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studied 72 h after E2F decoy ODN transfection (n=5 in each
group) (Fig. 5). The average level of IL-18 was 100.2+7.2 pg/
ml in untreated group and 104.7+22.5 pg/mi in scrambled
decoy group, and 37.4%15.2 pg/ml in E2F decoy group,
respectively. The average level of IL-6 was 995+145 pg/ml
in untreated group and 1,032+120 pg/ml in scrambled decoy
group, and 441131 pg/ml in E2F decoy group, respectively.
The average level of MMP-1 was 7752136 pg/ml in untreated
group, 850x372 pg/ml in scrambled decoy group, and
283476 pg/ml in E2F decoy group, respectively. E2F decoy
ODN transfection reduced IL-18, IL-6 and MMP-1 production
by 54.8+7.4, 42.4+9.5, 28.0+9.9%, respectively. Scrambled
decoy ODN had no effect on the production of these mediators.

Marked suppression of invasion of cartilage by RA synovial
tissue transfected with E2F decoy ODN. The therapeutic effect
of E2F decoy ODN on joint destruction was examined in the
severe combined immunodeficient (SCID) mice model for
human RA. The volume of RA synovial tissue transfected with
E2F decoy ODN was decreased as compared with untreated
synovial tissue or synovial tissue transfected with scramble
decoy ODN. The articular cartilage co-implanted with RA
synovial tissue transfected with scramble decoy ODN showed
multiple areas of synovial tissue invasion extending deep into
the cartilage. The histological structure of RA synovitis was
preserved in these groups. In contrast, the articular cartilage
co-implanted with RA synovial tissue transfected with E2F
decoy ODN showed marked suppression of invasion by
synovial tissue. Infiltrating cells in synovium were decreased
in this group (Fig. 6A-F). The grades of cartilage invasion
co-implanted with untreated synovial tissue and synovial
tissue transfected with scrambled decoy ODN ranged from 1
to 2, with an average of 14208 and 1.8+04, respectively. The
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Figure 5. Effects of E2F decoy ODN transfection on IL-18, IL-6 and MMP-1
production by synovial tissue from RA patients. Medium was harvested 72 h
after transfection. IL-18, IL-6 and MMP-1 production were analyzed by
ELISA. (A) IL-1B production (n=5), (B) IL-6 production (n=5) and, (C)
MMP-1 production (n=5). The amount of IL-18, IL-6 and MMP-] was
standardized to the cell number. 'p<0.01 vs. scrambled decoy ODN-treated
group, and *, #p<0.05 vs. scrambled decoy ODN-treated group.

grades of cartilage invasion co-implanted with E2F decoy
ODN transfected synovial tissue ranged from O to 1, with an
average of 0.4x0.5. The grade of cartilage invasion was
significantly lower compared with untreated or scrambled
decoy ODN group (Fig. 6G).

Discussion

One of the characteristic features of RA is the extensive bone
and cartilage erosion caused by the invasive proliferative
synovium derived from activated fibroblasts. Thus, cell cycle
modulation is an attractive therapeutic target for bone and
cartilage erosion in the affected joint of RA. Recent studies
demonstrated that suppression of cell cycle in synovial
fibroblasts results in inhibition of experimental arthritis (25).
Additionally, recent work has found that E2F functions
primarily as cell proliferation, suggesting that suppression of
transcription of E2F-RB complex suppresses entry into the
S phase (26,27). In this study, we used transcription factor E2F
decoy oligodeoxynucleotides (ODN) to inhibit synovial cell
proliferation. Our data demonstrate that E2F levels in nuclear
synovial fibroblast extracts were markedly increased in RA.
The specificity of the radiolabeled E2F probe was confirmed
by adding a 100-fold excess of unlabeled double stranded E2F
decoy ODN to the reaction compared with similar quantities of
missense ODN that do not bind E2F. An inhibitory effect of
E2F decoy ODN on RA synovial cell proliferation in virro was
shown in this study, as well as in the SCID mice model for
human RA. Histological examination showed marked reduction
of both the volume and cellularity in synovial tissue transfected
with E2F decoy ODN. We showed that nuclear E2F expression
in RA synovial tissue was downregulated by transfection of
I22F decoy ODN following decreased mRNA expression of the
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cell cycle regulatory genes PCNA and cdk2. These results
demonstrated that one mechanism by which E2F decoy ODN
reduces synovial cell-associated damage is through inducing
cell cycle arrest of synovial cells.

