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Streptococcus pneumoniae is a Gram-positive and human-restricted pathogen colonizing the nasopharynx with an absence of
clinical symptoms as well as a major pathogen causing otitis media (OM), one of the most common childhood infections. Upon
bacterial infection, neutrophils are rapidly activated and recruited to the infected site, acting as the frontline defender against
emerging microbial pathogens via different ways. Evidence shows that interleukin 17A (IL-17A), a neutrophil-inducing factor,
plays important roles in the immune responses in several diseases. However, its function in response to S. pneumoniae OM re-
mains unclear. In this study, the function of IL-17A in response to S. pneumoniae OM was examined using an in vivo model. We
developed a model of acute OM (AOM) in C57BL/6 mice and found that neutrophils were the dominant immune cells that infil-
trated to the middle ear cavity (MEC) and contributed to bacterial clearance. Using IL-17A knockout (KO) mice, we found that
IL-17A boosted neutrophil recruitment to the MEC and afterwards induced apoptosis, which was identified to be conducive to
bacterial clearance. In addition, our observation suggested that the p38 mitogen-activated protein kinase (MAPK) signaling
pathway was involved in the recruitment and apoptosis of neutrophils mediated by IL-17A. These data support the conclusion
that IL-17A contributes to the host immune response against S. pneumoniae by promoting neutrophil recruitment and apopto-
sis through the p38 MAPK signaling pathway.

Acute otitis media (AOM) is the most common bacterial infec-
tious disease in early childhood, with an incidence of 10.85%

(709 million cases each year) and with 51% of these cases occur-
ring in children under 5 years of age (1). Although AOM is typi-
cally self-limiting, it may lead to important sequelae such as men-
ingitis and permanent hearing loss (2). Streptococcus pneumoniae
is the most common pathogen, responsible for 19% to 74% of
episodes, followed by nontypeable Haemophilus influenzae and
Moraxella catarrhalis (3). Despite recent advances in our under-
standing of the pathogenesis of S. pneumoniae OM, more needs to
be learned about the protective role of the host innate immune
defense systems during S. pneumoniae OM.

As the founding member of the interleukin-17 (IL-17) cyto-
kine family, IL-17A is an essential effector in the host defense
against extracellular bacteria and fungi, particularly at mucosal
sites. Conventionally, it is considered to be exclusively produced
by T helper 17 (Th17) cells, a unique helper T cell subset distinct
from Th1 and Th2 cells, but emerging evidence shows that it can
also be produced by CD8� T cells, �� T cells, NK T cells, neutro-
phils, epithelial cells, and innate lymphoid cells (ILCs) (4, 5), sug-
gesting that IL-17A can be produced either by adaptive or innate
immune cells. Previous studies indicated that IL-17A, as an acti-
vator of neutrophils, participates in the host defense against
pathogens, through both neutrophil expansion via regulating the
expression of granulocyte colony-stimulating factor (G-CSF) and
recruitment to sites of inflammation via regulating the expression
of CXC chemokines (6–9). Neutrophils are the first immune cells
infiltrating to the infected site as well as the main phagocytes re-
sponsible for early pathogen clearance. Growing evidence demon-
strates that these infiltrating neutrophils, upon bacterial infection,

become activated and then efficiently constrain and kill microbes
via phagocytosis, release of granule contents into extracellular
space, cytokine secretion, and the formation of neutrophil extra-
cellular traps (10). In our model, we determined that neutrophils
are the first immune cells to infiltrate the middle ear cavity (MEC)
to boost bacterial clearance. However, further studies are needed
to assess the role and the precise molecular mechanism of neutro-
phils mediated by IL-17A in the host defense against S. pneu-
moniae challenge during AOM.

In our study, we developed a model of AOM following direct
transtympanic inoculation with S. pneumoniae clinical strain 6B,
which is one of the most frequently used serotypes to cause human
otitis media (11). The objective of this study is to determine
whether and how IL-17A is associated with the host defense
against S. pneumoniae during AOM.

In this report, we illustrated that IL-17A promoted bacterial
clearance by recruiting neutrophils to the MEC and inducing the
apoptosis of recruited neutrophils, both of which actions correlate
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with the activation of p38 mitogen-activated protein kinase
(MAPK) phosphorylation.

MATERIALS AND METHODS
Bacteria. S. pneumoniae clinical isolate 31207 (serotype 6B) was obtained
from the National Center for Medical Culture Collections (CMCC; Bei-
jing, China). The growth conditions and inocula were previously de-
scribed (12). Briefly, log-phase cultures were prepared by inoculation in
C�Y (casein hydrolysate plus yeast extract) medium with S. pneumoniae
grown overnight on a Columbia CNA agar plate. After 3 h of incubation,
the cultures were centrifuged at 3,500 � g for 20 min, washed twice, and
resuspended in sterile pyrogen-free phosphate-buffered saline (PBS) or
vehicle. The concentration of S. pneumoniae was determined by standard
dilution and plate counts.

