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Mycoplasma genitalium is a leading pathogen of nongonoccocal chlamydia-negative urethritis, which has been
implicated directly in numerous other genitourinary and extragenitourinary tract pathologies. The pathogen-
esis of infection is attributed in part to excessive immune responses. M. genitalium-derived lipid-associated
membrane proteins (LAMPs) are a mixture of bacterial lipoproteins, exposed at the surface of mycoplasma,
that are potent inducers of the host innate immune system. However, the interaction of M. genitalium-derived
LAMPs as pathogenic agents with Toll-like receptors (TLRs) and the signaling pathways responsible for active
inflammation and NF-kB activation have not been fully elucidated. In this study, LAMPs induced the pro-
duction of tumor necrosis factor alpha (TNF-a) and interleukin-6 (IL-6) in a dose-dependent manner.
Blocking assays showed that TLR2- and CD14-neutralizing antibodies reduced the expression of TNF-a and
IL-6 in THP-1 cells. Furthermore, LAMP-induced NF-kB activation was increased in 293T cells transfected
with TLR2 plasmid. The activity of NF-kB was synergically augmented by cotransfected TLR1, TLR6, and
CD14. Additionally, LAMPs were shown to inhibit NF-kB expression by cotransfection with dominant-negative
MyD88 and TLR2 plasmids. These results suggest that M. genitalium-derived LAMPs activate NF-kB via TLR1,

TLR2, TLR6, and CD14 in a MyD88-dependent pathway.

Mycoplasmas are the smallest of the known self-replicating
parasitic microorganisms, and they lack a cell wall in cell-free
medium. They are pervasive in nature, humans, and animals,
but most mycoplasmas are nonpathogenic to the host (36).
Lipid-associated membrane proteins (LAMPs) are a mixture
of bacterial lipoproteins that are expressed on the surface, and
they are the main structures of interaction with the host cells
(37). They have been demonstrated to be biologically active
and are the most potent initiator of inflammatory reactions in
mycoplasma infection (9, 11, 34). Since Mycoplasma genitalium
was first isolated from humans in 1981 (51), it has been con-
sidered an important pathogen that could emerge in sexually
transmitted diseases, including acute endometritis, salpingitis,
mucopurulent cervicitis, tubal factor infertility, and pelvic in-
flammatory disease, as well as a range of other pathologies,
such as arthritis, AIDS progression, chronic fatigue, and auto-
immune disorders (4, 10, 19). Recent evidence has demon-
strated that M. pneumoniae-derived LAMPs can induce NF-«B
activation in human acute monocytic leukemia cell lines
(THP-1 cells) (42, 43).

Toll-like receptors (TLRs) play an essential role in initiating
the inflammatory reactions, such as NF-«kB activation (2, 22,
26). To date, 13 types of human TLRs have been identified and
shown to be critical for signaling transduction in response to a
number of pathogen-associated molecular patterns (PAMPs)
(8, 44). PAMPs are recognized by different TLRs to form
heteromeric complexes, among which the family of TLRs
prominently features, for the cell to distinguish successfully
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among different pathogens. Among TLRs, TLR2, in tandem
with TLR1 or TLR6, has been identified as a receptor that is
important to the innate immune response against several
gram-positive bacteria and for cellular signaling by compo-
nents of gram-positive bacteria, such as peptidoglycan, lipotei-
choic acid, and lipoproteins. The receptors transmit signaling
pathways via interleukin-1R (IL-1R)-associated signal mole-
cules, including myeloid differentiation factor 88 (MyD88),
IL-1R-activated kinase, tumor necrosis factor (TNF) receptor-
associated factor 6, and mitogen-activated protein kinases,
leading to the activation of NF-kB and activating protein 1
(AP-1), which in turn triggers the expression of many proin-
flammatory cytokines, such as TNF-a, IL-1B, IL-6, and IL-8 (1,
20, 29, 47). MyDSS serves as the essential adaptor for other
IL-1/TLR family members, including IL-1R and IL-18R. The
activation of the intracellular pathway through MyD88 results
in the activation of NF-kB. CD14 is a glycosylphosphatidyl-
inositol surface-anchored molecule expressed in many kinds of
cells as another accessory receptor of TLR2. It lacks an intra-
cellular segment and functions as a coreceptor for numerous
bacterial products, including peptidoglycan, lipopolysaccharide
(LPS), and bacterial lipoproteins, thereby facilitating signaling
through other receptors (23). Several studies have suggested
that TLR2 functions as a signaling receptor for LPS in the
presence of CD14 (50). Recently published data support the
possibility that the multifunctional B class scavenger receptor
CD36 also is involved in TLR2 transmembrane signal trans-
ducing (16). However, data available also have underscored
the current lack of a complete understanding of the molecular
mechanisms that link M. genitalium infection to the activation
of the innate immune system, which is essential to the induc-
tion of the inflammation.

