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Streptococcus pneumoniae (the pneumococcus), a leading cause of bacterial disease, is most commonly carried in the human
nasopharynx. Colonization induces inflammation that promotes the organism’s growth and transmission. This inflammatory
response is dependent on intracellular sensing of bacterial components that access the cytosolic compartment via the pneumo-
coccal pore-forming toxin pneumolysin. In vitro, cytosolic access results in cell death that includes release of the proinflamma-
tory cytokine interleukin-1� (IL-1�). IL-1 family cytokines, including IL-1�, are secreted upon activation of inflammasomes,
although the role of this activation in the host immune response to pneumococcal carriage is unknown. Using a murine model of
pneumococcal nasopharyngeal colonization, we show that mice deficient in the interleukin-1 receptor type 1 (Il1r1�/�) have re-
duced numbers of neutrophils early after infection, fewer macrophages later in carriage, and prolonged bacterial colonization.
Moreover, intranasal administration of Il-1� promoted clearance. Macrophages are the effectors of clearance, and characteriza-
tion of macrophage chemokines in colonized mice revealed that Il1r1�/� mice have lower expression of the C-C motif chemo-
kine ligand 6 (CCL6), correlating with reduced macrophage recruitment to the nasopharynx. IL-1 family cytokines are known to
promote adaptive immunity; however, we observed no difference in the development of humoral or cellular immunity to pneu-
mococcal colonization between wild-type and Il1r1�/� mice. Our findings show that sensing of IL-1 cytokines during coloniza-
tion promotes inflammation without immunity, which may ultimately benefit the pneumococcus.

Streptococcus pneumoniae (the pneumococcus) is an opportu-
nistic bacterial pathogen that is responsible for over 1 million

deaths annually, mostly in children under the age of 5 years (1).
The pneumococcus serially colonizes the mucosal surfaces of the
human upper respiratory tract, and carriage of the organism pro-
vides the reservoir for all pneumococcal disease (2). Colonization
induces airway inflammation that is characterized by a suppura-
tive rhinitis and increased mucus secretion. These secretions pro-
mote bacterial growth (3), and inflammation is important for bac-
terial transmission in a viral coinfection model (4). Human
studies have demonstrated that higher bacterial burdens are cor-
related with a more profound rhinitis (5); however, as a result of
this inflammatory response, colonization is normally cleared by
the host’s immune system within several weeks (6).

A well-defined murine model of pneumococcal colonization
(7) has elucidated bacterial and host factors that are critical to
immune recognition of the pneumococcus, which drives the
eventual resolution of the carrier state. Although early coloniza-
tion triggers the recruitment of neutrophils, these are ineffective at
resolving the infection. Clearance of pneumococci from the upper
airway over a period of weeks requires a sustained presence of
macrophages in the nasopharynx (8). Although S. pneumoniae is
an extracellular pathogen, this macrophage influx is the result of
intracellular innate immune recognition by the cytosolic Nod-like
receptor 2 (Nod2) (9). Nod2 detects peptidoglycan (10, 11) that
accesses the macrophage cytosol via the pneumococcal pore-
forming toxin pneumolysin following phagocytosis and bacterial
degradation (12). Nod2 activation results in nuclear factor �B
(NF-�B) activation (13) and drives proinflammatory cytokine
production, including the C-C motif chemokine ligand 2 (CCL2),
which contributes to monocyte/macrophage-dependent pneu-
mococcal clearance (9). Cytosolic access, however, is a fatal event

for the host cell following bacterial uptake (12), although the type
of cell death that occurs and its contribution to the host immune
response remain unclear.

Our further in vitro studies show that macrophage death re-
sults in pneumolysin-dependent release of the proinflammatory
cytokine interleukin-1� (IL-1�), indicating activation of the in-
flammasome. Inflammasomes are multiprotein cytosolic com-
plexes that oligomerize through homotypic domain interactions
and are comprised of a sensor that detects bacterial stimuli and
adaptor proteins that recruit procaspase-1. This recruitment
drives caspase-1 enzymatic activation, which processes pro-IL-1�
and pro-interleukin-18 (pro-IL-18) into their mature forms and
results in a proinflammatory cell death known as “pyroptosis”
(14).

