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Mycoplasma arthritidis induces toxicity, arthritis, and dermal necrosis in mice. Virulence factors include a
superantigen and membrane adhesins and possibly also a bacteriophage component. Here we compare the
biological properties of Triton X-114 extracts derived from avirulent and virulent M. arthritidis strains.
Macrophage cell lines and resident peritoneal macrophages were used to assess inflammatory potential as
indicated by production of tumor necrosis factor alpha, interleukin-6, and/or nitric oxide. The activity resided
exclusively within the hydrophobic detergent phase, was unaffected by heat treatment at 100°C for 30 min, and
was resistant to proteinase K digestion, suggesting involvement of a lipopeptide. Contamination of extracts
with endotoxin or superantigen was excluded. Extracts of the more virulent strain had higher activity than did
those of the avirulent strain. Using CHO cells expressing Toll-like receptor 2 (TLR2) or TLR4, both with
transfected CD14, we showed that extracts activated these cells via TLR2 but not by TLR4. Also, macrophages
from C57BL/6 TLR2�/� mice failed to respond to the extracts, whereas those from TLR2�/� cells did respond.
The preparations from the virulent strain of M. arthritidis were also more potent in activating dendritic cells,
as evidenced by up-regulation of major histocompatibility complex class II, CD40, B7-1, and B7-2. Sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and subsequent elution of gel slices revealed the presence
of three active moieties which corresponded to molecular masses of approximately 24, 28, and 40 kDa. Three
active components were also found by reverse-phase chromatography. We suggest that macrophage activation
by M. arthritidis could play a significant role in the inflammatory response induced in the host by this organism.

Toll-like molecules are a group of ancient, highly conserved
receptors which were originally discovered in Drosophila (2)
but are now known to occur in mammals on the surfaces of
cells of the innate immune system (27), where they recognize
pathogen-associated molecular patterns. This early agent/Toll-
like receptor (TLR) interaction stimulates innate immunity,
offering rapid protection against infection as well as influenc-
ing the later adaptive immune response (26). At least 12 mam-
malian TLRs are now known, and one or more may be re-
quired for recognition of specific agonists (1, 4). The number
of microbial products that are now known to directly interact
with the innate immune system by signaling through TLRs has
been steadily growing in the last few years; these products
include lipopolysaccharides, lipoproteins, lipopeptides, pepti-
doglycan, heat shock proteins, CpG DNA, and single-stranded
RNA (1, 13, 14, 39, 42, 49).

In the early 1990s, a macrophage-activating lipoprotein com-
ponent was isolated from Mycoplasma fermentans (31, 60) and
was subsequently characterized, and the active moiety, a li-
popeptide, was identified, synthesized, and called macrophage-

activating lipopeptide 2 (MALP-2) (32). In contrast to the
bacterial lipoproteins which are triacylated and characteristi-
cally utilize TLR2 in association with TLR1 (43, 44), MALP-2
is diacylated and uses TLR2 in association with TLR6 (17). A
related but distinct component was identified in M. hyorhinis
(33), an agent of swine arthritis. A TLR2-utilizing component
has also been detected in M. salivarium (18), an organism that
has been associated with periodontal disease, as well as in M.
hominis (M. R. Peltier et al., unpublished observations), which
has been associated with human infections and reproductive
disease. Although a number of these moieties are known to be
potent macrophage activators, their precise roles in disease
pathogenesis are largely unclear at this time due to the lack of
good experimental animal models.

The M. arthritidis model of inflammatory disease has been
extensively studied in our laboratories (6, 53) and that of oth-
ers, resulting in the identification of animal strains that differ in
their susceptibility to disease as well as the identification and
derivation of organisms exhibiting differing degrees of viru-
lence. Mycoplasma arthritidis is a natural pathogen of rodents
that can induce an acute or chronic arthritis. Some mouse
strains are also highly susceptible to lethal toxic shock (6, 30)
and to a necrotizing fasciitis-like syndrome (6, 8). There is
evidence that a superantigen, M. arthritidis mitogen (MAM),
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plays a role in these inflammatory diseases mediated by M.
arthritidis, although by itself it does not produce clinical symp-
toms. We have, however, clearly shown that it is a potent
immunomodulator in the murine host (29). There is evidence
that the adhesins MAAl and MAA2 (55, 57) also play a role in
virulence, since immunization of rats against these molecules
protects against arthritis (56). Recently, M. arthritidis was
found to harbor a virus, MAV-1 (51), which is now also
thought to contribute to disease pathogenesis (48, 51).

