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Abstract

IL-23 induces IL-17 production in activated CD4þ T cells and participates in host defense against many encapsulated bacteria. However,
whether the IL-23/IL-17 axis contributes to a Mycoplasma pneumoniae (Mp)-induced lung inflammation (e.g., neutrophils) has not been
addressed. Using an acute respiratory Mp infection murine model, we found significantly up-regulated lung IL-23p19 mRNA in the early phase
of infection (4 h), and alveolar macrophages were an important cell source of Mp-induced IL-23. We further showed that Mp significantly in-
creased IL-17 protein levels in bronchoalveolar lavage (BAL). Lung gene expression of IL-17, IL-17C and IL-17F was also markedly up-
regulated by Mp in vivo. IL-17 and IL-17F were found to be derived mainly from lung CD4þ T cells, and were increased upon IL-23 stimulation
in vitro. In vivo blocking of IL-23p19 alone or in combination with IL-23/IL-12p40 resulted in a significant reduction of Mp-induced IL-17
protein and IL-17/IL-17F mRNA expression, which was accompanied by a trend toward reduced lung neutrophil recruitment, BAL neutrophil
activity, and Mp clearance. However, IL-23 neutralization had no effect on Mp-induced lung IL-17C mRNA expression. These results demon-
strate that IL-17/IL-17F production is IL-23-dependent in an acute Mp infection, and contributes to neutrophil recruitment and activity in the
lung defense against the infection.
� 2006 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Mycoplasmas represent the smallest (50e300 nm in diam-
eter) organisms capable of self-replication in cell-free media.

Abbreviations: BAL, bronchoalveolar lavage; CFUs, colony forming units;

Mp, Mycoplasma pneumoniae; MPO, myeloperioxidase; pAMs, primary alve-

olar macrophages; rm, recombinant murine.
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These organisms are unique in that they lack a cell wall, a fea-
ture largely responsible for their biologic properties such as
lack of a reaction to Gram staining, and insensitivity to
many commonly prescribed antimicrobial agents [1]. Myco-
plasma pneumoniae (Mp), one of the human mycoplasma spe-
cies, resides extracellularly in the respiratory tract mucosa,
and represents one of the most common causes of commu-
nity-acquired pneumonia [2]. Several studies have shown
that Mp infection induces the release of pro-inflammatory cy-
tokines relevant to exacerbation of chronic pulmonary diseases
such as asthma and COPD [3,4]. Previous studies have demon-
strated that respiratory Mp infection is characterized by lung
d.
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neutrophilic inflammation along with lung lymphocyte (e.g.,
CD4þ T cells) infiltration [5e8]. However, the molecular
mechanisms by which Mp induces CD4 T cell and neutrophil
influx into lung tissues remain poorly understood.

The IL-17 family is a recently described group of cyto-
kines including IL-17 (or IL-17A), and IL-17BeF. IL-17
and IL-17F are mainly expressed by activated CD4þ T cells
and are involved in the host innate immune response such as
neutrophil recruitment and activity [9]. Recent publications
suggest that IL-17 production from activated T cells is induc-
ible upon IL-23 stimulation [10e12]. IL-23 is a novel mem-
ber of the IL-12 cytokine family and is composed of
a unique p19 subunit and an identical p40 subunit to IL-
12. Activated macrophages and dendritic cells secrete IL-23
in response to environmental danger signals [13]. It should
be emphasized that although IL-23 belongs to the IL-12 fam-
ily, IL-23 has been shown to exert the opposite function in
regulating IL-17 as compared to IL-12. Specifically, while
IL-23 promotes IL-17 production, IL-12 was shown to inhibit
IL-17 elaboration in both human and mouse systems
[10,14,15].

Previous studies have shown that the IL-23/IL-17 axis may
be important in host defense against Gram-positive and Gram-
negative bacterial infections (e.g., Klebsiella pneumoniae, Tax-
oplasma gondii and Cryptococcus neoformans) [11,16,17].
However, whether the IL-23/IL-17 axis contributes to an
Mp-induced lung inflammation (e.g., neutrophils) has not
been addressed. We therefore determined whether respiratory
Mp infection in mice activates innate immune cells (i.e., alve-
olar macrophages) to produce IL-23, thus increasing produc-
tion of IL-17 and its family members by pulmonary CD4þ T
cells. We then neutralized IL-23p19 or IL-23p19 plus IL-23/
IL-12p40 to further investigate the role of IL-23 in modulating
IL-17 family members and lung neutrophil function.

