Eur Respir J 2009; 33: 134-141
DOI: 10.1183/09031936.00127807
Copyright©ERS Journals Ltd 2009

High MMP-9 activity characterises pleural
tuberculosis correlating with granuloma
formation

P. Sheen*#, C.M. O’Kane’, K. Chaudhary’, M. Tovar*, C. Santillan*, J. Sosa®,
L. Caviedes*, R.H. Gilman**', G. Stamp* and J.S. Friedland'

ABSTRACT: Tuberculosis (TB) pleural disease is complicated by extensive tissue destruction.
Matrix metalloproteinase (MMP)-1 and -9 are implicated in immunopathology of pulmonary and
central nervous system TB. There are few data on MMP activity in TB pleurisy. The present study
investigated MMP-1, -2 and -9 and their specific inhibitors (tissue inhibitor of metalloproteinase
(TIMP)-1 and -2) in tuberculous effusions, and correlated these with clinical and histopathological
features.

Clinical data, routine blood tests, and pleural fluid/biopsy material were obtained from 89
patients presenting with pleural effusions in a TB-endemic area. MMP-1, -2 and -9 were measured
by zymography or western blot, and TIMP-1 and -2 by ELISA. Pleural biopsies were examined
microscopically, cultured for acid-alcohol fast bacilli and immunostained for MMP-9.

Tuberculous pleural effusions contained the highest concentrations of MMP-9 compared with
malignant effusions or heart failure transudates. MMP-9 concentrations were highest in effusions
from patients with granulomatous biopsies: median (interquartile range) 108 (61-218) pg-mL™
versus 43 (12-83) pg-mL™ in those with nongranulomatous pleural biopsies. MMP-1 and -2 were
not upregulated in tuberculous pleural fluid. The ratio of MMP-9:TIMP-1 was significantly higher in
TB effusions.

Tuberculous pleurisy is characterised by a specific pattern of matrix metalloproteinase-9
upregulation, correlating with the presence of granulomas and suggesting a specific role for

matrix metalloproteinase-9 in inflammatory responses in tuberculous pleural disease.
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tuberculosis

health burden, with more than 8 million

new cases and approximately 2 million
deaths per year. Pleural involvement can occur as
a manifestation of primary TB where the Ghon
focus ruptures into the pleural cavity, or as a
complication of reactivation TB. Pleural involve-
ment is more common in primary disease in high
incidence areas by a factor of approximately four,
and in younger patients [1]. Tuberculous pleural
effusions are characterised by an intense inflam-
matory component with mononuclear cells [2].
The inflammatory response causes disruption of
the normal pleural cavity tissue, which may
restrict normal lung expansion even after success-
ful anti-tuberculous therapy. The mechanisms by
which tissue damage is induced in tuberculous
pleural disease remain unclear, and the role of
broad-spectrum anti-inflammatory therapy (in the
form of corticosteroid treatment) is unclear.

T uberculosis (TB) remains a leading global
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The matrix metalloproteinases (MMPs) are
potentially important mediators of inflammatory
responses and tissue destruction in TB. The
MMPs form a group of zinc-dependent proteases
capable of degrading all components of the
extracellular matrix [3]. They are upregulated in
many inflammatory conditions, where they con-
tribute to leukocyte recruitment by facilitating
matrix breakdown. In addition, MMPs may
regulate cytokine responses, for example
MMP-2, -3 and -9 can activate interleukin (IL)-
1B, promoting inflammation [4]. In contrast,
MMP-2-mediated cleavage of monocyte chemo-
tactic protein-3 may dampen the inflammatory
response [5]. Excessive MMP secretion has been
linked with tissue damage in rheumatoid arthri-
tis [6], pulmonary fibrosis and chronic obstruc-
tive pulmonary disease [7, 8]. Recently, increased
MMP-9 (gelatinase B) activity has been identified
in animal models [9] and human TB [10-12].
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Elevated MMP-9 concentrations were found in cerebrospinal
fluid (CSF) and brain tissue in tuberculous meningitis, which
correlated with local neuropathology and death [10, 13].