In the present study, we searched for evidence that a cell-
associated M. arthritidis component(s) other than MAM might
contribute or act synergistically with MAM, resulting in the
inflammatory syndromes induced by live M. arthritidis. We
show here that M. arthritidis possesses a cell-associated moi-
ety(ies), distinct from MAM, that directly activates macro-
phages through a pathway that is TLR2 dependent. The active
moiety(ies) is also present at higher concentrations in virulent
than in avirulent strains of M. arthritidis and can induce den-
dritic cell maturation with increased expression of major his-
tocompatibility complex class II (MHC-II), CD40, B7-1, and
B7-2 molecules.

MATERIALS AND METHODS

M. arthritidis strains. Three M. arthritidis strains were used in the present
study. First, strain 158 is a laboratory-maintained avirulent strain (11) that lacks
the MAV-1 bacteriophage (51). Second, strain 158L3-1a was derived from 158 by
transfection with MAV-1 and has been reported to exhibit increased arthrito-
genic potential in rodents (51). Third, strain 158p10p9 was derived from 158 by
10 successive passages through rats followed by 9 passages through mice (11); it
is highly arthritogenic and toxigenic and possesses MAV-1 (51).

Mouse strains. Female C57BL/6 (H-2b, E��, TLR2�/4�), C3H/HeJ (H-2k,
E��, TLR2�/4�), C3H/HeSnJ (H-2k, E��, TLR2�/4�), and SJL (H-2S, E��,
TLR2�/4�) mice were purchased from Jackson Laboratory (Bar Harbor, ME).
C57BL/6 TLR2 knockout (KO) mice were obtained from Thomas Hawn by
courtesy of S. Akira, Osaka University, Japan. Mice were maintained in specific-
pathogen-free conditions at the Animal Resource Center (University of Utah
Health Science Center) in compliance with the Animal Welfare Act and were
used at 8 to 12 weeks of age.

Control stimulants. Synthetic MALP-2 from Mycoplasma fermentans which
utilizes TLR2 was initially received as a gift from Peter Muhlradt (German
Research Centre for Biotechnology, Immunobiology Research Group, Braun-
schweig, Germany) or later purchased from Alexis Biochemicals (San Diego,
CA). Lipopolysaccharide (LPS) from Escherichia coli O111:B4 was from DIFCO
laboratory (Detroit, MI) and the lipid A moiety of LPS from Sigma (St. Louis,
MO). Both LPS and lipid A use TLR4. The superantigen MAM, a product of M.
arthritidis, was prepared as detailed previously (3).

TX-114 extraction of M. arthritidis. M. arthritidis was grown in Difco PPLO
broth with 15% heat-inactivated horse serum, 1% yeast extract solution (Gibco),
0.005 mg/ml NAD, 0.25% arginine HCl, and 500 U/ml penicillin G. Cultures
were grown in lots of 2 to 10 liters on a shaker at 37°C for 48 to 72 h. Late-log-
phase cultures were harvested by centrifugation at 10,000 rpm in a Beckman
JA-10 rotor, and pellets were washed three times in LPS-free saline. After testing
for bacterial contamination, the sediment from each 5 liters of culture was
suspended in 10 ml LPS-free saline and treated overnight at 4°C with 200 �l
Triton X-114 (TX-114). The mixture was warmed to 37°C, and aqueous and
detergent phases were separated by centrifugation at room temperature. The
upper aqueous phase was removed followed by the detergent phase, avoiding any
contamination at the interface. Both phases were recentrifuged to remove par-
ticulate matter. Proteins were then precipitated with ice-cold acetone, air dried,
and redissolved in 1 ml saline. Protein determination was done by using a BCA
assay kit (Pierce, Rockford, IL) using bovine serum albumin as a standard.
Aliquots were stored at �70°C. The aqueous and detergent phases derived from
TX-114-treated saline served as negative controls.

Cell lines. Murine RAW 264.7 macrophages and human monocytic THP-1
cells were from the American Type Culture Collection (Manassas, VA) and were
maintained in Dulbecco modified Eagle medium (BioWhittaker) with 5% heated
fetal bovine serum (FBS), 100 U penicillin/ml, and 100 U streptomycin/ml
(Sigma Chemical Co.) at 37°C in 5% CO2.

To determine TLR usage, we employed Chinese hamster ovary (CHO) cells
that were stably transfected with CD14 (a receptor for LPS) and ELAM-CD25
(a promoter and marker for Toll activation) and that expressed either TLR2 or
TLR4 (24). The CHO cell lines were provided by Janice Weiss (Department of
Pathology, University of Utah) courtesy of D. Golenbock (University of Massa-
chusetts Medical Center, Worcester, MA). The cells were maintained in Ham’s
F-12 culture medium (BioWhittaker, Walkersville, Maine) supplemented with
10% heat-inactivated FBS (HIFBS) (HyClone, Logan, UT), 10 mM HEPES, 2
mM L-glutamine, 100 U/ml penicillin, and 100 U/ml streptomycin (BioWhit-
taker) at 37°C under a 5% CO2 in air atmosphere with humidity.

