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Matrix metalloproteinases (MMPs) constitute a large family of enzymes with specificity for the various
proteins of the extracellular matrix which are implicated in tissue remodeling processes and chronic inflam-
matory conditions. To investigate the role of MMPs in immunity to mycobacterial infections, we incubated
murine peritoneal macrophages with viable Mycobacterium bovis BCG or Mycobacterium tuberculosis H37Rv and
assayed MMP activity in the supernatants by zymography. Resting macrophages secreted only small amounts
of MMP-9 (gelatinase B), but secretion increased dramatically in a dose-dependent manner in response to
either BCG or M. tuberculosis in vitro. Incubation with mycobacteria also induced increased MMP-2 (gelatinase
A) activity. Neutralization of tumor necrosis alpha (TNF-a), and to a lesser extent interleukin 18 (IL-18),
substantially reduced MMP production in response to mycobacteria. Exogenous addition of TNF-a or IL-18
induced macrophages to express MMPs, even in the absence of bacteria. The immunoregulatory cytokines
gamma interferon (IFN-g), IL-4, and IL-10 all suppressed BCG-induced MMP production, but through
different mechanisms. IFN-g treatment increased macrophage secretion of TNF-a but still reduced their MMP
activity. Conversely, IL-4 and IL-10 seemed to act by reducing the amount of TNF-a available to the macro-
phages. Finally, infection of BALB/c or severe combined immunodeficiency (SCID) mice with either BCG or M.
tuberculosis induced substantial increases in MMP-9 activity in infected tissues. In conclusion, we show that
mycobacterial infection induces MMP-9 activity both in vitro and in vivo and that this is regulated by TNF-a,
IL-18, and IFN-g. These findings indicate a possible contribution of MMPs to tissue remodeling processes that
occur in mycobacterial infections.

Infection with virulent mycobacterial species results in a
granulomatous disease of the affected organs. Granuloma for-
mation and activation of macrophages and T cells are crucial
parts of a protective cellular immune response (28, 31, 39).
T-cell immunity is mainly mediated by secretion of gamma
interferon (IFN-g), which induces effective macrophage killing
of ingested bacteria. Macrophages also secrete cytokines and
chemokines important for containing the infection. Among
these, tumor necrosis factor alpha (TNF-a) is important for
granuloma formation and host resistance (8, 15, 45), but if it is
produced in excess, or late in the infection, the effects can be
detrimental (3, 32, 49). Thus, the same effector mechanisms
can result in both protective immune responses and pathology,
depending on their strength and kinetics (11). These patholog-
ical processes are often associated with tissue remodeling and
breakdown of the extracellular matrix (ECM).

Matrix metalloproteinases (MMPs) constitute a large family
of Zn21- and Ca21-dependent endopeptidases, implicated in
tissue remodeling and chronic inflammation. They possess
broad and overlapping specificities and collectively have the
capacity to degrade all the components of the ECM (42, 52).
MMPs are produced by many cell types, including lymphocytes
and granulocytes, but in particular by activated macrophages
(17). MMPs are secreted as proenzymes, which are activated
by proteolytic cleavage and regulated by a family of inhibitors

called the tissue inhibitors of matrix metalloproteinases
(TIMPs), which are constitutively produced by a variety of
cells. Changes in actual MMP activity are thus dependent on
the balance between production and activation of MMPs and
the local levels of TIMPs. In rheumatoid arthritis, pulmonary
emphysema, periodontal disease, and inflammatory bowel dis-
ease, MMPs are believed to be responsible for much of the
associated tissue destruction (4, 35, 43, 50). In addition to their
direct effects on ECM proteins, MMPs can exacerbate inflam-
mation by activating the proinflammatory cytokine interleu-
kin-1b (IL-1b) or releasing cytokines such as TNF-a and IL-6
from cell surfaces (1, 21, 23). Their generation of chemotactic
fragments from ECM proteins may also contribute to the re-
cruitment of inflammatory cells (22, 40).

Little is known about MMP production during bacterial
infections and the contribution they make to immunity versus
pathology. Systemic Escherichia coli infection, acute Lyme neu-
roborreliosis, and pneumococcal meningitis can all lead to
secretion of significant amounts of MMP-9 (25, 29, 34), and in
the last infection MMP-9 is suggested to contribute to destruc-
tion of the blood-brain barrier and to neuronal injury. In cell
culture, MMP production is induced by bacterial products such
as lipopolysaccharide (LPS), phospholipase C, and clamydial
heat shock proteins (10, 14, 26, 54). Several proinflammatory
cytokines produced in response to bacterial infections, includ-
ing TNF-a, IL-1, and granulocyte-macrophage colony-stimu-
lating factor (GM-CSF), have also been shown to up-regulate
monocyte and macrophage MMP production in vitro (38, 55).
Significantly, a recent report has demonstrated increased levels
of MMP-9 in bronchoalveolar lavage fluids from tuberculosis
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Göteborg, Sweden. Phone: 46-31-342 4492. Fax: 46-31-826976. E-mail:
marianne.quiding@microbio.gu.se.