The LAMPs from Mycoplasma fermentans and Mycoplasma
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penetrans activate human immunodeficiency virus long termi-
nal repeats through TLRs (41). To further understand how
LAMPs activate the immune system of the cell, including
THP-1 cells and human embryonic kidney cells (HEK293T
cells), the present study was designed to investigate the inter-
action of M. genitalium-derived LAMPs with TLRs and CD14
and to clarify the role of MyD88 in activating the NF-«B
signaling pathway.

MATERIALS AND METHODS

Cells. The human monocytic cell line THP-1 (China Center for Type Culture
Collection, Wuhan University) was cultured in RPMI 1640 (HyClone) containing
10% heat-inactivated fetal bovine serum (FBS) (HyClone), 2 mM L-glutamine,
100 U ml~! penicillin G, and 100 pg ml~! streptomycin at 37°C in a 5% CO,
humid atmosphere. The human kidney cell line HEK293T (China Center for
Type Culture Collection, Wuhan University) was cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM) (HyClone) containing 10% heat-inactivated FBS
(HyClone), 2 mM L-glutamine, 100 U ml~! penicillin G, and 100 pg ml™!
streptomycin at 37°C in a 5% CO, humid atmosphere. To exclude the possibility
of mycoplasma infections in the cell cultures, the cell suspensions were inocu-
lated onto pleuropneumonialike organism agar medium once a month. To check
the contamination of mycoplasma, cells also were stained with 4,6-diamidino-2-
phenylindole (DAPI) once a week.

Antibodies and reagents. Neutralizing anti-human CD14 monoclonal antibody
(MAD) (ab6083), neutralizing anti-human TLR2 MAb (ab45054), and isotype
control MAb (immunoglobulin G [IgG]) as a blocking Ab were purchased from
Abcam (51AB; China). Goat anti-mouse IgG-fluorescein isothiocyanate (FITC)
was purchased from Sigma-Aldrich. Penicillin, ampicillin, polymyxin B, and LPS
were purchased from Sigma-Aldrich. All other chemicals were obtained from
commercial sources and were of analytical or reagent grade.

Mycoplasma culture and LAMP preparation. M. genitalium (ATCC strain
G37) was cultivated in modified SP-4 medium containing 20% newborn bovine
serum, 10% yeast extract, and 1,000 U ml~! penicillin. The culture was kept at
37°C and 5% CO, until significant acid color change was noted in the culture
medium and then was quantified as color changing units (CCU) per milliliter as
described previously (14).

The preparation of LAMPs was performed as described previously (27).
Briefly, M. genitalium was cultivated in modified SP-4 medium until the begin-
ning of stationary phase, and then the sample was pelleted by centrifugation for
10 min at 12,000 X g. The pellets were washed with endotoxin-free phosphate-
buffered saline (PBS) and resuspended in 5 ml of Tris-buffered saline (TBS; 50
mM Tris-Cl, pH 8.0, 0.15 M NaCl) containing 1 mM EDTA (TBSE), solubilized
by adding Triton X-114 to a final concentration of 2%, and incubated at 4°C for
1 h. The lysate was incubated at 37°C for 10 min for phase separation. After
centrifugation at 10,000 X g for 20 min, the upper aqueous phase was discarded
and replaced by the same volume of TBSE. The solution then was vortexed and
incubated at 4°C for 10 min, and the procedure of phase separation was repeated
twice. The final Triton X-114 phase was resuspended in TBSE to the original
volume, 2.5 volumes of ethanol were added to precipitate membrane compo-
nents, and the solution was incubated at 20°C overnight. After centrifugation, the
pellet was suspended in endotoxin-free PBS, followed by sonication for 30 s. The
protein concentration of the suspension was measured with the Coomassie pro-
tein assay reagent (Pierce). For heat inactivation, M. genitalium (10° CCU ml~")
was isolated by centrifugation at 15,000 X g for 30 min and then washed and
resuspended in Hayflick medium, followed by being heated at 60°C for 30 min.
No growth was observed by the inoculation of heat inactivation during a 2-week
period in SP-4 medium. The endotoxin concentration of LAMPs and heat-
inactivated mycoplasmas was <0.04 endotoxin units ml~', as determined by the
Limulus amebocyte lysate assay (Associates of Cape Cod, Inc., MA). Both were
stored at —70°C until needed.

