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Arthritis is one of the most common complications of human brucellosis, but its pathogenic mechanisms
have not been elucidated. Fibroblast-like synoviocytes (FLS) are known to be central mediators of joint damage
in inflammatory arthritides through the production of matrix metalloproteinases (MMPs) that degrade
collagen and of cytokines and chemokines that mediate the recruitment and activation of leukocytes. In this
study we show that Brucella abortus infects and replicates in human FLS (SW982 cell line) ir vitro and that
infection results in the production of MMP-2 and proinflammatory mediators (interleukin-6 [IL-6], IL-8,
monocyte chemotactic protein 1 [MCP-1], and granulocyte-macrophage colony-stimulating factor [GM-CSF]).
Culture supernatants from Brucella-infected FLS induced the migration of monocytes and neutrophils in vitro
and also induced these cells to secrete MMP-9 in a GM-CSF- and IL-6-dependent fashion, respectively.
Reciprocally, culture supernatants from Brucella-infected monocytes and neutrophils induced FLS to produce
MMP-2 in a tumor necrosis factor alpha (TNF-«)-dependent fashion. The secretion of proinflammatory
mediators and MMP-2 by FLS did not depend on bacterial viability, since it was also induced by heat-killed
B. abortus (HKBA) and by a model Brucella lipoprotein (L-Omp19). These responses were mediated by the
recognition of B. abortus antigens through Toll-like receptor 2. The intra-articular injection of HKBA or
L-Omp19 into the knee joint of mice resulted in the local induction of the proinflammatory mediators MMP-2
and MMP-9 and in the generation of a mixed inflammatory infiltrate. These results suggest that FLS, and
phagocytes recruited by them to the infection focus, may be involved in joint damage during brucellar arthritis

1

through the production of MMPs and proinflammatory mediators.

Human brucellosis is a systemic febrile illness with a pleth-
ora of somatic complaints resulting from infection with Bru-
cella species. The disease usually spreads to humans by direct
contact with infected animals, by the ingestion of unpasteur-
ized milk or milk products, through cuts and abrasions, or by
the inhalation of aerosols. Brucellosis is chiefly an inflamma-
tory disease. Inflammation is present in both the acute and
chronic phases of the disease and in virtually all of the organs
affected. The most common clinical features of human brucel-
losis are undulant fever, sweats, arthralgias, myalgias, lymph-
adenopathy, and hepatosplenomegaly (39).

Arthritis is one of the most common complications or focal-
izations of human brucellosis and may be caused by different
Brucella species. Articular involvement may be observed for
either acute or chronic cases of human brucellosis (1, 17, 25)
and may affect patients of any age (1, 3, 17, 25). Arthritis is
frequently polyarticular and migratory, affecting mainly the
large joints, but monoarthiritis may be the presenting feature
of brucellosis (25, 29). The clinical features include joint pain,
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which may be severe and of sudden onset or mild and gradual
in onset. Joint swelling, tenderness, increased local warmth,
and limitation of movement are common, and the arthritis may
last while the disease is active and not treated. Image studies
have revealed cartilage loss and bone erosion in brucellar ar-
thritis affecting different joints (3, 28). These lesions may even-
tually lead to permanent joint dysfunction. Brucella sp. is iso-
lated from synovial fluid samples in about 50% of the cases.
The synovial membrane of the affected joint may present a
lymphomononuclear infiltrate in the chronic phase of the dis-
ease but usually presents a polymorphonuclear infiltrate in
acute cases (17, 29).

Septic arthritis may be caused by different bacteria, among
which Staphylococcus aureus is the leading cause and has been
commonly used in animal models to study the pathogenesis of
this condition (4). Both clinical and animal studies have shown
that septic arthritis may be secondary to the hematogenous
seeding of a joint during transient or persistent bacteremia (4,
35). The infiltration and growth of bacteria within the syno-
vium result in inflammation with the infiltration of leukocytes
into the joint fluid. There is a rapid influx of polymorphonu-
clear leukocytes (PMN), later followed by the migration of
mononuclear phagocytes (48). An increased expression or se-
cretion of proinflammatory cytokines can be detected in the
synovial membrane or the synovial fluid during infection in
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animal models and clinical cases of septic arthritis (21, 38, 58).
Under most circumstances, the inflammatory response con-
tains the invading pathogen and resolves the infection. How-
ever, when the infection is not quickly cleared by the host, the
potent activation of the immune response with the associated
high levels of cytokines leads to joint destruction. High cyto-
kine concentrations increase the release of host matrix metal-
loproteinases (MMPs) that degrade collagen and thus lead to
cartilage loss (15, 44, 54).

MMPs comprise a family of calcium- and zinc-dependent
proteinases that degrade collagens and other extracellular ma-
trix proteins through selective and overlapping substrate spec-
ificities (5, 36). These enzymes have many physiological func-
tions but may have detrimental effects when their levels are
highly increased, as occurs in many inflammatory processes.
MMP-2 and MMP-9 (gelatinases A and B, respectively) are
important in the pathogenesis of osteoarticular diseases, since
they can degrade a variety of collagens, including the basement
membrane (type IV collagen), denatured fibrillar type I colla-
gen (gelatin), and type V collagen (34). Notably, in a recent
study we found a high level of gelatinase activity in the synovial
fluid of a patient with prepatellar bursitis due to Brucella abor-
tus, as revealed by zymography, and also confirmed the pres-
ence of high levels of MMP-9 by an enzyme-linked immu-
nosorbent assay (ELISA), which suggests that MMPs may be
involved in the osteoarticular damage associated with Brucella
infection (52).

While MMPs can be produced by activated neutrophils and
monocytes recruited to the inflamed synovium, fibroblast-like
synoviocytes (FLS) have been increasingly recognized as a key
source of these proteases in inflammatory arthritides (2, 33,
37). FLS respond to, and themselves produce, inflammatory
mediators, including interleukin-1 (IL-1), IL-4, IL-6, IL-8, IL-
10, 1L-12, IL-13, 1L-17, IL-18, IL-21, tumor necrosis factor
alpha (TNF-o), transforming growth factor B (TGF-B), and
gamma interferon (IFN-v). In particular, TNF-a and IL-1B
have been shown to be the main inducers of MMP production
by FLS (33). It is assumed that these cytokines are produced
mainly by neutrophils and monocytes recruited to the infected
or inflamed synovium. Such a recruitment may be mediated by
chemokines produced by FLS in response to infection, thus
establishing a cytokine network between FLS and phagocytes.
Notably, FLS may increase their MMP production not only in
response to cytokines but also in response to bacterial antigens.
FLS have been reported to express Toll-like receptors (TLRs),
particularly TLR2 (43). Human FLS treated with a cell lysate
or filtered culture supernatants of S. aureus had significantly
enhanced expressions of several MMPs compared with un-
treated controls (23). In another study, the expression of MMP
mRNAs was upregulated in human FLS treated with staphy-
lococcal peptidoglycan, and the levels of IL-6 and IL-8 in the
culture supernatants were also increased (27).

