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Mycoplasmas may be associated with rheumatoid arthritis in various animal hosts. In humans, mycoplasma
arthritis has been recorded in association with hypogammaglobulinemia. Mycoplasma fermentans is one myco-
plasma species considered to be involved in causing arthritis. To clarify which mycoplasmal compounds con-
tribute to the inflammatory, bone-destructive processes in arthritis, we used a well-defined lipopeptide, 2-kDa
macrophage-activating lipopeptide (MALP-2) from M. fermentans, as an example of a class of macrophage-
activating compounds ubiquitous in mycoplasmas, to study its effects on bone resorption. MALP-2 stimulated
osteoclast-mediated bone resorption in murine calvaria cultures, with a maximal effect at around 2 nM. Anti-
inflammatory drugs inhibited MALP-2-mediated bone resorption by about 30%. This finding suggests that
MALP-2 stimulates bone resorption partially by stimulating the formation of prostaglandins. Since interleu-
kin-6 (IL-6) stimulates bone resorption, we investigated IL-6 production in cultured calvaria. MALP-2 stim-
ulated the liberation of IL-6, while no tumor necrosis factor was detectable. Additionally, MALP-2 stimulated
low levels of NO in calvaria cultures, an effect which was strongly increased in the presence of gamma inter-
feron, causing an inhibition of bone resorption. MALP-2 stimulated the bone-resorbing activity of osteoclasts
isolated from long bones of newborn rats and cultured on dentine slices without affecting their number. In bone
marrow cultures, MALP-2 inhibited the formation of osteoclasts. It appears that MALP-2 has two opposing
effects: it increases the bone resorption in bone tissue by stimulation of mature osteoclasts but inhibits the

formation of new ones.

Mycoplasmas are wall-less bacteria which are mostly harm-
less commensals but can also be associated with clinical symp-
toms from nongonococcal urethritis (12) to rheumatoid ar-
thritis. One species, Mycoplasma arthritidis, has been studied
particularly well with respect to its arthritogenic properties
(47). It releases a superantigen whose structure has been elu-
cidated and whose functional domains were identified (4).
However, other mycoplasma species, which do not produce or
release superantigens, may also be associated with rheumatoid
arthritis in various animal hosts such as chickens (30), swine
(17), goats (40, 41), or cattle (34). In human adults and occa-
sionally children, mycoplasma arthritis has been recorded in
association with hypogammaglobulinemia (9, 35). In a classical
paper, M. fermentans was also considered to be a causative
agent of arthritis (49); this finding has recently been supported
by modern analytical tools (43).

Rheumatoid arthritis is an inflammatory disorder with infil-
tration of leukocytes and increases of local concentrations of
proinflammatory cytokines and chemokines (2, 3, 33) followed
by degradation of the joint cartilage. With progression of the
disease, cytokines may activate bone cells and induce bone
resorption, resulting in local bone loss. Additionally, various
bacterial components have been shown to interact directly with
bone cells and cause changes in bone remodelling (29).

It is less clear which mycoplasmal compounds contribute to
the inflammatory, bone-destructive processes in mycoplasma-
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associated arthritis. According to a recent report, high-molec-
ular-weight components from M. hyorhinis and M. arthritidis
cause bone resorption in bone organ cultures (32). In many
aspects, this material resembled the mycoplasma-derived high-
molecular-weight material (MDHM) which was isolated from
M. fermentans by virtue of its macrophage-stimulatory activity
(25) and which turned out to be a mixture of lipopeptides (26).
It has been previously observed that mycoplasmas, like other
microorganisms, produce components which activate macro-
phages (10, 18, 20, 38) and that they induce inflammation
under various natural or experimental conditions (13, 16, 19,
42). In continuation of previous work on MDHM, a well-
defined lipopeptide, named 2-kDa macrophage-activating li-
popeptide (MALP-2), was isolated from M. fermentans and
purified. Its structure was elucidated and further supported by
chemical synthesis (26). The synthetic MALP-2 has the structure
S-[2,3-bispalmitoyloxypropyl]-cysteinyl- GNNDESNISFKEK.
MALP-2 activates peritoneal macrophages to release nitric
oxide (NO) at picomolar concentrations. Macrophages stimu-
lated with MDHM, of which MALP-2 is a component, also pro-
duce interleukin-6 (IL-6), tumor necrosis factor alpha (TNF-a),
and IL-1 (25, 28), and MALP-2 causes leukocyte infiltration in
a mouse model because of its capacity to stimulate chemokine
release (6).

