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ABSTRACT Mycoplasma hominis lacks a cell wall, and lipoproteins anchored to the
extracellular side of the plasma membrane are in direct contact with the host com-
ponents. A Triton X-114 extract of M. hominis enriched with lipoproteins was shown
to stimulate the production of interleukin-23 (IL-23) by human dendritic cells (hDCs).
The inflammasome activation of the host cell has never been reported upon M.
hominis infection. We studied here the interaction between M. hominis PG21 and
hDCs by analyzing both the inflammation-inducing mycoplasmal lipoproteins and
the inflammasome activation of the host cell. IL-23-inducing lipoproteins were deter-
mined using a sequential extraction strategy with two nondenaturing detergents,
Sarkosyl and Triton X-114, followed by SDS-PAGE separation and mass spectrometry
identification. The activation of the hDC inflammasome was assessed using PCR ar-
ray and enzyme-linked immunosorbent assay (ELISA). We defined a list of 24 lipopro-
teins that could induce the secretion of IL-23 by hDCs, 5 with a molecular mass be-
tween 20 and 35 kDa and 19 with a molecular mass between 40 and 100 kDa.
Among them, lipoprotein MHO_4720 was identified as potentially bioactive, and a
synthetic lipopeptide corresponding to the N-terminal part of the lipoprotein was
subsequently shown to induce IL-23 release by hDCs. Regarding the hDC innate im-
mune response, inflammasome activation with caspase-dependent production of
IL-1� was observed. After 24 h of coincubation of hDCs with M. hominis, downregu-
lation of the NLRP3-encoding gene and of the adaptor PYCARD-encoding gene was
noticed. Overall, this study provides insight into both protagonists of the interaction
of M. hominis and hDCs.

IMPORTANCE Mycoplasma hominis is a human urogenital pathogen involved in gy-
necologic and opportunistic infections. M. hominis lacks a cell wall, and its mem-
brane contains many lipoproteins that are anchored to the extracellular side of the
plasma membrane. In the present study, we focused on the interaction between M.
hominis and human dendritic cells and examined both sides of the interaction, the
mycoplasmal lipoproteins involved in the activation of the host cell and the immune
response of the cell. On the mycoplasmal side, we showed for the first time that M.
hominis lipoproteins with high molecular mass were potentially bioactive. On the
cell side, we reported an activation of the inflammasome, which is involved in the
innate immune response.

KEYWORDS Mycoplasma hominis, human dendritic cells, lipoproteins, lipopeptide,
inflammasome, PCR array, caspase, IL-1�, IL-23, interaction, innate response

Received 5 April 2017 Accepted 18 May 2017

Accepted manuscript posted online 30 May
2017

Citation Goret J, Béven L, Faustin B, Contin-
Bordes C, Le Roy C, Claverol S, Renaudin H,
Bébéar C, Pereyre S. 2017. Interaction of
Mycoplasma hominis PG21 with human
dendritic cells: interleukin-23-inducing
mycoplasmal lipoproteins and inflammasome
activation of the cell. J Bacteriol 199:e00213-17.
https://doi.org/10.1128/JB.00213-17.

Editor Thomas J. Silhavy, Princeton University

Copyright © 2017 American Society for
Microbiology. All Rights Reserved.

Address correspondence to S. Pereyre,
sabine.pereyre@u-bordeaux.fr.

RESEARCH ARTICLE

crossm

August 2017 Volume 199 Issue 15 e00213-17 jb.asm.org 1Journal of Bacteriology

https://doi.org/10.1128/JB.00213-17
https://doi.org/10.1128/ASMCopyrightv1
mailto:sabine.pereyre@u-bordeaux.fr
http://crossmark.crossref.org/dialog/?doi=10.1128/JB.00213-17&domain=pdf&date_stamp=2017-5-30
http://jb.asm.org


Mycoplasmas are small bacteria that lack a cell wall. Their membranes contain a
large number of lipoproteins that are anchored to the extracellular side of the

plasma membrane, in direct contact with the host components. Many mycoplasmal
lipoproteins have been reported to be involved in adhesion to host cells but also in the
recognition by the host immune system (1). Indeed, mycoplasmal lipoproteins can act
as proinflammatory factors and can stimulate human macrophages and human den-
dritic cells (hDCs), induce cytokine production, activate NF-�B, and polarize the adap-
tive immune response (2–8). Nondenaturing detergent extracts, such as Triton X-114
(TX-114) extracts enriched with mycoplasmal lipoproteins, were shown to have mod-
ulatory capacities (2, 5, 6, 9, 10). In addition, synthetic lipopeptides derived from
lipoproteins such as MALP-2 from Mycoplasma fermentans (11), FSL-1 from M. salivarium
(12), and MPPL-1 from M. pneumoniae (13) were shown to have immunomodulatory
properties.

In M. hominis, which is a human urogenital pathogen involved in gynecologic and
opportunistic infections, Peltier et al. partially purified from a TX-114 extract a
macrophage-stimulating factor of 29 kDa that could stimulate tumor necrosis factor
alpha (TNF-�) production by the THP-1 macrophage cell line (3). Recently, Hasebe et al.
isolated and purified a lipoprotein of 40 kDa from an octyl-glucopyranoside (OG)
extract derived from M. hominis membranes (14). This lipoprotein, which is a truncated
form of the Vaa adhesin, also induced TNF-� production by the THP-1 cell line.
Additionally, we showed that a TX-114 extract of M. hominis membranes induced the
maturation of human dendritic cells (hDCs) and stimulated the production of proin-
flammatory cytokines such as interleukin-12 (IL-12) and TNF-� by hDCs (8). This M.
hominis extract also induced a predominant IL-23 secretion that promoted the devel-
opment of an IL-17-producing CD4� helper T cell subset and polarized the adaptive
immune system toward the IL-23/Th-17 axis (8). Although inflammasome activation has
not yet been reported in M. hominis, the activation of the NLRP3 and NLRP7 inflam-
masome has been described for other mycoplasmal species such as M. pneumoniae, M.
hyorhinis, M. salivarium, and Acholeplasma laidlawii (15–18).

In the present study, to further examine both sides of the interaction between M.
hominis and hDCs, we assessed (i) the M. hominis lipoproteins that could induce IL-23
production by hDCs using a sequential extraction strategy with two nondenaturing
detergents and (ii) the activation of the hDC inflammasome using PCR array and
enzyme-linked immunosorbent assay (ELISA).