Against this background we decided to investigate the pro-
duction of MMPs by human FLS in response to Brucella in-
fection and upon interactions with Brucella-infected monocytes
or neutrophils.

MATERIALS AND METHODS

Bacterial culture. Brucella abortus S2308 cells were grown overnight in 10 ml
of tryptic soy broth with constant agitation at 37°C. Bacteria were harvested by
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centrifugation for 15 min at 6,000 X g at 4°C and washed twice in 10 ml of
phosphate-buffered saline (PBS). Bacterial numbers in the cultures were esti-
mated by comparing the optical densities at 600 nm with a standard curve
obtained in our laboratory. To prepare inocula, cultures were diluted in sterile
PBS to the desired bacterial concentration on the basis of the optical density
readings, but the precise concentrations of inocula were determined by plating
cells onto tryptic soy agar. To obtain heat-killed B. abortus (HKBA), bacteria
were washed five times for 10 min each in sterile PBS, heat killed at 70°C for 20
min, aliquoted, and stored at —70°C until they were used. The total absence of
B. abortus viability after heat killing was verified by the absence of bacterial
growth on tryptose soy agar. All live Brucella manipulations were performed in
biosafety level 3 facilities.

Cell culture. The immortalized human FLS cell line SW982 was obtained from
the ATCC (Rockville, MD). The fibroblast phenotype of SW982 cells has been
demonstrated by their expression of vimentin, a fibroblast marker (30, 51). This
cell line has been successfully used to study the expressions of inflammatory
cytokines and MMPs by FLS upon different stimuli (30, 47, 56). The SW982 cell
line was cultured as monolayers in a 5% CO, atmosphere at 37°C in a Dulbecco’s
modified Eagle medium F-12 nutrient mixture (Gibco, Grand Island, NY) sup-
plemented with 2 mM L-glutamine, 10% heat-inactivated fetal bovine serum
(FBS) (Gibco), 100 U/ml penicillin, and 100 pg/ml streptomycin.

Human neutrophils were isolated from venous blood from healthy human
volunteers by a Ficoll-Paque (GE Healthcare, Uppsala, Sweden) gradient, fol-
lowed by the sedimentation of erythrocytes in 6% dextran and hypotonic lysis.
Neutrophils were harvested, washed twice with sterile PBS, and resuspended at
a concentration of 1 X 10° cells/ml in RPMI 1640 medium supplemented with
5% FBS, 1 mM glutamine, 100 U/ml penicillin, and 100 p.g/ml streptomycin. Cell
viability was >98%, as determined by trypan blue exclusion. The purity of the
final neutrophil preparation was >95%, as assessed by morphological examina-
tion after Giemsa staining and flow cytometry light scatter patterns. The human
monocytic cell line THP-1 was cultured in a 5% CO, atmosphere at 37°C in
RPMI 1640 medium (Gibco) supplemented with 2 mM L-glutamine, 10% heat-
inactivated FBS, 100 U/ml penicillin, and 100 pg/ml streptomycin. All cell lines
were seeded at 5 X 10° cells/well in 24-well plates.

Lipoproteins and LPS. The lipidated and unlipidated forms of the 19-kDa
outer membrane protein from B. abortus (L-Omp19 and U-Omp19, respectively)
were obtained in a recombinant form in Escherichia coli cells as described
previously (14). Both recombinant proteins contained less than 0.25 endotoxin
units per ug of protein as assessed by a Limulus amebocyte lysate test (Associates
of Cape Cod, East Falmouth, MA). The protein concentration was determined
by the bicinchoninic acid method (Pierce, Rockford, IL) using bovine serum
albumin (BSA) as a standard. B. abortus S2308 lipopolysaccharide (LPS) and
E. coli O111k58H2 LPS were provided by I. Moriyon (University of Navarra,
Pamplona, Spain). The synthetic lipohexapeptide tripalmitoyl-S-glyceryl-Cys-
Ser-Lys4-OH (Pam;Cys) was purchased from Boehringer Mannheim (India-
napolis, IN).

Cellular infection. SW982 cells were infected with B. abortus S2308 at different
multiplicities of infection (MOIs) (100, 250, 500, or 1,000), and neutrophils and
THP-1 cells were infected at an MOT of 100.

After the bacterial suspension was dispensed, the plates were centrifuged for
10 min at 1,000 X g and then incubated for 2 h at 37°C under a 5% CO,
atmosphere. Cells were extensively washed with RPMI medium to remove ex-
tracellular bacteria and incubated in medium devoid of FBS and supplemented
with BSA (0.01%), along with 100 pg/ml gentamicin and 50 pg/ml streptomycin
to kill extracellular bacteria (complete medium). Supernatants from infected
cultures were harvested at 24 h postinfection (p.i.) to be used as conditioned
medium and at 48 h p.i. for measuring MMP concentrations.

Measurement of cytokine concentrations. Concentrations of human IL-13,
IL-6, IL-8, monocyte chemotactic protein 1 (MCP-1), TNF-q, and granulocyte-
macrophage colony-stimulating factor (GM-CSF) were measured in culture su-
pernatants by sandwich ELISA, using paired cytokine-specific monoclonal anti-
bodies, according to the manufacturer’s instructions (BD Pharmingen, San
Diego, CA). Mouse IL-1B, IL-6, MCP-1 (BD Pharmingen, San Diego, CA), and
keratinocyte chemoattractant (KC) (CXCL1) secretions were quantified by
ELISA (R&D Systems Inc., Minneapolis, MN) of supernatants from tissue
homogenates from knee joints injected with Brucella antigens (see below).

Stimulation with conditioned media. Culture supernatants from Brucella-in-
fected SW982 cells (MOI of 100) were harvested at 24 h p.i., sterilized by
filtration through a 0.22-pm nitrocellulose filter, and used to stimulate nonin-
fected neutrophils and THP-1 monocytes. Similarly, culture supernatants from
Brucella-infected neutrophils and THP-1 cells were harvested at 24 h p.i. and
used to stimulate uninfected SW982 cells. For stimulation, supernatants were
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used diluted 1/2, 1/5, or 1/10 in complete medium. After 48 h the supernatants
from these stimulated cultures were harvested to measure MMP concentrations.

Neutralization experiments were performed with an anti-TNF-o neutralizing
antibody (clone MAb1; BD Biosciences, San Diego, CA), an anti-GM-CSF
neutralizing antibody (clone BVD2-23B6; BD Biosciences), or an anti-IL-6 neu-
tralizing antibody (clone MQ2-13A5; BD Biosciences). The appropriate isotype
control was used in each case. Conditioned media from Brucella-infected cells
(FLS, monocytes, or neutrophils) were preincubated with the corresponding
antibody (or isotype control) for 1 h at 37°C before being used to stimulate other
cell types.

