
Cytoadherence-dependent induction of inflammatory responses by
Mycoplasma pneumoniae

Introduction

Mycoplasmas are wall-less parasitic bacteria, and the

smallest organisms capable of self-replication.1 Myco-

plasma pneumoniae causes primary atypical pneumonia,

tracheobronchitis, pharyngitis and asthma in humans.2–4

However, pathogenic agents such as endotoxins and exo-

toxins that cause such diseases have not been identified in

M. pneumoniae. Cytoadherence of invading mycoplasma

to the respiratory epithelium, localized host cell injury,

and overaggressive inappropriate immune responses seem

to contribute to the pathogenesis of M. pneumoniae infec-

tion.2,5

We previously identified three lipoproteins responsible

for nuclear factor-jB (NF-jB) activation.6 One was

MPN602, a subunit b of F0F1-type ATPase (F0F1-AT-

Pase),7 a diacylated lipoprotein. The activation of NF-jB

by F0F1-ATPase was dependent on Toll-like receptor 1

(TLR1), TLR2 and TLR6. We identified two other lipopro-

teins, MPN611 and MPN162, and designated them NF-

jB-activating lipoprotein 1 (N-ALP1) and N-ALP2,

respectively. N-ALP1 and N-ALP2 activated TLR signalling
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Summary

Pathogenesis of Mycoplasma pneumoniae infection is considered to be in

part attributed to excessive immune responses. Mycoplasma pneumoniae

shows strong cytoadherence to host cells and this cytoadherence is

thought to be involved in the progression of pneumonia. However, the

interaction between the cytoadherence and the immune responses is not

known in detail. In this study, we demonstrated that the induction of

pro-inflammatory cytokines in the human monocyte cell line THP-1 is

dependent on the property of cytoadherence of M. pneumoniae. A

wild-type strain of M. pneumoniae with cytoadherence ability induced

pro-inflammatory cytokines such as tumour necrosis factor-a and inter-

leukin-1b (IL-1b). Whereas, heat-killed M. pneumoniae and cytoadher-

ence-deficient mutants of M. pneumoniae caused significantly less

production of pro-inflammatory cytokines than the wild-type strain. The

wild-type strain induced pro-inflammatory cytokines in an endocytosis-

independent manners, but the induction by heat-killed M. pneumoniae

and cytoadherence-deficient mutants was dependent on endocytosis.

Moreover, the wild-type strain induced caspase-1 production and ATP

efflux, promoting the maturation of IL-1b and release of the pro-IL-1b

precursor, whereas heat-killed M. pneumoniae and the cytoadherence-

deficient mutants failed to induce them. These data suggest that the

cytoadherence ability of M. pneumoniae activates immune responses and

is involved in the pathogenesis of M. pneumoniae infection.

Keywords: cytoadherence; inflammasome; mycoplasma; THP-1; toll-like

receptors
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through TLR1 and TLR2. Both N-ALP1 and N-ALP2 were

assumed to be triacylated lipoproteins based on their func-

tional analysis.8

Toll-like receptors with the function of pattern-recogni-

tion receptors play critical roles in early innate recogni-

tion and inflammatory responses by the host against

invading microbes.9,10 Among 10 TLR family members

reported, TLR2, TLR4, TLR5 and TLR9 have been impli-

cated in the recognition of different bacterial components.

Peptidoglycan, lipoarabinomannan, zymosan and lipopro-

teins from various microorganisms are recognized by

TLR2.11–17 On the other hand, lipopolysaccharide, bacte-

rial flagellin and bacterial DNA are recognized by TLR4,

TLR5 and TLR9, respectively.18–21 These TLR family

members are shown to activate NF-jB via interleukin-1

receptor (IL-1R) -associated signal molecules, including

myeloid differentiation protein, IL-1R-activated kinase,

tumour necrosis factor receptor-associated factor 6 and

NF-jB-inducing kinase.22

Interleukin-1b is an important pro-inflammatory cyto-

kine and mature IL-1b is produced by cleavage of the

pro-IL-1b precursor by caspase-1.23 Caspase-1 is activated

within a large protein complex called the inflamma-

some.24 The inflammasome is composed of nucleotide-

binding domain, leucine-rich repeat-containing (NLR)

proteins, apoptosis-associated speck-like protein contain-

ing a C-terminal caspase recruitment domain, and cas-

pase-1. The inflammasome responds to a variety of

signals. Intracellular bacterial toxins,25 pathogen-associ-

ated molecular patterns (PAMPs) such as muramyl dipep-

tide26 or flagellin,27 the stress-associated danger signals

(DAMPs) such as ATP28–30 or monosodium urate28 acti-

vate the inflammasome. The ATP activates the inflamma-

some through binding to the P2X7 receptor followed by

potassium efflux31 and recruitment of pore-forming

hemi-channel, pannexin-1.32 Phagocytosis-dependent pro-

duction of reactive oxygen species is also reported to

stimulate the inflammasome.33,34

Cytoadherence by M. pneumoniae in the respiratory

tract is the initial event of infection. The cytoadherence is

mediated by P1 adhesin and other additional proteins such

as P30 or high molecular weight (HMW) proteins.35–38

Although the cytoadherence of M. pneumoniae is thought

to be responsible for the pathogenesis of M. pneumoniae

infection,39,40 it is not known precisely how the cytoadher-

ence is involved in inflammatory responses.