5661



patients and that heat-killed Mycobacterium tuberculosis as
well as mycobacterial cell wall components increase MMP-9
mRNA production by a myelomonocytic cell line (7).

In order to investigate the regulation of MMP expression by
live mycobacteria in more detail, we have compared the effects
of Mycobacterium bovis BCG and M. tuberculosis on MMP
expression by purified macrophages in culture and also in the
lungs, livers, and spleens of infected mice. We now show that
mycobacteria induce extensive production of the gelatinases
MMP-9 and MMP-2 both in vivo and in vitro and that this
process is regulated by both macrophage- and T-cell-derived
cytokines.

MATERIALS AND METHODS

Animals. CB-17/ICR severe combined immunodeficiency (SCID) mice were
bred under aseptic conditions and maintained in microisolator cages at the
London School of Hygiene and Tropical Medicine. BALB/c mice were pur-
chased from Harlan (Oxon, United Kingdom). Female animals between 8 and 15
weeks of age were used.

Bacterial strains and infections. M. tuberculosis strain H37Rv was obtained
from the American Type Culture Collection (ATCC 25618), and M. bovis BCG
was obtained from Statens Seruminstitut (Copenhagen, Denmark). Bacteria
were grown to mid-log phase, washed twice in phosphate-buffered saline, and
kept frozen at 270°C, and a fresh aliquot was thawed for each experiment. Mice
were infected with 106 CFU of M. tuberculosis H37Rv or BCG in 200 ml of
normal saline, via a lateral tail vein. The multiplicity of infection was calculated
from mycobacterial stocks which were stored at 270°C and regularly confirmed
by plating the bacterial input at the time of experimentation. In the case of M.
tuberculosis, the multiplicity of infection was confirmed by direct plating of the
inoculum in each experiment. Sham-infected mice received saline only. For in
vitro experiments, thawed aliquots of bacteria were kept at 4°C for up to 3 weeks
without loss of activity.

Stimulation of macrophage MMP expression in vitro. Peritoneal exudate cells
were collected 3 to 4 days following intraperitoneal injection of 10% Proteose
Peptone into naive mice by injection and retrieval of 10 ml of ice-cold RPMI
medium containing 1% fetal calf serum. Isolated cells were washed in medium
and plated at 2 3 106 cells/well in 24-well tissue culture plates in RPMI con-
taining 2.5% fetal calf serum, 100 IU of penicillin per ml, 100 mg of streptomycin
per ml, and 100 mM L-glutamine (Life Technologies, Paisley, United Kingdom).
Two hours later, plates were washed extensively with room temperature RPMI to
remove nonadherent cells, and the remaining adherent cells were subsequently
cultured in 0.5 ml of macrophage serum-free medium (MØ-SFM; Life Technol-
ogies) supplemented with penicillin and streptomycin as above. In the experi-
ments comparing BCG and M. tuberculosis, no antibiotics were used. Recombi-
nant IL-12, IL-18 (both from Genzyme, Cambridge, Mass.), TNF-a (Life
Technologies), or thawed and gently resuspended viable mycobacteria were
added and incubated at 37°C for up to 4 days. Input bacterial concentrations
ranged between 0.001 and 30 bacteria per macrophage. Culture medium was
collected, centrifuged at 10,000 rpm for 10 min in an Eppendorf centrifuge,
aliquoted, and stored at 220°C until analysis of MMP activity. In some experi-
ments, neutralizing antibodies to TNF-a (clone TN3, a kind gift from R. D.
Schreiber, Washington University School of Medicine, St. Louis, Mo.), IL-12
(clone C17.8, a kind gift from G. Trinchieri, Wistar Institute, Philadephia, Pa.)
(53), IL-18 (MBL Co., Ltd., Nagoya, Japan), GM-CSF (clone MPI.22E9.11, a
kind gift from J. Abrams, DNAX, Palo Alto, Calif.), blocking antibodies to the
IL-1b receptor (Pharmingen, San Diego, Calif.), or 5 mg of indomethacin (Sigma,
St. Louis, Mo.) per ml were added to the macrophage cultures immediately prior
to addition of bacteria or cytokines. In other cultures, recombinant IL-4 (Life
Technologies), IL-10 (R&D, Abingdon, United Kingdom), or IFN-g (Life Tech-
nologies) either were added for 20 h and then washed off before BCG stimula-
tion or were added at the same time as the BCG. Macrophage-conditioned
medium was generated by incubating naive peritoneal macrophages prepared as
above with 10 BCG bacteria per macrophage. The supernatant was removed
after 18 h and sterile filtered through a 22-mm-pore-size filter. Conditioned
medium was added to uninfected macrophages for 18 h and removed by washing
the macrophages twice in fresh medium, and MMP activity was assessed in the
supernatants after a further 24 or 72 h of incubation.

