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Abstract
Infections are a common cause of infant mortality worldwide, especially due to Streptococ-
cus pneumoniae. Colonization is the prerequisite to invasive pneumococcal disease, and is

particularly frequent and prolonged in children, though the mechanisms underlying this sus-

ceptibility are unknown. We find that infant mice exhibit prolonged pneumococcal carriage,

and are delayed in recruiting macrophages, the effector cells of clearance, into the naso-

pharyngeal lumen. This lack of macrophage recruitment is paralleled by a failure to upregu-

late chemokine (C-C) motif ligand 2 (Ccl2 orMcp-1), a macrophage chemoattractant that is

required in adult mice to promote clearance. Baseline expression of Ccl2 and the related

chemokine Ccl7 is higher in the infant compared to the adult upper respiratory tract, and this

effect requires the infant microbiota. These results demonstrate that signals governing mac-

rophage recruitment are altered at baseline in infant mice, which prevents the development

of appropriate innate cell infiltration in response to pneumococcal colonization, delaying

clearance of pneumococcal carriage.

Author Summary

Infants are particularly susceptible to infections, though why is not well understood. One
important cause of infant mortality worldwide is infection with Streptococcus pneumoniae,
the pneumococcus. All pneumococcal disease begins with asymptomatic colonization of
the upper respiratory tract. Infants are also more likely to carry pneumococci, and on aver-
age each carriage event has a longer duration. Here, we used an infant mouse model of
pneumococcal colonization to study the mechanisms underlying delayed clearance of car-
riage. We found that infant mice were unable to recruit the effector cells of clearance, mac-
rophages, into the lumen of the upper airway, and that this delay was accompanied by an
inability to produce a macrophage chemoattractant in the nasopharynx. We attribute this
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defect to a dysregulation in the expression of these chemokines and show this effect results
from the commensal bacterial flora of infants. Our findings provide an explanation for
why infants are more susceptible to being colonized with and infected by pneumococci.

Introduction
Many infectious diseases target infants, although our understanding of the host factors that
contribute to the increased susceptibility of early childhood remains incomplete [1]. Prominent
among the causes of infection of the infant period is Streptococcus pneumoniae, the pneumo-
coccus. Despite effective antibiotics and vaccines, pneumococci are responsible for more than 1
million deaths annually, predominantly in the developing world [2]. Worldwide, this gram-
positive bacterium is a common cause of pneumonia at all ages. The spectrum of pneumococ-
cal disease ranges from local infections such as acute otitis media, acute rhinosinusitis and
pneumonia, to invasive infections including meningitis and sepsis. In all these diseases, the
pathogenic pneumococci initially disseminate from the nasopharynx, a single common site of
colonization and carriage [3,4].

Disease, however, represents an evolutionary dead-end for the pneumococcus, since trans-
mission to a new host occurs only via respiratory secretions from the reservoir of bacteria colo-
nizing the nasopharynx [5,6]. Clinical studies and experimental colonization in humans have
revealed that different pneumococcal serotypes can colonize repeatedly and concurrently. Each
carriage event is maintained for weeks to months before being cleared [3,7,8].

Pneumococcal colonization is particularly common in young children, with a peak preva-
lence of 55 percent in children 3 years old, declining to 8 percent of 10 year olds and an even
smaller proportion of adults [4,9]. Carriage is not only more frequent in children, but is also
prolonged. Multiple studies across 3 continents demonstrate a consistent 2-fold increase in the
duration of a given pneumococcal colonization event in children compared to adults [10–12].
The mechanism for delayed pneumococcal clearance by infants is not clear, however. One pro-
posed explanation for more efficient clearance with increasing age is the development of anti-
pneumococcal antibodies following clearance of pneumococcal carriage. These anticapsular
antibodies cannot be the sole mediator of acquired protection against pneumococci, however, as
pneumococcal disease decreases in childhood for all serotypes at a similar rate, a finding that
would not be expected if each serotype would need to be carried to generate type-specific antic-
apsular antibodies [13]. This analysis implies that non-serotype specific mechanisms are respon-
sible for the faster clearance of pneumococcal colonization that occurs with increasing age.

The molecular mechanisms underpinning pneumococcal clearance have been studied in an
adult mouse model that faithfully recapitulates multiple aspects of human carriage, including
the duration of carriage [14]. Clearance of colonization is independent of the acute inflamma-
tory response and neutrophil influx into the nasopharynx, and furthermore does not require
the development of anticapsular antibodies [15,16]. Rather, clearance depends on the recruit-
ment of macrophages into the airway lumen, a process that requires Th17 cell immunity and
the expression and sensing of the monocyte chemoattractant chemokine (C-C motif) ligand 2,
or CCL2 (MCP-1) [17–19]. Chemokine production and macrophage recruitment occur in
response to sensing by pattern recognition receptors TLR2 and Nod2, [18,19] as well as the
macrophage scavenger receptor MARCO [20]. It is unclear how these pathways that normally
lead to clearance of colonization from an adult host are absent or altered in infant mice.

Here, we show that infant mice are delayed in clearing pneumococcal colonization, and that
this prolonged carriage is accompanied by slower macrophage recruitment. We demonstrate
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that increased macrophage chemoattractant expression due to acquisition of the infant micro-
biota prevents the formation of a chemokine gradient, and that this lack of chemokine gradient
delays macrophage recruitment and pneumococcal clearance.

Results

Pneumococcal carriage is prolonged in infant mice
To determine whether pneumococcal carriage is prolonged in infant mice, adult (6 week old)
and infant (7 day old) mice were intranasally inoculated with a pneumococcal isolate that does
not cause systemic infection in mice (S1 Table) using a small volume and without anesthesia to
prevent aspiration into the lower respiratory tract. At different timepoints, bacterial density
was measured by plating nasal lavages. Adult mice started to clear colonization within a week
after bacterial challenge, and had fully cleared pneumococci from the nasopharynx by 21 days
postinoculation. By contrast, mice inoculated as infants maintained pneumococcal carriage for
>6 weeks, and only started to clear colonization at 21 days postinoculation (Fig 1A). Delayed
clearance in infant mice was not a strain-specific effect, as it was also seen with a clinical isolate
of a different pneumococcal serotype (Fig 1B). The effect of age at inoculation waned over
time, as seen by the gradual increase in clearance by 21 days postinoculation in mice inoculated
at 7, 14, 24 or 42 days old (Fig 1C). Half of all mice inoculated as infants had cleared coloniza-
tion by 45 days postinoculation, while half of all mice inoculated as adults cleared colonization
completely at approximately 18 days postinoculation.