In this study, we examined the interaction between

the cytoadherence and inflammatory responses. A wild-

type strain of M. pneumoniae with cytoadherence ability

induced pro-inflammatory cytokines, such as tumour

necrosis factor-a (TNF-a) and IL-1b, whereas heat-

killed M. pneumoniae or cytoadherence-deficient mutants

induced significantly fewer pro-inflammatory cytokines

than the wild-type strain. The wild-type strain of

M. pneumoniae induced TNF-a and the precursor of IL-

1b in an endocytosis-independent manner, and also acti-

vated caspase-1 production and ATP efflux, promoting

the maturation of IL-1b. These data suggest that the cy-

toadherence capability of M. pneumoniae activates

inflammatory responses and is involved in the pathogen-

esis of M. pneumoniae infection.

Materials and methods

Mycoplasma pneumoniae strains

Cytoadherence-deficient mutants of M. pneumoniae, M5,

M6, class I, class II, class III and class IV were obtained

from Dr Miyata.41 These mutants originated from wild-

type strain M129.42–45 The M. pneumoniae wild-type

strain (M129) and cytoadherence-deficient mutants were

cultured in Pleuropneumonia-like organisms (PPLO)

broth (Difco, Franklin Lakes, NJ, USA) containing 10%

horse serum, 0�25% glucose, 0�25% yeast extract, 0�002%

phenol red, at pH 7�6. Each strain was cultured to the

beginning of a stationary phase (the colour of medium

turned slightly orange). The amount of each strain was

adjusted by optical density (OD595) in PBS. The DNA of

M. pneumoniae was purified using a FastPure DNA kit

(Takara, Tokyo, Japan). The amounts of DNA were mea-

sured by optical density (OD280).

Cells

Cells of a human monocytic cell line, THP-1 and a

human lung squamous cell carcinoma cell line, EBC-1

were cultured in RPMI-1640 medium containing 10%

fetal calf serum (Mitsubishi Chemical, Tokyo, Japan) and

2 mM L-glutamine. Cells of a human kidney cell line,

293T were cultured in Dulbecco’s modified Eagle’s med-

ium (DMEM) containing 10% fetal calf serum and 2 mM

L-glutamine. To exclude the possibility of mycoplasma

infections in the cell cultures, these cell suspensions were

inoculated onto PPLO agar medium (Difco) once a

month. Cells were also stained with 40,6-diamidino-2-

phenylindole and contaminated mycoplasmas were

checked once a week. Peripheral blood mononuclear cells

(PBMC) were separated using Lymphoprep (Axis-Shield

PoC, Oslo, Norway) and cultured in RPMI-1640 medium

containing 10% fetal calf serum.

Cell treatment

A total of 2 · 105 cells/500 ll THP-1 or EBC-1 were cul-

tured for 24 hr before infection in a 24-well plate. Cells

were infected with 50 ll M. pneumoniae (OD595 = 0�1)

for 6 hr and the cells were harvested by centrifugation for

10 min at 300 g. A total of 5 · 105 cells/500 ll PBMC

were cultured for 3 hr before infection in a 24-well plate.

Cells were infected with 50 ll M. pneumoniae
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(OD595 = 0�01) for 3 hr and the cells were harvested by

centrifugation for 10 min at 300 g. Concentrations of

pro-inflammatory cytokines in supernatants were mea-

sured by ELISA. The TLR2 was blocked by 10 lg/ml

mouse anti-human TLR2 monoclonal antibody, IMG-416

(Imgenex, San Diego, CA, USA). Endocytosis was exam-

ined in the presence of 1�0 lM cytochalasin D or 100 nM

bafilomycin A1 (Wako, Osaka, Japan). P2X7 receptor was

blocked using 300 lM oxidized ATP (Sigma, St Louis,

MO, USA). Inhibition of caspase-1 was performed with

100 lM z-Val-Ala-Asp(oMe)-CH2F (z-VAD-FMK) or Ac-

Trp-Glu-His-Asp-H (Ac-WEHD-CHO) (Bachem, Buben-

dorf, Switzerland).

