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Acquired abdominal aortic aneurysms are usually as-
sociated with a mural thrombus through which blood
continues to flow. Some early data suggest that aneu-
rysmal evolution correlates with the biological activ-
ity of the thrombus. Our hypothesis was therefore
that the thrombus could adsorb blood components
and store, release, and participate in the activation of
proteases involved in aneurysmal evolution. For this
purpose, we have explored both the metalloprotein-
ase and fibrinolytic systems in the thrombus and the
wall of human aneurysms. We have first investigated
blood clot formation and lysis in vitro. Spontaneous
clotting induces a release of promatrix metallopro-
teinase (pro-MMP)-9 into the serum that was fourfold
higher than in paired control plasma (P < 0.001).
Fibrinolysis progressively released more MMP-9 in a
time-dependent manner (P < 0.01). After selective
isolation, we demonstrated that polymorphonuclear
leukocytes are the main source of MMP-9 release dur-
ing clot formation. Protease content was then ana-
lyzed in 35 mural thrombi and walls of human ab-
dominal aortic aneurysms sampled during surgical
repair. In 15 aneurysms, the liquid phase at the inter-
face between the thrombus and the wall was sampled
separately. Both thrombus and wall contained MMP-2
and MMP-9 but the ratio MMP-9/MMP-2 was higher in
the thrombus than in the wall. The liquid interface
also contained active MMP-9. Immunohistochemistry
of the thrombus confirmed these findings, showing
the presence of polymorphonuclear leukocytes at the
luminal pole of the thrombus, co-localizing with
MMP-9 storage. In contrast, MMP-3 and MMP-7 were
only present in the aneurysmal wall. Plasminogen
was present in the mural thrombus but plasmin ac-
tivity was present in both thrombus and wall. In the

liquid interface, plasmin-a,-anti-plasmin complexes
were detected demonstrating in vivo the activation of
plasminogen. In contrast, u-PA and t-PA were detectable
only in the wall, suggesting that plasminogen present in
the thrombus could be activated by factors secreted by
the arterial wall. This was demonstrated in vitro, in
which co-incubation of thrombus and wall extracts gen-
erated plasmin in the presence of a fibrin matrix and
activated MMPs. In conclusion, our study strongly sug-
gests that the mural thrombus, by trapping polymor-
phonuclear leukocytes and adsorbing plasma compo-
nents could act as a source of proteases in aneurysms
that may play a critical role in enlargement and rupture.
(Am J Pathol 2002, 161:1701-1710)

In contrast with atherosclerotic stenosis, which predomi-
nantly involves accumulation of cells and extracellular ma-
trix within the intima, aneurysm formation predominantly
involves degradation of the medial layer." Since the early
1980s,? new molecular and cellular concepts of the patho-
physiology of aneurysm evolution toward rupture have
emerged, mainly involving the ability of proteinases to hy-
drolyze insoluble extracellular matrix components.® In par-
allel, the plasminogen (Pg) activation cascade has also
been implicated in aneurysm evolution.”

The development of acquired abdominal aortic aneu-
rysms of atheromatous origin is usually characterized by
the presence of a mural thrombus. Despite this observa-
tion, previous studies have mainly focused on the local-
ization of proteinases within the aneurysmal wall,*>~® and
only a few have explored the involvement of the thrombus
in aneurysmal evolution.® In contrast with arterial occlu-
sive diseases, blood flow is maintained through the an-
eurysmal thrombus resulting in a persistent remodeling
activity of its components.'® Evolution of aneurysmal di-
ameter has been reported to correlate with plasma mark-
ers of fibrin formation and degradation,’” and circulating
plasmin (Pn)-a,-anti-Pn'? corresponding to thrombus
turnover. Furthermore, the presence of a crescent sign on
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computed tomography scan, corresponding to a hemor-
rhage within the thrombus, is considered as a predictive
marker of imminent rupture.®

The purpose of this study was to determine the differ-
ential localization of proteinases and their activators
within the thrombus and the aneurysmal wall and their
release into the liquid phase that is present at the inter-
face between thrombus and wall. First, we explored the
ability of blood clots to store and release matrix metallo-
proteinases (MMPs) during their formation and lysis in
vitro. MMPs and the Pg activation cascade were then
investigated in aneurysmal thrombus, wall, and their lig-
uid interface. Our data strongly suggest that the throm-
bus represents a site of storage and release of leukocyte
and plasma proteinases, and its parietal surface, a target
for activators present in the wall.

