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Research article

Macrophage expression of active MMP-9
Induces acute plague disruption
in apoE-deficient mice

Peter J. Gough, Ivan G. Gomez, Paul T. Wille, and Elaine W. Raines

Department of Pathology, University of Washington, Harborview Medical Center, Seattle, Washington, USA.

The majority of acute clinical manifestations of atherosclerosis are due to the physical rupture of advanced
atherosclerotic plaques. It has been hypothesized that macrophages play a key role in inducing plaque rupture
by secreting proteases that destroy the extracellular matrix that provides physical strength to the fibrous cap.
Despite reports detailing the expression of multiple proteases by macrophages in rupture-prone regions, there
is no direct proof that macrophage-mediated matrix degradation can induce plaque rupture. We aimed to
test this hypothesis by retrovirally overexpressing the candidate enzyme MMP-9 in macrophages of advanced
atherosclerotic lesions of apoE~~ mice. Despite a greater than 10-fold increase in the expression of MMP-9
by macrophages, there was only a minor increase in the incidence of plaque fissuring. Subsequent analysis
revealed that macrophages secrete MMP-9 predominantly as a proform, and this form is unable to degrade
the matrix component elastin. Expression of an autoactivating form of MMP-9 in macrophages in vitro greatly
enhances elastin degradation and induces significant plaque disruption when overexpressed by macrophages
in advanced atherosclerotic lesions of apoE~~ mice in vivo. These data show that enhanced macrophage pro-
teolytic activity can induce acute plaque disruption and highlight MMP-9 as a potential therapeutic target for

stabilizing rupture-prone plaques.

Introduction

The past decade has seen a paradigm shift in our understanding
of atherosclerosis, and it is now believed that physical rupture of
advanced plaques and not lesional stenoses are responsible for the
majority of acute clinical manifestations of atherosclerosis, such
as myocardial infarction and stroke (1-3). Studies of human ath-
erosclerotic plaques have revealed that lesions that tend to rup-
ture are rich in activated macrophages and have a thin fibrous
cap, implicating the macrophage as a key regulator of atheroscle-
rotic plaque stability (4-7). Given that the ECM components col-
lagen and elastin are responsible for the structural integrity of the
lesion’s fibrous cap, the balance between the synthesis and deg-
radation of these matrix components appears critical for plaque
stability. Macrophages are thought to play an important role in
this balance due to their ability to produce enzymes capable of
degrading the ECM. Members of the MMP and cathepsin fami-
lies of enzymes appear to have the requisite collagenolytic and
elastinolytic activity to destabilize advanced plaques, with several
MMPs and cathepsins expressed by macrophages at sites of plaque
rupture (8-17). Additional data from human epidemiological and
genetic studies suggest that MMP-9 is the strongest candidate for
inducing plaque rupture, with its expression correlating strongly
to lesion instability and clinical manifestations of atherosclero-
sis (8, 18-21). However, despite all of these supportive data, direct
proof for a definitive role of any specific enzyme in ECM degrada-
tion and plaque rupture is still lacking.

Nonstandard abbreviations used: EGFP, enhanced green fluorescent protein; G100L,
mutation of glycine (residue 100) to leucine in the prodomain of MMP-9; LDLR, LDL
receptor; MPO, myeloperoxidase; TIMP, tissue inhibitor of metalloproteinase.
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The absence of suitable animal models has greatly hindered the
study of the molecular mechanisms of plaque rupture. Rupture of
advanced plaques has recently been reported to occur in the brachio-
cephalic arteries in apoE~~ and LDL receptor—null (LDLR7~) mouse
models of atherosclerosis and appears to mimic many of the charac-
teristics of ruptured human lesions (21-23). However, the incidence
of rupture in these mice appears to be too infrequent to practically
allow experimental measurements of manipulations that inhibit
plaque rupture. The appearance of spontaneous plaque rupture has
been accelerated by feeding apoE~~ mice on a mixed genetic back-
ground with a diet of 21% fat from lard supplemented with 0.15%
cholesterol (24-26). Although these perturbations increase the fre-
quency of plaque rupture, highly reproducible plaque rupture is
only observed in mice with plasma cholesterol levels greater than
2500 mg/dl. Such high levels of hypercholesterolemia have been
shown to alter the immune response (27, 28), and thus plaque rup-
ture under this extreme hypercholesterolemia may involve distinct
mediators. Although the enhanced incidence of plaque rupture in
this model will allow the role of genes to be studied by crossing gene-
deficient mice onto the apoE”~ background, the absence of the gene
during all phases of lesion development means it does not represent
the ideal experimental approach for specifically defining gene func-
tion in advanced lesions and plaque rupture.

We have recently developed a novel macrophage-specific retro-
viral vector that allows the expression of genes in macrophages
in vivo through the transplantation of retrovirally transduced
HSCs (29). By expressing apoE in macrophages of apoE~~ mice,
we were able to show the utility of this approach for studying gene
function during the early phases of atherosclerotic lesion devel-
opment. In the current study, we have shown that this approach
can also be used to examine the function of genes in advanced
atherosclerotic lesions by transplanting transduced HSCs into
older apoE~~ mice with preestablished lesions. We have used this
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strategy to examine the effects of macrophage overexpression of
MMP-9 on the stability of advanced lesions and have shown that
an increase in MMP-9 proteolytic activity is sufficient to induce
many of the characteristics of plaque rupture. This demonstra-
tion that enhanced macrophage proteolytic activity is capable of
inducing plaque rupture highlights MMP-9 and factors that regu-
late its activation as potential therapeutic targets for stabilizing
rupture-prone atherosclerotic plaques.

Results

Retroviral vectors can drive macrophage-specific MMP-9 overexpression
in advanced atherosclerotic lesions. To investigate whether the trans-
plantation of retrovirally transduced HSCs could be used to study
gene function in advanced atherosclerotic lesions, we first needed
to establish that irradiation of older apoE~~ mice did not signifi-
cantly alter the progression of preestablished lesions. In a pilot
experiment, we compared lesions in the brachiocephalic artery
and aortic arch between 47- to 57-week-old apoE~~ mice sacri-
ficed 12 weeks after HSC transplant and a control age-matched
group that had not been lethally irradiated and did not receive
transduced HSCs. Lesion size and morphology were comparable
between the 2 groups, indicating that irradiation and transplanta-
tion did not significantly alter lesion development (Supplemental
Figure 1; supplemental material available online with this article;
doi:10.1172/JCI25074DS1), as observed previously in the aortic
tree of LDLR”~ mice (30).

