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MMP-9 expression is associated with leukocytic but not endothelial markers in brain arteriovenous malformations
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1. ABSTRACT

Brain arteriovenous malformations (BAVM)
have high matrix metalloproteinase-9 (MMP-9) expression,
the source of which is unclear. We hypothesized MMP-9
production might be due to inflammation in BAVM.
Compared to control brain tissues (n=5), BAVM tissue
(n=139) had a higher expression (by ELISA) of
myeloperoxidase (MPO) (193£189 wvs. 643, ng/mg,
P<.001), MMP-9 (28432 vs. 0.7+0.6, ng/mg, P<.001), and
IL-6 (1024218 vs. 0.120.1, pg/mg, P<.001), but not eNOS
(114£87 vs. 6519, pg/mg, P=.09). MMP-9 expression in
BAVM highly correlated with myeloperoxidase (R*=.76,
P<.001), as well as with IL-6 (R?=.32, P<.001). In contrast,
MMP-9 in BAVM poorly correlated with the endothelial
marker, eNOS (R’=.03, P=.05), and CD31 (R* = .004, P=
.57).  Compared to non-embolized patients (n=46),
patients with pre-operative embolization (n=93) had
higher levels of myeloperoxidase (2361205 wvs.
106+108, ng/mg, P<.001) and MMP-9 (33£35 wvs.
16£20, ng/mg, P<.001), however the correlation
between MMP-9 and myeloperoxidase was equally
strong for both groups (R*=.69, n=93, P<.001, for both).
MMP-9 expression correlated with the lipocalin-MMP-9
complex, suggesting neutrophils as the MMP-9 source.
MPO co-localized with majority of MMP-9 signal by
immunohistochemistry. Our data suggest that
inflammation is a prominent feature of BAVM lesional
phenotype, and neutrophils appear to be a major source
of MMP-9 in these lesions.
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2. INTRODUCTION

Brain arteriovenous malformations (BAVM) most
commonly present with intracranial hemorrhage (ICH). The
nature of the vascular instability that results in vessel rupture is
unknown. Vascular inflammation is central to the
pathogenesis of several diseases including intracranial aortic
aneurysm expansion (1), and abdominal aortic aneurysm
formation (2, 3). We have previously described an association
between promoter single nucleotide polymorphisms (SNPs) in
inflammatory cytokine genes and BAVM ICH risk; a TNF-
alpha SNP was associated with increased risk of new ICH in
the natural course of BAVM (4), and an IL-6 SNP was
associated with a hemorrhagic clinical presentation (5).
Further, the highest risk IL-6 genotype (GG) was associated
with the highest IL-6 expression levels in BAVM lesional
tissue (6).

MMPs are a family of neutral proteases that play
important roles in maintaining and remodeling the
extracellular matrix (7). MMPs, including MMP-9, are
major components of neutrophilic tertiary granules, and are
also expressed by other types of leukocytes including
monocytes, and lymphocytes.  During inflammation,
MMP-9 expression and activity are stimulated by cytokines
such as IL-8, IL-1beta, and IL-6. MMP-9 can degrade key
components of the cerebrovascular matrix including
laminin, denatured collagen, and tight junction proteins
such as ZO-1 leading to BBB leakage, and brain
hemorrhage (8, 9).
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We have shown that MMP-9 level was higher in BAVM
lesional tissue compared to control brain tissue removed
during microsurgical resection (10). What is not known is
the cellular source for the elevated MMP-9 level in BAVM
tissue. Therefore, we undertook a study to investigate the
cellular source of MMP-9 production in a large cohort of
patients with resected brain tissue. The primary analysis
was localization of  MMP-9 expression by
immunohistochemistry in BAVM tissue. The relation between
MMP-9 level and leukocyte specific marker, MPO, was
further determined quantitatively by ELISA. In addition, we
also examined the expression of inflammatory and vascular
markers in BAVM tissue compared to control brain tissue.