Expression vectors. pFLAG-TLR1, pFLAG-TLR2, and pFLAG-TLR6 ex-
pression vectors were kindly provided by M. Matsumoto (Hokkaido University,
Japan). pcDNA3-CD14, pcDNA3-TLRI1-YFP, pcDNA3-TLR2-CFP, and
pcDNA3-TLR6-YFP were kindly provided by D. Golenbock (University of Mas-
sachusetts). pcDNA3-DN-TLR2 was kindly provided by S. Yokota (Sapporo
Medical University, Japan), and dominant-negative MyD88 (DN-MyD88) was
kindly provided by O. Equils (University of Califormia, Los Angeles). The
NF-«B cis-reporting system containing pNF-«kB-luc, a plasmid in which the
luciferase reporter gene was fused to the NF-kB enhancer, was purchased from
Stratagene. pRL-TK internal control plasmid was purchased from Promega. The
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plasmids used in transient transfections were prepared with an endotoxin-free
plasmid mini-kit (Omega).

Blocking and cytokine assays. THP-1 cells were cultivated in 24-well tissue
culture plates and pretreated with 10 pg/ml mouse IgG1, anti-TLR2 MADb, or
anti-CD14 MAD for 30 min at 37°C and then stimulated with PBS, LAMPs, or
LPS (100 ng ml™'). After 8 h of stimulation, cells were lysed by two consecutive
cycles of freezing/thawing; thus, the samples represented the total amount of
cytokines produced (both intracellular and that released into the supernatant).
The cytokine concentrations were measured by using human TNF-a and IL-6
enzyme-linked immunosorbent assay (ELISA) kits (Jingmei Biotech, China).
The assays were performed according to the manufacturer’s instructions, with all
standards and samples run in duplicate.

Transfection and reporter gene assay. HEK293T cells were transiently trans-
fected using FuGENE HD (Roche) according to the manufacturer’s instructions.
HEK293T cells were plated at 2 X 10° cells per well in a 24-well plate. After
incubation until they reached about 80% confluence, HEK293T cells were co-
transiently transfected with different amounts of the indicated plasmids, together
with pNF-kB-luc (0.05 pg ml ') and pRL-TK (0.005 g ml~') for normalization.
The total amount of transfected DNA was kept constant by adding empty vector.
After 24 h, transfected cells were stimulated with LAMPs or inactive M. geni-
talium or PBS. After a further 8 h of incubation, cells were lysed and assayed for
luciferase activity using a Dual-Luciferase Reporter assay system (Promega)
according to the manufacturer’s instructions. Both firefly and Renilla luciferase
activities were monitored with a Lumat LB9507 luminometer (Berthold). Nor-
malized reporter activity is expressed as the firefly luciferase value divided by the
Renilla luciferase value for representative experiments from the means of three
independent experiments.

Confocal microscopy. The HEK293T cells were transiently transfected with
the fluorescent protein TLR constructs using FuGENE HD. Confocal micros-
copy was performed with living cells that were seeded on 35-mm glass-bottomed
tissue culture dishes (MatTek Corp). After stimulation, images were captured
with a confocal microscope (TCS SP2 AOBS; Leica) equipped with an acousto-
optical beamsplitter using version 2 of the Leica confocal software. The cells
were kept at 37°C during imaging using a warm-stage apparatus. Cyan fluores-
cent protein (CFP)-tagged proteins were visualized using the 458-nm argon laser
line, and the colors were transformed into red; for yellow fluorescent protein
(YFP), the 514-nm line of a 100-mW argon laser was used and the colors were
transformed into green. Cells expressing CFP and YFP were sequentially
scanned with only one laser line active per scan.