The MMPs are classified functionally according to their relative
substrate specificity. For example, collagenases (MMP-1, -8 and
-13) degrade type I collagen whereas gelatinases (MMP-2 and
-9) degrade gelatin (denatured collagen) and type IV collagen, a
major component of basement membranes. However, this
classification is artificial, as there is overlap in substrate
specificity and redundancy of function among MMPs [14].
MMP secretion is tightly regulated by several mechanisms,
including transcriptional regulation, compartmentalisation and
secretion of pro-forms that require activation. A further key
regulator is concomitant secretion of tissue inhibitors of
metalloproteinases (TIMPs) by the cells that secrete MMPs.
TIMPs bind with MMPs in a 1:1 stoichiometric ratio, such that in
general the matrix-degrading capacity is determined by the
ratio of MMP to TIMP secretion.

MMPs have been identified in pleural effusions of inflamma-
tory and malignant aetiology [15]. There are few data on MMP
expression in tuberculous pleural effusions. Two studies have
shown upregulation of several MMPs measured by ELISA
(including MMP-1, -2, -8 and -9) in tuberculous pleural fluid
compared with transudates but have not related these to
clinical data or correlated the MMP expression pattern with
histological findings [16, 17]. In a further study, PARK et al. [18]
demonstrated upregulated MMP-9 in tuberculous effusions
compared with cancer and heart failure, but did not measure
other MMPs or TIMPs that may be functionally important in
the pleural space. Tuberculous pleural effusions are charac-
terised by high monocyte and lymphocyte counts. MMP-9 is
quantitatively the most important MMP secreted by monocytes
and macrophages, and may also be secreted by activated
lymphocytes [19]. Infection of monocytes and macrophages
with Mycobacterium tuberculosis in vitro and in vivo has been
shown to induce MMP-9 secretion [11, 12]. MMP-9 secretion is
of particular interest in pleural disease, since, as a gelatinase, it
degrades type IV collagen and may contribute to loss of
integrity of the basement membrane around blood vessels and
under the mesothelial layer, leading to fluid accumulation in
the pleural space.

Monocytes and macrophages may also secrete high MMP-1
concentrations. In addition, parenchymal cells of the pleural
space, such as fibroblasts and mesothelial cells, secrete MMP-1
(interstitial collagenase) constitutively [20] and in response to
inflammatory cytokines secreted by TB-infected monocytes
and macrophages [21]. Proteases such as tissue plasminogen
activator and plasmin, which are present in the pleural space
[22], may activate MMPs secreted by inflammatory leucocytes
and parenchymal cells and perpetuate a cycle of connective
tissue breakdown and further inflammatory cell recruitment.
The present study was designed to investigate whether MMP-1
and -9 and their specific inhibitors, TIMP-1 and -2, have a role
in the pathogenesis of pleural TB. Elucidating the contribution
of MMPs to tissue damage and disease in tuberculous pleurisy
may provide a potential therapeutic target to reduce the long-
term sequelae of pleural adhesions and pleural rind formation.
Targeted MMP inhibition is being developed for cancer [23]
and may become a therapeutic option in inflammatory
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diseases [24], while broad-spectrum MMP inhibition can be
achieved by simple drugs such as tetracyclines [25].

METHODS

Study subjects

All subjects were adults admitted to the Respiratory Service at
Dos de Mayo Hospital (Lima, Peru) over a 6-month period.
Demographic data, including age, sex and mass, were collected
for each patient; clinical symptoms and purified protein
derivative (PPD) reaction (where available) were also
recorded. Patients who had been symptomatic for >2 weeks,
with chest radiograph evidence of pleural effusion, underwent
diagnostic thoracocentesis, with pleural biopsy if clinically
indicated. In total, 80 patients underwent pleural biopsy using
an Abrams needle under sterile conditions and taking one to
eight samples per patient. As part of the routine diagnostic
work-up, the following investigations were carried out on
pleural fluid: biochemistry (total protein, albumin and adeno-
sine deaminase), cytological examination and differential
leukocyte count, and microbial culture, including culture for
M. tuberculosis. Pleural biopsies were sent for culture and
histopathological examination. Routine haematoxylin/eosin
and auramine staining were performed.

Stratification

Patients were stratified into three main groups: definite pleural
TB (defined as a positive mycobacterial culture of pleural
biopsy/fluid or granuloma on pleural biopsy with or without
caseation or positive PCR); probable pleural TB (defined as the
presence of clinical or other laboratory features suggestive of
TB, but with culture-negative pleural fluid or biopsy); and
negative controls (pleural effusion due to congestive cardiac
failure). A further group of 10 patients with pleural effusions
due to metastatic carcinoma served as a positive control for the
analysis of MMP expression. Pleural effusions due to meta-
static carcinoma are associated with high MMP-2 and -9
expression [26]. Ethical approval for the study was from the
Institutional Review Boards of Johns Hopkins School of Public
Health (Baltimore, MD, USA) and A.B. Prisma (Lima, Peru).