Materials and Methods

Blood Samples from Eight Healthy Volunteers

Sera were obtained after incubation of blood at 37°C for
30 minutes; 9, 32, and 56 hours; and 3, 4, and 7 days.
Citrated plasma samples were used directly or recalci-
fied (30 mmol/L CaCl,) to induce fibrin formation in the
absence of blood cells. To analyze the cellular source of
proteases, polymorphonuclear leukocytes (PMNs),
monocytes, lymphocytes, and platelets were isolated as
previously described (n = 5, 5 ml per volunteer).''®
MMPs were extracted in 0.05 mol/L of Tris-HCI, pH 7.5,
containing 0.01 mol/L of CaCl, and 0.2% Triton X-100.
Homogenates were sonicated and centrifuged and su-
pernatants were collected. Protein concentration was de-
termined by the Bradford assay (Bio-Rad, Ivry-sur-Seine,
France).

Tissue Samples

Infrarenal aortic specimens were obtained from 35 pa-
tients who provided informed consent before surgical
abdominal aortic aneurysm repair. The largest diameter
of the aneurysm was measured on computed tomogra-
phy scan (mean diameter, 57.9 = 17.7 mm; range, 36 to
120 mm). Thrombi (n = 35) and aneurysmal walls (n =
35) were harvested separately during surgery and
quickly frozen in liquid nitrogen. In 15 patients, a liquid
phase was present at the interface between thrombus
and wall, which we assume to be a consequence of the
fibrinolysis at the abluminal pole of the thrombus, and
was sampled separately.

Protein Extraction

Tissue samples were homogenized in 0.05 mol/L of Tris-
HCI, pH 7.5, containing 0.01 mol/L of CaCl,, 2 mol/L of
guanidinium chloride, and 0.2% Triton X-100 using a
Polytron as previously described.'® Protein concentration
was determined by the Bradford assay (Bio-Rad).

Gelatin and «-Casein Zymographies

Extracts (10 or 30 ug of proteins) were analyzed by elec-
trophoresis on 10% sodium dodecy! sulfate-polyacrylamide
gels containing 1 mg/ml of gelatin (Sigma, St. Quentin-
Fallavier, France) or a-casein (Fluka-St. Quentin-Fallavier,
France) under nonreducing conditions as previously de-
scribed.® Activities were quantified by densitometry using
the NIH Image 1.60 ppc software. A standard sample was
run on each gel and served as reference.

Reverse Gelatin Zymography

Extracts (50 ug of proteins) were submitted to 13% so-
dium dodecy! sulfate-polyacrylamide gel electrophoresis
on gels that contained 1 mg/ml of gelatin and 160 ng/ml
of pro-MMP-2 (Euromedex, Souffelweyersheim, France)
under nonreducing conditions as previously described.’”
A solution of TIMP-1 and -2 (Euromedex) was used as
reference.

Immunohistochemistry for MMP-9, Platelets,
and PMN Staining

Seven-um cryostat sections obtained of aneurysmal
thrombi were mounted on poly-L-lysine-coated slides and
fixed in acetone. Some sections were then treated with
3% H,0O, for 10 minutes at room temperature and incu-
bated overnight at 4°C with anti-MMP-9 monoclonal
(Ab-1; Calbiochem, Meudon, France), and anti-GPlIb/Illa
monoclonal (7E3; Dr. JP Rosa, INSERM U348, Paris)'®
primary antibodies (10 png/ml). Sections were then pro-
cessed using biotin-streptavidin-peroxidase complexes.
Peroxidase activity was revealed with diaminobenzidine/
cobalt substrate. Negative controls included omission of
the primary antibody or replacement of the primary anti-
body with naive mouse IgG,, (10 ug/ml). Other serial
sections were stained with hematoxylin, phloxin, and sa-
fran to evaluate general topography and cell distribution.