Flow cytometry. TLR2 expression on the surface of HEK293T cells was de-
termined. HEK293T cells were pelleted by centrifugation at 4°C for 5 min at
1,000 X g and were washed twice in fluorescence-activated cell sorter buffer
(Dulbecco’s PBS containing 1% bovine serum albumin and 0.1% sodium azide).
After 4% paraformaldehyde was added for 30 min at room temperature, cells
were washed and treated with mouse anti-human TLR2 (ab45054; Abcam) MAb
for 40 min at 4°C. Cells then were washed twice and incubated with FITC-labeled
secondary Ab (0296G; Bios) for 40 min at 4°C. After the cells were washed and
finally resuspended in 1% paraformaldehyde, they were stored protected from
light at 4°C. Cells were analyzed on a FACSCalibur (BD Biosciences). For each
assay condition, at least 100,000 cells were analyzed.

Statistical analysis. All of the results are expressed as means value with
standard errors of the means. The data were examined by a one-way analysis of
variance test using SPSS 13.0 statistical software. Differences were considered
significant at P < 0.05.

RESULTS

Anti-TLR2 and -CD14 MAbs inhibited LAMP-mediated
production of cytokines. The pathology of M. genitalium infec-
tion seems to be related to chronic inflammation, and the
activation of NF-kB is essential to cytokine production. As
THP-1 cells resemble tissue monocytes and are commonly
used as models for human monocytes/macrophages (45), we
initially tested the activity of M. genitalium-derived LAMPs to
stimulate the production of various proinflammatory cytokines
in THP-1 cells. M. genitalium-derived LAMPs showed the re-
lease of TNF-a and IL-6 through activating THP-1 cells in a
dose-dependent manner (Fig. 1A). LPS, used as positive con-
trols, highly induced the release of proinflammatory cytokines.
The level of cytokine production reached peak values at 4.0 g
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FIG. 1. Production of TNF-a and IL-6 by LAMP-induced THP-1 cells. (A) THP-1 cells were cultured in serum medium for 24 h in 24-well
tissue culture plates, and the indicated concentrations of LAMPs were added to the medium (PBS or 100 ng ml~! of LPS was used as the negative
or positive control, respectively). After being treated for 8 h, THP-1 cells were lysed, and the culture supernatants were assayed for the
proinflammatory cytokines by ELISA (IL-6, left y axis; TNF-a, right y axis). Values represent the means = standard deviations from three
independent experiments assayed in duplicate. P < 0.05 (+) was considered significant. (B) LAMPs (2.0 pg ml™ ") or 100 ng ml~! LPS was added
to the medium. After 8 h of culture, supernatant was collected and the concentration of TNF-a in the medium was determined by ELISA as
described in Materials and Methods. Values represent the means * standard deviations from three independent experiments assayed in duplicate.

ml~! LAMPs, which was much higher than that of the un-
stimulated control. Based on these results and for practical
reasons, the effect of LAMPs was further examined at 2.0 pg
ml~". Despite the fact that no endotoxin was detected by the
Limulus amebocyte lysate assay in the purified preparation of
LAMPs, the possibility that its proinflammatory activity was
attributed to LPS contamination was investigated further by
testing LAMP sensitivity to polymyxin B. As shown in Fig. 1B,
LAMP pretreated with 100 wg ml~! polymyxin B had no effect
on the production of cytokines while also blocking most of the
LPS-mediated stimulation activity.

M. genitalium-derived LAMPs are able to induce proinflam-
matory cytokines in human monocytes/macrophages, and
TLR2 and CD14 usually are involved in bacterial lipoprotein
recognition. THP-1 cells were pretreated with anti-TLR2 or
anti-CD14 MAb (10 pg ml~ ") for 30 min and then stimulated
with 2.0 wg ml™' LAMPs for 8 h. Figure 2 shows that the
expression of LAMP-induced proinflammatory cytokines was
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FIG. 2. Inhibitory effect of anti-TLR2 and anti-CD14 MAb on cy-
tokine production. THP-1 cells were pretreated with 10 pg ml-1 mouse
IgG1, anti-TLR2 MAD (IgG1), or anti-CD14 MAD (IgG1) for 30 min
and then stimulated with 2.0 g ml~! LAMPs. After being treated for
8 h, THP-1 cells were lysed and the culture supernatant was assayed for
the proinflammatory cytokines by ELISA (IL-6, left y axis; TNF-a,
right y axis). Values represent the means *+ standard deviations from
three independent experiments assayed in duplicate.

significantly decreased by pretreatment with anti-TLR2 Ab but
only partly inhibited by anti-CD14 Ab. These results indicated
that the production of cytokine by LAMPs was mediated by
TLR2 and CD14.