Processing of pleural fluid for MMP and TIMP
measurements

Pleural fluid was centrifuged at 2,000 x ¢ for 5 min and cell-
free supernatant stored at -70°C for later analysis. MMP-1 and
-9 and TIMP-1 and -2 were found to be stable over repeated
freeze—thaw cycles. All measurements were carried out with
the operator blinded to clinical data.

Zymography
The concentrations of MMP-2 and -9 in pleural fluid were
measured by gelatin zymography as previously described [12].

Western blotting

Western blotting was performed to confirm the identity of
bands obtained by gelatin zymography as MMP-9, and to
measure MMP-1 concentrations. Equal quantities of protein (as
determined by Bradford assay) were heat-inactivated at 100°C
for 2 min and resolved on 10% acrylamide gels. Protein was
electrically transferred onto a nitrocellulose membrane, which
was blocked with either 5% bovine serum albumin for MMP-9
detection, or 20% milk protein for MMP-1 detection, for 1 h.
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Incubation with primary antibody (either MMP-1 or -9, both
from The Binding Site (Birmingham, UK) at 1/1000 dilution)
was carried out overnight before incubation with secondary
antibody (peroxidase-conjugated anti-sheep immunoglobulin
(Ig)G at 1/1000 dilution; The Binding Site). Bound antibody
was visualised by chemiluminescence and exposure of the
membrane to light-sensitive film. The optical density of the
bands from pleural fluid samples was measured using Scion
image analysis and compared for quantification with that from
the known standard aliquot of MMP-1 or -9.

TIMP-1 and -2 measurements

TIMP-1 and -2 concentrations in pleural fluid were measured
by ELISA (BioSource™ CytoSet™ TIMP-1 ELISA (Invitrogen,
Paisley, UK) and DuoSetw TIMP-2 ELISA (R&D Systems
Europe Ltd, Abingdon, UK) developed according to the
manufacturers’ instructions. The lower limits of detection of
the TIMP-1 and TIMP-2 ELISAs were 1.6 ng~mL'1 and
30 pg-mL, respectively.

Immunohistochemistry for MMP-9 and TIMP-1

Pleural biopsies were examined for MMP-9 and TIMP-1
expression using the 3,3’- diaminobenzidine (DAB) system.
Briefly, sections were dewaxed and then treated with 0.6%
hydrogen peroxide to deplete endogenous peroxidase activity.
Sections for TIMP-1 immunostaining were boiled in 10 mM
citrate buffer (pH 6.0) followed by cooling at room tempera-
ture for 20 min. Sections for MMP-9 staining did not require
boiling in citrate. Sections were then blocked with 5% normal
goat serum and, after washing in PBS, incubated at room
temperature with either mouse monoclonal anti-human
MMP-9 antibody (1/25 dilution) or mouse monoclonal anti-
human TIMP-1 antibody (1/50 dilution; NeoMarkers, Fremont,
CA, USA) for 2 h. After washing in PBS-Tween buffer,
biotinylated goat anti-mouse IgG (1/500 dilution) was added,
followed by peroxidase-labelled streptavidin. DAB chromogen
was applied for 10 min and slides counterstained with haema-
toxylin. As positive controls, placental tissue was stained for
MMP-9 and breast carcinoma for TIMP-1. Negative controls for
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the antibodies used have been previously published [12].
Samples were analysed by two pathologists blinded to the
nature of the specimens and the results of microbiology.

Statistical analysis

Comparisons between groups were made using the Fisher’s
exact test for categorical demographic and clinical data, one-way
ANOVA for normally distributed variables, and the Kruskall-
Wallis H- or Mann-Whitney U-test for nonparametric data. A
p-value <0.05 was taken as significant.