Mice. Four- to six-week-old male or female C57BL/6 mice bred and
housed in a specific-pathogen-free environment were purchased from
and raised at Chongqing Medical University, Chongqing, China. IL-17A
knockout (IL-17A KO) mice on a C57BL/6 background were kindly pro-
vided by Zhinan Yin (College of Life Sciences, Nankai University, Tianjin,
china) and Richard A. Flavell (Yale University School of Medicine, New
Haven, CT). All animal experiments were performed in accordance with
the guidelines of the respective ethics committees of Chongqing Medical
University.

Mouse model of AOM. AOM was induced by direct bilateral tran-
stympanic inoculation of the middle ear, as previously described (13).
Briefly, mice were anesthetized by intraperitoneal injection with ketamine
hydrochloride (20 mg/kg of body weight) and xylazine (5 mg/kg). AOM
was then produced by direct bilateral transtympanic injection of 5 �l of a
suspension containing 1 � 107 to 1 � 108 CFU of S. pneumoniae in sterile
pyrogen-free PBS. In some cases, 5 �l of PBS containing recombinant
murine IL-17A (rmIL-17A; 2 ng/ml) (BioLegend, San Diego, CA) and 1 �
107 to 1 � 108 CFU of S. pneumoniae were injected. A control cohort of
five mice was sham inoculated with 5 �l of PBS alone; an additional five
mice were used as normal controls without injection. Mice were anesthe-
tized and then sacrificed at designated time points postchallenge. The
middle ear space was lavaged six times with 10 �l of sterile pyrogen-free
PBS containing 5% fetal calf serum (FCS); the wash fluids were aspirated
and pooled. Middle ear lavage fluids (MELF) were centrifuged at 500 � g
for 10 min, and single-use aliquots of the MELF were stored at �70°C. The
cell pellets were washed twice for total RNA extraction or other detections.
Following lavage, the middle ear epithelium was harvested by in situ lysis
with 10 �l of lysis buffer from an RNeasy Minikit (Qiagen, Valencia, CA)
(14). This process was repeated six times, and the lysates were aspirated
and pooled. Total RNA from the middle ear epithelium lysates pooled
from six mice at each time point was extracted by using an RNeasy Minikit
according to the manufacturer’s instructions (Qiagen, Valencia, CA) and
stored at �80°C until analyzed by real-time PCR.

Inhibition of the p38 MAPK signaling pathway and caspase activity
in vivo. To inhibit the p38 MAPK signaling pathway and caspase activity, the
mice were inoculated with S. pneumoniae plus the p38 MAPK inhibitor
SB-203580 (25 �M in PBS; Merck KGaA, Darmstadt, Germany) or the
general caspase inhibitor Z-VAD-FMK (carboxybenzyl-Val-Ala-Asp-
fluoromethylketone; 50 �M in PBS) (R&D Systems, Minneapolis, MN)
by direct bilateral transtympanic inoculation of the middle ear, as previ-
ously described (13).

Quantitation of mRNA from the middle ear epithelium and MELF
cells by real-time PCR. Real-time PCR assays were performed to quan-
titate IL-17A, IL-23p19, and IL-23p40 transcripts. Total RNA from the
middle ear epithelium lysate sample was reverse transcribed with ran-
dom hexamers by using a Superscript preamplification system (Invit-
rogen, Carlsbad, CA). cDNA was then used for real-time PCR using
SYBR green MasterMix (TaKaRa Bio, Inc., Tokyo, JP) on an ABI Prism
7000 (Applied Biosystems, Foster City, CA) with SYBR green I dye as
the amplicon detector. The gene for �-actin was amplified as an en-
dogenous reference. Primer and probe sequences were as follows: IL-

17A, 5=-ATCCCTCAAAGCTCAGCGTGTC-3= (sense) and 5=-GGGT
CTTCATTGCGGTGGAGAG-3= (antisense); IL-23p40, 5=-ACCTGTG
ACACGCCTGAAGAAGAT-3= (sense) and 5=-TCTTGTGGAGCAGC
AGATGTGAGT-3= (antisense); IL-23p19, 5=-CAACTTCACACCTCC
CTAC-3= (sense) and 5=-CCACTGCTGACTAGAACT-3= (antisense);
�-actin, 5=-TGGAATCCTGTGGCATCCATGAAAC-3= (sense) and
5=-TAAAACGCAGCTCAGTAACAGTCCG-3= (antisense).

Quantitation of cytokines in the MELF by ELISA. IL-17A in the
MELF pooled from six mice was measured by use of commercial enzyme-
linked immunosorbent assay (ELISA) kits (Quantikine; R&D Systems,
Minneapolis, MN), according to the manufacturer’s instructions. Middle
ear lavage samples pooled from six sham-inoculated animals served as the
controls.