ELISA

Amounts of TNF-a in the supernatants of cell culture were

measured using ELISA development kits (R&D Systems,

Minneapolis, MN, USA) according to the manufacturer’s

instructions. Amounts of IL-1b in the supernatants of cell

culture were measured using ELISA development kits

(R&D Systems). This kit detects both precursor and mature

forms of IL-1b. Amounts of mature caspase-1 were

measured using a Quantikine ELISA kit (R&D Systems).

ATP concentration

THP-1 cells were cultured in the presence of 200 lM

ecto-ATPase inhibitor ARL 1 hr before infection. The cells

were infected with M. pneumoniae for 6 hr and the levels

of ATP in the supernatant were determined using ENLI-

TEN luciferase reagent (Promega, Madison, WI, USA).

Western blot analysis

A total of 2 · 105 cells/500 ll THP-1 cells were cultured

for 24 hr before infection in a 24-well plate. The cells were

infected with 50 ll M. pneumoniae (OD595 = 0�1) for 6 hr.

Cells and supernatants were collected by centrifugation for

10 min at 3000 g, and then mixed with lithium dodecyl

sulphate sample buffer (Invitrogen, Carlsbad, CA, USA)

and heated at 70� for 10 min. The proteins were resolved

by SDS–PAGE and transferred to PVDF membranes. The

membranes were probed with goat anti-human IL-1b
(R&D Systems) and horseradish peroxidase-conjugated

donkey anti-goat IgG (Santa Cruz Biotechnology, Santa

Cruz, CA, USA). Protein bands were visualized using ECL

Advance (GE Healthcare, Amersham, UK).

Lipopeptides

A synthetic lipopeptide containing the N-terminal 20

amino acids of F0F1-ATPase derived from M. pneumoniae

(FAM20) was synthesized by Bio Synthesis (Lewisville,

TX, USA).7

The (S)-[2,3-Bis(palmitoyloxy)-(2-RS)-propyl]-N-pal-

mitoyl-(R)-Cys-(S)-Ser-(S)-Lys4-OH, 3HCl (P3CSK4)11

was purchased from Calbiochem (Darmstadt, Germany).

Expression vectors

To prepare TLR2 expression vectors (pFLAG-TLR2), the

coding regions of TLR2 minus the respective N-terminal

signal sequences were amplified by PCR from a cDNA of

THP-1 and cloned into the expression vector pFLAG-

CMV1 (Sigma), in which a preprotrypsin leader precedes

an N-terminal FLAG epitope. An NF-jB Cis-Reporting

System containing pNF-kB-luc was purchased from Strat-

agene (La Jolla, CA, USA).

Transfection and luciferase assay

Transient transfection was performed using FuGENE6

(Roche, Basel, Switzerland) according to the manufac-

turer’s instructions. A total of 1 · 105 293T cells were

transfected with 0�1 lg pFLAG-TLR2, 0�1 lg pNF-kB-luc

and 0�01 lg pRL-TK internal control plasmid (Promega)

in 24-well plates. After 48 hr, the transfected cells were

infected with M. pneumoniae or stimulated with lipopep-

tides. After a further 6 hr of incubation, the cells were

lysed and assayed for luciferase activity using a Dual-

Luciferase Reporter Assay System (Promega). Both firefly

and Renilla luciferase activity were monitored with a

Lumat LB9507 luminometer (Berthold, Wildbad, Germany).

Normalized reporter activity is expressed as the firefly

luciferase value divided by the Renilla luciferase value.

Relative fold induction is calculated as the normalized

reporter activity of the test samples divided by the

unstimulated samples.

Statistical analysis

Results expressed as means and standard deviations were

compared using one-way analysis of variance. The differ-

ences between each group were compared by multiple

comparisons (Bonferroni t-test). Differences were consid-

ered significant at P < 0�01.

Results

Pro-inflammatory cytokine induction by
M. pneumoniae strains and heat-killed
M. pneumoniae

To examine the interaction between cytoadherence and

inflammatory responses, wild-type strain (M129), cytoad-

herence-deficient mutants (M5 and M6) originating from

M12942–45 or heat-killed M. pneumoniae were infected on

THP-1 cells and the levels of pro-inflammatory cytokines

induced by infection were measured by ELISA. As
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M. pneumoniae strongly adheres to itself, it is difficult to

determine a precise colony-forming unit count. Therefore,

the amounts of mycoplasma cells were adjusted using the

OD595 in PBS. Table 1 shows the DNA amounts of

wild-type (M129) and cytoadherence-deficient mutants

(M5 and M6) of M. pneumoniae in 100 ll PBS at 0�1
OD595. M129 showed the same DNA amount as M5 and

M6 at the same optical density.

When THP-1 cells were infected with M129, TNF-a
and IL-1b were strikingly induced (Fig. 1a,b). In contrast,

heat-killed M129 induced the production of TNF-a at

lower levels, but the induction of IL-1b was completely

decreased to the control level. Next, THP-1 cells were

infected with M129 and cytoadherence-deficient mutants

(M5 and M6) at graded concentrations (Fig. 2a,b). M129

induced TNF-a and IL-1b in a dose-dependent manner.