In this study, we investigated whether MALP-2 would also
stimulate bone resorption. The data demonstrate that this li-
popeptide, which is but one example of a class of macrophage-
activating compounds ubiquitous in mycoplasmas (11, 18, 27,
38), is active in causing bone resorption in cultured murine
calvaria and in increasing the bone-resorbing activity of osteo-
clasts isolated from rat bone but not in increasing the number
of osteoclasts in the bone marrow culture.
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MATERIALS AND METHODS

Materials. MALP-2 was synthesized as described previously (26). It was kept
as a stock solution in 10 mM octylglucoside and 45% 2-propanol. When added
to the incubation medium, the stock solution of MALP-2 (18 wM) was first
diluted 1:25 with 25 mM n-octyl-B-p-glucopyranoside (Sigma, Buchs, Switzer-
land) and then with medium to the final concentration. Vehicle solution was
added to the control calvaria. Bovine serum albumin (radioimmunoassay
grade) and the prostaglandin inhibitors indomethacin and flurbiprofen were
obtained from Sigma; hydrocortisone, NADPH, and NG-monomethyl-L-argi-
nine (LMMA) were obtained from Fluka, Buchs, Switzerland; nitrate reductase
from Aspergillus species was obtained from Roche Diagnostic, Rotkreuz, Swit-
zerland; fetal bovine serum (FBS) was obtained from Biological Industries,
Inotech, Dottikon, Switzerland. Calcitonin was donated by Novartis Pharma AG,
Basel, Switzerland; 1,25-dihydroxycholecalciferol was donated by Hoffmann-
LaRoche, Basel, Switzerland; recombinant mouse gamma interferon-y (IFN-vy)
was a generous gift from G. R. Adolf, Bender & Co. GmbH (Vienna, Austria).

Calvarium culture. Culture conditions similar to those described previously
(7) were used. Briefly, calvarium explants from 4- to 5-day-old ddy mice, bred in
our breeding facilities, were obtained aseptically. The bones were divided into
two halves along the median suture. The calvarium halves were preincubated in
1 ml of alpha minimal essential medium (a-MEM) supplemented with 1%
penicillin, 1% streptomycin, and 0.1% bovine serum albumin in 12-well tissue
culture plates on a rocking platform at 37°C in an atmosphere of 5% CO,-95%
air. After 24 h, the medium was changed; one half of the bone preparation was
used as a control, and the other half was treated. After a culture period of 48 to
72 h, the medium was collected and the bones were demineralized in 4 ml of 5%
trichloroacetic acid. The calcium in medium and trichloroacetic solution was
determined. The blank value obtained from medium incubated without calvaria
was subtracted. Bone resorption was calculated by the amount of calcium re-
leased into the medium as the percentage of total calcium (bone and medium).
Data are presented in this manner in Fig. 3 and 4. The effect of the test sub-
stances is given as the difference between treated and control bone and is
presented in Fig. 1 and 2.