3. MATERIALS AND METHODS

3.1. Study subjects

All studies were IRB approved and patients gave
informed consent. Beginning in 2000, all patients with
BAVM evaluated at the University of California San
Francisco (UCSF) were enrolled in an ongoing prospective
registry that includes clinical attributes and surgical tissue
samples, as previously described (11). Data on patient
demographics, radiographic features of the BAVM, initial
clinical presentation at diagnosis, treatment history, follow-
up, and outcome (including hemorrhages occurring after
initial diagnosis) were collected. BAVM characteristics
such as size, location, and venous drainage pattern were
documented based on standardized guidelines (12).
Control cerebral cortex was obtained from patients
undergoing surgical treatment of epilepsy as previously
described (13, 14). Samples were taken from structurally
normal temporal lobe remote from the epileptogenic focus.

3.2. Enzyme-linked immunoadsorbent assays (ELISA)

MPO levels were measured by ELISA according
to the protocols provided by the manufacturer (Calbiochem,
San Diego, CA). Protein levels of interleukin-6 (IL-6),
endothelial nitric oxide synthase (eNOS), and MMP-9 in
tissue specimens were measured using specific ELISA kits
(R&D systems Inc., Minneapolis, MN). MPO is a
hemoprotein present at high levels in neutrophils and, to a
lesser extent, in monocytes, and was assessed as a marker
for neutrophils (15). The eNOS isoform of NOS is
considered an endothelial cell marker (16), and assessed as
an index for endothelial cell mass in BAVM tissue.

3.3. Gelatin zymography

Gelatin zymography was performed as described
(17,18). Briefly, protein samples of 40 pug was separated in
a 10% zymogram gel (Invitrogen, Carlsbad, CA).
Following electrophoresis, gels were washed, and incubated
in developing buffer overnight at 37°C. Protein bands in
zymography were quantified by scanning densitometry
using a KODAK image analysis software (Eastman Kodak
Company). In preliminary experiments, controls with
increasing amounts of protein verified that quantitative
band intensities fell within a linear range.

3.4. Western blot analysis
As a quality control measure, we also examined
CD31 expression as an alternative assay of endothelial cell
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mass in a subset of cases (18). An equal amount of protein
was electrophoresed on 7% sodium dodecyl sulfate
polyacrylamide gels. Subsequently, proteins were transferred
onto polyvinylidene difluoride membranes. The membranes
were then probed with a primary antibody CD31 (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA) for 1 hour, followed by
incubation with horseradish-peroxidase (HRP)—conjugated
sheep anti-mouse IgG (Bio-Rad Laboratories) secondary
antibody. Protein expression was detected with an enhanced
chemiluminescence detection system (ECL+Plus, Amersham
Pharmacia Biotech Inc). In preliminary experiments, controls
with increasing amounts of protein verified that quantitative
band intensities fell within a linear range.

3.5. Immunohistochemistry

Brain sections at 10 um were deparaffinized and
rehydrated. After blocking, sections were incubated with
primary antibodies diluted in PBS with 0.1% Triton X-100
at the following concentrations: mouse monoclonal anti-
human-MPO, 1:2000 (Serotec, Raleigh, NC), mouse
monoclonal anti-human-CD68, 1:1000 (Serotec, Raleigh,
NC), mouse monoclonal anti-human-CD31 1:100 (Santa
Cruz Biotechnology, Inc.), mouse monoclonal anti-NeuN,
1:1000 (Chemicon, Temecula, CA), mouse monoclonal
anti-GFAP, 1:2000 (Chemicon), mouse monoclonal anti-
human a-smooth muscle actin, 5g/ml, (Chemicon), and
rabbit polyclonal anti-human-MMP-9, 1:800 (Chemicon).
After incubating at 4°C overnight, and washing in PBS, the
sections were incubated with biotinylated goat anti-mouse
(Vector Laboratories, Burlingame, CA) diluted 1:5000 for
1 hour at room temperature. The sections were treated with
the ABC streptavidin detection system for 1 hour after
washing with PBS. The resulting horseradish peroxidase
signal was detected using 3,3'-diaminobenzidene. For dual
fluorescent staining, after incubating at 4°C overnight with
primary antibodies, sections were incubated with Alexa
Fluor 594-conjugated goat anti-mouse or Alexa Fluor 488-
conjugated goat anti-rabbit IgG (Molecular probes, Eugene,
OR) at 1:500 dilution for 1 hour at room temperature. The
sections were then mounted and photographed with
fluorescent microscope. Negative controls were performed
by omitting the primary antibodies during the
immunostaining.