Infant mice are impaired in macrophage recruitment during colonization
Since pneumococcal clearance in adults is dependent on the sustained presence of macro-
phages into the nasopharynx, [18] we examined whether macrophages infiltrated the airway
lumen of infant mice by using flow cytometry to quantify different cell populations in nasal
lavages. Macrophage influx into the nasopharynx was delayed in infant mice compared to
adults (Fig 2A). Inflammatory responses were not completely absent in infants, however, as the
neutrophil influx into the nasopharynx in the first week post-inoculation was equivalent
between adult and infant mice (Fig 2B). Myeloid cell maturation was not impaired in infant
mice, as myeloid cells present in the nasal lavages from adult and infant mice had the same
level of CD11b surface expression. (Fig 2C). Further evidence for a lack of age-related differ-
ence in macrophage maturation came from analysis of macrophages isolated from the perito-
neal cavity of adult and infant mice. These had equal expression of surface receptors MHC
class II, CD36 and MARCO, as well as the alternatively-activated macrophage polarization
transcript Rtnla (S1 Fig). Furthermore, infant and adult mice were equally capable of mounting
a humoral immune response to colonization, as measured by serum titers of antibodies specific
to the colonizing strain of pneumococci (Fig 2D). In adult mice, the pattern recognition recep-
tors Nod2 and TLR2 play redundant roles in macrophage recruitment and eventual clearance
following pneumococcal colonization [19]. The infant clearance defect was epistatic with these
pathways, as there was no additional delay in clearance of colonization in infant mice deficient
in these pattern recognition receptors, implying that the infant clearance defect was redundant
with these pathways (Fig 2E).

Infant mice do not form a gradient of CCL2 expression during
colonization
Previous work in adult mice demonstrated that induction of the monocyte/macrophage che-
moattractant protein CCL2 (MCP-1) during colonization temporally correlated with
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clearance and occurs in macrophages in culture following exposure to pneumococci [19].
Colonized infants, however, did not upregulate Ccl2 expression in the upper respiratory tract
relative to expression in mock infants, as measured by qRT-PCR on RNA isolated from nasal
lavages with RLT lysis buffer (Fig 3A). Due to the small volumes and dilution, it was not pos-
sible to reliably measure chemokine concentrations directly in lavage fluid. When directly
comparing Ccl2 expression in mock-infected adult and infant mice, baseline levels were sig-
nificantly higher in the infant URT than the adult (Fig 3A). As with other chemokines, a con-
centration gradient of CCL2 is required to attract macrophages [21]. The lack of induction of

Fig 1. Pneumococcal carriage is prolonged in infant mice. (A) Adult (6 weeks old) and infant (7d old) mice were inoculated with pneumococcal strain
P1121, and at the indicated number of days postinoculation (dpi), mice were sacrificed and nasal lavages obtained and plated to determine the load of
colonizing pneumococci. (B) Adult and infant mice were inoculated with pneumococcal strain TIGR4 (type 4). Mice were sacrificed at 21 dpi and nasal
lavages obtained and plated to determine the load of colonizing pneumococci. (C) Mice were inoculated with strain P1121 (type 23F) at different ages,
ranging from 7 to 42 days. At 21 dpi, mice were sacrificed and nasal lavages obtained and plated to measure bacterial density. Points in (A) represent mean
+/- SEM, with 5–18 mice per group. Horizontal lines indicate median values. Dotted lines indicate limit of detection. n.s. = not significant, ** = p < 0.01, *** =
p < 0.001.

doi:10.1371/journal.ppat.1005004.g001
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Fig 2. Infant mice are impaired in macrophage recruitment during colonization. (A-C) Adult (6 week old) and infant (7d old) mice were inoculated with
strain P1121 for the indicated number of days. Nasal lavages were obtained and fixed and stained for flow cytometry to identify macrophages (F4/80+,
CD11b-) and neutrophils (CD11b+, Ly6G+). CD11b surface expression was measured on myeloid cells and displayed as median fluorescence intensity.
Samples represent at least 10 mice per timepoint. (D) Serum was obtained from adult and infant mice colonized with pneumococci for 21 days, or mock-
colonized. Samples were analyzed by ELISA for the presence of antibodies specific to strain P1121. (E) Infant mice of the indicated genotype were colonized
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Ccl2 expression in infant mice during colonization suggested the concentration gradient of
this macrophage-attracting chemokine was insufficient. Serum CCL2 levels were also ele-
vated in infant mice compared to adults, potentially contributing to the failure to induce a
concentration gradient from low CCL2 levels systemically to high levels at the site of coloni-
zation (Fig 3B).

We next wanted to identify the source of increased baseline CCL2 in infant mice. Since mac-
rophages were not abundant in the nasal cavity, we turned to a distal site, the peritoneal cavity.
We examined macrophage-intrinsic CCL2 signaling by eliciting macrophages from the perito-
neal cavity with thioglycollate injection followed by peritoneal lavage 3 days later. Macrophages
were purified by adherence, RNA was harvested from cells, and qRT-PCR performed. Ccl2
expression was higher in infant macrophages than adults at baseline (Fig 3C). In the adult
nasopharynx, stimulation by pneumococcal colonization led to increased Ccl2 expression,
while Ccl2 expression in the infant nasopharynx did not increase above an already elevated
baseline (Fig 3A). Macrophage-intrinsic Ccl2 expression followed the same pattern. When
stimulated with bacterial lysates, adult peritoneal macrophages increased Ccl2 production,
while infant peritoneal macrophages maintained the same elevated level of Ccl2, without fur-
ther upregulation (Fig 3C). Therefore, cultured macrophages in isolation were sufficient to
recapitulate the same pattern of CCL2 expression and upregulation as found in the nasophar-
ynx. This tonic increase in Ccl2 production by infant systemic macrophages was accompanied
by a decrease in infant Ccr2 production (Fig 3D).

Baseline expression of the related macrophage chemoattractant Ccl7 (Fig 3E) and proin-
flammatory cytokine Il6 (Fig 3F) were also elevated in infants compared to adults. In contrast,
expression of the neutrophil chemoattractants Cxcl1 (Kc) and Cxcl2 (MIP2) was not elevated
in the infant nasopharynx (Fig 3G and 3H). Together these findings suggested an inflamed
state in the infant mucosa and that elevated serum and mucosal levels of macrophage chemoat-
tractants in infants compromise the generation of a concentration gradient leading to the
nasopharynx.