Although M5 at high doses (OD595 = 0�2) induced TNF-a
as much as M129, M5 at low doses (OD595 = 0�1 and

0�05) and M6 at all doses induced lower levels of TNF-a
than M129. In contrast, M5 and M6 at all doses induced

lower levels of IL-1b than M129. We also tested four

other cytoadherence-deficient mutants, class I, class II,

class III and class IV (data not shown). Similar to M5

and M6, the induction levels of TNF-a and IL-1b by these

mutants were also decreased compared with M129. To

examine the time kinetics of pro-inflammatory cytokines

induced by M. pneumoniae, THP-1 cells were infected

with M129, M5 and M6. The induced TNF-a and IL-1b
were measured by ELISA at 0, 1, 3, 6, 12 and 24 hr post-

infection (Fig. 2c,d). The induction levels of TNF-a were

maximal at 3 and 6 hr whereas the maximal induction

levels of IL-1b were observed at 6 and 12 hr. When THP-

1 cells were infected with M5 and M6, the induction lev-

els of TNF-a and IL-1b were strikingly low compared

with M129 at all time-points. To confirm the importance

of cytoadherence in cytokine production of different types

of cells, human PBMC and a human lung squamous cell

carcinoma cell line, EBC-1 cells were infected with M129,

M5 and M6. CD14+ cells in PBMC were 12�8% by flow

cytometry analysis. When PBMC were infected with

M129, high levels of TNF-a and IL-1b were induced. In

contrast, M5 and M6 induced low levels of these

cytokines (Supplementary materials, Fig. S1a,b). Likewise,

in EBC-1 cells, M129 induced high levels of IL-8, but M5

and M6 failed to induce IL-8 (Fig. S1c). These results

indicate that the adherent M. pneumoniae possesses

the ability to induce potent inflammatory responses

compared with the cytoadherence-deficient mutants.

Induction of TLR2 signalling

We previously demonstrated that lipoproteins of

M. pneumoniae induced inflammatory responses through

TLR2.7,8 To examine whether M129 augments TLR2 sig-

nalling, the levels of NF-jB induction through TLR2 were

measured using NF-jB reporter assay system. A human

kidney cell line, 293T cells, transfected with TLR2 expres-

sion vector (pFLAG-TLR2) and NF-jB reporter vector

(pNF-kB-luc) was infected with M. pneumoniae and the

induced luciferase activity was measured (Fig. 3a). The

M. pneumoniae failed to induce NF-jB activation in 293T

cells transfected with pNF-kB-luc alone, indicating that

TLR2 is necessary for M. pneumoniae to induce the

NF-jB activation. Surprisingly, M5 and M6 as well as

M129 induced comparable levels of NF-jB activation

Table 1. Strains of Mycoplasma pneumoniae used in this study

Strain Missing proteins Mutated gene DNA1 (lg) Reference

M129 – – 4�57 ± 0�67 –

M5 P90, P40 NR2 4�39 ± 0�62 42

M6 HMW1, P30 hmw1, p30 4�42 ± 0�71 43–45

1DNA, the amounts of M. pneumoniae in 100 ll PBS were adjusted

to OD595 = 0�1 in 96-well plates. DNA was purified as described in

the Materials and methods. The amounts of DNA were measured by

optical density at 280 nm. All values represent the means and SD of

three assays.
2NR, not reported.
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Figure 1. Induction of tumour necrosis factor-a (TNF-a) and inter-

leukin-1b (IL-1b) by heat-killed Mycoplasma pneumoniae. The

M. pneumoniae was killed by heating at 60� for 30 min. THP-1 cells

(2 · 105 cells/500 ll) were treated with 50 ll living or heat-killed

M. pneumoniae (OD595 = 0.1). After 6 hr incubation, amounts of

TNF-a (a) and IL-1b (b) in culture medium were measured by

ELISA. All values represent the means and SD of three assays. An

asterisk indicates that the P-value is < 0.01 for a comparison with

living M. pneumoniae by multiple comparison.
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Figure 2. Induction of tumour necrosis factor-a (TNF-a) and interleukin-1b (IL-1b) by cytoadherence-deficient mutants of Mycoplasma pneumo-

niae. THP-1 cells (2 · 105 cells/500 ll) were infected with 50 ll of the indicated amounts of wild-type or mutants of M. pneumoniae. After 6 hr

incubation, amounts of TNF-a (a) and IL-1b (b) in culture medium were measured by ELISA. THP-1 cells (2 · 105 cells/500 ml) were infected

with 50 ml of M. pneumoniae (OD595 = 0.1). Amounts of TNF-a (c) and IL-1b (d) in culture medium were measured by ELISA at the indicated

time post-infection. All values represent the means and SD of three assays. An asterisk indicates that the P-value is < 0.01 for a comparison with

wild-type of M. pneumoniae by multiple comparison.