Activation of splenic cells, peritoneal macrophages, and cell lines. Mouse
spleens were harvested, and single-cell suspensions were prepared and sus-
pended in complete RPMI medium containing 1% Nutridoma (Boehringer
Mannheim, Indianapolis, IN) instead of FBS as previously described (29). Cells
at 107/ml were treated with inducers for 24 h, and supernatants were assayed for
interleukin-2 (IL-2) by enzyme-linked immunosorbent assay (eBiosciences, San
Diego, CA). Resident adherent peritoneal cells were also collected as described
previously (30) and suspended at 106 cells/ml in complete RPMI medium with
10% FBS. After stimulation, supernatants were collected at 18 h and assayed for
tumor necrosis factor alpha (TNF-�) or IL-6. For nitric oxide (NO) production,
cells were incubated for 48 h. Levels of NO (NO2

� plus NO3
�) were determined

as described previously (30, 31). For activation of RAW 264.7 and THP-1 cells,
suspensions were made at 5 � 105/ml in Dulbecco modified Eagle medium with
5% FBS, 100 U of penicillin/ml and 100 U of streptomycin/ml.

Dendritic cells. The immature murine dendritic cell (DC) line XS52, derived
from the epidermis of a newborn BALB/c mouse (61), was a gift from A.
Takashima (The University of Texas Southwestern Medical Center, Dallas,
Texas). It was maintained in XS complete medium composed of RPMI 1640
medium with 10 mM HEPES, 2 mM L-glutamine, 1 mM sodium pyruvate,
nonessential amino acids, 2-mercaptoethanol (all from Sigma), 10% HIFBS
(Gibco-BRL, Gaithersburg, MD), 0.5 ng/ml of recombinant murine granulocyte-
macrophage colony-stimulating factor (GM-CSF) (R&D Systems, Minneapolis,
Minn.), and culture supernatant (10% from the NS47 stromal cell line main-
tained in RPMI 1640–10% HIFBS) (25). XS52 cells were incubated for 24 h with
GM-CSF (2 ng/ml) and IL-4 (2 ng/ml) and after extensive washing were exposed
to the TX-114 extracts for an additional 48 h. Control cells received GM-CSF
and IL-4 alone. Cells were then harvested and reacted with antibodies specific for
MHC-II, CD40, B7-1, and B7-2 cell surface markers. Isotype-matched control
antibodies were also used.

Antibodies. Monoclonal anti-human TLR4 (clone HTA125) and TLR2 (clone
TL2.1) and monoclonal anti-mouse TLR4 (clone MTS510) and TLR2 (clone
6C2) were purchased from eBiosciences. Anti-human CD14 (clone M5E2) and
anti-mouse CD14 (clone rmC5-3) were from PharMingen (San Diego, CA).
They were functional-grade purified for neutralization of biological function or
fluorescence conjugated for flow cytometry. Isotype-matched antibodies to irrel-
evant antigens were used as controls.

Flow cytometry. XS52 cells were suspended in 2% FBS and 1% glucose. Cells
(106 in 100 �l) were stained with fluorescence-conjugated antibodies to CD40,
B7-1, B7-2, or MHC-II or with control isotype-matched monoclonal antibodies
on ice with 30-min incubations and thorough washes with phosphate-buffered
saline (PBS) to remove unbound antibody. The cells were then centrifuged,
washed, and resuspended in 0.2 ml of 1% paraformaldehyde PBS. For each
sample, at least 10,000 cells were analyzed on a FACScan (Becton Dickinson,
Mountain View, CA). Cells were gated according to size and scatter to eliminate
dead cells and debris from analysis. Immunofluorescence histograms were ana-
lyzed by CELLQuest software (Becton Dickinson) to determine the percentage
of positive cells and mean fluorescence intensity of TLR expression on adherent
peritoneal cells.

Physical properties of TX-114 extracts. Polymyxin B sulfate (Sigma-Aldrich,
St. Louis, MO), a known inhibitor of LPS activity, was incubated at 10 �g/ml with
TX-114 extracts for 1 h at 37°C, after which the reaction mixture was added to
RAW 264.7 cells for assay of macrophage activation. Treatment with LPS (100
ng/ml) or lipid A (100 ng/ml) served as a positive control. Stability to heat was
tested at 100°C for 5, 10, and 30 min.

Proteinase K (PK) treatment. Extracts (1 �g/ml) were digested for 1 h at 37°C
with soluble PK-5056 (SPK) at 5 �g/ml followed by heating for 15 min at 100°C
to deactivate the enzyme. In a second approach, extracts were treated with
PK-agarose beads (PKA), and after digestion, beads were removed by centrifu-
gation. Digested extracts were assayed for TNF-�.