Pg and Pn Activities

Pg quantity in each extract was determined on tPA-fibrin-
coated wells.'® For tPA (Biopool, American Diagnostica,
Andresy, France) coating, 50 ul of t-PA [20 IU/ml in phos-
phate-buffered saline buffer and 2 mg/ml of bovine serum
albumin (BSA)] were incubated in fibrin-coated wells for 1
hour at 37°C. After washing, 25 ul of each sample and 25 pl
of 1.5 mmol/L CBS 0065 (Diagnostica Stago, Asnieres,
France) were added and incubated at 37°C. The Pg acti-
vation is detected by measuring the change in absorbance
at 405 nm as a function of time (0 to 2 hours) using a
microplate reader (Dynex, lssy-les-Moulineaux, France).
Results were expressed as nmol of Pg/mg soluble proteins
by reference to a standard curve constructed with purified
Pg. Plasmin (Pn) activity was determined in the same sam-
ples on 4% BSA-coated wells. Initial rates of p-nitro-aniline
release from the chromogenic substrate were transformed
into pmol of Pn/mg soluble proteins as previously de-
scribed.'®



Pg Activator Zymography

Fifty wg of proteins were electrophoresed on 10% sodium
dodecy! sulfate-polyacrylamide gel electrophoresis as
previously described.?° The gel was then carefully over-
laid on a Pg-fibrin-agar gel, incubated at 37°C for 24 to 96
hours in a moist chamber and photographed at regular
intervals using dark-ground illumination. Fibrinolytic ac-
tivities were quantified by densitometry using the NIH
Image 1.60 ppc software. Purified t-PA (Biopool) and
u-PA (Choay, Gentilly, France) were used as reference.

Analysis of Pg and MMP Activation by
Thrombus/Wall Interactions in Vitro

Extracts of thrombus and wall (100 wl) were first depleted
in Pn by adsorption on aprotinin-Sepharose. Thirty ul of
Pn-free wall extract was then preincubated with or without
a fibrin matrix for 2 hours at 37°C. After washing with
phosphate-BSA buffer, 20 ul of Pn-free thrombus extract
and chromogenic substrate selective for Pn (CBS 0065)
were added. The activation of Pg present in the extract
was monitored in a microplate reader. In parallel exper-
iments, wall and thrombus extracts were co-incubated
with or without a fibrin matrix for 24 hours at 37°C and
further analyzed by gelatin zymography to visualize MMP
activation.

Western Blot

Electrophoresis was performed as described by Laemmli
on 10% sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis gels under reducing conditions.'® Antibodies
to kringle 1 of Pn/Pg as previously described,?' a,-anti-
Pn (Biopool); MMP-2, -3, -7, and -9; and TIMP-1 and -2
(Chemicon, Euromedex, Souffelweyersheim, France),
were used at the concentration of 1 wg/ml and horserad-
ish peroxidase IgG (DAKO, Trappes, France) was used
after dilution (1/1000). Peroxidase activity was detected
using chemiluminescence reagent (NEN, Courtaboeuf,
France).

Statistical Analysis

Data are expressed as means = SD. The paired t-test
and one-way factorial analysis (analysis of variance) fol-
lowed by the Scheffé F-test were used to compare
groups. Differences were considered significant when
P < 0.05.

Results

Clot Formation, Retraction, and Lysis Result in
Release of MMP-9 in Vitro

To demonstrate that the thrombus can indeed be a source
of storage and release of MMPs, gelatinase activities were
measured in plasma versus serum and in blood cell pellet
versus blood clot sampled from healthy volunteers.
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Pro-MMP-9 and pro-MMP-2 activities were similar in
plasma and in serum-derived plasma, ie, respectively,
before and after addition of 30 mmol/L CaCl,, respec-
tively, which results in fibrin formation (Figure 1A). Thus,
there was no adsorption of pro-MMP-9 and pro-MMP-2
activities during fibrinogenesis in the absence of blood
cells, including platelets.