Flow cytometry. MELF were pooled from four to five mice as de-
scribed above, cells were centrifuged at 500 � g, the cell pellets were
washed twice, and then Fc receptors were blocked with Mouse BD Fc
Block (BD Biosciences, San Diego, CA). Thereafter, cells were stained with
specific immune cell surface markers. The following staining parameters
were employed: neutrophils as CD11b� Ly-6G�, cells in early apoptosis as
annexin V positive/propidium iodide negative (annexin V�/PI�), and
cells in late apoptosis as annexin V�/PI� (all antibodies were purchased
from eBiosciences and BD Biosciences). For intracellular IL-17A staining
(15, 16), cells were collected, and Fc receptors were blocked (as described
above). The cells were first stained with a fluorescein isothiocyanate
(FITC)-conjugated anti-mouse Ly-6G and then permeabilized and
stained with phycoerythrin (PE)-conjugated IL-17A or an isotype control
antibody using a BD Cytofix/Cytoperm fixation/permeabilization solu-
tion kit (BD Biosciences, San Diego, CA) according to the manufacturer’s
instructions. Unstained cells served as a control for background fluores-
cence and gating. All samples were resuspended in the wash buffer and
data were collected by flow cytometry (FACSCalibur; BD Biosciences, San
Jose, CA).

Bacterial load determination. The mice were sacrificed at designated
time points postchallenge. Bacterial loads in MELF of S. pneumoniae-
infected wild-type (WT) and IL-17A KO mice were determined by plating
10-fold serial dilutions of aliquots from the respective MELF of each
mouse on Columbia CNA agar plate. The colonies were counted after
overnight incubation at 37°C in a 5% CO2 atmosphere. The limit of de-
tection in colonization studies was 10 CFU/animal.

Cell quantification. MELF were pooled from four to five mice, and
cells were centrifuged at 500 � g. The cell pellets were washed twice and
then resuspended in 500 �l of PBS. Cell quantification was performed by
counting the cells based on standard morphological criteria at a magnifi-
cation of �400. The absolute total number of the cells in the middle ear
lavage fluids was used for data analysis.

H&E staining and immunohistochemistry. Temporal bones from
four to five mice in each cohort were removed immediately after sacrifice
at designated time points postchallenge. The samples were processed as
described previously with minor modifications (12). The middle ear sec-
tions were deparaffinized and rehydrated through Histo-Clear and a
graded alcohol series. The specimens were further processed for conven-
tional paraffin embedding. Serial sections were cut to a thickness of 6 �m
and stained with hematoxylin and eosin (H&E). For immunohistochem-
istry, the endogenous peroxidase activity was blocked with 0.3% H2O2 in
0.1 M phosphate-buffered saline (PBS) (pH 7.4), and the sections were
incubated with 0.05% trypsin solution (Invitrogen, Carlsbad, CA) to un-
mask antigens. The sections were blocked with PBS (pH 7.2) containing
1% bovine serum albumin (BSA), 5% donkey serum, and 0.3% Triton
X-100 and then incubated with primary antibodies: rat anti-Bax (B-9)
(1:100; Santa Cruz Biotechnology, OR, USA) and rat anti-Bcl-xL (7B2.5)
(1:100; Santa Cruz Biotechnology, OR, USA). Secondary antibody, horse-
radish peroxidase (HRP)-conjugated goat anti-rabbit IgG (Zhonghshan-
jinqiao, Beijing, China), was developed by a diaminobenzidine substrate
kit for peroxidase (Zhonghshanjinqiao, Beijing, China) and then coun-
terstained with hematoxylin (Zhonghshanjinqiao, Beijing, China). For
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immunohistochemistry of the cytospin preparation, MELF were pooled
from at least three mice as described above. The cell pellets were washed
twice and fixed in 2% paraformaldehyde. The cytospin preparations were
blocked with PBS with 3% BSA and then incubated with a rabbit poly-
clonal antibody to pneumococcal polysaccharide (1:1,000; Statens Serum
Institute, Copenhagen, Denmark) and rat anti-mouse elastase monoclo-
nal antibody (MAb) (1:100; Cell Sciences, Canton, MA). Secondary anti-
bodies were donkey anti-rabbit IgG coupled with DyLight 594 and donkey
anti-rat IgG conjugated with DyLight 488 (1:1,000; Jackson Immuno-
Research Laboratories, West Grove, PA). The slides were washed and
counterstained with 4=,6=-diamidino-2-phenylindole (DAPI; 1:10,000)
(Invitrogen, Carlsbad, CA). The samples were mounted with Vectashield
mounting medium (Vector Laboratories, Burlingame, CA). Immuno-
stained samples were examined with a Zeiss Axioskop microscope
equipped with an Olympus Magnafire low-light color digital camera or
with an Olympus FluoView 1000 laser scanning confocal microscope.

