using total RNA extracted from 18 aortic tissue specimens,
RT-PCR was coupled with Southern analysis to detect the
presence of HME-specific mRNA. As illustrated in Fig. 1, the
261-bp amplification product expected for HME was identi-
fied in all AAA and AOD tissues examined (six of six each).
In contrast, HME mRNA was detectable in only one of six
normal aortic tissues, perhaps due to an unrecognized area of
atherosclerosis in this single specimen.

HME recovered from aortic tissue extracts is enzymatically
active in vitro

Total protein extracts were prepared from 15 aortic tissue
specimens for immunoblot analysis. Samples were processed

Normal

AOD

AAA

Figure 1. Expression of HME mRNA in AAA. Total RNA extracted
from abdominal aortic tissue was subjected to RT-PCR using primers
specific for HME (bp 663-1035) and amplification products were de-
tected by Southern hybridization with an end-labeled oligonucleotide
probe corresponding to HME bp 774-794. For each of 18 samples,
lanes 1 and 2 represent duplicate reactions for HME and lane 3 repre-
sents a negative control (absence of reverse transcriptase). A 261-bp
RT-PCR product corresponding to HME mRNA was reproducibly
detected in all AAA and AOD samples (six of six each), but in only
one of six normal aortas.
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in the presence of proteinase inhibitors to prevent autocata-
lytic processing during extraction, and immunoblots were per-
formed under nondenaturing conditions to permit comparison
with substrate gel zymograms. Using samples normalized for
total protein concentration, three immunoreactive bands were
detected with affinity-purified rabbit anti-HME antibodies in
seven of seven AAA specimens (Fig. 2 A). The molecular
masses of these proteins correspond to those expected for the
latent proenzyme (54 kD), the intermediate product of HME
produced by carboxy-terminal processing (45 kD), and the 22-
kD active form of HME obtained after complete extracellular
processing (39); in addition, the 22-kD band comigrated with
an activated form of recombinant HME. The 22-kD form of
HME was also observed in three of three extracts of AOD and
it was present in two of three normal aortas; however, pro-
HME was not identified in either AOD or normal aorta. Over-
all, the total relative amount of immunoreactive HME recov-
ered from AAA and AOD tissues was about six- to sevenfold
greater than normal aorta by densitometric analysis, but there
was no significant difference between AAA and AOD tissues
(mean density units: AAA, 631.80=69.34; AOD, 538.43+32.73;
and normal aorta, 91.02+42.77) (Fig. 2 B).

Aortic tissue extracts were examined by a-casein substrate
gel zymography to determine if the HME detected in AAA
tissue was capable of enzymatic activity in vitro. Extracts pre-
pared in the presence of EDTA were used for substrate zy-
mography, because extraction in the absence of metal chela-
tors led to degradation and loss of enzymatic activity (data not
shown). AAA extracts contained prominent caseinolytic activ-
ities migrating at 54 and 22 kD, corresponding to the proen-
zyme and fully activated forms of HME (Fig. 2 C). Although
the 45-kD intermediate form of HME observed by immuno-
blotting did not appear to be enzymatically active under the
conditions used here, this may have been due to further auto-

processing during sample preparation. It is also possible that
the 45-kD immunoreactive band represented a nondissociable
complex between TIMP-1 (25 kD) and the 22-kD activated
form of HME, but this was not specifically examined. Whereas
AOD extracts also contained the 22-kD caseinolytic activity
attributable to the active form of HME, no casein-degrading
activities were detected in extracts of normal aorta.

Production of HME is localized to tissue macrophages in

AAA tissue

In situ hybridization was used to examine the expression and
cellular localization of HME in aortic tissues. Fig. 3 demon-
strates that HME mRNA was actively expressed in AAA tis-
sue and that it was localized to macrophage-like cells within
the degenerative media. Although HME mRNA was also ex-
pressed by intimal plaque macrophages in AOD (data not
shown), expression of this enzyme was undetectable within the
elastic media in either AOD or in normal aorta (data not
shown). The localization of HME to aneurysm-infiltrating
macrophages was further confirmed by immunohistochemis-
try, in which sections were simultaneously stained with anti-
bodies recognizing either HME or CD68. As shown in Fig. 4,
HME was frequently detected in association with CD68-posi-
tive macrophages and it often localized to adjacent elastin fi-
ber fragments within the degenerative media. Therefore, the
cellular expression of HME in aneurysm tissue is superficially
similar to that observed previously for 92-kD gelatinase (32).

