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Summary

Matrix metalloproteinases (MMPs) modulate extracellular matrix turnover, inflam-
mation and immunity. We studied MMP-9 and MMP-2 in experimental paraco-
ccidioidomycosis. At 15 and 120 days after infection (DAI) with virulent
Paracoccidioides brasiliensis, MMP-9 was positive by immunohistochemistry in mul-
tinucleated giant cells, in mononuclear cells with macrophage and lymphocyte mor-
phologies and also in fungal cells in the lesions of susceptible and resistant mice.
Using gelatin zymography, pro- and active MMP-9 and active MMP-2 were detected
in all infected mice, but not in controls. Gelatinolytic activity was not observed in
P. brasiliensis extracts. Semiquantitative analysis of gelatinolytic activities revealed
weak or absent MMP-2 and strong MMP-9 activity in both mouse strains at
15 DAL, declining at 120 DAL Avirulent P. brasiliensis-infected mice had residual
lesions with MMP-9-positive pseudoxantomatous macrophages, but no gelatinase
activity at 120 DAL Our findings demonstrate the induction of MMPs, particularly
MMP-9, in experimental paracoccidioidomycosis, suggesting a possible influence in
the pattern of granulomas and in fungal dissemination.
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Paracoccidioides brasiliensis is a dimorphic fungus which
causes paracoccidioidomycosis (PCM), a human systemic
mycosis endemic in Latin America (Restrepo 1985). PCM is
a granulomatous disease which has two major clinical
forms: the chronic and severe, characterized by multifocal,
disseminated lesions comprised loose granulomas, and the
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benign, presenting unifocal, localized lesions constituted of
well-formed, compact granulomas (Camargo & Franco
2000).

The omentum is constituted by a loose connective tissue
with leucocyte aggregates named milky spots, a coelom-asso-
ciated lymphomyelopoietic tissue, which represents the main
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immune tissue of the peritoneal cavity (Lenzi et al. 1996).
The omentum milky spot is a major target in intraperitoneal
PCM, as observed in studies consistently demonstrating high
omentum fungal burden in disseminated disease (Nishikaku
& Burger 2003a).

In experimental PCM, after infection with the highly viru-
lent Pb18 P. brasiliensis isolate, susceptible mice (B10.A
strain) developed mainly loose granulomas, with reticular
fibres around multinucleated giant cells and intense fungal
dissemination. On the other hand, resistant mice (A/J strain)
presented two lesion types: active, composed by type I colla-
gen capsules surrounding inflammatory foci of polymorpho-
nuclear neutrophils and giant cells circumscribing fungal
cells; and residual, containing pseudoxantomatous macro-
phages and fungal debris (Xidieh et al. 1999). In addition,
the presence of extracellular matrix (ECM) components, as
well as of the fibrogenic cytokine, transforming growth fac-
tor (TGF)-B, was observed in omentum granulomas (Xidieh
et al. 1999; Nishikaku & Burger 2003b; Nishikaku ez al.
2008).

The balance between synthesis and breakdown of ECM
components present in the micromillieu of inflamed tissue
involves the participation of matrix-degrading enzymes, such
as matrix metalloproteinases (MMPs). MMPs are a family
of zinc-dependent enzymes able to degrade ECM proteins
and also several inflammatory and immune mediators.
Almost all classes of MMPs are secreted by cells as inactive
forms, called zymogens or pro-MMPs, and require proteo-
lytic processing to become activated in the extracellular
microenvironment (Sternlicht & Werb 2001).

Matrix metalloproteinase-2 and -9 have a broad substrate
spectrum, including basal membrane proteins, gelatin and
cytokines precursors (Sternlicht & Werb 2001). MMP-2 is
constitutively MMP-9 s
expressed in the normal tissue, but strongly induced by sev-
eral mediators during tissue remodelling and tumour inva-
sion (Stamenkovic 2000). A role of MMPs, particularly of
MMP-9 and/or MMP-2, has been suggested in the patho-
genesis of several infectious diseases (Chang et al. 1996;
Williams ez al. 2002; Elkington et al. 2005). However, in P.
brasiliensis infection, the involvement of MMPs has been

expressed, whereas weakly

poorly investigated.