Specimen collection and extraction of MMP activity from tissues. Mice in-
fected intravenously (i.v.) with BCG or M. tuberculosis H37Rv were killed at
various time points after infection, and lungs, spleens, and livers were collected

for analysis of histology, bacterial burden, and protein extraction. For determi-
nation of pathology and granuloma formation in M. tuberculosis-infected mice,
approximately 200 mg from each organ was fixed in formalin, embedded in
paraffin, and subsequently used for routine hematoxylin and eosin staining for
morphology and Ziehl-Neelsen staining to detect mycobacteria. The bacterial
burden in each tissue was assessed in organs homogenized by passage through
100-mm nylon membranes in water containing 0.05% Tween 80. Serial 10-fold
dilutions of the homogenate in 7H10 medium were plated on Middlebrook 7H11
agar plates supplemented with oleic acid, albumin, dextrose, and catalase (all
from Difco, Detroit, Mich.) and incubated for 3 to 4 weeks at 37°C before the
counting of CFU. The remaining homogenized tissue was incubated for 2 h at
4°C, centrifuged at 10,000 rpm in an Eppendorf centrifuge, and sterile filtered.
The protein concentration was determined using the BCA kit (Pierce, Rockford,
Ill.), and the protein extract was frozen in aliquots at 220°C until analysis of
MMP activity. The organs of BCG-infected mice were prepared as above and
used directly for CFU determination and formalin fixation, and the remaining
snap-frozen tissue was kept at 270°C until used for protein extraction in water-
Tween 80 as above.

Detection of MMPs using zymography. The MMP activity in tissue extracts
and supernatants was analyzed using substrate gel sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) zymography (20). Tissue extracts
were adjusted to the same protein concentration (see below) and mixed with an
equal volume of nonreducing SDS-PAGE sample buffer (0.2 M Tris-HCl, 20%
glycerol, 6% SDS, 0.05% bromophenol blue, pH 6.7), and 40 ml of this mixture
was loaded per lane. Cell culture medium was mixed with an equal volume of
sample buffer, and 40 ml was loaded per lane. In some assays, the supernatants
were concentrated 20 times using Centricon tubes with a 10-kDa cutoff (Milli-
pore Corporation, Bedford, Mass.) before analysis. The samples were separated
in 7.5% polyacrylamide gels containing 1 mg of gelatin (type B, 225 Bloom;
Sigma) per ml or 0.5 mg of a-casein (Sigma) per ml at 120 V (gelatin gels) or 60
V (casein gels). The gels were then incubated for 30 min on a rotating platform
in Tris-buffered saline (10 mM Tris-HCl, 0.15 M NaCl, pH 7.6 [TBS]) containing
2.5% Triton X-100. They were washed three times in TBS and then incubated for
20 h at 37°C in TBS containing 5 mM CaCl2, 1% Triton X-100, and 0.02% NaN3.
Coomassie blue staining revealed the presence of gelatinolytic or caseinolytic
activity as clear bands against the blue background. Recombinant murine
MMP-9 or purified murine MMP-3 (both from Chemicon, Harrow, United
Kingdom) were used as positive controls, and the sensitivity of the assays was
.50 pg. Inclusion of 10 mM EDTA in assay buffers completely inhibited all
MMP activity in the samples, and the identity of MMP-9 in macrophage cultures
stimulated with BCG was further confirmed by Western blotting, using a poly-
clonal goat antibody reacting with murine MMP-9 (Santa Cruz Biotechnology,
Santa Cruz, Calif.).

To estimate the amount of active MMPs in a certain sample, the intensity of
the lytic bands was determined using Phoretix 1d software. Data are presented as
relative enzymatic activity obtained by dividing the optical density of the exper-
imental sample with that resulting from the activity of 2 ng of rMMP-9 separated
on the same gel. The procedure was validated by analyzing serial dilutions of
rMMP-9 by zymography, which yielded a straight-line relationship between
MMP concentration and optical density for samples containing between 0.5 and
8 ng of MMP-9 (relative enzymatic activities between 0.25 and 3). The total
amount of tissue-extracted protein that was loaded onto the gel was adjusted to
fall within this range, resulting in 3, 40, and 20 mg of total spleen, liver, and lung
proteins, respectively, being loaded in individual lanes.