RESULTS
Selective extraction of M. hominis lipoproteins that induce IL-23 production by

hDCs. A simple TX-114 extract of M. hominis membranes contains a large number of
proteins, including transmembrane proteins and lipoproteins (8). To obtain an M.
hominis fraction enriched in bioactive lipoproteins, we developed a strategy based on
the sequential use of two nondenaturing detergents. The goal here was to remove
most nonbioactive proteins after the first extraction step and to selectively extract the
bioactive molecules from the remaining fraction using TX-114. Five detergents were
evaluated for their capacity to extract proteins from M. hominis membranes. Sarkosyl
extracted a larger number of proteins than TX-100, OG, CHAPS {3-[(3-cholamidopropyl)-
dimethylammonio]-1-propanesulfonate}, and deoxycholate (DOC) (see Fig. S2 in the
supplemental material). Both Sarkosyl-insoluble fractions (IFSar) and Sarkosyl-soluble
fractions (SFSar) were evaluated for their capacity to induce IL-23 production when
added to hDCs. After 24 h of incubation, a significant IL-23 release was observed with
the IFSar but not with SFSar (Fig. 1), indicating that the bioactive proteins were present
in the IFSar.

A second round of extraction was undertaken by TX-114 partitioning applied to the
IFSar. Upon electrophoretic separation, the IFSar-DPTX sequential extract (i.e., Sarkosyl-
insoluble fraction extracted by TX-114) showed fewer bands than a simple TX-114
extract (DPTX) (see Fig. S3 in the supplemental material). These bands were also of
higher intensity, suggesting an enrichment in specific proteins. To check whether the
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bioactive lipoproteins were recovered at the end of the sequential extraction proce-
dure, IL-23 released by hDCs incubated for 24 h with IFSar-DPTX was measured (Fig. 1).
The IFSar-DPTX sequential extract triggered a substantial release of IL-23, and the levels
of IL-23 production were similar to those measured after incubation with M. hominis
cells, with M. hominis membranes, or with the simple TX-114 extract (DPTX).

Finally, the use of Sarkosyl as the initial detergent allowed the removal of many
proteins without eliminating bioactive lipoproteins, validating the use of the sequential
extraction procedure using Sarkosyl followed by TX-114 in further experiments.

Identification of the lipoproteins in the bioactive IFSar-DPTX sequential extract.
The IFSar-DPTX sequential extract was further fractionated based on the protein molec-
ular mass (MM). After electrophoretic separation, the gel slice was cut into 10 equal
bands, from which proteins were extracted using OG in order to obtain 10 eluates, E1
(higher MM) to E10 (lower MM). The dendritic cell-activating potency of the eluates was
evaluated by measuring the IL-23 release by hDCs incubated in the presence of each
of the E1 to E10 fractions for 24 h (Fig. 2).

Five eluates (E3 to E5, E7, and E8) triggered the release of a significant amount of
IL-23 by hDCs. The bioactive proteins present in eluates E3, E4, and E5 had a high
apparent molecular mass (AMM), ranging from 40 to 100 kDa. The proteins in eluates
E7 and E8 had a low AMM, from 20 to 35 kDa. No significant IL-23 release was observed
for the E2 and E6 eluates. The bioactive compounds able to induce IL-23 release could
correspond to two or more unrelated proteins or to different fragments of the same
protein.

The lipoproteins from the bioactive eluates E3, E4, E5, E7, and E8 were identified by
liquid chromatography-tandem mass spectrometry (LC-MS/MS) (Table 1). The E2 and E6
eluates that did not induce IL-23 production were also analyzed by LC-MS/MS as
reference. Lipoproteins were considered nonfragmented when the AMM was close to
that calculated on the basis of their predicted molecular mass. A total of 26 of the 48
M. hominis predicted lipoproteins (19, 20) were detected, i.e., 54.2% of the lipoproteins
predicted in silico (Table 1). Two lipoproteins, MHO_1640 and MHO_3620, which were
solely present in the E2 and E6 eluates, which did not induce IL-23 release from hDCs,

FIG 1 Release of IL-23 by hDCs after incubation with M. hominis PG21 and detergent extracts. hDCs were incubated 24 h at 37°C with
the different detergent extracts. Supernatants were collected, and IL-23 concentration was determined by ELISA. Results are shown
as the means and standard errors of the means from three independent experiments. PBS, negative control; LPS, positive control; Mh,
M. hominis PG21; Mb, M. hominis PG21 membranes; DPTX, Triton X-114 (TX-114) detergent phase (extracted proteins); APTX, TX-114
aqueous phase (nonextracted proteins); SFSar, Sarkosyl-soluble fraction (extracted proteins); IFSar, Sarkosyl-insoluble fraction (nonex-
tracted proteins); IFSar-DPTX, Sarkosyl-insoluble fraction extracted by TX-114 (detergent phase); IFSar-APTX, Sarkosyl-insoluble fraction
extracted by TX-114 (aqueous phase); NS, statistically nonsignificant according to the Newman-Keuls test.
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were not considered to be bioactive. Vaa (MHO_3470) could not be considered inactive,
although it was identified in the E2 and E6 eluates. Indeed, Vaa-derived peptides were
recovered mainly in the bioactive E5 eluate, and either the entire Vaa or a Vaa-derived
fragment with an AMM of �40 kDa could be responsible for the observed bioactivity
in this eluate. Nonfragmented OppA (MHO_1510), Lmp1 (MHO_0530), and P120
(MHO_3660) proteins were also identified in the inactive E2 eluate. Consequently, the
nonfragmented forms of these proteins could be considered inactive. However, for all
three proteins, the fragmented forms detected in the E3 and E4 eluates could represent
bioactive polypeptides.

MHO_4720 was the only unfragmented lipoprotein identified in the E8 eluate.
Although we could not exclude the bioactivity of fragments of the other lipoproteins
detected in the E8 eluate (MHO_3200, MHO_3470, MHO_3720), MHO_4720 could by
itself be responsible for the bioactivity of E7 and E8 eluates.

Overall, 24 M. hominis lipoproteins (entire or degraded forms) were able to induce
the secretion of IL-23 by hDCs, 5 with an AMM between 20 and 35 kDa and 19 with an
AMM between 40 and 100 kDa (Table 1). In further experiments, more attention will be
focused on MHO_4720, which may be the only bioactive protein in the E7 and E8
eluates.

