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Natural as well as experimental infections with pathogenic mycoplasmas lead to cellular responses charac-
terized by early polymorphonuclear leukocyte influx, which in turn is followed by infiltration of macrophages.
Since some of the most potent leukocyte chemoattractants are macrophage products, we investigated whether
the 2-kDa macrophage-activating lipopeptide (MALP-2) from Mycoplasma fermentans was capable of inducing
chemoattractant chemokines and initiating an in vivo inflammatory effect. MALP-2 was a potent in vitro in-
ducer of the chemokines macrophage inflammatory protein 1a (MIP-1a), monocyte chemoattractant protein 1
(MCP-1), and MIP-2, yielding a maximal response at 0.1 ng/ml (5 3 10211 M). Leukocyte infiltration was deter-
mined after intraperitoneal injection of MALP-2, liposome-encapsulated MALP-2, and heat-killed mycoplas-
mas. There was a steady increase in the number of peritoneal cells over 72 h in response to these agents. Poly-
morph counts were maximal by 24 to 48 h, decreasing thereafter. Monocytes/macrophages had significantly
increased after 3 days. MIP-1a, MCP-1, and MIP-2 levels in serum or peritoneal lavage fluid were determined.
MIP-1a and MCP-1 levels were elevated by 2 to 6 h after injection and were still above control values after 24 h.
In contrast, MIP-2 levels reached their maximum at 2 h, dropping to control values after 24 h. We conclude
that macrophage-stimulating mycoplasmal lipoproteins, exemplified by MALP-2, play an important role in the
late phase of phagocyte recruitment at sites of infection and that this is affected by leukoattractive chemokines.

Mycoplasmas are pleiomorphic wall-less bacteria with a min-
imal genome which require host cells and their products for
growth in their natural habitat. Depending on the mycoplasma
species and respective hosts, these organisms can occur as
harmless commensals or may cause inflammatory disease
states, such as atypical pneumonia, nongonococcal urethritis,
mastitis, salpingitis, or arthritis (reviewed in references 3, 38,
and 40). Natural (33) as well as experimental infections with
pathogenic mycoplasmas in several systems (6, 17, 21, 22, 39)
lead to mycoplasma-associated cellular responses, character-
ized by early influx of polymorphonuclear leukocytes (PMN)
which is followed by infiltration of macrophages and lympho-
cytes. Save for one report on a membrane protein preparation
from Mycoplasma pulmonis with in vitro chemoattractant prop-
erties for B lymphocytes (34), little is known to date about
mycoplasmal compounds with leukocyte chemotactic proper-
ties, and nothing is known about their way of action.

We have recently described the isolation and characteriza-
tion of a class of macrophage-activating compounds from two
mycoplasmas, Mycoplasma fermentans (31) and Mycoplasma
hyorhinis (32), species which incidentally are both arthrito-
genic. These macrophage-activating agents are naturally occur-
ring lipopeptides and are similar to the classic Escherichia coli
murein lipoprotein in that they carry a fatty acid-substituted
N-terminal S-(2,3 bisacyloxypropyl)cysteinyl group but lack the
N-acyl long-chain fatty acid of the classical bacterial lipopro-
teins. This feature renders these mycoplasmal compounds ex-

ceptionally active in vitro macrophage stimulators (31, 32).
Since some of the most potent leukocyte chemoattractants are
macrophage products, we investigated whether the 2-kDa mac-
rophage-activating lipopeptide (MALP-2) from M. fermentans
as a model compound for a typical mycoplasmal membrane
lipopeptide was capable of inducing the in vitro liberation of
chemoattractant chemokines and could initiate an in vivo in-
flammatory effect similar to that effected by mycoplasmas.
We used the synthetic MALP-2 S-[2,3-bispalmitoyloxypropyl]
cysteinyl-GNNDESNISFKEK, which differs from the natural
compound in two aspects: it is a mixture of two optical isomers
with respect to the asymmetric carbon atom in the 2 position of
the bisacyloxypropyl group, and it carries no unsaturated fatty
acid (31). Intraperitoneal (i.p.) injection in the mouse was
chosen as an experimental system that has been used to study
the effects of several mediators, including cytokines (36) and
mycobacteria (2), on PMN infiltration. To simulate the natural
situation optimally, MALP-2 was also incorporated into lipo-
somes, vehicles that have been previously used either to spe-
cifically eliminate (42) or to stimulate (41) macrophages in ex-
perimental animals. Our present studies show that free as well
as liposome-encapsulated MALP-2 was capable of stimulating
the in vitro as well as in vivo release of the chemokines macro-
phage inflammatory protein 1a (MIP-1a), monocyte chemo-
attractant protein 1 (MCP-1), and macrophage inflammatory
protein 2 (MIP-2) with concomitant early influx of PMN fol-
lowed by infiltration of primarily macrophages. In view of the
fact that earlier studies with synthetic analogues of bacterial
lipopeptides at doses of up to 1 mg per mouse showed no rise
in circulating cytokines (15), our data may be the first example
of powerful in vivo responses to microgram quantities of a
prototype mycoplasmal lipopeptide.

* Corresponding author. Mailing address: Immunobiology Research
Group, Gesellschaft für Biotechnologische Forschung mbH, Masche-
roder Weg 1, D-38124 Braunschweig, Germany. Phone: 49-531-6181-
240. Fax: 49-531-6181-284. E-mail: PFM@GBF.de.

