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Nasopharyngeal colonization by the Gram-positive bacterium Streptococcus pneumoniae is a prerequisite for pneumonia and
invasive pneumococcal diseases. Colonization is asymptomatic, involving dynamic and complex interplay between commensals,
the host immune system, and environmental factors. The elderly are at an increased risk of developing pneumonia, which might
be due to changes in the respiratory microbiota that would impact bacterial colonization and persistence within this niche. We
hypothesized that the composition of the upper respiratory tract (URT) microbiota changes with age and subsequently can con-
tribute to sustained colonization and inefficient clearance of S. pneumoniae. To test this, we used a mouse model of pneumococ-
cal colonization to compare the composition of the URT microbiota in young, middle-aged, and old mice in the naive state and
during the course of colonization using nasal pharyngeal washes. Sequencing of variable region 3 (V3) of the 16S rRNA gene was
used to identify changes occurring with age and throughout the course of S. pneumoniae colonization. We discovered that age
affects the composition of the URT microbiota and that colonization with S. pneumoniae is more disruptive of preexisting com-

munities in older mice. We have further shown that host-pathogen interactions following S. pneumoniae colonization can im-
pact the populations of resident microbes, including Staphylococcus and Haemophilus. Together, our findings indicate altera-
tions to the URT microbiota could be detrimental to the elderly, resulting in increased colonization of S. pneumoniae and

decreased efficiency in its clearance.

S treptococcus pneumoniae colonizes the mucosal surfaces of the
upper respiratory tract (URT), which includes the nose, nasal
cavity, pharynx, and larynx (1). Although colonization within the
nasal passage often is asymptomatic, access to the airways can
result in pneumonia, with further dissemination causing invasive
pneumococcal disease (i.e., otitis media, bacteremia, and menin-
gitis) (1, 2). Previous studies analyzing the nasopharyngeal culture
of 1,704 samples, including children and adults from the same
population, revealed that 53% of children carried S. pneumoniae
within the nasopharyngeal tract as opposed to only 4 to 11% that
were adult carriers (3-5). Furthermore, S. pneumoniae carriage
rates positively correlate with age in young children and then be-
gin to drop in adults (3, 6, 7). These results have been confirmed in
epidemiological studies conducted in several locations around the
world (7-9).

Despite having significantly lower carriage rates than children
(3, 10), colonization within the upper respiratory tract of elderly
individuals often leads to the progression and development of
pneumonia and invasive pneumococcal disease (11-13). Pneu-
monia in particular affects elderly individuals approximately four
times more often than individuals under the age of 65 (14). The
elderly account for approximately 60% of the hospitalizations
caused by pneumococcal pneumonia in the United States (15).
Since colonization is a prerequisite for infection, the microbe-
microbe interactions that contribute to sustaining colonization or
promoting expansion must be further studied to understand dis-
ease progression in elderly patients.

Using Illumina sequencing of the 16S rRNA gene, we charac-
terized the URT microbiome in young (10 to 14 weeks), middle-
aged (12 to 14 months), and old (18 to 22 months) mice in the
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naive state and throughout the course of nasopharyngeal coloni-
zation with Streptococcus pneumoniae. We show that the compo-
sition of the URT microbiome differs in the naive state between
young, middle-aged, and old mice. Old mice are unable to clear
bacterial colonization as effectively as their young counterparts.
We observed a number of interspecies interactions between S.
pneumoniae and the existing mouse microbiome (e.g., Staphylo-
coccus) that have been reported previously only in experimental
models (16-24). In particular, Streptococcus interacted competi-
tively with Staphylococcus and synergistically with Haemophilus.
This study begins to characterize how aging impacts bacterial col-
onization, which will ultimately explain the progression of upper
respiratory tract infections in the elderly.
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MATERIALS AND METHODS

Mice. C57BL/6 female mice were from The Jackson Laboratory and were
housed under specific-pathogen-free (SPF) conditions at the McMaster
Central Animal Facility. The animals were assigned to three groups: 10- to
14-week-old mice (young), 12- to 14-month-old mice (middle-aged), and
18- to 22-month-old mice (old) (n = 72 total). Within each age group,
mice were sacrificed at various time points throughout pneumococcal
colonization (at day 0, 3, 14, and 21) in order to obtain nasopharyngeal
washes (25). Mice that reached the endpoint prematurely were found to
have bacteria in the lungs or spleens and were not used in this study. In
general, <5% of young mice and 20 to 25% of old mice were euthanized
prematurely (26). All procedures were performed in accordance with the
McMaster Animal Research Ethics Board guidelines.