2. Materials and methods

2.1. Mice

Animal experiments were approved by our Institutional An-
imal Care and Use Committee. Female BALB/c mice (8e12
weeks old) were obtained from the Jackson Laboratory (Bar
Harbor, ME, USA). All the mice were quarantined for 4 weeks
before the experiment and bled to establish that they were vi-
rus and Mycoplasma pulmonis free.

2.2. M. pneumoniae (Mp) inoculation

Mp (FH strain, ATCC 15531) was prepared in saline to ap-
proximately yield 1� 107 colony forming units (CFUs)/50 ml.
On day 0, mice were anesthetized i.p. with 0.25 g/kg body
weight of avertine (2,2,2-tribromoethanol dissolved in liquid
tert-amyl alcohol at 0.025 g/ml; Sigma, St. Louis, MO,
USA). In the infected groups (n¼ 10/group), mice were inoc-
ulated intranasally with 50 ml of Mp at 1� 107 CFUs/mouse.
Fifty microlitres of saline was similarly given to the control
mice (n¼ 5/group). Mice were sacrificed at 4 h, days 1, 3
and 7 post-infection.

2.3. Bronchoalveolar lavage (BAL) collection

Mice were euthanized by exposure to CO2. The lung was
lavaged with 1 ml saline. Ten microlitres of BAL was used
for Mp culture. Cell-free BAL fluid was stored at �80 �C
for cytokine or myeloperioxidase (MPO) activity assay. Cyto-
spins of BAL cells were stained with Diff-Quick Kit (IMEB
INC., San Marcos, CA, USA), and cell differentials were de-
termined as percentage of 500 counted cells.

2.4. Primary alveolar macrophages (pAMs) enrichment
and in vitro Mp infection

We determined the IL-23p19 mRNA levels in freshly iso-
lated pAMs obtained from Mp- or saline-treated mice
(n¼ 5/group) at 4 h and 24 h post-infection. BAL cells were
pooled in the same group and resuspended in RPMI-1640 me-
dium with 10% FBS, and seeded in a 24-well culture plate
(2� 104 cells/well) to incubate for 2 h at 37 �C, 5% CO2.
The adherent cells were harvested in TRIzol (Invitrogen,
Carlsbad, CA, USA) for RNA extraction.

To confirm the direct effects of Mp on IL-23p19 mRNA by
alveolar macrophages, pAMs were isolated from pooled BAL
cells of saline-treated mice at 24 h. The adherent cells were
treated in the absence or presence of Mp (10 CFUs/cell) for
4 h and 24 h, and were then collected in TRIzol for RNA
extraction.

In all the aforementioned experiments, more than 95% of
adherent cells were identified as macrophages under the light
microscope on 8-well chamber slides with Diff-Quick staining
(IMEB INC., San Marcos, CA, USA).

2.5. Lung tissue allocation

After BAL, lungs were perfused with PBS and excised. The
left lung was processed for H&E staining, Mp culture and
RNA extraction. The whole right lung tissues were for
CD4þ T cell isolation.

2.6. Pulmonary CD4þ T cell isolation

Lung digestions were performed as described [18]. Briefly,
minced lungs were exposed to a 20 ml enzymatic mixture con-
taining six units of Dispase II (Roche Diagnostics, Indianapo-
lis, Indiana, USA), 2 mg of Collagenase II and 2 mg of
Collagenase IV (Sigma, St. Louis, MO, USA) at 37 �C for
75 min. Lung tissues from the same group of mice were
pooled and mashed through a Cellector� tissue sieve (Bellco
Glass Inc. Vineland, NJ, USA) to obtain single-cell suspen-
sions. CD4þ T cells were purified using a CD4 T cell isolation
kit and Mini-MACS columns (Miltenyi Biotec., Auburn, CA,
USA). FACS confirmed the purity of CD4þ T cells to be
�95%.
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2.7. In vitro recombinant mouse IL-23 (rmIL-23)
stimulation of pulmonary CD4þ T cells

To determine IL-23 dose response and time course on IL-17
expression, pulmonary CD4þ T cells from saline-treated mice
24 h post-treatment were seeded at 2� 105 cells/well into
a 96-well culture plate and incubated with rmIL-23 (0.1e
1000 ng/ml, Sf21-derived, R&D systems, Minneapolis, MN,
USA) for 24 h and 48 h. Cell supernatants were harvested
for IL-17 ELISA.