The production of proinflammatory mediators such as
1L-18, IL-6, and MMP-1 was also suppressed by the trans-
fection of E2F decoy ODN. This might be a secondary effect
of inhibition of synovial cell proliferation, as synovial cells
are the major producers of proinflammatory mediators in RA.
However, the biological significance of E2F decoy ODN on
proinflammatory mediator production in vive still remains
unclear.

One of the most important strategies for treating RA is
prevention of joint destruction. We investigated the inhibitory
effect of E2F decoy ODN on cartilage invasion with an in vivo
murine model for human RA. Human normal articular cartilage
and synovial tissue from patients with RA were co-implanted
into SCID mice. On the basis of our in vitro observations, the
predicted effect of E2F inhibition in this model would be
prevention of cartilage invasion. The resuits of this study
showed that transfection with E2F decoy ODN significantly
suppressed cartilage invasion in this model. The exact etiology
and pathogenesis have not yet been fully elucidated; however,
stimulation of synovial cells by proinflammatory mediators
results not only in proliferation but also in a wide variety of
biological responses, including alterations in the generation

Figure 6. Histological analysis of the co-implanted synovial tissue and
cartilage in SCID-HuRAg mice. (A and D) H&E stained sections from
untreated synovial tissue. (B and E) H&E stained sections from synovial
tissue transfected with scrambled decoy ODN. (C and F) H&E stained
sections from synovial tissue transfected with E2F decoy ODN. Untreated
synovial tissue and synovial tissue transfected with scrambled decoy ODN
showed stratification of synovial cells and infiltration of inflammatory cells.
Marked invasion of co-implanted articular cartilage by synovium is apparent
(A, B, D and E). Synovial tissue transfected with E2F decoy ODN showed
less hyperplasia of synovial cells and infiltration of inflammatory cells. The
sections in this group mainly maintained intact cartilage (C and F). (A, B
and C; original magnification x200, D, E and F,; original magnification x
400). Histological score of the co-implanted synovial tissue and cartilage in
SCID-HuRAg mice (n=8 in cach group). There was a significant difference
in histological score between E2F decoy ODN transfected group and
untreated group or scrambled decoy ODN transfected group (p<0.05) (G).

of many effector molecules potentially involved in the patho-
logical process of cartilage destruction. With respect to this
point, E2F decoy ODN strategy would be beneficial not only
for inducing cell cycle arrest but also for inhibition of pro-
inflammatory mediator secretion.

New classes of technologies, such as antisense ODN,
ribozymes (28-31), and RNA interference (32,33), have been
adopted by the arthritis field as strategies to inhibit target gene
expression in a sequence-specific manner. In the present
study, we used a unique molecular strategy: a synthetic double-
stranded DNA with high affinity for a target transcription
factor is introduced into target cells as a decoy cis element to
bind the transcription factors and alter gene transcription. We
previously reported a therapeutic strategy to suppress the
inflammatory process in synovial cells by transfecting decoy
ODN to block the binding of the critical transcription factor
NFxB to its promoter sequence of the target genes, thereby
inhibiting the coordinated transactivation of genes of key
cytokines and adhesion molecules necessary for the progressive
jont destruction in RA (14). Joint destruction was ameliorated
by the Jocal injection of NF«B decoy ODN into the affected
joints in experimental arthritis models (12). The decoy ODN
strategy is more effective than antisense ODN because it
blocks multiple transcriptional factors that bind to the same
cis element. There are several members of the E2F family, and
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this strategy of using an E2F decoy ODN inhibits all E2F
members because the decoy competitively blocks binding
to the cis element. This ability of decoy ODN to block all
transcription factors binding to a particular cis element is the
reason that we focused on this technique and we suggest that
this method may be more effective than the manipulation of a
single cell cycle regulatory gene.