CCL2 overexpression increases macrophage recruitment and
pneumococcal clearance
To induce a concentration gradient of CCL2 in infant mice, we infected 4 day-old infant mice
with adeno-associated viral (AAV) vectors expressing GFP (mock/vector control) or murine
CCL2. Three days later, mice were colonized with pneumococci. At 7 and 21 days postinocula-
tion, mice were sacrificed, nasal lavages obtained and flow cytometry performed to assess the
macrophage influx into the nasopharyngeal lumen. CCL2 overexpression in the URT increased
the local gradient in CCL2 concentration, as mice infected with the CCL2-expressing vector
exhibited increased Ccl2 transcription (Fig 4A) and CCL2 levels (Fig 4B), while CCL2 concen-
tration in serum was unchanged (Fig 4C). CCL2 protein measurements in nasal lavage fluid
are an underestimate, since lavage fluid is at least a 67-fold dilution of the fluid lining the nasal
airway surface [22]. The impairment in macrophage recruitment in infant mice was partially
recovered by ectopic CCL2 overexpression (Fig 4D). We assessed whether partial macrophage
recruitment was sufficient to accelerate pneumococcal clearance by measuring colonization
density at 21 days postinoculation, and found a small but significant recovery of the infant
defect in clearance (Fig 4E).

at 7d of age. Mice were sacrificed at the indicated timepoints and nasal lavages obtained and plated to measure bacterial load. Data are represented as
mean +/- SEM. n.s. = not significant, * = p < 0.05, ** = p < 0.01.

doi:10.1371/journal.ppat.1005004.g002
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Fig 3. Infant mice do not form a gradient of CCL2 expression during colonization. (A) Adult (42d old)
and infant (7d old) mice were inoculated with PBS (mock) or pneumococci. At 3d post-inoculation, nasal
lavages were obtained with RLT lysis buffer, and RNA was isolated and reverse transcribed to cDNA.
qRT-PCRwas performed to measure relative expression of Ccl2. (B) Serum was obtained from adult and
infant mice, and ELISA used to measure CCL2 levels. (C-D) Peritoneal macrophages from adult and infant
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Depleting the microbiota limits infant Ccl2 expression and accelerates
pneumococcal clearance
We next sought to explain the elevated CCL2 expression in infants that was associated with
higher baseline Ccl2 expression in the URT, delayed macrophage recruitment and persistent
pneumococcal colonization. Among the changes infants experience during normal develop-
ment is the acquisition of a stable microbiota [23]. We examined whether the microbiota
contributed to C-C motif chemokine expression by treating the drinking water of mice with
antibiotics to deplete the flora. Adult mice were directly exposed to antibiotic-treated drink-
ing water, while infant mice were exposed indirectly by treating the water of the dams from
which the infants nursed. This indirect exposure was sufficient to decrease the commensal
flora of the infant upper respiratory tract (Fig 5A). The magnitude of the depletion of the
URT flora was consistent with the decrease in gut microbiota previously found in indirectly
exposed infants [24]. Antibiotic treatment had no effect on URT expression of Ccl2 in adults,
but decreased baseline infant Ccl2 expression to adult levels (Fig 5B). The microbiota was
also responsible for the elevated infant baseline levels of Ccl7 (Fig 5C). Limiting baseline C-C
motif chemokine expression in the URT of infants allowed for normal responses to pneumo-
coccal colonization, as macrophages were recruited into the nasopharynx of antibiotic-
treated infant mice following 7 days of pneumococcal colonization, unlike tap-water treated
mice (Fig 5D). Prior antibiotic treatment accelerated pneumococcal clearance, even 15 days
after antibiotics were discontinued (Fig 5E). Even though antibiotics were removed from the
drinking water starting 24 hrs before pneumococcal challenge in these experiments, it was
still possible that any residual antibiotics could have direct effects on pneumococcal density
in the nasopharynx. To exclude this possibility, we measured bacterial load at 7 days postin-
oculation, before the onset of clearance, and found no effect of antibiotics (Fig 5F). Nasopha-
ryngeal expression of Ccl2 was suppressed in germ-free infants compared to tap-water
treated infants, confirming the microbiota was responsible for tonically elevated Ccl2 expres-
sion in infants (Fig 5G).

Discussion
Pneumococcal colonization and disease are more common in children than adults, but the
mechanism underlying this predisposition has not been clear. Here, we demonstrated that an
infant mouse model of carriage recapitulates the human delay in pneumococcal clearance.
Using this model, we found that infant mice have delayed macrophage responses during colo-
nization, which correlated with a failure to upregulate CCL2 signaling. Infant mice had tonic
CCL2 production in the URT, indicating a compromised chemokine gradient. Reestablishing a
gradient by ectopic overexpression of CCL2 partially restored macrophage recruitment and
contributed to pneumococcal clearance. We found that the microbiota contributed to tonic
macrophage chemoattractant expression, as depleting the commensal flora lowered expression
of CCL2 and CCL7, restored normal macrophage responses and accelerated clearance of pneu-
mococcal colonization. This effect was apparent even 14 days after stopping antibiotic
treatment.

mice were lysed with RLT buffer and RNA isolated. qRT-PCRwas used to measure relative expression of
Ccl2 (C) andCcr2 (D). In (C), cultured macrophages were incubated overnight with PBS (Mock) or heat-killed
bacterial lysates (Stim) prior to lysis. (E-H) Uncolonized adult and infant mice were sacrificed, and nasal
lavages obtained with RLT lysis buffer. RNA was isolated and reverse-transcribed into cDNA. qRT-PCRwas
used to measure relative expression of Ccl7, (E) Il6, (F) Cxcl1, (G) andCxcl2 (H). Data are represented as
mean +/- SEM. n.s., not significant. * = p < 0.05, ** = p < 0.01, *** = p < 0.001.

doi:10.1371/journal.ppat.1005004.g003
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Fig 4. CCL2 overexpression increases macrophage recruitment and pneumococcal clearance. (A-C) Mice were inoculated with a control (GFP-
expressing) or a CCL2-expressing AAV5 vector at 4d of age, followed by pneumococcal colonization at 7d old. Seven and 21 days later, mice were sacrificed
and nasal lavages were obtained with RLT lysis buffer. (A) RNA was isolated and cDNA reverse-transcribed, followed by qRT-PCR to measure the relative
expression ofCcl2 in the upper respiratory tract, using primersCcl2ORF-F andCcl2ORF-R. ELISA was used to measure CCL2 protein levels in nasal lavage
(B) and serum (C) at 7 and 21 dpi. (D) Mice were inoculated with a control (GFP-expressing) or a CCL2-expressing AAV5 vector at 4d of age, followed by
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Higher pneumococcal loads in the infant nasopharynx have been previously reported, [25]
but prior work did not examine innate immune responses in vivo that could explain delayed
bacterial clearance, such as macrophage recruitment or expression of a CCL2 concentration
gradient. Another study found delayed pneumococcal clearance in elderly mice, which corre-
lated with decreased monocytic phagocyte recruitment and an increased inflammatory state at
baseline in elderly mice [26]. This study did not find a role for elevated CCL2 expression in
aged mice, however [26]. There is a growing understanding that overly exuberant inflamma-
tory responses can be found both early and late in life, both in humans and mice [27]. Our
observation of increased IL-6 expression in the infant URT is consistent with a more pro-
inflammatory milieu early in life. It would be important to determine whether alterations in
macrophage chemoattractant signaling are a consequence of this more generalized inflamma-
tory state.