Fractionation of extracts by SDS-PAGE. TX-114-extracted lipoproteins were
analyzed by monocyte Western blotting as described previously (52). Briefly,
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) of li-
poproteins obtained by TX-114 phase separation was performed in a 10% gel
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according to the method of Laemmli (23). The gel bands were electroeluted to
a 0.45-�m-pore-size nitrocellulose membrane (Bio-Rad). Lanes were cut into
2-mm segments that were subsequently dissolved in 1-ml amounts of dimethyl
sulfoxide. The lipoprotein-coated particles were formed by the addition of 3 ml
sodium carbonate buffer to the melted membrane, washed three times with
normal saline, and incubated with RAW 264.7 cell culture. TNF-� production
was assayed as described above.

Reverse-phase chromatography. In an alternative approach, the detergent
phase of TX-114 extraction (0.5 ml) was loaded onto a 1-ml Resource 15 reverse-
phase chromatography (RPC) column using high-performance liquid chroma-
tography-grade water (Fisher Scientific) as the loading buffer. After washing with
buffer, the column was eluted with a 0 to 100% fast protein liquid chromatog-
raphy-grade isopropanol gradient over 15 min and 1-ml fractions were collected
using an AKTA fast-performance liquid chromatography system (Amersham
Biosciences). The fractions were lyophilized, redissolved in 0.2 ml normal saline
(NS), and tested for macrophage activation as detected by TNF-� production by
RAW 264.7 cells.

Statistical analysis. Results are shown as means � standard errors of the
mean (SEM). The two-tailed Student t test was calculated using Statview (Aba-
cus Concepts, Inc., Berkeley, CA) for cytokine levels and cell receptor expres-
sion. P values of less than 0.05 were considered significant. All experiments were
repeated one or two times with similar outcomes.

RESULTS

Macrophage-activating ability of TX-114 extract of M. ar-
thritidis is not due to contamination with MAM superantigen
or LPS. In a preliminary experiment, detergent and aqueous
preparations resulting from TX-114 extraction of washed cells
of virulent M. arthritidis 158p10p9 were tested for the ability to
induce TNF-� and IL-6 after incubation with murine macro-
phage-like RAW 264.7 cells. Repeated extractions indicated
that the detergent phase consistently exhibited the ability to
induce TNF-� and did so in a dose-dependent manner. There
was negligible activity in the aqueous phase, indicating that the
active component(s) is hydrophobic (Fig. 1).

Mycoplasma arthritidis secretes a superantigen, MAM, which
is an activator of T cells and macrophages (7, 38). Although

LPS is not produced by M. arthritidis (40), it often occurs as a
contaminant in the laboratory. Since both molecules have po-
tent effects on immune cells, we needed to exclude their pres-
ence from our preparations. TX-114 extracts of M. arthritidis at
1.0 �g/ml failed to induce IL-2 in splenocytes from C3H/HeSnJ
mice (�25 pg/ml), whereas the MAM used as a positive control
induced high levels of IL-2 (2,200 pg/ml) at doses of 10 ng/ml.
We also tested the responses of cells from the SJL mouse
which is nonresponsive to MAM due to a lack of the required
MHC alleles and T-cell receptors (9). SJL macrophages re-
sponded highly to the TX-114 extracts (4,400 pg/ml of IL-6 at
0.2 �g/ml) but failed to respond to MAM and the PBS control
(�100 pg/ml; data not shown).

To test for potential LPS contamination, the extracts were
examined for the ability to activate macrophages treated with
polymyxin B, an inhibitor of LPS-mediated stimulation. Ex-
tract activity was not reduced by polymyxin B, even at low
extract concentrations, whereas polymyxin B inhibited LPS and
lipid A activity by about 95% (Fig. 2). We also compared the
abilities of extracts and LPS to induce TNF-� in cultures of
peritoneal macrophages from C3H/HeSnJ mice and in C3H/
HeJ mice which carry the lpsd mutation, a point mutation in
TLR4 that renders them hyporesponsive to LPS. C3H/HeSnJ
macrophages produced high levels (�2,000 pg/ml) of IL-6 in
response to both the 158p10p9 extract and LPS; although mac-
rophages from C3H/HeJ mice responded similarly to the ex-
tract, they failed to respond to LPS (data not shown).

Association of macrophage activation with M. arthritidis
strain virulence. We next compared the activities present in
the detergent phases from extracts of the avirulent 158 strain,
the MAV-1-infected 158L3-1a strain, and the highly virulent
158p10p9 strain of M. arthritidis. Figure 3 shows that the TX-
114 extract of the virulent 158p10p9 strain induced more

FIG. 1. TX-114 extraction of M. arthritidis indicates activity is re-
stricted to the detergent phase. Following detergent extraction of
washed pellets of virulent strain 158p10p9 (see Materials and Meth-
ods), aqueous and detergent phases were assayed for induction of
TNF-� by RAW 264.7 cells after 24 h. LPS-free NS was similarly
treated with TX-114, and the phases were also tested. LPS (10 ng/ml)
was a positive control. Mean values � SEM of triplicate determina-
tions are shown.