Pro-MMP-9 activity was fourfold higher in serum than in
plasma (P < 0.001) (Figure 1A). Pro-MMP-9 further in-
creased in serum during clot retraction and lysis (P <
0.01) (Figure 1A). Conversely, pro-MMP-9 content was
lower in the clot than in the blood cell pellet (P < 0.01)
(Figure 1B). Pro-MMP-9 activity further decreased in the
clot during thrombus lysis (P < 0.01). Pro-MMP-9 was
thus released during clot formation, retraction, and lysis
in vitro.

Pro-MMP-2 activity in serum was slightly higher than in
plasma (P < 0.01, Figure 1A). Pro-MMP-2 activity was not
modified during clot retraction and decreased during clot
lysis (P < 0.01). In cell pellet and blood clots, pro-MMP-2
activities were very low (Figure 1B).

To analyze the cellular source of MMPs during clot for-
mation, PMNs, monocytes/lymphocytes, and platelets were
isolated and MMPs were extracted from cell pellets. Pro-
MMP-9 activity was significantly higher in PMNs than in
platelets (P < 0.001) and significantly lower in platelets than
in monocytes/lymphocytes (P < 0.01). Low pro-MMP-2 ac-
tivity was found only in platelet extracts (Figure 2A).

MMP-9/MMP-2 Ratio Is Higher in the Thrombus
than in the Aneurysmal Wall

There was no significant difference between the soluble
protein contents of mural thrombus and aneurysmal wall
(23 £ 6 and 20 = 7 mg/ml, respectively) but a signifi-
cantly higher concentration was detected in the liquid
interface (124 = 14 mg/ml).

Gelatinolytic activities detected at apparent molecular
weight of 96 kd correspond to pro-MMP-9 (Figure 3A).
This identity was confirmed by Western blot (Figure 3B).
The proform of MMP-9 was detected in thrombus, liquid,
and wall whereas the active form was only detected in the
liquid interface between thrombus and wall (Figure 3A).

Gelatinolytic activities at apparent molecular weights of
72 and 64 kd correspond to latent and active forms of
MMP-2 (Figure 3A). This identity was again confirmed on
Western blot (Figure 3B). Latent and active MMP-2 were
similarly detected in thrombus, wall, and liquid (Figure 3D).

Mean MMP-9 and MMP-2 activities were similar in the
three compartments (Figure 3, C and D); however, the
MMP-9/MMP-2 ratio was 2.5-fold higher in the thrombus
than in the wall and liquid interface (P < 0.01) (Figure 3E).

MMP-9 and PMN Leukocytes Are Present in
the Thrombus
Hematoxylin, phloxin, and safran staining of sections

showed a marked enrichment of polymorphonuclear cells
in the most inner layer of the mural thrombus. In contrast
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Figure 1. Gelatinase activities in plasma, serum, blood cell pellet, and clot. A: MMP-2 and MMP-9 activities, detected on zymograms (top), were measured in
plasma (PD), recalcified plasma (Pl + CaCl,), and in serum as a function of time (MMP-9, middle; MMP-2, bottom). **, P < 0.01 as compared to zero point time;
¥ P<0.01; %%, P<0.001 as compared to plasma. B: Gelatinase activities were measured in extracts of blood cells, clot, and 7-day-lysed clot (top) and quantified
by densitometry (MMP-9, middle; MMP-2, bottom). **, P < 0.01 as compared to cell pellet; 3*, P < 0.01 as compared to nonlysed clot.

the abluminal thrombus is devoid of cellular components
(Figure 4A). PMN smears were used as a positive control
for MMP-9 immunostaining (data not shown). MMP-9 im-
munostaining co-localized exactly with PMNs. There was
no MMP-9 immunostaining in the abluminal part of the
thrombus (Figure 4B). Platelet smears were used as a
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Figure 2. Gelatinase activities in extracts of PMNs, monocytes/lymphocytes,
and platelets. A: MMP-2 and MMP-9 activities, detected on zymograms. B:
MMP-9 activity was quantified by densitometry. ***, P < 0.001 as compared
to platelets; >, P < 0.01 as compared to monocytes/lymphocytes.

positive control for GPIlb/llla immunostaining and were
strictly negative for MMP-9 (data not shown). The GPIIb/
Illa immunostaining showed an intense staining in the
luminal thrombus (Figure 4C).

