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Abstract—Mycoplasma pneumoniae (Mp) may cause immune cell reactions as pivotal aspects of
this clinically common respiratory pathogen. Our aim is to determine if Mp extract induces a
cellular immune response associated with interleukin (IL)-17, leading to lung inflammation and
lung injury. BALB/c mice were immunized with Mp extract intraperitoneally followed by its
intratracheal administration, to mimic repeated Mp infection found in humans (repeated inocul-
ation, RI group). Those with a single inoculation were compared as single inoculation group (SI
group). Analysis of bronchoalveolar lavage fluid (BALF) demonstrated that keratinocyte-derived
cytokine, tumor necrosis factor-α, and IL-6 were produced and peaked on days 0.5 or 1, followed
by IL-17 on day 2. Levels of these mediators in BALF were higher in RI group than SI group
(P<0.05). Further, significantly more neutrophils were recruited to the lungs of the RI group
(P<0.05). These observations suggest that IL-17 is involved in the prolonged induction of neu-
trophils in mice treated with Mp extract.
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INTRODUCTION

Mycoplasma pneumoniae (Mp) is a well-known
cause of community-acquired pneumonia that can induce
a cellular immune response, leading to inflammation and
lung injury [1]. Even cases of pulmonary diseases caused
by macrolide-resistant Mp have been successfully treated

with macrolide, an agent that has an immunomodulatory
effect [2], and cellular host defense reactions are enhanced
by repeated Mp stimulation in animal models [3]. The
clinical manifestation of Mp infection in humans varies
with age, as younger children infected withMp do not tend
to develop pneumonia, whereas older children and adults
do tend to develop pneumonia [4–7].

The symptoms of Mp pneumonia are more severe
than expected in individuals who have been immunized
with Mp vaccine [8]. Studies have demonstrated that
interleukin (IL)-4 in bronchoalveolar lavage fluid
(BALF) and IL-5 in blood were elevated in patients
with Mp pneumonia [9, 10]. Several reports further
demonstrated that corticosteroid was clinically beneficial
for patients with Mp pneumonia, suggesting that anti-
immune and anti-inflammatory actions of corticosteroid
were effective against these cellular host defense
reactions [11, 12]. Taken together, it has been speculated
that cellular immune reactions play an important role in
induction of lung inflammation and lung injury by Mp.

In order to mimic the effect of Mp on such immune
cell reactions, we previously established a murine model
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of Mp pneumonia for which we employed Mp extract,
rather than live Mp, in order to avoid the infectious
aspect of the disease [13, 14]. Histological analysis of
lung tissues of this mouse model, which had an immune
cell reaction against Mp, showed lymphoplasmacytic
inflammation in the peri-bronchial area, which is the
same pathology as that observed in humans suffering
from severe Mp pneumonia [14]. Interestingly, compre-
hensive analysis of inflammatory mediators in these
mice demonstrated that IL-17 levels increased in BALF
following Mp inoculation [13]. IL-17 concentration and
neutrophil counts in BALF were elevated in parallel
when mice were inoculated with live Mp [15]. Similar
IL-17-linked signal activation was observed in patients
suffering from Mp pneumonia who showed significantly
higher levels of serum IL-17 than patients with strepto-
coccal pneumonia [16]. Since it has been reported that
IL-17 plays a role in the transition from innate immunity
to adaptive immunity [17, 18], these observations led to
the hypothesis that some components of the Mp extract
induce IL-17, which then results in excessive inflamma-
tory cell reactions in Mp pneumonia.

The mouse models of Mp pneumonia that we
previously established [13, 14] were pretreated with
alum-adjuvant, which may affect the expression of IL-17
and associated molecules. In the present study, a novel
mouse model of Mp pneumonia that did not employ
alum-adjuvant treatment was prepared. Furthermore,
BALB/c mice were immunized with Mp extract intra-
peritoneally followed by its intratracheal administration,
to mimic repeated Mp infection found in humans
(repeated inoculation, RI group). Those with a single
inoculation were compared as single inoculation group
(SI group) in order to clarify whether IL-17 levels are
enhanced by injection of Mp extract.