Cytokine detection. The concentration of TNF-a in culture supernatants was
determined by enzyme-linked immunosorbent assay (ELISA). Ninety-six-well
plates were coated with 5 mg of anti-murine TNF-a monoclonal antibody TN3
per ml. Captured TNF-a was detected by stepwise addition of a polyclonal rabbit
serum raised against murine TNF-a, horseradish peroxidase-labeled goat anti-
rabbit antibodies (Kirkegaard & Perry Laboratories, Inc., Gaithersburg, Md.), 1
mg of 2,29-azinobis(3-ethylbenzthiazolinesulfonic acid) (ABTS), and 0.04%
H2O2 substrate. Standard curves were constructed using recombinant mouse
TNF-a, and the sensitivity of the assay was .1 ng/ml.

Statistical evaluation. Differences in enzymatic activity between groups of
mice were evaluated using the two-tailed t test for independent samples.

RESULTS
Stimulation with BCG induces macrophage secretion of

MMPs. To determine if mycobacteria can induce secretion of
MMPs from macrophages, peritoneal macrophages were incu-
bated with 10 live M. bovis BCG bacteria per macrophage, and
culture supernatants were collected at various time points.
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Zymography analyses showed a low but consistent secretion of
MMP-9 (gelatinase B) in media from unstimulated cells cul-
tured for 48 h. Stimulation with BCG increased MMP-9 ex-
pression within 6 h, and it rose progressively, reaching a max-
imum after 48 h (Fig. 1A). The identity of MMP-9 was further
confirmed by Western blotting. In contrast, production of
MMP-2 (gelatinase A) was not detected until after 48 h of
incubation with BCG, and maximal MMP-2 activity was con-
sistently less than that of MMP-9. Neither MMP-2 nor MMP-9
production was influenced by addition of the PGE2 synthase
inhibitor indomethacin (data not shown).

Reproducible induction of MMP-9 activity was observed
with 0.01 BCG bacterium per macrophage and increased in a
dose-dependent manner at least up to 30 BCG bacteria per
macrophage (Fig. 1B). Our results indicate that upregulation
of MMP activity by mycobacteria occurs equally well in re-
sponse to live and dead bacteria. Thus, the presence (Fig. 1;
see also Fig. 2, 3, and 5) or absence (see Fig. 7) of streptomycin
in the culture media has no effect on the magnitude of the
response observed under these conditions. Production of other
gelatinolytic enzymes, particularly MMP-3 or MMP-7, was not
observed under these conditions or in casein zymograms, even
after concentrating the culture supernatants 20 times. To-
gether these results demonstrate that BCG is a relatively se-

lective inducer of MMP-9, and to a lesser extent MMP-2,
expression by murine macrophages in vitro.

The role of macrophage-derived cytokines in MMP induc-
tion by BCG. Under the culture conditions we used, BCG is
readily phagocytosed (13), which induces the secretion of a
range of macrophage-derived cytokines. To compare the role
of ingestion per se versus cytokine secretion in MMP induc-
tion, macrophages were incubated with BCG and neutralizing
antibodies to selected proinflammatory cytokines known to be
produced after BCG ingestion (12, 13, 46, 51), and the result-
ing supernatants were assayed by zymography. When low num-
bers of BCG bacteria were incubated with the macrophages
(0.1 BCG bacterium per macrophage), neutralization of
TNF-a abolished MMP-9 induction (Fig. 2), while antibodies
to IL-18 partially reduced MMP-9 secretion. When higher
bacterial burdens were used (10 BCG bacteria per macro-
phage), the effect of anti-TNF-a antibodies was still evident,
whereas antibodies to IL-18 had no detectable effect. In the
latter setting, however, the combination of antibodies to
TNF-a and IL-18 resulted in a further decrease in MMP ac-
tivity, compared to the effect of anti-TNF-a alone (data not
shown). In contrast, addition of antibodies to IL-12 or GM-
CSF, or blocking of the IL-1bR, did not affect the MMP
response (Fig. 2).

FIG. 1. M. bovis BCG induces gelatinase activity in macrophages. Macrophage monolayers were incubated with either medium alone or 10
BCG bacteria per macrophage for various times (A) or for 48 h with 0.01 to 30 BCG bacteria per macrophage (B). Cell culture supernatants were
analyzed for gelatinase activity using zymography. Data presented are representative of four independent experiments.
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In order to determine if cytokines alone could induce MMP
secretion to the same extent as BCG, macrophages were cul-
tured with purified recombinant TNF-a or IL-18 in the ab-
sence of mycobacteria. TNF-a induced a dose-dependent pro-
duction of MMP-9, with concentrations as low as 1 ng/ml
resulting in increased levels of MMP-9 after 24 h of stimulation
(Fig. 3A). In contrast, 10 ng of TNF-a per ml was needed to
induce MMP-2, which was not detected until after 72 h of
stimulation (Fig. 3B). When macrophages were cultured with
IL-18, only $30 ng of IL-18 per ml induced increased produc-
tion of MMP-9, but not until 72 h after stimulation (Fig. 3C).
Addition of TNF-a plus IL-18 did not induce any further MMP
production than that observed with either cytokine alone (data
not shown). We have no evidence to suggest that the MMP
activity induced by IL-18 results from increased TNF-a secre-
tion, since this cytokine could not be detected in supernatants
from IL-18-stimulated macrophages, and neutralization of
TNF-a in these cultures did not inhibit the IL-18-induced
MMP production. Furthermore, the ability of secreted prod-