MMP-3 and MMP-7 Are Detected Only in
Aneurysmal Wall

Casein zymography showed lytic activities at 50 kd and
28 kd (data not shown). By Western blotting, these activ-
ities were characterized as MMP-3 and MMP-7, respec-
tively. MMP-3 and MMP-7 activities and proteins were
detected only in the aneurysmal wall (data not shown).

TIMP-1 and -2 Are Significantly Lower in the
Liquid Interface

MMP-2 inhibitory activities were detectable at apparent
molecular weights of 27 kd and 21 kd in tissue extracts
and were shown to correspond to TIMP-1 and -2 on
Western blot (data not shown). TIMP-1 activity was similar
in thrombus and wall (55,930 = 28,860 and 57,607 +
30,141 D.U./mg soluble proteins, respectively) and sig-
nificantly lower in the liquid interface (25,890 + 19,810
D.U./mg soluble proteins, P < 0.001). TIMP-2 activity was
significantly higher in the wall than in the thrombus
(67,810 = 32,250 and 46,130 *= 25,790 D.U./mg soluble
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Figure 3. Gelatinase activities in mural thrombus, liquid interface, and aneurysmal wall. MMP-2 and MMP-9 activities detected on zymograms (A) were further
characterized by Western blot (B). MMP-9 (C) and MMP-2 (D) activities were quantified by densitometry and MMP-9/MMP-2 ratios (E) were calculated. **, P <

0.01 as compared to thrombus extracts.

proteins, respectively, P < 0.01) and in the liquid inter-
face (31,180 = 14,500 D.U./mg soluble proteins, P <
0.01).

Pg Is Localized in the Mural Thrombus

Pn, as a possible activator of MMPs, and its precursor Pg
were detected by Western blotting, and their activities
were measured on a synthetic substrate. Pg was signifi-
cantly higher in the mural thrombus than in the liquid
interface and was not detected in the wall (Figure 5, A
and C) (P < 0.01). Pn activity was similar in thrombus and
wall extracts and was not detected in the liquid interface
(Figure 5, A and D). The absence of Pn activity in the
liquid interface may be because of the presence of in-
hibitors. Indeed, a,-anti-Pn and Pn-a,-anti-Pn complexes
were detected in the liquid interface as shown on West-
ern blot (Figure 5B). Pn-a,-anti-Pn complexes were also
detected in extracts of thrombus and wall (data not
shown).

Free t-PA and u-PA Activities Are Present Only
in the Aneurysmal Wall
Fibrin-Pg zymography showed activities at apparent mo-

lecular weights of 120, 70, and 54 kd (Figure 6A). Enzyme
activity at 70 kd was inhibited by polyclonal antibodies to

t-PA and activities at 120 and 54 kd were inhibited by
polyclonal antibodies to u-PA (data not shown). The en-
zyme activities at 120 and 54 kd correspond to u-PA-
PAI-1 complexes and free u-PA, respectively; the enzyme
activity at 70 kd corresponds to free t-PA. The u-PA-PAI-1
complexes were detected in thrombus, liquid interface,
and wall (Figure 6, A and D). Free t-PA and u-PA activities
were only measurable in the arterial wall (Figure 6; A, B,
and C). t-PA-PAI-1 complexes were not detected.

Fibrin Solid Phase-Dependent Activation of Pg
and MMPs in Vitro

To explain the role of the interaction of the thrombus with
wall components, extracts of thrombus and wall were
co-incubated in absence or presence of a fibrin matrix in
vitro. When the two extracts were co-incubated for 2
hours at 37°C in BSA-coated wells, there was no gener-
ation of Pn. In contrast, in fibrin-coated wells, incubation
of thrombus extracts, which contain Pg (Figure 5C), with
wall extracts, which contain activators (Figure 6, B and
C), induced formation of Pn (Figure 7A).