To explore further the utility of the HSC transplantation
approach, we performed the experiment outlined in Figure 1A.
Two groups of 10 apoE~~ recipient mice from 35-45 weeks of age
were transplanted with HSCs transduced with macrophage-spe-
cific retroviral vectors encoding HA epitope-tagged enhanced
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Figure 1

Design and validation of experimental approach. (A) Schematic repre-
sentation of the HSC transplantation experimental design. Bone mar-
row cells were harvested from 6- to 8-week-old apoE~~ donor mice and
were transduced with macrophage-specific retroviral vectors encoding
HA epitope—tagged EGFP (CD68S-HA-EGFP) or MMP-9 (CD68S—
MMP-9) (29). After transduction, cells were injected intravenously into
35- to 45-week-old recipient apoE~- mice. Mice were sacrificed 12
weeks after transplant, and lesion characteristics in the brachiocephal-
ic artery were analyzed. (B—E) Analysis of retroviral gene expression
in preestablished atherosclerotic lesions. Immunohistochemistry of
similar lesions from apoE-- mice transplanted with HSCs transduced
with CD68S-HA-EGFP (B and C) or CD68S-MMP-9 (D and E) ret-
roviruses reveals comparable levels of macrophage staining with an
antibody recognizing MAC-2 (B and D). Only a subset of macrophages
in lesions from mice receiving CD68S-HA-EGFP-transduced HSCs
show reactivity with an antibody against the HA epitope (C and E).
Original magnification, x10 (B—E).

green fluorescent protein (EGFP) (CD68S-HA-EGFP) or MMP-9
(CD68S-MMP-9). MMP-9 was chosen as an initial gene of interest
due to the large amount of data suggesting that it plays a causative
role in plaque rupture (8, 18-21).

Relatively little is known about the rate of monocyte recruit-
ment to advanced lesions, and therefore we first wanted to exam-
ine whether this HSC transplantation approach could be used
to express genes in a significant proportion of macrophages in
advanced lesions. Immunohistochemical staining of represen-
tative sections of brachiocephalic artery with the macrophage-
specific antibody MAC-2 showed similar macrophage content in
lesions from both groups of mice (Figure 1, B and D). Sections
from mice receiving HSCs transduced with CD68S-HA-EGFP
showed the presence of a large number of macrophages express-
ing HA-EGFP, particularly in the shoulder regions (Figure 1C).
Quantification of the MAC-2- and HA-EGFP-positive areas in
lesions from all mice transplanted with HSCs transduced with
CD68S-HA-EGFP showed that 42.5% + 6.3% (mean + SEM) of all
macrophages expressed HA-EGFP. These data highlight a sig-
nificant rate of monocyte/macrophage recruitment to advanced
lesions and show that the transplantation of retrovirally trans-
duced HSCs can be used to express genes specifically in macro-
phages in advanced atherosclerotic lesions.

To assess the levels of HA-EGFP and MMP-9 expression gener-
ated by the retroviral vectors, we performed immunoblotting and
zymography on cell lysates, and supernatants from thioglycollate
elicited peritoneal macrophages cultured ex vivo for 24 hours.
Expression of HA-EGFP was only seen in macrophages from mice
receiving HSCs transduced with CD68S-HA-EGFP (Figure 2A),
with 73.5% + 7.6% (mean + SEM) of cells positive for EGFP (data
not shown). The levels of MMP-9 expression generated by CD68S-
MMP-9 were variable between mice but in all cases were at least
20-fold greater than the barely detectable levels of MMP-9 pro-
duced by the CD68S-HA-EGFP control (Figure 2A).

Given that expression of endogenous MMP-9 can be signifi-
cantly induced by macrophage activation (31, 32), we also exam-
ined whether MMP-9 expression was similarly increased by mac-
rophages within atherosclerotic lesions. Immunohistochemical
staining revealed low levels of endogenous MMP-9 production by
MAC-2-positive macrophages in sections from mice receiving HSCs
transduced with CD68S-HA-EGFP (Figure 2, B and C). In contrast,
MMP-9 staining intensity was significantly greater in a subset of
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macrophages from the lesions of the CD68S-MMP-9 group (Fig-
ures 2, D and E, and 3, E and F), indicating that the expression of
MMP-9 was enhanced at least 10-fold by the retroviral vector.
Macrophage overexpression of MMP-9 does not induce rupture of
advanced lesions in apoE~~ mice. Having established that the trans-
plantation of HSCs transduced with CD68S-MMP-9 led to
enhanced macrophage expression of MMP-9, we next examined the
functional consequences of this in vivo. Histological examination
of a number of macrophage-rich tissues, including spleen, liver,
and lung, showed no gross differences between the 2 groups (data
not shown), and there were also no alterations in serum choles-
terol levels (Table 1). The effect of increased macrophage MMP-9
expression on atherosclerotic lesion integrity was quantified by
assessing the presence of disruptions or breaks in the fibrous caps
or intraplaque hemorrhage, criteria that have previously been
used to measure plaque rupture in the brachiocephalic artery in
apoE~~ mice (23, 24, 26). In contrast to previous results, we saw no
evidence of plaque rupture in control mice receiving HSCs trans-
duced with CD68S-HA-EGFP, and somewhat surprisingly, there
was only 1 animal in the CD68S-MMP-9 group for which evidence
of plaque rupture could be seen (Table 1). Similar results were
observed in analyses of lesions in the aortic arch (data not shown).
These data indicate that macrophage overexpression of MMP-9 is
not sufficient to induce robust plaque rupture in apoE~~ mice.
Given the absence of reproducible plaque rupture, we next
examined whether MMP-9 overexpression caused any significant
changes in the extracellular matrix content of the lesions that may
have been insufficient to destabilize the plaque. Analysis of colla-
gen content using Sirius red staining revealed no significant differ-
ences in either the fibrous cap or the medial wall between lesions
from both groups of mice (Figure 3, C and G). Similarly, Verhoeff-
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Figure 2