Role of the polypeptidic portion of the lipoproteins in IL-23 production by
hDCs. To assess whether M. hominis lipoprotein polypeptide fragments were respon-
sible for the hDC stimulation, the IFSar-DPTX sequential extract was incubated with
proteinase K (PK) for 1 h (Fig. 3), and IL-23 release was measured after incubating
hDCs in the presence of the PK-digested extract. The bioactivity of the PK-treated

FIG 2 Release of IL-23 by hDCs after coincubation with the 10 eluates from the gel-separated sequential
extract. Results are shown as the means and standard errors of the means from three independent
experiments. PBS, negative control; LPS, positive control; Mh, M. hominis PG21; Mb, M. hominis PG21
membranes; IFSar-DPTX, Sarkosyl-insoluble fraction treated by TX-114 (detergent phase). �, significantly
different (P � 0.05) from PBS according to the Newman-Keuls post hoc test; #, significantly different (P �
0.05) from IL-23 concentration released after coincubation with E2, E6, and E9 eluates according to the
Newman-Keuls test.
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IFSar-DPTX extract was significantly decreased but not abolished. There was no
difference between results after 1 h, 4 h, 8 h, and 24 h of proteinase K digestion
(data not shown), suggesting that the digestion was complete after 1 h. These data
indicate that the protein portion of the lipoproteins only partly contributes to the
stimulation of the hDCs and that some proteinase K-resistant compounds, possibly
the acylated part of lipoproteins, are major determinants for full expression of this
bioactivity.

Stimulation of hDCs by a dendritic cell-stimulating lipopeptide DSL-1 derived
from MHO_4720. Because MHO_4720, in contrast to MHO_1730 and MHO_2440, was
present in both bioactive eluates E7 and E8, it appeared as an M. hominis surface-
exposed lipoprotein that could induce IL-23 secretion by hDCs. We aimed at confirming
its dendritic cell-activating potency and therefore designed a lipopeptide with a
minimal peptidic sequence derived from MHO_4720 that could stimulate IL-23 pro-
duction by hDCs. We defined the peptide length of the lipopeptide, the amino acid
composition, and the acyl chain composition based on data acquired from the
analysis of Braun’s lipoprotein, the first bacterial lipoprotein characterized in Esch-
erichia coli (21). Data and sequence alignments from other bacterial lipoproteins
and from bioactive lipopeptides derived from mycoplasmas such as MALP-2 from M.
fermentans, FSL-1 from M. salivarium, and MPPL-1 from M. pneumoniae, all known to
stimulate immune human cells, were also used (Table 2) (11–13). We eventually
synthesized the dendritic stimulating lipopeptide 1 (DSL-1), derived from MHO_4720,
which was S-(2,3-bispalmitoyloxypropyl)-cysteine-GGEKFN.

A 10-fold serial dilution of DSL-1 (1 to 1,000 nM) was tested for IL-23 release after
coincubation with hDCs. DSL-1 stimulated the production of IL-23 by hDCs at a
concentration higher than 10 nM (Fig. 4). The IL-23 production increased up to a DSL-1
concentration of 100 nM and slightly decreased over this concentration. FSL-1 did not
induce a significant production of IL-23.

M. hominis PG21 induces caspase-dependent IL-1� secretion. We previously
partially described the hDC immune response upon exposure to M. hominis PG21 (8).
To obtain a deeper understanding of the inflammation response of hDCs, we per-
formed a PCR array targeting the inflammation-related genes of hDCs after 24 h of
coincubation with M. hominis. A significantly strong upregulation of the IL-1� gene was

FIG 3 Effect of proteinase K on activity of M. hominis PG21 IFSar-DPTX sequential TX-114 extract. Three
independent experiments were performed. �, significantly different (P � 0.05) from PBS according to the
Newman-Keuls test. PBS, negative control; LPS, positive control; IFSar-DPTX, Sarkosyl-insoluble fraction
extracted by TX-114 (detergent phase); PK, proteinase K.
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observed, suggesting the activation of the inflammasome (data not shown). We con-
firmed the strong IL-1� release after 24 h of coincubation of M. hominis with hDCs by
ELISA (Fig. 5A). A weaker IL-1� release was observed after 4 h of coincubation. IL-1�

release was also observed after exposure of hDCs to M. hominis fractions enriched in

TABLE 2 Alignment of N-terminal parts of the 24 potential bioactive lipoproteins of M. hominis PG21 and of mycoplasmal bioactive
lipopeptidesa

Gene locus Species N-terminal amino acid sequence of protein MM (kDa) pI GRAVY score Acylation Reference