ucts from BCG-stimulated macrophages to influence MMP
production was tested using conditioned media from BCG-
stimulated macrophages, which induced a slightly increased
MMP-9 activity, but not to the same extent as did infection
with BCG (data not shown). Together, these results indicate
that TNF-a and IL-18 produced by macrophages in response
to mycobacterial infection induce MMP activity in an autocrine
fashion.

Effects of immunoregulatory cytokines on macrophage
MMP production. In granulomas, macrophages are subjected
to the effects of several immunomodulatory cytokines, some of
the more prominent being the activating cytokine IFN-g and
the inhibitory cytokines IL-10 and IL-4 (19, 33). To examine if
BCG-induced MMP production could be further modulated by
these cytokines, macrophages were preincubated with any one
of these cytokines and then stimulated with BCG as described
above. In parallel experiments, the cytokines were added at the
same time as BCG, and all cell cultures were analyzed by
zymography. Addition of IFN-g inhibited MMP-9 production

FIG. 2. Neutralization of TNF-a or IL-18 inhibits M. bovis BCG-induced MMP secretion by macrophages. Macrophage monolayers were
incubated with either medium alone (MØ) or with 0.1 BCG bacterium per macrophage (MØ BCG) in the absence or presence of neutralizing
antibodies to TNF-a, IL-18, IL-12, GM-CSF, or the IL-1b receptor CD121a (MØ BCG Ab), or relevant isotype control antibodies (MØ BCG
control). Cell culture supernatants were harvested after 72 h and analyzed for gelatinase activity using zymography. Data presented are
representative of two to four independent experiments.
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either when the macrophages were pretreated for 20 h before
addition of BCG or when IFN-g was added at the same time
(Fig. 4). Paradoxically, IFN-g treatment resulted in reduced
MMP production despite increasing levels of TNF-a in the
cultures compared to the MMP production of those with BCG
alone (Fig. 4).

We also examined the effect of IL-10, a cytokine with inhib-
itory effects on macrophage effector function, on BCG-induced
MMP-9 activity. Minimal effect was seen on MMP activity

when macrophages were pretreated with different concentra-
tions of IL-10 and then stimulated with BCG (Fig. 5). On the
other hand, addition of IL-10 at the same time as BCG re-
sulted in a clear reduction in the amount of MMP-9 secreted
by the macrophages. In contrast to what was observed with
IFN-g, the inhibitory effect of IL-10 on MMP-9 expression
correlated with reduced TNF-a levels (Fig. 5) and could be
overcome by addition of exogenous TNF-a to the cultures
(data not shown). Treatment with IL-4 resulted in a modest

FIG. 3. Recombinant TNF-a and IL-18 induce macrophage MMP activity. Macrophage monolayers were incubated in medium alone or with
increasing concentrations of recombinant murine TNF-a for 24 h (A) or 72 h (B) or with recombinant murine IL-18 for 72 h (C). Cell culture
supernatants were analyzed for gelatinase activity using zymography. No MMP activity could be detected in IL-18-stimulated cultures by 24 h. Data
presented are representative of three to five independent experiments.
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reduction of MMP-9 activity in both assay protocols. As with
IL-10, the reduction in MMP-9 activity correlated with reduced
levels of TNF-a in the culture supernatants (data not shown).

In vivo production of MMPs during BCG infection. To de-
termine if increased MMP activity was also a feature of myco-
bacterial infections in vivo, MMP levels were assayed in tissue
homogenates prepared from spleens, livers, and lungs of
BALB/c mice during the course of infection with BCG. The
baseline MMP activity in uninfected or saline-treated mice
differed between the organs but was consistent between ani-
mals. The spleen had the highest baseline MMP-9 activity
(relative enzyme activity, 0.85 6 0.17 [mean 6 standard devi-
ation] in 20 mg of total proteins), whereas the lung activity was
lower (0.38 6 0.11 in 20 mg) and the liver activity was almost
undetectable in naive animals (0.13 6 0.03 in 40 mg). The
MMP-9 activity in extracts from spleens increased over the first
4 weeks after infection compared to that of uninfected con-
trols, and then it remained elevated (Fig. 6). MMP-9 activity in

the lungs and livers of BCG-infected mice was also increased
compared to that of controls, particularly at day 78 postinfec-
tion (data not shown). A low, constitutive MMP-2 activity was
observed in all uninfected tissues tested and did not increase
over the time course of the experiment. No MMP-3 or MMP-7
activity could be detected in spleens, livers, or lungs collected
5, 29, and 78 days after infection.