Isolation of osteoclasts and pit assay. Femurs and tibia from 1-day-old rats
were dissected and cureted with a scalpel in Eagle’s minimal essential medium
containing Earle’s salt with 15 mM instead of 25 mM bicarbonate and 10% fetal
calf serum (incubation medium) (1). The cell suspension was collected, and after
the bone fragments had settled, the supernatant was transferred to a new tube.
Aliquots of 0.4 ml were layered on four dentine slices (0.5 by 0.5 cm) which had
been preincubated with medium. Six rats were needed for 44 slices. After incu-
bation for 40 min at 37°C in 5% CO,-95% air, nonadherent cells were washed
off with phosphate-buffered saline. The slices were transferred to 24-well cell
culture dishes and incubated for 24 h in 0.5 ml of incubation medium containing
either no addition, vehicle, or MALP-2. At the end of the incubation, the cells
were fixed with a mixture of 3 vol of acetone and 2 vol of 38 mM citrate buffer
(pH 5.4) and stained for tartrate-resistant acid phosphatase (TRAP) with kit
386-A from Sigma. After the TRAP-positive multinucleated cells (more than two
nuclei) were counted, the dentine slices were sonicated in 70% isopropanol twice
for 15 s each time, cleaned with a brush, dried, and sputter coated with gold
(SCD 004 sputter coater; Balzers Process Systems, Balzers, Liechtenstein). The
number of resorption pits on each dentine slice was enumerated by using a light
microscope with light from the side.

Bone marrow culture. Bone marrow cultures were done as described else-
where (44). Tibias and fermurs were aseptically dissected from 6- to 8-week-old
male ddy strain mice. The bone marrow cavity was flushed out with 1 ml of
a-MEM, using a sterile 25-gauge needle. The marrow cells were collected, and
7.5 X 10° cells were cultured in 24-well tissue culture dishes (Falcon; Becton
Dickinson, Winiger AG, Wohlen, Switzerland) in 0.5 ml of a-MEM containing
10% fetal bovine serum and 10 nM 1,25-dihydroxycholecalciferol in an atmo-
sphere of 5% CO,-95% air. The vitamin D metabolite is required to support the
formation of TRAP-positive multinucleated cells. After 3 days, 0.4 ml of the old
medium was replaced with fresh medium. At day 6, the cells were fixed with a 3:2
mixture of acetone and 38 mM citrate buffer (pH 5.4). The osteoclast-like cells
were stained for TRAP by using kit 386-A from Sigma. The TRAP-positive cells
with three and more nuclei were counted, and the result was expressed as
number per well.

Determination of calcium. Calcium was analyzed colorimetrically, using meth-
ylthymol blue as the indicator (Ca-Kit; bioMérieux Suisse s.a., Geneva, Switzer-
land).

Determination of NO production. NO produced by cells decays to nitrite and
nitrate. The nitrate was reduced to nitrite with nitrate reductase (25). Thus, an
aliquot of 100 pl of supernatant was mixed with 10 pl of solution containing 20 m
U of nitrate reductase and NADPH at a concentration of 110 uM and incubated
for a 10 min at 37°C. Then Griess solution consisting of a freshly made 1:1
mixture of 0.1% naphthylethylenediamine-2HCI in water and 1% sulfanilamide
in 5% H;PO, was added, and the absorbancy was determined at 490 nm (24).

Production of IL-6 and TNF-« by calvaria. Calvarium halves were incubated
in the presence of 0.18 nM MALP-2 for 3 h (TNF-«) and 6 h (IL-6). The media
were collected, and the cytokines were determined. IL-6 was determined in a
capture enzyme-linked immunosorbent assay using the IL-6-specific monoclonal
antibody MM600C (mouse immunoglobulin G1k; Endogen, Cambridge, Mass.)
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FIG. 1. Effect of MALP-2 on calcium release by murine calvaria. Pairs of
calvarium halves were preincubated for 24 h in «-MEM containing 0.1% bovine
serum albumin and then cultured for 72 h in the presence or absence of increas-
ing amounts of MALP-2. Bone resorption is presented as the difference in the
percentage of calcium release between the treated half (T) and the control half
(C). Values are means = SEM of 15 calvarium pairs. *, significantly different
from control (no MALP-2) value; P < 0.001.

