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ABSTRACT Neutrophils contribute to lung injury in acute pneumococcal pneumo-
nia. The interleukin 17 receptor E (IL-17RE) is the functional receptor for the
epithelial-derived cytokine IL-17C, which is known to mediate innate immune func-
tions. The aim of this study was to investigate the contribution of IL-17RE/IL-17C to
pulmonary inflammation in a mouse model of acute Streptococcus pneumoniae
pneumonia. Numbers of neutrophils and the expression levels of the cytokine gran-
ulocyte colony-stimulating factor (G-CSF) and tumor necrosis factor alpha (TNF-«)
were decreased in lungs of IL-17RE-deficient (/l-17re=/~) mice infected with S. pneu-
moniae. Numbers of alveolar macrophages rapidly declined in both wild-type (WT)
and /I-17re=/~ mice and recovered 72 h after infection. There were no clear differ-
ences in the elimination of bacteria and numbers of blood granulocytes between in-
fected WT and II-17re=/~ mice. The fractions of granulocyte-monocyte progenitors
(GMPs) were significantly reduced in infected //-17re=/~ mice. Numbers of neutro-
phils were significantly reduced in lungs of mice deficient for IL-17C 24 h after infec-
tion with S. pneumoniae. These data indicate that the IL-17C/IL-17RE axis promotes
the recruitment of neutrophils without affecting the recovery of alveolar macro-
phages in the acute phase of S. pneumoniae lung infection.

KEYWORDS G-CSF, IL-17, IL-17C, IL-17RE, Streptococcus pneumoniae, host defense,
lung infection, neutrophils, pneumonia, sepsis

acterial lung infections still have high mortality and morbidity rates (1). Inmune

cells and also epithelial cells drive excessive lung inflammation during pneumonia
through the expression and release of inflammatory mediators, which culminate in the
accumulation of neutrophils in the lung. Recruited neutrophils contribute to lung
damage through different mechanisms, including the production of proteases and
reactive oxygen species (2, 3). Thus, dysregulated inflammation is a hallmark of severe
pneumonia and leads to tissue destruction, lung edema, and impaired pulmonary gas
exchange (1, 3).

The cytokine interleukin 17C (IL-17C) signals through the interleukin 17 receptors
IL-17RE and IL-17RA, with the latter receptor also serving as a functional receptor for
IL-17A/F. IL-17C is expressed by epithelial cells of different organs, such as the lung,
skin, and colon, whereas it is not detectable in peripheral blood mononuclear cells,
alveolar macrophages, and fibroblasts (4-7). IL-17RE is expressed by epithelial cells and
lymphocytes, such a Th17 cells (5, 7-10). IL-17 cytokines regulate the expression of
inflammatory mediators, including proneutrophilic chemokines, and antimicrobial pep-
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tides through transcription factors and the stabilization of mRNA transcripts (11). There
is evidence that IL-17C promotes the recruitment of neutrophils into the lung through
IL-17RE. Tissue culture studies showed that bacteria, viruses, and inflammatory cyto-
kines induce the expression of IL-17C in respiratory and alveolar epithelial cells and that
the knockdown of IL-17RE or IL-17C in respiratory epithelial cells decreases the expres-
sion of inflammatory cytokines, chemokines, and neutrophil chemotaxis in response to
viral and bacterial infection (6, 7, 10, 12-14). Moreover, administration of adenoviruses
expressing IL-17C and application of recombinant IL-17C result in the recruitment of
neutrophils into the lung (15, 16). We have shown that IL-17C promotes neutrophilic
lung inflammation during acute Pseudomonas aeruginosa pneumonia and inflammation-
induced recruitment of neutrophils into the microenvironment of lung tumors (6,
17, 18).

Streptococcus pneumoniae is a leading cause of community-acquired pneumonia
(CAP) which frequently requires hospitalization and admission to an intensive care unit
(19). Therefore, it is of interest to understand mechanisms that mediate tissue damag-
ing inflammation during pneumococcal pneumonia. Here, we investigated the function
of IL-17RE and IL-17C in a model of acute S. pneumoniae pneumonia. We show that
IL-17RE/IL-17C promote the rapid recruitment of neutrophils into the lung without
affecting the turnover of alveolar macrophages.