Zymography. Gelatinase activity was assayed by the method of Hibbs et al.
(20). Briefly, a total of 20 pl of cell culture supernatants from infected or
stimulated FLS, neutrophils, or monocytes or from untreated controls was mixed
with 5 pl of 5X loading buffer (0.25 M Tris [pH 6.8], 50% glycerol, 5% SDS, and
bromophenol blue crystals) and loaded onto 10% SDS-PAGE gels containing 1
mg/ml gelatin (Sigma-Aldrich, Argentina SA). Following electrophoresis, gels
were washed with a solution containing 50 mM Tris-HCI (pH 7.5) and 2.5%
Triton X-100 (buffer A) for 30 min and with buffer A added with 5 mM CaCl,
and 1 wM ZnCl, for 30 min and were later incubated with buffer A with
additional 10 mM CaCl, and 200 mM NaCl for 48 h at 37°C. This denaturation/
renaturation step promotes MMP activity without the proteolytic cleavage of
pro-MMP-9. Gelatin activity was visualized by the staining of the gels with 0.5%
Coomassie blue. Unstained bands indicated the presence of gelatinase activity,
and their positions indicated the molecular weights of the enzymes involved. The
identity of the candidate MMP was confirmed by a specific ELISA, as explained
below.

Measurement of MMP-9 and MMP-2 levels. MMP-2 levels present in condi-
tioned medium from SW982 cells and MMP-9 levels present in conditioned
medium from neutrophils and THP-1 cells were quantified by sandwich ELISA
using paired MMP-specific monoclonal antibodies according to the manufac-
turer’s instructions (R&D Systems, Minneapolis, MN).

Gelatinase activity under native conditions. The gelatinase activity in unpro-
cessed culture supernatants (native conditions) was measured by using a gela-
tinase/collagenase fluorometric assay kit (EnzChek; Invitrogen, Carlsbad, CA)
according to the manufacturer’s instructions. The EnzChek kit contains DQ
gelatin, a fluorescein-conjugated gelatin so heavily labeled with fluorescein that
fluorescence is quenched. When this substrate is digested by gelatinases or
collagenases, it yields highly fluorescent peptides, and the fluorescence increase
is proportional to the proteolytic activity. Collagenase purified from Clostridium
histolyticum provided in the assay kit served as a control enzyme. Plates were
read with a fluorescence plate reader (Victor3; Perkin-Elmer, Waltham, MA).

Migration assay. Cell migration was evaluated by using 96-well microche-
motaxis plates with 5-um-pore-diameter polycarbonate filters (Corning, Corning,
NY). Human neutrophils and THP-1 cells (1 X 10° cells/ml) were placed into the
upper well of the chambers, and the indicated stimuli (dilutions of culture
supernatants from B. abortus-infected SW982 cells) were placed into the lower
wells. Migration was scored by counting the number of monocytes or neutrophils
that had reached the bottom well after 2 h. Migration toward N-formyl-L-me-
thionyl-L-leucyl-L-phenylalanine (fMLP) (1 X 107 M) (Sigma-Aldrich) served
as a positive control. The number of migrating cells was expressed as follows:
chemoattractant index = number of cells migrating to the tested medium/num-
ber of cells migrating to fresh culture medium.

Stimulation with B. abortus antigens and TLR agonists. SW982 cells (5 X 10°
cells/ml) were incubated with E. coli LPS (100 ng/ml), B. abortus LPS (1,000
ng/ml), Pam;Cys (50 ng/ml), HKBA (1 X 10 bacteria/ml), or L-Omp19 (1,000
ng/ml) in a final volume of 0.4 ml. Cultures were incubated for 24 h, and
supernatants were assayed for cytokine production. In some experiments cells
were incubated with 20 wg/ml of anti-human TLR2 antibody (clone TL2.1),
anti-human TLR4 antibody (clone HTA125), or an IgG2a isotype control (eBio-
science) for 30 min at 37°C before incubation with the antigens and agonists
mentioned above.

Evaluation of the articular inflammatory reaction in a mouse model. Six- to
eight-week-old female BALB/c mice were anesthetized with ketamine chlorhy-
drate (150 mg/kg of body weight) and xylazine (15 mg/kg) and then injected
intra-articularly into the knee joint with 50 ul of HKBA (1 X 10° CFU), L-
Omp19 (500 ng), U-Omp19 (500 ng), E. coli LPS (500 ng) as a positive control,
or vehicle (PBS). Mice were sacrificed at 5 days postadministration.

To determine cytokine levels and MMP production in the joints, knees from
each mouse were excised by removing the skin and cutting just above and below
the joint and were placed immediately into 1 ml of cold PBS. Joint extractions
were performed by using a tissue homogenizer. Homogenates were centrifuged
at 2,000 X g for 20 min at 4°C, and supernatants were stored at —70°C until
cytokine and MMP measurements were performed.
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FIG. 1. Infection and replication of B. abortus within human FLS
(SW982 cell line). After infection at different MOIs (from 100 to
1,000), cells were incubated with antibiotics to kill extracellular bacte-
ria. (A) Cell lysates obtained at different times p.i. were plated onto
agar to determine intracellular CFU. (B and C) MMP-2 production at
48 h p.i. by B. abortus-infected FLS was determined by zymography
(B) and ELISA (C). Data shown are from a representative experiment
of five performed. ***, P < 0.001 versus the control.

In another group of mice histological examination of joints was carried out at
day 5 poststimulation after routine fixation, decalcification, and paraffin embed-
ding. Five-micrometer-thick sections were cut and stained with hematoxylin and
eosin.

Statistical analysis. Statistical analysis was performed with a one-way analysis
of variance (ANOVA), followed by a Tukey post hoc test using GraphPad Prism
4.0 software. Data are represented as means * standard deviations (SD).

RESULTS

Brucella abortus invades and multiplies in human FLS. In-
fection experiments showed that Brucella abortus 2308 is inter-
nalized by human FLS (SW982 cell line) in vitro. The magni-
tude of the infection (intracellular CFU) was related directly to
the MOI used but was observed even at MOlIs as low as 100
(Fig. 1A). Follow-up of infected cultures revealed that B. abor-
tus can replicate inside human FLS. Intracellular CFU counts
increased by about 2 to 3 logs (depending on the initial MOTI)
during the first 48 h p.i. and then increased slightly during the
next 24 h.
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FIG. 2. Cytokine and chemokine production by FLS infected with Brucella abortus at an MOI of 100 to 1,000. (A to D) Levels of GM-CSF (A),
IL-6 (B), MCP-1 (C), and IL-8 (D) measured at 48 h p.i. (E and F) Migration of human monocytes (E) and neutrophils (F) induced by culture
supernatants from Brucella-infected or noninfected (NI) FLS, as measured in a microchemotaxis plate. Supernatants were added pure or diluted
1/2 or 1/5 in fresh culture medium. Migrated cells were counted at 2 h, and results are expressed as a chemoattractant index (CI) (the number of
cells that migrated to conditioned medium divided by the number of cells that migrated to fresh culture medium). Migration toward N-formyl-
L-methionyl-L-leucyl-phenylalanine (fMLP) served as a positive control. Data shown are from a representative experiment of five performed. *,

P < 0.05; #*, P < 0.01; %%, P < 0.001 (versus the control).

