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Elevations in matrix metalloproteinase 1 (MMP-1) and MMP-3 have been found in patients with Lyme
arthritis and in in vitro models of Lyme arthritis using cartilage explants and chondrocytes. The pathways by
which B. burgdorferi, the causative agent of Lyme disease, induces the production of MMP-1 and MMP-3 have
not been elucidated. We examined the role of the extracellular signal-regulated kinase 1/2 (ERK1/2), c-Jun
N-terminal kinase (JNK), p38 mitogen-activated protein kinase (MAPK) and the Janus kinase/signal trans-
ducer and activator of transcription (JAK/STAT) pathways in MMP induction by B. burgdorferi. Infection with
B. burgdorferi results in rapid phosphorylation of p38 and JNK within 15 to 30 min. Inhibition of JNK and p38
MAPK significantly reduced B. burgdorferi-induced MMP-1 and MMP-3 expression. Inhibition of ERK1/2
completely inhibited the expression of MMP-3 in human chondrocytes following B. burgdorferi infection but
had little effect on the expression of MMP-1. B. burgdorferi infection also induced phosphorylation and nuclear
translocation of STAT-3 and STAT-6 in primary human chondrocytes. Expression of MMP-1 and MMP-3 was
significantly inhibited by inhibition of JAK3 activity. Induction of MMP-1 and -3 following MAPK and
JAK/STAT activation was cycloheximide sensitive, suggesting synthesis of intermediary proteins is required.
Inhibition of tumor necrosis factor alpha (TNF-«) significantly reduced MMP-1 but not MMP-3 expression
from B. burgdorferi-infected cells; inhibition of interleukin-13 (IL-1f3) had no effect. Treatment of B. burgdor-
Seri-infected cells with JAK and MAPK inhibitors significantly inhibited TNF-« induction, consistent with at

least a partial role for TNF-« in B. burgdorferi-induced MMP-1 expression in chondrocytes.

Oligoarticular arthritis is a prominent feature of late stage
Lyme disease caused by infection with the spirochete Borrelia
burgdorferi sensu stricto (26). In the absence of antibiotic ther-
apy, infection with B. burgdorferi frequently progresses to an
intermittent or chronic arthritis primarily affecting the knees
and large joints. Over time, Lyme arthritis evolves into an
erosive arthritis that is histologically similar to rheumatoid
arthritis (27). The clinical progression of Lyme arthritis ap-
pears to be relatively unique among common bacterial causes
of septic arthritis. While septic arthritis caused by bacteria such
as Staphylococcus aureus and group A streptococci can pro-
gress very rapidly (hours to days) to cause permanent joint
destruction, Lyme arthritis typically progresses very slowly
(months to years) despite the longstanding presence of the
organism in the joint. This difference appears to be due to
differences in the mechanisms of cartilage degradation. It has
been previously shown that B. burgdorferi, unlike most other
bacteria that cause septic arthritis, does not produce collag-
enases or other enzymes capable of destroying joint extracel-
lular matrix (5, 18). Instead, we have shown that cartilage
degradation in Lyme arthritis is due to induction of a class of
host enzymes called matrix metalloproteinases (MMPs) (13,
20). All MMPs share a common function of extracellular ma-
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trix degradation (8). In normal tissues, they are thought to play
a major role in tissue growth and remodeling. They have also
been shown to play a role in disease states such as periodontal
disease, cancer metastases and rheumatoid arthritis and osteo-
arthritis. Two MMPs in particular, collagenase-1 (MMP-1) and
stromelysin-1 (MMP-3), were found to be elevated in the sy-
novial fluid of patients with Lyme arthritis (20). In vitro models
of Lyme arthritis confirmed the ability of B. burgdorferi to
induce these MMPs from human chondrocytes (HCs) and the
ability of MMP inhibitors to block B. burgdorferi-induced carti-
lage degradation (13).