MATERIALS AND METHODS

Preparation of Mp Extract

Mp extract was prepared from cultured M. pneumo-
niae (ATCC 29342) in a pleuropneumonia-like organism
liquid broth containing 20 % horse serum and 10 units/
mL penicillin G (Nikkenkagaku, Kyoto, Japan), accord-
ing to a previously published method with some
modification [13]. In brief, cultured Mp was centrifuged
and repeatedly washed with Hanks' balanced salt
solution (HBSS) (Invitrogen, Grand Island, NY). The
sediment was suspended in HBSS and sonicated. This

suspension was centrifuged and the supernatant was
defined as the Mp extract. The amount of Mp extract
was defined in terms of protein concentration, and the
Mp extract was prepared in HBSS at a concentration of
1.0 μg/μL.

Primary Culture of Lung-Derived Cells

Cells were prepared from lung tissues originating
from four 12-week-old BALB/c female mice (Charles
River Laboratories, Kanagawa, Japan), which were
anesthetized and then sacrificed after their blood was
replaced with saline. Their lungs were removed and cut
into pieces, and the tissues were incubated for 2 h at
room temperature in Dulbecco's modified Eagle's medi-
um (DMEM) (Invitrogen, Grand Island, NY, USA) that
contained 300 U/mL collagenase type 1 (Worthington
Biochemical Corporation, NJ, USA), 0.01 % gentamicin
(GM), and 0.1 % amphotericin-B (AMPH-B). The
suspended cells were then harvested, washed with
DMEM containing 0.01 % GM, 0.1 % AMPH-B, and
10 % fetal calf serum (FCS, Invitrogen), passed five
times through 40-μm nylon mesh cell strainers (BD
FALCON, Franklin Lakes, NJ, USA), seeded at a
concentration of 5.0×104 cells/well in a 96-well plate,
and incubated at 37 °C in 5 % CO2. After 24 h, the
culture media were replaced with DMEM containing
0.01 % GM, 0.1 % AMPH-B, 10 % FCS, and 100 U/mL
polymyxin B. To assess the time-dependent release of
cytokines, the cells were treated with or without Mp
extract (50 μg/mL). After incubation of the cells for 24,
48, and 72 h with the Mp extract, the media were
collected for measurement of IL-23 and IL-17 levels.
Media were also collected after 72 h incubation with
different concentrations of the Mp extract (0, 1.9, 5.6,
16.7, and 50 μg/mL) to evaluate dose-dependent
stimulating effects of Mp extract. Each assay was
performed in quadruplicates.

Mp Inoculation and Sampling

The protocol of Mp inoculation and sampling is
shown in Fig. 1. Twelve-week-old BALB/c female mice
(Charles River Laboratories, Kanagawa, Japan) were
assigned to one of two groups. Mice in the SI group
were intratracheally inoculated with 50 μg/50 μL of Mp
extract alone on day 0. Mice in the RI group were
intraperitoneally injected twice with 50 μg/250 μL of
Mp extract 28 and 21 days before intratracheal injection
with 50 μg/50 μL of the Mp extract (day 0). In RI
group, the Mp extract was administered intraperitoneally
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in order to avoid damaging the trachea by repeated
inoculations and to obtain reproducible results. Mice
were anesthetized with pentobarbital and lavaged twice
with 1 mL of HBSS through a catheter via the trachea.
BALF was subsequently collected and was centrifuged
at 400×g for 5 min. Total and differential cell counts
were calculated for BALF (number of mice tested was
indicated in each figure) collected on days 0.5, 1, 2, 3, 4,
and 7. Cytokine levels were measured in BALF
collected on days 0.5, 1, 2, 3, and 4 (number of mice
tested was indicated in each figure). In preliminary
experiments, any of cytokines tested were not detected
in BALF collected on day 7. Immunohistochemical
analysis of IL-23 expression in lungs (number of mice
tested was indicated in each figure) was conducted on
day 1 because preliminary experiments demonstrated
that the percentage of IL-23-positive cells in lung tissue
was higher on day 1 than on day 0.5. All animal
experiments were performed in accordance with the
Institutional Animal Care and Research Advisory Com-
mittee at Kyorin University.