The course of infection followed a classical pattern for BCG
in immunocompetent mice. The bacterial load rose from 5.4 3
105 6 0.03 3 105 CFU in the spleen to the highest seen in the
organs (2.7 3 106 6 0.01 3 106 CFU/spleen) 22 days after
infection. After this initial replication, the bacterial growth was
controlled and CFU numbers returned to the level seen at the
beginning of the experiment.

Infection with M. tuberculosis induces MMP production in
vivo and in vitro. We next asked how virulent M. tuberculosis
affected macrophage MMP production in comparison to BCG.
In peritoneal macrophages, M. tuberculosis induced a vigorous

FIG. 4. IFN-g regulates macrophage production of MMP-9. Macrophage monolayers were incubated with medium alone or with 1 to 100 IU
of IFN-g per ml either for 20 h prior (pretreated) or at the time of addition of 10 M. bovis BCG bacteria per macrophage (IFN-g in culture). Cell
culture supernatants were harvested 48 h later, assayed for gelatinase activity using zymography, and analyzed for TNF-a content in ELISA.
Variation between duplicates in ELISA was consistently ,5%. Data presented are representative of three independent experiments, with the
TNF-a concentrations from the same cultures given above each zymogram lane.

FIG. 5. IL-10 regulates macrophage production of MMP-9. Macrophage monolayers were incubated with medium alone or with 1 to 100 IU
of IL-10 per ml either for 20 h prior to (pretreated) or at the time of addition of 10 M. bovis BCG bacteria per macrophage (IL-10 in culture).
Cell culture supernatants were harvested 48 h later, assayed for gelatinase activity using zymography, and analyzed for TNF-a content in ELISA.
Variation between duplicates in ELISA was consistently ,5%. Data presented are representative of three independent experiments, with the
TNF-a concentrations from the same cultures given above each zymogram lane.
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MMP-9 response that was dose dependent and of at least the
same magnitude as that induced by BCG (Fig. 7).

The presence of MMPs in protein extracts from spleens,
livers, and lungs was then determined in BALB/c mice infected
i.v. with 106 M. tuberculosis H37Rv organisms for 5 months. At
this time point, there was substantial inflammation and mature
organized granulomas were seen in the livers. In the lungs,
granulomas corresponded to lesions of categories 3 to 4 as
defined by Rhoades et al. (37), i.e., focal lesions of epithelioid
macrophages with some scattered lymphocytic foci. In this
experiment, spleen, liver, and lung tissues from infected ani-
mals all had levels of MMP-9 which were significantly in-
creased compared to those of age-matched sham-infected con-
trols (Fig. 8A).

In order to assess MMP activity in vivo in a situation without
the T-cell-dependent control of mycobacterial growth, gelati-
nase activity was determined in organs from M. tuberculosis-
infected SCID mice on a BALB/c background. These mice
were infected with M. tuberculosis H37Rv, and tissues were
collected both early (8 days) and relatively late (22 days) after
infection. The lack of T cells resulted in an accelerated pathol-
ogy with necrosis and a large influx of neutrophils in the late
stage of the infection. Bacterial replication was not controlled
in any of the organs studied. Mean bacterial numbers were as
high as 1.4 3 109 in the spleens, 3.0 3 108 in the livers, and

5.0 3 108 in the lungs, and the mice died about 35 days
postinfection. Eight days after infection, no effects on the
MMP levels of the SCID mice were seen. In contrast, 2 weeks
later a fourfold increase in MMP-9 could be seen in the livers
and lungs of these animals (Fig. 8B). These experiments dem-
onstrate that M. tuberculosis is a potent inducer of gelatinase
activity both in vivo and in vitro.

DISCUSSION

In this article we show that mycobacterial infection is a
powerful stimulus for production of MMP-9 (gelatinase B) and
MMP-2 (gelatinase A) by murine macrophages. The mycobac-
terial induction of MMPs was mediated by macrophage secre-
tion of TNF-a and IL-18 and was regulated by the T-cell-
associated cytokines IFN-g and IL-4, as well as by IL-10.
Infection of both immunocompetent and SCID mice with M.
tuberculosis or BCG also resulted in increased MMP-9 activity
in several organs.