The histopathology of AAA exhibits regional heterogeneity with
three distinct regions

To examine the regional heterogeneity of MMP expression in
AAA in more detail, histochemical staining for elastin was
coupled with immunohistochemistry for macrophages and
each of four MMPs that might participate in aortic elastin deg-
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Figure 3. In situ expression of HME mRNA in AAA. Digoxigenin-
labeled cRNA probes were transcribed from an HME plasmid con-
struct and hybridized with formalin-fixed serial sections of AAA tis-
sue. After treatment with RNase A and stringent washing conditions,
sections were incubated with alkaline phosphatase—conjugated anti-
digoxigenin antibodies. 5-Bromo-4-chloro-3-indoyl phosphate and ni-
troblue tetrazolium were used as chromogens to yield a dark blue re-
action product, and sections were counterstained with nuclear fast
red. (A) Hybridization with sense cRNA for HME (negative control).
(B) Serial section of tissue shown in A, hybridized with antisense
cRNA for HME. Scale bar, 40 pm.

radation. As shown in Fig. 5, specimens of normal aorta dem-
onstrated minimal intimal thickening and an elastic media
composed of mature undamaged lamellae, in which layers of
elastin fibers alternated with layers of spindle-shaped vascular
smooth muscle cells. No inflammatory infiltrates were seen in
the media and none of the four elastolytic MMPs were de-
tected by immunohistochemistry. Although CD68-positive
mononuclear phagocytes were present in some sections of nor-
mal aorta, they were restricted to the adventitia or to small ar-
eas of minor intimal thickening.

Specimens of AOD demonstrated calcific intimal athero-
sclerosis and grade III-IV lipid-laden plaques with periodic
fracturing. Fig. 5 shows that the lamellar structure of the elastic
media was well preserved in the majority of AOD specimens
and that inflammatory cell infiltrates were confined to the in-
tima. As expected, a significant number of differentiated tissue
macrophages was seen within the thickened intima of AOD,
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B

Figure 4. Colocalization of HME and tissue macrophages in aneurys-
mal aorta. (A) Formalin-fixed sections of AAA tissue were incubated
with mouse anti-human CD68 (recognizing macrophages), followed
by peroxidase-conjugated secondary antibodies and DAB to yield a
brown reaction product. HME was then detected in the same sections
using rabbit anti-HME antibodies, followed by biotin-conjugated sec-
ondary antibodies, an avidin-biotin-alkaline phosphatase conjugate,
and an alkaline phosphatase substrate which forms a red precipitate.
CD68-expressing macrophages staining brown (arrow) are colocal-
ized with HME (red). The arrowheads indicate the localization of
HME to residual medial elastic fibers in close spatial relationship to
HME-expressing macrophages. (B) Section of tissue shown in A to
which no primary antibodies were applied before processing for im-
munohistochemical staining (negative control).

some of which were positive for MMP-2 and MMP-9 (data not
shown). As previously reported (45), focal areas in the shoul-
der regions of the plaque were positive for both HME and
MMP-7 (data not shown). Nonetheless, the medial layer dem-
onstrated no significant inflammatory infiltrates or any cells
immunoreactive for elastolytic MMPs.