Products secreted by pathogens may also contribute to the
structural and functional alterations of the infected tissue.
They could act as ligands of ECM components, and as pro-
teases, contributing to pathogen adherence and facilitating
colonization and dissemination in the tissue. Binding of
ECM components to P. brasiliensis yeast cells (Vicentini
et al. 1994; Mendes-Giannini ef al. 2006) and the presence
of gelatinase (Vaz et al. 1994), collagenase (Bedoya-Escobar

et al. 1993) and serine protease activities (Puccia et al.
1998) in culture extracts have been shown, but the role of
matrix-degrading enzymes produced by P. brasiliensis during
host infection remains still unsolved.

Fibrosis is a late event of the granulomatous response,
commonly observed in experimental models of PCM (Lenzi
et al. 1994) and in patients with severe organ dysfunctions
and leading to an incapacitating condition (Montenegro &
Franco 1994). In PCM granulomas, intense tissue remodel-
ling (necrosis and fibrosis) could involve the presence of
ECM components and also of proteolytic enzymes, such as
MMPs. Therefore, comprehension of these phenomena dur-
ing the development of granulomatous inflammation may
help in the establishment of therapies to block or attenuate
fibrotic sequelae, which commonly limit the normal function
of the affected organs.

In this study, the presence and gelatinolytic activity of
MMPs were evaluated in P. brasiliensis-infected mice to
determine the participation of these enzymes in the chronic
granulomatous response, trying to establish an association
with the loose or compact morphology of the lesions and
with the control or permissiveness of fungal dissemination.

Material and methods

Paracoccidioides brasiliensis

Yeast forms of P. brasiliensis isolates, Pb18 and Pb265,
respectively, highly and slightly virulent to mice (Kashino
et al. 1985), were cultivated using Fava Netto’s culture med-
ium, kept at 37 °C and used at the seventh day of culture,
which corresponds to the exponential phase of growth.

Infection

Groups of 5-10 female, 8- to 10-week-old B10.A and A/]
mice were intraperitoneally (i.p.) infected with § x 10°
yeasts of Pb18 or Pb265, suspended in 0.5 ml sterile phos-
phate-buffered saline (PBS, pH 7.2). Mice injected with ster-
ile PBS were used as controls. Mice were housed at the
Department of Immunology animal facilities and fed with
sterilized food and acidified water. This work was approved
by the Ethical Committee for Animal Research of the Bio-
medical Sciences Institute of Sio Paulo University, Brazil.

Tissue samples collection

At 15 and 120 days of infection, mice were euthanized and
the peripancreatic/perisplenic omentum, the target organ of
i.p. P. brasiliensis infection, was collected and used for
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histological and immunohistochemical procedures and also
for gelatin zymography.

Histological and immunobistochemical procedures

The omentum tissue was fixed in Methacarn solution (60%
methanol, 30% chloroform and 10% acetic acid) and paraf-
fin-embedded sections were used in immunohistochemical
reactions (Nishikaku & Burger 2003b). Briefly, slides were
deparaffinized and rehydrated, then incubated with 30%
hydrogen peroxide to block endogenous peroxidase. Non-
specific protein binding was blocked with normal serum and
followed by application of TBS (Tris-buffered saline, pH 7.4;
Pierce Chemical Co., Rockford, IL, USA) to block endogenous
biotin. Slides were incubated overnight with rabbit polyclonal
antibody against mouse MMP-9 (Chemicon International,
Temecula, CA, USA) used at dilution 1:100 (PBS/Tween 20).
Biotinylated goat anti-rabbit IgG (1:500) (Rockland, Gilberts-
ville, PA, USA) was applied for 1 h at room temperature, fol-
lowed by streptavidin-peroxidase (1:50) (Vector Laboratories,
Burlingame, CA, USA). The chromogen 3.3" diaminobenzi-
dine tetrahydrocloride (DAB; Sigma-Aldrich, St. Louis, MO,
USA) was used and the sections were then counterstained with
Mayer’s haematoxylin and examined using a light microscope
(Nikon Eclipse 80i, Japan). Control slides were made with
specimens of non-infected mice or without primary antibody,
replaced by diluent.

Paracoccidioides brasiliensis culture extracts

The yeast forms of Pb18 and Pb265 were employed for
obtention of ‘cell-free antigen’ preparation, a culture extract
composed of several preserved cell surface molecules, exten-
sively used for evaluation of immunological responses
(Blotta & Camargo 1993). Briefly, fungal cells were culti-
vated in Fava Netto’s culture medium at 37 °C and used at
the seventh day of culture. About 300 mg of cell mass was
collected and suspended in 1 ml of PBS, homogenized for
30 s and immediately centrifuged at 16,000 g for 60 s. The
supernatant, which contains the exoantigen, was collected,
filtered (0.22 um) and stored at —20 °C until use for gelatin
zymography.