Bone resorption (T-C; %) + SEM
3

as a capture antibody, and a biotinylated monoclonal antibody from clone 6B4
(46) (a kind gift from J. van Snick, Ludwig Institute for Cancer Research,
Brussels, Belgium) was used for determination. To calculate IL-6 concentrations
in the samples, an authentic standard preparation of mouse recombinant IL-6
(Boehringer, Mannheim, Germany) was used for comparison. TNF-a was de-
termined by a cytotoxicity assay using a TNF-a-sensitive 1.929 cell clone (C5F6)
(a generous gift from C. Galanos, Freiburg, Germany) as target cells (46). Cells
were plated at a density of 5 X 10* cells/well in 96-well microtiter plates and
incubated for 3 h at 37°C in humidified 7.5% CO, in air. After exposure to
TNF-a for 20 h in the presence of actinomycin D (4 wg/ml), viability of the CSF6
cells was determined by staining the surviving cells with crystal violet. TNF-a
activity was calibrated by using a standard preparation of mouse recombinant
TNF-a (Boehringer). The detection limit was 5 pg/ml.

Statistics. The effect on calvaria was investigated by comparing the treated
half of the calcium with the control half. The results were analyzed by pair
analysis using Student’s ¢ test. Results for the isolated osteoclasts (Fig. 5) and
bone marrow culture (Table 1) were analyzed by analysis of variance (Students-
Newman-Keuls multiple-comparison test). Results are presented as means =+
standard errors of the means (SEM).

RESULTS AND DISCUSSION

In calvarium cultures, MALP-2 stimulated bone resorption
in a dose-dependent manner, as was determined from the
release of calcium into the medium. The maximum effect was
observed at a MALP-2 concentration of 0.18 to 1.8 nM (Fig. 1).
Calcitonin, which inhibits the bone-resorbing activity of osteo-
clasts (8, 31), decreased MALP-2-induced calcium release by
67 and 96% at concentrations of 0.1 and 1.0 nM, respectively
(not shown). These results indicate an osteoclast-mediated
bone resorption.

It was previously shown that MDHM, consisting of a mixture
of mycoplasmal lipopeptides including MALP-2, could induce
the synthesis of arachidonate metabolites (28) and NO (25) in
cultures of peritoneal macrophages. Both compounds are
known to influence bone metabolism (15, 45) and could there-
fore mediate the response to MALP-2 in our system.

We therefore studied the effects on MALP-2-mediated bone
resorption of various anti-inflammatory drugs known to inhibit
prostaglandin synthesis. There was an inhibition of about 30%
(Fig. 2). The low bone resorption in the absence of MALP-2
was not influenced by these inhibitors, which suggests that
MALP-2 stimulates bone resorption at least partially by stim-
ulating the formation of prostaglandins.

We then ascertained whether MALP-2 would stimulate NO
production also in the calvarium system. NO is an important
mediator of bone resorption. At low concentrations, it seems



VoL. 67, 1999

(%) + SEM

Inhibition of bone resorption

MALP-2 no MALP-2

FIG. 2. Effects of inhibitors of prostaglandin synthesis on MALP-2-mediated
bone resorption. Both halves of calvarium pairs were preincubated as described
for Fig. 1 and then treated with either MALP-2 or vehicle without MALP-2 (no
MALP-2). Indomethacin (open bars), hydrocortisone (hatched bars), and flur-
biprofen (solid bars) at a concentration of 10~° M were added to one half of the
calvarium pairs, and the bones were incubated for 72 h. Values are means *
SEM of 10 pairs (MALP-2) and 5 pairs (no MALP-2). *, #*, and ##x, significantly
different from control (no inhibitor of prostaglandin synthesis) value; P < 0.05,
P < 0.01, and P < 0.001, respectively.

to stimulate bone resorption (45); at high concentrations, how-
ever, it inhibits bone resorption by inducing apoptosis of os-
teoclast precursor cells and by directly inhibiting the activity of
mature osteoclasts. Inflammatory cells produce IFN-y, which
stimulates the production of NO. IFN-y thus protects against
the bone loss through stimulating NO production (14, 22, 23,
36, 45).