MHO_0280 M. hominis C N K T T N H E T N 1,161.2 6.74 �2.070 This study
MHO_0290 M. hominis C K D P N K P E V K 1,157.3 8.18 �1.870 This study
MHO_530 M. hominis C G G L A I A T T A 877.0 5.52 1.400 This study
MHO_0540 M. hominis C R F C K K P N K Q 1,251.5 9.85 �1.700 This study
MHO_0720 M. hominis C G H T G T G Y G F 999.0 6.73 �0.220 This study
MHO_0730 M. hominis C K T V N K E K I N 1,176.4 9.20 �1.170 This study
MHO_0780 M. hominis C S T T E N S K Y G 1,089.1 5.99 �1.310 This study
MHO_0790 M. hominis C S T T E N S K Y G 1,089.1 5.99 �1.310 This study
MHO_1510 M. hominis C K I D P A Y E K G 1,123.3 6.06 �0.930 This study
MHO_1730 M. hominis C N D P K N K K N P 1,157.3 9.20 �2.640 This study
MHO_2080 M. hominis C A I L P V S C S L 1,005.2 5.51 1.990 This study
MHO_2340 M. hominis C I K T K K P E V K 1,173.4 9.63 �1.020 This study
MHO_2440 M. hominis C K T T N D S Q N S 1,097.1 5.83 �1.840 This study
MHO_2620 M. hominis C V K T K K P E G E 1,118.3 8.18 �1.470 This study
MHO_3070 M. hominis C N N K N S K L T K 119.3 9.79 �1.740 This study
MHO_3100 M. hominis C S N K Q D K K E D 1,194.2 6.11 �2.750 This study
MHO_3200 M. hominis C K N T N K K T N N 1,164.3 9.79 �2.460 This study
MHO_3470 M. hominis C N D D K L A E K N 1,149.2 4.56 �1.720 This study
MHO_3490 M. hominis C K K E K E D S Q Q 1,222.3 6.17 �2.750 This study
MHO_3660 M. hominis C T H T N N D E L N 1,160.1 4.35 �1.580 This study
MHO_3720 M. hominis C K N E K S N A E Y 1,185.2 6.13 �1.960 This study
MHO_3730 M. hominis C T V T V K V K E K 1,134.4 9.20 �0.150 This study
MHO_4400 M. hominis C N K T A T I T L N 1,078.2 8.22 �0.040 This study
MHO_4720 M. hominis C G G E K F N A F A 1,043.1 5.99 0.000 This study
MALP-2 M. fermentans C G N N D E S N I S F K E K 2,134.1 4.68 �1.500 Pam2 36
FSL-1 M. salivarium C G D P K H P K S F 1,666.1 8.21 �1.360 Pam2 12
MPPL-1 M. pneumoniae C T G I Q A D L R N L I K 1,341.5 8.41 �0.133 Pam2 13
P2C-RGDS Mycobacterium tuberculosis C R G D S 1,087.5 5.83 �1.34 Pam2 25
PGTP2-RL Porphyromonas gingivalis C N S Q A K 649.7 8.22 �1.233 Pam3 37
Murein LPP E. coli C S S N K I D E L S D D 1,325.3 3.84 �1.083 Pam3 21
MDPL M. synoviae C G D Q T P A P E P T P G N 1,383 3.67 �1.307 Pam2 38
DSL-1 M. hominis C G G E K F N 753.8 5.99 �0.914 Pam2 This study
aMolecular mass (MM), isoelectric point (pI), and GRAVY score were determined using ProtParam software (http://web.expasy.org/cgi-bin/protparam/protparam). Hy-
drophobic amino acids are in boldface. Pam, palmitic acid; Pam2, diacylated lipoproteins with two palmitic acids; Pam3, triacylated lipoproteins with three palmitic
acids.

FIG 4 Release of IL-23 by hDCs after coincubation with DSL-1 and FSL-1. Results are shown as the means
and standard errors of the means from four independent experiments. �, significantly different (P � 0.05)
from IL-23 concentration after coincubation with 1 nM or 10 nM DSL-1 according to the Newman-Keuls
test.
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FIG 5 IL-1� release by hDCs. (A) Results after incubation with M. hominis PG21 for 4 h and 24 h. �, significantly
different (P � 0.05) from IL-1� concentration released after coincubation with PBS at the same time point; Œ,

(Continued on next page)
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lipoproteins, especially the sequential extract IFSar-DPTX (Fig. 5B). To determine whether
caspases were involved in this IL-1� release, a caspase-1- and caspase-5-specific
inhibitor, Ac-YVAD-fmk, was added to the hDCs before a 24-h coincubation with M.
hominis (Fig. 5C). IL-1� release was abolished when the cells were exposed beforehand
to Ac-YVAD-fmk, suggesting that caspase-1 and/or caspase-5 was involved in IL-1�

production by hDCs after coincubation with M. hominis.
To assess which caspase and what other inflammasome components were activated

in hDCs, we performed a PCR array targeting inflammasome genes after 4 h and 24 h
of coincubation with M. hominis. The expression of 85 hDC genes involved in inflam-
masome activation was quantified in hDCs alone and in hDCs coincubated with M.
hominis PG21 (Table 3). As expected, a strong upregulation of the IL-1� gene and of the
IL-12� genes (IL-23 subunit gene) was observed (fold changes, 285 and 2,660, respec-
tively, at 24 h). There was no change in the IL-18-encoding gene expression. The IL-6
inflammatory cytokine and NF-�B genes were also upregulated at 24 h. Among the
caspase-coding genes tested, only the caspase-5 gene was upregulated at 4 h and 24
h, whereas there was no variation of the caspase-1 and caspase-8 gene expression. In
the NOD-like receptor (NLR) family, the expression levels of NLRX1-, NOD1-, and
NOD2-coding genes were downregulated at 4 h, and the expression level of NLRP3 was
downregulated at 24 h (fold change, �21.8). The gene encoding the adaptor protein
PYCARD was also downregulated at 24 h (fold change, �23.7). The expression level of
the NLRP7-coding gene was assessed by reverse transcription-quantitative PCR (qRT-
PCR) but did not show any change upon exposure of hDCs to M. hominis. No
upregulation of NLR was observed at 4 h or at 24 h of coincubation. Taken together,
these data suggest that M. hominis PG21 may activate the inflammasome and induce
IL-1� release in a caspase-5-dependent manner.

In addition, the prostaglandin-endoperoxide synthase 2 (COX2)-encoding gene,
ptgs2, was upregulated at 4 h (fold change, 4.7) and highly upregulated at 24 h (fold
change, 152.6). Chemoattractant-coding genes were also regulated, with an increased
expression of the CCL5-encoding gene at 4 h and an increased expression of CCL2- and
CXCL1-encoding genes at 24 h.

DISCUSSION
Identification of IL-23 release-inducing lipoproteins in a sequential Sarkosyl/

TX-114 extract of M. hominis PG21. In the present study, 24 lipoproteins from the
bioactive eluates of the IFSar-DPTX sequential extract were identified and divided into
two groups: lipoproteins with apparent molecular masses ranging from 20 to 35 kDa
and from 40 to 100 kDa. These data suggest that IL-23 production by hDCs results
either from the action of several lipoproteins or from the action of different forms of the
same lipoprotein (whole or fragmented). As a comparison, three fractions (from 22 to
25 kDa, from 25 to 32 kDa, and from 36 to 43 kDa) from Mycoplasma arthritidis, a
mycoplasma phylogenetically close to M. hominis, were able to induce TNF-� secretion
by murine monocytes (2). Peltier et al. showed that the stimulation of TNF-� production
by THP-1 cells after incubation with M. hominis PG21 fractions was due to proteins that
had molecular masses from 10 to 50 kDa (3). Hasebe et al. isolated and purified a
lipoprotein of 40 kDa from M. hominis membranes that stimulated TNF-� production by
THP-1 cells (14). This study reports for the first time that a group of high-molecular-
mass lipoproteins from M. hominis could be involved in the immune response of hDCs.