3.6. Statistical analysis

Descriptive statistics (mean + SD) of protein
expression data were reported in raw values. Because the
distribution of the raw values was heavily skewed, analyses
of variance (ANOVA) to compare control and BAVM
groups were performed on log-transformed values.
Relative expression was examined by normalizing the
BAVM and control group raw expression values to the
mean values of the control group in order to express "fold
difference compared to control" for IL-6, MPO, MMP-9,
and eNOS. Correlations among measured protein
expression data were examined using linear regression.
Linear regression and analysis of covariance (ANCOVA)
were employed to assess possible confounding effects of
demographic and clinical factors on proteins of interest.

for data
and prior

Two major
interpretation ~ were

confounding factors
prior embolization,
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Table 1. Demographic information for the study cohort

BAVM (%) [Control (%)

[Age (Year) [Mecan (SD) 36.1 (16.2) 31.4(7.4)
Ezi{ist from Embolization IOMean (SD) 0.1 0.4)

N 03
E::Zm from Hemorrhage to Mean (SD) 1.0(42)

IN 73
Years from G surgery Opjean(sp) .8 (2.5)

IN g
Sex Male 76 (54.7%) |2 (40%)

Female 63 (45.3%)  [3 (60%)

Total 139 (100%) |5 (100%)
Race/Ethnicity [White 73 (52.5%)  [3 (60%)

Black 7 (5.0%) 0 (0%)

Hispanic 35 (252%) |2 (40%)

Asian/P1 15 (10.8%) 0 (0%)

Other/missing__ |9 (6.5%) 0 (0%)

Total 139 (100%) |5 (100%)
BAVM Size 3cm 73 (52.9%) |-

3-6cm 63 (45.7%)

6cm D (1.4%)

Total 138 (100%)
IBAVM venous drainage Superficial 82 (59.9%)

Deep 16 (11.7%)

Both 39 (28.5%)

Total 137 (100%)
[Eloquence INo 64 (47.1%)

IYes 72 (52.9%)

Total 136 (100%)
Spetzler-Martin Score 1 21 (15.4%)

2 50 (36.8%)

3 48 (35.3%)

n 15 (11%)

5 b (1.5%)

Total 136 (100%)
[nitial Presentation Unruptured 71 (51.1%)

Ruptured 68 (48.9%)

Total 139 (100%)
hemorrhage. These factors were further explored in the
analysis. We examined the effect of time between prior

hemorrhage and tissue harvest, and the time between pre-
surgical embolization and harvest, treating the variables as
both continuous and categoricalPrior hemorrhage included
patients who presented initially with an unruptured lesion,
and then went to have a bleed during the interval before
surgical resection. Therefore, any clinical episode of
hemorrhage, either incident or subsequent to presentation,
was termed "prior hemorrhage”. Statistical analyses were
performed using SPSS.

4. RESULTS

4.1. Clinical characteristics

The cohort consisted of 144 patients with
complete information on the proteins of interest (MPO,
MMP-9, IL-6, and eNOS); of which, 139 were BAVM
cases and the remaining 5 were control cases (epilepsy).
Demographic and clinical characteristics shown in Table 1
were comparable to previous reports (5, 10).

4.2. MPO and MMP-9 co-localized in BAVM tissue
Figure 1A shows that BAVM tissue were positive
for inflammatory markers: CD45, CD68, and MPO. Dual
fluorescent staining shows that MPO co-localized with
majority of MMP-9 signal. Some MMP-9 signal also co-
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localized with endothelial marker CD31, as well as a
macrophage marker (Figure 1B). As shown in Figure 1C,
little MMP-9 signal overlapped with specific markers for
neurons, astrocytes, and vascular smooth cells.

4.3. MMP-9 expression correlated with MPO, IL-6, but
not with eNOS or CD31

Figure 2A shows that MMP-9 expression
strongly correlated with MPO level (R* = .76, n=144, P<
.001). MMP-9 expression was also associated with
proinflammatory cytokine IL-6 expression (Figure 2B, R* =
.32, n=144, P< .001). IL-6 expression, in turn, correlated
with MPO level (R? = .29, n=144, P< .001). MMP-9 level
was not highly correlated with eNOS expression (Figure
2C, R? = .03, n=144, P= .05). CD31 expression was
determined as an alternative assay of endothelial cell mass.
In a subset of cases available for western blot analysis
(n=76), the mean values of CD31 and MMP-9 were 0.6 £
0.4 OD units and 29 *+ 33 ng/mg respectively, and did not
correlate with each other (R? = .004, n=76, P=.57).