To examine whether CD4þ T cells from na€ıve (saline treat-
ment, n¼ 5/group) or Mp-infected mice (n¼ 10/group) dif-
fered in response to rmIL-23, CD4þ T cells isolated from
saline- and Mp-treated mice at all the given time points
were incubated in the absence or presence of 10 ng/ml
rmIL-23 for 24 h and 48 h. Cell supernatants were harvested
for IL-17 ELISA and cells were lysed in TRIzol. To further re-
produce and confirm the effects of rmIL-23 on IL-17 expres-
sion, three independent experiments were repeated using
CD4þ T cells from saline- and Mp-treated mice at 24 h.

2.8. IL-23 neutralization in mice

Sf21-derived goat anti-mouse IL-23p19 polyclonal antibody,
rat anti-mouse IL-23/IL-12p40 monoclonal antibody, normal
goat IgG (purified from na€ıve goat serum, control for goat
anti-mouse IL-23p19 antibody), and normal rat IgG2A antibody
(produced from a hybridoma resulting from the fusion of
a mouse myeloma with B cells obtained from a rat immunized
with purified KLH, control for rat anti-mouse IL-23/IL-12p40
antibody) were purchased from R&D Systems (Minneapolis,
MN, USA). R&D system has determined the neutralizing activ-
ity of the anti-IL-23p19 Ab in vitro by measuring IL-23-depen-
dent production of IL-17 in mouse splenocytes. All the
antibodies (Abs) were diluted in PBS for following treatments:
group 1, anti-mouse IL-23p19 AbþMp; group 2, normal goat
IgG (control for group 1)þMp; group 3, (anti-mouse IL-23p19
Abþ anti-mouse IL-23/IL-12p40 Ab)þMp; and group 4, nor-
mal goat IgGþ normal rat IgG2A (control for group 3)þMp.
Mice (n¼ 5e8/group) were treated intranasally with Abs 2 h
prior to Mp (1� 107 CFU per mouse), and sacrificed after
24 h to collect lung and BAL samples for detecting IL-17 fam-
ily members, Mp clearance and neutrophil activity.

2.9. ELISA

IL-17 was detected using the Quantikine� Mouse IL-17 Im-
munoassay (R&D Systems, Minneapolis, MN, USA). The
limit of detection was 5 pg/ml.

2.10. Real-time RT-PCR

Total RNA was extracted and treated with DNase I (Am-
bion, Austin, TX, USA). Reverse transcription was performed
using 1 mg of total RNA and random hexamers in a 50 ml re-
action according to the manufacturer’s protocol (Applied Bio-
systems, Foster City, CA, USA). The mouse IL-23p19, IL-17,
IL-17C and IL-17F primers and probes were designed using
the Primer Express software (Applied Biosystems) and are
listed in Table 1.

Real-time PCR was performed on the ABI Prism� 7700 se-
quence detection system (Applied Biosystems). The 25 ml
PCR contained 30 ng of cDNA, 100 nM fluogenic probe,
and 100 nM primers and other components from the TaqMan�

RT-PCR kit (Applied Biosystems). 18S rRNA was evaluated as
internal positive control. The comparative Ct method was used
to demonstrate the relative mRNA levels of target genes.