Many different signaling pathways have been shown to be
involved in MMP induction in different in vitro and animal
models of arthritis. The signaling pathways by which MMPs are
induced vary depending upon the cell type and the stimulus.
For example, while c-Jun N-terminal kinase (JNK) appears to
play the major role in MMP induction from rheumatoid ar-
thritis synoviocytes (12), MMP-1 and MMP-3 gene expression
in endothelial cells is dependent on p38 mitogen-activated
protein kinase (MAPK) (22). The activation of differing sig-
naling pathways by different stimuli is likely to determine the
specific patterns of MMP induction and the phenotype of
MMP-dependent diseases. The signaling pathways involved in
B. burgdorferi-stimulated MMP induction have not been pre-
viously examined. Here, we report the involvement of MAPKs
(JNK, p38 MAPK, and extracellular signal-regulated kinase
1/2 [ERK1/2]) and Janus kinase/signal transducer and activator
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of transcription (JAK/STAT) pathways in B. burgdorferi-in-
duced MMP expression from primary HCs.

MATERIALS AND METHODS

Reagents. All reagents were purchased from Sigma Co. (St. Louis, Mo.) unless
otherwise stated. The MAPK and JAK/STAT pathway inhibitors SP600125,
SB203580, U0126, and JAK3I were purchased from Calbiochem (San Diego,
Calif.).

Primary cultures of HCs and infection with B. burgdorferi. Primary HCs from
a healthy donor were purchased from Cell Applications (San Diego, Calif.) and
maintained in chondrocyte growth medium (Cell Applications) containing 10%
fetal calf serum (FCS) at 37°C with 5% CO,. One day prior to infection HCs
were washed and the cultured medium was replaced with chondrocyte medium
without FCS. A clonal isolate of low passage (passages 4 to 7) B. burgdorferi sensu
stricto strain N40 was cultured in Barbour-Stoenner-Kelly (BSKH) medium (1,
14). Spirochetes were washed three times and resuspended in chondrocyte me-
dium without FCS. Cell cultures at 70 to 85% confluence were infected with B.
burgdorferi at a cell/spirochete ratio of 1:10 for various time periods. For inhibitor
experiments, various inhibitors of MAPK and JAK/STAT pathways were added
to the cells in fresh serum-free medium 2 h prior to infection with B. burgdorferi
and harvested at 18 h postinfection. The concentrations (20 M SP600125, 3 pM
S$B203580, 10 M U0126, and JAK3I [30 pg/ml]) of the inhibitors used were in
conformity with earlier published reports and had no visible cytotoxic effect on the
HC as judged by trypan blue exclusion. Cells were washed and harvested in cold
phosphate-buffered saline (PBS), and the cell pellets were stored at —70°C until use.

MMP assay. MMP-1 and MMP-3 were detected from cell culture extracts in
culture medium using enzyme-linked immunosorbent assay (ELISA) kits from
Oncogene Research (Boston, Mass.) used as per the manufacturer’s instructions.

MAPK assay. After incubation with B. burgdorferi, total cellular protein extracts
were prepared from chondrocyte cultures. Cell culture plates were transferred to ice,
and then washed twice with cold PBS. Cells were mechanically dislodged into cold
PBS to which leupeptin (10 wg/ml), 1 mM phenylmethylsulfonyl fluoride, and 0.5
mM dithiothreitol were added. Cells were pelleted by centrifugation at 4°C, the
supernatant was removed, and pelleted cells were resuspended in cell lysis buffer (25
mM HEPES [pH 7.5], 300 mM NaCl, 1.5 mM MgCl,, 2 mM EDTA pH 8.0, 0.05%
Triton X-100, 0.1 mM Na;VO,, 20 mM B-glycerol phosphate, leupeptin [10 wg/ml],
1 mM phenylmethylsulfonyl fluoride, 0.5 mM dithiothreitol). The resuspended cells
were gently rocked at 4°C for 30 min; cellular debris was removed by centrifugation
at 4°C. The cell extracts were collected and frozen at —80°C. The concentrations of
the cell extracts were determined using the Bradford method (Bio-Rad, Hercules,
Calif.). Two hundred micrograms of total protein was used for immunoprecipitation
using phospho-specific antibodies to ERK1/2, p38 MAPK, and JNK, and the kinase
assays were performed using specific kits from Cell Signaling (Beverly, Mass.) as per
the manufacturer’s instructions.

Immunoblot analysis. Cells were harvested in cell lysis buffer as described
above. Equal amounts of protein were separated by sodium dodecyl sulfate-10%
polyacrylamide gel electrophoresis and transferred to a polyvinylidene difluoride
membrane. Immunoblotting was performed with polyclonal antibodies to phos-
pho-STAT-3 and phospho-STAT-6 (Cell Signaling) and STAT-3 and STAT-6
(Santa Cruz Biotechnology, Inc., Santa Cruz, Calif.).

