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Streptococcus pneumoniae colonization and invasive disease peak around the third and first birthdays, respectively,
and decline thereafter. While these declines are attributable in part to immunity acquired via natural exposure,
maturation of innate immune responses may also be involved. A mucosally administered candidate whole-cell
pneumococcal vaccine (WCV) containing killed pneumococcal antigen (WCA) plus a cholera toxin adjuvant protects
against intranasal carriage of pneumococci by a mechanism that is antibody independent and CD4* TH17 cell
dependent. Because infants and children are a key target population for this vaccine, we sought to evaluate the
immune responses of neonatal and infant mice to S. prneumoniae and to assess whether the WCV would be effective
in these mice. Like human infants, infant mice showed impaired clearance of nasopharyngeal colonization with S.
pneumoniae. Macrophages from neonatal and infant mice stimulated with Kkilled pneumococci in vitro showed
significantly reduced cytokine production, including that of KC, granulocyte colony-stimulating factor, granulocyte-
macrophage colony-stimulating factor, macrophage chemoattractant protein 1, interleukin-6 (IL-6), IL-1c, tumor
necrosis factor alpha, and gamma interferon, whereas IL-10 expression was significantly increased compared to that
in macrophages from adult mice. IL-17A production from adult immune CD4™ T cells was significantly delayed
when neonatal macrophages instead of adult macrophages were used as antigen-presenting cells. Moreover, whole
blood from mice immunized as neonates with WCV produced significantly less IL-17A after stimulation with WCA
than did blood from mice immunized as adults. Nonetheless, a single immunization of neonatal mice with WCV
significantly reduced colonization density. Overall, our data suggest an impairment of both innate and acquired
cellular immune responses in neonatal and infant mice. However, WCV confers a significant reduction in coloni-
zation following pneumococcal challenge, suggesting that it may still be effective in the setting of immature immune

responses.

The incidence of pneumococcal disease in unvaccinated hu-
mans peaks around the first birthday and declines rapidly there-
after, while the prevalence and duration of pneumococcal colo-
nization also decline over the course of childhood (5, 14). At least
three mechanisms may play a role in this decline. First, acquired
immunity to pneumococci has traditionally been attributed to the
acquisition of anticapsular antibodies that protect against individ-
ual capsular serotypes. There is evidence for the role of anticap-
sular antibodies in naturally acquired protection against some,
though not all, serotypes (11, 13, 42). Second, acquisition of spe-
cific immune responses targeting conserved, noncapsular antigens
(18, 28, 45, 46) may also play a role. We and others have docu-
mented the acquisition of antigen-specific, serotype- and anti-
body-independent immunity to pneumococcal carriage in mice
through a mechanism that depends on the TH17 subset of CD4 ™"
T cells (23, 26, 28, 37, 38, 40). Such a mechanism, possibly in
combination with antibody responses to noncapsular antigens (25,
34), could serve as an explanation for the decline in pneumococ-
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cal disease and carriage with age. Third, the physiologic matura-
tion of the immune response with age, independent of exposure,
may play a role. The importance of the last two mechanisms
(rather than anticapsular acquired immunity alone) is suggested
by (i) the timing of protection, which appears before anticapsular
antibody responses can be detected in most unimmunized chil-
dren; and (ii) the simultaneity of declines in carriage and disease
for many serotypes, which would be unlikely if separate antibody
responses were required for protection against each serotype (1,
21). In the current study, we evaluate the third hypothesis, that
the immune system matures with age and becomes increasingly
capable of mounting both innate and acquired immune responses
to pneumococci, thereby leading to reduced susceptibility to
carriage.

We have been studying a killed unencapsulated pneumococ-
cal whole-cell antigen (WCA) plus cholera toxin (CT) as an
adjuvant (together referred to as a whole-cell vaccine [WCV])
for mucosal immunization against pneumococcal colonization
and invasive disease. Because the target population of this
vaccine is infants, it is important to determine whether this
vaccine can confer protection following a single dose in in-
fancy, especially because invasive pneumococcal disease in de-
veloping countries is observed at even younger ages than that
in developed countries (32).
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Maturation of innate immune responses may play a role in
an enhanced ability to mount acquired, antigen-specific re-
sponses, because many innate immune components are also
involved in the induction of acquired immunity. Previous stud-
ies have indicated that an adaptive immune response to whole
bacteria is greatly enhanced by the “cargo” effect, the presence
of endogenous Toll-like receptor (TLR) agonists that are in-
cluded within the bacteria, and that the generation of peptide-
major histocompatibility complex class II (MHC II) complexes
is controlled by these TLRs (4). Furthermore, a recent study
showed that the generation of an interleukin-17A (IL-17A)
response is also dependent on TLR signaling (10).