RESULTS

IL-17RE contributes to the recruitment of neutrophils during acute S. pneu-
moniae pneumonia. To study the role of IL-17RE in a model of experimental S.
pneumoniae pneumonia, we intranasally challenged wild-type (WT) and /I-17re~/~ mice
with ~5 X 10° CFU of the S. pneumoniae strain D39 or phosphate-buffered saline (PBS)
as a control. WT and /I-717re=~ mice eliminated the administered bacteria from the lung
to the same degree within the observation period of 72 h (Fig. 1A). Viable bacteria
could be detected in the blood from 2 of 10 WT mice and from 4 of 8 /ll-17re=/~ mice
72 h after infection.

Bacterial infection results in a rapid recruitment of neutrophils into the lung in
experimental studies (6, 20-22). Thus, we analyzed inflammatory cells in bronchoal-
veolar lavage (BAL) fluids of infected and sham-infected mice. Differential cell counting
showed that the numbers of inflammatory cells in BAL fluids were similar between
sham-infected WT and /I-17re=/~ mice (Fig. 1B to E). Infection with S. pneumoniae
resulted in significantly reduced numbers of total cells in BAL fluids of both WT and
II-17re=/~ mice at 4 h after infection. However, BAL cells were significantly increased in
infected WT mice compared to the levels in sham-infected mice at 24 and 72h
postinfection (Fig. 1B). Significantly increased numbers of BAL cells were also observed
in infected /I-17re=/— mice at 72 h postinfection compared to the level in sham-infected
mice. However, the total numbers of cells in BAL fluids of infected //-17re=/— mice were
significantly lower than the numbers of BAL cells found in infected WT mice at 24 and
72 h postinfection (Fig. 1B). Differential cell counting revealed that the differences in
the numbers of BAL cells between infected WT and /I-17re=/~ mice resulted from
decreased recruitment of neutrophils in /-17re=/~ mice (Fig. 1C). Numbers of neutro-
phils peaked at 24 h in both infected WT and /I-17re=/~ mice; however, they were
significantly decreased in /I-17re=’~ mice compared to the level in WT infected mice.
Numbers of macrophages significantly decreased at 4 and 24 h postinfection compared
to the numbers seen in sham-treated mice and recovered after 72 h without any
significant difference between levels in infected WT and /I-17re=’~ mice (Fig. 1D).
Numbers of lymphocytes differed between sham-treated mice and WT infected mice
only for the latest time point studied (Fig. 1E).

Figure 1F shows the representative histology of S. pneumoniae-infected lungs from
WT and /l-17re=’~ mice at 24 h postinfection. There was no significant difference in the
inflammatory scores between WT and //-17re=/~ mice (Fig. 1G). However, immunohis-
tochemical analysis for tumor necrosis factor alpha (TNF-«) (Fig. TH) of lungs infected
with S. pneumoniae for 24 h showed that numbers of cells staining positive for TNF-«
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FIG 1 Deficiency for II-17RE results in decreased recruitment of neutrophils during acute S. pneumoniae
pneumonia. WT and /I-17re=/~ mice were intranasally infected with S. pneumoniae (~5 X 10° CFU per
mouse) or treated with PBS as a control. Numbers of viable bacteria (CFU) were determined in BAL fluids
(A) at the indicated time points (hours). Numbers of total cells (B), neutrophils (C), macrophages (D), and
lymphocytes (E) were determined in cytospin preparations. Data are shown as the means * standard
deviations (n = 11 and 9 for sham-infected mice, n = 8 and 5 for 4-h-infected mice, n = 9 and 5 for
24-h-infected mice, n = 10 and 8 for 72-h-infected mice). Significant differences in results for infected
mice compared to those for the corresponding sham-infected mice are indicated as follows: +, P < 0.05;
++, P<0.01; +++, P<0.001. Significant differences in results for infected //-17re~/~ mice compared
to those for the corresponding infected WT mice are indicated as follows: *, P < 0.05; ***, P < 0.001. (F
to I) Representative lung histology (hematoxylin and eosin staining [H&E]), inflammatory score (n = 10
and 8 mice per group), representative immunohistochemistry of TNF-«, and quantification of TNF-a-
positive cells in lung parenchyma (n = 5 and 6 mice per group) of mice infected with S. pneumoniae for
24 h (scale bar, 200 um) were determined. Data are shown as the means =+ standard deviations. ***,
P < 0.001. HP, high-power field.