We found tonically elevated CCL2 expression in the URT of infant mice, which was depen-
dent on the presence of the microbiota in infant mice. It was not clear whether the effect was
restricted to infants due to the recent acquisition, size or composition of the flora in infant
mice, or a unique response to the flora of the infant host. The mechanism by which the infant
URT responds to the presence or acquisition of the microbiota by increasing production of
CCL2, CCL7 and other inflammatory mediators remains unknown. Signaling events in the
URT could reflect sensing of the local airway flora, or of commensals at distal sites such as the
gut. The infant gut in mice is porous until weaning, [28] which could promote leakage of
microbial products outside the containment of the gut lumen into otherwise sterile sites. Con-
stitutive intestinal epithelial NF-κB activity is present in infant mice, and may be associated
with endotoxin tolerance [29]. The flora has been shown to systemically prime innate immune
responses in both adults [30] and newborns [24]. Our finding that CCL2 levels were elevated in
infant serum and in infant macrophages isolated from a sterile site without a local commensal
flora of its own, the peritoneal cavity, suggested a systemic effect of the flora on the proinflam-
matory environment of infants. Alternatively or additionally, sensing of microbial products
that stimulate inflammation in infants may occur locally at the site of commensal colonization.

We also found macrophage recruitment to the infant murine nasopharynx was delayed dur-
ing pneumococcal colonization. There is precedent for this pattern in humans as well, as the
number of macrophages recruited to the nasal lumen during URT infections increased with
age [31]. This effect, moreover, was independent of the number of prior infections [31]. CCL2
signaling in the human infant airway has not been studied, but there is some evidence for
altered CCL2 production. One study found that serum CCL2 levels in normal children were
higher than those found in normal adults, [32] consistent with our findings of elevated serum
CCL2 in infant mice.

Inducing a gradient of CCL2 by local overexpression in the infant URT partially rescued the
defect in macrophage recruitment. This partial recovery was associated with an increase in
clearance of pneumococcal colonization. The incomplete recovery may have been due to con-
tinued tonically elevated expression of a related macrophage chemoattractant, CCL7 (MCP-3).
This chemokine can also bind CCR2, the receptor for CCL2, and both it and CCL2 have addi-
tive functions in monocyte homeostasis and recruitment during infection [33,34]. In our study,
the microbiota stimulated tonically high expression of both CCL2 and CCL7 in the infant naso-
pharynx. Together, these data suggest that simultaneous overexpression of CCL7 in addition to

pneumococcal colonization at 7d of age. Seven days later, mice were sacrificed, nasal lavages obtained and flow cytometry used to measure macrophage
recruitment. (E) At 21d post-inoculation, nasal lavages were obtained and plated to measure the pneumococcal load in the nasopharynx. Data are
represented as mean +/- SEM. n.s., not significant. * = p < 0.05, *** = p < 0.001. Dotted line, limit of detection.

doi:10.1371/journal.ppat.1005004.g004
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Fig 5. Depleting the microbiota limits infantCcl2 expression and accelerates pneumococcal clearance. (A) Breeding pairs were placed on sterile
filtered tap water or water containing 5 antibiotics (Abx) for at least 5 days prior to giving birth, and continued until the infant mice were 10d old. Mice were
sacrificed, and nasal lavages obtained with PBS. DNA was isolated from lavage fluid, and qPCR used to measure the number of copies of 16S bacterial
ribosomal DNA. (B-C) Adult mice were maintained on sterile filtered tap water or water containing 5 antibiotics for at least 2 weeks. Breeding pairs were
provided water as above. Mice were sacrificed, and nasal lavages obtained with RLT lysis buffer. RNA was isolated and reverse-transcribed into cDNA, and
qRT-PCR used to measure relative expression ofCcl2 (B) andCcl7 (C) in the nasopharynx. (D) Infant mice were exposed to tap water or antibiotics as in the
previously described protocol. Treatments were continued until infant mice were 6d old, then all mice were given tap water to drink. 24 hrs later, mice were
inoculated with pneumococci. At 7 dpi, mice were sacrificed and nasal lavages fixed and stained for flow cytometry to measure the number of macrophages
present in the airway lumen. (E-F) Infant mice were treated as in (D). At 14d (E) and 7d (F) post-inoculation, mice were sacrificed. Nasal lavages were
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CCL2 and possibly other signals could lead to adult-like levels of macrophage recruitment,
potentially fully accelerating pneumococcal clearance. CCR2 expression was appropriately sup-
pressed considering the elevated CCL2 levels in infant macrophages, which indicated that the
infant defect in CCL2 signaling was not a failure to respond to the ligand.

Altered monocyte/macrophage trafficking and CCL2 signals could be particularly important
in mediating infant susceptibility to other infections, such as those with Listeria monocytogenes,
which require both CCL2 and recruited monocyte-derived cells for clearance [35]. Infections in
infancy are commonly caused by encapsulated bacteria, including opportunistic pathogens that
colonize the URT, like the pneumococcus [36]. The delayed clearance of colonization in infant
mice resembles tolerance, the failure to respond to an antigen. Elevated inflammatory pathways
that cannot be further upregulated could be a mechanism for such tolerance. As a result, the
mechanisms described here may reflect a general defect in infant innate immune responses and
extend beyond pneumococcal carriage to clearance of other mucosal agents.

Materials and Methods

Ethics statement
This study was conducted according to the guidelines outlined by the Public Health Service
Policy on the Humane Care and Use of Laboratory Animals. The protocol was approved by the
Institutional Animal Care and Use Committee, University of Pennsylvania Animal Welfare
Assurance Number A3079-01, protocol number 803231.

Mice
C57Bl/6 mice were obtained from Jackson Laboratory. Germ-free mice were bred and raised in
the Penn Gnotobiotic Mouse Facility at the University of Pennsylvania. Procedures were car-
ried out according to an animal protocol approved by the University of Pennsylvania IACUC.
For antibiotic treatment, tap water was supplemented with 0.5 g/L ampicillin (Sigma), neomy-
cin (Calbiochem), gentamicin (Invitrogen) and metronidazole (Sigma), as well as 0.25 g/L van-
comycin (Santa Cruz Biotechnology), then sterile-filtered. Water was changed every 4–5 days.
Mice were sacrificed by CO2 inhalation and cardiac puncture.