Recent studies with infant mouse macrophages and den-
dritic cells have revealed an impaired cytokine response fol-
lowing stimulation with the TLR agonists lipopolysaccharide
(LPS) (TLR4) and heat-killed Listeria monocytogenes (TLR2).
Specifically, IL-1 and IL-6 cytokine responses, known to con-
tribute to adaptive immunity, are impaired, while the inhibi-
tory cytokine IL-10 is increased in infant cells, resulting in an
inability of neonatal mouse macrophages to stimulate an ade-
quate B-cell response (7, 8).

For these reasons, we wished to evaluate both the innate and
acquired immune responses of neonatal mice to pneumococcal
antigens. In the following studies, we show that similar to what is
observed in humans, the clearance of pneumococcal carriage in
infant mice is significantly impaired compared to that in adult
mice. Consistent with this finding, the cytokine response of neo-
natal macrophages is significantly reduced upon stimulation with
WCA. Finally, we compare both the cellular and humoral ac-
quired responses of neonatal and adult mice to a single intranasal
immunization with WCV and observe the effect of this immuni-
zation on subsequent pneumococcal carriage.

(This work was presented in part at the 6th International
Symposium on Pneumococci and Pneumococcal Diseases,
Reykjavik, Iceland, 8 to 12 June 2008.)

MATERIALS AND METHODS

Mice. C57BL/6 mice were obtained from the Jackson Laboratory (Bar Harbor,
ME) or from Harlan (Indianapolis, IN). For the purposes of the studies de-
scribed below, we defined 6- to 8-day-old mice as neonates, 14-day-old mice as
infants, and 5- to 6-week-old mice as adults.

Reagents. Pneumococcal strain RXIAL™, a capsule- and autolysin-negative
mutant, was prepared as described previously (25) as a WCA. The WCV con-
tained 10® (killed) CFU equivalents of WCA plus 1 pg of CT (List Biological
Laboratories, Campbell, CA) per 10-pl dose. Control mice were immunized with
1 pg of CT in 10 pl of saline. For stimulation of cell cultures, WCA was used at
an equivalent concentration of 107 (killed) CFU/ml. The nontoxic pneumolysin
derivative and TLR4 agonist PdT (24) was purified under LPS-free conditions
from Escherichia coli that overexpress a six-His-tagged fusion protein (36). LPS
was purchased from List Biological Laboratories (Campbell, CA). MALP-2 was
purchased from Alexis Biochemicals (San Diego, CA), and heat-killed Listeria
monocytogenes was obtained from Invivogen (San Diego, CA).

Bacteria for animal challenge. Streptococcus pneumoniae strain 0603 was orig-
inally a clinical isolate of capsular serotype 6B, as described previously (25). This
strain was grown to mid-log phase in Todd-Hewitt broth with 0.5% yeast extract,
harvested by centrifugation, resuspended in saline at a concentration of 10%
CFU/ml, stored at —80°C in Todd-Hewitt broth with 0.5% yeast extract and 10%
glycerol, and thawed just prior to challenge. For challenge in mice, frozen
suspensions of S. pneumoniae type 6B were thawed and diluted in saline to a
concentration of 2 X 10° CFU/10 ul or as otherwise stated; the actual colony
count was determined on blood agar.

Cell preparation. Cellular suspensions of splenocytes were obtained by passing
spleens from immunized mice through a 70-pm cell strainer (BD Biosciences,
Bedford, MA). Cells were washed, and red blood cells were removed by hemo-
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lysis. Macrophages were isolated using adherence to a 100-mm disposable poly-
styrene petri dish. The purified cells were found to be routinely >90% Mac-3
positive by flow cytometry. For each experiment, the macrophages were pooled
from 2 to 4 adult mice and 6 to 12 infant mice.

CD4™" T cells were purified from splenocytes by positive selection of CD4"
cells by use of CD4* antibody-coupled magnetic beads after negative selection
with MHC 1II antibody-coupled magnetic beads (Miltenyi Biotec, Auburn, CA).
To remove any remaining contaminating macrophages, we allowed the cells to sit
on plastic (100-mm polystyrene tissue culture dishes; BD Biosciences, Bedford,
MA) for 2 h. The absence of antigen-presenting cells (APCs) in this purified
CD4" T-cell population was verified by incubating purified CD4™" cells with
antigen and measuring cytokine secretion. Purified CD4* T cells were consid-
ered relatively free of contamination with APCs if incubation with antigen for
72 h did not result in any detectable IL-17A in the supernatant. For each
experiment, CD4" T cells from three or four adult mice were pooled.