Brucella abortus infection induces MMP-2 by human FLS.
As mentioned above, human FLS can respond to bacterial
antigens with an enhanced secretion of MMPs. Therefore, we
tested whether B. abortus infection induces MMP expression in
SW982 cells. As shown in Fig. 1B, an increased gelatinase
activity was detected by zymography in the supernatants of
infected cells at 48 h p.i., which, according to the molecular
weight of the band, corresponded to MMP-2. This was con-
firmed by ELISA, which revealed significantly increased levels
of MMP-2 in supernatants of infected cells compared to unin-
fected cells (Fig. 1C). By both methods the magnitude of
MMP-2 release was related directly to the MOI used. These
results indicate that B. abortus can infect and replicate in hu-
man FLS in which it induces the secretion of MMP-2.

Brucella abortus infection induces GM-CSF, IL-6, MCP-1,
and IL-8 but not TNF-a and IL-1$ production by FLS. As
mentioned above, FLS can produce several cytokines and

chemokines in response to bacterial antigens (27, 40). As
shown in Fig. 2A to D, B. abortus infection of the synoviocyte
cell line SW982 elicited the secretion of GM-CSF, IL-6,
MCP-1, and IL-8 in an MOI-dependent fashion. The maxi-
mum stimulus-specific levels of these factors were detected
48 h after infection. No further increases in levels of these
cytokines and chemokines were detected at 72 h p.i. (not
shown). In addition, B. abortus infection did not induce a
significant increase of TNF-a or IL-1B secretion (not shown).

Supernatants from B. abortus-infected FLS induce monocyte
and neutrophil migration. Since we found that Brucella abor-
tus-infected FLS secrete the chemokines IL-8 and MCP-1,
experiments were conducted to evaluate if supernatants from
Brucella-infected FLS were able to induce the migration of
neutrophils and monocytes. For this purpose, human periph-
eral blood neutrophils or monocytic THP-1 cells were placed
into the top wells of microchemotaxis chambers, and different
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FIG. 3. (A and B) MMP-2 production by FLS upon stimulation with culture supernatants from B. abortus-infected monocytes. FLS were
stimulated with culture supernatants from infected THP-1 monocytes (added at a 1/2, 1/5, or 1/10 proportion) or from noninfected (NI) monocytes
(at a 1/2 proportion), and MMP-2 production was determined by ELISA (A) and zymography (B). Data shown are from a representative
experiment of five performed. ***, P < 0.001 versus the control. (C and D) Inhibition of the stimulating effect of culture supernatants from
infected monocytes by preincubation with a neutralizing antibody against TNF-a. FLS were incubated with culture supernatants preincubated or
not (untreated) with the neutralizing antibody. As a control, other FLS cultures were incubated with fresh culture medium supplemented with
recombinant human TNF-a (thTNF-a), pretreated or not with the neutralizing antibody. MMP-2 levels were determined by ELISA (C) or
zymography (D). Data shown are from a representative experiment of five performed. *#*, P < 0.001 versus untreated supernatants.

dilutions of supernatants from infected or noninfected FLS
were placed into the bottom wells of the chambers. Migration
was scored by counting the number of cells that reached the
lower chamber after a 2-h incubation period. The background
migration of both cell types in chambers containing fresh cul-
ture medium instead of culture supernatants was computed. As
shown in Fig. 2E and F, the migrations of both monocytes and
neutrophils in chambers containing supernatants from infected
FLS were significantly greater than background migration, and
the same was true for migration in the fMLP controls. In
contrast, the migration in chambers containing supernatants
from noninfected FLS remained at background levels. These
results suggest that IL-8 and MCP-1 secreted by Brucella-in-
fected FLS may play an important local regulatory role in
inflammation due to its chemoattractant function, recruiting
inflammatory cells to the site of infection. These recruited cells
may respond to bacterial antigens with the secretion of proin-
flammatory cytokines, which in turn may induce FLS to secrete
MMPs. Therefore, we decided to study the effects of cytokines
secreted by Brucella-infected monocytes and neutrophils on
the production of MMPs by FLS.

Culture supernatants from B. abortus-infected monocytes
induce MMP-2 production by FLS through TNF-a. The addi-
tion of supernatants from B. abortus-infected monocytes at
different proportions (1/2 to 1/10) to uninfected FLS induced a
significant secretion of MMP-2 by the latter cells compared to
that in unstimulated cultures (Fig. 3A and B). In contrast,

MMP-2 secretion was not induced when FLS were stimulated
with supernatants from noninfected monocytes.

In agreement with data from previous reports (10), signifi-
cantly elevated levels of TNF-«, IL-18, and IL-6 expression
were detected in culture supernatants of THP-1 cells at 24 h
after exposure to live B. abortus S2308 cells (MOI of 25 to 100)
(not shown). Since TNF-« is known to be a strong inducer of
MMP-2 production by different cell types, including FLS (32,
53), we decided to determine the contribution of this cytokine
to the induction of MMP-2 in FLS by supernatants from B.
abortus-infected monocytes. As shown in Fig. 3C and D, the
pretreatment of supernatants with an anti-TNF-a neutralizing
antibody reduced markedly their ability to stimulate MMP-2
secretion by FLS, while the isotype control had no effect. Com-
pared to untreated supernatants, pretreatment reduced the
MMP-2 expression level induced by stimulation with superna-
tants from Brucella-infected THP-1 cells by 91.1% (Fig. 3C).
The ability of the anti-TNF-« antibody to neutralize the stim-
ulating effect of TNF-a on MMP-2 secretion was demonstrated
by a parallel experiment in which FLS were stimulated with
recombinant TNF-a. These results indicated that the inducing
effect of supernatants from Brucella-infected monocytes on
MMP-2 expression by FLS was mediated almost exclusively by
TNF-a.