3390



MATERIALS AND METHODS

Mycoplasma cultures. M. fermentans clone II-29/1 from M. fermentans D15-86
(31) and clone 39 from M. fermentans PG 18 (kindly supplied by K. Wise) were
grown at 37°C in a 7.5% CO2 atmosphere in GBF-3 medium consisting of bi-
carbonate-buffered, modified Eagle’s medium alpha, 10% heat-inactivated new-
born calf serum (Sigma, Deisenhofen, Germany), 0.5% (wt/vol) Bacto Tryptone
with 5 mM fructose, and 10 mg of each of the following nucleosides per liter:
guanosine, cytidine, uridine, 29-deoxyadenosine, 29-deoxyguanosine, 29-deoxycy-
tidine, and 29-deoxythymidine (31). The medium is free of endotoxin, and no
precipitates are formed upon incubation. Mycoplasmas were heat killed at 95°C
for 10 min and kept frozen at 220°C until use. These mycoplasmas contained
38% chloroform-methanol extractable lipid and 60% protein according to Lowry
et al. (23).

Extraction of macrophage-stimulating material. A suspension of heat-killed
mycoplasmas containing about 5 mg of protein/ml was diluted 1:1 with 25 mM
n-octyl-beta-D-gluco-pyranoside (octyl glucoside) (Sigma) and heated for 2 min
at 100°C. Insoluble material was sedimented by centrifugation for 10 min at
11,000 3 g. The supernatant solution contains a mixture of lipophilic compounds,
including macrophage-stimulating lipoproteins and lipopeptides (31, 32).

Macrophage activators. MALP-2 was synthesized as described previously (31)
and kept as a stock solution of 1 mg/ml in water–2-propanol (1:1) (vol/vol) at 4°C.
The exact peptide content was determined by amino acid analysis. For in vivo
use, MALP-2 was diluted with isotonic saline for injection (Fresenius, Bad Hom-
burg, Germany). For in vitro use, stock solutions were first diluted with 25 mM
octyl glucoside in saline to provide a carrier and optimal solubilization (31) and
were then further diluted in several steps with culture medium. The detergent
(maximum final concentration in these studies, 6 mM) had no effects on the cell
cultures. The biological activity of MALP-2 was tested by the nitric oxide release
assay as described below. The batch of MALP-2 used in this study was half-
maximally active at 9 pg/ml (compare also references 31 and 32). Lipopolysac-
charide (LPS) was prepared from smooth-form Salmonella typhimurium by the
phenol/water method (44).

Phospholipids and preparation of liposomes. 1,2-dipalmitoyl-L-a-phospha-
tidyl-ethanolamine, 1,2-dipalmitoyl-L-a-phosphatidyl-DL-glycerol, 1,2-dipalmit-
oyl-DL-a-phosphatidyl-serine, and cholesterol were purchased from Sigma.
N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-1,2-dihexadecanoyl-sn-glycero-3-phospho-
ethanolamine, triethylammonium salt was purchased from Molecular Probes
(Leiden, The Netherlands). Liposomes were prepared from a mixture of phos-
phatidylglycerol, phosphatidylserine, cholesterol, and phosphatidylethanolamine
or, in the case of fluorescent liposomes, N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-
1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine, respectively (molar ra-
tios, 1.08:1:0.25:0.006). The mixture was dried by rotary evaporation. For the
preparation of MALP-2-containing liposomes, MALP-2 was added to the lipid
mixture before drying. The dried lipids were dissolved in 0.05 M Tris-buffered
100 mM octyl glucoside in isotonic saline (pH 7) for injection and dialyzed at
room temperature against a 50-fold excess of 0.1 M Tris-buffered saline. The
dialysis medium was changed three times at 24-h intervals. Finally, liposomes
were centrifuged at 47,800 3 g for 30 min to remove unincorporated material.
The liposomes were washed twice in isotonic saline and resuspended in saline.
Phospholipid yields were estimated by determination of inorganic phosphate
(24). MALP-2 activity was assayed by the nitric oxide release test after optimal
solubilization in 25 mM octyl glucoside. This test allows the determination of
macrophage-stimulating activity (MSA) and is a convenient and inexpensive
semiquantitative assay (29). By the final preparation, 88% of the MSA and 84%
of the lipid phosphate were recovered in the final sediment, indicating a stable
incorporation or encapsulation of MALP-2 into the liposomes. The liposomes
were multilamellar and round with a median size of 200 to 400 nm, as determined
by electron microscopy (data not shown).

Mice. C3H/HeJ LPS low-responder mice were obtained from Bomholtgaard
(Ry, Denmark), and outbred female NMRI mice were obtained from Harlan
Winkelmann (Borchen, Germany). They were under 5 months of age when used.
The animals were healthy and free of ectoparasites or microbial pathogens.
Histological inspection of their organs showed no symptoms of disease.