CD68S—-MMP-9 drives overexpression of MMP-9 in isolated and
lesional macrophages. (A) Expression of HA-EGFP and MMP-9 by
thioglycollate-elicited macrophages from apoE~~ mice transplanted
with HSCs transduced with either CD68S-HA-EGFP or CD68S-MMP-9
retroviruses was assessed by immunoblotting of lysates (a-HA) or
gelatin zymography of supernatants (ZYMO), respectively, from mac-
rophages cultured ex vivo for 24 hours. A similar blot probed with an
antibody against macrosialin (a-mCD68) served as loading control.
Each lane represents samples from macrophages from an individual
mouse in each group. Pro, proform. (B—E) Analysis of MMP-9 expres-
sion in advanced atherosclerotic lesions. Immunohistochemistry of
similar lesions from apoE~- mice transplanted with HSCs transduced
with CD68S-HA-EGFP (B and C) or CD68S-MMP-9 (D and E) ret-
roviruses reveals comparable levels of macrophage staining with an
antibody recognizing MAC-2 (B and D). Macrophages in lesions from
mice receiving CD68S—-MMP-9—transduced HSCs show significantly
increased levels of MMP-9 expression compared with lesions from
mice receiving CD68S-HA-EGFP-transduced HSCs (C and E). Origi-
nal magnification, x10 (B—E).

Van Gieson staining of elastic fibers showed no alterations in the
elastin content of the fibrous cap or medial wall nor any changes
in the frequency of breaks in the elastic lamellae between the 2
groups (Figure 3, D and H).

Activation of MMP-9 is required for elastin degrading capacity in mac-
rophages. The absence of any changes in lesional collagen or elas-
tin content were somewhat unexpected given previous data sup-
porting a role for MMP-9 in matrix remodelling in vivo (33, 34).
To investigate this further, we examined the in vitro proteolytic
activity of macrophages overexpressing MMP-9. The murine mac-
rophage cell line RAW-264.7 was transduced with retroviral vec-
tors encoding MMP-9, MMP-12, or MMP-13, and the elastinolytic
capacity of the cells was quantified by measuring the degrada-
tion of 3H-labeled elastin. Expression of MMP-12 led to a 4-fold
increase in elastin degradation, but despite a significant increase in
MMP-9 protein expression, the elastinolytic capacity of cells trans-
duced with the MMP-9 encoding vector was the same as in empty
vector and MMP-13-transduced controls (Figure 4, A and B).

During our analyses of MMP-9 protein expression by thioglyco-
late-elicited (Figure 2A) and transduced RAW-264.7 macrophages
(Figure 4B) using gelatin zymography, we observed that MMP-9
was exclusively expressed as a 92-kDa proform. Despite previ-
ous data showing that this form of MMP-9 can bind and degrade
substrates (35), we next investigated whether proteolytic removal
of the prodomain of MMP-9 was required for its activity when
expressed by macrophages. Mutation of glycine (residue 100) to

Table 1
Enhanced macrophage expression of MMP-9 does not induce
plaque rupture in apoE7-mice

CD68S-HA-EGFP CD68S-MMP-9

Age at transplant (wk) 39.9+09 40.7+0.8

(mean + SEM)
Serum cholesterol (mg/dl) 386 +40 373 £ 56

(mean + SEM)
Fibrous cap disruption 0/9 1/9
Intraplague hemorrhage 0/9 1/9
Fibrous cap breaks 0/9 1/9

Volume 116 ~ Number1  January 2006 61



research article

CD68S-HA-EGFP

CD68S-MMP-9

leucine in the prodomain of MMP-9 (G100L) has previously been
shown to weaken the interaction between the prodomain and the
catalytic subunit, inducing the autolytic cleavage and removal of
the prodomain and the production of active MMP-9 that appears
biochemically identical to MMP-9 activated by other means (36).
Expression of this mutant in RAW-264.7 cells led to the genera-
tion of 82-kDa and 68-kDa processed forms, identical to those
seen when native MMP-9 is activated by incubation with 4-ami-
nophenylmercuric acetate (Figure 4B) (37). Elastin degradation by
cells expressing MMP-9 G100L was enhanced 4-fold (Figure 4C),
indicating that proteolytic processing of MMP-9 is essential for its
activity when expressed by macrophages.

Macrophage overexpression of active MMP-9 causes reproducible evi-
dence of plaque rupture in advanced lesions in the brachiocephalic arter-
ies of apoE~~ mice. These findings raised the possibility that the

Figure 3

Macrophage overexpression of MMP-9
does not alter lesion matrix composition.
Representative shoulder regions from
lesions from apoE~- mice transplanted
with HSCs transduced with CD68S-HA-
EGFP (A-D) or CD68S-MMP-9 (E—H)
retroviruses showed similar macrophage
content as assessed by staining with an
antibody recognizing MAC-2 (A and E)
but significant overexpression of MMP-9
in the group receiving CD68S—-MMP-9—
transduced HSCs (B and F). Collagen
content, as measured by staining with
Sirius red, was similar in lesions from
both groups of mice (C and G), and
Verhoeff-Van Gieson (VVG) staining
revealed no differences in intimal elas-
tin content or the integrity of the elastin
lamelli in the medial arterial wall (D and
H). Original magnification, x20 (A—H).

initial in vivo experiment increased levels of MMP-9 protein but
not activity expressed by macrophages. To address this, we per-
formed transplants similar to those outlined in Figure 1A but
generated 2 groups of apoE7~ mice receiving HSCs transduced
with the macrophage-specific vector encoding MMP-9 (CD68S-
MMP-9) or its autoactivating version (CD68S-MMP-9 G100L).
Mice were euthanized 11 weeks after HSC transplant, and levels of
MMP-9 expression generated by the 2 constructs were compared
by zymography of supernatants from thioglycollate-elicited peri-
toneal macrophages. Both groups showed similar total levels of
MMP-9 protein expression but differed in the form of the enzyme
expressed, with the MMP-9 G100L-encoding construct driving the
production of MMP-9 in a predominantly active form (Figure 5).
To examine whether these differences in MMP-9 activation status
were also seen within atherosclerotic lesions, we performed gela-
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Figure 4