MHC 1II expression on macrophages. Macrophages were harvested as de-
scribed previously and stimulated with medium or WCA (10 pg/ml) for 48 h.
Cells were washed and stained with anti-MHC II antibody in the presence of Fc
block for 30 min at the concentrations recommended by the manufacturer. MHC
II expression was analyzed on a Cytomation MoFlo flow cytometer (Beckman
Coulter, Fullerton, CA), and results were analyzed with Summit, version 4.3
(Dako, Fort Collins, CO).

Bacterial association. The capacity of macrophages to bind and phagocytose
pneumococci was analyzed by incubating neonatal and adult mouse macrophages
with fluorescein isothiocyanate-labeled pneumococcal strain 603 (prepared as
described previously [35]). The cells were incubated for 30 min, after which the
total of bacterial adherence and uptake (association) was measured and analyzed
by flow cytometry.

Cell culture. Cells were cultured at 37°C in 5% CO, in Dulbecco’s modified
Eagle’s medium-F-12 with r-glutamine and 15 mM HEPES (BioWhittaker,
Walkersville, MD) supplemented with 10% fetal bovine serum (HyClone, Logan,
UT) and ciprofloxacin (10 wg/ml). Macrophages (0.25 X 10° cells/well) were
cultured in triplicate in 24- or 48-well tissue culture plates (BD Biosciences,
Bedford, MA) in 333 ul of medium for 24 h or as otherwise stated. Macrophages
(0.25 X 10° cells/well) and CD4" T cells (0.5 X 10° cells/well) together were
cultured in triplicate in a 24- or 48-well tissue culture plate in 555 pl of medium
for 72 h or as otherwise stated. In some experiments, recombinant mouse IL-10
(BD Biosciences, Bedford, MA) was added at the indicated concentrations.

‘Whole-blood stimulation. Whole blood drawn at 5 weeks postimmunization,
diluted 1:10 in Dulbecco’s modified Eagle’s medium-F-12 with L-glutamine and
15 mM HEPES (BioWhittaker, Walkersville, MD) supplemented with 10% fetal
bovine serum (HyClone, Logan, UT) and ciprofloxacin (10 pg/ml), was stimu-
lated with WCA at a concentration corresponding to 107 CFU/ml for 6 days.
Supernatants were collected following centrifugation and stored at —80°C until
analyzed by enzyme-linked immunosorbent assay (ELISA) or Luminex assay.

Measurement of serum antibodies to WCA by ELISA. Sera were retrieved 5
weeks after neonatal and adult mice were immunized once with WCV and were
assayed for immunoglobulin G (IgG) antibodies to whole bacteria. The serum
standard for whole bacterial antibodies was obtained from a pool of sera from adult
mice immunized intranasally twice, where the 1:75 dilution was assigned to 1,000
arbitrary units per ml. In short, the ELISA plates were coated with WCA (10
CFU/ml) and incubated for 1 h at room temperature. The plates were washed three
times with phosphate-buffered saline (PBS)-Tween and blocked with PBS-1% bo-
vine serum albumin for 1 h. Threefold dilutions of samples and standards in
PBS-1% bovine serum albumin were incubated for 2 h. After washing of the
samples, horseradish peroxidase-conjugated rat anti-mouse IgG was added to the
plate and incubated for another 2 h. The plates were developed using SureBlue
TMB microwell peroxidase (KPL, Gaithersburg, MD). The reaction was stopped by
the addition of 1 M HCI, and the plate’s absorbance was read at 450 to 540 nm.

Measurement of cytokine secretion by ELISA. Supernatants of cell cultures
were collected following centrifugation and stored at —80°C until analyzed by
ELISA for KC, IL-6, tumor necrosis factor alpha (TNF-a), and IL-17 concen-
trations (R&D Systems, Minneapolis, MN). Supernatants were analyzed and
read against a standard, following directions provided by the manufacturer.