2.11. Myeloperoxidase (MPO) activity assay

MPO is mainly released by neutrophils and has been used
as an index of tissue neutrophil levels [19]. Thus, MPO activ-
ity levels in lung homogenates and BAL fluid were measured
to reflect neutrophil accumulation and activity, respectively.
MPO activity in lungs and BAL fluid were measured as de-
scribed [20]. Lung tissues were homogenized in 50 mM potas-
sium phosphate buffer (50 mg of tissue/ml) containing 0.5%
hexadecyltrimethylammonium bromide (HTAB, Sigma). Su-
pernatants were collected after centrifugation at 20,000� g
for 5 min. The assay solution was prepared freshly by mixing
a 50 mM potassium phosphate buffer (pH 6.0) containing
0.167 mg/ml o-dianisidine dihydrochloride and 0.0005% hy-
drogen peroxide (Sigma). Lung homogenates (7 ml) or cell-
free BAL fluid (100 ml) were added to a 96-well plate. Then,
200 ml of the assay solution was added and mixed rapidly.
The enzymatic activity was determined spectrophotometri-
cally by measuring the change in absorbance at 450 nm using
a plate reader. MPO activity was expressed in units per milli-
gram of lung tissue or units per 106 neutrophils in BAL fluid.

2.12. Mp culture

Ten microlitres of BAL or minced lung tissue (total size of
3 mm� 3 mm� 3 mm) was placed onto PPLO plates (Remel,
Lenexa, KS, USA) and incubated at 37 �C, 5% CO2 for 7 days
when CFUs were counted.

2.13. Statistical analysis

Normally distributed data are presented as means� SEM
and compared using the matched-pairs t-test. Non-normally
distributed data are expressed as medians with interquartile
(25e75%) ranges and compared using the Wilcoxon rank-
sum test. A value of p< 0.05 was considered significant.

3. Results

3.1. Inflammation profiles in BAL and lung tissues

As shown in Table 2, Mp infection markedly increased total
leukocyte counts including neutrophils and lymphocytes in
BAL, especially on days 1 and 3. The total macrophage counts
were similar in infected and control groups. There was only
<0.2% of eosinophils in any mouse BAL sample.
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Table 1

Quantitative real-time PCR primer and probe sequences

Cytokines Genbank

accession no.

Sequences

IL-23pl9 NM_031252 Forward primer: 50-TGTGCCCCGTATCCAGTGT-30

Reverse primer: 50-CGGATCCTTTGCAAGCAGAA-30

Probe: 50-TGTGACCCACAAGGACTCAAGGACAACA-30

IL-17 U43088 Forward primer: 50-ACCGCAATGAAGACCCTGAT-30

Reverse primer: 50-TCCCTCCGCATTGACACA-30

Probe: 50-CTGGGAAGCTCAGTGCCGCCAC-30

IL-17C AF458061 Forward primer: 50-CCATGGAGATATCGCATCGA-30

Reverse primer: 50-GCATCCACGACACAAGCATT-30

Probe: 50-AGAACCGCTACCCACAGAAGCTGGC-30

IL-17F AF458064 Forward primer: 50-CTGAGGCCCAGTGCAGACA-30

Reverse primer: 50-GCTGAATGGCGACGGAGTT-30

Probe: 50-CCCAGGGTCAGGAAGACAGCACCAT-30
H&E stained lung tissues showed a similar inflammatory
profile to BAL. The most intense inflammatory response
such as large numbers of neutrophils and mononuclear cells
was on days 1 and 3, but not on day 7.

3.2. Mp increases IL-23 expression by
alveolar macrophages

In Mp-infected mice, IL-23p19 mRNA levels in lung tis-
sues were markedly increased (up to 100-fold) within 4 h
post-infection, remained elevated at 24 h and then decreased
on days 3 and 7 compared to saline groups (Fig. 1).

As activated macrophages are one of the important cell sour-
ces of IL-23 in response to environmental danger signals [13],
we isolated pAMs from BAL cells to determine if IL-23 p19
mRNA was increased by macrophages in response to Mp in
vivo. It was found that freshly isolated pAMs from Mp-infected
mice had 130 and 30 times higher levels of IL-23p19 mRNA
than saline-treated mice at 4 h and 24 h post-infection, respec-
tively. Then, we confirmed the direct effects of Mp on IL-23 ex-
pression by infecting na€ıve pAMs (from saline-treated mice at
24 h) in vitro. With Mp infection, IL-23p19 mRNA levels
were increased up to 770-fold and 17-fold compared to those
of cell culture medium-treated (control) cells at 4 h and 24 h,
respectively. Since a reliable IL-23 ELISA kit is not available,
IL-23 protein was not measured.