Functional TLR2 is required for NF-«B activation by
LAMPs. We then examined whether the activation of NF-«kB
by LAMPs was mediated by TLR2. The transfection of TLR2
plasmid restored the responsiveness of HEK293T cells to
LAMPs, as measured by monitoring the expression of the
NF-kB luciferase activity (NF-kB-luc). As shown in Fig. 3A,
the cells activated by LAMPs were compared to unstimulated
control cells, and the level of activity was increased for the
activated cells, with an increase in the amount of a plasmid
harboring the cDNA encoding TLR2. These results demon-
strated that the expression of a functional TLR2 by the trans-
fected cells is required for NF-«kB activation that is responsive
to LAMPs. This hypothesis was supported further by results
showing that the transfection of HEK293T with a dominant-
negative mutant of TLR2 (DN-TLR2) plasmid significantly
attenuated NF-«B expression induced by LAMPs (Fig. 3B).

When inactivated M. genitalium organisms were used as the
stimulant, the activation response via TLR2 was similar to that
observed in HEK293T cells (Fig. 3B).

TLR1 and TLR6 enhanced TLR2-mediated NF-kB activa-
tion. It has been reported that TLR1 and TLR2 were required
for the recognition of triacylated lipopeptides such as
Pam3CSK4, while TLR6 and TLR2 were required for the
recognition of diacylated lipopeptides such as Pam2CSK4 (13,
52). To determine whether TLR1 or TLR6 could contribute to
the TLR2-mediated recognition of LAMPs for NF-«kB activa-
tion and to assess their respective contributions, we con-
structed two plasmids encoding TLR1 and TLR6 (pFLAG-
TLR1 and pFLAG-TLR6), respectively. To better evaluate the
role of TLR1 and TLR6, we adjusted our transfection condi-
tions in which cells were fixed by dosage for TLR2 and co-
transfected with various doses of TLR1 or TLR6. When the
cotransfected cells were stimulated with LAMPs, the level of
NF-kB activation was augmented (Fig. 4A and B). The level of
NF-«kB activation was almost at its highest when the concen-
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FIG. 3. TLR2 is required for NF-kB activation by LAMPs. (A) HEKHKE293T cells were transiently cotransfected with the indicated
concentrations of pFLAG-TLR2, 0.1 ug ml~! pNF-kB-luc, and 0.01 pg ml~! pRL-TK. After 24 h of incubation, the cells were stimulated for 8 h
with 2.0 pg ml~! LAMPs. All values represent the means and standard deviations from three assays. P < 0.05 (*) was considered significant.
(B) HEK293T cells were transiently cotransfected with the indicated constructs, 0.01 wg ml~! pNF-kB-luc, and 0.01 pg ml~' pRL-TK. The total
amount of cDNA transfected was kept constant with the level of control construct. After 24 h of incubation, the cells were stimulated for 8 h with
2.0 pg ml~!' LAMPs or inactivated M. genitalium. The cells then were lysed and assayed for luciferase reporter activity. Values represent the
means * standard deviations from three independent experiments assayed in duplicate.

tration of TLR1 or TLR6 expression vector was at 0.1 pg ml ™.
The effect of TLR1 or TLR6 on the expression of TLR2 was
analyzed by flow cytometry (Fig. 4D). The level of TLR2 ex-
pression was almost constant irrespective of the expression of
TLR1 or TLR6. In addition, to further determine whether
TLR1 or TLR6 alone can mediate the activation of NF-kB by
the LAMPs, HEK293T cells were transfected with TLR1 or
TLRG6 expression vector. The transfected cells were stimulated
with LAMPs, and NF-«kB was not activated in response to
LAMPs by transfection with either TLR1 or TLR6 vector
alone (Fig. 5B). These results indicate that TLR1 and TLR6
enhanced TLR2-mediated NF-«B activation by LAMPs.