From the therapeutic point of view, the efficiency, stability,
and specificity of decoy ODN in the tissue and cellular delivery
are the most important issues to address. Specificity of the E2F
decoy ODN was clearly shown in this study by gel mobility
shift assay. The main limitation of unmodified ODN is the
rapid degradation by nucleases prevalent in sera, cell, and
tissue. To rectify this problem, ODNs have been chemically
modified with sulfur ions, methyl groups, or other modifi-
cations to enhance their resistance against nuclease activity.
Although the stability of ODNs is enhanced by these chemical
modifications, other problems have been encountered that are
attributed to foreign materials (28-30). In this study, we
employed a circular dumbbell structure (CD) decoy ODN
instead of phosphorothioate-modified decoy ODN to
overcome the disadvantages of the chemically modified formy;
so to enhance their uptake and stability in synovial tissue or
synovial fibroblast cells, we used the phosphorothioate-
modified decoy ODN and HVI-liposome delivery system.
The effectiveness and usefulness of this delivery system has
been demonstrated in various disease model both in vivo and
in vitro (35,36). Additional effort is now being applied to use
of the circular dumbbell structure decoy ODN instead of
phosphorothioate modified decoy ODN to overcome the
disadvantages of the chemically modified form (37).

In conclusion, the specificity of the effects of the E2F
decoy ODN is supported by the results that only transfection
with E2F decoy ODN and not with scrambled decoy ODN
could achieve the following effects: a) decreased E2F
expression in synovial fibroblasts nuclear extracts, b)
decreased mRINA expression of the cell cycle regulatory genes
such as cdk2 and PCNA, ¢) inhibition of cell proliferation, d)
decreased production of inflammatory mediators, ) amelio-
ration of cartilage invasion. Since the induction of cell cycle
progression appears to be critical for the activation of synovial
cells, therapeutic strategies designed to arrest cell cycle
progression may prove to be effective in treating cartilage
destruction by proliferative synovitis.
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The Elevated Level of Circulating Matrix
Metalloproteinase-9 in Patients with
Abdominal Aortic Aneurysms Decreased to
Levels Equal to Those of Healthy Controls
after an Aortic Repair

Tetsuo Watanabe, MD, PhD,’ Akira Sato, MD, PhD,' Takashi Sawai, MD, PhD,?
Miwa Uzuki, MD, PhD,? Hitoshi Goto, MD, PhD," Hiroshi Yamashita, MD, PhD,’
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Matrix metalloproteinase-9 (MMP-9) is abundantly expressed in abdominal aortic aneurysms
(AAAs), and it is considered to play a pivotal role in aneurysmal formation. Elevated circulating
concentrations of MMP-9 have been reported in patients with AAA, but the influence of an
operation on circulating MMP-9 is unclear. Therefore, to clarify the influence of an operation on
circulating MMP-9 levels and to determine the role of MMP-9 in the progression of AAA, we
measured serum MMP-9 levels in patients before and after AAA repair. Blood samples were
obtained from 53 patients with AAA; 22 patients underwent AAA operations, including 17 patients
with arterial occlusive disease (AOD), and nine normal control subjects. Serum MMP-9 levels
were determined by an enzyme-linked immunosorbent assay. The serum MMP-9 concentration
was significantly higher in AAA patients (622.0 + 400.2 ng/mL) than in either AOD patients
(284.3 = 151.4 ng/mL) or healthy controls (280.8 = 165.5 ng/mL) (p < 0.001). The mean serum
MMP-9 levels in patients undergoing surgery for AAA (268.1 + 215.9 ng/mL) was significantly
lower than that in AAA patients (p < 0.01). Among the 10 patients whose sera were obtained
preoperatively and postoperatively, the serum MMP-9 concentration fell significantly after the
patients underwent the operation (p = 0.004). No significant difference was identified in serum
MMP-9 concentrations among AOD patients, controls, and postoperative patients. These studies
suggest that MMP-9 plays a pivotal role in aneurysm formation, and the circulating MMP-9 level is
thus considered to reflect the biological behavior of the aneurysm.
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The development of an abdominal aortic aneurysm
(AAA) is characterized by the destruction of the
elastic media of the aortic wall."”® Several studies
have demonstrated the destruction of the extra-
cellular matrix in AAA to likely be mediated by a
series of enzymes called matrix metalloproteinases
(MMPs).*® Among the several known MMPs,
MMP-9 (92 kDa gelatinase) has been suggested to
play a major role in the development of AAA.1%12
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Our previous histological study'>'* also dem-