The role of inflammasome activation and the production of
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IL-1 family cytokines in pneumococcal disease has been charac-
terized (15–18); however, carriage rather than disease is the pre-
dominant state for pneumococci in the host. The contribution of
proinflammatory cell death to immunity against this extracellular
pathogen during colonization has not been determined. Here we
show that host sensing of IL-1 family cytokines in vivo is required
for the macrophage presence in the nasopharynx and clearance
of pneumococcal colonization. IL-1 cytokine production in re-
sponse to the pneumococcus contributes to inflammation in the
upper airway, without driving the eventual development of adap-
tive immune responses.

MATERIALS AND METHODS
Bacterial strains. A type 23F strain of Streptococcus pneumoniae, isolated
from an experimental human carriage study (6), or an isogenic strain
containing a full, in-frame deletion of the pneumolysin gene (pneumoly-
sin deficient), was grown overnight at 37°C on tryptic soy (TS) agar plates
containing 5% sheep blood (BD). Cultures were then inoculated into
broth TS and grown to mid-log phase (optical density at 620 nm [OD620]
of �0.5) at 37°C in a nonshaking water bath. Pneumococci were pelleted
by centrifugation at 14,000 rpm and resuspended in phosphate-buffered
saline (PBS).

Cell culture. Bone marrow was isolated from the tibiae and femurs of
C57BL/6 mice and differentiated into macrophages by being cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 30%
L929 enriched supernatant and 20% fetal bovine serum (FBS). Cells were
cultured at 37°C with 5% CO2 for 7 to 9 days. One day prior to infection,
macrophages were replated in DMEM supplemented with 15% L929 en-
riched supernatant and 10% FBS.

Macrophage infection and ELISA. Bone marrow-derived macro-
phages (BMMs) were seeded in a 48-well plate at a density of 2.5 � 105

cells/well. The next day, BMMs were primed with 400 ng/ml Pam3CSK4
for 4 h and infected with pneumococcal strains at a multiplicity of infec-
tion (MOI) of 10 for 2 h. The culture medium was then replaced with
DMEM containing 300 �g/ml gentamicin. At 24 h postinfection, super-
natants were harvested and assayed for the presence of IL-1� using the
Legend Max mouse IL-1� enzyme-linked immunosorbent assay (ELISA)
kit (BioLegend) per the manufacturer’s instructions.

Murine model of S. pneumoniae nasopharyngeal colonization.
C57BL/6 (wild type [WT]) and Tlr2�/� mice were obtained from The
Jackson Laboratory. IL-1 receptor type 1-deficient (Il-1r1�/�) mice (19)
were a generous gift from Sunny Shin (University of Pennsylvania). S.
pneumoniae cells (107 CFU in 10 �l PBS) were inoculated into the nares of
unanesthetized mice. Inocula were serially diluted in PBS and grown over-
night on TS agar plates to verify the dose. At the time points indicated in
the figures, the mice were sacrificed, and the trachea was cannulated and
lavaged with 200 �l PBS through the nares. The resulting lavage fluid was
plated in serial dilutions on TS agar plates, cultures were grown overnight
at 37°C in 5% CO2, and the following day the CFU were counted. For
intranasal administration of cytokine, WT mice colonized with a pneu-
molysin-deficient S. pneumoniae strain (20) received 100 or 200 ng of
recombinant IL-1� (eBioscience) resuspended in 10 �l PBS or 10 �l PBS
alone as a vehicle control every other day for 14 days. For secondary
challenge experiments, mice of the indicated genotype were colonized
with WT S. pneumoniae and allowed 8 weeks to clear colonization. They
were then recolonized with an isogenic strain containing a single point
mutation that confers resistance to streptomycin and that has no coloni-
zation defect (21, 22). All animal work was conducted in accordance with
the guidelines provided by National Science Foundation Animal Welfare
Requirements and the Public Health Service Policy on the Humane Care
and Use of Laboratory Animals. The protocol was approved by the Insti-
tutional Animal Care and Use Committee, University of Pennsylvania
Animal Welfare Assurance no. A3079-01, protocol no. 803231.