Measurement of cytokine secretion by Luminex assay. Supernatants of cell
cultures were analyzed on a Luminex 200 machine (Millipore, Billerica, MA) for
IL-6, macrophage chemoattractant protein 1 (MCP-1), granulocyte-macrophage
colony-stimulating factor (GM-CSF), granulocyte colony-stimulating factor (G-
CSF), gamma interferon (IFN-vy), IL-1o, and IL-10, using a LincoPlex multiplex
immunoassay kit (Linco Research, Millipore, Billerica, MA). Supernatants were
analyzed and read against a standard, following directions provided by the
manufacturer. The final analyses were performed using Beadview software (Mil-
lipore, Billerica, MA).
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FIG. 1. Effect of age on duration and density of pneumococcal colonization with a serotype 6B strain in mice. Median colonization densities
are depicted 7, 14, and 21 days after intranasal inoculation of infant (14-day-old) and adult (5- to 6-week-old) mice. Each symbol represents the
density of colonization of an individual animal. Each line represents the median colonization density in each group. The density of colonization
was significantly higher in infant mice examined 7 and 14 days after exposure, and there was a trend toward a longer duration of colonization in

infants (P = 0.081).

Immunization of mice. Adult C57BL/6 mice were immunized intranasally with
the WCV at the age of 5 to 6 weeks as described previously (25). A second dose,
when given, was administered 1 week after the first. For in vivo comparison of the
effects of vaccination on nasopharyngeal colonization, infant and adult mice were
vaccinated just once, at the ages of 7 days and 6 weeks, respectively.

Colonization model. Nasopharyngeal challenge was performed as described
previously (25). Briefly, 2-week-old mice and 5- to 6-week-old mice were chal-
lenged intranasally with age-adjusted doses of live strain 0603 (0.6 X 10° CFU
and 1.5 X 10° to 2.5 X 10° CFU, respectively). We determined colonization 7
days after challenge. After euthanasia by CO, inhalation, an upper respiratory
tract culture was done by instilling sterile saline retrograde through the
transected trachea, collecting the first 6 drops (about 0.1 ml) from the nostrils,
and plating diluted samples on blood agar plates containing gentamicin (2.5
pg/ml). For graphical representation and statistical analysis, a sterile sample was
assigned one-half of the lower limit of detection, or 5 CFU/ml. To assess the
effect of immunization on colonization, we challenged mice vaccinated at 7 days
(infant) and 6 weeks (adult) of age at the ages of 7 weeks and 12 weeks,
respectively. Thus, in both cases, challenge was performed 6 weeks after the
single immunization.

Statistical analysis. Differences in cytokine concentrations (ELISA and Lu-
minex assay) were compared using the Mann-Whitney U (MWU) test. Propor-
tions of colonized mice at a single time point were compared by Fisher’s exact
test, and colonization densities were evaluated by the MWU test, using Prism
software (version 5.0; GraphPad Software, Inc.). Comparisons of colonization
over time in neonatal versus adult mice were powered to detect differences in
density at each time point rather than to detect differences in duration. None-
theless, we assessed whether the duration of detectable colonization was longer
in neonates than in adults, using the following nonparametric procedure. For
each group i (i = adult or neonate), the proportion of mice cleared at each time
point ¢, p;(t), was calculated. Using the max-min formula for isotonic regression
(29), these proportions were smoothed to ensure that they were nondecreasing
in ¢, yielding smoothed proportions g,(f). A test statistic was then calculated to
quantify the distance between the smoothed curves for two groups (e.g., WCV
versus CT groups), as follows: The significance level of this test statistic was
estimated by permuting the group identifiers for the cleared mice at each time
point, fixing the total number of mice in each group and the total number cleared
at each time point. A total of 100,000 replicates of the permuted data were
obtained, and T was calculated for each. The P value was calculated as the
fraction of these 100,000 permutations having a test statistic strictly less than that
calculated for the data.

RESULTS

Density and duration of pneumococcal colonization in naive
mice. We compared colonization densities and durations in
infant and adult mice. The mice were challenged with a weight-
adjusted number of CFU: for infant mice, this corresponded to
0.6 X 10° CFU, and for adults, it was 1.5 X 10° to 2.5 X 10°
CFU. As shown in Fig. 1, the colonization density was signif-
icantly lower in adult mice than in infants 7 and 14 days after
challenge. Clearance of colonization (time to disappearance of
detectable bacteria by nasal washing) appeared to be faster in
adults than in infants, although the difference was not statisti-
cally significant (P = 0.081).