FIG. 2. Effect of polymyxin B on M. arthritidis extracts. Polymyxin B
(10 �g/ml final concentration) was incubated with extract (Ex) dilu-
tions from virulent strain 158p10p9 at 200, 40, and 8 ng/ml for 1 h at
37°C prior to being added to RAW 264.7 cells for induction of TNF-�.
LPS (100 ng/ml) and lipid A (100 ng/ml) were used as positive controls
to show the inhibitory effects of polymyxin B on activation by these
inducers.

VOL. 73, 2005 MYCOPLASMA ACTIVATION OF INNATE IMMUNITY VIA TLR2 6041



TNF-� than did extracts from the avirulent 158 strain (P �
0.001) or from the virus-infected 158L3-1a strain (P � 0.002).
Also, the 158L3-1a activity was significantly greater (P � 0.02)
than that of the virus-free 158 strain. We also compared the
abilities of the extracts to induce NO in supernatants of RAW
264.7 cells. Strain 158p10p9 induced high levels of NO, but
extracts of strains 158 and 158L3-1a induced minimal or un-
detectable amounts (P � 0.01) (Fig. 4).

Maturation of XS52 DC by M. arthritidis components from
virulent and avirulent strains. A preliminary experiment es-
tablished that as for macrophage activation, stimulation of
XS52 DC with 158, 158L3-1a, and 158p10p9 extracts resulted
in IL-6 production, with 158p10p9 being the most potent (data
not shown). Since DC are now known to play a key role in both
innate and adaptive immunity, we investigated whether the M.
arthritidis preparations induced maturation of DC and up-reg-
ulation of the associated cell surface markers which impact on
the later adaptive immune response. After treatment of XS52
cells with extract, the cells were reacted with antibodies against
cell surface maturation markers or control antibodies and were
examined by flow cytometry. All extracts up-regulated class II
MHC and B7-1, with no significant differences between the
various extracts (Fig. 5). However, levels of CD40 and B7-2
expression were significantly higher (P � 0.0001) in response
to 158p10p9 than were the levels seen for 158 and 158L3-1a
extracts. The combined results suggest either that the active
moiety in the virulent 158p10p9 strain is present at a higher
concentration or that the virulent strain contains components
that are not present in the less virulent strains.

Physical and enzymatic characterization of TX-114 extract
activity. Heat treatment of extracts from all strains of M. ar-
thritidis (1 to 5 �g/ml) at 100°C for up to 30 min either had no
effect or slightly increased TNF-� production (data not

shown); this contrasts with the heat lability of MAM (7). TX-
114 extracts were also treated with two different forms of PK,
SPK or PKA, prior to addition to RAW cells. Neither treat-
ment decreased the activity of the extracts; in fact, at low
extract concentrations (80 ng/ml) the soluble enzyme resulted
in enhanced bioactivity. The enzyme preparations alone with-
out extracts neither increased nor decreased background pro-
duction of TNF-� by macrophages. The data using virulent
strain 158p10p9 are shown in Fig. 6. The results suggest that as
for the MALP-404 lipoprotein from M. fermentans, the intact
protein moiety(ies) from M. arthritidis is not required for bio-
logical activity and may be analogous to MALP-2. To confirm
digestion, we demonstrated that SDS-PAGE of proteinase-
treated 158p10p9 extract failed to show intact protein bands.
Recombinant MAM (22) similarly treated lost the protein
band and all of the activity (not shown).

In vitro and in vivo activity of M. arthritidis TX-114 extracts
is due to an interaction with TLR2. Microbial products which
interact with and activate cells of the innate immune system
characteristically do so via one or more Toll-like receptors. To
test whether TLRs are involved in macrophage activation in-
duced by virulent M. arthritidis, we first tested whether the
extracts activated CHO cells transfected with either TLR2 or
TLR4 in combination with CD14, a coreceptor for LPS; CD25
expression was used as a marker for TLR activation. The data
(Fig. 7) show that CHO cells expressing TLR2 were activated
following treatment with both MALP-2 and 158p10p9 extracts.
In contrast, CHO cells expressing TLR4 were strongly acti-
vated by LPS but not by extracts of M. arthritidis. The MAM
superantigen failed to activate either cell line (data not shown),
presumably due to the absence of class II MHC, which is
required for MAM binding to macrophages and other antigen-
presenting cells.

FIG. 3. Comparative activities of TX-114 extracts of virulent versus
avirulent M. arthritidis strains. The detergent phases from TX-114
extraction of avirulent strain 158, MAV-1-infected 158L3-1a, and
highly virulent 158p10p9 were compared in a dose-response experi-
ment for TNF-� production by RAW 264.7 cells. Results are expressed
as means � SEM (see text for P values). Three different preparations
of strains 158 and 158p10p9 and two of 158L3-1a were tested with
similar results.