RESULTS

Pleural fluid was sampled from 89 patients, of whom 74 were
studied in more detail: 49 patients with a diagnosis of pleural
TB, nine patients with probable pleural TB, six control patients
with congestive cardiac failure and 10 positive control patients
with metastatic malignant pleural effusions (confirmed by the
presence of mitotic cells in the pleural fluid or on pleural
biopsy). The remaining patients had a final diagnosis of
cirrhosis (n=2), nephrotic syndrome (n=1), rheumatoid
arthritis (n=1) or “unknown aetiology’’ (n=11), and were not
included in further analysis. Of the patients in the “pleural TB”
group, all 49 patients underwent pleural biopsy; in the
“probable pleural TB” group, four out of nine underwent
biopsy; in the “carcinoma” group, nine out of 10 underwent
biopsy; and in the “heart failure’” group, pleural biopsies were
carried out in one out of the six patients.

Of the 49 patients with pleural TB, 42 had a positive culture on
pleural fluid or pleural biopsy culture (40 positive biopsy
cultures and 11 positive pleural fluid cultures). Seven patients
were culture negative, but all had granulomatous change on
pleural biopsy, with three showing caseating granulomas. Two
of the cases had positive PCR tests (for TB) on pleural biopsy, of
which one had mycobacteria on auramine staining of the biopsy
specimen. Granulomas were not detected in biopsy material
from any of the patients with carcinoma or heart failure.

The probable pleural TB patients had clinical history compa-
tible with TB, mononuclear pleural effusions with high

1B Summary of histological and culture findings in pleural biopsy and fluid

Final diagnosis

Heart failure Pleural TB Probable pleural TB Carcinoma
Biopsy attempted 1 49 4 9
Pleural tissue obtained 1 47 2 8
Granulomas on pleural biopsy 0 40 0
Positive auramine stain
Sputum 0 2 1 0
Pleural biopsy 0 0 0
Pleural fluid 0 0 0 0
Positive culture
Pleural biopsy 0 40 0 0
Pleural fluid 0 11 0
Malignant cells identified in pleural biopsy fluid 0 0 0 9

Data are presented as n. TB: tuberculosis.

136 VOLUME 33 NUMBER 1

EUROPEAN RESPIRATORY JOURNAL



P. SHEEN ET AL.

1p:\:]8=28 Clinical features of patients and controls at
recruitment

Heart Pleural Probable Carcinoma

failure TB pleural TB
Patients n 6 49 9 10
Age yrs 68.5+6.8 35.1+2.7* 32.7+4.4% 65.8+5.0
BMI kg-m'2 20.4+22 22.7+0.6 21.8+1.30 23.40+1.95
Pyrexia 16.7 65.3% 88.97 50.0
Weight loss 50.0 81.6 77.8 90.0%
Night sweats 3183 49.0 3.3 20.0
Dyspnoea 83.3 88.9 83.7 100.0
Pleuritic pain 33.3 83.7* 1007 70.0
Cough 66.7 69.4 5585 70.0
Haemoptysis 0 4.08 0 10.0
Positive PPD test 333 83.8%1 57.1 25.0

Data are presented as mean +Sem or % of patients, unless otherwise stated. TB:
tuberculosis; BMI: body mass index; PPD: purified protein derivative. *: p<0.05
compared with heart failure and carcinoma groups (ANOVA); *: p<0.05
compared with heart failure group (Fisher's exact test); ¥: p<0.05 compared
with carcinoma group (Fisher’s exact test).

adenosine deaminase (ADA) levels (which has been proposed
as a useful marker for the diagnosis of TB pleural effusions [27,
28]) and high total protein. The exception was one case where
there was positive sputum auramine stain and TB culture, with
a culture-negative pleural effusion. The decision was made to
label these patients as “‘probable pleural TB” based on these
clinical and laboratory criteria rather than on response to anti-
tuberculous treatment, since there are a number of other
potential factors that could lead to failure of therapy, such as
poor compliance and drug-resistant organisms (which are
prevalent in the Lima region).

Table 1 summarises the findings on histology, microscopy and
culture for the four groups included in the study. Patients in
the TB groups were significantly younger than in the control
groups (table 2). There was no statistically significant differ-
ence in body mass index between TB and congestive heart
failure patients. More male than female patients were involved

MMP-9 UPREGULATION IN PLEURAL TUBERCULOSIS

in the study overall (45 males and 19 females). Patients with
pleural TB were more likely to be febrile and have pleuritic
chest pain than heart failure patients, but otherwise had
similar clinical symptoms and signs. PPD testing was
performed in 44 cases and four of the controls: this was more
likely to be positive (>10 mm induration) in patients with
definite pleural TB (p=0.028).