onstrated that MMP-9 was actively produced by
aneurysm-infiltrating macrophages'? located at the
site of a disruption of elastic fibers, and expression
of MMP-9 appears to correlate with the expansion
rate of the aneurysm diameter. From our results,
MMP-9 was thus considered to possibly play an
important role in the progression of AAA.

As a biomarker of AAA, the plasma MMP-9
concentration has been reported to significantly
increase in AAA patients in comparison to arterial
occlusive disease (AOD) patients.'®!” However,
the influence of an operation on circulating MMP-
9 levels remains unknown.'® Therefore, to clarify
the influence of an operation on circulating MMP-
9 levels and to determine the role of MMP-9 in
the progression of AAA, we measured serum
MMP-9 levels in patients before and after AAA
repair.

PATIENTS AND METHODS
Samples

In this study, serum samples were obtained from 53
patients with AAA (42 men and 11 women, mean
age 70.8 = 7.8 years), including 22 who underwent
open aortic reconstruction for AAA more than
3 months previously (post-AAA; 18 men and four
women, mean age 70.1 = 6.9 old), 17 patients with
AOD (17 men, mean age 66.9 + 7.8 years), and
nine patients without any arterial disorder (control;
seven men and two women, mean age 67.6 + 14.1
years) at our institution. All patients were Japanese
and had no collagen disease or cancer. All 53 pa-
tients with AAA had fusiform infrarenal AAA; the
maximum diameter was >30 mm (average diame-
ter: 56.1 + 17.7 mm). In 10 of the 53 patients with
AAA, serum samples were obtained preoperatively
and 3 months after the aortic operation, and these
10 patients were thus also included in the post-
AAA group.

Informed consent was obtained from all patients
before joining this study. There were no significant
differences in the age of patients between groups.

Measurement of Serum MMP-9
Concentration

Blood samples were immediately processed by
centrifugation, and the serum was stored at —80°C
until assayed.

The serum concentration of MMP-9 was mea-
sured by a double sandwich enzyme-linked immu-
nosorbent assay (ELISA) using two different mouse
monoclonal antibodies (2G9 and 8G7) generated

Annals of Vascular Surgery

against pro-MMP-9. The specificity of these anti-
bodies has been previously described.'® Biotinylat-
ed antibody 8G7 was used as the capture antibody
by coating 96-well flat-bottomed microtiter plates at
0.5 mg/mL in bicarbonate buffer (pH 9.6). The
plates were blocked with 25% Block Ace (Yu-
kijirushi, Sapporo, Japan)/0.01 M (pH 7.6) phos-
phate-buffered saline (PBS, Block Ace/PBS) and
washed. The serum samples of the AAA group were
routinely diluted 1:50 with Block Ace/PBS, and the
samples of the other groups were diluted 1:10. The
diluted samples were added in 100 mL aliquots and
then allowed to incubate for 2 hr at room temper-
ature. After washing in 0.05% Tween-20-PBS, the
second monoclonal biotinylated antibody against
pro-MMP-9, 8G7, was added and allowed to incu-
bate for 1 hr at room temperature. After extensive
washing in Tween20-PBS, avidin-biotin-peroxidase
complex (ABC; Vector Laboratories, Burlingame,
CA) was added and allowed to incubate for 30 min
at room temperature. Finally, the substrate ortho-
pheylenediamine dihydrochloride (Wako, Tokyo,
Japan) at 20 mg/well was added and the optical
density (OD) was determined at 492 nm. A standard
curve was included with every assay, using incre-
mental amounts of MMP-9.