Bacterial strains and colonization
Pneumococcal strains used were the clinical isolates TIGR4 (capsule type 4), [37] P1547 (cap-
sule type 6A) and P1121 (capsule type 23F, which is avirulent when injected into the murine
bloodstream) [7]. For mouse colonization, pneumococci were grown in tryptic soy broth at
37°C until mid-log phase, then resuspended in sterile PBS. Mice were colonized with doses
shown to be sufficient to establish high density colonization, 2x103 CFU for infants and 1x107

CFU for adults [38]. Pilot experiments using the adult dose in both infants and adults showed
similar effects on clearance, macrophage recruitment and Ccl2 expression. Mice were sacrificed
at indicated timepoints, and nasal lavages obtained with 200 μL sterile PBS, as previously
described [19]. Lavages were diluted onto TS agar with catalase (5,000 U/plate) (Worthington
Biochemical) and 5 μg/mL neomycin added for quantitative culture overnight at 5% CO2.

obtained and plated on media containing neomycin and catalase to measure pneumococcal density in the URT. (G) Ccl2 expression was measured in the
nasopharynx of tap- or antibiotic-water exposed conventionally-reared (Conv), or germ-free infant mice. Data are represented as mean +/- SEM. Horizontal
lines indicate median values. n.s., not significant. * = p < 0.05, ** = p < 0.01, *** = p < 0.001.

doi:10.1371/journal.ppat.1005004.g005
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Flow cytometry
Nasal lavages were fixed in 2% paraformaldehyde, and then stained with antibodies to identify
macrophages and neutrophils: anti-Ly6G (clone 1A8), anti-CD11b and anti-F4/80. Samples
were run on a FACS Calibur instrument (Becton Dickinson) and analysis performed using
FlowJo software (Tree Star).

ELISA
For measurements of anti-pneumococcal antibody titers, pneumococcal strain P1121 was
grown and resuspended to an OD620 of 0.1 in coating buffer (0.015 M Na2CO3, 0.035 M
NaHCO3), then plated onto Immulon 2HB 96-well plates (Thermo) at 4°C overnight. Plates
were washed with 0.05% Brij in PBS, and blocked for 1 hr at 37°C in 1% BSA in PBS. After addi-
tional washes, serum samples were added in serial 2-fold dilutions (made in 1% BSA in PBS)
and incubated overnight at 4°C. Anti-pneumococcal antibodies were detected by incubating for
1.5 hrs at room temperature with an alkaline phosphatase-conjugated goat anti-mouse IgG anti-
body, followed by developing for 1 hr at 37°C with p-nitrophenyl phosphatase. Absorbance was
measured at 415 nm. The sample dilution at which the absorbance equaled 0.1 was used to cal-
culate the geometric mean titer. For measurements of CCL2 protein levels in serum and nasal
lavages, an ELISA kit was used according to the manufacturer’s protocol (eBioscience).

qRT-PCR
RNAwas obtained fromURT epithelium by lavage with RLT buffer (Qiagen) with 1% β-mercap-
toethanol, or from cultured peritoneal macrophages by lysing cells in RLT buffer with 1% β-mer-
captoethanol and frozen at -80°C until used. An RNeasy kit (Qiagen) was used to isolate RNA,
and cDNA reverse transcribed by the High-Capacity cDNA Reverse Transcription kit (Applied
Biosystems). qRT-PCR reactions were performed with Sybr Green (Applied Biosystems) with 10
ng cDNA and 0.5 μM primers. The ΔΔCT method was used to compare conditions. Primer
sequences were as follows: Gapdh-F 5’-AGG-TCG-GTG-TGA-ACG-GAT-TTG-3’; Gapdh-R 5’-
TGT-AGA-CCA-TGT-AGT-TGA-GGT-CA-3’; [39] Ccl2-F 50-AGC-TCT-CTC-TTC-CTC-
CAC-CAC-30; Ccl2-R: 50-CGT-TAA-CTG-CAT-CTG-GCT-GA-30; [19] Ccl7-F 5’-GCT-GCT-
TTC-AGC-ATC-CAA-GTG-3’; Ccl7-R 5’-CCA-GGG-ACA-CCG-ACT-ACT-G-3’; Il6-F 5’-
AGT-TGC-CTT-CTT-GGG-ACT-GA-3’; Il6-R 5’-TCC-ACG-ATT-TCC-CAG-AGA-AC-3’;
[40]; Cxcl1-F 5’-CTG-GGA-TTC-ACC-TCA-AGA-ACA-TC-3’; Cxcl1-R 5’-CAG-GGT-
CAA-GGC-AAG-CCT-C-3’; [41] Cxcl2-F 5’-CCA-CCA-ACC-ACC-AGG-CTA-C-3’; Cxcl2-R
5’-GCT-TCA-GGG-TCA-AGG-GCA-AA-3’; Ccl2ORF-F 5’-TTA-AAA-ACC-TGG-ATC-
GGA-ACC-AA-3’; Ccl2ORF-R 5’-GCA-TTA-GCT-TCA-GAT-TTA-CGG-GT-3’; Ccr2-F 5’-
GGT-CAT-GAT-CCC-TAT-GTG-G-3’; Ccr2-R 5’-CTG-GGC-ACC-TGA-TTT-AAA-
GG-3’ [42]

Peritoneal macrophages
Macrophages were obtained by injecting adult and infant mice with thioglycollate, followed 3
days later by peritoneal lavage with cold sterile PBS. Cells were spun down and resuspended in
DMEM + 10% FBS. Cells were counted and adjusted to equal concentrations, then plated on
24-well non-tissue culture treated plates. After 2 hrs to allow macrophages to adhere, wells
were washed 3 times and then media added back. Cells were used for RNA isolation after an
overnight incubation, with or without stimulation with heat-killed bacterial lysates (107 CFU
pneumococci in 100 microliters heated to 65°C for 30 min, with an aliquot plated to verify
complete killing).
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AAV
For overexpression, an AAV vector with the capsid from serotype AAV5 was used that
expressed the open reading frame of murine CCL2, or GFP for the vector control, under the
control of the chicken-beta actin promoter (Vector BioLabs, catalog # AAV-254826 for CCL2,
7006 for GFP). Vectors were concentrated to ~1013 GC/mL, and each mouse was inoculated
with 1011 GC of vector.

16S rDNA quantification
DNA was extracted from 100 μL nasal lavage samples using the ZR Soil Microbe DNAMini-
prep kit according to manufacturer’s instructions (Zymo Research). 16S rDNA copy number
was measured using qPCR with a standard curve with a Topo vector containing Escherichia
coli 16S rDNA (courtesy of Dr. Frederic Bushman). Reactions were performed using primers,
probe and conditions as previously described [43].

Statistical analysis
Comparisons were made using Prism software (Graphpad). Comparisons between groups for
colonization data were made by Mann-Whitney U-test or Kruskal-Wallis test with Dunn’s
posttest for two and three or more groups, respectively. All other comparisons were made by
unpaired t-test or 1-way ANOVA with Newman-Keuls posttest for two and three or more
groups, respectively.