Murine model of pneumococcal colonization and nasopharyngeal
wash preparation. Mice were colonized with 107 CFU of a clinical strain
of S. pneumoniae, P1547 (serotype 6A), obtained from Jeff Weiser (NYU
School of Medicine) as described previously (27, 28). The bacteria were
grown in tryptic soy broth medium (Life Technologies) at 37°C and 5%
CO, until cultures reached log phase, with an optical density at 600 nm
(ODgyq) of between 0.45 and 0.55 (27). Anesthetized mice were eutha-
nized by exsanguination. The trachea was expanded and a small incision
was made 2 cm above the lungs. Briefly, 1-ml syringes containing 350 pl of
sterilized phosphate-buffered saline (PBS) attached to a 26-gauge needle
were connected to a 4-cm PE-20 polyethylene tube. The syringe was in-
serted into the trachea and tied off using a silk suture (Ethicon), and the
contents used to wash the nares were collected in 1.5-ml flat-top micro-
tubes (Diamed) (28). Nasal washes then were collected at day 0 (young,
n = 5; middle-aged, n = 4; old, n = 7), 3 (young, n = 6; middle-aged, n =
5; old, n = 5), 14 (young, n = 9; middle-aged, n = 6; old, n = 4), and 21
(young, n = 4; middle-aged, n = 3; old, n = 4) after colonization with
Streptococcus pneumoniae as previously described (28).

PCR amplification of the 16S rRNA gene. DNA extraction and 16S
variable region 3 (V3) amplification were carried out as described in our
recent studies of human nasal swabs (8, 29). The primers were based on
the method described in Bartram et al., except the barcodes were incor-
porated into the forward primer (30).

Briefly, each PCR mixture contained the following in order to amplify
V3 of the 16S rRNA gene by PCR: 5 l of 10X buffer (Life Technologies),
1.5 pl of MgCl, (50 mM) (Life Technologies), 1 pul of deoxynucleoside
triphosphate (ANTP) (10 mM) (Invitrogen), 2 pl of bovine serum albu-
min (BSA) (10 mg/ml made in pure water and irradiated for 30 min) (Life
Technologies), 5 pl of V3F primer (1 uM) (27), 5 pl of V3R primer (1
wM) (27), 0.5 ul of Taq polymerase (Life Technologies), and 200 ng of
DNA. The reaction then was run for 30 cycles (94°C for 2 min, 94°C for 30
s,50°C for 30°C, 72°C for 30 's), with a final polymerization step at 72°C for
10 min (Eppendorf). The products were separated by electrophoresis in a
2% agarose gel and visualized under a UV transilluminator light, and the
products corresponding to the amplified V3 (~300 bp) were excised and
purified using standard gel extraction kits (Qiagen).

Illumina sequencing and processing. Samples were sent to the Mc-
Master DNA Sequencing Facility and sequenced using an Illumina MiSeq
per the manufacturer’s instructions. The completed run was demulti-
plexed with Illumina’s Casava software. The resulting sequenced data
were processed as previously described (8, 29). Briefly, Cutadapt was used
to trim the forward and reverse paired-end reads at the opposing primers
for input into PANDAseq for assembly (31, 32). Sequences were orga-
nized into operational taxonomic units (OTUs) with a clustering thresh-
old of 97% using AbundantOTU+ (33). Single-sequence OTUs (single-
tons) were removed prior to all analyses using Quantitative Insights into
Microbial Ecology (QIIME) (34). All beta diversity plots were generated
in R using the Phyloseq package and taxonomic summaries (34). A total of
10,312,391 paired-end reads were observed from the sequencing data
(with a minimum of 1,193 reads and a maximum of 347,295 reads). This
gave an average of 132,210 counts per sample with a standard deviation of
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77,464. These counts corresponded to 7,100 unique OTUs observed
within the samples.