Culture supernatants from B. abortus-infected neutrophils
induce MMP-2 production by FLS through TNF-«. Similar to
the results obtained with infected monocytes, supernatants
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supernatants from B. abortus-infected neutrophils. (A and B) FLS
were stimulated with supernatants from infected neutrophils (added at
a1/2,1/5, or 1/10 proportion) or from noninfected (NI) neutrophils (at
a 1/2 proportion), and MMP-2 production was determined by ELISA
(A) and zymography (B). Data shown are from a representative ex-
periment of five performed. ***, P < 0.001 versus control. (C) This
stimulating effect was inhibited by the pretreatment of supernatants
with a neutralizing antibody to TNF-a for 1 h before addition to FLS.

from B. abortus-infected neutrophils induced MMP-2 secretion
by uninfected FLS in a dose-dependent fashion (1/2 to 1/10)
(Fig. 4A and B). In agreement with previous reports (9), sig-
nificantly elevated levels of TNF-a and IL-1B were detected in
culture supernatants from human neutrophils at 24 h after
exposure to live B. abortus S2308 cells (MOI of 25 to 100) (not
shown). Therefore, to test the participation of TNF-« in the
stimulating effect of such supernatants on MMP-2 production
by FLS, we used the same experimental approach as that
described in the previous section for supernatants from in-
fected monocytes.

As shown in Fig. 4C, pretreatment with an anti-TNF-a neu-
tralizing antibody reduced markedly the ability of supernatants
from Brucella-infected neutrophils to stimulate MMP-2 secre-
tion by FLS, while the isotype control had no effect. These
results suggest that TNF-a is the main mediator of the induc-
ing effect of supernatants from Brucella-infected neutrophils
on MMP-2 expression by FLS.

INFECT. IMMUN.

Culture supernatants from Brucella-infected FLS induce
MMP-9 production by monocytes through GM-CSF. As men-
tioned above, monocytes and neutrophils could be attracted to
the site of infection in response to chemokines produced by
Brucella-infected FLS. Upon such recruitment, cytokines pro-
duced by the latter cells may have several effects on the at-
tracted phagocytes, including the induction of MMP secretion.
Therefore, we evaluated the production of MMP-9 by nonin-
fected monocytes upon stimulation with culture supernatants
from Brucella-infected FLS. Supernatants added at different
proportions induced a significant production of MMP-9 by
THP-1 monocytes compared to unstimulated cultures (Fig. SA
and B). In contrast, MMP-9 secretion was not stimulated by
supernatants from noninfected FLS. Several cytokines and
growth factors have been shown to stimulate MMP-9 produc-
tion by monocytes, including IL-1B, TNF-a, and GM-CSF, and
were candidates for mediators of the stimulating effect of
synoviocyte culture supernatants (19, 26, 57). However, we
have mentioned above that Brucella-infected FLS did not se-
crete IL-1B or TNF-a. In contrast, as shown in Fig. 2A, B.
abortus-infected FLS secrete GM-CSF, which is known to stim-
ulate MMP-9 production by monocytes (57). To evaluate
whether GM-CSF may be involved in the ability of conditioned
media from Brucella-infected FLS to stimulate MMP-9 in
monocytes, these conditioned media were preincubated or not
with an anti-GM-CSF monoclonal neutralizing antibody (or an
isotype control) before being used to stimulate THP-1 cells. As
shown in Fig. 5C and D, the neutralization of GM-CSF almost
abolished the ability of FLS supernatants to stimulate MMP-9
secretion by monocytes, while the isotype control had no effect.
These results indicated that the inducing effect of supernatants
from Brucella-infected FLS on MMP-9 expression by mono-
cytes was mediated almost exclusively by GM-CSF.

Culture supernatants from infected FLS induce MMP-9
production by neutrophils through IL-6. Experiments were
conducted to assess whether supernatants from B. abortus-
infected FLS were able to induce MMP-9 secretion by neutro-
phils. The addition of supernatants from infected FLS at dif-
ferent proportions (1/2 to 1/10) to uninfected neutrophils
induced a significant secretion of MMP-9 by the latter cells
compared to that in unstimulated cultures. In contrast, MMP-9
secretion was not induced when neutrophils were stimulated
with supernatants from noninfected FLS (Fig. 6A and B).

IL-18 and TNF-a are well-known inducers of MMPs in
neutrophils, but as mentioned above, these cytokines are not
produced by Brucella-infected FLS and were thus ruled out as
mediators of the inducing effect described above. Since GM-
CSF and IL-6 are also known to induce MMP production by
different cell types (8, 26, 46) and both factors are produced by
Brucella-infected FLS (Fig. 2A and B), we decided to test their
potential role as mediators of the MMP-9 induction by culture
supernatants from infected FLS. Neutrophils were incubated
in the presence of supernatants from Brucella-infected FLS
preincubated or not for 1 h with an anti-GM-CSF monoclonal
neutralizing antibody, an anti-IL-6 neutralizing antibody, or
the corresponding isotype controls. As shown in Fig. 6C, the
neutralization of GM-CSF did not inhibit the induction of
MMP-9 in neutrophils by supernatants from infected FLS,
even when we used an anti-GM-CSF concentration higher
than that suggested to neutralize completely the GM-CSF con-
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FIG. 5. MMP-9 production by monocytes upon stimulation with supernatants from B. abortus-infected FLS. (A and B) Monocytes were
stimulated with supernatants from infected FLS (added at a 1/2, 1/5, or 1/10 proportion) or from noninfected (NI) FLS (added at a 1/2 proportion),
and MMP-9 production was determined by ELISA (A) and zymography (B). Data shown are from a representative experiment of five performed.
*%%, P < 0.001 versus the control. (C and D) Inhibition of the stimulating effect of culture supernatants by preincubation with a neutralizing
antibody to GM-CSF. Culture supernatants from infected FLS were incubated with the neutralizing antibody or with an isotype control for 1 h
before addition to monocytes. MMP-9 production by the latter cells was determined by ELISA (C) and zymography (D). Data shown are from
a representative experiment of five performed. ***, P < 0.001 versus untreated supernatants.

centration detected by ELISA in supernatants from B. abortus-
infected FLS. In contrast, the neutralization of IL-6 in culture
supernatants from Brucella-infected FLS partially inhibited the
inducing effect of these supernatants on MMP-9 secretion by
neutrophils (Fig. 6D), suggesting that IL-6 is involved in such
an induction.

Brucella abortus-induced secretion of MMP-2 and cytokines
in FLS is mediated by L-Omp19 recognition through TLR-2.
Next, we assessed whether viable B. abortus cells are necessary
to induce GM-CSF, 1L-6, IL-8, MCP-1, and MMP-2 secretion
by FLS or, alternatively, whether secretion can be induced by
structural components of the bacterium. To accomplish this
goal, we examined the role of specific bacterial components
and heat-killed B. abortus S2308 (HKBA).

As shown in Fig. 7, FLS stimulated with HKBA produced
elevated levels of GM-CSF, IL-6, IL-8, and MCP-1, in general
in a dose-dependent fashion, indicating that the secretion of
these factors can be stimulated by a structural component of B.
abortus. Since we previously found that B. abortus lipoproteins
induce cytokine, chemokine, and MMP secretion in different
cell types (13, 14, 41, 59), we hypothesized that lipoproteins
could also mediate such effects in FLS.