Activation of MMP-9 is required in macrophages for elastin degrading capacity. (A) RAW-264.7 cells transduced with pBM-IRES-PURO retroviral
vectors encoding MMP-9, MMP-12, MMP-13, or an empty vector control (WT) were incubated with 3H-labeled insoluble elastin for 48 hours.
Elastin degradation was quantified by scintillation counting of solubilized 3H-elastin in cleared cell supernatants. Bars represent mean + SD from
triplicate samples of the quantity of elastin degraded (ug) calculated from the specific activity and are representative of triplicate experiments.
Only the expression of native MMP-12 induces significant degradation of elastin. (B) Supernatants from RAW-264.7 cells transduced with
pBM-IRES-PURO retroviral vectors encoding MMP-9, MMP-9 G100L mutant, or an empty vector control were analyzed by gelatin zymography.
Supernatants from cells expressing MMP-9 were incubated in the presence (+) or absence (—) of 4-aminophenylmercuric acetate to induce
activation via the autolytic removal of the prodomain. (C) RAW-264.7 cells described in B were analyzed for their ability to degrade 3H-labeled
insoluble elastin as described in A. Representative data from triplicate experiments are represented as in A and show that expression of the
autoactivating G100L MMP-9 mutant significantly enhances elastin degrading capacity.
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Figure 5

CD68S vectors drive the overexpression of MMP-9 in macrophages and
atherosclerotic lesions in apoE~- mice. MMP-9 expression in thioglycol-
late-elicited peritoneal macrophages (Thio) and aortic arch lysates from
apoE~- mice transplanted with HSCs transduced with CD68S-MMP-9
or CD68S-MMP-9 G100L retroviruses was analyzed by gelatin zymo-
graphy as described in the Figure 2A legend. Immunoblotting with an
antibody against macrosialin (¢-mCD68) served as loading control for
the isolated macrophages and a measure of macrophage content of
lesions in the aortic arch. The proforms and active forms of MMP-9 and
MMP-2 are highlighted.

tin zymography on samples generated from the aortic arch of the
transplanted mice. Lesions from mice receiving HSCs transduced
with CD68S-MMP-9 contained MMP-9 exclusively in the proform,
indicating the absence of activating stimuli within the lesions (Fig-
ure 5). The MMP-9 G100L group showed similar levels of MMP-9
protein expression, but the majority of the enzyme was in the pro-
teolytically activated form. These analyses also revealed comparable
levels of MMP-2 protein in the samples from the 2 groups, predom-
inantly in the proform of the enzyme, indicating that an increase in
active MMP-9 did not cause a subsequent activation of MMP-2.

During the course of the experiment, 2 mice receiving HSCs
transduced with CD68S-MMP-9 G100L died. It was impossible
to establish the cause of death in these mice, but the timing of
the deaths was inconsistent with any problems with HSC engraft-
ment and repopulation. Comparisons of histology of a panel of
organs from the remaining mice from each group failed to show
any gross differences to offer potential explanations for these pre-
mature deaths (data not shown), and there were also no altera-
tions in serum cholesterol levels (Table 2). Assessment of lesions
in the brachiocephalic artery revealed evidence of plaque rupture
in 2 of 11 mice in the group receiving HSCs transduced with
CD68S-MMP-9 (Table 2), a rate similar to that observed in the
initial experiment. In contrast, macrophage expression of autoac-
tivating MMP-9 induced characteristics of rupture of plaques in all
mice (10 of 10; Table 2).

Plaque rupture in these lesions was defined using a number of
parameters. A modified version of Carstairs histological stain (38)
was used to detect the presence of fibrin deposition within lesions
(Figure 6, A-C and H), indicative of recent thrombus formation.
Fibrin deposits were confirmed by immunohistochemical stain-
ing with an anti-fibrin/fibrinogen antibody (Figure 6, D and I),
which was controlled for by staining with a nonimmune control
IgG (Figure 6E). Lesions from all mice receiving HSCs transduced
with CD68S-MMP-9 G100L contained fibrin deposits, and these
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most often occurred in areas of the plaque underlying a disrup-
tion or discontinuity of the elastin layers in the fibrous cap (Fig-
ure 6]). In addition to fibrin deposition, virtually all lesions (9 of
10; Table 2) containing macrophages expressing autoactivating
MMP-9 contained red blood cells (Figure 6, G and H), suggesting
hemorrhage into the plaque. A subset of plaques (4 of 10; Table 2)
also contained distinct breaks of the fibrous cap in the shoulder
region of the lesion (Figure 6]) that were accompanied by signifi-
cant numbers of red blood cells and fibrin deposition (Figure 6,
F-I), indicative of a recent plaque rupture event. Despite rupture
of the fibrous cap being apparent in lesions in all mice receiving
HSCs transduced with CD68S-MMP-9 G100L, no increase in the
frequency of breaks in the elastic lamellae of the medial wall was
observed (Figure 6K and Table 2).

In contrast to lesions from mice receiving HSCs transduced with
CD68S-MMP-9 G100L, only 2 of 11 lesions containing macro-
phages expressing native MMP-9 showed evidence of plaque rup-
ture. These ruptured lesions contained fibrin deposits, disrupted
fibrous caps and intraplaque hemorrhage, and were indistinguish-
able from ruptured lesions in the group containing macrophages
expressing autoactivating MMP-9. The majority of lesions in mice
receiving HSCs transduced with CD68S-MMP-9 (9 of 11; Table 2)
were similar to those shown in Figure 6, L-O. There was no evidence
of red-orange mature fibrin deposits following Carstairs staining
(Figure 6, L and M) although there were areas that showed positive
staining with the anti-fibrin/fibrinogen antibody, indicative of the
ability of this antibody to recognize multiple forms of this protein
(Figure 6N). In addition, elastin staining failed to show any disrup-
tions or breaks in the integrity of the fibrous cap (Figure 60).

In an attempt to further characterize plaque rupture in lesions
containing macrophages expressing autoactivating MMP-9, we
measured a number of other lesion parameters (Table 3). There was
a nonstatistically significant trend for the lesions to be larger in mice
receiving HSCs transduced with CD68S-MMP-9 G100L, accompa-
nied by a 29% decrease in luminal area of the vessel, and a trend
toward a larger number of lesional macrophages, although this also
did not reach statistical significance. Consistent with the absence of
any effect on the integrity of the elastic lamellae in the medial wall,
medial and total vessel areas were unchanged between the 2 groups.
Despite the increase in plaque rupture in mice transplanted with
HSCs transduced with CD68S-MMP-9 G100L, the total amount of
collagen in the lesions between the 2 groups was identical.