Supporting Information
S1 Table. Strain P1121 is avirulent in infant mice. Seven day old mice were colonized intra-
nasally with 2x103 CFU pneumococci. Strains used were Type 23F, the strain P1121 used in
experiments in the main text and a capsule type that is avirulent in adult mice, and Type 6A, a
strain known to cause invasive infection in adult mice. Seven days later, mice were sacrificed,
and equivalent volumes of blood diluted onto TS agar with catalase and neomycin for quantita-
tive culture overnight at 5% CO2 for identification of pneumococci. Mice with any pneumococ-
cal colonies isolated from blood were considered bacteremic.
(PDF)

S1 Fig. Phenotypic characterization of adult and infant macrophages. Peritoneal macro-
phages were obtained from adult and infant mice. (A) Peritoneal macrophages were stained
with antibodies to identify and characterize live macrophages: anti-CD45, anti-CD11b, anti-
F4/80 and anti-MHCII. Samples were run on a FACS Canto instrument (Becton Dickinson)
and the median fluorescence intensity of MHCII in live macrophages graphed using FlowJo
software. (B-D) Peritoneal macrophages from adult and infant mice were counted and adjusted
to equal concentrations, then plated on 24-well non-tissue culture treated plates. After 2 hrs to
allow macrophages to adhere, wells were washed 3 times and media added back. After an over-
night incubation, cells were lysed in RLT lysis buffer, RNA obtained and qRT-PCR performed
to measure relative expression of surface scavenger receptors Cd36 (B) andMarco (C), as well
as the alternatively-activated macrophage-associated gene Retnla (D). Primer sequences were
as follows: Cd36-F 5’-GAG-CAA-CTG-GTG-GAT-GGT-TT-3’; Cd36-R 5’-GCA-GAA-T-
CA-AGG-GAG-AGC-AC-3’;Marco-F 5’-GGC-ACC-AAG-GGA-GAC-AAA-3’;Marco-R 5’-
TCC-CTT-CAT-GCC-CAT-GTC-3’; Retnla-F 5’-CCA-ATC-CAG-CTA-ACT-ATC-CCT-
CC-3’; Retnla-R 5’-ACC-CAG-TAG-CAG-TCA-TCC-CA-3’.
(PDF)

Delayed Pneumococcal Clearance in Infants

PLOS Pathogens | DOI:10.1371/journal.ppat.1005004 June 24, 2015 14 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.ppat.1005004.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.ppat.1005004.s002


Acknowledgments
We thank Masamitsu Kono and Tonia Zangari for technical assistance.

Author Contributions
Conceived and designed the experiments: SJS JNW. Performed the experiments: SJS ET. Ana-
lyzed the data: SJS ET JNW. Wrote the paper: SJS JNW.

References
1. Adkins B (2013) Neonatal immunology: responses to pathogenic microorganisms and epigenetics

reveal an “immunodiverse” developmental state. Immunol Res 57: 246–257. doi: 10.1007/s12026-
013-8439-2 PMID: 24214026

2. O'Brien KL, Wolfson LJ, Watt JP, Henkle E, Deloria-Knoll M, et al. (2009) Burden of disease caused by
Streptococcus pneumoniae in children younger than 5 years: global estimates. Lancet 374: 893–902.
doi: 10.1016/S0140-6736(09)61204-6 PMID: 19748398

3. Gray BM, Converse GM, Dillon HC (1980) Epidemiologic studies of Streptococcus pneumoniae in
infants: acquisition, carriage, and infection during the first 24 months of life. J Infect Dis 142: 923–933.
PMID: 7462701

4. Bogaert D, De Groot R, Hermans PWM (2004) Streptococcus pneumoniae colonisation: the key to
pneumococcal disease. Lancet Infect Dis 4: 144–154. doi: 10.1016/S1473-3099(04)00938-7 PMID:
14998500

5. Weiser JN (2009) The pneumococcus: why a commensal misbehaves. J Mol Med 88: 97–102. doi: 10.
1007/s00109-009-0557-x PMID: 19898768

6. Levine H, Zarka S, Dagan R, Sela T, Rozhavski V, et al. (2012) Transmission of Streptococcus pneu-
moniae in adults may occur through saliva. Epidemiol Infect 140: 561–565. doi: 10.1017/
S0950268811000884 PMID: 21676361

7. McCool TL, Cate TR, Moy G, Weiser JN (2002) The immune response to pneumococcal proteins dur-
ing experimental human carriage. J Exp Med 195: 359–365. PMID: 11828011

8. Sleeman KL, Griffiths D, Shackley F, Diggle L, Gupta S, et al. (2006) Capsular serotype-specific attack
rates and duration of carriage of Streptococcus pneumoniae in a population of children. J Infect Dis
194: 682–688. doi: 10.1086/505710 PMID: 16897668

9. Bogaert D, van Belkum A, Sluijter M, Luijendijk A, De Groot R, et al. (2004) Colonisation by Streptococ-
cus pneumoniae and Staphylococcus aureus in healthy children. Lancet 363: 1871–1872. doi: 10.
1016/S0140-6736(04)16357-5 PMID: 15183627

10. Turner P, Turner C, Jankhot A, Helen N, Lee SJ, et al. (2012) A longitudinal study of Streptococcus
pneumoniae carriage in a cohort of infants and their mothers on the Thailand-Myanmar border. PLoS
ONE 7: e38271. doi: 10.1371/journal.pone.0038271 PMID: 22693610

11. Darboe MK, Fulford AJ, Secka O, Prentice AM (2010) The dynamics of nasopharyngeal Streptococcus
pneumoniae carriage among rural Gambian mother-infant pairs. BMC Infect Dis 10: 195. doi: 10.1186/
1471-2334-10-195 PMID: 20602782

12. Högberg L, Geli P, Ringberg H, Melander E, Lipsitch M, et al. (2007) Age- and serogroup-related differ-
ences in observed durations of nasopharyngeal carriage of penicillin-resistant pneumococci. J Clin
Microbiol 45: 948–952. doi: 10.1128/JCM.01913-06 PMID: 17202280

13. Lipsitch M, Whitney CG, Zell E, Kaijalainen T, Dagan R, et al. (2005) Are anticapsular antibodies the pri-
mary mechanism of protection against invasive pneumococcal disease? PLoSMed 2: e15. doi: 10.
1371/journal.pmed.0020015 PMID: 15696204

14. Kadioglu A, Weiser JN, Paton JC, Andrew PW (2008) The role of Streptococcus pneumoniae virulence
factors in host respiratory colonization and disease. Nat Rev Micro 6: 288–301. doi: 10.1038/
nrmicro1871

15. McCool TL, Weiser JN (2004) Limited role of antibody in clearance of Streptococcus pneumoniae in a
murine model of colonization. Infect Immun 72: 5807–5813. doi: 10.1128/IAI.72.10.5807-5813.2004
PMID: 15385481

16. van Rossum AMC, Lysenko ES, Weiser JN (2005) Host and bacterial factors contributing to the clear-
ance of colonization by Streptococcus pneumoniae in a murine model. Infect Immun 73: 7718–7726.
doi: 10.1128/IAI.73.11.7718-7726.2005 PMID: 16239576