Western blotting. To evaluate the kinetics of phospho-p38 (p-p38)
protein production in epithelium during AOM, epithelial tissues from
middle ear samples pooled from four to five mice at designated time
points postchallenge were subjected to SDS-PAGE. Samples were trans-
ferred to polyvinylidene difluoride (PVDF) membranes. The membranes
were blocked and then incubated with rabbit anti-mouse p-p38 antibody
(1:1,000; Cell Signaling Technology, MA, USA) or anti-�-actin antibody
(1:1,000; Cell Signaling Technology, MA, USA) containing 5% BSA. Blots
were then washed and incubated with horseradish peroxidase(HRP)-con-
jugated goat anti-rabbit IgG (1:10,000; Zhonghshanjinqiao, Beijing,
China) that was developed by an ECL kit (Millipore, Billerica, MA) and
diluted in Tris-buffered saline plus Tween (TBST) containing 5% BSA.

Quantitation of caspase-3 in MELF. Concentrations of caspase-3 in
the MELF pooled from four to five mice were measured by caspase-3
activity assay kits (Beyotime, China), based on the ability of caspases to

change acetyl-Asp-Glu-Val-Asp p-nitroanilide into the yellow formazan
product p-nitroaniline. According to the manufacturer’s protocol, cell
pellets of MELF were lysed with lysis buffer (100 �l per 2 � 106 cells) for
15 min on ice, followed by washing with cold PBS. A mixture of 20 �l of
cell lysate, 70 �l of reaction buffer, and 10 �l of 2 mM caspases substrate
in 96-well microtiter plates was incubated at 37°C for 2 h. The caspase-3
activity was determined at an absorbance of 405 nm. MELF pooled from
four sham-inoculated animals served as the controls.

Statistical analysis. Data are presented as the means 	 standard de-
viations (SD) of three independent experiments. Independent t tests were
used for data with normal distribution, and Mann-Whitney U tests were
performed for data with nonnormal distribution. Statistical significance
was set at a P value of 
0.05. All data were analyzed using GraphPad Prism
software, version 5.01, for Windows (GraphPad, USA).

RESULTS
S. pneumoniae inducing an increase in gene and protein expres-
sion of IL-17A in response to AOM. AOM was produced by S.
pneumoniae clinical strain 6B in C57BL/6 mice, and sterile PBS
was selected as a sham-inoculated control. Figure 1 displays the
expression of IL-17A in responses to S. pneumoniae infection dur-
ing AOM. At days 1, 3, and 5 postinoculation, we observed an
increase in IL-17A mRNA expression in middle ear epithelium by
real-time PCR. The rising expression level peaked at day 3 and
declined gradually thereafter (Fig. 1A). Similar kinetics for IL-17A
mRNA expression was seen in the cells of MELF (Fig. 1B). Addi-
tionally, we measured the protein level of IL-17A in MELF by
ELISA. Compared with the sham-inoculated control, an elevated
IL-17A concentration in MELF was detected during the observa-

FIG 1 IL-17A is expressed in response to S. pneumoniae during AOM. IL-17A mRNA expression in middle ear epithelium (A) and MELF (B) was analyzed by
real-time PCR at designated time points postinfection. Values are expressed as relative gene expression (compared with the level of glyceraldehyde-3-phosphate
dehydrogenase). (C) IL-17A levels in the supernatants of MELF were detected by ELISA. Values represent means 	 SD (n � 6). *, P 
 0.05; **, P 
 0.01; ***, P 

0.001 (between two groups). Cumulative data from three independent studies are shown. Spn, S. pneumoniae; d, days.
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tion period, showing consistency with the result of mRNA expres-
sion (Fig. 1C). Since IL-23 is known to be a cytokine required for
production and maintenance of IL-17A (17), we examined the
mRNA expression of IL-23p19 and p40, the two subunits of the
IL-23 dimer, and found that both of them were dramatically in-
creased both in middle ear epithelium and in MELF compared to

levels in the controls (see Fig. S1 in the supplemental material).
Thus, we concluded that IL-17A is the effector in response to S.
pneumoniae in AOM.

IL-17A contributes to bacterial clearance by inducing neu-
trophil recruitment during AOM. AOM was produced with S.
pneumoniae 6B in IL-17A KO mice, as in C57BL/6 mice. To de-