Co-incubation during 24 hours of the two extracts in
the absence of fibrin increased the percentage of the
active form of MMP-9 and MMP-2 (51 = 10% and 24 =+
20%, respectively, n = 15) as compared to isolated
thrombus extracts (0% and 10 * 5%, respectively; P <
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Figure 4. Immunochemistry of MMP-9 in mural thrombus. A and inset: Hematoxylin, phloxin, and safran staining showing the presence of PMNs in the luminal
pole of the thrombus. B: MMP-9 staining in the luminal and abluminal pole of the thrombus and inset showing the co-localization of MMP-9 and PMNs in luminal
pole. C: GPIIb/IIIa staining in the luminal and abluminal pole of the thrombus and inset showing a diffuse marking of GPIIb/IIIa corresponding to platelets in
the luminal pole. PMN and platelet smears were used as positive controls for MMP-9 and GPIIb/Illa immunostaining, respectively (data not shown). Original

magnifications, X100 (insets in A—C).

0.01). Similar co-incubation in the presence of a fibrin
solid phase significantly increased further these percent-
ages (63 * 13%, P < 0.01; 46 = 12%, P < 0.001,
respectively) (Figure 7, B and C). These data suggest an
interaction between the substrates present in the throm-
bus and the activators secreted by the wall and a cata-
lyzing role of the solid-phase fibrin in the generation of Pn
at the interface between thrombus and wall.

Discussion

In this study, we have explored in vitro the ability of blood
clots to store and release MMPs to better understand the
role of the biological activity of the mural aneurysmal
thrombus in this respect. Sera obtained after spontane-
ous clot formation, retraction, and lysis, always contain
more MMP-9 than plasma. Because fibrin polymer forma-
tion obtained from recalcified citrated plasma, devoid of
any cellular components, did not induce release of
MMP-9, we can conclude that MMP-9 released from the
thrombus originates from trapped cells and probably
from PMNs and platelets. Therefore, we compared the
MMP-9 content in PMN leukocytes and platelets and
have shown that the role of PMNs was predominant in

MMP-9 release in vitro. Pro-MMP-9 is stored in tertiary
granules of PMNs that are the first to degranulate.?®
Therefore our data strongly suggest that PMNSs, trapped
in the fibrin mesh during clotting, partially degranulate
and release pro-MMP-9. These data fit well with the re-
sults of a previous study, suggesting that serum cannot
be used to determine the circulating level of MMP-9.22 On
the other hand, the blood clot also contains pro-MMP-9,
suggesting its entrapment and storage during fibrinogen-
esis. The calcium-phosphate-dependent binding of
MMP-9 to fibrin can participate in this storage.®*

Ex vivo analysis of the mural thrombus gave parallel
results showing a higher MMP-9/MMP-2 ratio compared
to the wall. Histology demonstrated the accumulation of
PMNs in the inner layer of the thrombus and their co-
localization with MMP-9 staining. By analogy to our in vitro
observations, these data suggest that MMP-9 could be
stored and released by PMNSs entrapped in the thrombus
on its luminal side. Adolph and co-workers'® have shown
that the aneurysmal thrombus is active. This activity is
associated with a leukocyte gradient from the luminal to
the abluminal pole of the thrombus.’® Monocyte/macro-
phages®® and PMNs?® easily adhere to the co-polymer of
fibrin-fibronectin, and PMNs release latent MMP-9 when



Thrombus in Aortic Aneurysm 1707
AJP November 2002, Vol. 161, No. 5

A B

Liquid samples  Ref

Ref Thrombus Liquid Wall

————  «2-AP-Pn ﬁ il
_’ -
Pg— * ' - - complexes i P ’

Pn—»

D

@]

16
14 :
12

$

a2-Ap —> B B B -
3

A

A

of ;
& 0 @ 2

Thrombus Liquid Wall Thrombus Liquid Wall

Figure 5. Pg and Pn in the three compartments. Pg and Pn (A) and free a,-anti-Pn (a,-AP) and a,-anti-Pn-Pn complexes (a,-AP-Pn) (B) were detected on Western
blots. Pg (C) and Pn quantities (D) were determined through their activity on a chromogenic substrate. **, P < 0.01 as compared to thrombus.