Quantitative PCR. Real-time PCR (quantitative PCR [qPCR]) was
used to assess the total bacterial load and IyfA abundance using a previ-
ously published protocol (8, 35). Briefly, levels of S. pneumoniae in the
nasal wash samples using GoTaq qPCR master mix (Promega, WI, USA)
and an ABI StepOnePlus (Applied Biosystems, CA, USA) according to the
manufacturer’s instructions. Forward and reverse primers used for 16S
rRNA were the following: 341Fwd, 5'-CCTACGGGAGGCAGCAG-3';
518Rev, 5'-ATTACCGCGGCTGCTGG-3" (36). Forward and reverse
primers used to measure lyrA were the following: Fwd, 5'-AGTACCAGT
TGCCGTCTGTG-3'; Rev, 5'-AAATGGGGCATTAGCCGTGA-3". IytA
levels were found to accurately represent CFU, which were previously
quantitated and published (26).

Statistics. Unless otherwise mentioned in the figure legend, statistical
significance was determined by unpaired ¢ tests (two-tailed) or a one-way
analysis of variance (ANOVA). Data were analyzed with Prism (version 6;
GraphPad). Statistical significance of groups by B-diversity (Bray-Curtis)
was determined using permutational ANOVA (PERMANOVA) in R phy-
loseq (37). This was calculated using the ADONIS function, which con-
ducts a permutational multivariate analysis of variance within the samples
using distance matrices. Statistical significance was defined as a P value of
0.05.

RESULTS

Upper respiratory microbial communities differ between
young, middle-aged, and old mice. The composition of the mi-
crobial community in nasopharyngeal washes from 10-week-old,
12-month-old, and 20-month-old naive mice were compared.
There was no detectable difference in total bacterial load between
age groups, as measured by gPCR of the 16S rRNA gene (246 =
106 pg in young mice, 168 * 38 pg in middle-aged mice, and
379 * 384 pg in old mice). In order to determine if the composi-
tion of the nasopharyngeal tract microbial community changed
with age, the B-diversity metric, calculated based on the Bray-
Curtis distance, was visualized using a principal coordinate anal-
ysis (PCoA) plot (Fig. 1A). Under Bray-Curtis calculations, the
samples are statistically different by age (P = 0.04) (Fig. 1A; also
see Table S1 in the supplemental material).

Taxonomic summaries prior to colonization indicate that the
most abundant phyla are Firmicutes, Proteobacteria, Bacteroidetes,
and Actinobacteria (Fig. 1B). The Proteobacteria are present at a
relative abundance of 41.9% in young mice but only 27.9% in old
mice. In contrast, young mice contain a significantly lower abun-
dance of Bacteroidetes (9.7%) than old mice (19.5%). All three age
groups contain comparable levels of Firmicutes (young, 44.0%;
middle aged, 44.6%; old, 45.2%), and young and old mice had
comparable levels of Actinobacteria (young, 2.1%; middle aged,
7.2%; old, 4.1%).