Table 2

Enhanced macrophage expression of active MMP-9 induces
multiple features of ruptured plaques in the brachiocephalic
arteries of apoE~- mice

CD68S-MMP-9  CD68S-MMP-9 G100L

Age at transplant (wk) 412+02 41302
(mean + SEM)

Serum cholesterol (mg/dl) 475 + 48 440 + 32
(mean + SEM)

Premature death 0/11 2/12

Fibrous cap disruption 2/11 10/10

Intraplague hemorrhage 2/11 9/10

Fibrin deposition 2/11 10/10

Fibrous cap breaks 111 4/10

Medial elastin breaks 011 0110
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Figure 6

Representative lesions from apoE~- mice with macrophage overexpression of MMP-9 G100L
demonstrate multiple features of ruptured plaques. Representative brachiocephalic lesions from
apoE~- mice transplanted with HSCs transduced with CD68S—-MMP-9 G100L (A-K) or CD68S—
MMP-9 (L-O) were stained with the following: Carstairs stain (A-C, F-H, L, and M), Gomori
aldehyde fuchsin (GAF) (J, K, and O); a fibrin/fibrinogen antibody (D, I, and N); and control IgG
(E). Original magnification, x10 (A, F, J, L, and O); x20 (B, D, E, G, K, M, and N); x40 (C, H, and
1). (A—E) The lesion shoulder (A, inset) from a mouse receiving HSCs transduced with CD68S—
MMP-9 G100L shows fibrin deposition with Carstairs staining (B and C, black arrowheads),
distinct from SMCs (B and C, white arrowheads). Fibrin deposition was confirmed by positive
staining with anti-fibrin/fibrinogen antibody (D) but not with nonimmune control IgG (E). The stain-
ing with the anti-fibrin/fibrinogen antibody was more extensive than Carstairs-positive fibrin areas,
but this is consistent with the antibody recognizing multiple forms of the protein (B-D). (F-J) A
lesion from a different mouse transplanted with HSCs transduced with CD68S-MMP-9 G100L
demonstrates rupture of the thinned fibrous cap (F, inset; J, arrowhead) with rbcs within the
lesion (G, arrowheads). It also shows modest Carstairs staining of mature thrombin deposits (H,
arrowheads), which were confirmed by fibrin/fibrinogen staining (I, arrowheads). Areas of fibrous
cap disruption are apparent with GAF (J, yellow asterisks), but no evidence of elastin destruction
in the medial layers is observed (K). (L-O) Lesion from a mouse transplanted with MMP-9—trans-
duced HSCs shows Carstairs staining of SMCs (M, white arrowheads) but no evidence of fibrin
deposits, although positive areas are seen with the antibody recognizing fibrin/fibrinogen (N).
GAF staining of this lesion (O) shows elastin (arrowhead) covering the shoulder.

dence of rupture. The large size of lesions
seen in longitudinal sections of the aortic
arch meant that many sites of fibrous cap
disruption could be observed within the
same plaque (Figure 7A). Ruptures were
most commonly seen in the downstream
portion of lesions in the lesser curvature
(Figure 7B), and these were accompanied
by extensive fibrin deposits that often con-
tained numerous red blood cells (Figure 7,
C-F). The 2 mice from the group receiving
HSCs transduced with CD68S-MMP-9
that showed evidence of plaque rupture
had fewer sites of fibrous cap disrup-
tion (Figure 7G), but these sites of rup-
ture also exhibited fibrin deposition and
intraplaque hemorrhage. These data show
that enhanced macrophage expression of
active MMP-9 is sufficient to induce the
rupture of advanced lesions at multiple
sites in the aortic tree of apoE~~ mice and
highlight the critical importance of the
proteolytic removal of the prodomain for
determining the activity of MMP-9 when
expressed by macrophages.

Discussion

The transplantation of bone marrow or
transduced HSCs into atherosclerosis-
prone apoE7~ and LDLR”~ mice has been
extensively used to dissect the contribu-
tion of leukocyte genes to early athero-
sclerotic lesion initiation and develop-
ment, but this approach has only recently
been applied to study late-stage lesion
events exclusively (39). Studies of chemo-
kine receptor-deficient mice have shown
that monocyte recruitment is extensive
during the initial phases of lesion forma-
tion (40-43), but the absence of data on
the rate of monocyte influx during the
development of advanced lesions has
raised questions about the suitability of
bone marrow repopulation approaches
in examining macrophage function in
mature lesions. By transplanting lethally
irradiated 35- to 45-week-old apoE~~ mice
with HSCs transduced with a macro-
phage-specific vector encoding HA-epit-
ope tagged EGFP, we were able to show
that substantial monocyte recruitment

Macrophage overexpression of active MMP-9 causes reproducible rupture
of advanced lesions in the aortic arch of apoE~~ mice. To examine wheth-
er plaque rupture induced by enhanced macrophage expression
of MMP-9 proteolytic activity was confined to lesions in the bra-
chiocephalic artery, we performed similar analyses of lesions in the
aortic arch and its branches. All mice receiving HSCs transduced
with CD68S-MMP-9 G100L had aortic lesions containing fibrin
deposits and fibrous cap disruption (7 of 7; Table 4) while only 2
of 8 aortae from the CD68S-MMP-9 group showed similar evi-
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still occurs in advanced lesions, with 42% of macrophages within
these lesions ultimately being derived from transduced HSCs dur-
ing the 12-week period after transplant. As expected, macrophages
expressing the HA-EGFP marker were predominantly localized to
the shoulder regions of the lesions, mimicking what appears to
occur in advanced human lesions. This indicates that transplan-
tation of bone marrow or transduced HSCs into older apoE~~ or
LDLR /- mice offers a novel approach for studying gene function
in advanced atherosclerotic lesions in isolation and should allow
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Table 3
Comparison of brachiocephalic lesion parameters in apoE~~ mice
expressing MIMP-9 and active MMP-9 in their macrophages

MMP-9 MMP-9 G100L Pvalue
(mean+SD)  (mean x SD)
Lesionarea (mm?)  0.204 +0.058 0.224 £ 0.066  0.079 NS
Medial area (mm?) ~ 0.078 £ 0.012 0.078£0.020  0.796 NS
Lumen area (mm?)  0.128 £ 0.038 0.091 £0.040  <0.0001
Vessel area (mm2)  0.407 £0.059 0.393+0.060  0.204 NS
Lesion collagen, 43.67 £ 8.29 424 +8.78 0.293 NS
Sirius red (area %)

Lesion macrophages  6.07 + 2.46 7.58 +5.56 0.0867 NS

(area %)

comparisons during distinct stages of lesion development. Given
the absence of reproducibly quantifiable plaque rupture in mice
without induction of extreme hypercholesterolemia, this approach
is limited to examining factors that enhance lesion rupture. How-
ever, by utilizing measurements of extracellular matrix content
and macrophage and smooth muscle cell number, this HSC trans-
plant approach could also be used to investigate the mechanisms
that control these determinants of lesion stability.