FIG 2 IL-17A contributes to S. pneumoniae clearance by inducing the recruitment of neutrophils during AOM. (A) The absolute numbers of neutrophils in MELF
at designated time points postinfection of WT mice and IL-17A KO mice are shown. (B) The absolute numbers of neutrophils in MELF of WT mice and IL-17A
KO mice following direct bilateral transtympanic inoculation of S. pneumoniae or S. pneumoniae plus rmIL-17A at day 1 postinfection are shown. The cells were
stained with MAb against neutrophil surface molecules and analyzed by flow cytometry. The ratio of neutrophils (Ly-6G� CD11b�) was determined, and the
absolute number of the cells was calculated. Values represent means 	 SD (n � 4 to 5). *, P 
 0.05; **, P 
 0.01; ***, P 
 0.001 (IL-17A KO mice versus WT mice);
�, P 
 0.05; ��, P 
 0.01; ���, P 
 0.001 (IL-17A KO mice or WT mice versus sham-infected mice). (C) Sections of the middle ear were stained with H&E.
Original magnification, �100. (D) Density of S. pneumoniae colonization in MELF at designated time points postinfection of WT mice and IL-17A KO mice.
Values represent means 	 SD (n � 6). *, P 
 0.05; **, P 
 0.01; ***, P 
 0.001 (IL-17A KO mice versus WT mice). (E) Density of S. pneumoniae colonization
in MELF at day 1 following direct bilateral transtympanic inoculation of S. pneumoniae or S. pneumoniae given with rmIL-17A in WT mice or IL-17A KO mice.
Values represent means 	 SD (n � 6). *, P 
 0.05; **, P 
 0.01 (between two groups). Data representative of three independent experiments are demonstrated
in all the panels.
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termine the role of IL-17A in AOM, we first conducted classified
quantification of the immune cells in MELF by flow cytometry.
Cumulative data showed that more than 98% of MELF cells,
pooled from six mice per time point from WT or IL-17A KO mice,
were neutrophils (CD11b� Ly-6G� cells) (see Fig. S2 in the sup-
plemental material), about 69% of which could produce IL-17A
(see Fig. S3). Similarly, Wright’s-Giemsa staining of the cytospin
preparations showed that more than 98% of the MELF cells were
neutrophils, too (see Fig. S4). As expected, the cell quantification
of MELF exhibited a significant decrease in neutrophils recruited
to the MEC in IL-17A KO mice compared with levels in WT mice
(Fig. 2A). Inoculation with S. pneumoniae plus exogenous recom-
binant murine IL-17A (rmIL-17A) restored the ability of IL-17A
KO mice to recruit neutrophils in contrast to mice inoculated with
S. pneumoniae plus vehicle alone (Fig. 2B). In accordance, we ob-
tained the same results by hematoxylin and eosin (H&E) staining
of histologic sections as by cell quantification of MELF (Fig. 2C).
These findings demonstrated that the early immune cells in re-
sponse to S. pneumoniae AOM were neutrophils in both WT mice
and IL-17A KO mice, but the recruitment of neutrophils abated in
IL-17A KO mice, which suggests that IL-17A was the effector con-
tributing to migration and recruitment of neutrophils.

Next, we examined bacterial burden in the MELF and found
that the density of S. pneumoniae decreased gradually over the
observation period. It was worth noting that the MELF IL-17A KO
mice had 10- to 100-fold more CFU than WT mice (Fig. 2D). The
eventual clearance of the bacteria occurred at day 7 in WT mice,
while it occurred in IL-17A KO mice later, at day 9 (Fig. 2D).
Nevertheless, the delay could be recovered by the administration
of rmIL-17A (Fig. 2E). The experiment results suggested that the
delay in bacterial clearance was associated with the diminished
recruitment of neutrophils. In addition, confocal microscopy
showed that the neutrophils in the MELF of WT mice exhibited a
stronger phagocytic capability than those of IL-17A KO mice (Fig.
3A and B). The evidence showed that IL-17A facilitates the clear-
ance of S. pneumoniae by inducing the recruitment of neutrophils.

IL-17A induces neutrophil recruitment through the p38
MAPK signaling pathway during AOM. To further elucidate the
mechanism by which IL-17A promotes neutrophil recruitment
against S. pneumoniae challenge during AOM, we investigated the
downstream signaling pathway for IL-17A. Specifically, by West-

ern blotting, we detected a higher phosphorylation level of p38
MAPK in middle ear epithelial cells of WT mice than in the PBS
control cohort at days 1, 3, and 5 postchallenge (Fig. 4A). At the
same time, we saw a lower phosphorylation level of p38 MAPK in
IL-17A KO mice than in WT mice. After the administration of
rmIL-17A, the phosphorylation level of p38 MAPK in IL-17A KO
mice was partially recovered (Fig. 4B). These findings suggested
that IL-17A contributed to the activation of the p38 MAPK signal-
ing pathway. On the other hand, after administrating p38 MAPK
inhibitor SB-203580 (see Fig. S5 in the supplemental material), we
observed reduced neutrophil recruitment and subsequently im-
paired bacterial clearance in MELF from WT mice and IL-17A KO
mice, respectively (Fig. 4C and D), suggesting that p38 MAPK
contributed to bacterial clearance by neutrophil recruitment.

Taking these results together, our study demonstrated that
neutrophil recruitment induced by IL-17A is highly associated
with the p38 MAPK signaling pathway and thereby facilitates bac-
terial clearance in S. pneumoniae AOM.