80

60

40

400

350

300

250

200

150

100

50

0

20

0

PBS
M

12
9

M
5

M
6

Hea
te

d 
M

12
9

Hea
te

d 
M

5

Hea
te

d 
M

6

pro-IL-1β

IgG
Anti-TLR2 mAb

IgG
Anti-TLR2 mAb

*

*
*

PBS M129 M5 M6
PBS M129 M5 M6

PBS M129 M5 M6

* *

*
Heated
Living

R
el

at
iv

e 
lu

ci
fe

ra
se

 a
ct

iv
ity

IL
-1

β  
(p

g/
m

l)

T
N

F
-α

 (
pg

/m
l)

2500

2000

1500

1000

500

0

(a)

(d)

(b)

(c)

Figure 3. Induction of Toll-like receptor 2 (TLR2) signalling. (a) 293T cells (2 · 105 cells/500 ll) were transfected with the 0.1 lg/ml pFLAG-

TLR2, 0.01 lg/ml pNF-kB-luc and 0.01 lg/ml pRL-TK. After 24 hr incubation, the cells were infected with 50 ll wild-type or mutants of Myco-

plasma pneumoniae (OD595 = 0.1). After 6 hr incubation, the activity of luciferase was measured as described in the Materials and methods. All

values represent the means and SD of three assays. (b, c) THP-1 cells (2 · 105 cells/500 ll) were treated with 10 lg/ml anti-TLR2 monoclonal

antibody and infected with 50 ll wild-type or mutants of M. pneumoniae (OD595 = 0.1). After 6 hr incubation, amounts of tumour necrosis fac-

tor-a (TNF-a) and interleukin-1b (IL-1b) in culture medium were measured by ELISA. All values represent the means and SD of three assays.

An asterisk indicates that the P-value is < 0.01 for a comparison with control IgG by multiple comparison (d) THP-1 cells (2 · 105 cells/500 ll)

were treated with 50 ll living or heat-killed M. pneumoniae (OD595 = 0.1). After 6 hr incubation, THP-1 cells were harvested and the induction

of pro-IL-1b precursor was investigated by Western blotting.
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through TLR2. Heat-killed M. pneumoniae seemed to

slightly increase the induction levels of NF-jB compared

with living mycoplasmas. Anti-TLR2 monoclonal anti-

body decreased the levels of TNF-a and IL-1b induction

by M5 and M6 down to the control levels. In contrast,

the induction levels of TNF-a and IL-1b by M129 were

partially blocked by the antibody (Fig. 3b,c).

The wild-type strain of M. pneumoniae strongly

induced IL-1b production compared with cytoadherence-

deficient mutants (Figs 1b and 2b). The induction of pro-

IL-1b precursor in THP-1 cells was therefore examined

by Western blotting (Fig. 3d). Similar to the results of

TLR 2 signalling, the pro-IL-1b precursor was induced at

the same levels by treatment with M129, M5, M6 and

heat-killed mycoplasmas. These results suggest that the

enhancement of inflammatory responses by cytoadherent

mycoplasma is mostly TLR2-independent.

Endocytosis-independent induction of
pro-inflammatory cytokines

To elucidate the mechanism by which cytoadherent

mycoplasma enhances pro-inflammatory cytokine induc-

tion, we examined the involvement of endocytosis. THP-1

cells were treated with cytochalasin D, which disrupts

actin filaments and inhibits the initiation of endocytosis.46

Cytochalasin D completely inhibited TNF-a production

by M5, M6 and heat-killed mycoplasma strains, whereas

TNF-a production by M129 was not affected (Fig. 4a).

Interleukin-1b production by M129 was slightly decreased

by cytochalasin D, but the production by M5, M6 and

heat-killed mycoplasma strains was diminished (Fig. 4b).

Subsequently, induction of pro-IL-1b precursor was

examined by Western blotting. The induction levels of

M5, M6 and heat-killed mycoplasma strains were lowered

in the presence of cytochalasin D, but the induction by

M129 was unaffected (Fig. 4c and data not shown). These

results suggest that cytoadherent mycoplasma activates

TNF-a and pro-IL-1b precursor production in an endocy-

tosis-independent manner, whereas endocytosis is impor-

tant for cytoadherence-deficient mycoplasma strains to

induce TNF-a and IL-1b.

To further examine whether the maturation of endo-

some participates in the induction of pro-inflammatory

cytokines, THP-1 cells were treated with bafilomycin A1,

which inhibits the maturation of early endosome via inhi-

bition of the vacuolar H+ ATPase system.47 In the pres-

ence of bafilomycin A1, the induction of TNF-a by

mycoplasma infection was slightly enhanced (Fig. 4a).