Quantitative reverse transcriptase PCR. After incubation with B. burgdorferi,
chondrocytes were washed with phosphate buffered saline and lysed in the
presence of Trizol (Invitrogen, Carlsbad, Calif.). Total RNA was purified as per
the manufacturer’s instructions. First-strand synthesis of cDNA from total RNA
was performed using a Superscript kit (Invitrogen) as per the manufacturer’s
instructions. Quantitation of cDNA from specific mRNA transcripts was accom-
plished by real-time, quantitative PCR (ABI7700; Applied Biosystems, Foster
City, Calif.) using Sybr-green technology (Sybr Green Master Mix; Applied
Biosystems). Cycling parameters were 50°C for 5 min and 95°C for 15 min,
followed by 40 cycles of 95°C for 30 s and 55°C for 1 min. The following primers
were used for PCR amplification: MMP-1 forward (5'-CTGAAGGTGATGAA
GCAGCC-3') and reverse (5'-AGTCCAAGAGAATGGCCGAG-3"), MMP-3
forward (5'-TGTAGAAGGCACAATATGGGCAC-3') and reverse (5'-CAGT
CACTTGTCTGTTGCACACG-3"), IL-1B forward (5'-ATGGCAGAAGTACC
TGAGCTCGC-3") and reverse (5'-CCATGGCCACAACAACTGACG-3'),
TNF-a forward (5'-AACGGAGGCTGAACAATAGGC-3') and reverse (5'-A
GCAACCTTTATTTCTCGCCAC-3'), and B-actin forward (5'-CCACACCTT
CTACAATGAGCTGCG-3") and reverse (5'-CGGAGTCCATCACGATGCC
A-3'. The specificity of each reaction was checked by melt curve analysis and
electrophoresis of PCR products on agarose gels. Expression of MMP-1 and
MMP-3 was normalized to that of B-actin. Calculations of expression were
normalized using the AAC, method where the amount of target, normalized to an
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endogenous reference and relative to a calibrator, is given by 2744€1 where C,
is the cycle number of the detection threshold.

Immunocytochemistry. B. burgdorferi-infected or uninfected cells were fixed in
chilled acetone for 10 min and air dried. Cells were blocked with isotype matched
serum and stained overnight at 4°C with rabbit anti-phospho-STAT-3 and -6
polyclonal antibodies (Cell Signaling). The unbound antibodies were removed by
washing three times in PBS-Tween 20 (0.1%) buffer, pH 7.4 (PBST), and further
incubated with secondary antibody goat anti-rabbit immunoglobulin G-fluores-
cein isothiocyanate (FITC) conjugate (Southern Biotech, Birmingham, Ala.).
The slides were washed again three times with PBST, air-dried and mounted with
VectaShield mounting medium containing the nuclear stain DAPI (Vector Lab-
oratories, Burlingame, Calif.) and observed under fluorescent microscope.

Statistical analysis. Each experiment was repeated three to five times as
indicated. Statistical significance was analyzed using the nonparametric Mann-
Whitney U test. Differences were considered statistically significant when the
P value was less than 0.05.

RESULTS

B. burgdorferi induces expression of MMP-1 and MMP-3 in
primary HCs. To examine the expression pattern of MMP-1
and MMP-3 in HCs following B. burgdorferi infection, primary
HCs in serum-free medium were infected with B. burgdorferi and
harvested at various time points. Levels of MMP-1 and MMP-3
expression in cellular lysates were measured by ELISA. Levels of
both MMP-1 and MMP-3 were detectable by 18 h postinfec-
tion (hpi) (Fig. 1) and peaked on day 2 and day 4, respectively.

B. burgdorferi induces activation of p38 MAPK and JNK
pathways in chondrocytes in a time-dependent manner. In
order to examine the effect of B. burgdorferi on the activation
of MAPKSs in primary HCs, cells were infected with B. burg-
dorferi and harvested at different time points.