3.3. Mp induces expression of IL-17 family members

The gene expressions of IL-17, IL-17C and IL-17F in lung
tissues were markedly up-regulated by Mp in vivo as early as
4 h, remained elevated on day 1 and then decreased on days 3
and 7, but were still higher than those of saline groups. We
also observed that Mp increased IL-17 protein levels in BAL
fluid (Fig. 2). IL-17 was not detectable in any saline-treated
mice and Mp-infected mice at 4 h. However, IL-17 protein
levels were increased significantly in Mp-infected mice on
day 1, and then decreased on days 3 and 7, which were still
significantly higher than those of saline groups.

3.4. IL-23 induces expression of IL-17/IL-17F in
pulmonary CD4þ T cells

We observed that IL-23 induced IL-17 production in cul-
tured pulmonary CD4þ T cells in a dose- and time-dependent
manner. It appears that 10 ng/ml of rmIL-23 was the lowest
Table 2

Bronchoalveolar lavage (BAL) cell profiles (�l04 cells/ml)a

Groups White blood cells Neutrophils Macrophages Lymphocytes

4 h

Mp infection 12.0 (6.0e18.5) 10.2 (5.0e17.1) 1.2 (0.9e1.6) 0.2 (0.1e0.2)

Saline control 1.5 (1.3e4.0) 0.2 (0.1e0.2) 1.3 (1.0e3.7) 0.1 (0.1e0.1)

Day 1

Mp infection 45.0 (38.3e74.5)* 43.2 (36.8e70.4)* 2.1 (0.9e3.9) 0.3 (0.2e0.6)*

Saline control 3.5 (1.0e5.8) 0.1 (0.1e0.4) 3.4 (0.9e5.3) 0.02 (0.01e0.1)

Day 3

Mp infection 29.8 (16.6e86.5)* 20.6 (9.1e68.3)* 8.3 (5.4e15.3) 2.4 (1.9e3.6)*

Saline control 8.0 (6.5e10.3) 0.1 (0e0.1) 7.8 (6.4e10.1) 0.06 (0.03e0.2)

Day 7

Mp infection 3.5 (1.9e6.0) 0.1 (0.1e0.7) 3.0 (1.6e4.8) 0.2 (0.1e0.4)

Saline control 2.5 (1.5e7.8) 0.1 (0e0.1) 2.4 (1.4e7.6) 0.03 (0.01e0.1)

*p< 0.01, Wilcoxon rank-sum test between the Mp and saline group at the same time point.
a M. pneumoniae (Mp) infection groups (n¼ 10/group) and saline control groups (n¼ 5/group) at 4 h, days 1, 3 and 7. Data are expressed as medians (25e75%

range).
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concentration required in inducing a peak production of IL-17.
Therefore, for the remaining cell cultures, IL-23 was used at
10 ng/ml.

As shown in Fig. 3A, in the absence of IL-23, CD4þ T cells
from na€ıve mice did not produce IL-17 protein. However, CD4þ
T cells from Mp-infected mice released detectable levels of IL-
17 protein, especially those from the day 1 group. In the pres-
ence of IL-23, IL-17 protein levels in CD4þ T cells from na€ıve
mice at all examined time points increased after 24 h and 48 h,
and interestingly, they were similar to the levels in CD4þT cells
from Mp-infected mice without IL-23 stimulation. In addition,
CD4þ T cells from Mp-infected mice further responded to IL-
23 by enhancing IL-17 protein production. It is worth noting
that with IL-23 stimulation the absolute IL-17 protein levels in
CD4þ T cells from Mp-infected mice were 3- to 4-fold higher
than those in CD4þ T cells from na€ıve mice.

Based on our results shown in Fig. 3A, three more indepen-
dent experiments were performed using pulmonary CD4þ T
cells from na€ıve (saline-treated) and Mp-treated mice at 24 h

Fig. 2. IL-17 protein levels in BAL fluid. Samples were collected from saline-

treated (n¼ 5/group) and M. pneumoniae (Mp)-infected mice (n¼ 10/group)

at 4 h, days 1, 3 and 7. Data are expressed as means� SEM. *p< 0.01,

matched-pairs t-test between the saline group and Mp group. Dotted line, un-

detectable level.