In vitro release of chemokines and cytokines from stimulated peritoneal
macrophages. Resident peritoneal exudate cells (PEC) from NMRI outbred
mice were used as a source of peritoneal macrophages. Mice were asphyxiated
with CO2 immediately before i.p. injection of about 3 ml of ice-cold Hanks’
balanced salt solution (HBSS) with 1% fetal calf serum (FCS). PEC were with-
drawn, centrifuged in the cold, and suspended in Dulbecco’s modified Eagle’s
medium containing 5% heat-inactivated FCS, 2 mM glutamine, and 2.5 3 1025

M 2-mercaptoethanol (culture medium). Cells were seeded in 96-well flat-bot-
tom microtiter plates at a density of 105 cells in 100-ml volumes per well and in-
cubated overnight at 37°C in humidified 7.5% CO2 in air. The microtiter plate was
vibrated on a Wellmixx 4 orbital shaker (Denley Instruments Ltd., Billingshurst,
United Kingdom) for 10 s at setting 8. Nonadherent cells were removed, and the
plates were washed twice with 100 ml of HBSS containing 1% FCS/well. The re-
maining macrophages were then supplied with 100 ml of fresh culture medium con-
taining the indicated concentrations of the stimulators per well. Levels of chemo-
kines and cytokines were determined from parallel cultures after the indicated times.

Determination of levels of IL-6, MIP-1a, MCP-1, and MIP-2. Interleukin 6
(IL-6) levels were determined in a capture enzyme-linked immunosorbent assay

by using the IL-6-specific monoclonal antibody (MAb) MM600C (mouse im-
munoglobulin G1k [IgG1k]; Endogen, Cambridge, Mass.) as a capture antibody
(Ab) and a biotinylated MAb from clone 6B4 (43) (a kind gift from J. van Snick)
for determination. For calculation of IL-6 activity in the samples, an authentic
standard preparation of mouse recombinant IL-6 (Boehringer, Mannheim, Ger-
many) was used. Antigenic murine MIP-1a, MCP-1, and MIP-2 concentrations
were measured by using the Quantikine M immunoassay kits from R & D Sys-
tems (Wiesbaden, Germany). The assays were performed according to the man-
ufacturer’s instructions. The detection limits for IL-6, MIP-1a, MCP-1, and MIP-
2 were 1.5 ng/ml, 2.5 pg/ml, 8 pg/ml, and 4 pg/ml, respectively.

TNF-a cytotoxicity assay. Tumor necrosis factor alpha (TNF-a) was deter-
mined in a cytotoxicity assay by using a TNF-a-sensitive L929 cell clone (C5F6)
(a generous gift of C. Galanos, Freiburg, Germany) as target cells (13). Cells
were plated at a density of 5 3 104 cells/well in 96-well microtiter plates and
incubated for 3 h at 37°C in humidified 7.5% CO2 in air. After exposure to
TNF-a for 20 h in the presence of 4 mg of actinomycin D/ml, viability of C5F6
cells was determined by staining the surviving cells with crystal violet. The TNF-a
activity was calibrated by using a standard preparation of mouse recombinant
TNF-a (Boehringer). The detection limit was 5 pg/ml.

Determination of MSA by nitric oxide release assay and definition of activity
units. The in vitro MSA was determined with the nitric oxide release assay as
described previously (29). Briefly, resident PEC from C3H/HeJ mice served as
the macrophage source. They were seeded in 96-well microtiter plates and
simultaneously stimulated with recombinant gamma interferon (rIFN-g) (a gen-
erous gift of G. R. Adolf, Ernst Boehringer Institut für Arzneimittelforschung,
Vienna, Austria) and a serial dilution of macrophage-activating material. After
an incubation period of 45 to 48 h, nitrate was reduced with nitrate reductase
(Boehringer), and the nitric oxide level was calculated from the sum of nitrate
and nitrite after the staining reaction with Griess reagent. One unit of MSA/ml
is defined by the dilution yielding half-maximal nitric oxide release. Where
indicated, samples were solubilized in 25 mM octyl glucoside. When synthetic
MALP-2 was solubilized in this way, 1 U of MSA corresponded to 9 pg of
synthetic MALP-2.

The i.p. injection of agents and identification of accumulated leukocytes.
MALP-2, liposomes containing about 0.2 mg of lipid with or without MALP-2, or
heat-killed M. fermentans cells (equivalent to 0.2 mg of protein or 0.33 mg dry wt)
were dissolved or suspended, respectively, in up to 0.4-ml volumes of pyrogen-
free isotonic saline and i.p. injected, using groups of six mice for each treatment.
Controls were injected with physiological saline (groups of three to six mice). In
earlier experiments, saline containing 2% 2-propanol was used as a control
vehicle. Results obtained with these controls did not differ from those obtained
with saline. After various time intervals, the mice were killed by asphyxiation in
CO2 and their peritoneal cavities were lavaged with 1.2 ml of HBSS containing
1% FCS and 10 U of heparin/ml. The individual peritoneal exudates were
centrifuged at 300 3 g for 10 min at 4°C. The peritoneal lavage fluid and the
serum of each mouse were collected and stored at 220°C until assayed. PEC
were resuspended to 1.5 3 106 cells/ml and differentiated histologically or ana-
lyzed by fluorescence-activated cell sorter (FACS) analysis. For histological dif-
ferentiation, cells were incubated with heat-killed, opsonized Staphylococcus
aureus (approximately 100 bacteria/cell) for 10 min at 37°C. The cells were
washed twice with PBS–2% FCS to remove nonphagocytosed bacteria and sedi-
mented onto microscope slides with a cytocentrifuge. The preparations were
stained with Wright solution. When analyzing monocytes/macrophages in PEC
from treated animals, we preferred this method rather than that using specific
MAb because the expression of these markers decreases after activation (11).
For FACS analysis, Fc receptors were blocked with mouse IgG (Dianova, Ham-
burg, Germany) and then labeled with fluorescein isothiocyanate (FITC)-conju-
gated anti-Gr1 (PMN-specific rat IgG2b; ImmunoKontact, Frankfurt, Germany),
FITC-conjugated anti-CD19 (rat IgG2; Dianova), anti-Thy 1.2 (rat IgG2b; Bec-
ton Dickinson, Heidelberg, Germany), or F4/80 (rat IgG2b) MAbs. Where ap-
propriate, fluorescein-conjugated goat anti-rat IgG antiserum (MEDAC, Ham-
burg, Germany) was used as second Ab. The distribution of antigens was
analyzed by flow cytometry (FACScan; Becton Dickinson). Erythrocytes and
dead cells were gated out.