At the same time, we investigated the possible interaction
between TLR1 and TLR2 or TLR6 and TLR2 by confocal
microscopy. HEK293T cells were transiently cotransfected
with vectors harboring cDNA encoding TLR proteins tagged
with fluorescent probes (i.e., TLR1-YFP, TLR6-YFP, or
TLR2-CFP). This method of epitope tagging appears to have
no effect on TLR function (24, 38). Confocal microscopic im-
ages showed that TLR1, TLR2, and TLR6 were distributed
discontinuously and were colocalized at the plasma membrane
of HEK293T cells (Fig. 4C). There was no difference in the
localization of TLR2, TLR1, or TLR6 between LAMP-stimu-
lated and unstimulated cells (data not shown).

CD14 enhanced TLR2-mediated NF-kB activation. CD14
has been shown to enhance signaling through TLR2 complexes
in response to several ligands (23). The pretreatment of THP-1
cells with anti-CD14 MADb led to the inhibition of LAMP-
mediated cytokine production. Obviously, CD14 may be in-
volved in the LAMP-induced inflammatory response. We tran-
siently cotransfected HEK293T cells with TLR2 and CD14,
and LAMP-induced NF-«B activation was enhanced (Fig. 5A).
In addition, the CD14-induced enhancement did not occur
without the cotransfection of TLR2 (Fig. 5B). These results

suggest that CD14 augments TLR2-mediated NF-«B activa-
tion.

Activation of NF-kB by LAMPs was TLR2 and MyDS88 de-
pendent. Taking it into consideration that MyD88 is the com-
mon adaptor protein shared by all TLR pathways, we sought to
determine the role of MyD88 for NF-«kB activation. To deter-
mine whether the induction of NF-«kB occurred through
MyDS88, we transiently cotransfected HEK293T cells with DN-
MyDS88 constructs in a dose-dependent manner and with
TLR2, and then we incubated them with 2.0 ug ml™' LAMPs
for 8 h and tested their response to LAMPs. As shown in Fig.
6, the overexpression of an intracellular deletion mutant of
MyD88 with a COOH-terminal truncation led to the marked
inhibition of TLR2-mediated NF-kB activation in HEK293T
cells by LAMPs. When the concentration of DN-MyD88 was at
0.1 wg ml™!, the level of inhibition was decreased by 50%.
Taken together, these results support the hypothesis that
LAMP-induced NF-kB expression was mediated through the
MyD88-dependent TLR2 signaling pathway in HEK293T cells.

DISCUSSION

Mycoplasmas have no cell walls; however, LAMPs, which
are abundant on mycoplasma surfaces, may be the major pro-
teins and may be responsible for the interaction with various
components of the surrounding environment (36, 37). LAMPs
can activate a variety of cells to produce a series of proinflam-
matory cytokines and induce apoptosis and necrosis because of
the biological activity in mycoplasma (3, 5, 31). We chose
THP-1 cells as the research model, because they demonstrate
the high-level expression of TLRs and have typical signal trans-
duction systems for characterizing the signaling pathways in
response to extracellular stimuli (45). In this study, we found
that M. genitalium-derived LAMPs could, in a dose-dependent
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FIG. 4. TLR1 and TLR6 enhanced TLR2-mediated NF-kB activation. (A) HEK293T cells were transiently cotransfected with the indicated
concentrations of pFLAG-TLR1, 0.1 pwg ml~! pFLAG-TLR2, 0.1 pg ml~* pNF-kB-luc, and 0.01 pg ml~* pRL-TK. After 24 h of incubation, the
cells were stimulated for 8 h with 2.0 g ml~' LAMPs. The cells then were lysed and assayed for luciferase reporter activity. All values represent
the means and standard deviations from three assays. P < 0.05 (*) was considered significant. (B) HEK293T cells were transiently cotransfected
with the indicated concentrations of pPFLAG-TLR6, 0.1 p.g ml~' pFLAG-TLR2, 0.1 ug ml~! pNF-kB-luc, and 0.01 ug ml~" pRL-TK. After 24 h
of incubation, the cells were stimulated for 8 h with 2.0 pg ml~' LAMPs. The cells then were lysed and assayed for luciferase reporter activity.
All values represent the means and standard deviations from three assays. P < 0.05 (*) was considered significant. (C) HEK293T cells were
transiently cotransfected with TLR2-CFP, and TLR1-YFP or TLR6-YFP was grown on glass-bottomed tissue culture dishes. After 24 h of
incubation, the cells were stimulated for 8 h with 2.0 pg ml~! LAMPs. The living cells then were analyzed by confocal microscopy as described
in the text. To the left is the distribution of TLR2; in the center is the localization of TLR1 or TLRG6; to the right is the colocalization of TLR2
with TLR1 or TLR6 (black arrows or white arrows). Representative confocal sections of cells are shown. (D) HEK293T cells were transiently
cotransfected with the indicated constructs. After 24 h of incubation, the cells were stimulated for 8 h with 2.0 pg ml~' LAMPs. The cells then
were incubated with anti-TLR2 MADb and FITC-labeled secondary Ab. The cell surface expression of TLR2 was analyzed by flow cytometry.