Fig. 1. Lung tissue IL-23p19 mRNA levels. Lungs were obtained from saline-

treated (n¼ 5/group) and M. pneumoniae (Mp)-infected mice (n¼ 10/group)

at 4 h, days 1, 3 and 7 post-saline or Mp infection. Data are expressed as me-

dians (25e75% range). *p< 0.01, Wilcoxon rank-sum test between the saline

group and Mp group at the same time point.
to further confirm the effects of IL-23 on IL-17 and its family
members. In the absence of IL-23, IL-17 mRNA levels were
very low in na€ıve CD4þ T cells. IL-17 mRNA levels were sig-
nificantly increased after IL-23 stimulation, especially at 24 h.
Interestingly, even without in vitro IL-23 stimulation, CD4þ T
cells from Mp-infected mice demonstrated higher levels of IL-
17 mRNA than those of na€ıve CD4þ cells. With further IL-23
stimulation, IL-17 mRNA levels were significantly up-regu-
lated at both time points, especially at 24 h (Fig. 3B). In addi-
tion, IL-17F mRNA levels in both na€ıve and Mp-infected
CD4þ T cells showed a similar response pattern to IL-17
mRNA in the absence or presence of IL-23 (Fig. 3C). How-
ever, IL-23 did not significantly change IL-17C mRNA levels
in both na€ıve and Mp-infected CD4þ T cells (data not shown).
IL-17 protein levels were also measured in cell supernatants
(Fig. 3D), which were essentially the same as the IL-17
mRNA data. Since IL-17F and IL-17C ELISA kits are not
available, their protein levels could not be measured.

3.5. Effects of in vivo IL-23 neutralization

To examine whether blockade of IL-23 signaling would re-
duce Mp-induced expression of IL-17 family members and neu-
trophil function, a blocking experiment was performed. Anti-
IL-23p19 Ab led to a 54% reduction in BAL IL-17 protein levels
compared with isotype antibody controls ( p< 0.05). Further-
more, blocking both the p19 and p40 subunits almost abolished
Mp-induced IL-17 in BAL fluid ( p< 0.01) (Fig. 4A). A similar
pattern of reduced IL-17 and IL-17F mRNA levels in lung tis-
sues was also found (Fig. 4B and C). However, unlike IL-17
and IL-17F, Mp-induced IL-17C mRNA levels were not reduced
by p19 neutralizing Ab alone or in combination with p40-neu-
tralizing Ab (data not shown).

To determine the functional consequences of blocking IL-23
signaling, we measured in vivo bacterial clearance by culturing
Mp in lung tissues and lung neutrophil activity. Compared with
isotype antibody controls, lung Mp levels at 24 h post-infection
were 50% and 70% higher in mice treated with p19 neutralizing
Ab alone ( p¼ 0.16) or in combination with p40-neutralizing Ab
( p¼ 0.13), respectively (Fig. 5A). Neutralizing p19 had a mini-
mal effect on MPO activity in lungs (a 10% decrease) as com-
pared to the isotype antibody (goat IgG) control. However,
blocking both the p19 and p40 subunits significantly reduced
lung MPO activity (a 43% decrease) as compared to the isotype
antibody (goat IgGþ rat IgG2A) control ( p< 0.01) (Fig. 5B).
We next measured the released MPO activity by neutrophils in
BAL. MPO activity (mU) per 106 neutrophils was lower in
mice treated with p19 neutralizing Ab alone (a 33% decrease,
p¼ 0.44) or in combination with p40-neutralizing Ab (a 60%
decrease, p¼ 0.19) as compared to the relevant isotype antibody
control (Fig. 5C).

4. Discussion

This is the first study to reveal the role of the IL-23/IL-17
axis in host defense against the respiratory M. pneumoniae
infection.
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Fig. 3. IL-23 increases expression of IL-17 family members by pulmonary CD4þ T cells. (A) Pulmonary CD4þ T cells isolated from na€ıve (saline-treated) and

Mp-infected mice at 4 h, days 1, 3 and 7 were incubated in the absence (PBS) or presence of 10 ng/ml rmIL-23 for 24 h or 48 h. IL-17 protein in cell supernatants

was measured by ELISA. To further confirm the findings in Fig. 3A, pulmonary CD4þ T cells from na€ıve (saline-treated) and Mp-treated mice at 24 h were

incubated in the absence (PBS) or presence of 10 ng/ml rmIL-23 for 24 h or 48 h. Relative mRNA levels of IL-17 (B) and IL-17F (C), and protein levels of