Statistical analysis. Data are expressed as means 6 standard deviations (SD).
For calculation of statistical significance, the unpaired two-sample t test was
used. When control values were below the limits of detection, the one-sample
t test was used, assuming m0 to be equal to the limit of detection. P values of
,0.05 were considered significant.

RESULTS

Release of the leukocyte chemoattractant proteins MIP-1a,
MCP-1, and MIP-2 by MALP-2- and LPS-stimulated perito-
neal macrophages. In previous work, we have shown that very
low concentrations of mycoplasmal lipopeptides stimulate the
release of proinflammatory cytokines from peritoneal macro-
phages (29). In view of the reported leukocyte infiltration in
response to mycoplasma infections, we were now interested in
studying the release of leukocyte chemoattractant chemokines
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in this system. A dose response experiment showed that the
M. fermentans lipopeptide MALP-2 was a powerful inducer of
the chemokines MIP-1a and MIP-2; in fact, it was more potent
than LPS on a weight basis (Fig. 1A and B). Similar doses were
required for the release of MCP-1 (not shown). Three separate
experiments were done with cells from different animals. While
the maximal release of the mediators varied between macro-
phage cultures from individual mice, similar doses of MALP-2
or LPS, respectively, were required to yield half-maximal re-
lease of the mediators in all experiments. To correlate cytokine
release with that of the chemokines under identical conditions,
the proinflammatory cytokines TNF-a and IL-6 were tested in
parallel cultures and yielded similar dose dependencies (not
shown).

The concentrations of MIP-1a and MIP-2 in the medium of
MALP-2-stimulated cultures showed a different time course.
While both chemokines were rapidly liberated, the MIP-1a lev-
el formed a peak after 6 h and decreased thereafter, whereas
the MIP-2 level was stable, still increasing up to 48 h. Again,
three separate experiments were performed with macrophages
from different animals, and typical data are shown in Fig. 2.
The time course of MCP-1 liberation resembled that of MIP-2
(not shown), reaching levels of 770 6 360 pg/ml after 24 h
(mean of three cultures from different animals 6 SD).

Encapsulation of MALP-2 into liposomes. MALP-2 is mem-
brane bound in the natural state, as are other mycoplasmal

lipoproteins, and does not occur as free lipopeptide. To pro-
vide a lipopeptide preparation which resembles the physico-
chemical microenvironment in the mycoplasma membrane op-
timally and which can be compared with the free lipopeptide or
heat-killed mycoplasmas in various assay systems, MALP-2 was
incorporated into liposomes. The liposomes were designed to
contain, besides cholesterol, acidic phospholipids similar in
their composition to those from mycoplasmas.

In vitro macrophage activation by mycoplasmas and lipo-
some-encapsulated MALP-2. As previously shown and dis-
cussed above, the macrophage stimulatory activity of MALP-2
is highest when the lipopeptide is solubilized in octyl glucoside;
in other words, MALP-2 is less potent either when naturally
incorporated in the mycoplasmal membrane or artificially en-
capsulated into liposomes. We were interested to compare the
macrophage stimulatory capacity of liposome-encapsulated
MALP-2 in the nitric oxide release assay with that of natural
MALP-2 present in heat-killed M. fermentans clone II-29/1, an
experiment that ought to indicate whether MALP-2 is equally
accessible to the macrophage in both types of vehicle. The
MALP-2 content of both preparations is given in units per
milligram of lipid and was 106 U per mg of lipid in the heat-
killed mycoplasmas and 7 3 106 U per mg of lipid in the
liposomes. As shown in Fig. 3, mycoplasmas, equivalent to 10
ng of lipid containing 10 U, stimulated half-maximal nitric
oxide release, whereas about 2 ng of liposomes containing 14 U
was required to achieve the same effect. Thus, MALP-2, when
liposome encapsulated, is about as potent as in its natural

FIG. 1. MALP-2- and LPS-stimulated in vitro synthesis of chemokines. PEC
from NMRI mice were stimulated with the indicated concentrations of MALP-2,
optimally solubilized with octyl glucoside (see Materials and Methods) (A) or in
parallel cultures with S. typhimurium S-form LPS (B). MIP-1a (■) and MIP-2
(F) levels were determined after 6 h. Values in unstimulated cultures were 65 pg
of MIP-1a/ml and 4.2 ng of MIP-2/ml. The data are representative results from
one of three separate experiments with cells from different animals.