Cytokine Measurements

The levels of IL-17, keratinocyte-derived cytokine
(KC), tumor necrosis factor-α (TNF-α), IL-6, interferon-γ
(IFN-γ), IL-4, and IL-12 in BALF were measured
using a protein multiplex immunoassay kit (Bio-
source International, Camarillo, CA, USA) and a

multiplex bead array (Luminex 200, Luminex, Aus-
tin, TX, USA), according to the manufacturer's instruc-
tions. The concentrations of IL-17 and IL-23 in the primary
cell cultures were measured using an enzyme-linked
immunosorbent assay kit (Quantikine mouse IL-17,
Quantikine mouse IL-23, R&D Systems, Minneapolis,
MN, USA).

IL-23 Immunohistochemistry

Mouse lungs were removed on day 1, fixed in 4 %
paraformaldehyde, embedded in paraffin, and sectioned.
After deparaffinization, the specimens were stained with
an anti-IL-23 rabbit polyclonal antibody to IL-23p19
(Abcam, Cambridge, UK) at a dilution of 1:100,
followed by staining with a peroxidase-conjugated
secondary antibody at a dilution of 1:100. The number
of IL-23-positive and IL-23-negative cells in ten
microscope fields (330×430 μm) per mouse (N=3)
was counted in a blinded fashion, and the percentage
of the IL-23-positive cells to the total cells was
calculated.

Statistical Analysis

All data are expressed as means ± standard
deviation. Statistic analysis was performed using the
Statistical Package for Social Sciences (SPSS) software
(SPSS, Chicago, IL, USA). The Kruskal–Wallis test was

Fig. 1. Mp extract inoculation and sampling protocol. Mice that were SI were administered with Mp extract intratracheally on day 0. Mice that were
RI were administered with Mp extract intraperitoneally on days −28 and −21 and were then inoculated intratracheally with the Mp extract on day 0.
BALF was obtained on days 0.5, 1, 2, 3, 4, and 7 for analysis of cells (n=5 per each on days 0.5, 1, 2, 3, and 4; n=6 on day 7) and cytokines (n=5 per
each point). Lungs were obtained on day 1 for IHC analysis (n=3 per each group).
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used to evaluate variance among all groups. If a
significant variance was found, the Mann–Whitney test
was used to determine significant differences between
individual groups. P<0.05 was considered to represent a
statistically significant difference.

RESULTS

Secretion of IL-23 and IL-17 by Primary Cultured
Cells

Incubation of mouse lung-derived primary cell
cultures with Mp extract (50.0 μg/mL) resulted in an
increase in the concentration of IL-23 and IL-17 in the
culture media when compared with control (Mp extract
0 μg/mL). The IL-23 concentration peaked at 24 h,
whereas the IL-17 concentration peaked at 72 h
(Fig. 2a). The IL-23 concentration was significantly

higher at 24 and 48 h than that at 72 h. The IL-17
concentration at 48 and 72 h was significantly higher
than that at 24 h.

Incubation of the lung-derived primary cultures
with increasing concentrations of Mp extract (from 0 to
50 μg/mL) for 72 h resulted in a dose-dependent
increase in IL-23 concentration in the media, which
peaked at Mp extract concentration of 5.6 μg/mL
(Fig. 2b). The IL-17 concentration in the media also
significantly increased at an Mp extract concentration of
no less than 5.6 μg/mL; to show a concentration
dependency up to the highest Mp concentration of
50 μg/mL (Fig. 2c).