Interleukin-1b induction was slightly increased by bafilo-

mycin A1 when THP-1 cells were treated with M129 and

heat-killed mycoplasmas, but the induction was unaf-

fected in the case of M5 and M6 infection (Fig. 4b).

Taken together, these results indicate that cytoadherent

M. pneumoniae induced pro-inflammatory cytokines in

an endocytosis-independent manner, and that the early

endosome was important for the induction of pro-inflam-

matory cytokines by heat-killed and cytoadherence-defi-

cient M. pneumoniae.

Involvement of the inflammasome

Despite the same induction levels of pro-IL-1b precursor,

cytoadherent M. pneumoniae induced a higher level of

IL-1b than cytoadherence-deficient mutants (Figs 1b and

3b). Mature IL-1b is produced by cleavage of the pro-IL-

1b precursor by caspase-1.23 Caspase-1 is activated within

3500

3000

2500

2000

1500

1000

500

600

500

400

300

200

100

0

(a)

(b)

(c)

0
PBS M129 M5 M6 Heated

M129
Heated

M5
Heated

M6

PBS

PBS

PBS

M129

M
12

9

M5

M
5

PBS
M

12
9

M
5

PBS
M

12
9

M
5

M6 Heated
M129

Heated
M5

Heated
M6

PBS
Cytochalasin D

Cytochalasin D

Bafilomycin A1

Bafilomycin A1

PBS
Cytochalasin D
Bafilomycin A1

IL
-1

β
 (

pg
/m

l)
T

N
F

-α
 (

pg
/m

l)

pro-IL-1

* *

*

* *

* * *

Figure 4. Endocytosis-independent induction of pro-inflammatory

cytokines. THP-1 cells (2 · 105 cells/500 ll) were cultured in the

presence of 1.0 lm cytochalasin D or 100 nm bafilomycin A1 for

1 hr, and treated with 50 ll of living or heat-killed Mycoplasma

pneumoniae (OD595 = 0.1). After 6 hr incubation, amounts of

tumour necrosis factor-a (TNF-a) (a) and interleukin-1b (IL-1b) (b)

in culture medium were measured by ELISA. Cells were harvested

and the induction levels of pro-IL-1b precursor were determined by

Western blotting (c). All values represent the means and SD of three

assays. An asterisk indicates that the P-value is < 0.01 for a compari-

son with PBS treatment by multiple comparison.
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a large protein complex, called the inflammasome.24 The

inflammasome plays a central role in sensing various

intracellular bacterial components. To examine the

involvement of the inflammasome, we transfected diacy-

lated lipopeptide derived from M. pneumoniae (FAM20)

and triacylated lipopeptide (P3CSK4) into the cytoplasm

of THP-1 cells by lipofection. The induction levels of

TNF-a and IL-1b remained low when THP-1 cells were

treated with either FAM20 or P3CSK4 alone, but the

induction levels were augmented when the lipopeptides

were transfected using lipofectamin (Fig. 5b). These

results suggest that PAMPs like mycoplasmal lipopeptides

are recognized by an intracellular receptor such as the

inflammasome, leading to the release of IL-1b.

Next, we examined the activation of caspase-1. Active

caspase-1 is composed of 20 000 and 10 000 molecular
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weight polypeptides (p20 and p10) derived from the pro-

cessing of a cytosolic 45 000 MW precursor protein

(p45).48 After caspase-1 is activated within the inflamma-

some, both p20 and p10 are released from cytoplasm to

outside the cells.49 We measured the amount of caspase-1

p20 in the culture medium of THP-1 cells infected with

M. pneumoniae (Fig. 5c). Infection of M129 released high

concentrations of active caspase-1 p20, but the release of

the p20 was depressed when M5, M6 and heat-killed

M. pneumoniae were used for infection or treatment. To

further confirm the involvement of caspase-1, we used

several caspase inhibitors in the assay. Interestingly, the

release of IL-1b was unaffected when THP-1 cells were

treated with a pan-caspase inhibitor, z-VAD or a caspase-

1 inhibitor, ac-WEHD (Fig. 5d). To check whether cas-

pase-1 cleaves the pro-IL-1b precursor, the levels of IL-1b
precursor in the cells and supernatants of THP-1 cells

were examined by Western blotting (Fig. 5e). Surpris-

ingly, pro-IL-1b precursor was cleaved and the mature

form of IL-1b was detected in the cells, but only pro-IL-

1b precursor was released into the supernatants when the

cells were infected with M129. When the cells were trea-

ted with M6 or heat-killed M. pneumoniae, lower

amounts of mature IL-1b were induced and pro-IL-1b
precursor was not released into the supernatant. These

results indicate that cytoadherent M. pneumoniae induces

caspase-1 activation and maturation of IL-1b, but only

pro-IL-1b precursor was released from the cell.