FIG. 2. Time course of chemokine synthesis in MALP-2-stimulated macro-
phage cultures. PEC from NMRI mice were stimulated with 200 pg (22 U of
MSA) of octyl glucoside-solubilized MALP-2/ml for the indicated times, and
MIP-1a (■) and MIP-2 (F) levels in the culture medium were determined at the
indicated time points. Chemokine concentrations in unstimulated control cul-
tures after 6 h were 190 pg of MIP-1a/ml and 7 ng of MIP-2/ml, respectively.
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environment, which is the mycoplasma membrane. As previ-
ously stated (31), solubilized MALP-2 is 10 to 14 times more
active than when it is membrane incorporated.

Leukocyte infiltration in response to i.p. injected heat-killed
M. fermentans clones with different MSA. To test whether the
capacity of mycoplasmas to induce leukocyte infiltration is in
any way related to their ability to stimulate macrophages, a
pilot experiment was performed by injecting two M. fermentans
clones, clone II-29/1 and clone 39, which differ in their content
of macrophage-stimulating material. Octyl glucoside extracts
of both clones were assayed in the nitric oxide release test for
MSA. This batch of clone II-29/1 contained 430 kU of MSA
per mg of protein compared to 13 kU of MSA per mg of
protein in clone 39. To exclude the influence of uncontrollable
effects through viable mycoplasmas, such as different rates of
survival or proliferation after infection, the mycoplasmas were
heat killed. Groups of three mice were i.p. injected with the
equivalent of 23 mg of mycoplasma protein. Twenty-four hours
later, the percentage of PMN in the peritoneal lavage fluid was
determined. Peritoneal cells from mice that had received clone
II-29/1 (10 kU) contained 24.4% 6 5.4% PMN, whereas those
from mice injected with clone 39 (0.3 kU) contained 4.4% 6
1.6% PMN (values are means 6 SD; P value, ,0.05). The
percentage of PMN in PEC of mice having received saline was
2.4% 6 2.8%. These data indicate that, at least in this model,
the capacity of mycoplasmas to induce leukocyte infiltration is
positively correlated with their MSA.

Leukocyte infiltration in response to i.p. injected soluble
and liposome-encapsulated MALP-2. With particulate and sol-
uble MALP-2 preparations available, and knowing that MALP-2
is a strong macrophage stimulator and causes the release of
leukocyte chemoattractant proteins, we tested the capacity
of such preparations to attract leukocytes into the peritoneal
cavity. It was particularly interesting to investigate whether
MALP-2, taken as an example for mycoplasmal lipoproteins,
is a factor contributing to leukocyte accumulation at sites of
mycoplasma infection. An amount of heat-killed clone II-29/1
mycoplasmas that gave maximal response served as positive
control. The data are summarized in Fig. 4. After injection of
heat-killed mycoplasmas, MALP-2, or liposome-encapsulated
MALP-2, there was a steady increase in the number of total
peritoneal cells over 72 h and longer (later times not shown).
Most conspicuous in animals which were injected with myco-
plasmas, MALP-2, or MALP-2 containing liposomes was a
rapid PMN infiltration which peaked at 24 to 48 h and de-
creased thereafter but remained well above PMN counts in
control animals for an additional 2 days. However, control
liposomes also elicited a moderate PMN response.

Since there was still an overall increase of total peritoneal
cells at 72 h when the PMN counts had decreased (Fig. 4), it
was of interest to determine if this late increase of peritoneal
cells was due to infiltration of monocytes/macrophages, lym-
phocytes, or both. Again, groups of six animals were i.p. in-
jected with heat-killed M. fermentans, MALP-2, or liposome-
encapsulated MALP-2, and 72 h later, differential leukocyte
counts in the peritoneal lavage fluid were determined. The
data in Table 1 show that the absolute number of monocytes/
macrophages had by this time significantly increased in animals
treated with MALP-2 in either soluble or liposomal form, an
effect which was even more pronounced in mice that had re-
ceived heat-killed mycoplasmas. There was no significant in-
crease in the number of lymphocytes nor in the percentage of
thy 1.2-positive T cells above that in control animals (2 to 5%)
at any time after any of the treatments.

Leukocyte chemoattractant chemokines and proinflam-
matory cytokines in serum and peritoneal fluid of MALP-2-
treated mice. As shown above, MALP-2 induced cultured mac-
rophages to release the leukocyte chemoattractant chemokines
MIP-1a, MCP-1, and MIP-2. It was therefore an attractive hy-
pothesis to assume that MALP-2-dependent infiltration of leu-
kocytes into the peritoneal cavity was caused by local release of
these chemokines by resident peritoneal macrophages. To test
this, serum and peritoneal lavage fluid were collected from the
same animals that had been used to observe leukocyte infiltra-
tion at various times after injection of heat-killed mycoplas-
mas, MALP-2, and liposome-encapsulated MALP-2. It was
first examined in pilot experiments whether higher titers of
these mediators were found in lavage fluid or in serum. Accord-
ingly, MIP-1a was assayed in the peritoneal lavage fluid where,
in spite of the dilution of the peritoneal fluid with HBSS,
higher titers than in the serum of the identical animals were
found. It should be noted that the kinetics of appearance of
MIP-1a in serum and peritoneal wash fluid were parallel, being
maximal after 6 h. All other mediators were determined in the
serum.