In accord with previous investigations, AAA specimens ex-
hibited severe intimal atherosclerosis and an amorphous me-
dia containing few intact elastic lamellae. These areas of the
media were generally hypocellular, with abnormally shaped
smooth muscle cells, fibroblasts, and occasional macrophages,
although other areas of the media exhibited concentrated infil-
trates of mononuclear inflammatory cells. All four elastolytic
MMPs were identified at some point within the degenerative
media of AAA (matrilysin was only rarely detected) and yet,
despite the frequent presence of MMP-2, MMP-9, and HME,
the distribution of these enzymes within the aneurysmal media
was not uniform. Thus, three distinct regions of the aneurysm
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Formalin-fixed serial sections of
normal, atherosclerotic, and an-
eurysmal abdominal aorta were
stained with Verhoeff-Von Gie-
son elastin (VVG, top), as well as
immunohistochemical tech-
niques for HME (middle) and
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wall were characterized based on cellular, histochemical, and
immunohistochemical appearance, in order to provide a better
framework for examining the heterogeneous localization of
elastolytic MMPs in AAA. The features of these three regions
are summarized in Table 1.

Amorphous media (Fig. 6). The majority of the aneurysm
wall was characterized by relatively nondescript amorphous
tissue, with a sparse population of cells surrounded by an
abundance of fibrocollagenous extracellular matrix. The ab-
sence of elastic lamellae or even elastic fiber fragments was

= : phages are seen in atherosclerotic
tissue (arrows), aneurysmal tis-

b gl 3 sue also exhibits the localization
of HME to residual elastic fibers
and a significant number of
macrophages (arrows) within the
degenerative elastic media. Scale
bar, 80 pm.

particularly striking. Because these regions were predomi-
nantly subintimal and because the internal elastic lamina was
typically absent in AAA, it was often difficult to discern a clear
transition from the atherosclerotic intima to the amorphous
media. Like the base of many atherosclerotic plaques, how-
ever, neovascularization and scattered mononuclear phago-
cytes were prominent in this area of the aneurysm wall. By im-
munohistochemical staining of serial sections, the amorphous
media contained cells positive for MMP-2, MMP-9, and HME,
somewhat similar to that seen in atherosclerotic plaque, but

Table I. Microscopic Subclassification of Regional Heterogeneity within AAA Tissues

Region of aneurysm wall

Tissue characteristics Inflammatory media

Amorphous media Active media

Extracellular matrix
Elastin
Collagen

Cellular composition
Smooth muscle cells
Mononuclear phagocytes

None apparent
None apparent

None apparent
Dense infiltrates

Lymphocytes Dense infiltrates

Fibroblasts None apparent

Endothelial cells Moderately dense
MMP expression*

MMP-2 (gelatinase A) 0

MMP-7 (matrilysin) 0

MMP-9 (gelatinase B) ++ (MPh)

MMP-12 (HME) 0

None apparent Fragmentary
Moderately dense Sparse
Sparse Moderate
Mild Moderate
None Mild
Moderate Mild
Moderately dense Mild

++ (SMC, Fb, MPh) 0

+ (Rare) 0

++ (MPh) 0

++ (MPh) ++ (MPh)*

*MMP expression was detected by immunohistochemistry and graded on the following scale: 0 (undetectable), + (< 25% of cells positive), ++ (25—
50% of cells positive), and +++ (> 50% of cells positive), with cell types indicated in parentheses. *Prominent immunolocalization to elastic fiber
fragments. SMC, vascular smooth muscle cells; Fb, fibroblasts; M Ph, mononuclear phagocytes.
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MMP-2 MMP-7

Figure 6. Immunohistochemical
4 localization of MMPs in AAA:
/" amorphous media. Five consecu-
tive serial sections of AAA tis-
sue were stained by immunohis-
tochemical techniques using

MMP-9

HME CD68

antibodies specific for HME,
CD68, MMP-2, MMP-7, and
MMP-9. Immune complexes
were detected by immunoperox-
idase as a brown reaction prod-
uct and sections were counter-
stained with hematoxylin. The
amorphous degenerative media
contains scattered CD68-posi-
} tive macrophages, which sporad-
- : ically express all of the elas-
tolytic MMPs examined
(arrows). Scale bar, 30 pm.

few of these cells stained positively for matrilysin. Most of the
MMP-positive cells were identified as tissue macrophages
based on their coexpression of CD68 antigen.