In order to study MMP responses from normal, nontrans-
formed macrophages after interaction with mycobacteria, we
used an in vitro model in which peritoneal macrophages were
stimulated with BCG or M. tuberculosis. In this system, small
numbers of bacteria from both species were able to induce
prominent production of MMP-9. Preliminary experiments
also showed that stimulation with Mycobacterium avium in-
duced comparable levels of MMP-9 activity in macrophages,
and therefore, MMP-9 induction seems to be a common fea-
ture of mycobacterial infection. Apart from MMP-9 and
MMP-2, no other MMPs could be detected after stimulation
with BCG, an MMP profile that is in agreement with the range
of MMPs induced by in vitro stimulation of macrophages with
LPS or in vitro infection with Borrelia spp. (25, 54). A previous
study (7) also demonstrated that inactivated M. tuberculosis
induced increased MMP-9 production in a myelomonocytic
cell line. We have now extended these findings by demonstrat-
ing the effects of both live and inactivated mycobacteria on
freshly isolated macrophages and have also characterized the
cytokine network regulating mycobacterium-induced macro-
phage MMP-production.

Several observations indicate that the most important factor
contributing to MMP production after BCG stimulation in
vitro is the cytokine response which the mycobacteria induce.
Thus, blocking of TNF-a inhibited BCG-induced MMP pro-
duction, and addition of recombinant TNF-a to untreated
macrophages induced MMP-9 activity to the same extent as
live BCG bacteria. Indeed, the concentration of recombinant
TNF-a needed to induce MMP-9 activity was similar to the
levels of TNF-a induced in macrophage cultures by stimulation
with BCG. Finally, conditioned, sterile-filtered media from
BCG-infected macrophages induced increased levels of MMP
activity. Previous studies have demonstrated the ability of
TNF-a to induce MMP production by different cell types in
vitro (24, 38, 50, 51, 55), but this study is the first to demon-
strate the involvement of TNF-a in MMP production induced
by a pathogenic bacterium. In addition to the effect of TNF-a
neutralization, antibodies to IL-18 also had a reproducible, but
less pronounced, inhibitory effect and stimulation with recom-
binant IL-18 also enhanced MMP-9 activity. This effect of
IL-18 on MMP production has not been documented before,

FIG. 6. Infection with M. bovis BCG increased spleen MMP-9 ac-
tivity in vivo. Sham-infected BALB/c mice (white bars) and mice in-
fected i.v. with 106 BCG bacteria (black bars) were killed at various
time points after infection. Tissue homogenates from spleens were
analyzed by gelatin zymography. Data are presented as the relative
enzymatic activity in pooled samples consisting of 1 mg of total protein
per animal from spleen homogenates from three mice per group.
When representative samples were assayed from individual mice, the
standard deviations of relative MMP activity ranged from 5 to 19% of
the means.

FIG. 7. M. tuberculosis induces gelatinase activity in macrophages
in vitro. Macrophage monolayers were incubated either with medium
alone or with 0.1 or 10 M. tuberculosis H37Rv or M. bovis BCG bacteria
per macrophage. Cell culture supernatants were collected after 48 h
and analyzed for gelatinase activity using zymography. Data presented
are representative of two independent experiments.
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and the previously reported effects of IL-18 on macrophages
have mainly been inhibitory, such as attenuating LPS-induced
IL-12 and TNF-a secretion (6, 36). Other proinflammatory
cytokines produced by macrophages in response to ingestion of
mycobacteria, such as IL-1b and GM-CSF (12, 51), have been
shown to promote MMP secretion in vitro, alone or in synergy
with TNF-a (38, 55). However, the BCG-induced secretion of
MMP-9 and MMP-2 shown here was not influenced by neu-
tralization of IL-1, IL-12, or GM-CSF. Taken together, these
results indicate the existence of an autocrine loop involving key
cytokines (among them TNF-a and IL-18) which induce mac-

rophage production of MMPs in response to mycobacteria.
Indomethacin treatment did not affect macrophage MMP pro-
duction, suggesting that the BCG-induced MMP production is
largely independent of prostaglandin E2. This again supports
the view that a major part of BCG-induced MMP production
is mediated by macrophage cytokines produced in response to
the infection, since cytokine- but not LPS-induced MMP-9
production is independent of prostaglandin E2 (41, 55).

Macrophage function and activation stage are dependent on
the net effect of the regulatory cytokines that the macrophage
encounters (48). TNF-a and IL-18 are produced during myco-