FIG. 4. Nitric oxide production by TX-114 extracts from virulent
versus avirulent M. arthritidis strains. Extracts from strains 158, 158L3-
1a, and 158p10p9 were incubated at various concentrations with RAW
264.7 cells for 48 h, and supernatant NO content was measured after
conversion to nitrite and nitrate. Mean results from three experiments
are shown (see text for P values).
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Next, we compared peritoneal macrophages from wild-type
C57BL/6 mice (TLR2�/4�) with cells from C57BL/6 TLR2
KO mice (TLR2�/4�) for the ability to produce IL-6 in re-
sponse to stimulation with TX-114 extracts, MALP-2, or lipid
A. The results in Fig. 8A show that macrophages from

C57BL/6 mice produced high levels of IL-6 in response to all
inducers. In contrast, cells from mice lacking TLR2 but which
express TLR4 failed to respond to the extracts and to MALP-2
but still responded well to lipid A (which utilizes TLR4). Sim-
ilar findings were seen for TNF-� induction.

We next tested the ability of 158 versus 158p10p9 extracts to
induce an early in vivo cytokine response and determined
whether this also involved an interaction with TLR2. M. arthri-
tidis 158p10p9 extracts induced TNF-� (Fig. 8B) and IL-6 (Fig.
8C) 90 min after intravenous injection (5 �g/mouse) into
C57BL/6 mice, whereas mice that received injections of 158
extracts failed to evoke a serum cytokine response. Neither
extract induced cytokines in sera from C57BL/6 TLR2 KO
mice. The results again indicate that the more virulent M.
arthritidis strain exhibits a greater ability to induce an inflam-
matory response in vitro and in vivo than do the less virulent
strains and that this in vivo response is also dependent upon
TLR2.

Role of CD14 in macrophage activation. Some microbial
macrophage activators, such as LPS, require CD14, which is
believed to function as a coreceptor together with TLR mole-
cules (5). To determine whether CD14 is required for macro-
phage activation by M. arthritidis extracts, we examined the

FIG. 5. Activation of DC by extracts from virulent versus avirulent
strains of M. arthritidis. XS52 cells were treated with 1 �g/ml of extracts
from all three strains of M. arthritidis. After 24 h, cells were harvested
and stained with fluorescein isothiocyanate-conjugated anti-class II
MHC or anti-CD40 antibodies or with phycoerythrin-conjugated anti-
B7-1 or -B7-2 antibodies (open histograms). Isotype-matched control
antibodies (filled histograms) were included in all experiments (see
Materials and Methods). Flow cytometry data from a representative
experiment of three are shown. (See text for P values.)

FIG. 6. Effect of PK on activity of M. arthritidis 158p10p9 extracts.
Extracts (Ex) at 1 �g/ml (A) or 0.08 �g/ml (B) were treated for 1 h at
37°C with 5 �g/ml SPK or 5 �g/ml agarose-bound (PKA) enzyme. The
soluble enzyme was deactivated by 100°C heat or the agarose-bound
enzyme was removed by centrifugation prior to assay for TNF-� on
RAW 264.7 cells.

FIG. 7. Up-regulation of CD25 by CHO cells transfected with
TLR2 or TLR4 in response to 158p10p9 extracts. CHO cells with the
TLR2 or TLR4 transgenes together with CD14 were exposed to M.
arthritidis 158p10p9 extracts for 18 h at 37°C. CD25 up-regulation, a
measure of TLR activation, was quantitated by flow cytometry.
MALP-2 was used as a positive control for activation of TLR2, and
LPS was used as a control for activation of TLR4. FITC, fluorescein
isothiocyanate.
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effect of antibody against CD14 on TNF-� production by
THP-1 monocytic cells. The data in Fig. 9 show that anti-
human CD14 antibody totally inhibits TNF-� induction by
both 158 and 158p10p9 extracts in comparison with the activ-
ities seen with cells treated with an isotype-matched control
antibody. As expected, lipid A was also inhibited. In contrast,
the activity of MALP-2 was unaffected by treatment with anti-
CD14 antibody.

Partial characterization of macrophage-activating compo-
nents. Preliminary studies were initiated to purify the mac-
rophage-activating moieties present in M. arthritidis cells. Pro-
teins extracted by TX-114 were separated by SDS-PAGE and
blotted to nitrocellulose, and eluted strips were tested for the
ability to induce TNF-� on RAW 264.7 cells. There were three
bands of activity within strain 158p10p9 extracts corresponding
to molecular mass ranges of 22 to 25 kDa, 25 to 32 kDa, and
36 to 43 kDa (Fig. 10A). The alternative approach of reverse-
phase chromatography was also used, employing a 15 RPC
column with a gradient of 0 to 100% isopropanol. Assay of
fractions again revealed three peaks of TNF-�-inducing activ-
ity, and the two most active peaks occurred under highly hy-
drophobic conditions (Fig. 10B).