Gelatin zymography

Gelatinolytic activities of MMPs in omentum homogenate
samples (20 pg of protein) and also of P. brasiliensis (20 pg
of protein) were analysed using gelatin zymography. This is
a sensitive and quantifiable method which allows visualiza-
tion and quantitation of proteolytic activity of enzymes,
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based on the molecular weights of their pro- and active
forms after gel electrophoresis (Kleiner & Stetler-Stevenson
1994). As the activation of the pro-MMP occurs after dena-
turation and renaturation processes, both forms of MMPs
can be detected in the samples. In brief, tissue homogenates
and fungal extracts were diluted into sample buffer (10%
SDS, 4% sucrose, 0.25 m Tris-HCl, pH 6.8, and 0.1%
bromophenol blue) and applied under non-reducing condi-
tions in 10% polyacrilamide-SDS gels containing 0.1% gela-
tin type B (Sigma-Aldrich, St. Louis, MO, USA), using the
Mini-PROTEAN™ 1T system (Bio-Rad Laboratories,
Hercules, CA, USA). After electrophoresis at 30 mA (4 °C),
gels were washed with 2.5% Triton X-100 at room tempera-
ture for 1 h, and incubated with activation buffer (50 mm
Tris, 200 mm NaCl, 5 mm CaCl,, 0.02% Brij 35P, pH 7.5)
overnight at 37 °C. Gels were stained with 0.1% Coomassie
Brilliant Blue, and proteolytic activity was visualized as clear
bands indicating areas of gelatin degradation. Molecular
weights of the bands were estimated by using prestained
SDS-PAGE markers (Fermentas, Glen Burnie, MD, USA)
and mouse MMP-9 and MMP-2 standards were used as
positive controls (R&D Systems, Minneapolis, MN, USA).
To confirm the presence of gelatinolytic activity of MMPs,
tissue extracts of infected mice were treated with 20 mm
ethylenediaminetetraacetic (EDTA), or 5 mMm orto-phenan-
throline (Sigma-Aldrich, St. Louis, MO, USA), as MMP
inhibitors, or 2 mM phenylmethylsulphonylfluoride (PMSF;
Sigma-Aldrich, St. Louis, MO, USA), the inhibitor of serine
proteinases (inhibitors applied in the incubation buffer).
Semiquantitation of MMP-9 and MMP-2 proteolytic activi-
ties and determination of the molecular weight of the bands
in the gels were performed by employing the AlphaEase Dig-
iDoc 1000 software, version 3 (Alpha Innotech Corp., San
Leandro, CA, USA). The gels were digitally scanned and
standardized in images with similar pattern of black
and white colours (white, the local enzymatic digestion, and
black, the background). The relative integrated optical den-
sity value (IDV, sum of all pixel values) after background
correction was calculated in each sample in the gel and then,
the relative ratio of IDV of pro- and active MMPs’ activity
in samples was determined in each gel and expressed as
percentage value (%). In each gel, the percentage value (Y)
was determined by ratio of IDV of one sample (band) con-
sidered as 100% (X, always the sample with more band
intensity) in relation to IDV of another sample (band) with
equal or minor band intensity (Z). The calculation can be
expressed as Y = (Z/X) x 100. Results were expressed as
mean = SEM (standard error of the mean) of percentage of
gelatinolytic activity (pro-MMP or active MMP) observed in
samples of each experimental group.
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Statistical analysis

Two-way analysis of variance (two-way ANovaA), followed by
Bonferroni posttests, and one-way analysis of variance (one-way
ANoVA), followed by Tukey method for multiple comparisons,
were done to evaluate the differences among the groups studied
(P < 0.05). Data were analysed using the GraphPad Prism soft-
ware, version 4 (GraphPad Software, Inc., La Jolla, CA, USA).