In our studies, treatment of calvarium halves with MALP-2
slightly increased the synthesis of NO (Fig. 3A), but the low
concentration of NO did not seem to influence bone resorp-
tion, since the latter was not diminished by LMMA, an inhib-
itor of nitric oxide synthase (not shown). IFN-y stimulated NO
production, even in the absence of MALP and to a higher
extent in the presence of MALP (Fig. 3A). We investigated
whether the higher concentrations of NO-produced in the
presence of IFN-y would inhibit bone resorption. Indeed, at
0.18 and 1.8 nM MALP-2, the addition of IFN-y decreased
bone resorption, but it had no effect at 0 and 0.018 nM
MALP-2 (Fig. 3B). When the NO production stimulated by
0.18 nM MALP-2 and IFN-y was inhibited by LMMA (Fig.
4A), bone resorption returned to the same level as that found
when no IFN-y was present (Fig. 4B). This indicates that the
inhibition of bone resorption is due to NO and not to the direct
effect of IFN-y on bone resorption. At 0.018 nM MALP-2,
IFN-y had no significant effect on bone resorption, as observed
in Fig. 3B. Thus, under our experimental conditions, we did
not find that low concentrations of NO-stimulated bone re-
sorption, as was demonstrated by van’t Hof and Ralston (45).
However, in agreement with other data (21, 45), higher levels
of IFN-y-stimulated NO production inhibited bone resorption,
which suggests that IFN-y produced by inflammatory cells may
also reduce the MALP-2-induced bone resorption in vivo.

We then tested whether MALP-2 would also activate the
bone-resorbing activity of osteoclasts isolated from bones of
newborn rats. The number of osteoclasts (TRAP-positive
multinucleated cells) was not changed by the treatment with
MALP-2, but the number of resorption pits (lacunae) was
increased dose dependently (Fig. SA). Consequently, the ratio
of the number of pits divided by the number of osteoclasts was
increased, indicating that MALP-2 stimulated the bone-resorb-
ing activity of the osteoclasts (Fig. 5B) and did not influence
the number of osteoclasts.

It has been demonstrated that osteoblasts can produce IL-6,
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a cytokine that stimulates bone resorption. Thus, parathyroid
hormone-stimulated bone resorption is partially mediated
through the IL-6 production by osteoblasts (22). We therefore
investigated whether MALP-2 could stimulate IL-6 in cultured
calvaria as it does in peritoneal macrophages (21, 25). Indeed,
the IL-6 production of calvaria was increased from <3 ng/ml in
the absence of MALP-2 to 45.6 ng/ml (mean = SEM of five
calvarium halves) in the presence of 0.18 nM MALP-2. The
calvaria did not produce any detectable TNF-a,, and MALP-2
did not influence the production of this cytokine.

The effect of MALP-2 on the generation of osteoclasts was
investigated by culturing bone marrow cells. In this culture,
hemopoietic precursor cells develop in the presence of 1,25-
dihydroxycholecalciferol to osteoclast-like cells expressing os-
teoclastic properties (44). They stain positive for TRAP, bind
calcitonin, and resorb bone when cultured on bone slices. As
seen in Table 1, MALP-2 did not stimulate the formation of
TRAP-positive multinucleated cells. On the contrary, it inhib-
ited the formation of these cells. These data and those in Fig.
5 suggest that MALP-2 has two opposing effects, although at
different sites: it increases bone resorption in bone tissue by
stimulating the mature osteoclasts, and it inhibits the forma-
tion of new osteoclasts in the bone marrow.