4.4. MMP-9 expression was associated with 125-kDa
MMP-9 level

When complexed with neutrophil gelatinase-
associated lipocalin (NGAL), MMP-9 is protected from
degradation, thereby resulting in enhanced MMP-9
enzymatic activity (19). MMP levels contained in BAVM
samples were assayed using substrate gel electrophoresis
with gelatin as a substrate. Recombinant human MMP-9
and MMP-2 were used as standards to identify molecular
weight sizes. As shown in Figure 3A, three major MMP
bands were readily identified at apparent molecular masses
of 125-kDa, 86-kDa, and 68-kDa, which corresponded
respectively to the complex of MMP-9/neutrophil
gelatinase-associated lipocalin (NGAL), MMP-9, MMP-2.
As shown in Figure 3B, MMP-9 expression determined by
ELISA was highly correlated with MMP-9/NGAL level (R?
=.70,y = 1.3 +.9x, P<.001).

4.5. Assessment of confounding factors on MMP-9
expression

A series of univariate ANOVA tests revealed no
effects of demographic (age, race-cthnicity, and gender) or
clinical (venous drainage, eloquence, BAVM size and
location) factors on MMP-9 and MPO levels.

Nine BAVM patients had a history of gamma knife
therapy; 93 BAVM patients had pre-operative polyvinyl
alcohol embolization. Seventy-eight patients had a history of
“prior hemorrhage™: 68 BAVM patients had initial clinical
presentation with hemorrhage and 10 patients had initial
clinical presentation without hemorrhage, but had a new
hemorrhage prior to tissue harvest.  Using univariate
ANCOVA, only MPO, prior embolization, and time from prior
hemorrhage to tissue harvest displayed effect on MMP-9
expression (P<.001, P=.023, P=.030 respectively). Also, the
time from prior hemorrhage to tissue harvest showed signs of
negative correlation with MMP-9 expression (R=-.265, P<.05).
An ANCOVA was then performed using significant predictors
obtained from the univariate analyses. There was an
interaction effect (P=.02) between prior embolization and
MPO on MMP-9 expression.
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¢D457 N

Figure 1. Immunohistochemical staining. A. BAVM tissues were stained with inflammatory cell markers: leukocyte (CD45),
macrophage (CD68), and neutrophil (MPO). Size bar: 100 um (B) For cellular localization of MMP-9, BAVM tissues were
double-stained with MMP-9 antibody (b, f, j), and specific cell markers: neutrophil (MPO, a), macrophage (Mac, e), and
endothelial cell (CD31, i). (C) MMP-9 (a, b, ¢) double staining was also performed on BAVM tissues with specific cell markers:
neuron (NeuN, a), astrocyte (GFAP, b), and vascular smooth muscle (SMA, ¢). Corresponding adjacent sections were stained
with H&E to show histology from where IHC image was taken (arrowheads in d, h, 1, panels for B; arrowheads in d, e, f panels
for C). Size bars for immunofluorescent and H&E staining were 20 um, 100 pum respectively.
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Figure 2. A. MMP-9 expression highly correlated with
MPO levels. R>=.76,y =-.77 + .94*x, n = 144, P< .001.
(B) Correlation of MMP-9 with proinflammatory cytokine
IL-6. R*= 32, y=.72+ .32%x, n= 144, P < .001. (C)
Correlation of MMP-9 with eNOS. R? = .03,y = .70 +
22%x,n= 144, P= .05

Because of potential complex interactions between the
multiple confounding variables in a relatively small dataset,
we performed exploratory analyses for the relative
importance of hemorrhagic presentation by focusing on the
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non-embolized group. Figure 4 shows the linear
correlation of MPO and MMP-9 levels in non-embolized
BAVM tissue, grouped by hemorrhagic presentation (R’
=75, P<.001) versus unruptured presentation (R® =.81,
P<.001); both groups displayed a similar association
between MPO and MMP-9. Adjusting for MPO
(ANCOVA), the average MMP-9 level was higher (P=.04)
in patients with hemorrhagic presentation (n=30; mean
+SEM 1.0 + .1) compared to unruptured patients (n=16;
mean £ SEM .69 £ .1). The results were nearly identical
when prior hemorrhage was used as the grouping variable
instead of hemorrhagic presentation.
4.6. BAVM tissue levels of
inflammatory markers