qRT-PCR. Quantitative reverse transcription-PCR (qRT-PCR) was
performed as follows. Following lavage with PBS, sacrificed mice were
lavaged with 600 �l RLT RNA lysis buffer (Qiagen) containing 10%
2-mercaptoethanol. Samples were stored at �80°C until RNA was iso-
lated using a QIAshredder kit (Qiagen) followed by an RNeasy minikit
(Qiagen) per the manufacturer’s protocol. cDNA was reverse transcribed
using a high-capacity cDNA kit (Applied Biosystems). Ten nanograms of
cDNA was used as a template in each reaction with 0.5 �M forward and
reverse primers and Power SYBR green (Applied Biosystems) per the
manufacturer’s protocol. Reactions were amplified with the StepOnePlus
real-time PCR system (Applied Biosystems), and comparisons were cal-
culated using the threshold cycle (��CT) method. The following primers
were used for amplification: GAPDH-F, 5=-AGG TCG GTG TGA ACG
GAT TTG-3=; GAPDH-R, 5=-TGT AGA CCA TGT AGT TGA GGT CA-
3=; IL-1A-F, 5=-GCA CCT TAC ACC TAC CAG AGT-3=; IL-1A-R, 5=-
TGC AGG TCA TTT AAC CAA GTG G-3=; IL-1B-F, 5=-GCA ACT GTT
CCT GAA CTC AAC T-3=; IL-1B-R, 5=-ATC TTT TGG GGT CCG TCA
ACT-3=; CCL2-F, 5=-AGC TCT CTC TTC CTC CAC CAC-3=; CCL2-R,
5=-CGT TAA CTG CAT CTG GCT GA-3=; CCL6-F, 5=-ATG AGA AAC
TCC AAG ACT GCC-3=; CCL6-R, 5=-TTA TTG GAG GGT TAT AGC
GAC G-3=; CCL7-F, 5=-GCT GCT TTC AGC ATC CAA GTG-3=; CCL7-R,
5=-CCA GGG ACA CCG ACT ACT G-3=; CCL8-F, 5=-TCT ACG CAG
TGC TTC TTT GCC-3=; CCL8-R, 5=-AAG GGG GAT CTT CAG CTT
TAG TA-3=; IL-17A-F, 5=-TTT AAC TCC CTT GGC GCA AAA-3=; and
IL-17A-R, 5=-CTT TCC CTC CGC ATT GAC AC-3=.

Flow cytometry. PBS lavage samples from 5 mice were pooled per
group, pelleted at 1,500 rpm for 10 min, and resuspended in PBS contain-
ing 1% bovine serum albumin (BSA). Samples were first blocked for 10
min in 1% BSA (Sigma-Aldrich) and then blocked again with a rat
anti-mouse Fc	III/II receptor antibody (BD). Cells were stained for 30
min at 4°C with a cocktail of the following rat anti-mouse antibodies:
CD4-fluorescein isothiocyanate (FITC) (BD), Ly6G-phycoerythrin
(PE) (BioLegend), Cd11b-peridinin chlorophyll protein (PerCP)
cy5.5 (BioLegend), and F4/80-allophycocyanin (APC) (eBioscience).

Quantification of anti-pneumococcal serum IgG. The wild-type 23F
strain used for colonization was grown to the mid-log phase in TS, pel-
leted, and resuspended in coating buffer (0.015 M Na2CO3, 0.035 M
NaHCO3 [pH 9.6]) to an OD620 of 0.1. Immulon 2HB 96-well plates
(Thermo) were coated with pneumococci by incubating 100 �l per well of
resuspension overnight at 4°C. Plates were blocked for 1 h at 37°C in 1%
BSA in PBS and washed with PBS containing 0.05% Brij-35 (Fisher).
Serum samples were serially diluted 2-fold and incubated overnight at
4°C. The plates were washed with 0.05% Brij-35 in PBS, and pneumococ-
cal-specific antibodies were detected by incubation with a goat anti-
mouse IgG alkaline phosphatase-conjugated antibody for 1.5 h at room
temperature. Plates were developed for 1 h at 37°C using phosphatase
substrate (Sigma) and read at 415 nm. Geometric mean titers (GMTs)
were calculated based on the sample dilution where absorbance was 0.1.