Extracellular ATP serves as a danger signal that alerts

the immune system by binding to the receptor P2X7,

thereby activating the inflammasome and caspase-1.28–31

Binding of ATP to P2X7 receptor also augments the

release of pro-IL-1b precursor.50 It was reported that

M. fermentans and M. salivarium induced the extracellular

ATP and regulated cell death through the P2X7 receptor

in lymphocytes and monocytes.51 Then, we investigated

the involvement of extracellular ATP and the P2X7 recep-

tor. Initially, THP-1 cells were infected with M. pneumo-

niae, and the amounts of extracellular ATP were

measured. The extracellular ATP concentration reflects

the balance between ATP release and ATP hydrolysis by

ectonucleotidase.52 Therefore, to determine the levels of

ATP release, THP-1 cells were pre-treated with the ecto-

ATPase inhibitor ARL and in turn infected with M. pneu-

moniae. The levels of ATP release by M129 were increased

about threefold compared with M5, M6 and heat-killed

M. pneumoniae strains (Fig. 6a). To further examine the

role of the P2X7 receptor, THP-1 cells were treated with

an inhibitor of the P2X7 receptor, oxidized ATP (oATP).

Although the induction of pro-IL-1b precursor by M129

was unaffected by oATP (Fig. 6b), the release of IL-1b
was strikingly inhibited by oATP (Fig. 6c). Taken

together, these results suggest that cytoadherent M. pneu-

moniae activates the inflammasome via ‘an ATP autocrine

system,’ leading to the release of IL-1b.

Discussion

The cytoadherence of M. pneumoniae is mediated by

attachment organelle, including P1 adhesin and other

additional proteins such as P30 or HMW proteins.35–38

These proteins are unique in mycoplasma species, and

their homologues are not identified in any other

bacteria.53 In this study, we found that cytoadherent
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ence of 200 lm ecto-ATPase inhibitor, ARL for 1 hr, and infected

with 50 ll of the indicated Mycoplasma pneumoniae sOD595 = 0.1).

After 6 hr incubation, concentrations of ATP were measured as

described in the Materials and methods. All values represent the

means and SD of three assays. An asterisk indicates that the P-value

is < 0.05 for a comparison with M129 by multiple comparison. (b)

THP-1 cells (2 · 105 cells/500 ll) were cultured in the presence of

300 lm oxidized ATP for 1 hr and infected with 50 ll M129
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comparison with PBS treatment by multiple comparison.
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M. pneumoniae enhanced the induction of pro-inflamma-

tory cytokines TNF-a and IL-1b compared with cytoad-

herence-deficient mutants and heat-killed M. pneumoniae

(Figs 1 and 2). These results indicate that the property of

cytoadherence is critical for the progression of diseases

caused by M. pneumoniae. These results are consistent

with the earlier reports that a protease treatment

decreases the induction of pro-inflammatory cytokines by

M. pneumoniae,40 and that M. pneumoniae cultured in

non-adherent condition fails to induce IL-4 from rodent

mast cells.39 Although the cytoadherence of M. pneumo-

niae is suggested to be involved in the induction of

pro-inflammatory cytokines, the mechanism whereby

cytoadherence of M. pneumoniae activates the induction

of pro-inflammatory responses has not been clarified.

We previously reported that M. pneumoniae induced

pro-inflammatory cytokines through TLR2.6 Interestingly,

cytoadherence-deficient M. pneumoniae as well as cytoad-

herent M. pneumoniae induced TLR2 signalling and

pro-IL-1b precursor (Fig. 3a,d). Anti-TLR 2 antibody

inhibited the TNF-a and IL-1b production by cytoadher-

ence-deficient mutants, but only partially inhibited the

production by cytoadherent M. pneumoniae (Fig. 3b). In

addition, wild-type M. pneumoniae had TNF-a inducing

activity in macrophages of TLR 2 knockout mice (data

not shown). These findings suggest that augmentation of

pro-inflammatory cytokine induction by cytoadherent

M. pneumoniae is independent of TLR 2 signalling. The

NLR proteins have been reported as recognizing intracel-

lular components of microbes and endogenous molecules

associated with inflammation, known as PAMPs and

DAMPs, respectively.54 Some of the NLR proteins such as

NOD1, NOD2, NLRX1 and NLRP12 induce NF-jB and

mitogen-activated protein kinase signalling leading to

TNF-a induction.55 In this study, we found that lipofec-

tion of lipopeptides derived from M. pneumoniae

enhances TNF-a production (Fig. 5a). Recognition of

intracellular components of M. pneumoniae by intracellu-

lar receptors, such as NLR proteins, may explain TLR2-

independent pro-inflammatory cytokine induction by

cytoadherent M. pneumoniae. The mechanisms of the

injection of mycoplasmal components into the cytoplasm

of host cells remain unclear. The secretion system in

mycoplasma species has not been found. Although it is

believed that mycoplasmas remain attached to the surface

of epithelial cells, some mycoplasmas including M. pneu-

moniae can reside within non-phagocytic cells under cer-

tain circumstances.56 Moreover, several reports suggest

that mycoplasma species are wall-less bacteria and the cell

membranes of mycoplasma fuse with the membranes of

host cells.57,58 Invasion and fusion may result in the direct

delivery of mycoplasmal components into host cells.