Results

MMP-9 immunostaining in omentum granulomas

Control reactions were carried out without the application of
primary antibody, always resulting in the absence of labelling
in the tissue sections (Figure 1a). In non-infected animals,
MMP-9 positivity was observed in mononuclear cells present

Controls
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Figure 1 Immunostaining for MMP-9 in omentum granulomatous lesions of B10.A and A/J mice at 15 days after infection with
Pb18 Paracoccidioides brasiliensis isolate (DAB staining, counterstained with hematoxylin). Controls: (a) no reaction without primary
antibody in omentum of infected mouse (magnification x400); (b) positive mononuclear cells (arrows) in omentum of non-infected
mouse (x400); (c) positive control showing MMP-9 staining in pulmonary epithelial tissue (arrow) (x200); B10.A + Pb18 + 15 days:
(d,e) granulomatous foci containing fungi with typical morphology (arrow, x200) and debris (arrows, x400) positive to MMP-9 in
the centre of loose granulomas; (f) positive mononuclear cells with lymphocyte morphology (arrows) at the periphery of lesion
(x400); A/J] + Pb18 + 15 days: (g) immunoreactivity to MMP-9 in fungal cells and also in the inflammatory cells in loose granuloma
(arrows, x200); (h) areas of tissue degradation containing MMP-9 positive cellular debris (arrows, x200); (i) presence of positive
mononuclear cells with lymphocyte morphology (arrows) at the periphery of loose granuloma (x400). The results shown are repre-
sentative of two independent experiments performed with four mice per group. Scale bars: 50 um (a, b, e, f and i) and 100 pm (c, d,

g and h).
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A/J + Pb18 + 120 days

Figure 2 Immunostaining for MMP-9 in omentum granulomatous lesions of B10.A and A/J mice at 120 days after infection with
Pb18 Paracoccidioides brasiliensis isolate (DAB staining, counterstained with hematoxylin). B10.A + Pb18 + 120 days: (a) extensive
loose granuloma showing several foci of fungal cells (arrows), circumscribed by multinucleated giant cells, both positive to MMP-9
(arrowhead) (x400); (c) immunostained ECM (arrows) near the areas containing fungal foci (x400); (f) fibrotic granuloma with weak
positivity in fungal cells (arrowhead) and no staining in the ECM (arrows) (x200); A/J + Pb18 + 120 days: (b) compact granuloma
containing MMP-9-positive mononuclear cells and also giant cells (arrows) (x400); (d) positive reaction in the areas of tissue degra-
dation (arrows) inside the necrotic lesion (x200); (e) immunostained ECM (arrows) at the periphery of granuloma (x400); (g) fibrotic
granuloma with positive reaction in foci of fungal cells (arrowhead) and no staining in the ECM surrounding the central area of the
lesion (x200). The results shown are representative of two independent experiments performed with four mice per group. Scale bars:

50 pm (a, b, c and €) and 100 pm (d, f and g).

in omentum milky spots (Figure 1b). Histological sections of
lungs were used as positive controls (Figure 1c).
Paracoccidioides brasiliensis infection induced an intense
granulomatous inflammation in omentum milky spots,
which changed in size and morphological aspects. At
15 days after infection (DAI) with Pb18, the granulomas of
B10.A showed MMP-9 positivity in fungal cells with pre-
served (Figure 1d) or much altered (Figure le) morphology
and also in the inflammatory foci (Figure 1d), localized

© 2009 The Authors

mainly in the centre of the lesions. In A/] mice, MMP-9 im-
munostaining was detected in fungi (Figure 1g), markedly in
the centre of necrotic lesions, at areas of cellular debris (Fig-
ure 1h). Positive mononuclear cells with lymphocyte mor-
phology were detected at the periphery of granulomas
(Figure 1f,i), which showed mainly a loose aspect, in both
susceptible and resistant mice.

At 120 DAI with Pb18, marked MMP-9 immunostaining
was detected in the lesions of both mouse strains, mainly

Journal compilation © 2009 Blackwell Publishing Ltd, International Journal of Experimental Pathology, 90, 527-537
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Figure 3 Immunostaining for MMP-9
in omentum granulomatous lesions of
B10.A and A/J mice at 15 and

120 days after infection with Pb2635
Paracoccidioides brasiliensis isolate
(DAB staining, counterstained with
hematoxylin). B10.A + Pb265 + 15 days
and A/] + Pb265 + 15 days: (a,d)
mononuclear cells with macrophage
morphology (arrows, x400) positive to