Analysis of the Cytokines in BALF

We measured the level of IL-17 and its associated
cytokines in the BALF collected from mouse groups that
were singly or repeatedly inoculated. IL-17 was detected

Fig. 2. Effect of incubation of primary lung cultures with Mp extract on the concentration of IL-23 and IL-17 in the culture media. a The concen-
tration of IL-23 (open bars) and IL-17 (solid bars) in primary lung culture media was measured at 24, 48, and 72 h after the addition of M. pneumonia
(Mp) extract at a final protein concentration of 0 and 50.0 μg/mL. The concentration of IL-23 (b) and IL-17 (c) in primary lung culture media was
measured at 72 h after addition of the indicated concentration of the Mp extract. Significant differences are indicated by the following symbols: *P<
0.05 compared with no added Mp extract (0 μg/mL); †P<0.05 compared with the 1.9-μg/mL Mp extract; and ‡P<0.05 compared with the 5.6-μg/mL
Mp extract. Data are expressed as means ± standard deviation. Each assay was performed in quadruplicates. N.D. indicates “not detected.”
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on days 1 and 2 and peaked on day 2 in both the SI and
the RI groups. However, on day 3, IL-17 was only
detected in the RI group (P<0.01) (Fig. 3a). KC levels
were significantly higher in the RI group than in the SI
group on day 1 (P<0.05) (Fig. 3b). TNF-α levels were
significantly higher in the RI group than in the SI group
on days 0.5 and 1 (P<0.01) (Fig. 3c). IL-6 levels were
significantly higher in the RI group than in the SI group
on days 1 (P<0.05) and 2 (P<0.01) (Fig. 3d). The IFN-
γ levels were low in both groups, and no difference was
observed between the SI and RI groups (Fig. 3e). IL-4
levels were significantly higher in the RI group than in
the SI group on day 0.5 (P<0.05) (Fig. 3f). IL-12 was
not detected in either group on any day (data not

shown). In preliminary experiments, these cytokines
were not detected in the BALF collected on day 7.

Immunohistochemical Analysis of IL-23

Immunohistochemical analysis of lung tissue
collected on day 1 indicated the focal distribution
of IL-23-positive cells in the alveolar lumen in both
groups (SI, Fig. 4a; RI, Fig. 4b). These IL-23-
positive cells were morphologically identified as
macrophages. The percentage of these cells among
the total cell counts tended to be higher in the RI
group (16.0±12.5 %) than in the SI group (5.9±
10.3 %).

Fig. 3. Cytokine levels in the BALF of the mice. Cytokines in the BALF collected from SI (open bars) and RI (solid bars) mice on the indicated days
following the final Mp extract inoculation were analyzed using a multiplex bead array. The concentrations of IL-17 (a), KC (b), TNF-α (c), IL-6 (d),
IFN-γ (e), and IL-4 (f) are shown (n=5 per each point). Significant differences between SI and RI groups at specific times are indicated by asterisks:
*P<0.05, **P<0.01. Data are expressed as means ± standard deviation.
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Analysis of the Cells in BALF

We assayed the effect of single or repeated
inoculation of Mp extract into mice on the cell types
present in BALF. Total cell counts were significantly
higher in the RI group than in the SI group on days 2 (P
<0.05), 3 (P<0.01), and 4 (P<0.01) (Fig. 5a). The
number of each cell type in BALF is shown in Fig. 5b–
d, and the percentages of each cell type comprising the
total cell counts are shown in Fig. 5e. Neutrophil counts
peaked on day 2 in both groups but were significantly
higher in the RI group than in the SI group on days 2 (P
<0.05), 3 (P<0.01), and 4 (P<0.01) (Fig. 5b). Macro-
phage counts were significantly higher in the RI group
than in the SI group on days 0.5 and 1 (P<0.05)
(Fig. 5c), and lymphocyte counts were significantly
higher in the RI group than in the SI group on days 4
and 7 (P<0.05) (Fig. 5d). Neutrophils were the
predominant cell type in both the SI and RI groups until
day 3 (Fig. 5e).