Activity of p38 MAPK was examined by immunoprecipitat-
ing the active p38 from cell lysate using phopho-p38 specific
antibody. The immunoprecipitate was then incubated with its
substrate, ATF-2 in the presence of ATP, followed by immu-
noblotting using antibody specific to phospho-ATF-2 (Fig.
2A). p38 activation in response to B. burgdorferi infection be-
gan increasing at 30 min following B. burgdorferi infection,
peaked at 2 h and decreased thereafter.

Similarly, activity of JNK was examined by immunoprecipi-
tating active JNK from cell lysates using immobilized c-Jun
protein as bait and incubating the immunoprecipitate in the
presence of ATP followed by immunoblotting using phospho-
specific c-Jun antibody (Fig. 2B). JNK activation starts increas-
ing at 15 min following B. burgdorferi infection and remains
high through 7 h postinfection.

We also examined the effect of B. burgdorferi infection on
ERK1/2 activity. Immobilized anti-phospho-ERK1/2 antibody
was used to precipitate the protein from the cellular lysates.
Activity was determined by phosphorylation of the ERK1/2
substrate ELK-1 in the presence of ATP followed by immuno-
blotting with phospho-ELK-1 antibody (Fig. 2C). Unlike p38
and JNK, no differences in ERK1/2 activity were seen in in-
fected versus uninfected HCs.

Role of p38 MAPK, ERK1/2, and JNK on B. burgdorferi-
induced MMP-1 and MMP-3 expression in primary HCs. To
confirm the role of p38 MAPK, ERK1/2 and JNK on MMP-1
and MMP-3 induction by B. burgdorferi, we examined expres-
sion of MMP-1 and MMP-3 in the presence of specific
inhibitors for each pathway. Concentrations of inhibitors were
selected based on prior studies of these inhibitors with chon-
drocytes (9, 15, 16, 21, 25, 28, 29, 31, 33, 34). Cells were in-
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FIG. 1. Expression of MMP-1 and MMP-3 in B. burgdorferi (Bb)-
infected human primary chondrocytes. Primary HC cultures were ei-
ther uninfected or infected with B. burgdorferi (107 organisms) for
various lengths of time. Expression of MMP-1 (A) and MMP-3 (B) was
measured by ELISA. The experiment was repeated twice in duplicate
and a representative experiment is shown. Error bars represent stan-
dard deviations.

fected in the presence of the p38-specific inhibitor SB203580,
the JNK inhibitor SP600125, and the ERK kinase-specific in-
hibitor U0126. Cells were harvested at 18 hpi to assess the
effect on the earliest time point when the expression of MMP-1
and MMP-3 are detectable. We examined MMP-1 and MMP-3
gene transcription in the presence or absence of inhibitors
using real-time reverse transcriptase PCR (RT-PCR) (Fig. 3A
and C). To ensure that RT-PCR data accurately reflected
actual protein expression, all experiments were subsequently
confirmed by ELISA. Results with ELISA were similar to
results seen with RT-PCR (Fig. 3B and D). By ELISA, inhi-
bition of JNK with SP600125 reduced B. burgdorferi-induced
MMP-1 expression by 97% (Fig. 3B). The p38 inhibitor
SB230580 inhibited MMP-1 protein expression by 67 and 39%
at mRNA and protein levels, respectively. The combination of
SP600125 and SB230580 completely inhibited B. burgdorferi-
induced MMP-1 with levels equivalent to those of uninfected
control chondrocytes. In contrast, the ERK pathway inhibitor
U0126 showed only slight inhibition by RT-PCR (44%) and no
inhibition by ELISA.

INFECT. IMMUN.

The contribution of the JNK MAPK pathway to MMP-3
induction by B. burgdorferi appears to be less than that seen for
MMP-1. SP600125 inhibited 50% of B. burgdorferi-induced
MMP-3 expression (Fig. 3D). Inhibition of p38 with SB230580
produced similar decreases in MMP-3 expression as with
MMP-1, and the combination of SP600125 and SB230580
again completely inhibited B. burgdorferi-induced expression of
this MMP (Fig. 3D). However, compared with the minimal
contribution of the ERK pathway to MMP-1 induction by
B. burgdorferi, MMP-3 induction was completely inhibited by
U0126 with levels similar to those for uninfected control cells
(Fig. 3D).