M W A U >

soluble proteins)
2
Plasmin (pmoles/mg
soluble proteins)

o N B 0 @

Plasminogen (nmoles/mg

A B E" 160 N
o '% 140
MEM Ref Thrombus Liquid Vfu'al_l  »E
u-PA—» R > 2 100
-PAI-1 &3 80
t-PA _, - < Q 60 14
- : A
u-PA —» “ g J{I\Q
(HMW) = 20 I %
- g o * . -
0/35 0/15 25/35
C D Thrombus Liquid Wall
".n-‘ —
'E 63 @ E 93
o 53 i 5 ® ‘
:E' a - a 73
= o 43 = P 63 0 i
S5 33 85 & [
<o T -
o ® 23 & 5 3 . §
: - < » 4
30 A Lo 23 $ o
g 13 | < E 4
= SE 13 L; |8
2 3 ” - T r D 3 ? & ‘
a ’ s g i o1
0/35 0/15 11/35 11/35 12/15 18/35
Thrombus Liquid Wall Thrombus Liquid Wall

Figure 6. Free Pg activators were localized in the wall. Pg activators were detected through the activation of Pg in fibrin-agar gels (A). t-PA (B) and u-PA (C)
activities and uPA-PAI-1 complexes (D) were quantified by densitometry.



1708 Fontaine et al
AJP November 2002, Vol. 161, No. 5

A

1200

1000

800

600

400

200

Pn activity (milliOD/min)

0 10 20 30 40 50 60 70 80
Time (min)

®

100 1

pisal ok

the total MMP-9)

-Lmuscnm-qon
oocoo cooo

Active MMP-9 (% of

Fibrin - v

MMP-2

=

Active MMP-2 (% of

the total MMP-2)

Fibrin -

pro.
MMP-9 ‘ act.

pro.
act.

1001
901
801
701
601
501

40 [

30

20

10

ok ok

- +

Figure 7. In vitro interaction between thrombus and wall extracts. Thrombus/wall extract interactions were monitored in vitro in the absence (—) or presence
(+) of a fibrin matrix. Pg from thrombus extracts was activated by the Pg activators contained in the wall extract on fibrin-coated wells (A, ¢, l, V: three
representative experiments, initial rates: 364, 306, 226 fmol/min, respectively, and @: control experiments in BSA-coated wells). Co-incubated extracts were
analyzed on gelatin zymography (B). Percentage of active MMP-9 (C) and MMP-2 (D) were calculated in the presence or absence of fibrin matrix. **, P < 0.01;

#s D < 0.001.

they adhere to fibronectin-collagen co-polymer.?” Simi-
larly, Sakalihasan and co-workers® reported an enrich-
ment of MMP-9 in aneurysms that was associated with a
negative gradient of latent MMP-9, and a positive one for
MMP-9 activation, from the luminal to the parietal pole of
the thrombus. Our ex vivo evidence of PMN trapping and
MMP-9 storage within the aneurysmal thrombus associ-
ated with the in vitro demonstration of the role of leukocyte
trapping in MMP-9 storage and release during thrombus
formation strongly suggest that the active luminal pole of
the thrombus could trap circulating leukocytes that then
release pro-MMP-9. Pro-MMP-9 could be both stored
within the aneurysmal thrombus and released into the
circulating blood. Therefore MMP-9 release by the lumi-
nal thrombus could be also the main source of high levels
of plasma MMP-9 reported in patients with aortic aneu-
rysms.?® The reported normalization of plasma pro-
MMP-9 levels by aneurysm repair may predominantly
reflect exclusion of the thrombus;?® and conversely, the
absence of regression of these levels would suggest the
persistence of a thrombus activity, providing evidence of
endoleaks.®°

Nevertheless, pro-MMP-9 was also present in the
aneurysmal wall,®' probably mainly synthesized by infil-
trated inflammatory cells or diffusing from the throm-
bus.®2 The important role of MMP-9 in aneurysm devel-
opment and evolution has been recently stressed by

experimental approaches showing that MMP-9 gene dis-
ruption in mice prevented the development of elastase-
induced aneurysms>3 and that smooth muscle endolumi-
nal seeding prevented both experimental aneurysm
development and MMP-9 expression."”