Active media (Fig. 7). At irregular points within the amor-
phous media there were areas displaying an increase in spin-
dle-shaped cells and scattered, birefringent, elastic fiber rem-
nants. Because these regions may be sites of ongoing elastin
degradation, they were defined as the active media. On immu-
nohistochemical grounds, these areas were distinguished from
the amorphous media by the presence of many CD68-positive
cells which were also positive for HME. The lack of MMP-9 or
MMP-2 positive cells in the active media was also a remark-
able feature of these areas. Most striking, however, was that in
the active media the anti-HME antibody uniformly and specif-
ically recognized residual elastic fiber fragments. On serial sec-
tions, these same elastin fragments were spatially associated
with CD68-positive cells, and double immunohistochemical
staining confirmed the cellular localization of HME to mac-
rophages (Fig. 4).

Chronic inflammatory media (Fig. 8). A third area charac-
teristic of AAA tissues consisted of areas with tightly packed
mononuclear cells, primarily tissue macrophages and lympho-
cytes. These inflammatory infiltrates occurred sporadically at
all levels within the aortic wall, but they were more frequent
on the adventitial side of the media. Fig. 8 shows the results of
immunohistochemical stains applied to serial sections through
a representative area of chronic inflammatory media in an aor-
tic aneurysm. The only proteinase substantially and consis-
tently identified in this area was MMP-9. On serial sections, a
similar subset of cells was identified as infiltrating tissue mac-
rophages by CD68 expression.

The proximal transition zone of AAA exhibits morphological
features of the active media

Several specimens of AAA tissue were obtained from the lon-
gitudinal transition zone between the grossly normal proximal
infrarenal aorta and the aneurysm itself. Although these areas
exhibited relatively intact elastic lamellae within the media

MMP-7

Figure 7. Immunohistochemical
localization of MMPs in AAA:
active media. A second area of
AAA tissue is depicted in five
consecutive serial sections
stained by immunoperoxidase
techniques (brown reaction
product). This active area of the

MMP-9

HME CD68

degenerative media was notable
for the presence of residual elas-
tic fiber fragments and CD68-
positive macrophages. HME was
the predominant enzyme pro-
duced in these areas, where it
’ was localized to macrophages

(solid arrows) in close apposition
to fragmented elastin. HME was
also prominently localized to re-
sidual elastin fiber fragments
themselves (open arrows). Scale
bar, 30 pm.
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HME CD68

s I / Figure 8. Immunohistochemical
localization of MMPs in AAA:
_ inflammatory media. A third
MMP-9 area of AAA tissue is depicted
- in five consecutive serial sections
e = stained by immunoperoxidase

techniques (brown reaction
product). These areas of the de-
generative media are dominated
by dense mononuclear inflam-
matory cell infiltrates. CD68-
positive macrophages appear to
colocalize with MMP-9 in these
& infiltrates (arrows), but HME
and other elastolytic MMPs are
not detected by immunostaining.
] Scale bar, 30 pm.

and only minimal inflammatory infiltrates, immunohistochem-
istry revealed an abundance of HME (Fig. 9). Like the active
media described above, HME was prominently localized to
elastic fibers in these areas. Indeed, staining for HME pro-
vided a particularly clear distinction of the transition zone be-
tween normal aorta and the diseased aneurysmal segment.

HME antibody does not cross-react with elastic fiber
components or with damaged elastin

Because the immunolocalization of HME to elastic fibers was
a particularly important observation, it was necessary to con-
firm the in vitro specificity of the antibodies used in this study.
Therefore, additional immunoblot assays were performed with
several different types of elastin, two biologically active elas-
tin-derived peptides, and type IV collagen, as well as recombi-
nant HME protein. Affinity-purified antibodies raised to the
amino-terminal HME peptide did not recognize any of these
other proteins, although they bound with high affinity to au-
thentic HME as expected (data not shown). To further exam-
ine the specificity of these antibodies in whole tissue, sections
of normal aorta were incubated with pancreatic elastase before
immunohistochemical staining for HME. Despite significant
damage to the medial elastin as identified by light microscopy,
there was no apparent binding of anti-HME to the residual
elastic fiber fragments (data not shown).