In our analyses of lesions in apoE~~ mice transplanted with
HSCs transduced with CD68S-MMP-9 G100L, we observed many
features that have been seen in ruptured human atherosclerotic
lesions. We used the presence of a disruption or break in the
fibrous cap coupled with fibrin deposition and red blood cells
to define the occurrence of plaque rupture. Although the major-
ity of rupture events showed evidence of resolution, lesions were
observed where plaque rupture appeared to have occurred very
recently. Despite this, we never observed the formation of large
occlusive thrombi in the lumen of the brachiocephalic arteries or
aortae, as is often seen following rupture of human lesions. The
reasons for this are unclear but may represent anatomical differ-
ences in the vessel size and physical properties and their associ-
ated hemodynamic effects since we analyzed elastic conduit ves-
sels rather than smaller arteries where rupture is most frequently
observed. It also may be a reflection of differences in the coagula-
tion and thrombolytic systems between the 2 species. Although
our inability to detect luminal thrombus formation means that
we do not strictly satisfy the definition of plaque rupture provided
by Virmani and colleagues for analyzing human lesions (44), we
believe that our observations are sufficient to conclude that we are
seeing true plaque rupture of these murine lesions.

We have shown that enhanced macrophage MMP-9 activity
is sufficient to induce the rupture of advanced atherosclerotic
lesions in apoE~~ mice. These data contrast with a previous study
in which the absence of MMP-9 was shown to cause an increase
in the incidence of plaque rupture in apoE7~ mice fed a lard-con-
taining, high-fat diet (45). The explanation for these apparently
contradictory data on the function of MMP-9 is unclear but may
be due to distinct temporal roles for MMP-9 during lesion patho-
genesis. In the previous study, the use of MMP-9-deficient mice
means that MMP-9 is absent during all stages of lesion develop-
ment, which contrasts with our overexpression of MMP-9 solely
in advanced lesions. Indeed, other studies of early and intermedi-
ate lesion formation in apoE~/~ mice have shown that the absence
of MMP-9 decreases smooth muscle collagen synthesis, a change
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that would lead to the development of unstable advanced lesions
that were more susceptible to plaque rupture (46). In addition, the
apparent discrepancy between these 2 studies may reflect differ-
ences in the underlying disease mechanism caused by variations
in the extent of hypercholesterolemia, as has been seen previously
when examining the role of the immune response (27, 28).

Although our results show a potential role for MMP-9 in induc-
ing plaque rupture, utilization of an overexpression approach
means that caution is required in extrapolating our data to the
normal function of MMP-9 in rupture events. To more fully
understand the significance of our data, we are currently perform-
ing similar studies with other proteases that have been suggested
to induce rupture of lesions. If the ability to initiate plaque rup-
ture is a unique property of MMP-9, then it would add support
to the hypothesis that MMP-9-mediated proteolysis is central to
the rupture of human lesions. The original rationale for choos-
ing to examine the effect of macrophage MMP-9 overexpression
on plaque rupture was based on its ability to degrade elastin and
cleaved collagen, abundant components of the extracellular matrix
of the fibrous cap of advanced atherosclerotic lesions. Although
discontinuities and breaks of elastin were detected in and used to
define ruptured caps, we cannot conclude that this was a result
of direct MMP-9-mediated cleavage. Several nonmatrix substrates
for MMP-9 have been described, and it is possible that MMP-9-
mediated cleavage of these initiated inflammatory events led to
plaque rupture through a distinct mechanism. SCF and IL-8 have
both been shown to be substrates for MMP-9, and their cleavage
appears to be important in regulating proliferation of bone mar-
row stem cells and leukocyte recruitment (47, 48). Analyses of
lesional macrophage content showed that there were no signifi-
cant differences between groups of mice (Table 3), suggesting that
enhanced plaque rupture is occurring through a different mecha-
nism. We are currently investigating whether the cleavage of other
nonmatrix substrates of MMP-9, including tissue factor pathway
inhibitor 1 (TFPI-1) (49), is altered in ruptured lesions and there-
fore may be able to provide alternate hypotheses of how enhanced
MMP-9 activity induces plaque rupture.

The dramatic difference in the incidence of plaque rupture
between mice with macrophages overexpressing MMP-9 and
those overexpressing autoactivating MMP-9 suggests that the
regulation of MMP-9 activity is critical. The activity of MMPs is
at least in part controlled by a family of endogenous inhibitors
called tissue inhibitors of metalloproteinases (TIMPs). TIMP-1
appears to be most critical for the regulation of MMP-9 activ-
ity, and MMP-9 is secreted as a complex with TIMP-1 when
expressed by macrophages (50, 51). Experiments using TIMP-
deficient macrophages have shown that the absence of TIMP-1

Table 4

Characteristics of plaque rupture are frequently observed in the
aortae of apoE-~ mice with enhanced macrophage expression
of active MMP-9

CD68S-MMP-9  CD68S-MMP-9 G100L

Fibrous cap disruption 2/8 717
Intraplaque hemorrhage 1/8 5/7
Fibrin deposition 2/8 717
Fibrous cap breaks 1/8 4/7
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or TIMP-2 does not enhance the proteolytic autoactivation of
MMP-9 (data not shown), suggesting that other mechanisms are
involved in regulating macrophage MMP-9 activation in vitro.
However, it is likely that the local concentrations of TIMP-1 are
important for regulating MMP-9 activity in vivo and may help
explain why we did not observe alterations in matrix degrada-
tion in other macrophage-rich areas, including the elastic lamel-
lae of the medial arterial wall.