It remains to be elucidated which cells in the bone tissue are
the target of MALP-2. Macrophages in the calvaria may be
activated by the lipopeptide, and the products released by
these cells may stimulate bone resorption. However, such a
mechanism seems unlikely, since we were unable to detect any
MALP-2-stimulated TNF-a production in calvaria. Macro-
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FIG. 3. Effect of IFN-y on NO production and MALP-2-induced bone re-
sorption in murine calvaria. After 24 h of preincubation, the calvarium pairs were
cultured for 48 h in the presence of MALP-2. One half was (hatched bars) and
the other half was not (open bars) treated with IFN-y (200 U/ml). NO produc-
tion (A) and bone resorption (B) are given as means + SEM of five calvarium
halves. SEMs smaller than the symbols are not drawn. * and =+, significantly
different from value for untreated half; P < 0.05 and P < 0.001, respectively.
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FIG. 4. Effects of inhibitors of NO production on bone resorption. Two
groups of calvarium pairs were investigated after preincubation as for Fig. 3. In
one group, the effect of IFN-y on pairs treated with MALP-2 (open bars) and
MALP-2 and plus IFN-y (200 U/ml) (hatched bars) was investigated. In the
second group, the effect of 0.1 mM LMMA on calvarium pairs treated with
MALP-2 plus IFN-y (200 U/ml) (hatched bars) and MALP-2, IFN-vy, and 100
M LMMA (solid bars) was investigated. NO production (A) and bone resorp-
tion (B) are given as means = SEM of five halves. SEMs smaller than the symbols
are not drawn. * and *x, significantly different from value for MALP-2 alone; P <
0.05 and P < 0.01, respectively. # and ##, significantly different from value for
MALP-2 and IFN-y; P < 0.05 and P < 0.01, respectively.

phages also are probably not involved in the activation of
isolated osteoclasts. Their number in isolated osteoclast prep-
arations is too small to induce an effect. The osteoblasts may be
the target of MALP-2. They may also be the cells which pro-
duce NO, since it has been demonstrated that osteoblasts re-
lease NO when stimulated with lipopolysaccharide, TNF-a, or
IL-1, and in particular when these stimulators act in concert
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FIG. 5. Effect of MALP-2 on the bone-resorbing activity of isolated osteo-
clasts. Rat osteoclasts adhering to dentine slices were incubated for 24 h in the
presence of vehicle (0 nM MALP-2) and various concentrations of MALP-2. The
number of TRAP-positive multinucleated cells (osteoclasts; open bars) and of
pits (hatched bars) (A) and the ratio of pits to TRAP-positive mononuclear cells
(B) are given as means = SEM of n (given in parentheses) slices. *, significantly
different from value for 0 nM MALP-2; P < 0.05.
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TABLE 1. Effect of MALP-2 on the formation of osteoclasts

No. of multinucleated

MALP-2 conen (nM) TRAP-positive cells

0

“Mean * SEM of four culture dishes.
® Significantly different from medium-only value.
¢ Significantly different from vehicle value.

with IFN-vy (5, 37, 39). The IL-6 produced in the presence of
MALP-2 originates also probably from osteoblasts. As men-
tioned above, these cells have been demonstrated to produce
IL-6 (22). In bone marrow culture, which is an intricate system
where many factors can be produced, MALP-2 may activate
hemopoietic cells to release inhibitors of osteoclast formation.
NO may be such an inhibitor. The molecule has been shown to
be apoptotic for osteoclast progenitor cells (45).

It is still a matter of debate whether mycoplasmas, in order
to cause joint inflammation, must be present as live organisms
at this site. If the presence of substances like MALP-2 in the
joints is sufficient to cause inflammation, one could envisage
that MALP, or mycoplasmal lipoproteins in general, are trans-
ported there as immunocomplexes, since lipoproteins are dom-
inant antigens and antibody is frequently detected in the sera
of arthritis patients (11). Another vehicle to transport live
mycoplasmas to the joints could be neutrophils, which phago-
cytose but do not kill mycoplasmas. This possibility has been
discussed elsewhere (48).

In conclusion, the results demonstrate that MALP-2 in-
creases bone resorption in calvaria and in isolated osteoclasts,
suggesting that it stimulates the bone-resorbing activity of ma-
ture osteoclasts. The formation of osteoclasts is reduced in
bone marrow culture. Thus, in vivo MALP-2 may induce local
bone loss by stimulating the bone-resorbing activity of mature
osteoclasts. However, this effect may be weakened by the in-
hibition of the osteoclast generation and by the formation of
NO. Target cells of MALP-2 may be osteoblasts stimulating
the osteoclasts and hemopoietic cells. However, the osteoclasts
may also be directly affected by MALP-2.
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