FIG 5 Legend (Continued)
significantly different (P � 0.05) from IL-1� concentration released after coincubation for 4 h according to the
Newman-Keuls test. (B) Results after incubation with M. hominis PG21 and its detergent fractions. (C) Results after
coincubation with M. hominis PG21 with and without the caspase inhibitor YVAD-fmk. Mh, M. hominis PG21. Results
are shown as the means and standard errors of the means from three independent experiments. PBS, negative
control; LPS, positive control; Mh, M. hominis PG21; Mb, M. hominis PG21 membranes; APTX, TX-114 aqueous phase
(nonextracted proteins); DPTX, TX-114 detergent phase (extracted proteins); IFSar, Sarkosyl-insoluble fraction
(nonextracted proteins); SFSar, Sarkosyl-soluble fraction (extracted proteins); IFSar-DPTX, Sarkosyl-insoluble fraction
extracted by TX-114 (detergent phase); IFSar-APTX, Sarkosyl-insoluble fraction extracted by TX-114 (aqueous phase);
NS, statistically nonsignificant according to the Newman-Keuls test.
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TABLE 3 Differential expression of the hDC inflammasome genes after 4 h and 24 h of coincubation with M. hominis PG21a

Protein name

t � 4 h t � 24 h

Fold change P value Fold change P value

Absent in melanoma 2 0.7 0.269 4.3 0.057
B-cell CLL/lymphoma 2 4.4 0.036 20.7 0.034
BCL2-like 1 1.4 0.100 3.4 0.059
Baculoviral IAP repeat containing 2 1.2 0.577 3.5 0.039
Baculoviral IAP repeat containing 3 2.1 0.708 34.7 0.029
Caspase recruitment domain family, member 18 Undetected Undetected Undetected Undetected
Caspase recruitment domain family, member 6 �1.7 0.309 �1.7 0.155
Caspase 1, apoptosis-related cysteine peptidase (interleukin 1� convertase) 1.1 0.677 1.1 0.767
Caspase 5, apoptosis-related cysteine peptidase 3.1 0.019 5.8 0.030
Caspase 8, apoptosis-related cysteine peptidase �1.8 0.492 �1.2 0.412
Chemokine (C-C motif) ligand 2 1.1 0.975 80.9 0.010
Chemokine (C-C motif) ligand 5 30.3 0.042 35.1 0.221
Chemokine (C-C motif) ligand 7 �1.1 0.720 Undetected Undetected
CD40 ligand �4.3 0.401 �2.1 0.205
CASP8 and FADD-like apoptosis regulator 1.7 0.604 5.9 0.024
Conserved helix-loop-helix ubiquitous kinase �1.1 0.332 1.6 0.467
Class II major histocompatibility complex, transactivator �1.1 0.938 �4.3 0.024
Cathepsin B 1.0 0.999 �2.8 0.011
Chemokine (C-X-C motif) ligand 1 (melanoma growth stimulating

activity alpha)
2.0 0.038 934.5 0.031

Chemokine (C-X-C motif) ligand 2 1.0 0.540 265.2 0.054
Fas (TNFRSF6)-associated via death domain �2.0 0.254 1.0 0.978
Heat shock protein 90kDa alpha (cytosolic), class A member 1 �1.2 0.317 �1.3 0.296
Heat shock protein 90kDa alpha (cytosolic), class B member 1 1.0 0.905 �1.9 0.150
Heat shock protein 90kDa beta (Grp94), member 1 �1.2 0.250 �1.1 0.848
Interferon beta 1 fibroblast �2.4 0.570 Undetected Undetected
Interferon gamma Undetected Undetected Undetected Undetected
Inhibitor of kappa light polypeptide gene enhancer in B cells. kinase beta 1.1 0.711 1.2 0.585
Inhibitor of kappa light polypeptide gene enhancer in B cells. kinase

gamma
�1.2 0.659 1.2 0.500

Interleukin 12A (natural killer cell stimulatory factor 1, cytotoxic
lymphocyte maturation factor 1, p35)

Undetected Undetected Undetected Undetected

Interleukin 12B (natural killer cell stimulatory factor 2, cytotoxic
lymphocyte maturation factor 2, p40)

43.4 0.010 2,660.2 0.018

Interleukin 18 (interferon-gamma-inducing factor) �1.5 0.319 1.7 0.435
Interleukin 1� 8.0 0.040 285.5 0.035
Interleukin 33 Undetected Undetected Undetected Undetected
Interleukin 6 (interferon beta 2) �1.1 0.973 4,784.0 0.016
Interleukin-1 receptor-associated kinase 1 1.4 0.482 �1.3 0.385
Interferon regulatory factor 1 1.8 0.184 8.8 0.040
Interferon regulatory factor 2 1.2 0.811 2.7 0.046
Mitogen-activated protein kinase kinase kinase 7 �1.3 0.185 �1.1 0.455
Mitogen-activated protein kinase 1 �1.2 0.729 �1.2 0.299
Mitogen-activated protein kinase 11 1.4 0.138 3.5 0.047
Mitogen-activated protein kinase 12 2.0 0.105 �1.9 0.202
Mitogen-activated protein kinase 13 1.0 0.999 2.6 0.047
Mitogen-activated protein kinase 3 �1.5 0.623 �3.8 0.035
Mitogen-activated protein kinase 8 1.0 0.792 3.3 0.021
Mitogen-activated protein kinase 9 �1.2 0.523 �2.9 0.038
Mediterranean fever 1.9 0.055 �2.2 0.111
Myeloid differentiation primary response gene (gene 88 product) �1.4 0.630 1.3 0.112
NLR family, apoptosis inhibitory protein �2.7 0.478 �12.2 0.026
Nuclear factor of kappa light polypeptide gene enhancer in B cells 1 2.3 0.537 11.5 0.010
Nuclear factor of kappa light polypeptide gene enhancer in B cells

inhibitor. alpha
2.2 0.473 6.5 0.018

Nuclear factor of kappa light polypeptide gene enhancer in B cells
inhibitor. beta

1.8 0.139 1.7 0.073

NLR family, CARD domain containing 4 �1.1 0.782 �2.3 0.069
NLR family, CARD domain containing 5 1.0 0.822 1.9 0.166
NLR family, pyrin domain containing 1 1.5 0.352 1.3 0.590
NLR family, pyrin domain containing 12 1.9 0.284 Undetected Undetected
NLR family, pyrin domain containing 3 �1.1 0.952 �21.8 0.030
NLR family, pyrin domain containing 4 Undetected Undetected Undetected Undetected
NLR family, pyrin domain containing 5 Undetected Undetected Undetected Undetected