The in vitro experiments using the MMP-9 G100L mutant
showed that proteolytic removal of the prodomain is a critical reg-
ulator of macrophage MMP-9 activity. Several proteases, including
plasmin, trypsin, and MMP-3, have been shown to be capable of
similar proteolytic processing of MMP-9 and can act as important
determinants of MMP-9 activity in vivo (37, 52-56). Given that
the activity of many of these proteases is also regulated through
proteolytic processing and endogenous inhibitors, it appears that
complex regulatory networks exist to ensure the absence of inap-
propriate proteolytic activity. In addition to activation of MMP-9
by other proteases, autolytic activation of MMP-9 can be induced
through chemical modification of a cysteine residue in the prodo-
main that maintains the enzyme in its inactive state through inter-
actions with the zinc atom in the active site (57-59). Hypochlorous
acid and reactive nitrogen species generated by myeloperoxidase
(MPO) are both capable of inducing MMP-9 activation, and there-
fore these activities may offer a potential mechanistic explanation
for the correlations between MPO expression and activity and the
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Figure 7

Multiple sites with characteristics of plaque rupture in the
aortae of mice with macrophages expressing MMP-9
G100L. Longitudinal sections of the aortic arch, its branch-
es (minus the brachiocephalic artery), and thoracic aor-
tae stained with Carstairs were evaluated in apoE~- mice
transplanted with HSCs transduced with CD68S-MMP-9
G100L (A—F) or CD68S—-MMP-9 (G-J). These lesions
represent the most severely affected mice in each group.
Original magnification, x10 (A, B, and G); x20 (H-J); x40
(C-F). (A—F) A mouse receiving HSCs transduced with
CD68S-MMP-9 G100L had at least 13 different regions
in which lesions showed evidence of previous plaque rup-
ture (A, asterisks). Rupture was most apparent and fre-
quent at the downstream side of the lesion in the lesser
curvature as illustrated at higher magnifications (B—F).
rbcs are embedded in a fibrin-rich matrix detected by
Carstairs stain (C) and confirmed by anti-fibrin/fibrino-
gen immunohistochemistry (D), while other areas are
primarily fibrin rich (E, Carstairs stain; F, fibrin/fibrino-
gen immunostaining). Features of plaque rupture were
observed in all mice in this group (n = 7), with at least 5
regions in the lesions in each aorta and its branches. (G—J)
This aorta was from 1 of only 2 of the 8 total mice receiv-
ing HSCs transduced with CD68S-MMP-9 that showed
any areas with features of plaque rupture in longitudinal
sections. The 2 regions boxed in G with characteristics of
plaque rupture are shown at higher power (H-J). rbcs and
a fibrin deposit are seen in H (black arrowhead), while the
lesion in I and J shows fibrin deposition by Carstairs (l)
that is confirmed by anti-fibrin/fibrinogen staining (J).

incidence of myocardial infarction, the clinical consequence of
plaque rupture (60, 61). It is intriguing that MPO expression is
undetectable in murine atherosclerotic lesions and that this corre-
lates with the absence of MMP-9 activation (Figure 5) and plaque
rupture (62), and therefore we are currently examining the effect of
MPO expression on advanced lesions through the transplantation
of retrovirally transduced HSCs.

The data presented in this paper have shown that the transplan-
tation of retrovirally transduced HSCs into older apoE~~ mice is a
valuable novel approach for studying gene function specifically in
advanced atherosclerotic lesions. Our results lend further support
to the hypothesis championed by Libby and colleagues that macro-
phage-mediated proteolysis is the precipitating event in the rupture
of vulnerable plaques and highlight the potential role for MMP-9
in this process. Although further experiments are required to fully
understand the true significance of these data, they underline the
importance of studying MMP-9 activity rather than just expression
when examining its function in vivo. The differences between mice
and humans makes the extrapolation of our data difficult; however,
these results, coupled with previous epidemiologic and genetic stud-
ies (8, 18-21), suggest that inhibitors of MMP-9 offer promise as
a therapeutic approach for the stabilization of vulnerable plaques.
However, given the previous difficulties in generating MMP-specific
inhibitors without liabilities that preclude chronic dosing (63), our
data suggest that the systems that regulate the proteolytic activation
of MMP-9 may represent alternative therapeutic targets.
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Methods

Retroviral vector generation. All constructs were generated using standard
molecular biology techniques and were verified by DNA sequencing.
c¢DNAs encoding murine MMP-9, MMP-12, and MMP-13 were generated
by PCR and cloned into the retroviral expression vector pBM-IRES-Puro
(64). A single round of PCR-based mutagenesis was used to generate an
autoactivating form of MMP-9 by changing G100L as previously described
(36). To allow macrophage-specific expression, the MMP-9 cDNA frag-
ments were used to replace HA-EGFP in the vector CD68S-HA-EGFP
(29), generating the vectors CD68S-MMP-9 and CD68S-MMP-9 G100L.
High-titer retroviral supernatants (>S5 x 10¢ cfu/ml) were generated by
transfection of Phoenix amphotropic and ecotropic packaging cell lines as
described previously (29).

Animals. apoE-/~ (backcrossed 10 times to C57BL/6]J) mice were obtained
from the Jackson Laboratory and were maintained under specific patho-
gen-free conditions and fed a normal chow diet. Thioglycollate-elicited
peritoneal cells were generated as previously described (29). All experimen-
tal procedures were performed with approval from the Animal Care Com-
mittee of the University of Washington.

Bone marrow transduction and transplantation. RAW-264.7 murine mac-
rophages were transduced as described previously (65). For stem cell
transplants, bone marrow cells from 5-fluorouracil-treated donors were
prestimulated for 48 hours in DMEM containing 15% fetal calf serum
(Invitrogen Corp.), 100 ng/ml mouse stem-cell factor, 20 ng/ml human
IL-6, and 10 ng/ml mouse IL-3 (all recombinant and provided by Kirin)
prior to two 24-hour periods, in each of which there were 2 hours of
centrifugation, using fresh ecotropic retroviral supernatants containing
S ug/ml polybrene and fibronectin-coated dishes (29). Lethally irradiated
(10.5 Gy single dose) recipient apoE~/~ mice were injected with 1-2 x 10°
infected cells via the lateral tail vein.