MMP-9 in loose granulomas; (b,e)
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in the areas of tissue degradation, characterized by the
presence of several fungal foci. In B10.A, MMP-9 immu-
noreactivity was localized in fungal cells circumscribed by
multinucleated giant cells which were also MMP-9-positive
(Figure 2a) within the granulomas. Positive mononuclear
cells with lymphocyte morphology were observed at the
periphery of the lesions, but only few areas of ECM
showed MMP-9 immunoreactivity (Figure 2c). Loose and
extensive lesions were the main pattern of granulomas
observed in B10.A in the late phase of infection. Weak
MMP-9 positive staining was found in fungal foci sur-
rounded by ECM fibres negative for this enzyme (Fig-
ure 2f). In A/J, evident MMP-9 staining was detected
mainly in giant cells (Figure 2b) localized in the centre of
compact MMP-9  positivity  was
observed in areas of tissue degradation (Figure 2d) within

granulomas. Intense

necrotic lesions containing positive
areas of tissue degradation (arrows,
x400 and x200); (c,f) positive mononu-
clear cells with lymphocyte morphology
(arrows) at the periphery of loose

Fia granulomas (x200). B10.A + Pb265 +
| 120 days and A/] + Pb265 + 120 days:
‘.: # (g,h) both mouse strains developed

\ residual lesions containing pseudoxant-
omatous macrophages positive to
MMP-9 (arrows) (x400). The results
shown are representative of two inde-
pendent experiments performed with
four mice per group. Scale bars: 50 pm
(a, b, d, g and h) and 100 um (c, e
and f).

the necrotic lesions, whereas only few areas showed ECM
positivity at the periphery of granulomas (Figure 2e). As
observed in B10.A, weak MMP-9 staining was found in
fibrotic lesions (Figure 2g).

At 15 DAI with Pb265, MMP-9 immunostaining was sim-
ilar to that observed in granulomas developed at the early
phase of Pb18 infection. MMP-9 was observed in mononu-
clear cells with macrophage morphology (Figure 3a,d) in the
centre of loose granulomas of both mouse strains. Positivity
to MMP-9 was found in areas of tissue degradation in
B10.A and A/J (Figure 3b,e), mainly in necrotic lesions and
also in mononuclear cells with lymphocyte morphology
localized at the periphery of the lesions (Figure 3c,f). On the
contrary, at 120 DAI with Pb265, MMP-9-positive pseudox-
antomatous macrophages were found in residual lesions of
both mouse strains (Figure 3g,h).
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Figure 4 Gelatin zymography for
detection of MMP-9 and MMP-2
activities in omentum tissue extracts of
B10.A and A/J mice infected with Pb18
Paracoccidioides brasiliensis isolate. (a
and b, lanes 1 and 2) recombinant
MMP-2 and MMP-9; (a and b, lanes 3
and 4) control groups of non-infected
mice; (a, lanes 5-7) B10.A + Pb18 +
15d; (a, lanes 8-10) A/J + Pb18 + 15d;

MMPs in paracoccidioidomycosis 533

(a) Recombinants  Non-infected
MMP-2 MMP-9 B10.A A/J

Pro-MMP-9 »
Active MMP-9»
Pro-MMP-2 ">
Active MMP-2 V

Pb18 + 120 days

Pb18 + 15 days Pb18 + 15 days

Recombinants Non-infected Pb18 + 120 days

(b, lanes 5-7) B10.A + Pb18 + 120d;
(b, lanes 8-10) A/J + Pb18 + 120d;
samples of infected mice treated with ()
serine protease inhibitor PMSF (c, lanes
1 and 2); MMP inhibitors EDTA (c,
lanes 3 and 4) or orto-phenanthroline
(c, lanes § and 6) or in the absence of
inhibitors (c, lanes 7 and 8). Pro-MMP-
9 (approximately 106 kDa), Active
MMP-9 (approximately 95 kDa),
Pro-MMP-2 (approximately 68 kDa),
Active MMP-2 (approximately

62 kDa). The results shown were
obtained from samples of three to six
mice per group.

Gelatinolytic activities of MMPs

Using prestained SDS-PAGE markers and MMP-9 and
MMP-2 standards in zymography, we could estimate the
molecular weights of the bands, which were approximately
106 and 95 kDa, corresponding, respectively, to pro- and
active MMP-9, and also approximately 68 and 62 kDa,
corresponding, respectively, to pro- and active MMP-2
(Figures 4 and 5). Gelatinolytic activity was detected in
omentum homogenates, with the presence of three major
bands, corresponding to pro- and active MMP-9 and also to
active MMP-2 (Figures 4 and 5).