Alternatively, a pore-forming hemi-channel, pannexin-1

induced by ATP may participate in the process. Pannex-

in-1-mediated infiltration of bacterial components was

reported to activate the production of pro-inflammatory

cytokines.32

We also found that an inhibitor of initiation of endocy-

tosis, cytochalasin D inhibited the induction of TNF-a
and IL-1b by cytoadherence-deficient mutants, demon-

strating that the induction of TNF-a and IL-1b by

cytoadherence-deficient M. pneumoniae was completely

dependent on endocytosis. In contrast, cytochalasin D

partially inhibited the induction by cytoadherent

M. pneumoniae, indicating that cytoadherent M. pneumo-

niae induces pro-inflammatory cytokines in an endocyto-

sis-independent as well as a dependent manner (Fig. 4).

In our experimental system, an inhibitor of maturation of

early endosome, bafilomycin A1, failed to affect the

induction levels of TNF-a and IL-1b. The results indicate

that M. pneumoniae induces the production of pro-

inflammatory cytokines through the early endosome

rather than the late endosome. This result is inconsistent

with the recent report that late endosome inducing reac-

tive oxygen species are necessary for IL-1b induction by

influenza virus or silica.33,34

Mature IL-1b is produced by cleavage of the pro-IL-1b
precursor by caspase-1.23 Caspase-1 is activated within a

large protein complex, called the inflammasome.24 Activa-

tion of the inflammasome is also mediated by ATP

through the P2X7 receptor.28–31 Our results suggest that

the inflammasome is involved in the release of IL-1b by

M. pneumoniae. Lipofection with the lipopeptide FAM20

derived from M. pneumoniae augmented the release levels

of IL-1b (Fig. 5b). Cytoadherent M. pneumoniae strongly

induced caspase-1 compared with cytoadherence-deficient

mutants (Fig. 5c). Cytoadherent M. pneumoniae efficiently

induced efflux of ATP from THP-1 cells (Fig. 6a,b). The

oATP, an inhibitor of the P2X7 receptor, decreased the

release levels of IL-1b by M. pneumoniae (Fig. 6c). In the

present study, however, caspase inhibitors such as z-VAD

and ac-WEHD failed to affect the release of IL-1b
(Fig. 5d). Pro-IL-1b was cleaved and mature IL-1b was

produced in the cells infected with cytoadherent M. pneu-

moniae, but only pro-IL-1b was released into the superna-

tants of infected cells (Fig. 5e). The findings suggest that

cytoadherent M. pneumoniae induced caspase-1 activation

followed by maturation of IL-1b, but only pro-IL-1b pre-

cursor was released in an ATP- and P2X7 receptor-depen-

dent manner. These results are consistent with the earlier

report that binding of ATP to P2X7 receptor augments

the release of pro-IL-1b precursor.50 Although a recent

report demonstrated that ATP is released by monocytes

stimulated with pathogen-sensing receptor ligands fol-

lowed by induction of IL-1b,59 the mechanisms by which

such ligands release ATP from host cells are still

unknown. To our knowledge, this is the first report that

the cytoadherence of bacteria enhances the release of ATP

from the host cells. Released pro-IL-1b precursor was

reported to be cleaved by neutrophil- and macrophage-
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derived serine proteases such as protease3, elastase and

cathepsin-G.60,61 In particular, the crucial role of neu-

trophil-dependent activation of pro-IL-1b precursor has

been validated by the experiments using neutrophil-

derived protease inhibitors.62 In M. pneumoniae infec-

tion, a large amount of neutrophils are present in

human broncho-alveolar lavage fluid,2 and lipoproteins

derived from M. pneumoniae induce many neutrophils

in mouse broncho-alveolar lavage fluid.6 These evi-

dences indicate that such released pro-IL-1b precursor

would be cleaved into mature IL-1b in the extracellular

milieu.

In conclusion, our results suggest that cytoadherence

of M. pneumoniae is one of the key factors to induce

inflammatory responses leading to pneumonia by

M. pneumoniae. Hence, the proteins such as P1 and the

HMW proteins involved in cytoadherence might be mol-

ecules for use in the development of alternative strate-

gies for the prevention and treatment of M. pneumoniae

infection.
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