IL-17A contributes to bacterial clearance by inducing neu-
trophil apoptosis during AOM. Our preliminary research has
demonstrated that the infiltrating neutrophils of MELF exhibited
typical apoptosis characteristics (data not shown), leading to the
hypothesis that neutrophil apoptosis is possibly involved in the
immune response against S. pneumoniae challenge during AOM.
Thus, we examined the kinetics of neutrophil apoptosis by flow
cytometry, in which annexin V�/PI� cells represent early apop-
totic cells and annexin V�/PI� cells represent late apoptotic/ne-
crotic cells. The results showed that neutrophils in MELF from
WT mice underwent apoptosis after S. pneumoniae inoculation,
whereas IL-17A KO mice exhibited a significantly reduced apop-
tosis rate (Fig. 5A). In accordance, middle ear tissue histologic
sections of IL-17A KO mice revealed a lower level of the proapo-
ptotic protein BAX and a higher level of the antiapoptotic protein
Bcl-xL in neutrophils than in WT mice (Fig. 5B and C). Further-
more, neutrophils in MELF from IL-17A KO mice showed in-
hibited caspase-3 activation (Fig. 5D), while their apoptosis
was repaired by the administration of rmIL-17a (Fig. 5F), sug-
gesting that IL-17A is involved in neutrophil apoptosis. In ad-
dition, after administrating Z-VAD-FMK (a general caspase
inhibitor) in WT mice (see Fig. S6 in the supplemental mate-
rial), we found a significant rise of bacterial burden in MELF

FIG 3 Confocal microscope images of opsonophagocytosis of S. pneumoniae by neutrophils in the cytospin preparations of MELF from WT and IL-17A KO mice.
(A) These cytospin preparations were immunofluorescently labeled to visualize S. pneumoniae (red), elastase (green), and nucleic acids (blue). Original
magnification, �1,000. (B) The number of bacteria phagocytosed by neutrophils in MELF. The absolute numbers of bacteria phagocytosed by neutrophils in
MELF of WT mice and IL-17A KO mice following direct bilateral transtympanic inoculation of S. pneumoniae at day 3 postinfection are shown. Quantification
of the number of bacteria was obtained from at least 20 fields of each section. Values represent means 	 SD of 4 to 5 animals per group. **, P 
 0.01 (between
two groups).
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(Fig. 5E), compared with that of the vehicle cohort, suggesting
that neutrophil apoptosis, a host protection mechanism, con-
tributes to S. pneumoniae clearance during AOM.

IL-17A induces neutrophil apoptosis through the p38 MAPK
signaling pathway during AOM. Employing a p38 MAPK signal-
ing pathway inhibitor (SB-203580) in our model, we found a re-
markable decline in the apoptosis rate of neutrophils as well as the
activity of caspase-3 in MELF (Fig. 6A and B), indicating the in-
volvement of the p38 MAPK signaling pathway in neutrophil
apoptosis during AOM. In short, our data showed that IL-17A
induces the apoptosis of neutrophils through the p38 MAPK sig-
naling pathway and thereby facilitates the clearance of S. pneu-
moniae during AOM.

DISCUSSION

AOM is the second most common infectious childhood disease. If
improperly treated, AOM can develop into chronic OM, causing

hearing impairment. More serious complications could include deaf-
ness and language and intellectual disabilities. The mechanism of the
host immune response against S. pneumoniae AOM remains largely
unknown. To explore it, we developed a model of AOM in
C57BL/6 mice using S. pneumoniae clinical strain 6B. Our study
showed that IL-17A contributes to S. pneumoniae clearance in
AOM by inducing the recruitment and apoptosis of neutrophils
through the p38 MAPK signaling pathway.

As the most populous of immune cells, neutrophils serve as the
first defense line against pathogen invasion (18). It is generally be-
lieved that neutrophils play a critical role in the host immune re-
sponse against Gram-positive bacteria. With S. pneumoniae infec-
tion, neutrophils are the earliest effector cells recruited to the
infected site, whether in asymptomatic nasopharynx colonization
or invasive lung infection. With neutrophil depletion, the S. pneu-
moniae colonization will develop into an invasive infection, indi-

FIG 4 IL-17A induces neutrophil recruitment through the p38 MAPK signaling pathway during AOM. (A) The total proteins of epithelium in the middle ear
of WT mice were extracted, and p-p38 was analyzed by Western blotting at designated times postinfection. D, day. (B) p-p38 protein of WT mice or IL-17A KO
mice following direct bilateral transtympanic inoculation of S. pneumoniae or S. pneumoniae plus rmIL-17A at day 1 postinfection was analyzed by Western
blotting. Histograms represent densitometric analysis. The relative values of p-p38 to total protein were calibrated with �-actin. Values represent means 	 SD
(n � 4 to 5). **, P 
 0.01; ***, P 
 0.001 (between two groups). The absolute numbers of neutrophils (C) and density of S. pneumoniae colonization (D) in MELF
of WT and IL-17A KO mice following direct bilateral transtympanic inoculation of S. pneumoniae or S. pneumoniae plus SB-203580 (SB) (a p38 MAPK-specific
inhibitor) at day 3 postinfection were analyzed. Values represent means 	 SD (n � 4 to 6). *, P 
 0.05; **, P 
 0.01 (between two groups). Data representative
of three independent experiments are demonstrated in all the panels.
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cating the importance of neutrophils in control of S. pneumoniae
infection (19). In support of this view, we found that more than
98% of effector cells recruited firstly in the AOM model were
neutrophils; this level peaked at day 3 and declined gradually
thereafter.