RESULTS
Pneumococcal infection results in IL-1 family cytokine expres-
sion in vitro and in vivo. We have previously reported that infec-
tion of macrophages with a type 23F strain of S. pneumoniae re-
sults in host cell death, subsequent to bacterial uptake and
pneumolysin-dependent cytosolic access of pneumococcal frag-
ments (12). To determine whether pneumolysin-dependent cyto-
solic access causes proinflammatory cytokine release upon in vitro
infection, we incubated bone marrow-derived macrophages
(BMMs) with the wild-type (WT) 23F isolate and 24 h later as-
sayed for the presence of IL-1� in the cell culture supernatants by
Western blotting. We observed the release of mature IL-1� by
BMMs infected with WT bacteria but not in the supernatants of
BMMs infected with an isogenic pneumolysin-deficient strain
(Fig. 1A). Furthermore, preincubation with cytochalasin D (CytD),
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an inhibitor of actin polymerization, reduced the amount of IL-1�
secreted, suggesting that proinflammatory cytokine production is
dependent on bacterial uptake. Quantification by enzyme-linked
immunosorbent assay (ELISA) showed that release of IL-1� by
BMMs was significantly reduced during infection with the pneu-
molysin-deficient strain and when phagocytosis was blocked by
CytD treatment (Fig. 1B). Additionally, enzymatic processing of
caspase-1 and production of its active p10 fragment correlated
with secretion of IL-1� (Fig. 1A). We observed no statistically
significant differences in levels of IL-1
 as measured by ELISA
under any of these infection conditions (data not shown). These
results show that following infection with a WT pneumococcal
strain, BMMs release the proinflammatory cytokine IL-1�, and
this is dependent on bacterial uptake and expression of the pneu-
mococcal pore-forming toxin.

To ascertain whether IL-1 family cytokines are expressed in
vivo during pneumococcal colonization, mice were intranasally
inoculated with the WT S. pneumoniae strain. Cytokine levels
could not be detected because the airway surface fluid is highly
diluted in lavages from the upper respiratory tract. Therefore, ly-
sates of the respiratory epithelium were obtained and quantitative
RT-PCR (qRT-PCR) was performed to assess Il1a (Fig. 2A) and
Il1b (Fig. 2B) gene expression. We observed that upon coloniza-

FIG 1 Pneumococcal infection results in IL-1� release in vitro. (A and B) Bone
marrow-derived macrophages (BMMs) were infected with wild-type (WT) or
pneumolysin-deficient (ply�) S. pneumoniae strains or left uninfected (Un).
Where indicated, BMMs were treated with 20 �M cytochalasin D (CytD) to
block phagocytosis. Supernatants were collected at 24 h postinfection. (A)
Western blot of supernatants for the presence of caspase-1 (Casp-1) and inter-
leukin-1 beta (IL-1�). BMMs primed with 0.5 �g/ml lipopolysaccharide (LPS)
and stimulated with ATP were used as a positive control (PC). Representative
images are shown. (B) Amounts of IL-1� in supernatants were quantified by
ELISA. Results are from 2 independent experiments. Error bars represent �
standard error of the mean (SEM). Significance was determined by one-way
analysis of variance (ANOVA) with Newman-Keuls posttest. ***, P � 0.001.

FIG 2 Expression of IL-1 cytokines is upregulated during S. pneumoniae col-
onization and is dependent on TLR2. (A and B) Wild-type (black bars) or
TLR2-deficient (Tlr2�/� [white bars]) mice were intranasally inoculated with
107 CFU of S. pneumoniae (Spn). At 14 days postcolonization, the upper re-
spiratory tracts were lavaged with RLT RNA lysis buffer. Gene expression
relative to PBS (mock)-inoculated mice was measured by quantitative RT-
PCR for Il1a (A) and Il1b (B). Results are from at least 2 independent experi-
ments (n  10 mice). Error bars represent � SEM. Significance was deter-
mined by the Mann-Whitney U test. *, P � 0.05; ***, P � 0.001. ns, not
significant.
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tion of WT mice with S. pneumoniae, Il1b (Fig. 2B) was signifi-
cantly upregulated compared to in mock-colonized mice. A much
smaller but significant increase in Il1a (Fig. 2A) expression was
observed. Inflammasome components, including pro-IL-1�, are
upregulated upon Toll-like receptor (TLR) signaling, and this
“priming” provides the first signal required for inflammasome
activation (23–25). Previous studies of inflammasome activation
and IL-1� release following pneumococcal infection in vitro have
characterized TLR2-dependent IL-1� secretion (26). To deter-
mine the role of TLR2 in the upregulation of Il1a and Il1b gene
transcripts during pneumococcal colonization, we inoculated
TLR2-deficient (Tlr2�/�) mice with WT S. pneumoniae, obtained
lysates of the epithelial tissue, and performed qRT-PCR to mea-
sure Il1a and Il1b transcription. We found that Tlr2�/� mice had
no significant upregulation of Il1a (Fig. 2A) or Il1b (Fig. 2B), dem-
onstrating that the increased expression of both genes in vivo is
dependent on TLR2.