Insoluble elastin binds macrophage elastase with high affinity

To test the possibility that HME might bind to elastic fibers
with a higher degree of affinity than other elastolytic protein-
ases present in AAA tissues, recombinant forms of HME and
MME were compared with the purified active forms of several
other elastolytic enzymes using an in vitro binding assay. The
elastolytic activities of MMP-12, MMP-9, HNE, and PPE were
all sequestered with high affinity by insoluble elastin. Impor-
tantly, HME and MME exhibited the highest fractional bind-
ing of the enzymes examined under these assay conditions,
with nearly all of their enzymatic activity bound by elastin
(94.026.0 and 96.12.9%, respectively). This compared with
only 53.7+13.6% for MMP-9 and 20.1£16.6% for MMP-7
(each P < 0.05 vs. HME). Although the overall amount of
elastase activity was substantially higher for HNE and PPE

compared with the other enzymes tested (data not shown),
the fractional binding of these serine proteases was also sig-
nificantly less than that of either HME or MME (HNE,
71.4x7.3%; PPE, 57.1%£4.4%; each P < 0.05 vs. HME). In fur-
ther experiments to determine if TIMPs might prevent MMP-
12 from binding to insoluble elastin, the addition of TIMP-1
had only a minor effect on the elastin binding ability of MME
(a decrease in fractional binding from 96.1+2.9 to 81.2%10.5%;
P > 0.05). These in vitro data thereby correspond to the obser-
vations in AAA tissue, where HME appears to be capable of
sustained binding to elastic fiber fragments. They also help ex-
plain why this enzyme is detectable in association with elastin
fibers in AAA, whereas other elastases produced in the same
tissue environment do not exhibit this immunohistochemical
pattern.

Discussion

HME is a recently described homologue of MME, a 22-kD
metalloproteinase first isolated from murine peritoneal mac-
rophage conditioned medium (39, 50, 55). Although not nor-
mally expressed in adult human tissues, HME has been identi-
fied by immunohistochemistry and in situ hybridization in
tissues undergoing active remodeling, such as the term pla-
centa (50). Peripheral blood monocytes do not possess HME
protein or mRNA, yet macrophage elastase accounts for at
least half the elastolytic activity secreted by human alveolar
macrophages obtained from cigarette smokers (39). This indi-
cates that macrophage expression of HME may have an im-
portant role in pulmonary emphysema and other degenerative
disorders associated with elastin degradation. In testing this
hypothesis in genetically altered mice, Shipley and colleagues
found that MMP-12 is essential for macrophage-mediated pro-
teolysis and matrix invasion in vitro (56). Furthermore, mice
with targeted deletions of MME exhibit a marked reduction in
pulmonary elastin degradation and emphysema induced by in
vivo exposure to cigarette smoke (57). MMP-12 is also ex-
pressed in animal models of atherosclerosis, where it is lo-
calized to foamy macrophages in aortic lesions of both cho-
lesterol-fed rabbits (46) and apo E-deficient mice (47).
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Ungilated Proximal Aorta Transition Zone Aorta
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Figure 9. Immunolocalization of HME in the proximal transition
zone of AAA. Schematic diagram depicting the location of proximal
transition zone specimens obtained from patients with AAA (top).
Tissue sections taken from the uninvolved proximal aorta and the ad-
jacent transition zone were stained with VVG (middle) and by immu-
nohistochemical techniques for HME antibodies (bottom). HME-
specific immune complexes were detected by immunoperoxidase to
reveal a brown reaction product. HME is not observed in the undi-
lated proximal aorta but is readily apparent in the transition zone.
The localization of HME to elastic fibers in the proximal-most aspect
of the aneurysm is similar to that seen in the active media of the aneu-
rysmal aorta (Fig. 7), but it appears even more prominent due to the
greater amount of elastin present. Scale bar, 40 um.