Cytokine responses of neonatal, infant, and adult macro-
phages to killed pneumococci and purified TLR agonists. To
evaluate the innate responses of 1-week-old neonatal and
2-week-old infant mice to pneumococcus, we compared their
macrophage cytokine responses to killed pneumococci to those
of adult (5- or 6-week-old) mice. Twenty-four hours after stim-
ulation, the levels of the chemokines G-CSF, GM-CSF,
MCP-1, and KC and the cytokines IL-1«, IL-6, TNF-a, and
IFN-y were significantly lower for neonatal mouse macro-
phages than for macrophages from adult mice (Fig. 2). In
contrast, expression of IL-10 was 15-fold higher for macro-
phages from neonatal mice than for macrophages from adult
mice. Cytokine responses from infant macrophages (2-week-
olds) were intermediate or, in the case of IFN-y and IL-6,
similar to those for macrophages obtained from neonatal mice.

To investigate whether the reduced cytokine responses of
neonatal and infant macrophages represented a delay more
than a diminished response compared to that of adult macro-
phages, we performed the same assay with samples of super-
natants harvested at 14, 24, 38, and 48 h. There was no evi-
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FIG. 2. Effect of age on cytokine responses of spleen macrophages stimulated for 24 h with unencapsulated pneumococci. Data here represent
the mean plus standard error of the mean (SEM) cytokine responses of macrophages obtained from neonatal, infant, and adult mice. For most
samples, triplicate samples were available and were examined by ELISA or Luminex assay. For all cytokines except IL-10, the cytokine production
in neonatal macrophages was significantly lower than that in adults. In contrast, IL-10 was consistently higher in neonatal macrophages stimulated

with WCA than in adults. *, P < 0.05; #*, P < 0.01; #, single value.

dence that the reduced response from neonatal and infant
macrophages represented just a delay; rather, for most cyto-
kines, the response of neonatal and infant macrophages was
absent or low at all time points, while cytokine production in
adult macrophages increased for all cytokines except for IL-10
(Fig. 3).

As a control to ensure that the differences observed were not
due to subtle differences in the numbers of macrophages
seeded in the tissue culture plates, we repeated the experi-
ments with neonatal and adult macrophages at a series of
macrophage concentrations and measured IL-6, KC, and
TNF-a levels. Adult macrophages seeded at fourfold lower
concentrations still expressed significantly more IL-6, TNF-a,
and KC than neonatal cells did, suggesting that the impaired
neonatal responses observed were not due to small variations
in the plating of cells (data not shown).

The contrasting responses of neonatal and adult macro-
phages to stimulation with pneumococcus led us to evaluate in
the same system whether responses to TLR agonists are sim-
ilarly affected by age, as previously reported by others (7, 8,
44). Thus, we compared the macrophage cytokine responses to
the TLR2 agonists MALP-2 and heat-killed L. monocytogenes
and the TLR4 agonists LPS and PdT. For these experiments,
we analyzed the expression of the following cytokines and
chemokines: G-CSF, GM-CSF, MCP-1, IL-1a, IL-1B, IL-6,
and IFN-y. We observed similar differences between the cyto-
kine responses of neonatal and adult macrophages for agonists
of both TLR2 and TLR4, with significantly lower cytokine
responses for most cytokines in neonatal macrophages than in
adult macrophages, except for IL-10, whose level was signifi-
cantly higher in response to MALP-2, LPS, and PdT in neo-
natal macrophages (Fig. 4).

Comparison of neonatal and adult macrophage function.
We wished to compare several aspects of neonatal and adult
macrophage function. First, the ability of macrophages to as-
sociate with and phagocytose killed pneumococci was exam-

ined. Fluorescein isothiocyanate-labeled pneumococci were
incubated with neonatal or adult macrophages, and the
association of bacteria and cells was evaluated by flow cytom-
etry. No significant differences in association between cells and
bacteria were noted when neonatal and adult macrophages
were compared (data not shown). Second, consistent with the
findings of many previous investigators (15, 22), we found that
MHC II expression was lower on neonatal than on adult mac-
rophages, with or without exposure to WCA (data not shown).
Finally, we investigated the ability of neonatal mouse macro-
phages to induce IL-17A production by immune CD4" T cells.
CD4™" T cells from adult mice immunized twice intranasally
with WCV were harvested from spleens and incubated with
neonatal or adult macrophages from naive mice. These cells
were then pulsed with WCA. We ascertained that adult CD4™
T cells were not contaminated with macrophages by confirming
that stimulation of purified CD4™ T cells without the addition
of macrophages produced no measurable IL-17A.