Sensing of IL-1 cytokines is required for inflammation and
macrophage-driven bacterial clearance. The role of IL-1 sensing
in early events in pneumococcal colonization was investigated by
inoculating wild-type (WT) and IL-1 receptor-deficient (Il1r1�/�) mice
with S. pneumoniae and obtaining PBS lavage samples from the
upper respiratory tract at 3 days postinfection. We assessed bacte-
rial burden and host immune cell infiltrates by plating for colo-
nizing pneumococci and flow cytometry, respectively. We ob-
served no significant difference in bacterial numbers in the
nasopharynx (Fig. 3A); however, there were significantly lower
numbers of neutrophils in lavage samples from the Il1r1�/� mice
compared to those from WT mice (Fig. 3B; see Fig. S1 in the
supplemental material). Macrophage numbers were low, consis-
tent with previous studies (8, 9), and there was no difference be-
tween the two groups (Fig. 3C). These results suggest that Il1r1�/�

mice have a dampened early inflammatory response to S. pneu-
moniae colonization.

To address the role of IL-1 sensing in subsequent clearance of
colonization, WT and Il1r1�/� mice were inoculated with S. pneu-
moniae, and bacterial counts and cellular infiltrates were quanti-
fied at 14 days postinfection. We observed that WT mice had a
significantly lower bacterial load than at day 3 postinfection (Fig.
3A), indicating a partial clearance of pneumococcal colonization.
In contrast, Il1r1�/� mice had no difference in bacterial numbers
between days 3 and 14 postcolonization (Fig. 3A). Additionally, 2

FIG 3 Sensing of IL-1 family cytokines is important for bacterial clearance and
macrophage recruitment. (A to E) Wild-type (WT [black]) or IL-1 receptor-
deficient (Il1r1�/� [gray]) mice were intranasally inoculated with 107 CFU of
S. pneumoniae, and at the time points indicated, PBS lavages of the upper
respiratory tract were obtained. (A) Bacterial numbers of colonizing pneumo-
cocci were quantified by plating of nasal lavages. The dashed line indicates the

limit of detection. Results are from 2 to 4 independent experiments (n � 10
mice per group). Error bars represent � SEM. Significance was determined by
Kruskal-Wallis test with Dunn’s posttest. **, P � 0.01; ns, not significant. (B to
E) Cellular infiltrates in the nasal lavage samples from 5 mice were measured by
flow cytometry. Quantification of neutrophils (Ly6G�, CD11b�) and mono-
cytes/macrophages (F4/80�, CD11b�) after 3 (B and C) and 14 (D and E) days
of colonization is shown. The total events available for capture were used due
to the low cell counts that are commonly seen in nasal lavage samples. Results
are from 4 independent experiments. Error bars represent � SEM. Signifi-
cance was determined by Student’s t test or Mann-Whitney U test as appro-
priate. *, P � 0.05; ns, not significant. (F and G) WT (F) or Il1r1�/� (G) mice
were inoculated with 107 CFU of a pneumolysin-deficient S. pneumoniae strain
and intranasally administered recombinant IL-1� (open circles) or vehicle
control (PBS [closed circles]) every other day for 14 days. Nasal lavage samples
were obtained, and numbers of pneumococci were measured by plating serial
dilutions. The dashed line indicates the limit of detection. Results are from 2
experiments (n � 4 mice per group). Error bars represent � SEM. Significance
was determined by Kruskal-Wallis test with Dunn’s posttest or Student’s t test
as appropriate. *, P � 0.05; ns, not significant.
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weeks after inoculation there was a significantly higher bacterial
burden in the Il1r1�/� mice than in WT mice (Fig. 3A). There
were similar quantities of neutrophils present in the nasopharynx
(Fig. 3D) of WT and Il1r1�/� mice; however, the numbers of
macrophages, the effectors of pneumococcal clearance (8), were
significantly decreased in the Il1r1�/� group (Fig. 3E; see Fig. S1 in
the supplemental material). This attenuated clearance and de-
layed macrophage recruitment resemble previous findings in
Tlr2�/� mice and WT mice colonized with a pneumolysin-defi-
cient mutant (8, 27), both factors implicated in inflammasome
activation. From these findings, we conclude that sensing by the
IL-1 receptor is required for increased macrophage presence in the
nasopharynx and clearance of pneumococci.