In contrast with pro-MMP-9, pro-MMP-2 activity in vitro
was only slightly higher in serum than in plasma, corre-
sponding to a small release during clot formation. This
release of pro-MMP-2 probably provides evidence of
platelet aggregation associated with thrombus forma-
tion.®* Latent MMP-2 is constitutively expressed and se-
creted by vascular cells.®®3¢ and diffuses easily into the
culture medium when tissue is incubated ex vivo.3®

MMP-3 and -7, revealed by their caseinolytic activity,
are only present in the arterial wall. MMP-3 (stromelysin 1)
is expressed in human aneurysmal wall®” and mainly
secreted by inflammatory cells.®® MMP-3 is also involved
in the activation of MMP-9.3° Because MMP-3 possesses
a hemopexin-like domain“® it binds to heparan sul-
fate*'~*% and could be stored in tissue.

MMP-7 (matrilysin) is also a MMP tightly bound to
heparan sulfate.*" Pro-MMP-7 is mainly synthesized and
secreted by activated fibroblasts.** In response to pro-
teolytic medial injury, adventitial fibroblasts activate, pro-
liferate, and secrete collagen limiting the outward expan-
sion of aneurysm.*® The presence of MMP-7 in the



aneurysmal wall probably provides evidence of the ac-
tivity of adventitial fibroblasts in aneurysmal remodeling.

We explored also the localization of Pg activation able
to form active MMPs. Pg was present in the thrombus and
liquid interface, and absent in the wall. Circulating Pg
binds to fibrin and is adsorbed from the plasma onto the
aneurysmal thrombus, serving as a substrate for Pn gen-
eration. Pn is detectable in both thrombus and wall but, in
the thrombus, the quantity of Pn is 3000-fold lower than
that of Pg. In contrast, free Pg activators were only de-
tectable in the wall. u-PA is mainly produced by inflam-
matory cells in the wall and its role in aneurysm develop-
ment has been recently pointed out through experimental
approaches.*®4” For the first time we observe here the
complementary localization of the substrate Pg in the
thrombus and its activators in the aneurysmal wall sug-
gesting a cooperation between thrombus and wall in
generating active Pn which probably plays a major role in
MMP activation on the parietal surface of the thrombus.
To demonstrate these points, thrombus and wall extracts
were co-incubated in vitro and our results showed the
ability of this interaction to activate MMPs and the fibrin-
dependency of Pn generation. The presence of a fibrino-
lytic liquid phase containing active MMPs at the interface
between aneurysmal thrombus and wall also provides
evidence of such activation in vivo. The absence of de-
tectable free Pn in this liquid interface and the presence
of Pn-a,-anti-Pn complexes, contrasting with the finding
of active Pn in the thrombus and the wall, also suggest
that a solid phase is critical for Pn activity, thrombus lysis,
and MMP activation. These data fit well with the reported
predominant localization on in situ zymography of MMP
activities in the inner wall of human aneurysms.*®

In conclusion, our study strongly suggests that the
mural thrombus, by aggregating platelets, trapping cir-
culating cells, and adsorbing plasma components, could
act as a source of secreted proteases within the aneu-
rysm. In contrast, the arterial wall contains mainly tissue
proteases, including MMPs and Pg activators of inflam-
matory and mesenchymal cell origin. Finally, the ablumi-
nal part of the thrombus could serve as a solid phase
catalyst between the thrombus and the wall. The forma-
tion of a liquid fibrinolytic phase at the interface between
thrombus and wall, devoid of Pn activity but containing
active forms of MMPs, provides evidence of these topo-
logical interactions between substrates vehiculed by the
thrombus and activators originating from the wall. These
proteases linked to thrombus activities could play a crit-
ical role in the evolution of abdominal aortic aneurysms
toward enlargement and rupture.
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