At 15 DAI with Pb18, although both pro- and active
forms of MMP-9 were detected in the two mouse strains,

© 2009 The Authors

MMP-2 MMP-9 B10.A A/J B10.A
Pro-MMP-9 »
Active MMP-9 »
Pro-MMP-2 >
Active MMP-2 ’
Inhibitor of o Without
serine proteinases Inhibitors of MMPs inhibitors
PMSF EDTA  Phenanthroline

1 2 3 4 5 6 7 8

the main form was the pro-MMP-9, which was observed in
all samples of infected mice (Figure 4a). At 120 DAL, both
pro- and active forms of MMP-9 were detected in the
infected animals, with the presence of the proenzyme in all
the samples (Figure 4b). Gelatinolytic activity was not found
in samples of non-infected mice. The presence of MMP in
infected tissue extracts was confirmed by the elimination of
the gelatinolytic activities by MMP inhibitors (EDTA and
orto-phenanthroline), but not by serine proteinase inhibitor
PMSF (Figure 4c¢). The active form of MMP-2 was observed
in B10.A at 15 and 120 DAI with Pb18, but only at the later
stage in A/J (Figure 4a,b).

In Pb265 infection, zymography revealed the presence of
pro- and active MMP-9 in both mouse strains, with
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(a) Recombinants Non-infected  Pb265 + 15 days

Pb265 + 15 days

MMP-2 MMP-9 B10.A A/J B10.A

Pro-MMP-9 .
Active MMP-9 ).

Pro-MMP-2 >
Active MMP-2 »

(b) Recombinants Non-infected Pb265 + 120 days

f .
»
1 2 3 4 5 6 7 8 9

Al

10

Pb265 + 120 days

MMP-2 MMP-9 B10.A A/J B10.A

Pro-MMP-9 )
Active MMP-9 .

Pro-MMP-2 >
Active MMP-2 >

(c) P. brasiliensis
cultu re extracts

CFA18 CFA265

detection of pro-MMP-9 in all the samples and also of active
MMP-2 in B10.A at 15 DAI (Figure 5a). On the other hand,
MMP-9 and MMP-2 enzymatic activity was undetectable at
120 DAI (Figure 5b) and no gelatinase bands were observed

in non-infected mice.

Culture extracts of Pb18 and Pb265 P. brasiliensis isolates
showed undetectable gelatinolytic activity, independently of
fungal virulence (Figure 5c).

Semiquantitative evaluation was also carried out to
estimate the percentage of gelatinolytic activity as revealed
by zymography (Figure 6). In accordance with the results
shown in Figures 4 and 5, we found the prevalence of the
pro-form over the active form of MMP-9 in infected mice

Figure 5 Gelatin zymography for detec-
tion of MMP-9 and MMP-2 activities
in omentum tissue extracts of B10.A
and A/J mice infected with Pb265 Para-
coccidioides brasiliensis isolate (a,b)
and of proteases of P. brasiliensis (c).
(a and b, lanes 1 and 2) recombinant
10 MMP-2 and MMP-9; (a and b,

lanes 3 and 4) control groups of
non-infected mice; (a, lanes 5-7)

B10.A + Pb265 + 15d; (a, lanes 8-10)
A/] + Pb265 + 15d; (b, lanes 5-7)
B10.A + Pb265 + 120d; (b, lanes 8-10)
A/] + Pb265 + 120d; (c, lane 1) CFA18
and (c, lane 2) CFA26S5 from P. brasili-
ensis culture extracts. Pro-MMP-9
(approximately 106 kDa), active MMP-
9 (approximately 95 kDa), pro-MMP-2
(approximately 68 kDa) and active
MMP-2 (approximately 62 kDa). The
results shown were obtained from
samples of three to six mice per group.

and no gelatinolytic activity in control mice. In Pb18
infection, high pro-MMP-9 activity was observed in both
mouse strains at 15 and 120 DAL Regarding active MMP-
9, high gelatinolytic activity, similar to that of pro-MMP-
9, was detected in A/J, which was significantly higher
than in B10.A at 15 DAI (P < 0.05). In contrast, a tenfold
observed in A/] at
120 DAL, which was significantly lower than that found at

decrease of active MMP-9 was

15 DAI (P < 0.05). Moreover, weak or no enzymatic activ-
ity was detected in B10.A at 120 DAI (Figure 6a). In
Pb265 infection, high pro-MMP-9 activity was detected in
B10.A and A/J mice, whereas low levels of active MMP-9
were observed in both mouse strains at 15 DAL At
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Figure 6 Semiquantitative analysis of MMP-9 and MMP-2
activity in omentum of non-infected mice and of mice at