Biochemical parameters differed as expected between the
groups, with a higher pleural fluid mean total protein and
albumin in the TB cases (table 3). Median ADA was over nine-
fold higher in the TB and probable TB groups than in the heart
failure group (p<<0.005). The median total leukocyte count in
the TB group (predominantly mononuclear cells) was over
four-fold greater than in heart failure patients (p<<0.05).

MMP concentrations in pleural fluid

MMP-9 was detectable by zymography at significantly higher
levels in the pleural fluid of TB and probable TB patients than
in controls (fig. 1a and b; p<<0.001). The median (interquartile
range) in the definite pleural TB group was 105 (60-
217) pg'mL™, in the probable pleural TB group was 57 (44—
137) pg'mL’1 and in the control heart failure patients was <5
(0-5) pg-mL'l. In the 10 patients with malignant disease, the
pleural fluid MMP-9 concentration was 52 (26-61) pg-mL™,
significantly lower than in patients with pleural TB (p<<0.02).
Representative zymograms also showed that, in contrast to
MMP-9, MMP-2 concentrations were similar in all patients.
Pleural fluid MMP-1 concentrations did not vary between the
groups (fig. 1c).

Pleural MMP-9 concentration did not correlate with any
documented clinical parameters but did correlate weakly with
ADA concentrations in the pleural fluid (r=0.37, p<0.005;
Spearman rank).

TIMP-1 and -2 concentrations and MMP ratios in pleural
fluid

Since the matrix-degrading capacity of a cell’s secretions
depends on a balance between the MMP and TIMP levels,
concentrations of TIMP-1 and -2 (the major secreted TIMPs)
were measured in the pleural fluid. TIMP-1 concentrations
were highest in the pleural TB group (median 5,466 pg-mL™,
interquartile range (4,394-6,502) pg'-mL™") and significantly

1):\:]8 == Biochemical and cellular parameters of pleural fluid from patients and controls

Measurement Heart failure Pleural TB Probable pleural TB Carcinoma

Total protein” g-dL™ 2.47+0.40 5.32+0.30" 4.87+0.31* 512+0.12%

Albumin® g-dL™" 1.440.2 3.1+02" 2.940.2* 2.8+0.1*

ADA" U-L™ 8.1 (5.3-12.1) 74.7 (61.8-90.9)° 89.0 (54-100.5)° 23.0 (12.5-33.2)*

Total leukocyte count’ 140 (5-230) 600 (230-1150)* 180 (40-390) 445 (230-1260)
cells-mm™

Mononuclear cell count’ 84 (50-173) 600 (198-1150) 80 (40-390) 379 (204-1253)
cells-mm™

Data are presented as mean+ s or median (interquartile range). TB: tuberculosis; ADA: adenosine deaminase. *: ANOVA with post hoc Tukey honestly significant
difference correction; ¥: Kruskall-Wallis followed by Mann-Whitney test for comparisons of each case group versus control. *: p<<0.05 versus control; *: p<<0.005 versus
control; *: p<0.005 compared with heart failure and carcinoma groups; /: p<0.05 versus heart failure.
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FIGURE 1. a) Representative gelatin zymogram showing the two gelatinolytic
bands corresponding to matrix metalloproteinase (MMP)-9 and -2 from six pleural
fluid samples. Lane 1: standard aliquot of purified MMP-9; lanes 2, 3 and 6: pleural
fluid samples from tuberculosis (TB) cases, lanes 4 and 5 pleural fluid from control
cases. b) MMP-9 and c) relative MMP-1 concentrations in pleural fluid from patients
with definite pleural TB, probable pleural TB, heart failure and carcinoma. Box-and-
whisker plots showing median, interquartile range and 95% confidence intervals
(Cls). @: data points falling outside the 95% Cls. b) ***: p<0.001 (Mann-Whitney);
#: p<0.02 (Mann-Whitney). c) No significant differences were observed between
the four groups.

greater than in heart failure subjects (p=0.009; table 4). TIMP-2
concentrations were 20-30-fold less than TIMP-1 concentra-
tions, and did not vary between groups.