Representative confocal sections of cells are shown.

manner, stimulate THP-1 cells to secrete profound amounts of
TNF-« and IL-6. When the concentration was higher than 2 pg
ml ™, the rate of increased cytokines was decreased (Fig. 1A);
high concentrations of LAMPs may interfere with the biolog-
ical function of the cells or may be toxic to them.

TLRs are transmembrane receptors in the IL-1 receptor
superfamily and are regarded as the major molecules by which
the hosts recognize invading microorganisms. Recent experi-
ments have shown that the leucine residues at positions 107,
112, and 115 in a leucine-rich repeat motif of TLR2 are in-
volved in the recognition of LAMPs (12). In this experiment,
we found that anti-TLR2 Ab significantly inhibited the emer-
gence of cytokines by LAMPs in THP-1 cells. The results
showed that TLR2 might participate in the induction of human
inflammatory cytokines. Thereafter, we chose HEK293T cells
as a research object, largely because of its lack of TLRs and
CD14 and because it has a complete NF-kB signaling pathway
that is conducive to the study of the TLR-induced signal trans-

duction pathway by a variety of extracellular stimuli. The re-
sults indicated that LAMPs could induce the activation of
NF-«kB in a TLR2-dependent manner in HEK293T cells. Thus,
cells that increase the expression of TLR2 may exhibit an
enhanced response to LAMPs, although this study does not
exclude a TLR2-independent process, because LAMPs also
activated NF-kB in HEK293T cells but did not transfect TLRs.
This finding was consistent with our previous findings, based
on Ab inhibition data, which suggested that TLR2 is respon-
sible for the inflammatory response induced by LAMPs. Upon
the activation of TLR, MyD88 was recruited to TLR domains
and links TLRs with the downstream intracellular signaling
cascades (21, 46). This response was confirmed by our obser-
vation that the activation of NF-kB was significantly inhibited
by transfection with DN-MyD88 plasmid, which lacks the
COOH terminal.

Individual TLRs have a weak combination capacity for the
recognition of PAMPs, and many receptors are involved in
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FIG. 5. CD14 enhanced TLR2-mediated NF-«kB activation. (A) HEK293T cells were transiently cotransfected with the indicated concentra-
tions of pcDNA3-CD14, 0.1 pg ml~! pFLAG-TLR2, 0.1 pg ml~! pNF-kB-luc, and 0.01 pg ml~! pRL-TK. After 24 h of incubation, the cells were
stimulated for 8 h with 2.0 g ml~! LAMPs. The cells then were lysed and assayed for luciferase reporter activity. All values represent the means
and standard deviations from three assays. P < 0.05 (*) was considered significant. (B) HEK293T cells were transiently cotransfected with the
indicated plasmids (the concentration of each plasmid was 0.1 ug ml™'). After 24 h of incubation, the cells were stimulated for 8 h with 2.0 pg
ml~! LAMPs. The cells then were lysed and assayed for luciferase reporter activity. All values represent the means and standard deviations from

three assays.