DISCUSSION

The present studies have demonstrated that Mycoplasma
arthritidis possesses a TLR2-dependent, cell-associated moi-
ety(ies) that is a potent activator of macrophages and DC and

that extracts from an animal-passaged virulent strain are more
potent in inducing macrophage and DC activation than are
extracts from a laboratory-maintained avirulent strain. We
documented that the activity was not due to contamination

FIG. 8. IL-6 production in vitro and in vivo induced by M. arthritidis extracts in macrophages from TLR2�/� and TLR2�/� mice. (A) Mac-
rophages from C57BL/6 and C57BL/6 TLR2 KO mice. Resident peritoneal macrophages were harvested from individual mice, and suspensions
were treated in duplicate with various doses of 158p10p9 extracts, MALP-2 (100 ng/ml), lipid A (100 ng/ml), or NS alone. Supernatants were
harvested at 18 h and assayed in triplicate for IL-6 production. Mean values � SEM are shown. (B and C) Three mice each of strains C57BL/6
and C57BL/6 TLR2 KO received an intravenous injection of 158 or 158p10p9 extracts (5 �g/mouse) and were exsanguinated 90 min later, and the
resulting sera were tested for (B) IL-6 and (C) TNF-�. Mean results from three mice with triplicate assays � SEM are shown.

FIG. 9. Role of CD14 in macrophage activation by M. arthritidis
158p10p9 TX-114 extracts. THP-1 cells were pretreated with anti-
human CD14 (10 �g/ml) for 1 h at 37°C, after which extracts at 1 and
0.2 �g/ml (final concentration) were added. After incubation for a
further 18 h at 37°C, culture supernatants were harvested and analyzed
for TNF-�. Lipid A and MALP-2, both at 0.1 �g/ml, were also tested.
Results are means � SEM.
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with either LPS or the soluble M. arthritidis-derived superan-
tigen MAM, which are both potent activators of macrophages
(6, 37), with LPS utilizing TLR4 (5) and MAM utilizing TLR4
and TLR2 (28).

Our first goal was to determine whether macrophage acti-
vation was associated with strain virulence, since this property
might play a role in disease pathogenesis. Significantly higher
levels of TNF-� were induced by extracts from the virulent
158p10p9 strain of M. arthritidis than were induced by the
avirulent 158 strain. Interestingly, extracts from the virus-in-
fected 158L3-1a strain were more potent than those from the
nonlysogenized 158 parent strain, possibly explaining the in-
creased arthritogenicity of the 158L3-1a lysogen (48, 51). The
158p10p9 strain also possesses MAV-1 (51, 54), which it pre-
sumably acquired during animal passage, perhaps by selective
replacement of strain 158 with a preexisting more virulent
MAV-1-positive strain. However, 158p10p9 extracts were still
more potent than those from 158L3-1a, and 158p10p9 is much
more arthritogenic and toxic in mice than is 158L3-1a (B. C.
Cole et al., unpublished data). This would suggest the involve-
ment of other virulence factors, possibly the well-characterized
MAA1 or MAA2 adhesins (55, 57) or the MAM superantigen
(6), or a better ability of the organism to survive in the host.
Importantly, strain 158p10p9 extracts exhibited other proper-
ties not seen in those from strains 158 or 158L3-1a, namely, in
vitro induction of NO, in vivo production of serum TNF-�, and
a differential effect on DC, all of which might impact on host
responses. The role of these macrophage-activating, cell-
bound components in M. arthritidis-mediated disease remains
to be established.

Dendritic cells, now known to be important in development
of innate immunity and in directing the subsequent adaptive
immune response (19, 35), were also activated to various de-
grees by M. arthritidis extracts. All preparations induced up-

regulation of class II MHC and B7-1 expression, both of which
are essential for antigen recognition and development of im-
munity (50). In contrast, strain 158p10p9 was more effective in
up-regulating CD40, a molecule that is known to be associated
with production of IL-12 (20), which in turn promotes inflam-
matory Th1 responses (41). The up-regulation of B7-2, a pro-
moter of Th2 cytokines and protective immunity, may be due
to the origin of the XS52 DC, which was the BALB/c mouse
(61) that preferentially produces type 2 cytokines (12) and
which is known to be relatively resistant to M. arthritidis-in-
duced disease (10, 29).