B. burgdorferi induces activation of STAT-3 and STAT-6 in
primary HCs in a time dependent manner. To examine the
activation of STATs following B. burgdorferi infection in HCs,
cells were again infected with B. burgdorferi and harvested at
different time points. Expression of phospho-STAT-1, phos-
pho-STAT-3 and phospho-STAT-6 was examined by immuno-
blotting using phospho-specific antibody to each of the STATs.
Low-level, constitutive expression of phospho-STAT-3 and
phospho-STAT-6 was observed in noninfected HCs; how-
ever, the expression of each of these increased by 2 hpi and
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FIG. 2. Activation of ERK1/2, p38 MAPK, and JNK in human
primary chondrocytes following B. burgdorferi infection. Primary HC
cultures were infected with B. burgdorferi (Bb) for various lengths of
time. Uninfected HCs harvested at the same time points were used as
controls (lower panels). All cellular lysates were normalized to a total
of 200 pg of protein prior to performing immunoprecipitation. (A) Ac-
tivity of p38 MAPK was measured by immunoprecipitation of phos-
pho-p38 MAPK, determining its activity by its ability to phosphorylate
its substrate ATF-2. (B) Activity of JNK MAPK was measured by
immunoprecipitating phospho-JNK, determining its activity by its abil-
ity to phosphorylate its substrate c-Jun. (C) The activity of ERK1/2 was
measured by immunoprecipitation of phospho-ERK1/2, determining
its kinase activity by phosphorylation of its substrate ELK-1. The
experiments were repeated three to five times and representative ex-
periments are shown.
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FIG. 3. Role of p38 MAPK, ERK1/2, and JNK on B. burgdorferi-induced MMP-1 and MMP-3 expression in primary HCs. Primary HC cultures
were treated either with p38 MAPK inhibitor (SB203580); JNK inhibitor (SP600125); or ERK1/2 inhibitor (U0126) for 2 h and subsequently
infected with B. burgdorferi. Cells were harvested at 18 hpi and MMP-1 and -3 expression was examined by real-time RT-PCR (A and C) and by
ELISA (B and D). The real-time RT-PCR experiments were repeated three to five times and the ELISAs were repeated twice in duplicate. Error

bars represent standard deviations. *, P < 0.05.

remained high through 7 hpi (Fig. 4). Expression of phospho-
STAT-1 could not be detected at any time point (data not
shown).

Phosphorylated STATs dimerize and translocate to the nu-
cleus, where they bind to the specific STAT binding element
(SBE) present in the promoter of various STAT regulated
genes, and thus regulate their expression. To identify nu-
clear translocation of phospho-STAT molecules, we employed
immunofluorescence techniques using individual phospho-
specific STAT antibodies. Results demonstrated that phos-
pho-STAT-3 and phospho-STAT-6 were translocated in a
time-dependent manner following B. burgdorferi infection,
which coincided with the immunoblot results (Fig. 5). Elec-
trophoretic mobility shift assays further confirmed increased
DNA binding to both STAT-3 and STAT-6 in the nuclear
extracts from B. burgdorferi-infected cells when compared to
that from uninfected cells (data not shown).

Role of JAK/STAT pathway on B. burgdorferi-induced MMP-
1 and MMP-3 expression in primary HCs. The contribution of

JAK/STAT signaling cascades on B. burgdorferi-induced MMP-
1 and MMP-3 expression was examined using a specific inhib-
itor of JAK3 (JAK3I). The concentration of JAK3I was based
on previous studies with chondrocytes (19). Similar to our
MAPK studies, HCs were infected with B. burgdorferi for 18 h
in the presence or absence of the inhibitors. Levels of MMP-1
and MMP-3 gene expression were again measured first by RT-
PCR and then confirmed using ELISA. JAK3I showed almost
100% inhibition of both MMP-1 and MMP-3 mRNA induction
(Fig. 6A and C). Similar results were obtained for protein
expression level by ELISA (Fig. 6B and D).

Mechanism of activation of MMP-1 and MMP-3 following
MAPK and STAT activation. Due to the significant temporal
lag between activation of MAPKs and JAK/STAT pathways
and MMP-1 and -3 expression following B. burgdorferi in-
fection, we examined the potential for involvement of inter-
mediary molecules by treating the cells with protein synthesis
inhibitor, cycloheximide (CHX) at 10 pg/ml. CHX at this con-
centration was shown previously to inhibit protein synthesis in



2868 BEHERA ET AL.

B. burgdorferid» + + + + +
Hours» 0 02505 1 2 3

p-STAT-3|
STAT-3

p-STAT-6

s« SR

-~
i P
= 2P WERES ‘

- w‘ . i w -~ E !i

INFECT. IMMUN.