The contribution of IL-1� to clearance of pneumococci from
the nasopharynx was assessed by administration of recombinant
cytokine after colonization with a pneumolysin-deficient S. pneu-
moniae strain, which was used to minimize endogenous produc-
tion of cytokine. Following the establishment of colonization, the
mice were intranasally dosed with a small (100 ng) or large (200
ng) amount of IL-1� every other day. At 14 days postinfection,
PBS lavage samples from the respiratory tract were obtained, and
bacterial quantity was measured. We observed a significant dose-
dependent decrease in bacterial numbers when mice received in-
tranasal IL-1� (Fig. 3F). Il1r1�/� mice that were similarly colo-
nized and received the high dose of IL-1� did not have any
significant decrease in bacterial burden (Fig. 3G). This suggests
that IL-1� is sufficient to promote clearance of pneumococcal
colonization.

Il1r1�/� mice have altered macrophage chemokine expres-
sion. Previous studies investigating clearance of pneumococcal
colonization have characterized an essential role for the host C-C
chemokine receptor type 2 (CCR2) in macrophage recruitment
and retention in the nasopharynx (9). CCR2 binds multiple li-

gands in the C-C motif chemokine family, which act as macro-
phage attractants (28). To assess the role of IL-1 sensing in mac-
rophage recruitment to the nasopharynx, we investigated the
expression of several CCR2 ligands during pneumococcal coloni-
zation. WT and Il1r1�/� mice were inoculated with S. pneu-
moniae, and at days 3 and 14 postcolonization, we obtained lysates
of the upper respiratory tract and determined chemokine expres-
sion by qRT-PCR. We observed a significant difference between
WT and Il1r1�/� mice in expression of Ccl6 at day 3 postinocula-
tion (Fig. 4A). At day 14 postinfection, when clearance had initi-
ated, Il1r1�/� mice still had significantly lower expression of Ccl6
than WT mice (Fig. 4B). These findings demonstrate that Il1r1�/�

mice have an altered macrophage chemokine profile characterized
by a reduction in Ccl6 expression, which correlates with lower
macrophage presence and delayed clearance.

Il1r1�/� mice do not have altered adaptive immunity to the
pneumococcus. Although there is a contribution of type-specific
antibody to protection induced by either vaccination or prior ex-
posure (29, 30), effective clearance of primary colonization re-
quires Th17-dependent cellular immunity rather than humoral
responses (8, 31). Il-1� is a known driver of Th17 responses (32),
which contribute to macrophage recruitment during colonization
(8). We investigated this potential role of IL-1 sensing in cell-
mediated immunity by comparing expression of Il17a in colo-
nized WT and Il1r1�/� mice by qRT-PCR. Expression of Il17a was
increased in colonized mice; however, we observed no significant
difference between WT and Il1r1�/� mice (Fig. 5A). To address a
possible effect on humoral immunity, we measured the geometric
mean titer (GMT) of whole anti-pneumococcal serum IgG from
colonized WT and Il1r1�/� mice. Both groups had detectable an-
tibody titers, although there was no significant difference in GMTs
(Fig. 5B). The development of adaptive immunity to the pneumo-
coccus was interrogated using a secondary challenge model. WT

FIG 4 Il1r1�/� mice have altered C-C chemokine profiles during S. pneumoniae colonization. (A and B) Wild-type (WT [black bars]) or IL-1 receptor-deficient
(Il1r1�/� [gray bars]) mice were inoculated with 107 CFU of S. pneumoniae. At 3 (A) and 14 (B) days postcolonization, RLT RNA lysis buffer lavage samples from
the upper respiratory tract were obtained, and gene expression of Ccl2, Ccl6, Ccl7, and Ccl8 was measured by quantitative RT-PCR. Values are relative to PBS
(mock)-inoculated mice. Results are from 2 to 4 independent experiments (n � 9 mice). Error bars represent � SEM. Significance was determined by
Mann-Whitney U test. *, P � 0.05; **, P � 0.01. ns, not significant.
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and Il1r1�/� mice were colonized with S. pneumoniae and allowed
to clear for a period of 8 weeks. The mice were then rechallenged
with a marked isogenic strain that could be distinguished from the
primary challenge strain, and at day 4 postcolonization, nasal la-
vage samples were obtained and bacterial quantity measured.
Compared to the bacterial burden observed at day 3 during pri-
mary colonization, WT mice had significantly lower CFU in the
nasopharynx upon secondary challenge (Fig. 5C). Similarly, the
Il1r1�/� mice also exhibited a significant drop in bacterial levels
upon secondary colonization of an immune host (Fig. 5C). To-
gether these data show that signaling through the IL-1 receptor
contributes to inflammation without impacting adaptive immune
responses to pneumococcal colonization.