DISCUSSION

This study established a novel mouse model of Mp
pneumonia without the use of alum-adjuvant treatment.
We analyzed this mouse model, as well as primary
cultured cells prepared from mouse lungs that were
stimulated with Mp extract, in order to address our
hypothesis that some components of the Mp extract
induce IL-17, which is associated with excessive
inflammatory cell reactions in Mp pneumonia. We used
Mp extract instead of live Mp in order to avoid the
infectious aspect of Mp pneumonia.

We confirmed that levels of IL-23 and IL-17
were elevated at 72 h after treatment of mouse lung-
derived primary cell cultures with Mp extract (Fig. 2b,
c). This is the first report to demonstrate that levels of
IL-23 in the media of cultured cells increased in
response to the Mp extract (50 μg/mL), followed by
an increase in IL-17 levels (Fig. 2a). Although we did
not define which kind of cells of lung-derived primary
cells produced IL-17, several reports [19–21] have
demonstrated that lymphocytes and epithelial cells are
the possible sources of IL-17. Previous reports
indicated that some components of Mp induced IL-
8 production in A549 and BEAS-2B cells [22, 23],
which are derived from human alveolar or bronchial
epithelial cells. Mp extract also induced IL-6 and
TNF-α in RAW 264.7 cells that were derived from
murine macrophages [13].

We also demonstrated that the levels of IL-17, KC,
TNF-α, IL-6, and IL-4 were higher in the BALF from
the RI group of mice than that from the SI group of mice
(Fig. 3). IL-17 appears to be mainly generated by Th17
cells, which differentiate from naïve T cells in response
to IL-6 and are maintained by IL-23 [19, 20]. Our results
suggested that Mp extract might increase the levels of
IL-23-expressing cells in the lungs as assessed by
immunohistochemistry (IHC) and IL-6 production in
BALF from RI mice, and both cytokines led to a Th17-
skewed condition. KC stimulation potently induces
neutrophil recruitment to the lungs. IL-17 was reported
to increase the release of KC [24], and a combination of
IL-17 and TNF-α appeared to synergistically enhance
KC production [25]. In the present study, the KC levels
in BALF were higher in the RI mice than in the SI mice.
IL-17 and TNF-α levels were also higher in the RI mice.
These data appear to be consistent with a scenario in
which Mp increases IL-17, together with KC and TNF-α

Fig. 4. Immunohistochemical analysis of IL-23 expression. Typical
sections of the lungs for IL-23 expression are shown from a mice that
were SI (n=3) or b RI (n=3) with Mp extract.
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and results in the accumulation of neutrophils in the
lungs.

The total cell count in the BALF collected from
RI mice was significantly higher than that in SI mice
(Fig. 5a). In particular, the number of macrophages
was higher in the RI mice than in the SI mice on
day 0.5 and day 1 (Fig. 5c). This increase in
macrophage number was followed by an increase in
the number of neutrophils. The number of neutrophils
was higher in the RI mice than in the SI mice at the
later stages (days 2, 3, and 4) following tracheal
inoculation (Fig. 5b). A previous report showed that
repeated inoculation of live Mp induced neutrophilic
inflammation in BALF similar to that observed in our
experiment [26]. In that report, the accumulation of
neutrophils in the BALF of mice repeatedly inocu-
lated with live Mp persisted for a longer time when
compared with that in mice inoculated with a single
live Mp. Thus, repeated live Mp inoculation induced

persistent neutrophilic inflammation similar to that
observed in the RI mice in the present study.