7 0 02505 1 2 3 5

oo

7
~

FIG. 4. Activation of STAT molecules in primary HCs following B. burgdorferi infection. Primary HC cultures were either uninfected or infected
with B. burgdorferi for various amounts of time and whole cell protein extracts were analyzed by immunoblotting for the expression of
phospho-STAT-3 and phospho-STAT-6 using specific antibodies. Immunoblots for nonphosphorylated STAT-3 and STAT-6 are shown as internal
controls. Experiments were performed three times and representative experiments are shown.

HCs (3). Cells were treated with CHX after 30 min to 5 h
post-B. burgdorferi infection. These time-points cover the times
at which MAPK and JAK/STAT pathways are fully activated.
Expression of MMP-1 and -3 was examined by real-time RT-
PCR at 24 h postinfection. There was reduction in MMP-1 and
MMP-3 transcription in CHX-treated cells at all time points
(Fig. 7A and B), suggesting that synthesis of an intermediary
protein is required for induction of MMP transcription. The
largest inhibition was seen at 30 min and 1 h with gradually
decreasing inhibition over time, suggesting that the intermedi-
ary molecules are beginning to be formed during this time
span. The inhibition of MMP-1 expression following CHX
treatment was greater than that for MMP-3 at all time points.

The cytokines tumor necrosis factor alpha (TNF-a) and
interleukin-1p3 (IL-1B) have been implicated in the activation
of MMPs in rheumatoid arthritis and are known to be induced
from multiple cell types by the presence of B. burgdorferi.
Expression of both TNF-a and IL-1B was significantly in-
creased in HCs following B. burgdorferi infection (Fig. 7C and
D). Inhibition of TNF-a expression following B. burgdorferi
infection by soluble TNF receptor I (TNFRI) reduced MMP-1
expression by 61% (Fig. 7E), but had no effect on MMP-3
expression (Fig. 7F). However, inhibition of IL-18 by IL-1 re-

Hour p.i. »

p-STAT-3
FITC

DAPI

p-STAT-6
FITC

DAPI

ceptor antagonist (IL-1RA) had no significant effect on either
MMP-1 or -3 expression (14% reduction) (Fig. 7F). In order to
determine whether the effects of the MAPK and JAK/STAT
inhibitors could be due in part to effects on TNF-a induction,
we measured TNF-a expression in the presence of specific
inhibitors of each pathway. Significant reduction (P < 0.01) in
TNF-a expression was observed following inhibition with each
of the individual MAPK and JAK/STAT inhibitors (Fig. 7G).
No significant reduction in IL-1B expression was observed in
inhibitor-treated cells (data not shown).

DISCUSSION

As a family, the MMPs are capable of digesting all of the
important structural components of extracellular matrix (8).
Accordingly, in healthy states, MMP expression and activation
are tightly regulated at multiple different levels. Elevations of
MMPs have been observed in many pathological diseases in-
cluding osteoarthritis and rheumatoid arthritis. However, stud-
ies of the role of MMPs in arthritis have been hampered by the
lack of realistic in vitro and animal models for many of the
diseases. Lyme arthritis, with its clearly identified initiating
agent, serves as an excellent model for furthering the under-

FIG. 5. Nuclear translocation of phospho-STAT molecules in HC following B. burgdorferi infection. Primary HC were infected with B. burg-
dorferi for various periods of time. Nuclear translocation of STAT-3 and STAT-6 was examined by immunofluorescence using phospho-specific
antibodies to individual STAT proteins and subsequently probed with FITC-labeled secondary antibody. The nucleus was counter stained with
DAPI and photographed under fluorescence microscopy. The upper and lower panels show FITC and DAPI stain, respectively, for each of the
STAT proteins. Experiments were performed two to three times and representative experiments are shown.
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FIG. 6. Role of JAK/STAT pathway on B. burgdorferi-induced MMP-1 and MMP-3 expression in primary HCs. HCs were treated with JAK3
inhibitor (JAK3I) for 2 h followed by infection with B. burgdorferi. Cells were harvested at 18 hpi and the expression of MMP-1 and -3 was examined
by real-time PCR (A and C) and ELISA (B and D). The real-time RT-PCR experiments were repeated three times and the ELISAs were repeated

twice. Bar represents standard deviation. *, P < 0.05.

standing of the mechanisms involved in MMP dysregulation
leading to joint destruction and clinical arthritis. While the role
of cytokines in the pathogenesis of Lyme arthritis has been well
studied, the signal transduction pathways that determine ma-
trix degradation are only partially understood.