Old mice do not effectively clear nasopharyngeal coloniza-
tion. We next determined whether old mice differed in their abil-
ity to clear pneumococcal colonization. Mice were intranasally
inoculated with Streptococcus pneumoniae and were monitored up
to 21 days (25). The pneumococcal autolysin gene lyfA was mea-
sured by qPCR to quantitate the levels of S. pneumoniae present in
nasal wash samples over the course of the colonization (Fig. 2A).
As expected, IytA was not detectable at day 0. Peak levels of S.
pneumoniae occurred at day 3 postcolonization in young and mid-
dle-aged mice. Levels of S. pneumoniae decreased in young mice
by 14 days postcolonization, and most mice had levels of S. pneu-
moniae that were below the limit of detection by day 21, consistent
with their ability to clear pneumococcal colonization. In contrast,
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FIG 1 16S rRNA sequencing of nasopharyngeal washes from young, middle-aged, and old mice under naive conditions reveal significant differences within the
overall bacterial composition and specific phyla. Bacterial communities were examined under naive conditions to examine the differences between age groups.
(A) Communities clustered using principal coordinate analyses (PCoA) of the Bray-Curtis distance matrix. Each point represents one sample and is differentiated
by color to indicate the age of the mouse. Plots represent the microbial composition as indicated by the B-diversity between each nasal wash sample. Clustering
was observed between the young, middle-aged, and old mice before colonization was statistically significant by PERMANOVA. (B) The four most abundant
phyla present in young, middle-aged, and old mice under naive conditions were quantified within the young, middle-aged, and old samples prior to pneumo-
coccal colonization (young, 10 weeks old [10wo], n = 5; middle-aged, 12 months old [12mo], #n = 4; old, 20 months old [20mo], n = 7). Values are the means *=
standard errors of the means (SEM) of samples within each category. Statistical significance was determined using multiple ¢ tests where appropriate (n = 3 to

9/group). A P value of <0.05 was considered significant. D0, day zero.
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FIG 2 Old mice do not effectively clear nasopharyngeal colonization of S.
pneumoniae. S. pneumoniae clearance was examined within young, middle-
aged, and old mice using lytA expression (A) and the OTUs representing the
Streptococcus genus (B). [ytA expression was measured in nasal wash samples of
these mice using quantitative PCR. All samples were normalized to the total
bacterial load, which was measured by 16S rRNA gene quantitative PCR. Rel-
ative abundances of Streptococcus in the nasal microbiome were calculated
from all OTUs associated with the Streptococcus genus within each sample.
Values are the means = SEM of samples within each category. Statistical sig-
nificance was determined using multiple ¢ tests where appropriate (n = 3 to
9/group). A P value of <0.05 was considered significant.
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IytA levels peak around day 14 in old mice and persist through to
day 21 of colonization. At day 21, nasal washes from old mice have
considerably higher levels of S. pneumoniae than young mice.

Furthermore, the abundance of OTUs representing the strep-
tococci decreased to very low levels by day 21 in young mice (ap-
proximately 1.6% of OTUs). However, this was not seen in the
elderly mice. Unlike the young, the elderly mice had a high relative
abundance of streptococci at day 21 postcolonization (approxi-
mately 17.3% of OTUs) (Fig. 2B). It is important to note that
OTUs corresponding to the Streptococcus genus include all strep-
tococci and are not specific to S. pneumoniae. In fact, the OTUs
representing the streptococci include a wide array of species, and
some of the abundant OTUs assigned to this genus are phyloge-
netically similar to our bacterium of interest, S. pneumoniae (see
Fig. S1 in the supplemental material).

Nasopharynx microbial communities respond differently to
pneumococcal colonization with age. The microbial communi-
ties for the nasal wash samples at days 3, 14, and 21 postcoloniza-
tion were compared to baseline conditions (day 0) (Fig. 1A and 3).
Clustering of samples between the age groups was evident at days
3 and 21 postcolonization, suggesting that the microbial commu-
nities of mice within the same age group respond similarly to the
introduction of S. pneumoniae (Fig. 3A and C). Specifically, 3 days
postcolonization, the young, middle-aged, and old microbiota
cluster according to their specific age group as visualized using the
Bray-Curtis distance metric (Fig. 3A; also see Table S1 in the sup-
plemental material). By day 21, this clustering becomes more dis-
tinct between the three age groups, suggesting that the bacterial
communities present within young and old mice are distinctly
separate after 21 days of colonization (Fig. 3C; also see Fig. S1).