The time course of the in vivo concentration of MIP-1a (Fig.
5) was comparable to the in vitro time dependency (Fig. 2).
Such a close correlation of the respective kinetics was not ob-
served with the other two chemokines. The in vivo concentra-
tion of MCP-1 was highest after 2 h and dropped thereafter
(Fig. 6), while in vitro levels of MCP-1 still increased up to 24 h
(not shown). Similarly, in vivo MIP-2 reached a maximum level
at the earliest time point, becoming undetectable after 24 h

FIG. 3. Comparison of nitric oxide release by C3H/HeJ PEC in response to
heat-killed M. fermentans and liposome-encapsulated MALP-2. A 1/2 serial di-
lution of liposomes in medium containing MALP-2 corresponding to 7 3 106 U
of MSA per mg of lipid or of heat-killed M. fermentans clone II-29/1 containing
106 U of MSA per mg of lipid was added to the PEC in the presence of 60 U of
mouse rIFN-g/ml. The nitric oxide level was determined after 45 h as the sum of
nitrite and nitrate. Control cultures with only IFN-g produced ,45 mM. Control
liposomes without MALP-2 at 1 mg of lipid/ml had no effect above that in IFN-g
control cultures. Values are means 6 SD of triplicate cultures.
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(Fig. 7), whereas the in vitro concentration was still rising at
this time point (Fig. 2). Furthermore, the respective concen-
trations of the individual chemokines depended on whether
MALP-2 was applied in solution or in liposome-encapsulated
form: e.g., free MALP-2 was more efficient than liposome-
encapsulated MALP-2 in eliciting MCP-1 or MIP-2 generation
(Fig. 6 and 7), whereas liposome-encapsulated MALP-2 was
equal to or more potent than free MALP-2 in inducing in vivo
MIP-1a release (Fig. 5).

To assess further possible systemic effects of MALP-2 treat-

ment, the levels of proinflammatory cytokines TNF-a and IL-6
were measured 2, 6, and 24 h after i.p. injection of MALP-2. In
both the serum and the peritoneal lavage fluid of treated an-
imals, TNF-a levels were not significantly elevated at any of
the time points investigated above those in animals injected
with saline controls. In contrast, levels of IL-6 in serum 2 h
after application rose to 27.3 6 3.8 ng/ml (six animals) as
opposed to ,1.5 ng/ml in control animals which had received
saline (six animals; P value, ,0.05). IL-6 levels were not sig-
nificantly elevated at later times.

FIG. 4. Leukocyte infiltration in response to heat-killed mycoplasmas and soluble or liposome-encapsulated MALP-2. Groups of six NMRI mice were i.p. injected
with M. fermentans clone II-29/1 (0.2 mg of mycoplasma protein containing 0.9 mg or 105 U of MALP-2), 9 mg (106 U) of MALP-2 in saline, 0.2 mg of liposomes
containing 9 mg of MALP-2, control liposomes (0.2 mg), or saline, respectively. Animals were sacrificed after the indicated times, and total and differential cell counts
in the peritoneal lavage fluid were determined. Lavage fluid from untreated animals contained PEC with 0.4% 6 0.5% PMN. Values are means from six animals 6
SD or means from three animals 6 SD for mice injected with saline. p, significantly higher (P , 0.05) than values of control groups injected with control liposomes
or saline, respectively, as calculated by Student’s t test.
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DISCUSSION

The migration of leukocytes to sites of infection is an im-
portant aspect of the early phase of the innate host defense.
The effects of several microbial products on leukocyte chemo-
taxis have been reviewed (20). None of the agents mentioned
was detected in mycoplasmas. Similarly, mycoplasmas are de-
void of LPS, a further bacterial substance that induces PMN
infiltration (19). As referred to in the introductory section
above, upon infection, mycoplasmas are capable of causing
accumulation of PMN, macrophages, and lymphocytes in the
affected tissue. Apart from an in vitro active B lymphocyte
chemoattractant restricted to membranes from M. pulmonis
(34), to date, no well-defined mycoplasma-derived agents have
been shown to cause in vivo leukocyte infiltration.

We have studied leukocyte infiltration into the peritoneal
cavity in response to i.p. injected mycoplasmal lipopeptide
MALP-2 in free or liposome-encapsulated form. As shown by
others, leukocytes emigrate from the circulation into the peri-
toneal cavity via the omentum (9). We are aware of the fact
that, as with most experimental in vivo systems, compromises
have to be made between reality and feasibility. The natural
habitats of mycoplasmas are the epithelia of the airways and
the urogenital tract. Experimental mycoplasma infections in
mice are not easy to control, and host responses, such as local
release of chemokines or leukocyte infiltration at the sites of
natural infection, are difficult to quantify. The present system
was not primarily meant to be a model of mycoplasma infec-
tion but was chosen to allow us to assay the host reactions to
MALP-2, a well-defined mycoplasmal component with a high
macrophage-activating potential. Heat-killed mycoplasmas ra-
ther than live organisms served as a positive control in order to
avoid complications brought on by uncontrolled spreading,
clearance, or rates of survival of live mycoplasmas. Others have
used i.p. injection to study leukocyte influx and other host
reactions to Mycobacterium avium (2), bacterial lipopeptides
(15), leukotrienes (14), or IL-1 (36).