Importantly, transgenic mice with homozygous deficiencies in
both apo E and urokinase-type plasminogen activator (u-PA)
exhibit a reduction in hypercholesterolemia-induced microan-
eurysm formation, an effect apparently due to diminished acti-
vation of proMME in the absence of u-PA (47).

Extensive remodeling of the extracellular matrix plays a
critical role in the development, progression, and rupture of
AAA, and it has long been suspected that aneurysmal degen-
eration is mediated by one or more proteinases specifically ca-
pable of degrading insoluble elastin. Macrophage elastase is
one of four mammalian MMPs with the capacity to degrade
elastin in vitro, and we have demonstrated here for the first
time that human AAA tissues actively express HME in vivo.
As might have been expected, HME expression was localized
to aneurysm-infiltrating macrophages within the degenerative
media of AAA and, like previous studies, neither MMP-2,
MMP-9, nor HME was observed within the elastic media of ei-
ther normal aorta or AOD tissues. These findings support the
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view that localized expression of elastolytic MMPs at the site
of aortic tissue damage plays an important role in the pathobi-
ology of aortic aneurysm disease and they place new emphasis
on the participation of HME in this process.

Earlier studies from our laboratory have demonstrated that
MMP-9 and MMP-2 are the most prominent elastase activities
secreted by human AAA tissues in short-term organ culture
(32). Although elastolytic activity corresponding to HME was
not detected in aortic tissue conditioned medium, these exper-
iments demonstrate that substantially greater amounts of
HME are present in AAA tissue than normal aorta. We have
also shown that HME binds with high affinity to elastin fibers,
both in vitro and in vivo. Therefore, it appears likely that im-
munoreactive and enzymatically active forms of HME are
readily sequestered within elastin-rich tissues, perhaps to a
greater extent than other MMPs. More vigorous extraction of
aortic tissue proteins may account for the improved recovery
of HME in this study as compared with previous investigations
using aortic conditioned media alone.

The most intriguing observation revealed by this study was
the prominent and specific immunolocalization of HME to
elastic fiber fragments within selected regions of the degenera-
tive aortic media. Because this suggested that HME is found in
association with a matrix substrate potentially relevant in the
pathogenesis of AAA, the specificity of the antibody for HME
was confirmed by a series of control experiments to exclude in-
advertent cross-reactivity with either elastin fiber components
or damaged elastic fibers. Using immunohistochemical tech-
niques identical to those used to detect HME in AAA, for ex-
ample, no reactivity of the antibody with intact elastin fibers
was observed in normal aorta, occlusive atherosclerosis, or the
proximal aspect of the transition zone in AAA. Furthermore,
neither intact soluble elastin nor multiple elastin-derived pep-
tides bound the antibody in in vitro binding assays. Finally,
elastase-induced injury of normal aortic tissue sections did not
induce antibody binding to the residual damaged elastin.
Taken together, these results support the conclusion that the
unique pattern of immunoreactivity represents the specific and
authentic localization of HME to residual elastic fibers in se-
lected regions of AAA tissue. This novel finding has important
implications for the unique role that HME might play in the
pathogenesis of aneurysm disease.

We postulated that the localization of HME to residual
elastic fibers in AAA might reflect a particularly high binding
affinity of HME for elastin, especially relative to other elas-
tolytic enzymes present in human AAA tissues. Although the
structures conferring elastolytic activity upon 92-and 72-kD
gelatinase are known to reside within three fibronectin type
II-like repeats inserted in tandem with their catalytic domains,
these domains are not present in matrilysin or the fully pro-
cessed (22-kD) forms of macrophage elastase (52). Indeed,
processed forms of HME and MME found in tissue generally
possess only the zinc-binding catalytic domain characteristic of
the MMP family, which must thereby confer both substrate
binding and elastolytic specificity. Furthermore, recent studies
indicate that macrophage elastases exhibit important differ-
ences compared with MMP-9 and serine elastases with respect
to peptide bond preferences during the degradation of insolu-
ble elastin (58). Using in vitro binding assays with HME and
MME, we found that nearly all of the active MMP-12 is rapidly
sequestered upon incubation with an excess of insoluble elas-
tin, and that this was not significantly diminished in the pres-