15 and 120 DAI with Pb18 or Pb265 Paracoccidioides
brasiliensis isolates. (a) Gelatinolytic activity of pro-MMP-9
(P) in B10.A (solid black bars) and A/] mice (solid white
bars) and also of active MMP-9 (a) in B10.A (diagonally
striped black bars) and A/J mice (diagonally striped white
bars) infected with Pb18 or Pb265 and in non-infected mice;
(b) Gelatinolytic activity of pro-MMP-2 (P) in B10.A (solid
black bars) and A/J mice (solid white bars) and also of active
MMP-2 (A) in B10.A (diagonally striped black bars) and A/J
(diagonally striped white bars) infected with Pb18 or Pb265
and in non-infected mice. Results were expressed as mean =
SEM of percentage of gelatinolytic activity (relative
integrated optical density) observed in samples of each
experimental group. The results shown were obtained

from three to six mice per group. P < 0.05 comparing
mouse strains (B10.A x A/]), SP < 0.05 comparing 15 and
120 DAL

120 DAI no gelatinolytic activity was observed (Figure 6a).
Active MMP-2 gelatinolytic activity was not detected in
samples of control mice, but was found in B10.A at
15 DAI and at 120 DAI with Pb18. Only low enzymatic
activity could be seen in A/J at 120 DAI (Figure 6b). In
Pb265 infection, we observed low active MMP-2 activity
in B10.A, and no activity in A/] at 15 DAI and in
both mouse 120 DAI (Figure 6Db).
ccidioides brasiliensis infection with either isolate induced

strains at Paraco-

MMP-2 gelatinolytic activity (Figure 6b); however, this

activity was weaker in comparison with MMP-9

gelatinolytic activity.
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Discussion

In this study, immunolocalization of MMP-9 was demon-
strated in multinucleated giant cells and also in mononuclear
cells with macrophage and lymphocyte morphologies present
in granulomas of P. brasiliensis-infected mice. MMP-9 posi-
tivity in macrophages (Hsu ez al. 2005) and giant cells (Gon-
zalez et al. 2002) in granulomas has been described in the
literature, suggesting the participation of these cells as main
cellular sources of MMPs. Moreover, the ability of these cell
populations to produce MMP-9 under different inflamma-
tory and immune processes has been reported (Goetzl et al.
1996; Opdenakker et al. 2001). Therefore, our data suggest
that in the PCM granulomas, giant cells and mononuclear
cells, probably macrophages and lymphocytes, are cellular
sources of MMPs.

In addition to immunohistochemical analysis, which
allows the visualization of specific MMPs localization in tis-
sue sections, but does not discriminate between the pro- and
active forms of these enzymes, gelatin zymography was used
to assess the functional activity of matrix-degrading
enzymes. The gelatinolytic activity of MMPs in omentum
extracts of susceptible and resistant mice infected with P.
brasiliensis was evaluated, and bands corresponding to pro-
MMP-9 and active MMP-9 were detected in infected mice,
but not in control mice. Regarding MMP-2, only weak
activity was observed in infected mice, probably correspond-
ing to basal production, because this enzyme is constitutively
secreted in various tissues. In our results, P. brasiliensis
infection induces metalloproteinases secretion with gelati-
nases activity, mainly of MMP-9, and a limited degree of
MMP-2, confirming the inducible character of the former
and suggesting that this infection elicits limited MMP-2
secretion.

Matrix metalloproteinase-2 and -9 have several substrates,
but their function is mainly attributed to their collagenase
and gelatinase activities, which result in important roles in
ECM turnover and cell migration. They are able to degrade
the basement membrane proteins, such as type IV collagen
and laminin, which are important to the invasion process of
pathogens (Elkington et al. 2005) and of tumour cells (Stam-
enkovic 2000). These enzymes also regulate the cell behav-
iour during inflammation, contributing to the cell activation
and migration, as well as to activation or inhibition of cyto-
kines (Opdenakker et al. 2001; Sternlicht & Werb 2001).