DISCUSSION

Host defense against S. pneumoniae requires the activity of profes-
sional phagocytes, and previous studies have defined a critical role
for macrophages in the clearance of colonization (8). This macro-
phage presence in the nasopharynx is driven by sensing of pneu-

mococcal components that access the host cell cytosol through the
action of the pore-forming toxin pneumolysin (9, 12). Cytosolic
access results in death of the phagocytes that clear the organism;
however, this appears to result in proinflammatory cytokine pro-
duction, mediated by activation of the inflammasome, which fur-
ther contributes to sustaining the inflammatory response against
the colonizing pneumococci.

Pneumococcal strains have been reported to vary in their abil-
ity to activate inflammasome signaling (26); however, our obser-
vation that macrophages activate caspase-1 and secrete IL-1� fol-
lowing pneumococcal infection aligns with previous studies that
have reported similar findings in other cell types with different
pneumococcal strains (15–17). These investigations have demon-
strated a pneumolysin-dependent activation of both the NLRP3
(16, 17) and AIM2 (15) inflammasomes, which sense membrane
perturbations and cytosolic DNA, respectively. While recombi-
nant pneumolysin alone, presumably acting at the plasma mem-
brane, can activate the NLRP3 inflammasome (16), caspase-1
maturation and IL-1� secretion following infection with whole

FIG 5 Sensing of IL-1 does not alter adaptive immunity to the pneumococcus. (A and B) Wild-type (WT [black bars]) or IL-1 receptor-deficient (Il1r1�/� [gray
bars]) mice were intranasally colonized with S. pneumoniae (Spn) for 14 days. (A) RLT RNA lysis buffer lavage samples from the respiratory tract were obtained,
and expression of Il17a was measured by quantitative RT-PCR. Values are reported as fold change relative to PBS (mock)-inoculated mice. Significance was
determined by Student’s t test. ns, not significant. (B) Total anti-pneumococcal serum IgG levels were measured by ELISA. Values are expressed as geometric
mean titer (GMT). Significance was determined by Kruskal-Wallis test with Dunn’s posttest. ns, not significant. (C) WT (black circles) or Il1r1�/� (gray circles)
mice were inoculated with 107 CFU of S. pneumoniae. For primary (1°) colonization, mice were sacrificed at day 3 postcolonization, PBS nasal lavage samples were
obtained, and bacterial density was measured by plating. For secondary (2°) colonization, mice were allowed 8 weeks to clear the pneumococci and then
rechallenged with an isogenic S. pneumoniae strain distinguishable by antibiotic resistance. Nasal lavage samples were obtained at day 4 post-secondary
colonization, and bacterial density was quantified by plating. The dashed line indicates the limit of detection. Results are from 2 to 5 independent experiments
(n � 10 mice). Error bars represent � SEM. Significance was determined by the Kruskal-Wallis test with Dunn’s posttest. **, P � 0.01; ***, P � 0.001.
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bacteria require phagocytosis (15). This suggests that the virulence
activity of pneumolysin, which triggers inflammasome formation,
occurs at the phagosome membrane.

The NLRP3 receptor and ASC signaling adaptor protein have
both been implicated in defense against pneumococcal pneumo-
nia (15, 16) and corneal infection (17). However, nasopharyngeal
colonization is the most common pneumococcal-host interac-
tion, and until now the role of inflammasome-derived innate im-
mune signaling during carriage has not been addressed. While we
have defined a critical role for sensing by the IL-1 receptor during
S. pneumoniae colonization, the specific IL-1 receptor agonists
that contribute to bacterial clearance remain to be defined. Nev-
ertheless, IL-1� is highly expressed during colonization and is
sufficient to reduce S. pneumoniae density. Prolonged pneumo-
coccal carriage has been associated with increased expression of
immunosuppressive chemokines, such as transforming growth
factor beta (33), which complements our findings that a proin-
flammatory cytokine promotes bacterial clearance.