IL-17A production could be detected when both neonatal
and adult macrophages were used as APCs, although the re-
sponse of the CD4™ T cells to antigen presentation by neonatal
macrophages was delayed (Fig. 5). Based on the results de-
scribed above, we evaluated whether this impairment could be
reproduced by adding recombinant mouse IL-10 to splenocytes
from mice immunized as adults. We observed a dose-depen-
dent effect of exogenous IL-10 on IL-17A expression of spleno-
cytes from immunized adult mice 48 h after stimulation (Fig.
6A). By 72 h, however, splenocytes treated with IL-10 pro-
duced IL-17A at a level similar to that of untreated cells (Fig.
6B), again more suggestive of a delay than an absent or abro-
gated cytokine response.

Cytokine responses to WCA in whole blood of mice immu-
nized with WCV. We have recently shown that whole-blood
expression of IL-17A in response to stimulation with WCA is
a predictor of subsequent protection against pneumococcal
colonization (23). We obtained peripheral blood at 5 weeks
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FIG. 3. Time courses of cytokine production of neonatal, infant, and adult macrophages after stimulation with pneumococcal WCA. The mean
and SEM cytokine concentrations from triplicate wells (duplicate wells at 14 h) are depicted. Adult macrophages (open circles) produced
significantly more IFN-y, IL-1a, and GM-CSF than did macrophages from neonatal (closed squares) or infant (closed triangles) mice at several
time points during the 48-hour stimulation. In contrast, the IL-10 production of macrophages from both neonatal and infant mice upon stimulation
with WCA was significantly higher than that of macrophages from adult mice. *, significant difference for neonatal compared to adult macrophages;
+#, significant difference for both neonatal and infant macrophages compared to adult macrophages.
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postimmunization, when all mice were considered adults. IL-
17A production in WCA-stimulated whole blood of mice pre-
viously immunized once with WCV at 7 days or 6 weeks of age
was compared. The IL-17A concentrations in whole blood of
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FIG. 5. IL-17 production by CD4" T cells from vaccinated adult mice
stimulated with WCA at 48 and 72 h in the presence of neonatal or adult
macrophages. The mean and SEM cytokine concentrations of triplicate
wells are depicted. At 48 h, CD4" T cells showed significantly less expres-
sion of IL-17A when neonatal instead of adult macrophages were used as
APCs. At 72 h, this difference in IL-17A expression was not significant.

mice immunized as neonates were significantly lower than
those for mice immunized as adults (Table 1). In addition, we
measured several other cytokines found in the literature to be
involved in adaptive immunity to S. pneumoniae. The concen-
tration of each cytokine was higher in the blood of mice im-
munized as adults than in that of mice immunized as neonates;
these differences were statistically significant for 1L-2, 1L-4,
and G-CSF, and a trend was also observed for the cytokines
MCP-1, TNF-a, G-CSF, and IL-1a (P values of 0.06 to 0.10).

IgG production after whole-cell immunization. While pro-
tection against colonization by WCV occurs independently of
antibody in this model, we have also shown that protection
against pneumococcal type 3 sepsis can be conferred by passive
transfer of antibodies from WCV-immunized animals (25).
Thus, we decided to compare the IgG antibody titers to WCA
in the sera of neonatal versus adult mice 5 weeks after immu-
nization. As shown in Fig. 7, immunization of neonatal mice
resulted in significantly lower anti-WCA antibody levels than
did immunization of adult mice.

Ability of neonatal mice to acquire immunity following im-
munization with WCV. Having observed that immunization of
neonatal mice with one dose of WCV results in lower immune
responses than those observed in adult mice, we next assessed
the protective effect of a single dose of WCV, given at different
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FIG. 6. Effect of IL-10 on IL-17 production of splenocytes from im-
munized adult mice. (A) Splenocytes from immunized adult mice were
stimulated with WCA in the presence of recombinant IL-10 at the indi-
cated concentrations. IL-17A production measured by ELISA was signif-
icantly decreased at 48 h when the highest concentration of IL-10 was
added. The mean cytokine concentrations for three replicates are de-
picted. (B) The reduction in IL-17A production in the presence of 1,000
pg/ml of IL-10 was no longer significant after 72 h of incubation.