FIG. 8. Infection with M. tuberculosis induces increased MMP-9 activity in vivo. (A) BALB/c mice were infected i.v. with 106 M. tuberculosis
H37Rv bacteria, and homogenates were prepared from spleens, livers, and lungs of sham-infected age-matched controls (white bars) and of
infected mice (black bars) 5 months later and analyzed by gelatin zymography. (B) SCID mice were infected i.v. with 106 M. tuberculosis H37Rv
bacteria, and homogenates were prepared from spleens, livers, and lungs of sham-infected age-matched controls (white bars) and of infected mice
8 days (grey bars) and 22 days (black bars) later and analyzed by gelatin zymography. Data are presented as means 1 standard deviations of the
relative enzymatic activity in samples from individual mice (three per group) with the same total protein content loaded (lungs, 20 mg; spleens, 3
mg; and liver, 40 mg of total protein/lane). p, P , 0.05; pp, P , 0.01; ppp, P , 0.001 when comparing with the uninfected animals.
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bacterial infection and are important for containing the infec-
tion, presumably by promoting IFN-g secretion from T cells
and NK cells (2, 15, 16, 30). TNF-a and IFN-g often act in
synergy to enhance macrophage effector functions, partly since
IFN-g induces expression of TNF-R and increases the activa-
tion of NF-kB induced by TNF-a stimulation (5, 18). Never-
theless, IFN-g and TNF-a have opposing effects on macro-
phage MMP secretion induced by mycobacteria. In support of
this finding, IFN-g has previously been shown to down-regu-
late LPS- and cytokine-induced MMP production (38, 54), but
the intracellular signaling events resulting in decreasing MMP
production in IFN-g-containing cultures are presently un-
known. We cannot determine if IFN-g binding results in a
direct decrease in the amounts of MMPs produced in our
system or rather in increased TIMP production. Earlier studies
suggest, however, that the potential of IFN-g to down-regulate
macrophage gelatinase activity in cytokine- or LPS-stimulated
macrophages does not result from increased TIMP synthesis
(44, 47). NO has been suggested to decrease MMP secretion
from macrophages (27), and IFN-g-induced NO production
might therefore be one of the mechanisms resulting in de-
creased MMP-9 activity.

In addition to IFN-g, the immunomodulatory cytokines
IL-10 and IL-4 also down-regulate BCG-induced MMP activ-
ity. However, in this case the effects seem to be indirect, ac-
complished by reducing the amount of TNF-a available to the
macrophages. It seems, therefore, that macrophage MMP pro-
duction can be modulated in two ways by regulatory cells,
either directly by IFN-g or indirectly by altering the magnitude
of the TNF-a response with macrophage-deactivating cyto-
kines such as IL-10 and IL-4.

Increased MMP activity in response to mycobacterial infec-
tion was not only an in vitro phenomenon, since infection with
BCG or M. tuberculosis results in significantly increased
MMP-9 activity in several tissues in immunocompetent mice.
These observations are consistent with the finding of increased
MMP levels in bronchoalveolar lavage specimens from pa-
tients with active tuberculosis (7) and now provide an experi-
mental model in which to dissect their contribution to immu-
nopathology versus resistance in vivo. Thus, we could monitor
the different kinetics of induction of MMP-9 activity in several
organs after infection with BCG.

The increased tissue MMP activity in SCID mice after in-
fection with M. tuberculosis is of particular interest. Vigorous
MMP-9 responses were seen during the late stage of the in-
fection in lungs and livers of SCID mice infected with M.
tuberculosis. At this time point, the infection is characterized by
extensive tissue damage combined with a large neutrophil in-
filtration, especially in the lungs. The excessive MMP produc-
tion in SCID mice may partly result from a reduced level of the
T-cell-associated cytokine IFN-g, which would down-regulate
MMP activity in an immunocompetent mouse. The influence
of large bacterial loads in the tissues may also be one of the
reasons for the high MMP-9 activity, and the large number of
infiltrating neutrophils may also contribute to the tissue con-
tent of MMP-9, since neutrophils harbor preformed MMP-9 in
their granulae (43).

The implications of increased MMP activity in the various
organs during mycobacterial infections are still unclear, but we
speculate that the breakdown of the extracellular matrix is

necessary for cell recruitment and efficient granuloma forma-
tion. Thus, MMP production may be essential for the devel-
opment of protective immune responses to mycobacteria.
However, MMP activity may also play an important role in the
pathology of mycobacterial infections by destroying the tissue
integrity. Dysregulation of MMP production at late stages of
the infection could be one of the factors resulting in tissue
damage. The generation of chemotactic fragments from the
ECM may also contribute to cell recruitment to inflammatory
foci (22, 40). In view of recent in vitro data demonstrating that
M. avium-induced MMP activity promotes human immunode-
ficiency virus replication and spread in T cells, MMP produc-
tion in vivo during mycobacterial infections is probably a con-
tributing factor to the mutual exacerbation of both diseases in
patients coinfected with M. tuberculosis and human immuno-
deficiency virus type 1 (9).

In conclusion, we show that mycobacterial infections induce
increased MMP-9 activity both in vitro and in vivo and that this
activity is regulated by TNF-a, IL-18, and IFN-g. These find-
ings indicate possible contributions of these enzymes to tissue
remodeling processes in tuberculous lesions in vivo.
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