IL-17 (D) are expressed as means� SEM from three independent replicates. *p< 0.05, matched-pairs t-test comparing PBS with IL-23 treatment. Dotted line,

undetectable level.
In the present study, Mp was found to significantly up-reg-
ulate lung IL-23p19 mRNA as early as 4 h after the infection
in mice. IL-23 is shown to be produced by APCs (e.g., acti-
vated macrophages and dendritic cells) and participates in
the regulation of T cell responses [13,21]. Although alveolar
macrophages have been proposed as the very first line of the
host innate immune responses to environmental dangers such
as M. pneumoniae infection, little is known about the pathways
involved [22]. Here, we have also shown noticeable increased
levels of IL-23p19 mRNA in pAMs ex vivo (freshly isolated
pAMs from Mp-infected mice) as well as in vitro (na€ıve
pAMs infected with Mp). These data suggest an important
role of AMs through an enhanced production of IL-23 in
host defense against Mp.

IL-23 has recently been described as a proximal regulator
to preferentially induce production of IL-17/IL-17F by T cells
from human cord blood or mouse spleens [10e12]. Although
activated CD4þ T cells are believed to be a major source of
IL-17, activated CD8þ T cells, neutrophils and eosinophils
are also able to produce IL-17 [11,23e25]. Since activation
of CD4þ T cells has been shown to be a key feature in lungs
with Mp infection, we chose to study the effects of IL-23 on
IL-17 family members in isolated pulmonary CD4þ T cells
from na€ıve (saline treatment) and Mp-infected mice. In the ab-
sence of IL-23, in contrast to the na€ıve ones, pulmonary CD4þ
T cells from Mp-infected mice produced detectable levels of
IL-17 protein, which were further enhanced upon exogenous
IL-23 treatment. Importantly, our current study extended pre-
vious studies in that IL-23 was also shown to increase IL-17F
expression in pulmonary CD4þ T cells from both na€ıve and
especially Mp-infected mice. However, unlike their robust
production of IL-17 and IL-17F, pulmonary CD4þ T cells rep-
resent a negligible source of IL-17C. These results have fur-
ther clarified the role of IL-23 in regulating IL-17 family
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Fig. 4. In vivo neutralization of IL-23 decreases expression of IL-17 family

members. BALB/c mice (n¼ 5e8/group) were intranasally inoculated with

goat anti-mouse IL-23p19 Ab, rat anti-mouse IL-23/IL-12p40 Ab, goat IgG

(control for anti-IL-23p19 Ab) or rat IgG2A (control for anti-IL-23/IL-12p40

Ab) for 2 h prior to a 50 ml of M. pneumoniae (107 CFUs/mouse) inoculation.

Mice were sacrificed at 24 h post-infection. Neutralization of IL-23p19 alone

or in combination with the p40 subunit results in a significant reduction in: (A)

IL-17 protein levels in BAL fluid; (B) lung tissue IL-17 mRNA levels; and (C)

lung tissue IL-17F mRNA levels. Data are expressed as means� SEM from

two independent replicates. *p< 0.05, matched-pairs t-test comparing specific

IL-23 neutralizing antibody treatment with isotype antibody treatment. Dotted

line, undetectable level.
Fig. 5. In vivo neutralization of IL-23 dampens bacterial clearance and neutro-

phil activity. BALB/c mice (n¼ 5e8/group) were intranasally inoculated with

goat anti-mouse IL-23p19 Ab, rat anti-mouse IL-23/IL-12p40 Ab, goat IgG

(control for anti-IL-23p19 Ab) or rat IgG2A (control for anti-IL-23/IL-12p40

Ab) for 2 h prior to a 50 ml of M. pneumoniae (107 CFUs/mouse) inoculation.

Mice were sacrificed at 24 h post-infection. M. pneumoniae culture of lung tis-

sues (A); MPO activity in lungs (B); and MPO activity levels normalized by

neutrophil numbers in BAL (C). Data are expressed as means� SEM from

two independent replicates. *p< 0.01, matched-pairs t-test comparing specific

IL-23 neutralizing antibody treatment with isotype antibody treatment.
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members in respiratory Mp infection. Whether our findings in
the present study are applicable to other respiratory bacterial
infections awaits future studies.