The ratio of MMP-9 to TIMP-1 is important in determining net
gelatinolytic activity. There was a higher MMP-9/TIMP-1 ratio
in TB compared with heart failure patients (p=0.004; fig. 2),
suggesting that the increase in TIMP-1 concentration will not
compensate for the increase in MMP activity in TB. The
MMP-9/TIMP-1 ratio in the group of patients with carcinoma
was not significantly different from the TB patients, consistent
with the known tendency for matrix degradation in malignant
effusions [29].
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FIGURE 2. Comparison of matrix metalloproteinase (MMP)-9 to tissue inhibitor
of metalloproteinase (TIMP)-1 ratio in pleural fluid from patients with definite pleural
tuberculosis (TB), probable pleural TB, heart failure and carcinoma. Box-and-
whisker plots showing median, interquartile range and 95% confidence intervals
(Cls). @: data points falling outside the 95% Cls. p=0.004 for comparison of the TB
groups with the heart failure group.

MMP-9 and TIMP-1 expression in the tuberculous
granuloma

Since MMP-9 expression may be important both in the initial
development of the granuloma and in subsequent necrosis, it
was next investigated whether granuloma formation was
associated with MMP-9 secretion. Median (interquartile range)
MMP-9 concentrations were significantly higher in patients in
whom granulomas were detected on biopsy, at 108 (61—
218) pg-mL’l, compared with 43 (12-83) pg-mL'1 in nongranulo-
matous pleural biopsies (p=0.001; fig. 3).

On immunohistochemical analysis of pleural biopsies, there
was strong MMP-9 staining in the granuloma at the edge of the
caseous necrosis, corresponding to the areas where mono-
nuclear cells are present (fig. 4). MMP-9 staining was less
marked towards the periphery of the granuloma. In contrast,
TIMP-1 expression in pleural granulomas was at a low level,
restricted to a few spindle-shaped cells.

DISCUSSION

The present study has demonstrated relatively unopposed
upregulated MMP-9 activity correlating with granuloma
formation in the pleural cavity of patients with tuberculous
pleural effusions. MMP-9 concentrations did not relate to
clinical symptoms, all of which are common but not exclusive
to TB. None of these symptoms are useful markers of disease
severity or the extent of inflammatory response within the
pleural cavity. In addition, a positive PPD test, which reflects
adaptive immunity, did not correlate with MMP-9 expression.
This is consistent with the fact that cells of the innate immune
response, including monocytes/macrophages, are the most
likely source of MMP-9 secretion.

MMP-9 secretion was significantly higher in patients with
tuberculous effusions than in patients with malignant pleural
disease. At least seven of the 10 malignant effusions in the
present study were metastatic in origin. Metastatic effusions
are usually characterised by high gelatinolytic expression [30].
The higher MMP-9 secretion in TB reflects the remarkable

EUROPEAN RESPIRATORY JOURNAL
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1p:\:]8 =78 Concentrations of tissue inhibitors of metalloproteinases (TIMPs) in pleural fluid

Heart failure

Pleural TB

Probable pleural TB Carcinoma

TIMP-1 ng-mL"™"
TIMP-2 ng-mL"™

3281 (1829-4457)
132 (122-135)

5466 (4394-6502)**
122 (97-157)

4665 (3540-7216)
131 (121-138)

4400 (2028-6148)
133 (114-157)

Data are presented as median (interquartile range). **: p<<0.01 compared with control (heart failure) group.

capacity of M. tuberculosis to induce an extensive inflammatory
response in the human host, and may reflect a particular
involvement of MMP-9 in granuloma formation in response to
this organism.

M. tuberculosis infection of monocytes and macrophages
induces MMP-9 secretion [9, 31-33], and direct infection of
these cells in vivo with TB is likely to be a major source of
MMP-9 secretion. However, cytokine networks may be a
further powerful stimulus to MMP-9 induction in tuberculous
pleurisy. Mononuclear cells infected with M. tuberculosis
secrete tumour necrosis factor (TNF)-o and IL-1B, which are
capable of driving MMP-9 secretion from uninfected mono-
cytes [10] and stromal cells, including mesothelial cells,
endothelial cells and fibroblasts [34-36]. TNF-a is required
for granuloma formation in TB, and anti-TNF therapy is
associated with granuloma breakdown and dissemination of
TB [37]. This may, in part, reflect the requirement for TNF-o-
dependent MMP-9 secretion in granuloma formation. The
current authors found that pleural MMP-9 concentration
correlated with granuloma formation, and cells adjacent to
caseous necrosis in the granuloma expressed high-level
MMP-9, possibly implicating MMP-9 as a component in the
process of caseation. It is unclear from the present study
whether MMP-9 secretion is a deleterious consequence of
granuloma formation or itself is required for granuloma
formation. A recent murine study has implicated MMP-9 in
pulmonary tuberculous granuloma formation [38], suggesting