The role of MMPs in infectious diseases, such as the par-
ticipation of MMP-9 in mycobacterial infection, contributing
to the early bacterial dissemination and to the adequate cel-
lular recruitment to form well-organized granulomas (Taylor
et al. 2006), has been described. MMP involvement in
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fungal infections has been shown in clinical and experimen-
tal studies, with special attention to MMP-2 and MMP-9.
Secretion of MMP-9 was observed in pulmonary aspergillo-
sis, associated with neutrophil infiltrate and tissue damage
(Gibson et al. 2003). High levels of MMP-9 were detected
in an experimental model of meningitis and vasculitis
induced by Coccidioides immitis infection, suggesting a role
of MMPs in the breakdown of the blood-brain barrier
(Williams et al. 2002).

We observed weak MMP-9 staining in fungal cells, but
no staining in areas of intense deposits of ECM fibres
localized in fibrotic lesions. In contrast, MMP-9 was
detected in cells and also in the lesions containing tissue
degradation, including necrotic zones found mainly in
resistant mice, which could indicate the participation of
proteolytic enzymes, especially MMP-9. The presence
of pro-MMP-9 over active MMP-9 at the later phase of
infection with Pb18 suggests a less pronounced MMP pro-
teolytic activation, leading to increased deposition of ECM
components in the inflamed tissue. In previous studies, we
detected the presence of intense deposits of type I and
type III collagens fibres, as well as of the proteoglycan
decorin, mainly at later stages of Pb18 infection (Xidieh
et al. 1999; Nishikaku & Burger 2003b; Nishikaku et al.
2008), of ECM
synthesis over its degradation.

In this study, MMP-9 immunostaining was observed in
the lesions at 15 and 120 DAI with Pb265, but gelatinase
activity of MMP-9 was not found at the later time point. As

reinforcing the possible dominance

seen previously, extensive ECM component deposition was
observed at 120 DAI with Pb18, delimiting fungal foci in
granulomas, whereas residual lesions with scarce deposits of
matrix were found at the late phase of Pb265 infection,
showing the resolution of the infection (Nishikaku et al.
2008). Thus, predominance of ECM protein synthesis over
MMP-9 activation at the chronic stage of P. brasiliensis
could be due, in part, to the regulation by endogenous inhib-
itors of MMPs and/or by other mechanisms which involve
profibrotic cytokines (Wynn 2004). In fact, our previous
results confirm higher TGF-p positivity in omentum lesions
at later phases of P. brasiliensis infection (Nishikaku &
Burger 2003b).

In this investigation, the conspicuous presence of MMP-9,
found in samples of infected mice, independently of fungal
virulence, indicates a major role of MMP-9 in the chronic
inflammation induced by P. brasiliensis, in contrast to the
weak proteolytic activity of MMP-2.

Tissue invasion by P. brasiliensis during the infection
has been attributed in part to secretion of proteases by
et al. 1994) and

fungal cells with gelatinase (Vaz

collagenase activity (Bedoya-Escobar et al. 1993) and also
to the ability of serine proteinases to degrade basement
membrane components (Puccia et al. 1998). In contrast to
these findings, in this study we did not detect gelatinolytic
activity in P. brasiliensis culture extracts, but found
MMP-9-positive fungi in the omentum lesions by immuno-
histochemistry. Using the later technique, no reactions
detected sections, demonstrating the
specificity of this assay. These findings suggest that P.
brasiliensis could be producing enzymes similar to MMP-9

were in control

in the host tissue but not in culture extracts. Alternatively,
P. brasiliensis yeast cells could present receptors able to
recognize and bind to MMP-9 secreted by the host,
contributing to the ECM turnover or to the fungal
dissemination into the tissue. It has been reported that
proteolytic enzymes secreted by bacteria activate host
pro-MMPs, and this would indicate an important role of
these components in immunopathology (Elkington ez al.
2005). Although no proteolytic activity of P. brasiliensis
had been detected in our in vitro assays, the occurrence of
a MMP-9-like enzyme in P. brasiliensis yeast cells or of
MMP-9-binding receptors during host infection cannot be
excluded.

Taken together, our findings demonstrate for the first time
the presence and the gelatinolytic activity of MMPs, particu-
larly of MMP-9, in P. brasiliensis infection, suggesting a
possible influence in the organization pattern of the granu-
lomatous lesions and also in fungal dissemination.
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