(Continued on next page)
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Among the 24 potential bioactive lipoproteins, we focused on MHO_4270 because
this lipoprotein could alone be responsible for the bioactivity of the E7 and E8 eluates.
Many orthologs of this hypothetical lipoprotein were found in other mycoplasmal
species, such as Mycoplasma spumans, M. canadense, M. alkalescens, and M. arginini,
involved in animal infections. These hypothetical proteins and lipoproteins are all of
unknown function. However, a leucine-rich repeat (LRR) domain is conserved among all
these lipoproteins. The LRR domain is a widespread sequence of 20 to 30 amino acids
with a characteristic repetitive sequence pattern rich in leucines. The LRR corresponds
to a short �-strand and �-helix region, which is involved in protein-protein interactions
(22). Indeed, it was reported that mycoplasma diacylated lipoproteins and FSL-1, an M.
salivarium-derived diacylated lipopeptide, were recognized via their LRR domain by the
LRR domain of the Toll-like receptor 2 (TLR2) (23). As TLR2 was previously reported to
interact with M. hominis (8), we can speculate that MHO_4720 could interact via its LRR
domain with TLR2 of the hDCs.

Lipopeptide DSL-1, corresponding to the N-terminal part of MHO_4720, stim-
ulates IL-23 release by hDCs. We noted that the protein moiety was important to
stimulate hDCs because proteinase K digestion significantly reduced the bioactivity of
the sequential extract IFSar-DPTX. Peltier et al. also showed that the activity of the
stimulating factor of THP-1 cells present in a TX-114 extract from M. hominis was
significantly decreased by proteinase K digestion (3). To determine if a minimal
lipoprotein structure could stimulate the hDCs, we designed a synthetic lipopeptide. As
suggested for the generation of the bioactive lipopeptide MPPL-1 from M. pneumoniae
(13), we first attempted to find a consensus sequence by the alignment of the
N-terminal sequence of the 24 potential bioactive lipoproteins identified in the present
study. However, no consensus sequence could be identified. Synthetic lipopeptides
derived from Braun’s lipoprotein were shown to exhibit stimulatory activity comparable

TABLE 3 (Continued)

Protein name

t � 4 h t � 24 h

Fold change P value Fold change P value

NLR family, pyrin domain containing 6 Undetected Undetected Undetected Undetected
NLR family, pyrin domain containing 7b 0.9 0.788 1.9 0.329
NLR family, pyrin domain containing 9 �1.3 0.719 1.3 0.414
NLR family member X1 �5.4 0.034 �2.1 0.280
Nucleotide-binding oligomerization domain containing 1 �8.2 0.004 �1.3 0.276
Nucleotide-binding oligomerization domain containing 2 �6.0 0.030 �1.2 0.668
Purinergic receptor P2X, ligand-gated ion channel, 7 18.6 0.070 7.2 0.064
Pannexin 1 �1.3 0.267 2.9 0.017
Phosphoprotein enriched in astrocytes 15 1.1 0.665 2.0 0.233
Proline-serine-threonine phosphatase interacting protein 1 �1.9 0.352 �13 0.029
Prostaglandin-endoperoxide synthase 2 (prostaglandin G/H synthase

and cyclooxygenase)
4.7 0.033 152.6 0.032

PYD and CARD domain containing �2.3 0.204 �23.7 0.045
PYD (pyrin domain) containing 1 1.5 0.507 3.2 0.920
Renal tumor antigen �1.3 0.038 �1.3 0.314
V-rel reticuloendotheliosis viral oncogene homolog A (avian) 0.5 0.031 2.2 0.045
Receptor-interacting serine-threonine kinase 2 2.1 0.579 9.5 0.023
SGT1, suppressor of G2 allele of SKP1 (Saccharomyces cerevisiae) �1.1 0.652 1.1 0.157
TGF-beta activated kinase 1/MAP3K7 binding protein 1 �2.6 0.490 �1.6 0.038
TGF-beta activated kinase 1/MAP3K7 binding protein 2 �1.2 0.756 2.6 0.027
Toll-interleukin 1 receptor (TIR) domain containing adaptor protein �1.6 0.437 �1.9 0.264
Tumor necrosis factor 2.4 0.489 7.6 0.110
Tumor necrosis factor (ligand) superfamily, member 11 Undetected Undetected Undetected Undetected
Tumor necrosis factor (ligand) superfamily, member 14 4.0 0.054 1.4 0.350
Tumor necrosis factor (ligand) superfamily, member 4 1.0 0.861 38.7 0.006
TNF receptor-associated factor 6 �1.2 0.140 1.6 0.121
Thioredoxin interacting protein �1.5 0.062 �3.3 0.264
X-linked inhibitor of apoptosis 1.0 0.979 2.4 0.041
aThe lipoproteins for which significant fold changes (P value � 0.05) were observed are in boldface. Three independent biological replicates were performed for each
time point.

bThe expression level of the NLRP7-coding gene, not present in the PCR Human Inflammasome (Qiagen) array, was determined by qRT-PCR.
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to that of native lipoproteins (24). It was also shown that a TLR2 agonist, which is the
hDC TLR that recognizes M. hominis (8), required a hydrophilic N-terminal part (25). The
DSL-1 peptide chosen had seven N-terminal amino acid residues (CGGEKFN), which
conferred a negative grand average of hydropathy (GRAVY) score close to that of the
bioactive mycoplasmal lipopeptides FSL-1 and MALP-2 (11, 12) (Table 2). In addition,
the presence of only two acyl chains bound to the cysteine residue would be adequate
for the bioactivity because many mycoplasmal bioactive lipopeptides such as FSL-1,
MALP-2, and MPPL-1 are diacylated (11–13).

DSL-1 induced IL-23 production in two stages, an increasing stage followed by a
steady-state stage. Okusawa et al. also observed two phases in the production of IL-6,
IL-8, and MCP-1 by human gingival fibroblasts stimulated by FSL-1 and in the produc-
tion of TNF-� by THP-1 cells induced by FSL-1 and MALP-2 (26). In addition, FSL-1 failed
to induce significant IL-23 production, highlighting that the immune hDC response was
specific to the DSL-1 lipopeptide.