ages, against pneumococcal colonization. We immunized neo-
natal mice (6 days of age) and adult mice (6 weeks of age) once
with WCV and challenged them with pneumococcal strain
0603 at 6 weeks postimmunization. Since all mice were adults
by the time of challenge, no interference was expected from
differences in the function of APCs at the time of challenge. As
expected, consistent with the results for IL-17A expression in
the whole-blood assay, a single dose of WCV was fully protec-
tive in adult mice (median density of colonization for WCV-
versus CT-immunized mice, 0.5 versus 50.75 CFU [P = 0.021
by MWU test]). A significant reduction in pneumococcal col-
onization was also observed in mice that received one dose of
WCYV as neonates compared to control neonatal mice that
were immunized with CT alone. Although pneumococci could
still be detected in the nasal washes of these WCV-immunized
mice, the median reduction in colonization was 100-fold (Fig.
8). It is noteworthy that the density of colonization was signif-
icantly higher for the control CT group immunized at 1 week
of age (7 weeks of age at challenge) than for the adult control
CT group immunized at 7 weeks of age (12 weeks of age at
challenge). This difference appears to be related to differential
effects of CT on infant versus adult mice; indeed, there was no
difference between naive mice challenged with strain 0603 at 7
versus 12 weeks of age (median density of colonization, 493.8
versus 541.5 CFU, respectively [P = 0.94 by MWU test]).
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TABLE 1. Stimulation of whole blood of mice immunized with
WCV once at 1 week (neonate) or 6 weeks (adult) of age”

Median concn (pg/ml)

Cytokine x-Fold increase P value®
Neonate Adult
IL-17 8.1 2,480 306 0.005
IL-2 4.0 53.4 13.4 0.02
IL-4 4.0 299 7.5 0.02
MCP-1 207 1,160 5.6 0.06
IL-12 4.0 14.9 3.7 NS
TNF-a 60.7 154 2.5 0.10
IL-10 15.8 39.9 2.5 NS
IL-6 300 690 2.3 NS
G-CSF 197 437 2.2 0.05
GM-CSF 14.9 29.7 2.0 NS
IFN-vy 7.1 10.8 1.5 NS
KC 19.4 26.7 1.4 NS
IL-1a 21.8 27.2 1.3 0.10

“ Peripheral blood was obtained from five to seven mice per group 5 weeks
after immunization and then stimulated with WCA for 6 days. The supernatants
were analyzed for cytokines using the Luminex method. Data shown in bold
indicate statistically significant differences or a trend toward statistically signifi-
cant differences.

NS, not significant.

Overall, our results suggest that a single dose of WCV in
infancy can confer significant protection against subsequent
pneumococcal colonization, although the degree of protection
at 7 days postchallenge is inferior to that observed in adult
mice.

DISCUSSION

Worldwide, pneumococcal infections account annually for
around 800,000 deaths in children under 5 years of age (43). In
developing countries, where the burden of disease is highest,
pneumococcal infections appear at an earlier age than in de-
veloped countries (32). The reasons for this discrepancy are
not entirely clear, but some have suggested that other risk
factors, such as crowding, malnutrition, low birth weight, and
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FIG. 7. Effect of age at time of intranasal immunization with WCV
on generation of serum antipneumococcal IgG antibodies. The mean
IgG antipneumococcal antibody titer in sera from mice immunized as
neonates was significantly lower than that for mice immunized as
adults. The mice represented by the open symbols were fully protected
against colonization by WCV, and the closed symbols represent im-
munized mice that were still colonized at 7 days postchallenge. The
median IgG concentration in five to seven mice per group is depicted
in arbitrary units/ml.
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FIG. 8. Effect of age on the efficacy of intranasal immunization with WCV on subsequent nasopharyngeal colonization with serotype 6B
pneumococci in mice. A single dose of intranasal WCV was administered to neonates or adults. All mice were challenged with a type 6B
pneumococcal strain 6 weeks after immunization. The density of nasopharyngeal colonization was evaluated 1 week later. Each symbol represents
the density of colonization of an individual animal. Each line represents the median colonization density in each group. Immunization with WCV
resulted in a significant reduction in density of pneumococcal colonization compared to that in control CT-immunized mice for mice immunized

as both neonates and adults.

indoor air pollution, may play a role (30, 33). The advent of
pneumococcal conjugate vaccines, which elicit opsonophago-
cytic anticapsular antibodies in infancy and protect infants and
children against invasive disease, may constitute an effective
strategy to reduce pneumococcal infections in these settings, as
they have in developed countries (2, 3, 12). Phase 111 studies in
South Africa and The Gambia have confirmed the efficacy of
conjugate vaccine strategies against pneumococcus in the de-
veloping world (9, 19). There remains the concern, however,
that because multiple doses of the conjugate are required to
elicit protection, some children at highest risk may not be
directly protected. For these reasons, there is a need to de-
velop immunization strategies that may protect children at a
very early age, preferably with a single immunization.
Among the many possible approaches to this problem, we
have been evaluating a killed whole-cell pneumococcal vac-
cine. This vaccine has many properties that make it suitable for
use in developing countries, including coverage irrespective of
serotype, low cost of manufacture, stability following lyophili-
zation (thus avoiding cold chain issues), and mucosal admin-
istration. In mice, this vaccine elicits two forms of immune
protection, namely, protection against sepsis via the generation
of noncapsular antipneumococcal antibodies and protection
against mucosal colonization via antibody-independent, IL-17-
expressing CD4™" T-cell-mediated mechanisms (20-22).