Taxonomic summaries of microbial communities within the
nasopharynx of these mice indicated that the proportion of the
four most abundant phyla, Proteobacteria, Firmicutes, Bacte-
roidetes, and Actinobacteria, changed during the course of pneu-
mococcal colonization (Fig. 3). Proteobacteria comprised the ma-
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FIG 3 During colonization, the microbial community changes with age. Principal coordinate analyses (PCoA) plots showing the similarity of the aging URT
microbiome postpneumococcal colonization as well as relative abundance plots of the four most abundant phyla were analyzed at day 3 (A), day 14 (B), and day
21 (C) postcolonization. B-Diversity measures were completed using Bray-Curtis calculations and visualized using PCoA. The age groups of the samples are
indicated by the designated color. The distance between each of the samples reflects how similar their microbiomes are to one another. Statistical analyses were
completed using PERMANOVA. The results are summarized in Table S1 in the supplemental material. The panels on the right represent the mean relative
abundances of each phyla within each sample = SEM of samples within each category. Statistical significance was determined using multiple ¢ test where

appropriate (n = 3 to 9/group). P < 0.05 was considered significant.
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jority of the nasal microbiota within young mice prior to
colonization (Fig. 1B), and this was relatively consistent across the
course of colonization (Fig. 3). In fact, immediately after coloni-
zation at day 3, the OTUs representing Proteobacteria increased
from about 40% to 72% relative abundance, and this was main-
tained throughout colonization until clearance at day 21 (Fig. 3A).
The relative abundances of Proteobacteria within young mice were
comparable at day 14 postcolonization (68%) and were slightly
elevated at day 21 (84.4%) (Fig. 3B). In contrast, although levels of
Proteobacteria were elevated in old mice at day 3 postcolonization
(74.7%), they continued to decrease throughout colonization,
comprising about 21.2% of OTUs by day 14 and only 13.6% by
day 21 (Fig. 3C). In fact, by day 21, old mice contained signifi-
cantly lower levels (P < 0.0001) of OTUs representing the Proteo-
bacteria phylum compared to the levels present at day 3 (Fig. 3C;
also see Fig. S2 in the supplemental material).

It was evident that the abundant OTUs within the Firmicutes
phylum (which includes S. pneumoniae) were similar between all
three age groups at baseline (young, 44%; middle-aged, 44.6%; old,
45.2%) (Fig. 1B). However, within the day 3, 14, and 21 microbiota,
there was a decrease in relative abundance of OTUs within the Firmi-
cutes phylum in young mice (day 3, 15.7%; day 14, 19%; day 21,
8.8%) and an increase within the old mice (day 3, 14.3%; day 14,
38.7%; day 21, 64.3%) (Fig. 3C). In fact, by day 21, there is a
significantly greater abundance of OTUs (P < 0.0001) represent-
ing Firmicutes within the old mice relative to the young and middle-
aged samples (see Fig. S2B in the supplemental material).

The abundance of bacterial groups within the URT is altered
throughout colonization. The presence of Streptococcus pneu-
moniae, Staphylococcus aureus, and Haemophilus influenzae in the
nasopharynx previously has been shown to influence subsequent
colonization (19). In particular, S. pneumoniae and S. aureus ap-
pear to have an antagonistic relationship, while S. pneumoniae and
H. influenzae demonstrate a synergistic relationship to promote
cocolonization within this microbial niche (17, 18, 20, 21). To
further investigate these interactions in a natural community, we
examined how existing populations of Staphylococcus and Haemo-
philus are altered following S. prneumoniae colonization. Prior to
colonization (day 0), there is a higher abundance of Staphylococcus
than Streptococcus within the URT. However, throughout coloni-
zation with S. pneumoniae, the abundance of OTUs representing
Staphylococcus appears to decrease as the abundance of Streptococ-
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cus increases (Fig. 4A). This trend is particularly evident within the
middle-aged and old mice, as the abundance of Streptococcus
within their nasopharyngeal washes continues to increase
throughout colonization. In contrast, the interaction with Hae-
mophilus appeared to be synergistic, as the relative abundance of
Streptococcus throughout colonization was mirrored by the in-
creased abundance of Haemophilus (Fig. 4B). These results sup-
port previously published data indicating that colonization with S.
pneumoniae can greatly influence the survival and growth of the
existing residents within the environment.