The results were reported as mean =+ standard
deviation {SD). A between-group analysis was per-
formed using one-way analysis of variance and the
Tukey test. Student’s paired t-test was applied for
comparison purposes between the preoperative and
postoperative data of the 10 patients who belonged
to both the AAA group and the post-AAA group. p <
0.05 was considered significant.

RESULTS

The serum MMP-9 concentration was significantly
higher in AAA patients (622.0 £ 400.2 ng/mL) than
in either AOD patients (284.3 = 151.4 ng/mlL) or
healthy controls (280.8 = 165.5 ng/mL) (p < 0.001).
The values of serum MMP-9 in all tested subjects are
shown in Figure 1.

No correlation between serum MMP-9 levels
and the maximum diameter of the AAA was found
(Fig. 2). Furthermore, no significant correlation
was observed between serum MMP-9 levels and
clinicopathologic factors such as the expansion rate
of AAA, the thickness of thrombus, the number of
aneurysm-infiltrating macrophages, or the number
of MMP-9-positive cells within the adventitia (data
not shown).

The mean value of serum MMP-9 in the patients
undergoing surgery for AAA (268.1 +215.9 ng/
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mlL) was significantly lower than that in the pa- DISCUSSION

tients with AAA (p < 0.01). Among the 10 patients
whose sera were obtained both preoperatively and
postoperatively, serum MMP-9 concentration fell
significantly after undergoing the operation (Fig. 1,
p = 0.004). No significant difference was identified
in the serum MMP-9 concentration among AOD
patients, controls, and postoperative patients.

The present study showed over a twofold elevation
of MMP-9 level in AAA in comparison to either
AOD or healthy controls. Furthermore, the level of
MMP-9 was significantly downgraded after an
aortic repair, equal to that of AOD or healthy
controls.
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Although previous reports measured the plasma
MMP-9 concentration,'®'® we measured the ser-
um MMP-9 concentration based on a report about
rheumatoid arthritis in which the MMP-9 levels
were high in both the serum and the joint liquid."?

The source of elevated circulating MMP-9 in
AAA could not be defined in this study. We pre-
viously demonstrated the expression of MMPs
associated with elastolysis in aortic wall serially
taken from nondilating portions to the aneurysmal
portion, where the elastic fibers were serially dis-
rupted, based on a histological study using immu-
nohistochemistry and in situ hybridization.'*'*
Among the known MMPs, MMP-2 and MMP-9 are
predominant and their expression has been asso-
ciated with a disruption of elastic fibers. MMP-9
was mainly detected in the macrophages within the
adventitia of the aneurysmal portion, at the sites of
elastin fragmentation and remodeling; but it was
not detected in the nondilating portions of the
aorta. In addition, the number of MMP-9-positive
cells in the adventitial layer of AAA correlated with
the thickness of the adventitial fibrous layer and,
furthermore, with the expansion rate of AAA.
Macrophages do not store MMP-9;%° therefore, the
abundant intracellular expression of MMP-9 in
adventitial macrophages can prove the active syn-
thesis of MMP-9 in the aneurysmal wall.'”> These
findings suggest that the macrophages infiltrating
the aneurysmal wall may thus be the primary
source of MMP-9. As a result, MMP-9 may be
ultimately responsible for the degradation of elastin
in such cases.

An important question raised by this study is
the mechanism of decline after an open AAA
operation. The aneurysms in this study were
treated by endoaneurysmorrhaphy intraluminal
graft placement without a complete excision of
the aneurysmal wall. We therefore speculate that
the disappearance of the intra-aneurysmal blood-
stream and the end of cyclic stretching in the
aneurysmal wall could be responsible for the de-
creased MMP-9 levels observed after the opera-
tion.

Therefore, circulating MMP-9 should be con-
sidered a new marker for monitoring AAA; how-
ever, further studies are necessary to elucidate the
mechanism of expression and activation of MMP-9
in order to clarify various unknown biological
aspects related to its mechanism.

In conclusion, these findings suggest that MMP-9
plays a pivotal role in aneurysm formation, and the
circulating MMP-9 level is thus considered to reflect
the biological behavior of the aneurysm.

Annals of Vascular Surgery
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