IL-17A, a cytokine, is generally considered to be responsible for
governing both neutrophil- and macrophage-characterized in-
flammation. It has been suggested that IL-17 is produced system-
ically while it exerts proinflammatory effects locally through reg-

ulation of epithelial cells that are able to express a broad spectrum
of chemokines that recruit immune effector cells, including neu-
trophils and macrophage precursor cells (4, 20, 21).

Our study observed increased expression of IL-17A after S.
pneumoniae challenge. In accordance with the view that IL-23 is a
cytokine necessary for the production of IL-17A, we detected re-
markable upregulation of IL-23p19 and p40 mRNA expression in
both middle ear epithelium and MELF from infected cohorts (22).
Furthermore, given that IL-6 and tumor necrosis factor alpha

FIG 5 IL-17A contributes to bacterial clearance by inducing neutrophil apoptosis. (A) Representative dot plots to show the percentage of neutrophil apoptosis
by flow cytometry (n � 4 to 5). (B) Representative photomicrographs of immune-histochemistry staining of BAX and Bcl-xL of middle ear sections of WT mice
and IL-17A KO mice at day 3 postinfection (n � 4 to 5). Original magnification, �1,000. (C) The percentage of neutrophils expressing BAX and Bcl-xL in middle
ear tissue histologic sections of WT mice and IL-17A KO mice at day 3 postinfection. Quantification of the positive neutrophils and total neutrophils was obtained
from at least 20 fields of each middle ear section. Values represent means 	 SD of 4 to 5 animals per group. ***, P 
 0.001 (between two groups). (D) Fold change
of caspase-3 activation in MELF of WT and IL-17A KO mice inoculated with S. pneumoniae relative to that in inoculation with PBS at the time indicated. Values
represent means 	 SD (n � 4 to 5). *, P 
 0.05; **, P 
 0.01; ***, P 
 0.001 (between two groups). (E) Density of S. pneumoniae colonization in MELF of WT
mice was analyzed following direct bilateral transtympanic inoculation of S. pneumoniae or S. pneumoniae plus Z-VAD-FMK (a general caspase inhibitor) at day
3 postinfection. Values represent means 	 SD (n � 6). *, P 
 0.05; **, P 
 0.01; ***, P 
 0.001 (between two groups). (F) The percentage of neutrophil apoptosis
in MELF of WT or IL-17A KO mice following direct bilateral transtympanic inoculation of S. pneumoniae or S. pneumoniae plus rmIL-17A at day 1 postinfection
(n � 4 to 5). Data representative of three independent experiments are demonstrated in all the panels.
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(TNF-
) are also confirmed to be the key cytokines for the pro-
duction and maintenance of IL-17A (23–25), we observed in-
creased expression of IL-6 and TNF-
, adding further weight to
that view. The high-level expression of IL-17A in AOM suggested
that IL-17A was possibly involved in the host immune response in
our model. Compared to WT mice, the recruited neutrophils and
the bacterial burden in MEC of IL-17A KO mice were found to
undergo decrease and increase, respectively, before levels were
partially restored to normal with the administration of rmIL-17A.
These results provided evidence that IL-17A promotes S. pneu-
moniae clearance by inducing the recruitment of neutrophils in
AOM. However, there might have been other factors contributing
to neutrophil recruitment and bacterial clearance during S. pneu-
moniae AOM, such as cytokines (IL-1�, TNF-
, etc.) and chemo-
kine ligands (CXCL-8, CXCL-1, etc.), which have been verified in
other instances of acute inflammation (26).

Prior research has confirmed that signaling pathways, such as
extracellular signal-regulated kinase (ERK), p38 MAPKs, and
phosphatidylinositol 3-kinase (PI3K)-Akt, are involved in the re-
cruitment of leukocytes in both the pneumonia and gastritis mod-
els (27). Particularly, the p38 MAPK signaling pathway is closely
related to inflammation as well as growth, differentiation, and cell
death (28). The mitogen-activated protein kinase (MAPK) family,
mainly composed of three members, including Jun N-terminal
protein kinase (JNK), ERK, and p38 MAPK, is fundamental in
mediating a series of inflammatory responses, such as cytokine
expression, proliferation, and apoptosis (29, 30). The interaction
between p38 MAPK and IL-17A has been confirmed to be impor-
tant in the immune response (31, 32). For example, by activating
p38 MAPK pathways in ARPE-19 (where ARPE is acute retinal
pigment epitheliitis) cells, IL-17A can bring about a high level of
proinflammatory cytokine production (30). In our study, IL-17A