Because prevention (or reduction in duration) of carriage
would theoretically be an effective method to reduce pneumo-
coccal disease, the second mechanism of protection is of par-
ticular interest. However, because of the relative immaturity of
the immune system of neonates, one may wonder whether such
immunity could be elicited in the very young. Several studies
have documented the relative immaturity of the neonatal im-
mune system, with resulting overall reductions in the secretion
of proinflammatory/TH1-cell-polarizing cytokines, such as
TNF, IL-1, and IFN-y (7, 27, 31, 44), and increases in the
production of IL-10 (7).

Here we measured innate and adaptive immune responses
of infant mice to S. pneumoniae. We observed that, as in young
humans, neonatal and infant mice are more susceptible to
pneumococcal colonization than adult mice, as evidenced by
higher densities and a trend toward longer durations of colo-
nization. In addition, neonatal macrophages showed signifi-
cantly less production of many cytokines known to be involved
in immune defense against pneumococci upon challenge. In
particular, we noted a defect in the production of cytokines
involved in both neutrophil recruitment (IL-8/KC and G-CSF)
and activation (G-CSF), both thought to be of major impor-
tance in pneumococcal clearance (17, 20). Some of the defects
we noted may also explain the reduced cellular responses we
observed: IL-1la has a role in T-cell expansion and survival,
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whereas TNF-a and IFN-y stimulate the TH17 and TH1 T-cell
pathways, respectively (41). All of these cytokines were signif-
icantly reduced in APCs from neonatal mice upon stimulation
with pneumococci, as were the responses to purified TLR2 and
TLR4 agonists. Finally, IL-10, which is an immune suppressor
known to inhibit macrophage function (7, 16) and MHC II
expression, was found at higher concentrations in the super-
natants of stimulated neonatal mouse macrophages.

From these data, it is tempting to speculate that the reduced
immunogenicity and degree of protection observed in neonatal
mice after immunization may be related, at least in part, to
decreased function and antigen-presenting activity of neonatal
APCs, as evidenced by the lower inflammatory (and higher
IL-10) response to pneumococci, lower response to TLR ago-
nists, and decreased MHC II expression following pneumococ-
cal stimulation of neonatal macrophages.

Despite these important differences between neonatal and
adult macrophages, immunization of neonatal mice with a sin-
gle dose of WCV significantly reduced colonization density.
Nevertheless, unlike in adult mice, pneumococci could still be
detected in nasal washes of mice immunized as infants; some of
these differences, however, may be due to differences between
effects of the adjuvant in infant versus adult mice. One could
also hypothesize that the partial protection observed in mice
immunized as neonates is the consequence of their delayed (as
opposed to absent) cytokine response at the time of immuni-
zation.

More generally, it is possible that this global deficiency in
cytokine responses may contribute to the increased suscepti-
bility of neonates and infants to pneumococcal colonization
and infection. Reduced production of chemokines and cyto-
kines involved in the innate immune response upon pneumo-
coccal challenge may lead to a decrease in the influx of mono-
cytes, macrophages, and neutrophils to the site of infection and
a decreased activation of these effector cells in humans (6).
This hypothesis is supported by the data of van Benten et al.
showing an age-related increase in nasal macrophages and T
lymphocytes during upper respiratory tract infection in human
infants (39). At this time, however, it is not known whether the
impaired response found in neonatal mouse macrophages can
be extrapolated to human APCs and to what extent and for
what period during early life this impairment results in in-
creased susceptibility to pneumococci. Clearly, more studies on
the maturation of innate and adaptive immune responses in
human neonates and infants are required to investigate these
questions in more detail.

We conclude that neonatal mouse macrophages show im-
paired innate and adaptive immune responses to pneumococci,
which might explain the increased susceptibility to pneumo-
coccal colonization in vivo. However, this relative immaturity
of the immune response can be overcome, as a significant
degree of protection was observed after one dose of WCV in
this murine model of pneumococcal colonization.
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