To test this hypothesis, we used recombinant L-Omp19 as
a Brucella lipoprotein model. FLS were incubated with L-

Omp19, and culture supernatants were harvested 48 h later to
measure the secretion of cytokines and chemokines by ELISA.
As shown in Fig. 7, L-Omp19 induced the secretion of GM-
CSF, IL-6, IL-8, and MCP-1, in general in a dose-dependent
fashion, and a significant production of all these factors was
seen with as little as 10 ng/ml of L-Omp19. In all cases
induction was dependent on the lipidation of L-Omp19, as
U-Omp19 failed to upregulate the expression of the factors
evaluated, even when it was used at a concentration of 1,000
ng/ml. To ascertain whether the effects elicited by L-Omp19
could be extended to all B. abortus lipoproteins, the production
of cytokines was also evaluated in FLS incubated with a syn-
thetic lipohexapeptide (Pam;Cys) that mimics the structure of
the lipoprotein lipid moiety. As shown in Fig. 7, Pam;Cys also
stimulated cytokine and chemokine expression by FLS. These
results indicate that the Pam;-modified cysteine is the molec-
ular structure of L-Omp19 that induces GM-CSF, IL-6, IL-8,
and MCP-1 upregulation. At variance with the results obtained
with L-Omp19, B. abortus LPS did not induce cytokine or
chemokine production, even when used at high doses (1,000
ng/ml), while LPS from E. coli used at 100 ng/ml elicited the
secretion of high levels of all these factors (Fig. 7).

We have previously demonstrated that TLR2 mediates re-
sponses to HKBA and B. abortus lipoproteins in different cell
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(D) MMP-9 production by neutrophils was inhibited by the pretreatment of FLS supernatants with a neutralizing antibody to IL-6 for 1 h before

addition to neutrophils, while an isotype control had no effect.

types (14, 41, 59). Consequently, we analyzed the role of TLR2
in the induction of cytokine and chemokine secretion from
FLS in response to HKBA and L-Omp19. In addition, we
evaluated whether TLR2-mediated stimulation with HKBA
and lipoproteins can also induce MMP-2 secretion by these
cells. FLS were preincubated with anti-TLR2 or anti-TLR4
antibodies or the corresponding isotype controls and then cul-
tured with HKBA or L-Omp19. E. coli LPS and Pam;Cys were
used as control agonists for TLR4 and TLR2 evaluations, re-
spectively. The production of cytokines (Fig. 8A to D) and
MMP-2 (Fig. 8E and F) in culture supernatants was evaluated.
The preincubation of FLS with anti-TLR4 had no effect on the
production of GM-CSF, IL-6, IL-§, MCP-1, and MMP-2 in
response to HKBA or L-Omp19 but, as expected, significantly
blocked the production of these factors in response to E. coli
LPS. In contrast, preincubation with the anti-TLR2 antibody
inhibited significantly the production of all evaluated factors
induced by Pam;Cys, L-Omp19, and HKBA. Isotype controls
had no effect on any of the responses investigated. These
results indicate that, in FLS, the secretion of cytokines, chemo-
kines, and MMP-2 induced by B. abortus depends on ligand
recognition by TLR2. In addition, our results strongly suggest
that the TLR2 ligands on HKBA are lipoproteins. In contrast,
B. abortus LPS, which signals through TLR4, is not involved in
the induction of cytokines, chemokines, or MMP-2 secretion
by FLS in response to HKBA.

Supernatants from Brucella-infected FLS and neutrophils
cleave gelatin in the fluid phase. In vivo, the activity of MMPs
is counterbalanced by the activity of inhibitors, including those
belonging to the tissue inhibitor of metalloproteinage (TIMP)
family (5). Therefore, the net gelatinase or collagenase activity

in a complex sample, such as culture supernatants, depends on
the balance between MMP and TIMP activities. This net ac-
tivity is not revealed by zymographic methods, since MMP-
TIMP complexes may dissociate during gel electrophoresis. To
assess whether an increased net gelatinase activity is generated
by Brucella-infected FLS or neutrophils, culture supernatants
from these cells were incubated with a nonfluorescent gel-
atin-fluorescein conjugate, and the fluorescence unmasked
as a consequence of gelatin degradation was measured with a
fluorometer. As shown in Fig. 9, the enzymatic activity (mea-
sured as fluorescence) increased significantly in supernatants
of Brucella-infected FLS or neutrophils compared to unin-
fected cells, and the increase was MOI dependent. These re-
sults showed that Brucella infection leads to a net increase of
gelatinase activity in the vicinity of infected FLS or neutrophils.

B. abortus and L-Omp19 induce inflammation in the knee
joints of BALB/c mice. Our hypothesis is that B. abortus or-
ganisms that have access to the joint can cause inflammation
and that this inflammatory response may lead to articular dam-
age. To corroborate our hypothesis, HKBA, L-Omp19, and
U-Omp19 were injected into the knee joints of mice, and
animals were sacrificed 5 days later. Joints were cut, homoge-
nized, and extracted with PBS for cytokine and MMP deter-
minations. As shown in Fig. 10A, levels of TNF-a, IL-1B, IL-6,
MCP-1, and IL-8 were significantly increased in the joints of
mice injected with HKBA, L-Omp19, or E. coli LPS (positive
control) compared to joints injected with PBS (negative
control). In contrast, the levels of these cytokines were not
increased in mice injected with U-Omp19. As revealed by
zymography (Fig. 10B), the expression levels of MMP-2 and
MMP-9 were increased in the joints of mice injected with
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FIG. 7. Cytokine and chemokine production by FLS stimulated with B. abortus antigens and TLR agonists. Cells were stimulated with
heat-killed B. abortus (HKBA) (1 X 107 to 1 X 10° bacteria/ml), E. coli LPS (Ec LPS) (100 ng/ml), B. abortus LPS (Ba LPS) (1,000 ng/ml), L-Omp19
(10 ng/ml, 100 ng/ml, or 1,000 ng/ml), U-Omp19 (1,000 ng/ml), or Pam;Cys (50 ng/ml) or were not stimulated (control), and the levels of GM-CSF
(A), IL-6 (B), MCP-1 (C), and IL-8 (D) were determined by ELISA of culture supernatants. Data shown are from a representative experiment
of five performed. *, P < 0.05; *%, P < 0.01; #%%, P < 0.001 (versus the control).

HKBA or L-Omp19 compared to PBS controls but remained
unchanged in mice injected with U-Omp19.

Articular sections were analyzed after eosin-hematoxylin
staining. As shown in Fig. 10C, joints inoculated with HKBA,
L-Ompl9, or E. coli LPS exhibited a mixed inflammatory
infiltrate (neutrophils and monocytes), vasodilation, stasis,
edema, and synovial hyperplasia, whereas those inoculated
with U-Omp19 or PBS showed only an extravasation of red
cells due to the injection procedure. No recruitment of any
type of leukocyte was observed for the contralateral joints of
animals injected with the antigens (not shown) or for any joint
of animals injected with PBS (Fig. 10C). These results indicate
that the presence of B. abortus within the joint can induce an
inflammatory response that leads to a neutrophilic and mono-
cytic infiltrate.