ence of TIMP-1. In addition, the fractional binding of HME
was two- to fivefold greater than that measured with either
MMP-9 or MMP-7, respectively, and it even exceeded that ob-
tained with the potent serine proteases, neutrophil and pancre-
atic elastase. Based on these findings, we speculate that the
high binding affinity of HME may explain its potent elastolytic
activity and its unique localization to elastic fibers in vivo. The
avidity of HME for elastic fibers may also result in more sus-
tained elastolytic activity compared with that produced by
other elastases, although it is notable that binding to insoluble
elastin may also promote the activation of other proMMPs
(59). These findings imply that in the complex milieu of pro-
teinases and proteinase inhibitors that characterizes human
aneurysm tissues, greater tissue damage might result from lo-
cal production of HME than other elastolytic enzymes. As the
assays reported here were limited to a specific set of experi-
mental conditions, further studies will be required to examine
the kinetics involved in HME-elastin binding and to elucidate
the structural elements responsible for this interaction.

Consistent with earlier findings, we detected MMP-2 and
MMP-9 within the media of AAA by immunohistochemistry,
although neither of these proteinases was found in the elastic
media of AOD tissues or normal aorta. In contrast to previous
studies, however, we also obtained more detailed localization
of these enzymes within different regions of the aneurysm
wall. The distribution of these MMPs may offer additional
clues to the relative importance of these enzymes in the pro-
cess of medial remodeling. Furthermore, we predict that the
morphological patterns of MMP expression in different areas
of the aneurysm wall might also reflect regional heterogeneity
in the cell-specific regulation of various MMP genes (50).

In describing several different regions within AAA tissue,
we defined one particular morphological pattern as the active
media. These areas, containing fragmented elastin fibers, ap-
peared to represent locations where elastic lamellae were sub-
jected to aggressive degradation. The prominent expression
and immunolocalization of HME in these areas suggests a key
role in this aspect of medial degeneration. In support of this
view, several unusually valuable aortic wall specimens were
also obtained during the course of this study, encompassing
the longitudinal transition zone between the normal caliber
aorta and the proximal aspect of aneurysmal dilatation. Al-
though such specimens are difficult to obtain during the rou-
tine conduct of surgical operations for AAA, they are particu-
larly informative in that they represent areas where the
process of aneurysmal degeneration might be observed in its
earliest stages. Indeed, a gradient of histopathologic changes
was observed along the axial length of these transition zone
specimens, extending from normal aortic structure to the typi-
cal appearance of end-stage AAA. The interface of the normal
and dilated aorta showed evidence of early elastin fragmenta-
tion with HME prominently localized to nearly all of the me-
dial elastic fibers. The localization of HME indicates that it is
not only present in these areas, but that it remains bound to
the elastin substrate in regions where ongoing elastin degrada-
tion is expected to be the most active. Therefore, these find-
ings lend additional support to the view that HME plays a
unique role in the evolution and progression of aneurysmal de-
generation.

The elevated local production of HME in AAA tissues and
its distinct localization to residual elastic fiber fragments pro-
vide the strongest evidence to date that MMPs participate in

aortic elastin degradation. Furthermore, these findings impli-
cate a more central role for HME than other elastolytic MMPs
in aneurysm disease. At a functional level, questions that re-
main to be addressed include the degree to which HME is en-
zymatically active in situ, how it might interact with naturally
occurring proteinase inhibitors within the aneurysmal aortic
wall, and whether HME is necessary and/or sufficient for the
development of AAA in vivo. Studies in animal models of
AAA will be particularly helpful in examining these issues. Al-
though it remains likely that MMP-2, MMP-9, and other pro-
teinases also participate in the development and progression of
AAA, their relative contributions will need to be reassessed in
light of the elevated production and novel tissue distribution of
HME in aneurysm tissue.
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