Our observation that sensing of IL-1 family cytokines contrib-
utes to inflammation in the nasopharynx following pneumococcal
colonization is consistent with previous reports that IL-1� and
IL-1 receptor signaling is important for host defense against dis-
ease states caused by other mucosal pathogens, including Staphy-
lococcus aureus (34) and group B Streptococcus (GBS) (35). Both of
these organisms trigger IL-1� secretion through toxin-dependent
activation of the inflammasome (36, 37), which drives neutrophil
activation and proinflammatory cytokine production that con-
trols infection (38, 39). The contribution of inflammasome sig-
naling during natural carriage of these organisms remains unex-
plored. Unlike S. aureus or GBS, neutrophil responses are
insufficient to clear S. pneumoniae during infection (8), and IL-1�
appears to contribute to the macrophage recruitment that pro-
motes reduction in bacterial burden. The requirement for IL-1
sensing in macrophage recruitment during bacterial infection is
less well understood; however, IL-1 sensing in the lung during
fungal infection is known to enhance expression of both neutro-
phil and macrophage chemokines (40). Macrophage presence
during pneumococcal colonization is dependent on host expres-
sion of CCR2, which binds multiple ligands. We observe that
Il1r1�/� mice have diminished macrophage numbers in the naso-
pharynx 2 weeks after pneumococcal colonization, which corre-
lates with significantly lower expression of Ccl6.

CCL6 is a C-C motif chemokine originally identified in murine
bone marrow (41). It acts as a macrophage chemoattractant (42)
and is highly expressed in, peripheral eosinophils and elicited
macrophages (42, 43), as well as lung tissue (44, 45) and epithelial
cells of the intestinal mucosa (46). The mRNA present in RLT lysis
lavage samples from the upper respiratory tract is predominantly
derived from epithelial cells of the mucosal barrier, suggesting that
these cells are a likely source of CCL6 during pneumococcal col-
onization. In addition to its chemokine functions, CCL6 may have
intrinsic antibacterial properties (46), and overexpression of
CCL6 in transgenic mice confers protection against bacterial sep-
sis (47). Multiple studies have observed that in contrast to CCL2,
which is expressed early during inflammation, CCL6 induction
occurs later and is sustained for several days to over a week (43,
48). These results, from a model of peritonitis, suggest that CCL2
acts in initial macrophage recruitment and that CCL6 sustains
macrophage presence. This raises the possibility that IL-1 cyto-
kines, generated as a result of proinflammatory macrophage death

during pneumococcal colonization, contribute to the chemokine
production that sustains macrophage presence throughout the
weeks required for bacterial clearance.

Previous studies have defined an important role for the intra-
cellular receptor Nod2 in innate immune defense against pneu-
mococci (9). However, in these studies, a minimal clearance defect
was observed in Nod2-deficient mice, although mice lacking both
Nod2 and TLR2 had a significantly higher bacterial burden at a
time point when WT mice had no bacterial carriage. Combined
with our observation that upregulation of IL-1 cytokines is depen-
dent on TLR2, this suggests that cytosolic access of pneumococcal
components triggers multiple innate immune sensing pathways,
both of which contribute to the orchestrated immune response
that clears colonization. Activation of multiple sensing pathways
may also be critical for controlling pneumococcal disease. Patients
deficient in myeloid differentiation primary response gene 88
(MyD88) or interleukin-1 receptor-associated kinase 4 (IRAK-4),
adaptor proteins for both TLRs and the IL-1 receptor, are acutely
susceptible to recurrent pneumococcal sepsis (49–53). However,
polymorphisms in TLRs alone do not correlate with significant
increases in S. pneumoniae disease (54), suggesting that sensing by
both TLRs and the IL-1 receptor may be critical for host defense.

Our findings that WT and Il1r1�/� mice do not differ in either
antibody titers or expression of Il17a during primary colonization
suggest that IL-1 sensing does not significantly contribute to the
development of adaptive immunity to S. pneumoniae; however, it
is also possible that these phenotypes are affected by the more
prolonged antigenic burden during primary colonization. Never-
theless we also observe that WT and Il1r1�/� mice have similar
responses to secondary colonization, demonstrating that the ab-
sence of IL-1 sensing does impact the dynamics of subsequent
colonization events.

Although pneumolysin-mediated cytosolic access triggers in-
nate immune responses that eventually clear S. pneumoniae, this
may still be to the benefit of the bacterium. Cytosolic access results
in the death of the phagocytes that clear the organism and gener-
ates IL-1 family cytokines that drive inflammation, an important
factor in both bacterial growth (3) and transmission (4). Sensing
of IL-1 cytokines, however, does not appear to contribute to the
development of an adaptive immune response, suggesting that
toxin expression and cytosolic access drive IL-1 cytokine-medi-
ated inflammation that benefits the organism without inducing
further immunity that is detrimental to its persistence.
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