Microbial communities do not return to their baseline com-
position following S. pneumoniae colonization. In order to fur-
ther examine the resolution phase of colonization, the microbiota
was examined at days 14 and 21. Taxon summary plots illustrate
that the introduction of S. pneumoniae alters the existing bacterial
composition, and these changes continue to progress throughout
colonization, as examined at the phylum level (see Fig. S3 in the
supplemental material) and even more specifically at the genus
level (Fig. 5). The microbial communities of mice colonized with
S. pneumoniae did not return to baseline composition, as the day
21 microbial communities contained differing abundances of bac-
terial groups compared to baseline conditions (Fig. 5A and C).
Young mice maintained high levels of Proteobacteria throughout
colonization with S. pneumoniae. Although the role of Proteobac-
teria within the URT still remains unclear, some studies have
shown its presence to be quite common within this niche (38).

Examining the mice following colonization with S. pneu-
moniae revealed similar results, as this introduction altered the
abundance of existing bacteria within the community (Tables 1 to
3). Indeed, the introduction of S. pneumoniae led to the reduction
of certain bacterial groups below the level of detection. The most
frequently observed genera showing considerable changes upon
colonization were examined in greater detail. These included
Streptococcus, Haemophilus, Staphylococcus, Clostridium, and
Escherichia. In young mice, Streptococcus OTUs appeared to in-
crease slightly until day 14 and then decreased by day 21 (Table 1).
The middle-aged and old mice contained a higher abundance of
Streptococcus OTUs that continued to increase until day 21 (Tables
2 and 3). There was a 2-fold increase in the Streptococcus OTU
abundance between day 3 and day 21 in the middle-aged mice and
an 11-fold increase in the old mice. Bacterial genera such as Hae-
mophilus tended to briefly increase throughout colonization in all
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TABLE 1 Genera most affected by S. pneumoniae within the young URT microbiome”

PHYLUM FAMILY GENUS Day3 Day14 Day21
Firmicutes Streptococcaceae Streptococcus 1.01 141 -0.435
Proteobacteria Pasteurellaceae Haemophilus -0.23 0.04 0.04
Firmicutes Staphylococcaceae Staphylococcus -14.38

Firmicutes Clostridiaceae Clostridium -0.2  -0.144 -0.2
Proteobacteria Enterobacteriaceae Escherichia -2.26 -2.26  -3.305
Proteobacteria Moraxellaceae Moraxella -0.065 -0.054 -0.065
Proteobacteria Moraxellaceae Acinetobacter 0.03 10.9 -0.045
Firmicutes Clostridiaceae Blautia -3.23 -2.78  -2.905
Firmicutes Veillonellaceae Veillonella -2.813 -1.98 -2.405
Proteobacteria Comamonadaceae Comamonas -2.757 -2.64 -2.765
Proteobacteria Enterobacteriaceae Leclercia 7.73 5.48 9.06
Proteobacteria Pseudomonadaceae Pseudomonas -0.007 -0.02 0.335

@ Shown are the differences that occur compared to baseline conditions (day 0) in young mice within each genus. Regions
shaded in green indicate an increase from baseline conditions, while regions shaded in red indicate a decrease from baseline

conditions.

three age groups, whereas Escherichia remained constant at low
levels postcolonization. Taken together, these data indicated that
even if the host is able to clear the pneumococcal infection, their
microbiota do not necessarily return to preinfection state, which
might ultimately determine future responses to secondary infec-
tions from resident or newly acquired infections.