Delayed Pneumococcal Clearance in Infants

PLOS Pathogens | DOI:10.1371/journal.ppat.1005004 June 24, 2015 15 / 17

http://dx.doi.org/10.1007/s12026-013-8439-2
http://dx.doi.org/10.1007/s12026-013-8439-2
http://www.ncbi.nlm.nih.gov/pubmed/24214026
http://dx.doi.org/10.1016/S0140-6736(09)61204-6
http://www.ncbi.nlm.nih.gov/pubmed/19748398
http://www.ncbi.nlm.nih.gov/pubmed/7462701
http://dx.doi.org/10.1016/S1473-3099(04)00938-7
http://www.ncbi.nlm.nih.gov/pubmed/14998500
http://dx.doi.org/10.1007/s00109-009-0557-x
http://dx.doi.org/10.1007/s00109-009-0557-x
http://www.ncbi.nlm.nih.gov/pubmed/19898768
http://dx.doi.org/10.1017/S0950268811000884
http://dx.doi.org/10.1017/S0950268811000884
http://www.ncbi.nlm.nih.gov/pubmed/21676361
http://www.ncbi.nlm.nih.gov/pubmed/11828011
http://dx.doi.org/10.1086/505710
http://www.ncbi.nlm.nih.gov/pubmed/16897668
http://dx.doi.org/10.1016/S0140-6736(04)16357-5
http://dx.doi.org/10.1016/S0140-6736(04)16357-5
http://www.ncbi.nlm.nih.gov/pubmed/15183627
http://dx.doi.org/10.1371/journal.pone.0038271
http://www.ncbi.nlm.nih.gov/pubmed/22693610
http://dx.doi.org/10.1186/1471-2334-10-195
http://dx.doi.org/10.1186/1471-2334-10-195
http://www.ncbi.nlm.nih.gov/pubmed/20602782
http://dx.doi.org/10.1128/JCM.01913-06
http://www.ncbi.nlm.nih.gov/pubmed/17202280
http://dx.doi.org/10.1371/journal.pmed.0020015
http://dx.doi.org/10.1371/journal.pmed.0020015
http://www.ncbi.nlm.nih.gov/pubmed/15696204
http://dx.doi.org/10.1038/nrmicro1871
http://dx.doi.org/10.1038/nrmicro1871
http://dx.doi.org/10.1128/IAI.72.10.5807-5813.2004
http://www.ncbi.nlm.nih.gov/pubmed/15385481
http://dx.doi.org/10.1128/IAI.73.11.7718-7726.2005
http://www.ncbi.nlm.nih.gov/pubmed/16239576


17. Lu Y-J, Gross J, Bogaert D, Finn A, Bagrade L, et al. (2008) Interleukin-17A mediates acquired immu-
nity to pneumococcal colonization. PLoS Pathog 4: e1000159. doi: 10.1371/journal.ppat.1000159
PMID: 18802458

18. Zhang Z, Clarke TB, Weiser JN (2009) Cellular effectors mediating Th17-dependent clearance of pneu-
mococcal colonization in mice. J Clin Invest 119: 1899–1909. doi: 10.1172/JCI36731 PMID: 19509469

19. Davis KM, Nakamura S, Weiser JN (2011) Nod2 sensing of lysozyme-digested peptidoglycan pro-
motes macrophage recruitment and clearance of S. pneumoniae colonization in mice. J Clin Invest
121: 3666–3676. doi: 10.1172/JCI57761 PMID: 21841315

20. Dorrington MG, Roche AM, Chauvin SE, Tu Z, Mossman KL, et al. (2013) MARCO is required for
TLR2- and Nod2-mediated responses to Streptococcus pneumoniae and clearance of pneumococcal
colonization in the murine nasopharynx. J Immunol 190: 250–258. doi: 10.4049/jimmunol.1202113
PMID: 23197261

21. Rutledge BJ, Rayburn H, Rosenberg R, North RJ, Gladue RP, et al. (1995) High level monocyte che-
moattractant protein-1 expression in transgenic mice increases their susceptibility to intracellular patho-
gens. J Immunol 155: 4838–4843. PMID: 7594486

22. Siegel SJ, Roche AM, Weiser JN (2014) Influenza promotes pneumococcal growth during coinfection
by providing host sialylated substrates as a nutrient source. Cell Host Microbe 16: 55–67. doi: 10.1016/
j.chom.2014.06.005 PMID: 25011108

23. Renz H, Brandtzaeg P, Hornef M (2012) The impact of perinatal immune development on mucosal
homeostasis and chronic inflammation. Nat Rev Immunol 12: 9–23. doi: 10.1038/nri3112

24. Deshmukh HS, Liu Y, Menkiti OR, Mei J, Dai N, et al. (2014) The microbiota regulates neutrophil
homeostasis and host resistance to Escherichia coli K1 sepsis in neonatal mice. Nat Med 20: 524–
530. doi: 10.1038/nm.3542 PMID: 24747744

25. Bogaert D, Weinberger D, Thompson C, Lipsitch M, Malley R (2009) Impaired innate and adaptive
immunity to Streptococcus pneumoniae and its effect on colonization in an infant mouse model. Infect
Immun 77: 1613–1622. doi: 10.1128/IAI.00871-08 PMID: 19168741

26. Krone CL, Trzciński K, Zborowski T, Sanders EAM, Bogaert D (2013) Impaired innate mucosal immu-
nity in aged mice permits prolonged Streptococcus pneumoniae colonization. Infect Immun 81: 4615–
4625. doi: 10.1128/IAI.00618-13 PMID: 24082075

27. Kollmann TR, Levy O, Montgomery RR, Goriely S (2012) Innate immune function by Toll-like receptors:
distinct responses in newborns and the elderly. Immunity 37: 771–783. doi: 10.1016/j.immuni.2012.10.
014 PMID: 23159225

28. Stockinger S, Hornef MW, Chassin C (2011) Establishment of intestinal homeostasis during the neona-
tal period. Cell Mol Life Sci 68: 3699–3712. doi: 10.1007/s00018-011-0831-2 PMID: 21952827

29. Fulde M, Hornef MW (2014) Maturation of the enteric mucosal innate immune system during the post-
natal period. Immunol Rev 260: 21–34. doi: 10.1111/imr.12190 PMID: 24942679

30. Clarke TB, Davis KM, Lysenko ES, Zhou AY, Yu Y, et al. (2010) Recognition of peptidoglycan from the
microbiota by Nod1 enhances systemic innate immunity. Nat Med 16: 228–231. doi: 10.1038/nm.2087
PMID: 20081863

31. van Benten IJ, van Drunen CM, Koopman LP, van Middelkoop BC, HopWCJ, et al. (2005) Age- and
infection-related maturation of the nasal immune response in 0-2-year-old children. Allergy 60: 226–
232. doi: 10.1111/j.1398-9995.2005.00684.x PMID: 15647045

32. Dogliotti G, Galliera E, Licastro F, Corsi MM (2010) Age-related changes in plasma levels of BDNF in
Down syndrome patients. Immun Ageing 7: 2. doi: 10.1186/1742-4933-7-2 PMID: 20181009