were significantly increased in WT mice compared to the level in /l-17re=/~ mice
(Fig. 11).

As the number of neutrophils in BAL fluids was the most prominent difference
between infected WT and /I-17re=/~ mice, we measured levels of cytokines known to
mediate the recruitment of neutrophils. Concentrations of granulocyte colony-
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FIG 2 IL-17RE promotes the expression of G-CSF during acute S. pneumoniae pneumonia. WT and /I-17re=/~ mice
were intranasally infected with S. pneumoniae (~5 X 106 CFU per mouse) or treated with PBS as a control.
Concentrations of G-CSF (A), KC (B), and MIP-2 (C) were measured in BAL fluids by ELISA at indicated time points
(hours). Data are shown as the means =+ standard deviations (n = 9 and 8 for sham-infected mice, n = 8 and 5 for
4-h-infected mice, n = 5 and 4 for 24-h-infected mice). Significant differences in results for infected mice compared
to those for the corresponding sham-infected mice are indicated as follows: +, P < 0.05; ++, P<0.01; +++,
P < 0.001.*, P < 0.05 for the difference between results for infected /I-17re=/— mice and those for infected WT mice
(*). (D) The expression levels of IL-17A, IL-17C, IL-17D, and IL-17RE in lung tissue of WT mice were measured by
gRT-PCR at 4 h postinfection. Data are shown as the means = standard deviations (n = 6 for sham-infected mice,
n=9 for 4-h infected mice). Significant differences in results for infected WT mice compared to those for
sham-infected mice are indicated as follows: +, P < 0.05; ++, P<0.01; +++, P <0.001.

stimulating factor (G-CSF) were significantly reduced in BAL fluids of infected /I-17re=/~
mice at 4 and 24 h after infection (Fig. 2A), whereas concentrations of keratinocyte-
derived chemokine (KC) and macrophage inflammatory protein 2 (MIP-2) were not
significantly affected by the IL-17RE deficiency (Fig. 2B and C). Concentrations of IL-17A
and IL-17F were below the detection limit of 15 pg/ml (data not shown). Quantitative
reverse transcription-PCR (qRT-PCR) with RNAs obtained from whole-lung tissue of WT
mice showed that the transcription levels of genes coding for IL-17A, IL-17C, IL-17D,
and IL-17RE were significantly increased at 4 h postinfection with S. pneumoniae
(Fig. 2D), whereas there was no increased expression of IL-17B, IL-17E, and IL-17F
detectable in infected mice at this time point (data not shown).

Deficiency for IL-17RE has a minor effect on the levels of blood granulocytes
and differentiation of hematopoietic cells. We next determined numbers of periph-
eral blood leukocytes of mice infected with S. pneumoniae for 24 h. Differential cell
counting showed that there was no significant difference in the numbers of granulo-
cytes, monocytes, and lymphocytes between infected and sham-infected WT and
II-17re=/~ mice (Fig. 3A). As cytokines such as G-CSF regulate hematopoiesis and the
mobilization of neutrophils, we further examined the differentiation of hematopoietic
cells via flow cytometry analysis. Administration of S. pneumoniae into the lungs of mice
resulted in significantly reduced fractions of hematopoietic stem and progenitor cells
(HSPCs) and common myeloid progenitors (CMPs) in WT and /I-17re=/~ mice (Fig. 3B
and Q). However, the fractions of granulocyte-monocyte progenitors (GMPs) and mes-
enchymal progenitor cells (MPCs) were significantly reduced only in infected II-17re="—
mice (Fig. 3D and E).