MALP-2 was a likely candidate as a mycoplasma-derived
leukotaxis-inducing agent, since it resembles LPS functionally
in stimulating macrophages, which are a major source of che-
mokines and other mediators of leukotaxis. In fact, MALP-2
proved as potent in recruiting leukocytes (Fig. 4) as compara-
ble amounts of S. typhimurium LPS in this system (our unpub-
lished data).

Leukocyte infiltration is a multistep, multifactor process.
There was a protracted influx of leukocytes in response to
heat-killed mycoplasmas or MALP-2, with PMN infiltration
beginning as early as 2 h after injection (Fig. 4). Early influx of
PMN, being maximal 24 h after injection, was also caused by
liposome-encapsulated MALP-2, and a rather moderate but
distinct PMN influx was also noted in response to control

liposomes (Fig. 4). By 72 h postinjection, there was also a sig-
nificant influx of macrophages in response to mycoplasmas or
MALP-2 in free or liposome-encapsulated form as compared
to vehicle controls (Table 1).

In discussing our observations in the context of likely mech-
anisms, we would like to distinguish between an early phase of
PMN influx, beginning around 2 to 6 h after injection, and a
later phase of PMN infiltration, reaching maximum levels by 24
to 48 h, overlapping with and followed by macrophage influx.
Principally, leukocytes could be directly attracted by mycoplas-
mal products, as, for example, by N-formyl methionine pep-
tides, such as FMLP or analogues thereof. Mycoplasmas can
theoretically produce N-formyl methionine, provided there is
folic acid in the medium (26). As this is the case with GBF-3
medium, we cannot formally exclude N-formyl methionyl pep-
tides contributing to the early phase of leukocyte infiltration
caused by heat-killed mycoplasmas. However, FMLP was re-
ported to be inactive in a mouse subcutaneous sponge implan-
tation model (27).

Another mechanism that would explain mycoplasma-medi-
ated leukocyte accumulation could be complement activation
by the alternative pathway. Except for a recent report on C3
activation by an M. fermentans-derived lipoprotein (28), whose
N-terminal portion is identical to MALP-2 and which is now
called MALP-404 (4), little is known about complement acti-
vation by mycoplasmas. Earlier work is difficult to evaluate,
since the classical mycoplasma growth media contain yeast com-
ponents and thus zymosan-like contaminants. Since the myco-
plasmas used in this study were grown in a well-defined me-
dium, complement activation by such contaminants can be
ruled out. In any case, a rapid response would be expected if
complement C5a were involved (5). Preliminary experiments
indicated that M. fermentans clone II-29/1, although devoid of
MALP-404 (4, 31), activated human C5, while MALP-2 did not
(6a). Complement activation would also explain the response
to control liposomes, since it was reported that liposomes, par-
ticularly those carrying a surface charge such as those used in
this study, can activate murine complement (7).

While an involvement of complement is likely in the early
phase of mycoplasma-mediated leukocyte chemotaxis, MSA
appears to be substantially involved in the later phases, begin-
ning around 6 h after treatment. This was initially suggested
by comparing leukocyte infiltration levels 24 h after injection of
two M. fermentans clones, which differ in their MALP-2 con-
tent and thus in their macrophage-stimulating capacity. Their
potential to attract leukocytes correlated with their MSA. The
notion that leukocyte influx and MSA are correlated is further
directly supported by the finding that the effects of heat-killed
mycoplasmas could be simulated by soluble as well as lipo-
some-encapsulated MALP-2.

TABLE 1. Leukocyte infiltration in response to mycoplasmas and mycoplasmal lipopeptide MALP-2 after 72 h

Treatment

No. (in millions) or % 6 SD of the indicated cells

PEC (n)
Monocytes/macrophages Lymphocytes PMN

n % n % n %

M. fermentans (0.2 mg of protein)a 14.8 6 5.9 7.1 6 3b 48.7 6 8.9 3.6 6 2 25.4 6 12b 3.9 6 2.9 24.2 6 14.8b

MALP-2 (9 mg) 11.2 6 3.1b 5 6 1.2b 47.4 6 15.2 3.5 6 1.2 32 6 11b 2.6 6 2.7 20.2 6 13.2b

Liposome-encapsulated MALP-2 (9 mg) 8.5 6 1.2c 4.9 6 0.9c 57.6 6 8.1c 2.9 6 1 33.4 6 9c 0.8 6 0.2c 9.7 6 2.2c

Control liposomes 6.4 6 1.9 2.9 6 1.2 44.5 6 6.8 3.2 6 0.9 51.8 6 6.7 0.2 6 0.08 2.9 6 1.4
NaCl (0.9%) 5.8 6 0.5 2.8 6 0.4 47.9 6 1.7 2.8 6 0.2 48.8 6 1 0.05 6 0.03 0.9 6 0.6

a Estimated to contain about 0.9 mg of MALP-2 according to MSA in the nitric oxide release assay.
b Significantly different (P , 0.05) from values for saline-treated animals as calculated by Student’s t test.
c Significantly different (P , 0.05) from values for animals injected with control liposomes as calculated by Student’s t test.