33. Tsou C- L, Peters W, Si Y, Slaymaker S, Aslanian AM, et al. (2007) Critical roles for CCR2 and MCP-3
in monocyte mobilization from bone marrow and recruitment to inflammatory sites. J Clin Invest 117:
902–909. doi: 10.1172/JCI29919 PMID: 17364026

34. Jia T, Serbina NV, Brandl K, Zhong MX, Leiner IM, et al. (2008) Additive roles for MCP-1 and MCP-3 in
CCR2-mediated recruitment of inflammatory monocytes during Listeria monocytogenes infection. J
Immunol 180: 6846–6853. PMID: 18453605

35. Serbina NV, Shi C, Pamer EG (2012) Monocyte-mediated immune defense against murine Listeria
monocytogenes infection. Adv Immunol 113: 119–134. doi: 10.1016/B978-0-12-394590-7.00003-8
PMID: 22244581

36. Walker CLF, Rudan I, Liu L, Nair H, Theodoratou E, et al. (2013) Global burden of childhood pneumonia
and diarrhoea. Lancet 381: 1405–1416. doi: 10.1016/S0140-6736(13)60222-6 PMID: 23582727

37. Tettelin H, Nelson KE, Paulsen IT, Eisen JA, Read TD, et al. (2001) Complete genome sequence of a
virulent isolate of Streptococcus pneumoniae. Science 293: 498–506. doi: 10.1126/science.1061217
PMID: 11463916

Delayed Pneumococcal Clearance in Infants

PLOS Pathogens | DOI:10.1371/journal.ppat.1005004 June 24, 2015 16 / 17

http://dx.doi.org/10.1371/journal.ppat.1000159
http://www.ncbi.nlm.nih.gov/pubmed/18802458
http://dx.doi.org/10.1172/JCI36731
http://www.ncbi.nlm.nih.gov/pubmed/19509469
http://dx.doi.org/10.1172/JCI57761
http://www.ncbi.nlm.nih.gov/pubmed/21841315
http://dx.doi.org/10.4049/jimmunol.1202113
http://www.ncbi.nlm.nih.gov/pubmed/23197261
http://www.ncbi.nlm.nih.gov/pubmed/7594486
http://dx.doi.org/10.1016/j.chom.2014.06.005
http://dx.doi.org/10.1016/j.chom.2014.06.005
http://www.ncbi.nlm.nih.gov/pubmed/25011108
http://dx.doi.org/10.1038/nri3112
http://dx.doi.org/10.1038/nm.3542
http://www.ncbi.nlm.nih.gov/pubmed/24747744
http://dx.doi.org/10.1128/IAI.00871-08
http://www.ncbi.nlm.nih.gov/pubmed/19168741
http://dx.doi.org/10.1128/IAI.00618-13
http://www.ncbi.nlm.nih.gov/pubmed/24082075
http://dx.doi.org/10.1016/j.immuni.2012.10.014
http://dx.doi.org/10.1016/j.immuni.2012.10.014
http://www.ncbi.nlm.nih.gov/pubmed/23159225
http://dx.doi.org/10.1007/s00018-011-0831-2
http://www.ncbi.nlm.nih.gov/pubmed/21952827
http://dx.doi.org/10.1111/imr.12190
http://www.ncbi.nlm.nih.gov/pubmed/24942679
http://dx.doi.org/10.1038/nm.2087
http://www.ncbi.nlm.nih.gov/pubmed/20081863
http://dx.doi.org/10.1111/j.1398-9995.2005.00684.x
http://www.ncbi.nlm.nih.gov/pubmed/15647045
http://dx.doi.org/10.1186/1742-4933-7-2
http://www.ncbi.nlm.nih.gov/pubmed/20181009
http://dx.doi.org/10.1172/JCI29919
http://www.ncbi.nlm.nih.gov/pubmed/17364026
http://www.ncbi.nlm.nih.gov/pubmed/18453605
http://dx.doi.org/10.1016/B978-0-12-394590-7.00003-8
http://www.ncbi.nlm.nih.gov/pubmed/22244581
http://dx.doi.org/10.1016/S0140-6736(13)60222-6
http://www.ncbi.nlm.nih.gov/pubmed/23582727
http://dx.doi.org/10.1126/science.1061217
http://www.ncbi.nlm.nih.gov/pubmed/11463916


38. Richard AL, Siegel SJ, Erikson J, Weiser JN (2014) TLR2 Signaling Decreases Transmission of Strep-
tococcus pneumoniae by Limiting Bacterial Shedding in an Infant Mouse Influenza A Co-infection
Model. PLoS Pathog 10: e1004339. doi: 10.1371/journal.ppat.1004339 PMID: 25166617

39. Beisswenger C, Lysenko ES, Weiser JN (2009) Early bacterial colonization induces toll-like receptor-
dependent transforming growth factor beta signaling in the epithelium. Infect Immun 77: 2212–2220.
doi: 10.1128/IAI.01224-08 PMID: 19255194

40. Hildebrand DG, Alexander E, Hörber S, Lehle S, Obermayer K, et al. (2013) IκBζ is a transcriptional key
regulator of CCL2/MCP-1. J Immunol 190: 4812–4820. doi: 10.4049/jimmunol.1300089 PMID:
23547114

41. Wang X, Seed B (2003) A PCR primer bank for quantitative gene expression analysis. Nucleic Acids
Res 31: e154. PMID: 14654707

42. Fife BT, Huffnagle GB, Kuziel WA, KarpusWJ (2000) CC chemokine receptor 2 is critical for induction
of experimental autoimmune encephalomyelitis. J Exp Med 192: 899–905. PMID: 10993920

43. Hill DA, Siracusa MC, Abt MC, Kim BS, Kobuley D, et al. (2012) Commensal bacteria-derived signals
regulate basophil hematopoiesis and allergic inflammation. Nat Med 18: 538–546. doi: 10.1038/nm.
2657 PMID: 22447074

Delayed Pneumococcal Clearance in Infants

PLOS Pathogens | DOI:10.1371/journal.ppat.1005004 June 24, 2015 17 / 17

http://dx.doi.org/10.1371/journal.ppat.1004339
http://www.ncbi.nlm.nih.gov/pubmed/25166617
http://dx.doi.org/10.1128/IAI.01224-08
http://www.ncbi.nlm.nih.gov/pubmed/19255194
http://dx.doi.org/10.4049/jimmunol.1300089
http://www.ncbi.nlm.nih.gov/pubmed/23547114
http://www.ncbi.nlm.nih.gov/pubmed/14654707
http://www.ncbi.nlm.nih.gov/pubmed/10993920
http://dx.doi.org/10.1038/nm.2657
http://dx.doi.org/10.1038/nm.2657
http://www.ncbi.nlm.nih.gov/pubmed/22447074