Compared to control tissue (n=5), BAVM tissue
(n=139) had higher average protein levels of MPO (193
£ 189 vs. 6 3, ng/mg, P< .001), MMP-9 (28 £32 vs. 0.7
£ 0.6, ng/mg, P< .001), and IL-6 (102 £ 218 vs. 0.1 £ 0.1,
pg/mg, P< .001). Figure 5 shows relative expression data
for BAVM tissue after normalizing to control values.
MMP-9, MPO and IL-6 expression was one to two orders
of magnitude higher in BAVM tissue than in control tissue.
In contrast, eNOS expression was not significantly elevated
in BAVM tissue as compared to controls (114 £ 87 vs. 65
9, pg/mg, P =.09).

displayed higher

5. DISCUSSION

In this study, we demonstrated that MMP-9 signal co-
localized with inflammatory marker MPO in BAVM tissue,
and MMP-9 expression correlated with MPO and IL-6
levels, but not eNOS or CD31 expression. These findings
suggest, for the first time, that inflammatory cells represent
an important and probably a major source of increased
MMP-9 level in BAVM tissue.

Within the CNS, MMP-9 could be produced by
various types of cells including endothelial cells, vascular
smooth muscle cell, neurons, astrocytes, and inflammatory
cells. Our immunostaining showed that the majority of
MMP-9 signal co-localized with inflammatory cells. The
staining also showed the colocalization of MMP-9 with
CD31, indicating part of the expressed MMP-9 derives
from endothelial cells. Further, neurons, astrocytes, and
vascular smooth muscle cells showed very little MMP-9
signal, suggesting these cells are not major contributors in
MMP-9 production.

While immunostaining demonstrates the location
of MMP-9, it cannot reliably determine amounts of MMP-9
from various cell types. Our ELISA data show that there
was a linear correlation between MMP-9 and MPO,
indicating that leukocytes could be a major source of
MMP-9 level in BAVM tissue. Our current study did not
address which subsets of inflammatory cells play a major
role in BAVM inflammation. Recruited macrophages and
CNS intrinsic microglia have many similar characteristics,
and can be difficult to differentiate from one another. The
tight correlation between MMP-9 and MPO, the association
of MMP-9 with the complex of MMP-9/NGAL, and also
the co-localization of MMP-9 and MPO, suggest that
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Figure 3. A. Representative gelatin zymogram showing

MMP-9, neutrophil MMP-9/NGAL complex, and MMP-2
levels in BAVM tissue (lane 1 to lane 4). The molecular
size markers (M) and human MMP standards (S) were run
in parallel for comparison. B. Total MMP-9 expression
correlated with the level of MMP-9/NGAL complex.
LOG, transformed value was used for the graph. R%=.70;
y=13+.9x;n=133, P<.001
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Figure 4. MMP-9 tightly correlated with MPO in non-
embolized patients with and without hemorrhagic
presentation. unruptured: R = 81,y = -1.6 + 1.3*x, n =
16, P< .001; Hem: R* = .75, y = -.81 + 1.0*x, n = 30, P<
.001

leukocytes highly contribute to the enhanced MMP-9 level
in BAVM tissue.
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Importantly, although pre-resection embolization
and prior hemorrhage were associated with higher levels of
MMP-9 and inflammatory markers, non-emoblized and
unruptured lesions displayed higher expression levels
compared to control tissue. It appears that elevated
expression of MMP-9 and inflammatory markers is an
underlying characteristic of BAVM lesional phenotype and
may indicate aspects of the underlying pathobiology of the
disease. Because this is an observational study, however,
our claims are appropriately modest and primarily limited
to a previously underappreciated association of MMP-9,
inflammation and leukocyte infiltration into BAVM tissue.