The pAMs and pulmonary CD4þ T cell culture data were
further supported by the in vivo data collected from Mp-
infected mice. Mp infection increased lung IL-23, IL-17 and
IL-17F mRNA levels as early as 4 h, which remained until
day 7. Thus, our study has expanded the list of pathogens
(mycoplasma in addition to Gram-positive and Gram-negative
bacteria) that may utilize the IL-23/IL-17 axis to initiate a
robust host defense against the invading micro-organisms
[26e30].

Additional pieces of evidence for a pivotal role of the IL-
23/IL-17 axis in host defense against Mp infection come from
our experiments in which IL-23 neutralizing antibodies were
utilized to examine the impacts of a deficient IL-23
signaling on the downstream immune responses to the Mp
infection. Blocking the p19 subunit alone partly (30e70%)
inhibited Mp-induced IL-17 protein production in BAL and
IL-17/IL-17F mRNA expression in lung tissues. Moreover,
blocking both the p19 and p40 subunits resulted in an abroga-
tion of Mp-induced IL-17 protein and IL-17/IL-17F mRNA
expression. These in vivo data indicate that IL-23 is essential
in regulation of IL-17 family members production/expression
in response to Mp infection. The consequences of a defective
IL-23/IL-17 axis in host defense against Mp remain unclear.
Here, a trend toward an increased lung Mp load, lower neutro-
phil content in lung tissue as well as in BAL reflected by
MPO activity levels was observed in mice with IL-23 signal-
ing being blocked. As a significant correlation between tissue
MPO levels and neutrophil accumulation is well documented
[20,31e35], the decreased MPO activity levels due to IL-23
blocking suggest less neutrophil accumulation in the lung
with reduced IL-17/IL-17F. In addition, although an abroga-
tion of Mp-induced IL-17/IL-17F and significantly decreased
neutrophil levels were seen in the lung after IL-23 blocking,
there was only a good, but not significant trend toward an
increase of lung Mp load in vivo. We realize that IL-23-
induced-IL-17 acts as a very important, but not a sole factor
contributing to Mp clearance. Many other factors may also
be involved in Mp clearance in our acute infection model.
These may include innate immune cells (e.g., macrophages),
antimicrobial substances from epithelial cells and macro-
phages, and other cytokines or chemokines (e.g., IL-18,
IFN-g and KC). Collectively, our data suggest that IL-17/
IL-17F production in lung defense against Mp is IL-23 depen-
dent. IL-17 and IL-17F production may serve as a bridge
linking the activation of T lymphocytes to the sustained accu-
mulation and activity of lung neutrophils. Decreased IL-17/
IL-17F production due to a deficient IL-23 signaling con-
tributes to dampening the lung neutrophil activity and conse-
quently delays Mp clearance from the lung.

Unlike the relatively well-studied IL-17 and IL-17F, the po-
tential role of other IL-17 family members in host defense
against bacterial infections remains mostly unknown. In the
present study, we found that lung IL-17C mRNA levels
were increased in response to an in vivo Mp infection in
a time-dependent manner. However, both pulmonary CD4þ
T cell culture experiments and in vivo IL-23 blocking showed
that IL-23 did not have any significant regulatory effect on IL-
17C mRNA expression. Our novel data suggest that IL-17C
may utilize an alternative upstream regulatory pathway that in-
creases IL-17C production in host inflammatory process in
a M. pneumoniae infection.

In conclusion, IL-23 was shown to be inducible in alveolar
macrophages in response to M. pneumoniae infection. Produc-
tion of IL-17 and IL-17F by pulmonary CD4þ T cells is IL-23
dependent and may act as an interface between innate and
adaptive immunity in lung defense (e.g., neutrophil recruit-
ment and activation) against M. pneumoniae. Our present
study has significantly extended previous results in many
encapsulated bacterial infections by demonstrating that the
IL-23/IL-17s axis is also an important lung defense mecha-
nism involved in an M. pneumoniae infection. These research
findings will further improve our understanding of cytokine
regulatory mechanisms underlying the M. pneumoniae infec-
tion in lung diseases associated with neutrophil accumulation.
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