The promoter regions of both MMP-1 and MMP-3 contain
various transcription factor binding sites including several
proximal AP-1 sites that bind members of the Fos and Jun
family of transcription factors, STAT binding sites, GATA
binding factors, and heat shock factors. AP-1 is regulated by
MAPKs and is a pivotal transcription factor that regulates
cytokine production and expression of MMPs (32), whereas
STAT proteins are involved in mediating cytokine-induced
intracellular signals leading to expression of inflammatory mol-
ecules (17). The relative importance of AP-1 and STAT pro-
teins in MMP expression has varied depending upon cell type,
stimulus and MMP being studied.

In this study, we have demonstrated that the MAPK and
JAK/STAT pathways are activated rapidly by the presence of
B. burgdorferi. Using pathway-specific inhibitors, we have de-
fined the roles of the different signaling pathways in B. burg-
dorferi-induced HC MMP-1 and MMP-3 expression. There are
three major groups of MAPKSs in mammalian cells—the extra-
cellular signal regulated protein kinases (ERK1/2) (23), the
p38 MAPKs (11), and the c-Jun NH, terminal kinases (JNK)
(4, 6). ERKs are activated by mitogens and growth factors via
Ras dependent pathway, while the JNK and p38 MAPKs are
activated in response to pro-inflammatory cytokines such as
TNF-a and IL-1 and by cellular stress. Separate inhibition of

JNK and p38 MAPKSs by their specific inhibitors significantly
reduced the expression of MMP-1 and -3, both at mRNA and
protein levels following B. burgdorferi infection. However, dual
inhibition of both p38 MAPK and JNK resulted in enhanced
inhibition, completely blocking expression of both MMP-1 and
MMP-3. This indicates that JNK and p38 MAPKs may have
separate contributions in the induction of MMP-1 and -3 fol-
lowing B. burgdorferi infection.

ERK1/2 inhibition had minimal effect on MMP-1 induction
by B. burgdorferi. However, inhibition of ERK1/2 substantially
reduced the expression of MMP-3 despite the fact that no
change in ERK1/2 activity was seen in the presence of B. burg-
dorferi by our kinase assays. There are several possible ex-
planations for this. First, there was high constitutive phos-
pho-ERK1/2 expression in our cells prior to the addition of
B. burgdorferi. If the activation of ERK1/2 plays a necessary but
not sufficient role in MMP-3 induction (i.e., activation of an-
other factor is required in addition to ERK1/2), then the pres-
ence of the constitutively activated ERK1/2 may be adequate
for MMP-3 induction. Another possibility is that due to the
high sensitivity of the kinase assay used and the background
constitutive activity, small inductions of ERKI1/2 activation
may have been missed. In fact, in Western blots of cell lysates
using a phospho-ERK1/2 antibody, small increases in phospho-
ERKI1/2 were seen at 30 min (data not shown). Regardless of
the mechanism, the differential effects of ERK inhibition on
MMP-1 and MMP-3 demonstrate that there are separate path-
ways involved in the B. burgdorferi-mediated induction of these
two proteases.
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FIG. 7. Mechanism of activation of MMP-1 and MMP-3 following
MAPK and STAT activation. HC were treated with CHX (10 pg/ml)
at different time point as indicated following B. burgdorferi infection.
Cells were harvested at 24 hpi and real-time RT-PCR was performed
for MMP-1 (A) and MMP-3 (B). (C and D) Real-time RT-PCR
analysis of TNF-a (C) and IL-1B (D) expression in HC following 24 h
of B. burgdorferi infection. (E and F) Effect of inhibition of TNF-« and
IL-1B expression by TNFRI and IL-1IRA on MMP-1 and MMP-3
expression. HC were treated with TNFRI (2 pg/ml) and of IL-1RA
(1 wg/ml) for 2 h and subsequently infected with B. burgdorferi. Cells
were harvested at 24 hpi and real-time RT-PCR was done examine the
expression of MMP-1 (E) and MMP-3 (F). (G) Effect of inhibitors of
MAPKs and JAK/STAT pathways on TNF-a expression. HC were
treated either with p38 MAPK inhibitor (SB) SB203580; JNK inhibitor
(SP) SP600125; ERK1/2 inhibitors (U0126), or JAK3 inhibitor (JAK3I)
for 2 h and subsequently infected with B. burgdorferi. Cells were har-
vested at 18 hpi, and the expression of MMP-1 and -3 was examined by
real-time PCR. All the experiments were repeated two to four times
in duplicate. Bar represents standard errors of the means. Symbols:
*, P < 0.05; **, P < 0.01.