FIG 5 continued

FIG 6 IL-17A induces neutrophil apoptosis through the p38 MAPK signaling pathway during AOM. The percentage of neutrophils in apoptosis (A) and
caspase-3 activation (B) in MELF of WT mice following direct bilateral transtympanic inoculation of S. pneumoniae or S. pneumoniae plus SB-203580 (a p38
MAPK-specific inhibitor) at day 3 postinfection. Values represent means 	 SD (n � 4 to 5). **, P 
 0.01; ***, P 
 0.001 (between two groups).
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KO mice exhibited a lower level of p38 MAPK phosphorylation in
epithelia than WT mice and then recovered with the addition of
rmIL-17A. These data indicated that the recruitment of neutro-
phils induced by IL-17A is related to the p38 MAPK signaling
pathway. On the other hand, after administering the p38 MAPK
inhibitor SB-203580, we observed impaired neutrophil recruit-
ment as well as enhanced bacterial burden in MELF whether in
WT mice or IL-17A KO mice. This result suggested the existence
of an IL-17A-independent mechanism which activates the p38
MAPK signaling pathway to regulate neutrophil recruitment and
bacterial clearance. In addition, considering that ERK might also
be involved in the immune response, we measured the level of the
ERK signaling pathway after S. pneumoniae inoculation and found
its activation in both WT and IL-17A KO mice in comparison with
the control cohort, but we did not see a significant difference be-
tween the WT and IL-17A KO mice in three independent experi-
ments (data not shown). These results suggested that IL-17A is not
associated with the ERK signaling pathway. So it was possibly fac-
tors other than IL-17A, we estimated, that activated ERK signaling
in our S. pneumoniae AOM model.

To fight pathogen invasion, neutrophils induce the genera-
tion of reactive oxygen species (ROS) and release of cytotoxic
granule components into phagocytic vacuoles to kill phagocy-
tosed pathogens. Conversely, these phagocytosed pathogens
were shown to have an impact on neutrophil viability, e.g.,
apoptosis, autophagy, and survival (33). Apoptosis was first
described as a survival strategy of intracellular pathogens that
facilitates immune evasion (34, 35). However, recent studies
show that macrophage apoptosis is linked to microbial killing
(36), while abated macrophage apoptosis leads to a higher rate
of invasive pneumococcal disease (37). Additionally, in pneu-
mococcal pneumonia, the macrophage apoptosis induced by
TNF-related apoptosis-inducing ligand (TRAIL) was found to
directly participate in the killing of S. pneumoniae (38). Further-
more, caspase inhibition of macrophage apoptosis also weakens
bacterial killing of monocyte-derived macrophage (39). The neu-
trophil, a phagocyte with high mobility, responsively migrates to
the infected site to fight against microbial pathogens. Meanwhile,
it likely undergoes apoptosis after phagocytosis of microorgan-
isms (40). In accordance, our study observed the apoptosis of
neutrophils in the wake of phagocytosis of pathogens after S.
pneumoniae inoculation. Notably, neutrophil apoptosis in MELF
from IL-17A KO mice showed a remarkable decline before recov-
ery with the supplementation of IL-17A, suggesting that IL-17A
facilitates the process of neutrophil apoptosis. Thus, in short, IL-
17A, as the neutrophil-inducing factor, keeps recruiting neutro-
phils to the infected site as well as inducing the apoptosis of re-
cruited neutrophils to maintain the balance of the inflammatory
response. Additionally, we observed significantly increased bacte-
rial burden in MELF after administering Z-VAD-FMK (a general
caspase inhibitor), indicating the role of neutrophil apoptosis in
bacterial clearance. It is reported that p38 MAPK was preferen-
tially activated by cell stress-inducing signals (e.g., oxidative
stress) and involved in the proapoptotic pathway in response to
several stresses (41, 42). In consistency with the view that the p38
MAPK signaling pathway is related to neutrophil apoptosis, we
detected significantly reduced neutrophil apoptosis after admin-
istration of the p38 MAPK inhibitor SB-203580. The above data
indicated that IL-17A contributes to the S. pneumoniae clearance

in AOM by inducing the recruitment and apoptosis of neutrophils
through the p38 MAPK signaling pathway.

In conclusion, our study confirmed that IL-17A, as the first line
of the immune response, plays a significant role in the process of S.
pneumoniae clearance. Specifically, IL-17A promotes S. pneu-
moniae clearance by inducing the recruitment and apoptosis of
neutrophils through the p38 MAPK signaling pathway. At the
same time, we have noticed that IL-17A contributed to tissue
damage, and the study of its mechanism is undergoing. Further
studies focusing on the roles of IL-17A in AOM would increase
understanding of the pathogenesis of AOM-related diseases and
help in the development of effective therapeutic strategies.
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