DISCUSSION

Fibroblast-like synoviocytes (FLS) have been recognized as
central mediators of joint damage in inflammatory arthritides
of either infectious or noninfectious origins. Besides their di-
rect pathogenic role due to the production of MMPs that
degrade collagen, FLS may produce several cytokines, chemo-
kines, and growth factors that may mediate the recruitment of
leukocytes to the synovium and their subsequent activation. In
agreement with this proposed role of FLS in arthritides, in the

present study we show that FLS respond to B. abortus infection
with the production of MMP-2 and proinflammatory media-
tors and that the latter can promote the transmigration of
monocytes and neutrophils. Moreover, we show that reciprocal
interactions may be established between FLS and phagocytic
cells, such that factors produced by each cell type in response
to B. abortus infection induce the production of MMPs in the
other cell type.

Although joint damage has been widely described for arthri-
tis due to Brucella species, the pathogenic mechanisms under-
lying such lesions have not been investigated. Given the central
role of FLS in destructive lesions of septic and nonseptic in-
flammatory arthritides, we hypothesized that these cells may
also have an important role in lesions associated with brucellar
arthritis. We found that B. abortus infects and replicates in
human FLS and that such an infection induces these cells to
produce MMP-2 and proinflammatory mediators. The ability
of B. abortus to invade, survive, and replicate within FLS is in
line with its capacity to replicate in other nonphagocytic cells,
including epithelial cells, hepatocytes, and osteoblasts (9-11).
To our knowledge, there are no reports about the ability of
Brucella to infect human FLS in vivo. This may be explained in
part by ethical restrictions, since a biopsy of the affected joint
may be justified only in exceptional situations. Nevertheless, in
the few published studies in which a culture of synovial mem-
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FIG. 8. TLR2 dependency of cytokine, chemokine, and MMP-2 expressions induced in FLS by HKBA and L-Omp19. Cells were incubated with
anti-TLR2 or anti-TLR4 blocking antibodies or an isotype control for 30 min before the addition of heat-killed B. abortus (HKBA) (1 X 107
bacteria/ml), E. coli LPS (Ec LPS) (100 ng/ml), L-Omp19 (100 ng/ml), or Pam;Cys (50 ng/ml). Culture supernatants were harvested 48 h later to
assess the levels of GM-CSF (A), IL-6 (B), MCP-1 (C), and IL-8 (D) by ELISA, and MMP-2 expression was assessed by zymography (E and F).
Data shown are from a representative experiment of five performed. *#%, P < 0.001 versus anti-TLR2 or anti-TLR4 treatment, whichever is

applicable.

brane samples was performed, Brucella was isolated from such
samples (6, 24). Importantly, cultures of synovial fluid were
negative in these cases, suggesting that the bacterium was lo-
cated intracellularly in the synovial membrane. In support of
this hypothesis, foci of intracytoplasmic granular reactions
were detected by immunofluorescence with anti-Brucella anti-
bodies in the synovial surface of joints obtained from cattle
experimentally infected with B. abortus S19 (22, 55). Interest-
ingly, FLS are located in the intimal layer of the synovium,
which agrees with the “synovial surface” location described in
that study.

In spite of the proposed role of FLS in the articular damage
of septic arthritis, the ability of bacteria to infect FLS and elicit
an inflammatory response or the secretion of MMPs in these
cells has been scarcely evaluated (18, 31, 45). The present study
demonstrates that FLS respond to B. abortus infection with the

production of MMP-2 and proinflammatory mediators, which
agrees with the findings of those previous studies. As men-
tioned above, a proposed pathogenic role of FLS in inflamma-
tory arthritides is the degradation of articular cartilage through
the secretion of MMPs. It is well known that in vivo, the activity
of MMPs is regulated by natural inhibitors called TIMPs. Since
such an inhibition may not be evidenced by zymography or
capture ELISA, we assessed the gelatinase activity of culture
supernatants from Brucella-infected FLS under native condi-
tions by using a fluorometric method. This assay demonstrated
the presence of a net gelatinase activity in these supernatants,
suggesting that the MMP-2 induction detected in Brucella-
infected FLS may contribute to collagen degradation.

The chemokines MCP-1 and IL-8 were among the inflam-
matory mediators detected in supernatants from Brucella-in-
fected FLS, which is especially interesting because one of the
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FIG. 9. MMP-2 and MMP-9 activities in culture supernatants from
B. abortus-infected FLS (A) and neutrophils (B) under native condi-
tions. Supernatants were incubated with a fluorescein-conjugated gel-
atin substrate (DQ; Invitrogen) that produces highly fluorescent pep-
tides when gelatin is digested. Data are expressed in fluorescence units
informed by the fluorometer. *, P < 0.05; #*, P < 0.01; **%, P < 0.001
(versus uninfected cells [control]).

proposed roles of FLS in inflammatory arthritides is the re-
cruitment of leukocytes through the secretion of chemokines.
Notably, in line with this hypothesis, we found that culture
supernatants from Brucella-infected FLS induce the migration
of monocytes and neutrophils. Both phagocytic types have
been implicated in the inflammatory reaction of brucellar ar-
thritis. According to Madkour (29) the synovial membrane
may show noncaseating granulomata, but the most frequent
finding is a nonspecific inflammatory change. Khateeb et al.
described diffuse nonspecific inflammation with scarce granu-
lomatous fibrous deposits (25). In a case affecting the carpus,
Seal and Morris described the presence of a mixed infiltrate
with a predominance of lymphocytes, plasma cells, and histio-
cytes and smaller numbers of polymorphonuclear leukocytes
(42). The mixed nature of the infiltrate may be the result of a
dynamic inflammatory reaction during brucellar arthritis. In
cattle experimentally infected with B. abortus S19, a marked
inflammation dominated by neutrophils was observed along
the joint surface during the first 3 days postinfection, but this
infiltrate evolved to a lymphocytic and histiocytic one by 14
days p.i. (22). In vivo, recruited neutrophils and monocytes may
contribute to joint damage in at least two ways. First, these
cells may phagocytize bacteria present in the infection focus
and be activated to produce proinflammatory cytokines that in
turn may induce further MMP secretion by FLS. In line with
this hypothesis we found that culture supernatants from Bru-
cella-infected monocytes or neutrophils induce MMP-2 pro-
duction in FLS. As demonstrated by the use of neutralizing
antibodies, the main inducer of MMP-2 secretion present in
these supernatants was TNF-a. The preponderant role of
TNF-a as an MMP inducer in FLS agrees with the findings of