STAT proteins are critical in mediating intracellular effects
of various cytokines and are implicated in the expression of
many inflammatory effector genes. Active STAT-3 has been
detected in cells from inflamed joints (30), and synovial fluids
from rheumatoid arthritis patients can activate STAT-3 but not
STAT-1 in monocytes (24). Similarly, we found that B. burg-
dorferi infection resulted in activation of STAT-3 and STAT-6,
but not STAT-1. Inhibition of B. burgdorferi-induced MMP-1
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and MMP-3 expression by JAK3I suggests that JAK3 is impor-
tant in mediating STAT activation in B. burgdorferi-induced
chondrocytes.

The inhibition of B. burgdorferi-induced MMP-1 and MMP-3
production by either MAPK or JAK/STAT inhibitors suggests
that activation of both pathways is critical in this process. The
most-direct mechanism to account for this finding would be
that binding of transcription factors to both AP-1 and STAT
binding sites is required for maximal induction of MMP-1 and
MMP-3. However, B. burgdorferi-induced expression of
MMP-1 and MMP-3 lags behind MAPK and JAK/STAT acti-
vation. The temporal difference between activation of the sig-
naling pathways and detectable production of MMPs suggests
that there may be an intermediary step (i.e., induction of cy-
tokines, growth factors, etc.) that occurs between the two pro-
cesses. Treatment of cells with the protein synthesis inhibitor
CHX following B. burgdorferi-induced activation of MAPKs
and JAK/STAT pathways confirms that new protein synthesis
is required for the induction of MMP-1 and -3 transcription,
suggesting the role of intermediary molecules. The effect
of CHX appeared to be greater on MMP-1 expression than
MMP-3 expression.

B. burgdorferi has previously been shown to induce the ex-
pression of multiple cytokines which are known to induce cer-
tain matrix metalloproteinases, including but not limited to
TNF-q, IL-1B, IL-2, and interferon-v (2, 7, 10). Each of these
has also been previously shown to play a role in induction of
MMPs in other systems. While B. burgdorferi infection of HC
results in induction of both TNF-a and IL-1B, it appears that
only TNF-a, and not IL-1B, is involved in the subsequent
induction of MMP-1. ERK, p38, JNK and JAK inhibitors all
showed a significant effect on TNF-a induction but not on
IL-1B induction. However, inhibition of TNF-a decreased
MMP-1 induction by only 61%, which is less than the effect
seen with many of the MAPK and JAK inhibitors, suggesting
that other processes are likely to be involved. For MMP-3,
inhibition of TNF-a did not affect its induction, suggesting that
the effects of the pathway inhibitors acted through other mech-
anisms. It remains to be determined whether the effects of the
individual inhibitors on MMP expression are due to their ef-
fects on other intermediary molecules or through direct acti-
vation by transcription factors.

In summary, our results demonstrate that B. burgdorferi-
induced expression of MMP-1 and MMP-3 in HCs is regulated
by both MAPK and JAK/STAT signaling pathways. The effect
of these signaling pathways on MMP-1 expression is at least
partially through control of TNF-a induction. A better under-
standing of the interactions between the receptors, signaling
pathways, and transcription factors involved in MMP induction
by B. burgdorferi may lead to further insights into the role of
these enzymes in the shaping the phenotypic course of differ-
ent arthritides and the eventual development of more specific
inhibitors to alter the clinical course of arthritis.
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