Deficiency for IL-17C contributes to the recruitment of neutrophils during
acute S. pneumoniae pneumonia. As IL-17RE has been described to be the functional
receptor for IL-17C (4, 5) we intranasally challenged WT and /I-17¢~/~ mice with 8 X 10°
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FIG 3 Evaluation of leukocytes and differentiation of hematopoietic cells during acute S. pneumoniae
pneumonia. WT and /I-17re=/— mice were intranasally infected with S. pneumoniae (~5 X 10° CFU per
mouse) or treated with PBS as a control. (A) Leukocytes were differentiated by light microscopy. (B to E)
Differentiation of hematopoietic cells was analyzed by flow cytometry analysis. Data are shown as the
means * standard deviations (n =4 to 6 per group). +, P < 0.05; ++, P <0.01, for a comparison of
results in infected mice to those of corresponding sham-infected mice.

CFU of S. pneumoniae and analyzed the mice after 24 h. There was no significant
difference in the numbers of bacteria recovered from the lung between WT and
II-17¢=/— mice (Fig. 4A). However, the deficiency for IL-17C resulted in significantly
reduced numbers of total cells and neutrophils in BAL fluids (Fig. 4B and C), while the
numbers of macrophages and lymphocytes were not markedly changed in WT and
II-17¢~/~ mice (Fig. 4D and E).

DISCUSSION

Tissue culture and mouse studies showed that epithelial-derived IL-17C mediates
the expression of cytokines and chemokines in response to infection with Gram-
negative bacteria and viruses, respectively, and the recruitment of neutrophils into the
lung through the receptor IL-17RE (6, 7, 10, 12, 13, 15-17). Whether or not IL-17RE/IL-
17C signaling plays a role during infection with Gram-positive bacteria is largely
unknown. Thus, we analyzed the function of the IL-17RE/IL-17C axis in a model of acute
pneumococcal pneumonia using mice deficient for IL-17RE and IL-17C.

Our main finding is that the IL-17RE/IL-17C axis promotes neutrophilic lung inflam-
mation induced by S. pneumoniae. The recruitment of neutrophils into the lung was
decreased in both IL-17RE- and IL-17C-deficient mice compared to the level in WT mice.
We further found that levels of the cytokine G-CSF were reduced in BAL fluids of
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FIG 4 IL-17C promotes the recruitment of neutrophils during acute S. pneumoniae pneumonia. WT and
II-17¢=/~ mice were intranasally infected with S. pneumoniae (~8 X 10 CFU per mouse). Numbers of
viable bacteria (CFU) were determined in BAL fluids (A). Numbers of total cells (B), neutrophils (C),
macrophages (D), and lymphocytes (E) were determined in cytospin preparations. Data are shown as the
means *+ standard deviations (n = 6 per group). **, P < 0.01, for a comparison of results in infected
1I-17re=/~ mice to those in infected WT mice.

IL-17RE-deficient mice. Previous studies showed that G-CSF expression is regulated by
IL-17C and mediates the recruitment and maintenance of neutrophils (5, 23-25). Thus,
IL-17RE-mediated expression of G-CSF could be one mechanism by which IL-17RE
contributes to the accumulation of neutrophils in the lung.

As described by other groups, numbers of alveolar macrophages declined within the
first 24 h and recovered until day 3 after infection with S. pneumoniae, likely through
the recruitment of monocytes from the bloodstream (20, 26, 27). In line with these
studies, we also observed a decrease in macrophages at 24 h postinfection and a
complete recovery of macrophage numbers at 72 h postinfection. However, in our
experiments, the turnover rates of macrophages were similar between infected WT and
IL-17RE- and IL-17C-deficient mice, indicating that the IL-17RE/IL-17C axis is not likely to
mediate the recruitment of monocytes from the bloodstream into the lung during
acute S. pneumonia lung infection.