DISCUSSION

Nasopharyngeal colonization is a prerequisite for pneumonia or
invasive pneumococcal disease (39). In young adults, colonization
is cleared within 3 to 6 weeks due to adequate immune control,

and the bacteria rarely translocate from the nasopharynx. As a
result, disease is rare (3). However, despite the low carriage rates in
the elderly (8, 40), Streptococcus pneumoniae is the most common
cause of pneumonia in this cohort (41-43). Furthermore, vacci-
nation of older adults does not reduce pneumonia and leads to
only a trivial reduction in invasive pneumococcal disease (44, 45).
Since S. pneumoniae colonization is influenced by the composi-
tion of the nasopharyngeal microbiome, we hypothesized that
age-related microbial dysbiosis influences the kinetics of pneumo-
coccal colonization.

Within the upper respiratory tract (URT), Streptococcus prneu-

TABLE 2 Genera most affected by S. pneumoniae within the middle-aged URT microbiome”
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PHYLUM FAMILY GENUS Day3 Day14 Day21
Firmicutes Streptococcaceae Streptococcus 3.78 3.83 7.53
Proteobacteria Pasteurellaceae Haemophilus -0.15 0.633 0.55
Firmicutes Staphylococcaceae Staphylococcus 1.17 -7.93 -
Firmicutes Clostridiaceae Clostridium -0.075 0.075 -0.075
Proteobacteria Enterobacteriaceae Escherichia -0.51 -0.96 -2.03
Proteobacteria Moraxellaceae Moraxella -0.03 -0.03 -0.03
Proteobacteria Moraxellaceae Acinetobacter -8.84 -8.833 -8.333
Firmicutes Clostridiaceae Blautia -1.87 -1.33 -0.88
Firmicutes Veillonellaceae Veillonella -0.765 1.945 3.205
Proteobacteria Comamonadaceae Comamonas -0.57 -0.233 -0.283
Proteobacteria Enterobacteriaceae Leclercia 5.325 2.625 3.395
Proteobacteria Pseudomonadaceae Pseudomonas 0.16 1.4 3.7

@ Shown are the differences that occur compared to baseline conditions (day 0) in middle-aged mice within each genus. Regions
shaded in green indicate an increase from baseline conditions, while regions shaded in red indicate a decrease from baseline

conditions.
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TABLE 3 Genera most affected by S. pneumoniae within the elderly URT microbiome®

PHYLUM FAMILY GENUS Day3 Day14 Day21
Firmicutes Streptococcaceae Streptococcus 1.4 5.72 1157722
Proteobacteria Pasteurellaceae Haemophilus -0.437 0.143 0.893
Firmicutes Staphylococcaceae Staphylococcus -6.83 -5.55
Firmicutes Clostridiaceae Clostridium -0.214  -0.064 -0.214
Proteobacteria Enterobacteriaceae Escherichia -2.43 0 -2.33
Proteobacteria Moraxellaceae Moraxella -0.129 -0.129 -0.129
Proteobacteria Moraxellaceae Acinetobacter -4.75 5.81 -4.94
Firmicutes Clostridiaceae Blautia -4.39 -2.28  -1.905
Firmicutes Veillonellaceae Veillonella -2.87 -1.09 3.355
Proteobacteria Comamonadaceae Comamonas -3.44 -2.84 -2.89
Proteobacteria Enterobacteriaceae Leclercia 7.45 -1.465  -2.315
Proteobacteria Pseudomonadaceae Pseudomonas -0.094 0.036 5.636

@ Shown are the differences that occur compared to baseline conditions (day 0) in old mice within each genus. Regions shaded in
green indicate an increase from baseline conditions, while regions shaded in red indicate a decrease from baseline conditions.