Neutrophilic accumulation in BALF was observed in
humans suffering from Mp pneumonia [9] and in mice
inoculated with either live Mp [15] or with Mp extract.
Few studies have assessed IL-17 levels in human BALF,
although IL-17 levels in the serum of patients suffering
fromMp pneumonia were higher than those suffering from
streptococcal pneumonia [16]. The mechanisms of how
Mp extract induced excessive infiltration of neutrophils in
the lung remain not elucidated. In the mice inoculated with
the Mp extract in the present study, elevation of IL-17 and
associated neutrophil accumulation was observed. Previ-
ous studies of mice inoculated with live Mp reported that
Mp induced an increase in the concentration of IL-17, KC,
TNF-α, IL-6, IFN-γ, and IL-12 in BALF [15, 26–29]. Our
current findings are generally consistent with the inflam-
matory reactions found in humans and mice with different
experimental designs and thus suggest that lung inflam-

Fig. 5. Cell populations in the BALF of mice. Cell populations in the BALF of SI (open bars) and RI groups (solid bars) on days 0.5, 1, 2, 3, 4, and 7
after the final Mp extract inoculation are shown. The vertical axis represents average cell counts (n=5 each on days 0.5, 1, 2, 3, and 4; n=6 on day 7).
Total cell counts (a), neutrophil counts (b), macrophage counts (c), and lymphocyte counts (d) are shown. Percentages of neutrophil (black column),
macrophage (gray column), and lymphocyte (white column) are shown (e). Significant differences are indicated by asterisks: *P<0.05, **P<0.01.
Data are expressed as means ± standard deviation.
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mation in the RI group, similar to the lung inflammation in
human Mp pneumonia [5], seemed exacerbated by
repeated Mp stimulation. Some of these reports [28, 29]
have also suggested that IL-12 (and the IFN-γ production
that it stimulated) plays a role in the increase in neutrophilic
alveolar infiltration in mice infected with live Mp, whereas
we did not observe an elevation in IL-12 levels.

This study had several limitations. Firstly, it was
based on the evaluation of sequential changes of
inflammatory mediators and cells. It should be borne in
mind that very small concentrations of pro-inflammatory
cytokines and mediators may produce biologic actions in
a variety of different cell types. Thus, although our result
failed to detect IL-12 in BALF perhaps due to dilution
effect, IL-12 may still play a role in pro-inflammatory
reactions induced by Mp extract.

Secondly, the initial aim of the investigation was to
elucidate the noninfectious effect of modulating neutro-
philic reactions by Mp extract, in association with IL-17.
Thus, we focused on the levels of IL-17 and its related
mediators on days 0.5, 1, 2, and 3, which is early in the
time frame at which neutrophils were recruited to the
lungs of RI mice. Although we did not define which
cells of lung-derived primary cells produced IL-17,
several reports have demonstrated that lymphocytes
and epithelial cells are the possible sources of IL-17
[19–21]. Our result also demonstrated that lymphocytes
were recruited to the lung on day 7, which could be
linked to the modulatory effects on immune and
inflammatory reactions induced by Mp extract. It was
possible that increased lymphocytes in BALF after
inoculation of Mp extract were Th17 cells, but we did
not analyze subpopulations of BALF lymphocytes.
Further analysis of the role of IL-17 may help elucidate
the role of lymphocytes in this disease.

In summary, we have established a novel mouse
model of Mp pneumonia by repeated inoculations of Mp
extract without the use of alum-adjuvant treatment. Our
current data further indicated that repeated inoculation of
the Mp extract (RI group mice) results in increased
levels of inflammatory cytokines including IL-17,
associated with exacerbated neutrophilic lung inflamma-
tion. Although our study did not address the mechanism
by which the IL-17 was activated by the Mp extract, or
which component of the Mp extract exacerbates the lung
lesions, the inflammatory reactions observed upon
repeated inoculation of the Mp extract might help in
understanding some of the important phenomena in the
cellular and molecular pathogenesis of Mp pneumonia in
humans.
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