Patients who had pre-operative embolization had
higher levels of MPO and MMP-9 in resected tissue than
those who were non-embolized. However, both embolized
and non-embolized cases showed a similarly strong
correlation (Figure 2A). Therefore, the influence of pre-
resection embolization is one of degree, and there is an
underlying phenomenon that is operative, i.e., the effect we
saw is not solely the result of acute inflammation from
embolic material. There is a precedent for this observation
in studies that have shown enhanced angiogenic activity in
embolized cases, i.e., VEGF and HIF-1a (20). In those
studies, similar to our observations, embolization appeared
to enhance an underlying angiogenic phenotype, rather than
determine or explain it, i.e., there was a continuum of
increased angiogenic factor expression for both embolized
and non-emoblized cases. Further, expression of MPO and
MMP-9 is not likely to be an artifact of the trauma from
surgical harvest because control brain tissue does not show
similar elevations in MMP-9 and MPO levels.

Prior hemorrhage might be expected to
transiently increase cytokine expression (21). Nonetheless,
the relationships between MMP-9 and leukocytes were
only partially explained by a history of prior hemorrhage
because both ruptured and unruptured patients displayed
increased marker expression. In the exploratory subset
analysis in non-embolized patients, MMP-9 expression was
higher in patients who presented with hemorrhage.
However, un-ruptured patients also displayed a strong
correlation between MPO and MMP-9 levels.

MMP-9 synthesis in leukocytes is stimulated by
lipopolysaccaride, and cytokines (22-25). IL-6 has been
shown to stimulate endothelial activation, vascular smooth
muscle cell proliferation, and leukocyte recruitment. IL-6
is a key orchestrator of the inflammatory reaction, and may
play an important role in bridging the inflammatory and
angiogenic processes. Consistent with these notions, our
data showed that MMP-9 expression correlated with IL-6
expression, which, in turn, correlated with MPO levels. It
is likely that elevated IL-6 level within the BAVM nidus
may stimulate release and activation of MMPs, which
destabilize vascular wall, and further facilitate the
transmigration of circulating leukocytes into the CNS (6).
Furthermore, MMPs have been reported to facilitate the
entry of systematic leukocytes into CNS, aggravating
inflammatory reactions. Inhibitors of MMPs have been
demonstrated to suppress the capacity of various leukocyte
subsets to transmigrate into CNS (26-28).
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Figure 5. Levels of MMP-9, MPO, IL-6, eNOS in BAVM
tissue and control tissue, as determined by ELISA.
Compared to control brain tissues (n=5), BAVM tissue
(n=139) has higher protein levels of MPO (193 + 189 vs. 6
* 3, ng/mg, P<.001), MMP-9 (28+32 vs. 0.7 £ 0.6, ng/mg,
P< .001), and IL-6 (102 £ 218 vs. 0.1 = 0.1, pg/mg, P<
.001), but not eNOS (114 £ 87 vs. 6519, pg/mg, P = .09).
Data are graphed as % of control on log scale. *, P <.001

IL6 eNOS

In our study, choice of control tissue for BAVM
nidus has inherent limitations. @~ We have described
previously our use of brain taken from surgical epilepsy
patients (10, 13), but others have proposed using
superficial temporal arteries (29). Neither of these tissues
is ideal, as neither contains intracranial blood vessels of the
caliber found in BAVM nidus. It does appear, however,
that the relative amount of vascular tissue is roughly the
same in our control and BAVM samples, as evidenced by
our eNOS measurements, similar to our previous report
(18). Because the increase in MMP-9, MPO and IL-6 are
so large (50 to100 fold), it is unlikely that precise choice of
normal comparator tissue would change the conclusions, as
inflammation should be absent in both normal parenchyma and
conductance vessels. Further, the primary purpose to include
tissues from surgical epilepsy patients is to use as a quality
control assay to rule out the possible effects of surgical trauma.
Taken together with the association of polymorphisms in
proinflammory genes with BAVM hemorrhage (4, 5), our
findings suggest inflammatory processes are involved in the
pathophysiology of BAVM. Future experiments should focus
on the contribution of baseline proteolytic activity and the
propensity for BAVM rupture, and an explanation of the
apparent continuum of different MPO and MMP-9 activities
we observed. Also, further studies are needed to elucidate
which subsets of leukocytes play a prominent role in BAVM
inflammation and to determine the mechanism of their
recruitment. Identification of inflammation as an operant
process in lesional tissue can suggest lines of investigation to
develop new treatment modalities.
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