In the past few years it has become apparent that microbial
and endogenous interactions of ligands with innate immunity
via diverse TLRs play a key role in driving signaling pathways
that lead to inflammation (21, 36), that protect against infec-
tious disease (59), and that are now believed to be associated
with autoimmunity (34, 47). In particular, microbial LPS can
interact with either TLR2 or TLR4, depending upon its bac-
terial origin (15), and a substantial number of microbial li-
poproteins which interact with TLR2 have been described (1).
We have shown here that macrophage activation by M. arthri-
tidis is mediated exclusively through an interaction with TLR2
by demonstrating the total failure of macrophages from
C57BL/6 TLR2 KO mice to respond to the extracts while still
responding normally to the lipid A component of LPS.

Our preliminary studies to characterize the active compo-
nent(s) in M. arthritidis using TX-114 extraction indicated that
the activity separated solely to the detergent phase, and SDS-
PAGE indicated the presence of three active extractable
bands. Reverse-phase chromatography indicated two active
components that were strongly hydrophobic. The finding that
activity was not decreased by heat treatment or by digestion
with PK indicated lipopeptides or glycolipids might be in-
volved. More recent studies, however, indicate that a lipid is

FIG. 10. (A) Activity of TX-114 detergent extracts separated by SDS-PAGE. After PAGE, (lipo)proteins were transferred to a nitrocellulose
membrane, and after extraction of 2-mm strips in dimethyl sulfoxide followed by precipitation with sodium carbonate buffer, they were assayed for
induction of TNF-� production by RAW 264.7 cells. A region of the gel which contained no extract was also transferred and used as a negative
control (NT). There were at least three potent macrophage-activating components (arrowheads). (B) Reverse-phase gradient chromatography of
M. arthritidis 158p10p9 extracts. Detergent-phase extracts from TX-114 fractionation were loaded onto a 15 RPC column and eluted with a 0 to
100% isopropanol gradient. Fractions were assayed for TNF-� production by RAW 264.7 cells. Duplicate suspensions were assayed for each
fraction, and triplicate wells were tested during the enzyme-linked immunosorbent assay.
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involved, since the activity of PK-treated extracts separated by
SDS-PAGE comigrates to a distinct Coomassie blue-positive
band that runs just above the dye front (A. Hasebe et al.,
unpublished observations). The component(s) responsible may
well be analogous to the diacylated MALP-2 lipopeptide (32)
derived from the MALP-404 lipoprotein (60) that was isolated
from Mycoplasma fermentans. Both MALP-2 (45, 58) and the
M. arthritidis moiety(ies) activate both macrophages and DC by
a TLR2-dependent mechanism. However, there is evidence
that these entities might be significantly different; whereas the
M. arthritidis component(s) was found to be dependent upon
CD14, a coreceptor for LPS (5), we also showed that MALP-2
was independent of CD14. Recent studies by Hoebe et al. (16)
have demonstrated that the diacylated MALP-2 is dependent
upon CD36 as a facilitator or coreceptor for activation through
TLR2/TLR6, therefore serving a function analogous to that of
CD14. Clearly, work is now required to determine whether the
M. arthritidis lipopeptide(s) is diacylated and requires CD36 or
whether CD14 is required. Also to be addressed is whether M.
arthritidis requires a complex of TLR2 and TLR6, as for
MALP-2 (17) and other bacterial diacylated lipopeptides (43,
46), or an association with TLR1, as for triacylated lipopep-
tides. These potential differences in coreceptor usage may re-
sult in differential signaling pathways and thus elicit different
responses in the host.

Although the MALP-2 lipopeptide from M. fermentans has
been well studied in terms of its physical structure and its
interaction with macrophages, its role in disease is question-
able at this time due to the lack of a suitable animal model. For
this reason, our finding that M. arthritidis, a naturally occurring,
well-characterized pathogen of mice and rats, also possesses a
macrophage-activating component(s) which utilizes TLR2 pro-
vides a very useful model to determine the role of TLR2-ligand
interactions in mycoplasma-mediated inflammatory disease.
The mechanisms of pathogenesis of M. arthritidis-mediated
inflammatory disease are no less complex than those of many
other microbial diseases (6, 53). In addition to the TLR2-
dependent macrophage-activating moiety found here, we re-
cently showed that the MAM superantigen not only displays
typically superantigenic interactions with specific MHC mole-
cules and T-cell receptors (7) but also uniquely activates mac-
rophages through an interaction with both TLR2 and TLR4. In
addition, the observed down-regulation of TLR2 function by
the MAM/TLR4 interaction potentially provides a homeo-
static anti-inflammatory pathway (28). Studies are now re-
quired to determine whether the macrophage-activating, cell-
associated components might be related to the adhesins and
the MAV-1 phage or whether they may work in concert with
the adhesins as well as the MAM superantigen to promote the
various disease manifestations of this organism in the murine
host. Fortunately, mouse strains which exhibit differing re-
sponses to these potential virulence factors, and different M.
arthritidis strains of various degrees of virulence and differen-
tially possessing these factors, are available for this work.
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