M. hominis PG21 activates the hDC inflammasome. Results of the PCR array
targeting inflammasome genes were validated by the strong upregulation of the IL-23-
and IL-1�-coding genes, which confirmed the IL-23 and IL-1� release observed in
coincubation supernatants. The increase of the transcription of the IL-6 gene was also
confirmed by IL-6 ELISA detection in the supernatants after coincubation (data not
shown). IL-1� release after coincubation of M. hominis with hDCs may result from
caspase-5-dependent inflammasome activation. However, the role of caspase-1 in the
IL-1� release observed after coincubation of hDCs with M. hominis cannot be ruled out.
Caspase-1 could be constitutively expressed, as it was shown to be the case in the
monocytic cell line THP-1 (27). In addition, caspase-1 and caspase-5 were both reported
to be recruited by the NLRP1/PYCARD complex and were reported to be capable of
forming heterocomplexes in the THP1 cell line stimulated by LPS or phorbol myristate
acetate (PMA) (28).

In the present study, the inflammasome sensor remained unidentified at the gene
expression level among the 13 NLR genes tested. The NLR protein family comprises 22
members in humans; therefore, we can speculate that either the sensor is part of the
9 untested NLRs or the molecule does not trigger a priming step of gene expression;
rather, it may directly activate NLR(s) at the protein level to assemble the inflam-
masome. The NLRP7-encoding gene was not regulated in our model of coincubation,
although (i) NLRP7 had been specifically identified as an intracellular sensor of myco-
plasmal acylated lipoproteins and (ii) NLRP7 was reported to activate the inflam-
masome of the THP-1 cell line after exposure to A. laidlawii, to lipopeptides derived
from mycoplasmas such as FSL-1 and MALP-2, and to the synthetic lipopeptides
Pam2CSK4 and Pam3CSK4 (16). Notably, we observed a significant downregulation of
the NLRP3-encoding gene and of the adaptor PYCARD-coding gene at 24 h. The ability
of LPS to activate NLRP3 was described to be weak and transient, with a low capacity
of NLRP3 activation after 24 h (29). Chronic LPS stimulation was also reported to trigger
IL-10-dependent regulatory mechanisms. Similarly, we previously showed that M.
hominis PG21 induces IL-10 release after coincubation with the hDCs (8). In the present
study, an early time point (4 h) and a late time point (24 h) were chosen to assess major
differences in the transcriptional levels of individual genes. At 4 h, we might have
missed the upregulation of the NLRP3 gene. In addition, even though we did not
observe a modulation of NLRP3 gene expression at 4 h, a small amount of constitutively
expressed NLRP3 protein might be sufficient to activate and trigger inflammasome
assembly. In addition, for several other mycoplasma species, the NLRP3 protein is the
sensor of the inflammasome. Indeed, M. pneumoniae community-acquired respiratory
distress syndrome (CARDS) toxin, A. laidlawii, M. hyorhinis, and M. salivarium were
reported to activate the NLRP3 inflammasome of mouse primary bone marrow-derived
macrophages (30), of human THP-1 cells (16, 17), and of murine dendritic cells (18),
respectively. For all these reasons, NLRP3 may be the inflammasome receptor involved
in the caspase-dependent IL-1� release.
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We observed an upregulation of the prostaglandin-endoperoxide synthase 2 (COX-
2)-encoding gene at 24 h. The COX-2-inducible enzyme is responsible for the synthesis
of prostaglandin E2 (PGE2) from arachidonic acid derived from membrane phospho-
lipids. PGE2 is a potent lipid mediator involved in maintaining homeostasis but also in
promoting acute inflammation or immune suppression in chronic inflammation. The
overexpression of COX-2 in human placental trophoblast cells was previously described to
be induced by MALP-2, a mycoplasmal lipopeptide (31). Moreover, in the present study, the
overexpression of COX-2 may be related to the downregulation of NLRP3. In accordance
with this hypothesis, an inverse relation between the expression of COX-2 and NLRP3 was
previously reported in human primary monocyte-derived macrophages (32).

Conclusion. We studied the interaction of M. hominis PG21 with hDCs by analyzing
both sides of the interaction, the mycoplasmal lipoproteins that induce IL-23 produc-
tion and the cell innate immune response. We defined a list of 24 lipoproteins that
could induce the secretion of IL-23 by hDCs. Among them, lipoprotein MHO_4720 was
identified as a potential stimulating factor of hDCs. Inflammasome activation of hDCs
with caspase-5-dependent production of IL-1� was also observed. After 24 h of
coincubation, a downregulation of NLRP3- and of the adaptor PYCARD-encoding genes
associated with an upregulation of the COX2-encoding gene suggests a regulation of
the inflammasome and a potential involvement of NLRP3 as an inflammasome sensor.
Further studies are necessary to specify the role of NLRP3 in hDC inflammasome
activation after incubation with M. hominis PG21.

MATERIALS AND METHODS
Growth of bacteria and membrane preparations. M. hominis strain PG21 (ATCC 23114) was

cultivated, and membranes were isolated as described previously (8) with slight modifications. Briefly M.
hominis was harvested by centrifugation (20,000 � g, 30 min, 4°C) and washed three times in phosphate-
buffered saline (PBS). The cells were lysed by three 1-min bursts of sonication on ice at the maximum
setting for the micro tip (Vibra-Cell sonicator; Branson). Membranes were recovered by centrifugation for
1 h at 30,000 � g (4°C). The pellets were dispersed in PBS and washed in the same buffer four times. The
final pellets were resuspended in PBS.

Membrane protein extraction. M. hominis PG21 membranes were separated into detergent-soluble
and detergent-insoluble fractions using five detergents: 3-[(3-cholamidopropyl) dimethylammonio]-1-
propanesulfonate (CHAPS), 50 nM (Thermo Fisher Scientific, San Jose, CA); octyl-glucopyranoside (OG), 75
nM (Sigma-Aldrich, St. Louis, MO); sodium deoxycholate (DOC), 50 nM (Sigma-Aldrich); Triton X-100
(TX-100), 1% (Sigma-Aldrich); N-lauroylsarcosine sodium salt (Sarkosyl), 100 nM (Sigma-Aldrich); and 1%
TX-114 (Sigma-Aldrich). One volume of membrane suspension (1 mg of protein/ml) was mixed with 4
volumes of detergent in 0.1 M sodium phosphate buffer (pH 7.4) and gently rocked for 1 h at 4°C. The
mixtures were centrifuged at 285,000 � g for 15 min at 4°C (Beckman TL-100 ultracentrifuge, TLA 100.1
rotor) to separate the solubilized proteins from the insoluble material. For the sequential extraction
procedure using two detergents, the Sarkosyl-soluble fraction (SFSar) and the Sarkosyl-insoluble fraction
(IFSar) were subjected to TX-114 1% extraction. A volume of 900 �l of ice-cold acetone was added to 100
�l of sample (final detergent extract) to precipitate the proteins. The proteins were further washed using
ice-cold acetone. The protein concentration was determined using the DC protein assay kit (Bio-Rad,
Hercules, CA).