VOL. 67, 1999 MYCOPLASMA-MEDIATED LEUKOTAXIS 3395



Our experiments further show that MALP-2 was capable of
inducing the chemokines MIP-1a, MCP-1, and MIP-2 in cell
culture as well as in vivo. A comparison of the doses required
to achieve half-maximal release of chemokines in culture
showed the mycoplasma lipopeptide MALP-2 to be more po-

tent than S. typhimurium S-form LPS on a weight basis. The in
vivo production kinetics of the chemokines is in agreement
with the early infiltration of PMN versus late accumulation of
monocytes/macrophages (Table 1): MIP-2, primarily a PMN
attractant (45), was formed early, reaching maximal levels by

FIG. 5. Concentration of MIP-1a in peritoneal lavage fluid of NMRI mice
after i.p. injection with heat-killed M. fermentans (cross-hatched bars) or with
soluble (vertically striped bars) or liposome-encapsulated MALP-2 (diagonally
hatched bars) as described for Fig. 4. The level of MIP-1a in the peritoneal
lavage fluid of the same animals that had served to measure leukocyte infiltration
was determined. The MIP-1a concentrations in untreated animals or saline-
treated mice were ,5 pg/ml. Values are means from six animals 6 SD or means
from three to six animals 6 SD for mice injected with saline. p, significantly
different (P , 0.05) from values of control groups injected with control liposomes
or saline, respectively, as calculated by Student’s t test. FIG. 6. Concentration of MCP-1 in serum of NMRI mice after i.p. injection

with heat-killed M. fermentans or with soluble or liposome-encapsulated
MALP-2. The level of MCP-1 in the serum of the same animals that had served
to measure leukocyte infiltration was determined. Symbols in the bar graph are
as defined for Fig. 5. The MCP-1 concentrations in the serum of untreated
animals were ,16 pg/ml, and those from mice injected with control liposomes or
saline were ,160 pg/ml. Values are means from three animals 6 SD. p, signif-
icantly different (P , 0.05) from values of control groups injected with control
liposomes or saline, respectively, as calculated by Student’s t test.
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2 h and having practically disappeared by 24 h (Fig. 7), whereas
levels of the macrophage chemoattractants MIP-1a (1, 8) and
MCP-1 (25) peaked after 2 to 6 h and were still measurable
after 24 h (Fig. 5 and 6). The observed increase in peritoneal
macrophages could be due to the chemoattractant properties

of MIP-1a and MCP-1, the reported MIP-1a-mediated prolif-
eration of mature macrophages (12), or to a combination of
these effects. It is interesting to note that in vivo free MALP-2
was by far more potent in inducing MIP-2 and MCP-1 than the
liposome-encapsulated substance (Fig. 6 and 7). This may be
due to the systemic action of circulating soluble MALP-2 as
opposed to more localized effects by the particulate liposomal
preparation. The latter is evident from the higher efficiency of
liposome-encapsulated MALP-2 in generating MIP-1a in peri-
toneal lavage fluid (Fig. 5).

When discussing possible temporal and causal relationships
between MALP-2-mediated release of chemokines and leuko-
cyte influx, one has to bear in mind that chemokines bind to
heparin and other acidic glycosaminoglycans and that a con-
centration gradient is required for directional leukocyte migra-
tion (reviewed in reference 37). Circulating chemokines may
therefore be regarded as being in excess and do in fact inhibit
a reaction to local injections of these chemoattractants (16).
The fact that injection of MALP-2 caused chemokine release
at concentrations approaching (5, 35) or exceeding (46) those
reported to mediate leukocyte influx at local sites of injection
suggests strongly that MALP-2 injection, chemokine release,
and leukocyte influx are causally related.

The chemokines MIP-1a, MCP-1, and MIP-2 may not be the
only macrophage products acting as leukocyte attractants in
this system, as other chemotactic factors, such as KC (18),
leukotriene B4, or platelet activating factor, may well be
formed upon MALP-2 stimulation of macrophages. It is also
conceivable that the cytokines TNF-a and IL-1, though not
chemoattractants per se, may play a role in MALP-2-mediated
leukocyte infiltration. Both elicit PMN emigration (27, 36) and
are capable of inducing chemokines in several cells other than
macrophages (10). In neither the serum nor the peritoneal
wash fluid were we able to detect any higher TNF-a levels in
mycoplasma- or MALP-2-treated animals than in control ani-
mals. However, this may be due to the short in vivo half-life of
TNF (47), since our earliest sample was taken 2 h after treat-
ment. Also, our earlier work with a preparation called MDHM,
which essentially consisted of mycoplasmal lipopeptides, in-
duced primarily cell-associated IL-1 (30).

In conclusion, our data indicate that MALP-2 and presum-
ably other macrophage-activating lipoproteins which are ubiq-
uitously expressed in mycoplasma species play an important
role in the late phase of phagocyte recruitment at sites of
infection and that such mycoplasmal lipopeptides and lipopro-
teins act through macrophage stimulation, similar to the way
LPS does in cases of infections with gram-negative bacteria
(19).
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32. Mühlradt, P. F., M. Kieß, H. Meyer, R. Süßmuth, and G. Jung. 1998.
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