TLRs to enhance PAMP recognition in many cases (28, 33,
50). TLR1 and TLR6 exhibit 69.3% identity in overall amino
acid sequence, but the TIR domains of both receptors are
highly conserved, with more than 90% identity (49). The role
of TLR1 and TLR6 usually was analyzed by introducing a
dominant-negative form into the cell line. Interestingly, DN-
TLR1 and DN-TLR6 could block the response to different
extents in various cells expressing TLR2 (17). This suggests
that the relative abundance of these TLRs within a cell plays a
critical role in the response. It already has been reported that
the relevance of TLR6 in the murine macrophage cell lines
assists in the completion of functional TLR2 and enhancing
TLR2 (15). In addition, experimental data also showed that
fatty acids activated TLR2 and TLR6 or TLR1 heterodimers,
but polyunsaturated fatty acids have an inhibitory effect (25,
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H LAMPs

v pcDNA3.0  0.01 0.05 0.1 0.2
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FIG. 6. Activation of NF-kB by LAMPs was TLR2 and MyD88
dependent. HEK93T cells were transiently cotransfected with the in-
dicated concentrations of pcDNA3-DN-MyD88, 0.1 pg ml~* pFLAG-
TLR2, 0.1 pg ml~! pNF-kB-luc, and 0.01 pg ml~! pRL-TK. After 24 h
of incubation, the cells were stimulated for 8 h with 2.0 pg ml™!
LAMPs. The cells then were lysed and assayed for luciferase reporter
activity. All values represent the means and standard deviations from
three assays. P < 0.05 (*) was considered significant.
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35). Recent studies have demonstrated that TLR?2 is associated
with CD14 as a coreceptor to raise the sensitivity of pathogens
to the outside world and facilitates ligand binding (28, 33). Our
study has confirmed that TLR1, TLR6, and CD14 markedly
enhanced TLR2-mediated NF-«kB activation by LAMPs, and
the level of activation was dose dependent according to their
concentrations. The expression and colocation of TLR1 and
TLR2 as well as TLR2 and TLR6 were observed by laser
scanning, and flow analysis also confirmed that the expression
of TLR1 or TLR6 had no effect on the expression of TLR2.
The ability of LAMPs to activate HEK293T cells was CD14
dependent, which was consistent with CD14 Ab inhibition data
demonstrated in our function-blocking assay. Interestingly, the
excessive expression of cotransfection plasmids somewhat in-
hibited the induction of NF-kB by LAMPs. There are two
possible reasons for this: first, receptor expression may be too
saturated, and second, the high concentrations of TLRI,
TLR6, and CD14 cause the competitive inhibition of TLR2 for
LAMP recognition, which reduces the ability of TLR2 to be
recognized. Furthermore, CD36 has been confirmed to be in-
volved in TLR2-mediated responses in a manner analogous to
that of CD14 (32), which will be clarified in subsequent studies.

During mycoplasma infection, LAMPs, as the mixtures of
outer membrane proteins that interact with the host, are much
more apparent than single lipoproteins (30, 40). Therefore, we
used LAMPs as a whole to study the interaction between TLRs
and lipoproteins. However, the recognition of TLRs is con-
cerned with the types of lipoprotein or protein. It is widely
known that triacylated lipoproteins are recognized by TLR1
and TLR2, whereas diacylated lipoproteins are recognized by
TLR2 and TLR6. The N-acyltransferase gene has not been
detected, and mycoplasma-derived LAMPs are not N-acylated
by chemical identification, which supports the absence of tri-
acylated lipoproteins (39, 40). However, the resistance to the
Edman degradation of proteins from M. mycoides and the ratio
of N-amide and O-ester bonds in M. gallisepticumn and M.
mycoides indicate the presence of triacylated lipoproteins (7,
18). Based on our results, LAMPs as a mixture of membrane
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proteins can activate NF-kB via TLR1, TLR2, and TLR®6, but
they are less likely to be activated in the presence of diacylated
and triacylated lipoproteins in M. genitalium LAMPs. Recently,
the peptide sequence as well as the whole molecular structure
of lipoproteins were reported to be more responsible for TLR
recognition than the number of acyl chains in LAMPs (6).
Moreover, the differences in the amino acid sequences, as well
as the levels of expression of TLRs in organs, might affect the
NF-kB-inducing activity (48).

In summary, our results showed that M. genitalium-derived
LAMPs in HEK293T cells could activate NF-«B through
TLR1, TLR2, and TLR6 and CD14 in a MyD88-dependent
pathway. If the interaction between TLRs and M. genitalium
derivatives is taken into consideration, in a future study TLRs
and LAMPs are expected to become therapeutic targets.
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