Preparative SDS-PAGE experiments. Each detergent-soluble and detergent-insoluble fraction ob-
tained from a quantity of 200 �g of total membrane protein was heated for 3 min at 100°C and then
separated on a 12.5% acrylamide gel by SDS-PAGE. The proteins were visualized using the ProteoSilver
silver stain kit (Sigma-Aldrich).

To identify the lipoproteins present in the IFSar-DPTX sequential extract (i.e., the TX-114 detergent-
enriched phase obtained by extraction of the Sarkosyl-insoluble fraction), the extract was separated by
12.5% SDS-PAGE. The gel was cut into 10 equal bands, and each band was eluted with 75 nM OG. The
proteins were precipitated using ice-cold acetone (9 volumes of acetone for 1 volume of sample). This
precipitation step allowed the removal of OG. The protein pellet was further washed using ice-cold
acetone before being dissolved in PBS. Each eluate was incubated with hDCs for 24 h as described below.

Proteins from the eluates of interest were identified as previously described by liquid chromatography-
tandem mass spectrometry (LC-MS/MS) (19).

Proteinase K digestion of the IFSar-DPTX sequential extract. The IFSar-DPTX sequential extract was
incubated with 0.4 U proteinase K coupled to EupergitC (Sigma-Aldrich), which is a carrier consisting of
macroporous beads for immobilizing enzymes, and gently rocked for 1 h at 37°C. The insoluble enzyme
was subsequently removed by centrifugation at 800 � g for 5 min. The digested extracts were tested for
IL-23 release after coincubation with hDCs.

Design and activity of DSL-1. In silico analysis of the N-terminal part of the hypothetical bioactive
lipoproteins from eluates E3, E4, E5, E7, and E8 was performed using Molligen 3.0 software (http://www
.cbib.u-bordeaux2.fr/outils/molligen/) (33). The search for a consensus peptide sequence was carried out
using ClustalW2 software (http://www.ebi.ac.uk/Tools/msa/clustalw2/). The hydropathy (GRAVY scores)
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of the peptidic fragments was determined using ProtParam software (http://web.expasy.org/cgi-bin/
protparam/protparam). FSL-1, S-(2,3-bispalmitoyloxypropyl)-CGDPKHSPKSF, synthesized on the basis of a
44-kDa lipoprotein of M. salivarium (12), and S-(2,3-bispalmitoyloxypropyl)-CGGEKFN (DSL-1) were syn-
thesized by EMC microcollections GmbH (Tübingen, Germany). The DSL-1 purity was confirmed by
analytical high-performance liquid chromatography (HPLC) with a reverse-phase (RP) C18 column, and
the mass of the synthetic product was checked by electrospray ionization mass spectrometry (ESI-MS)
(see Fig. S1 in the supplemental material). A 1-mg/ml stock solution was prepared in PBS.

Human monocyte-derived DC generation and M. hominis stimulation. Human monocyte-derived
DC generation was performed as described elsewhere (8). Briefly, human monocytes were selected from
human peripheral blood mononuclear cells (PBMC) using CD14 microbeads (Miltenyi Biotec, San Diego,
CA). Plastic-adherent monocytes were cultured for 5 days with 25 ng/ml of human granulocyte-
macrophage colony-stimulating factor (hGM-CSF) and 10 ng/ml of human interleukin-4. The purity and
viability of DC preparation were �95%. For IL-23 and IL-1� release analysis, hDCs were transferred into
96-well plates at 5 � 105 cells per well along with the different extracts at 20 �g/ml, except for the
sequential extractions, for which the protein concentrations were lower and could not be adjusted. An
M. hominis suspension at 108 color changing units (CCU)/ml for a multiplicity of infection of 50, LPS from
Escherichia coli serotype O26:B6 (Sigma-Aldrich) at 10 ng/ml, and mycoplasma membranes at 20 �g/ml
were used. The mixtures were incubated at 37°C for 24 h. The cells were pelleted by centrifugation at
1,300 � g for 10 min at room temperature. The supernatants were collected for the determination of
IL-23 and IL-1� using the human ELISA Ready-Set-Go system (eBioscience, San Diego, CA). The cell
viability was assessed using trypan blue (Sigma-Aldrich). When appropriate, the caspase-1 and -5
inhibitor, Ac-YVAD-fmk (40 �M; Miltenyi Biotec), was added to the cells 30 min before coincubation of
the hDCs with M. hominis. At least three independent biological replicates were performed for each
quantitative analysis.

RNA extraction, reverse transcription, and PCR array. To evaluate the differential expression of
hDC genes upon contact with M. hominis, hDCs were coincubated with M. hominis as described above
at 37°C for 4 and 24 h. After coincubation, the cells were pelleted, total RNA was extracted from the
pellet, and the RNA purity and integrity were assessed as previously described (19).

The differential expression of hDC genes was determined using the Human Inflammatory Response
& Autoimmunity and the Human Inflammasomes PCR arrays (Qiagen, Hilden, Germany). The amplifica-
tion settings, cycle threshold (CT) determination, and expression ratios were determined as previously
described (19). The limit of detection and CT cutoff were 35 for each gene, as recommended by the
manufacturer. The expression level of the NLRP7-encoding gene, not present in the PCR array, was
determined by qRT-PCR with previously reported primers (34) and the same PCR conditions as for the
PCR arrays.

Statistics. The P values were calculated based on analysis of variance (ANOVA) and the Newman-
Keuls test as the post hoc test in ELISAs. For the expression ratios of hDC genes, the P values were
calculated based on Student’s t test of the ΔCT values between hDCs incubated with M. hominis PG21 and
hDCs incubated without M. hominis, independently for each gene (35). A P value of �0.05 was
considered significant.
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