As cytokines expressed in the lung, such as G-CSF, potentially regulate the matu-
ration and release of neutrophils in the bone marrow, we also asked whether IL-17RE
has a function in the regulation of the differentiation of hematopoietic cells and
numbers of blood neutrophils. Infection with S. pneumoniae resulted in reduced
percentages of GMPs in IL-17RE-deficient mice. However, there was no significant
difference in the numbers of blood neutrophils, monocytes, and lymphocytes between
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infected WT and IL-17RE-deficient mice. Thus, our data suggest that the IL-17RE/IL-17C
axis primarily acts locally in the lung and mediates the recruitment of neutrophils
during acute infection with S. pneumoniae.

Excessive neutrophilic inflammation contributes to the pathology of pneumococcal
pneumonia even though neutrophils are required for the elimination of S. pneumoniae
from the lung (2, 3). It is therefore of interest whether attenuation of neutrophilic
inflammation is a potential strategy to reduce lung damage during acute pneumococ-
cal pneumonia or whether it promotes bacterial outgrowth and invasion (2, 3, 22).
Indeed, mouse studies suggest that the reduction of neutrophil recruitment to a certain
degree does not impair the host defense during acute pneumococcal pneumonia. José
et al. showed that a PAR-1 antagonist attenuates the recruitment of neutrophils into the
lung as well as alveolar barrier disruption without impairing the host defense, whereas
systemic depletion of neutrophils resulted in bacterial outgrowth in mice intranasally
infected with S. pneumoniae strain D39 (22). There is also evidence that the IL-17-
mediated recruitment of neutrophils contributes to harmful lung inflammation during
pneumococcal pneumonia. Ritchie et al. showed that the deficiency for IL-17RA re-
sulted in significantly decreased numbers of BAL neutrophils and histological scores in
mice that were intranasally inoculated with the S. pneumoniae strains SRL1 and TIGR4,
respectively, without, however, markedly affecting the clearance of bacteria from the
lung (28). The finding of our study that deficiency for IL-17RE and IL-17C results in
reduced numbers of pulmonary neutrophils without impairing the clearance of S. pneu-
moniae from the lung is in line with the aforementioned studies and further supports the
hypothesis that excessive recruitment of neutrophils does not contribute to the host
defense during acute pneumococcal pneumonia. Of note, the deficiency for IL-17RA had a
stronger effect on the numbers of BAL neutrophils in the study by Ritchie et al. (more than
1 order of magnitude decrease in case of infection with TIGR4) than the deficiency of
IL-17RE in our study (55% = 15.2% decrease). This can be explained by the fact that IL-17RA
is the functional receptor for IL-17A and IL-17C and that the expression of both cytokines
is increased during acute S. pneumoniae lung infection (11, 28). Moreover, the deficiency for
IL-17RA was associated with reduced numbers of blood neutrophils and increased mortality
after infection with the invasive S. pneumoniae strain TIGR4, whereas IL-17RE deficiency did
not affect numbers of blood neutrophils in our infection model. This indicates that IL-17A
also has a systemic effect during acute S. pneumoniae infection, whereas the function of
IL-17C is more limited to the lung.

Infection with S. pneumoniae resulted in significantly increased pulmonary mRNA
expression of IL-17A, IL-17C, and IL-17D. This is in line with our finding that the
deficiency of IL-17RE only partially affected the pulmonary expression of G-CSF as well
as neutrophil numbers in the lung. As IL-17A has been shown to regulate the recruit-
ment of neutrophils into the lung and the numbers of blood neutrophils, as mentioned
above, the expression of G-CSF IL-17A also likely contributes to the neutrophilic
inflammation in our pneumonia model (28, 29).