BRUCELLA-INFECTED SYNOVIOCYTES SECRETE MMPs 3629

several previous studies (12, 32, 33, 53). It has been shown that
TNF-a is upregulated in the joints of mice with S. aureus
arthritis and that the local secretion of TNF-a in the joint
cavity gives rise to an increased severity of arthritis (58). The
second potential contribution of phagocytes to joint damage is
through their secretion of MMPs upon activation by microbial
molecules during phagocytosis or in response to stimulation
with proinflammatory factors. We have previously shown that
human monocytes and neutrophils produce MMP-9 in re-
sponse to B. abortus infection (9, 41). In the present study we
show that monocytes and neutrophils can also be stimulated to
produce MMP-9 by soluble factors produced by Brucella-in-
fected FLS. As shown by neutralization experiments with spe-
cific antibodies, these stimulating effects are mediated almost
exclusively by GM-CSF in the case of monocytes and mediated
at least partially by IL-6 in the case of neutrophils. Overall,
these results suggest that a cytokine network may operate
during articular infection by B. abortus in which infected FLS
secrete chemokines that attract monocytes and neutrophils to
the infection focus. Upon contact with the bacterium these
phagocytes may secrete TNF-a, which activates MMP-2 secre-
tion by FLS. Reciprocally, MMP-9 secretion may be activated
in phagocytes by cytokines (GM-CSF and IL-6) produced by
Brucella-infected FLS. In addition, both FLS and phagocytes
may produce MMPs (MMP-2 and MMP-9, respectively) di-
rectly in response to B. abortus infection.

FLS express Toll-like receptors (TLR), particularly TLR2
(43), and therefore can produce cytokines and MMPs not only
in response to infection but also in response to bacterial anti-
gens (23, 27). In line with this last property we found that
heat-killed B. abortus (HKBA) can stimulate cytokine and
MMP-2 production by human FLS, clearly indicating that
these FLS responses may be elicited by one or more structural
components of B. abortus. Since Brucella lipoproteins induce
the production of proinflammatory cytokines in several cell
types (13, 14, 59) and can also induce MMP-9 production by
human monocytes (41), we hypothesized that such lipoproteins
could also stimulate the production of cytokines and MMP-2 in
FLS. Using Omp19 as a model Brucella lipoprotein, we found
that its lipidated version (L-Omp19), but not its unlipidated
form, induced the production of proinflammatory cytokines
and MMP-2 by FLS. The same effect was observed for
Pam;Cys, a synthetic lipohexapeptide that mimics the core
structure of bacterial lipoproteins. In contrast, high doses of B.
abortus LPS did not induce these responses. The actual fatty
acid composition of the Omp19 lipoprotein has not been de-
termined. However, it has been shown that the repertoire of
fatty acids in a native Brucella lipoprotein analogous to Braun’s
lipoprotein is similar to that of its E. coli counterpart, including
mainly palmitic acid and lower proportions of stearic, oleic,
and myristic acids (16). This similarity in lipidation between
both bacterial species may extend to other lipoproteins, since
the molecular machinery used for the lipidation of Braun’s
lipoprotein is the same as that used for the lipidation of other
lipoproteins. Therefore, also in the case of Omp19, the reper-
toire of fatty acids of the recombinant lipoprotein obtained
from E. coli would probably be similar to that of the native
Brucella lipoprotein, including palmitic acid as its main com-
ponent. The ability of Omp19 to incorporate palmitic acid was
demonstrated previously by Tibor et al. (49).
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FIG. 10. Inflammatory phenomena in knee joints from mice intra-articularly injected with HKBA (1 X 10° bacteria/ml), L-Omp19 (100 ng/ml),
U-Omp19 (1,000 ng/ml), E. coli LPS (100 ng/ml), or PBS (control). Mice were killed at 5 days poststimulation, and knee joints were separated to
prepare tissue homogenates or for histological evaluation. (A and B) Extracts from tissue homogenates were used to measure cytokine and
chemokine levels by ELISA (A), and MMP expression was determined by zymography (B). (C) Histopathological examination of representative
joints. The top panels show images taken at the original magnification (X 100), and the bottom panels show a detail of perisynovial areas selected
to document the presence or absence of leukocytic infiltrates (magnification, X400).

As mentioned above, FLS are known to express TLR,
particularly TLR2. In agreement with previous studies that
showed that TLR2 mediates responses to HKBA and B. abor-
tus lipoproteins in different cell types (14, 41, 59), we found
that the secretion of cytokines, chemokines, and MMP-2 by
FLS in response to HKBA and L-Omp19 depends on ligand
recognition by TLR2 but not by TLR4. In addition, our results
strongly suggest that the TLR2 ligands on HKBA are lipopro-
teins.

Based on the results mentioned above, our hypothesis is that
when B. abortus organisms reach the joint, the bacterial lipo-
proteins can stimulate FLS to produce inflammatory mediators
and MMP-2. In addition, chemokines produced by infected
FLS may attract phagocytes to the infection focus, which can
also produce MMP-9 in response to bacterial antigens or to
soluble factors produced by infected FLS. A mouse model of
intra-articular injection was used to determine whether the
upregulation of proinflammatory mediators and MMPs in re-

sponse to Brucella antigens observed in vitro also takes place in
vivo. Notably, levels of TNF-a, IL-1B, IL-6, MCP-1, IL-§,
MMP-2, and MMP-9 were significantly increased in the knee
joints of mice injected with HKBA or L-Omp19 (but not in
mice injected with U-Omp19), thus demonstrating in vivo
that the presence of Brucella antigens in articular tissues
induces the local production of proinflammatory mediators
and MMPs. Moreover, the upregulation of proinflammatory
mediators in response to HKBA or L-Omp19 was accompa-
nied by the appearance of a mixed inflammatory infiltrate in
the synovium. The local upregulation of proinflammatory cy-
tokines and MMPs agrees with previous findings in mouse
models of septic arthritis by staphylococci, streptococci, and
Borrelia burgdorferi (7, 50, 58) and also agrees with our own
findings for a human case of brucellar septic bursitis (52).

In summary, this study demonstrates that B. abortus can
infect FLS and induce these cells to produce MMP-2 and
proinflammatory cytokines and chemokines, that these effects
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can be also elicited by the stimulation of FLS with B. abortus
antigens, and that FLS-derived chemokines can mediate the
migration of monocytes and neutrophils. The study also shows
that a network of cytokine-mediated reciprocal stimulations
can be established between FLS and phagocytes in response
to B. abortus infection, leading to an enhanced secretion of
MMP-2 and MMP-9 by these cell types. An increased produc-
tion of these MMPs in articular tissues in response to B. abor-
tus antigens was demonstrated in mice in vivo. Overall, these
results suggest that FLS may have an important role in the
pathogenesis of brucellar arthritis by producing MMPs and
also by attracting phagocytes and inducing them to produce
MMPs in the joint.
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