Analysis of apoE~/~ mice. At 35-45 weeks of age, female apoE-/~ mice were
transplanted with HSCs transduced with CD68S-based retroviruses encod-
ing either HA-EGFP, MMP-9, or MMP-9 G100L. Mice were injected with
thioglycollate 4 days before sacrifice (11 or 12 weeks after transplant),
and elicited cells were collected prior to perfusion via the left ventricle
with 10 ml PBS containing 1 mM EDTA and 30 ml fixative (PBS, 4%
paraformaldehyde and 5% sucrose). The heart and aortic tree were dissect-
ed and fixed overnight and the brachiocephalic artery and aortic arch were
separately embedded in paraffin wax (66, 67). For zymographic analyses,
the aortic tree was dissected following perfusion with PBS, and the bra-
chiocephalic artery was placed in fixative overnight; the aortic arch was
snap-frozen in liquid nitrogen.

For analysis of lesions in the brachiocephalic artery, 100 5-um sections
were cut and lesion characteristics analyzed every 50 um following either his-
tological or immunochemical staining. In addition to staining with H&E to
examine basic lesion morphology, the presence of collagen was assessed by
staining with Sirius red, elastin was visualized by either Verhoeff-Van Gie-
son or Gomori aldehyde fuchsin stain (66), and a modification of Carstairs
method to distinguish platelets and fibrin (see Supplemental Methods) was
used to detect fibrin (orange-red), red blood cells (yellow), smooth muscle
cells (dark red), and collagen (bright blue) (38). Immunohistochemical
characterization of the lesions was performed using antibodies recogniz-
ing HA-epitope (Zymed Laboratories Inc.), murine MAC-2 (ATCC; mono-
clonal supernatant diluted 1:4), murine MMP-9 (R&D Systems), and
human fibrin/fibrinogen (DakoCytomation) using a 3-step protocol with
3,3'-diaminobenzidine as chromagen, as described previously (29).
For quantitation of lesion parameters, 7 sections (50 wm intervals) per
mouse were analyzed using either Image-Pro Plus 4.5 (Media Cybernet-
ics) or Image]J (NIH; http://rsb.info.nih.gov/ij/) software. The internal and

external elastic lamellae and lesion borders were traced and used to derive
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lumen, lesion, medial, and vessel areas. Macrophage content, HA expres-
sion, and collagen content were determined from immunostaining for
MAC-2 and HA-epitope and Sirius red histochemical staining, respectively,
using color thresholds and are expressed as percentage of lesion area. Other
lesion parameters were quantified by 2 independent researchers without
knowledge of the tissue source and were defined as follows. An animal was
scored positive for fibrous cap disruption when at least 3 sections sepa-
rated by 50 wm showed a discontinuity or disruption in the elastin layer
in the cap while a break was defined as a clear break of the fibrous cap
into the lumen, often associated with intraplaque hemorrhage, in at least
2 sections separated by 50 um (Figure 6]). Intraplaque hemorrhage was
classified as the presence of red blood cells in at least 3 sections separated
by 50 um (shown in Figure 6H), and medial elastin breaks were scored if
there were discontinuities in any of the lamellae of the medial elastin wall.
Fibrin deposition was defined as the presence of red-orange Carstairs stain-
ing and positive anti-fibrin/fibrinogen immunostaining in serial sections
from at least 3 sections of the brachiocephalic artery separated by 50 um
(exemplified by Figure 6, B and D).

Quantitation of lesions in the aortic arch was performed using virtually
identical criteria to those used for analysis of the brachiocephalic artery,
except that analyses were performed on only 1-2 sections S0 wm apart due
to the limited number of longitudinal sections that were obtained clearly
showing the full length of the aortic arch and its branches and the top por-
tion of the thoracic aorta.

Western blotting and gelatin zymography. Thioglycollate-elicited macro-
phages, transduced bone marrow-derived macrophages, and RAW-264.7
cells were cultured for 24 hours in serum-free Opti-MEM (Invitrogen
Corp.) and lysed in lysis buffer (150 mM NaCl, 10 mM EDTA, 10 mM
NaN3, 10 mM Tris (pH 8.0), 2 ug/ml aprotinin, 2 ng/ml leupeptin,
1 ug/ml pepstatin, 100 ug/ml phenylmethylsulphonyl fluoride, and 1%
Nonidet P40). Aortic arch lysates were prepared by pulverizing tissue
in lysis buffer using a plastic pestle and a 1.5 ml centrifuge tube. Equal
amounts of protein lysate were separated by SDS-PAGE under reduc-
ing conditions prior to transfer to Immobilon membrane (Millipore).
Membranes were probed with antibodies recognizing the HA-epitope or
macrosialin (Serotec) and appropriate peroxidase-conjugated secondary
antibodies prior to visualization by ECL (Amersham Pharmacia Biotech).
For zymography, conditioned media and aortic arch lysate samples were
prepared using nonreducing loading buffer and separated on 7.5% SDS-
PAGE gels containing 1 mg/ml gelatin. After electrophoresis, gels were
washed 3 times in wash solution (150 mM NaCl and 2.5 Triton X-100)
for 30 minutes, rinsed in water, and incubated for 12-16 hours in diges-
tion buffer (50 mM Tris-Hcl, pH 7.5, 150 mM NaCl, 10 mM CacCl,, and
1 uM ZnCl,). Gels were subsequently fixed and stained using a Coo-
massie blue solution as described previously (68).

Quantification of elastin degradation. Bovine ligament elastin (Elastin Prod-
ucts Co.) was radiolabeled with sodium boro[3H]hydride as described pre-
viously (69), resulting in a specific activity of approximately 1250 cpm/ug.
RAW-264.7 cells were plated at 5 x 105 cells per well in a 24-well plate and
were cultured for 24 hours prior to the addition of 500 ug H-labeled elas-
tin. After 48 hours incubation, supernatants were harvested and cleared and
elastin degradation quantified by scintillation counting. Samples from wells
containing elastin without cells were used for background correction, and
the specific activity was used to calculate the amount of elastin degraded.

Statistics. Values are expressed as mean + SD unless stated otherwise. Data
were analyzed using the computer program InStat version 3 (GraphPad
Software), and significance was set at P < 0.05. A check was first made for
similarity of variances and normality of distribution, and an unpaired
2-sample 2-tailed Student’s ¢ test was carried out if both passed. If distribu-
tions were not normal, a nonparametric Mann-Whitney U test was used,
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and an unpaired 2-sample 2-tailed Student’s ¢ test with Welch’s correction
was applied if variances differed significantly.
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