In conclusion, our study demonstrates that the IL-17RE/IL-17C axis promotes the
recruitment of neutrophils into the lung during the early phase of pneumococcal
pneumonia without affecting the maintenance of alveolar macrophages and the
maturation and release of neutrophils from the bone marrow. As seen in other
experimental studies (22, 28), the attenuated neutrophilic inflammation did not impact
the host defense in the lung. Thus, therapeutic intervention resulting in decreased
neutrophilic lung inflammation without major systemic effects may be a strategy in the
treatment of acute pneumococcal pneumonia. The molecular mechanism(s)that deter-
mines how IL-17-RE contributes to the protection of the host from invasive infection
during pneumococcal pneumonia still needs to be identified.

MATERIALS AND METHODS

Mouse studies. All animal experiments were approved by the Landesamt fiir Soziales, Gesundheit
und Verbraucherschutz of the State of Saarland in accordance with the national guidelines for animal
treatment. IL-17C- and IL-17RE-deficient C57BL/6 mice were obtained from the Mutant Mouse Resource
and Research Center (MMRRC, Bethesda, MD, USA). S. pneumoniae strain D39 (serotype 2) bacteria were
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cultured in Todd Hewitt broth at 37°C for approximately 4 h, washed with PBS, and adjusted to an optical
density at 600 nm (ODg,,) of 0.5. Mice were infected with bacteria diluted in PBS at concentrations
indicated in the figure legends. Female mice, 8 to 10 weeks old, were slightly anesthetized (intraperito-
neal [i.p.] injection of 90 to 120 mg/kg of ketamine hydrochloride [Ketanest; Pfizer, Germany] and 10 to
12mg/kg of xylazine hydrochloride [Rompun; Bayer, Germany]) and infected intranasally with the
indicated numbers of viable cells of S. pneumoniae strain D39 as described previously (30). A bronchoal-
veolar lavage (BAL) was performed with PBS flushed three times through the cannulated trachea of
euthanized mice. CFU counts were determined by spreading appropriate dilutions of lung homogenates
or BAL fluids on agar plates and counting the number of colonies on the agar plates after 24 h of
incubation at 37°C. Neutrophils, macrophages, and lymphocytes in BAL fluids were differentiated after
DiffQuick staining by light microscopy.

Determination of inflammatory mediators and histology. Concentrations of cytokines were

determined by using enzyme-linked immunosorbent assays (ELISA) (R&D Systems, Germany). For our
immunohistochemical studies, lungs not subjected to BAL were fixed by instillation of 4% formalin under
a hydrostatic pressure of 30 cm of H,0, embedded in agarose, cut into regular slices, embedded in
paraffin, and stained (hematoxylin/eosin) as described previously (31). The inflammatory score was
calculated as described previously (6). Primary antibodies for TNF-a (Abcam, UK) were used for immu-
nohistochemistry analysis by a blinded investigator as described previously (32). Seven to 10 fields per
lung were evaluated for TNF-a-positive cells. Total RNA from lung tissue was isolated using TRIzol
reagent (Life Technologies, USA). Reverse transcription and real-time PCR were performed as described
previously (6, 33).

Bone marrow. Bone marrow cells were harvested from femurs and tibias by flushing the bone with

ice-cold PBS. Afterwards, debris was separated by using a 70-um-pore-size cell strainer. After lysis of red
blood cells, T million cells were incubated with a lineage marker antibody cocktail (BioLegend, USA). After
addition of the respective fluorescein isothiocyanate (FITC)-conjugated streptavidin antibodies, cells
were stained with the following antibodies: c-Kit (CD117) conjugated to allophycocyanin (APC), Sca-1
(Ly6A/E)-APC/Cy7, FCyR lll/ll-peridinin chlorophyll protein (PerCP)/Cy5.5, and CD34-phycoerythrin (PE)/
Cy7. Cells were immediately analyzed by flow cytometry (BD FACSCanto Il), and results were analyzed
using BD FACSDiva software.

Statistical analysis. Differences between groups were analyzed by one-way analysis of variance

(ANOVA) with a Tukey post hoc test or Student’s t test using Prism software (GraphPad Software, San
Diego, CA). Results were considered statistically significant at a P value of <0.05.
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