MMP-9 concentration pg-mL™!

o L —

Granuloma present Granuloma absent

FIGURE 3. Comparison of matrix metalloproteinase (MMP)-9 concentrations in
pleural fluid in the presence or absence of granulomas on pleural biopsy. Box-and-
whisker plots showing median, interquartile range and 95% confidence intervals.
# p=0.001.
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a protective role for MMP-9. However, the structure and
regulation of tuberculous granulomas in mice is very different
and extrapolation of murine data to humans is difficult.

b)

FIGURE 4. a) Matrix metalloproteinase (MMP)-9 immunostaining in a granuloma.
Pleural biopsy granulomatous material from patients with culture-positive tuberculosis
was immunostained for MMP-9. The centre of the granuloma is highlighted (-----).
MMP-9 is seen as brown staining against a blue background (arrows). MMP-9 is most
marked in the central region of the granuloma near the region of caseous necrosis and
becomes more scant towards the granuloma periphery. b) Immunostaining for tissue
inhibitor of metalloproteinase (TIMP)-1. The same samples were stained for TIMP-1,
again labelled brown against a blue background (arrow). Granulomas stained
relatively weakly for TIMP-1 and staining was restricted to spindle-shaped fibroblast-
like cells. a) Scale bar=80um, b) scale bar=20 pm.
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There are several other important potential consequences of
relatively unopposed MMP-9 activity in the pleural cavity.
Pleural MMP-9 will facilitate the degradation of basement
membrane of the mesothelial layer and pleural blood vessels by
proteolysis of type IV collagen. This will contribute to accumula-
tion of fluid within the pleural space and aid migration of
leukocytes from the circulation. In addition, MMP-9 will cleave
and activate CXC chemokine ligand 8 [5], a potent chemoat-
tractant that is important in recruitment of mononuclear cells in
TB pleurisy [39], thereby increasing the inflammatory response.

Activated macrophages are known to secrete MMP-1, and
stromal cells can secrete MMP-1 in response to cytokines such
as TNF-o or IL-1B. Therefore, the absence of upregulation of
MMP-1 in the pleural fluid in TB patients was unexpected,
although it supports the hypothesis that matrix degradation in
pleural TB is MMP-9 driven. Additionally, the uniform
secretion of MMP-2 in the pleural fluid in all patient groups
in the present study is consistent with a previous study
investigating pleural effusions of transudative (congestive
heart failure), parainfectious and paraneoplastic origin [15]
and may suggest that MMP-2 has a role in homeostasis rather
than inflammation in the pleural space.

The specific and marked upregulation of MMP-9 in the TB
effusions raises the question of whether a specific threshold
concentration of this enzyme can discriminate between
tuberculous and other exudative effusions, including neoplas-
tic or parapneumonic. It has previously been shown that CSF
MMP-9 concentrations are higher in tuberculosis than bacterial
meningitis [10], but the current study does not include any
patients with a clinical or laboratory diagnosis of parapneu-
monic effusions or empyema to allow this to be investigated
for pleural infection. Additionally, the number of subjects in
the present study with malignant effusions was small and the
subjects were older than those with tuberculosis, such that
attempts to determine whether MMP-9 concentrations can
distinguish malignant and tuberculous effusions are statisti-
cally unsafe. Further investigation of MMP-9 in parapneumo-
nic and malignant effusions compared with tuberculous
effusions is required and will be the subject of a further
adequately powered study.

TIMP-1 was present in concentrations of at least 20-30-fold that
of TIMP-2 and is, therefore, likely to be the functionally more
important TIMP in pleural TB. The low expression of TIMP-1
within the granuloma suggests that there is relatively
unopposed gelatinolytic activity within this structure, with a
consequent overall tendency for matrix degradation. Although
TIMP-1 was elevated in pleural fluid in TB patients, the
MMP-9/TIMP-1 ratio indicates that even this TIMP secretion is
unlikely to be functionally sufficient to control matrix-degrad-
ing enzymatic activity.

In summary, the present study has demonstrated high and
functionally unopposed matrix metalloproteinase-9 activity in
pleural tuberculosis correlating with the presence of granulomas.
The data suggest that unopposed matrix metalloproteinase-9
activity is crucial to the pathogenesis of tuberculous pleurisy.
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