moniae can reside as an asymptomatic commensal or a pathogen,
resulting in invasive pneumococcal disease (46). As a result of this
dual role, a combination of factors within this microbial niche
determines how it behaves. Inter- and intraspecies competition
between S. pneumoniae and members of the upper respiratory
tract microbiome contribute to the ability of S. pneumoniae to
establish colonization, the ability of the host to mount a robust
antibacterial response, and the expression of virulence factors re-
quired to establish disease (47-51). For example, by sensing pep-
tides released by neighboring bacterial species, S. pneumoniae
stops replication, initiates a stress response (including the induc-
tion of competence), and becomes more adept at maintaining
pneumococcal colonization in mouse models (52). Many clinical
studies in children demonstrate that pneumococcal carriage is
positively associated with Haemophilus influenzae carriage but
negatively associated with the carriage of Staphylococcus aureus
(17, 23). Furthermore, adults who had more diverse nasal micro-
biota with a lower number of dominant species, such as Coryne-
bacterium, were more likely to be natural S. pneumoniae carriers
and more likely to become experimentally colonized by the pneu-
mococcus (53). Our previous study of nursing home elderly found
that the nasal microbiome had more diverse species and a lower
percentage of protective Corynebacterium (8), which mimics the
colonization-permissive phenotype of the previous study (53).
Thus, the composition of the URT microbiome in youth and
young adulthood contributes to the ability of S. pneumoniae to
establish colonization and, ultimately, infection.

A previous study examining the bacterial profiles of the adult
nostril and oropharynx niches in humans revealed a few dominant
phyla within each region. Specifically, the nostril bacteria were
comprised of Firmicutes and Actinobacteria, while the oropharynx
bacteria were comprised of Firmicutes, Proteobacteria, and Bacte-
roidetes (54-58). Despite the genus- and species-level differences
that exist between humans and mice, we observed similar charac-
teristics in our murine URT microbiome at the phylum level. Fur-
thermore, healthy adults are reported to have an inverse correla-
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tion between Firmicutes and Actinobacteria within the nasal
microbiota (55). This trend was observed within our murine
model as well, further revealing the similarities within the two
communities.

It is well documented that the gut microbiota changes with age
(59-61), and it appears that this may correlate with changes in
health (60); however, there are fewer studies on how the airway
microbiota changes with age (8) and whether these changes influ-
ence the ability of S. pneumoniae to establish colonization. We
have shown that the microbial communities of the URT are sig-
nificantly different with age under steady-state conditions, consis-
tent with a previous report (62). Thus, we sought to further exam-
ine the impact of these differences within the old mice on their
ability to allow S. pneumoniae colonization and persistence. S.
pneumoniae colonization is reported to be influenced by the pres-
ence of its community members, including Haemophilus influen-
zae and Staphylococcus aureus. Since both of these genera are pres-
ent within the murine URT microbiome, this model allows us to
study the natural interactions between S. pneumoniae and the na-
sopharyngeal microbiota community members.

We examined the changes in the microbial community that
occur within the URT following colonization with S. pneumoniae,
at least some of which are due to immunosenescence. Antibacte-
rial immunity is impaired in the elderly due to complex changes in
innate and adaptive immunity called immunosenescence (63-65).
As an example, we have identified that age-related changes in
monocytes impair the nasopharyngeal clearance of S. pneumoniae
(26). Others have demonstrated that immunity in the lung is im-
paired because Toll-like receptor (TLR) expression and signaling
decreases with age, and this impairs macrophage responses to S.
pneumoniae (66). Similarly, the quality of the adaptive antipneu-
mococcal antibodies also have been demonstrated to decrease
with age, demonstrating that the adaptive immune response also
is impaired (67, 68). The extent to which immunosenescence im-
pairs the maintenance of commensal and microbial communities
is not known.
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In our mouse model, young mice were able to return to pre-
colonization levels of the streptococci. However, this was not mir-
rored in the middle-aged and old mice. PCoA plots reveal that
young, middle-aged, and old mice cluster within their own age
groups following colonization, as shown in a previous publication
(62). This trend becomes more distinct by day 21, suggesting that
the bacterial community present in each age group responds sim-
ilarly to colonization. Also, throughout colonization, old mice
have an increased abundance of OTUs representing the Firmicutes
phylum, which includes S. prneumoniae. Tolerance to commensal
bacteria is a key contributor in initiating an immune response
against pathogenic bacteria. It has been proposed that changes
occurring at the upper respiratory tract barrier within the elderly
result in the inability of commensal residents to differentiate be-
tween commensal and pathogenic species, ultimately resulting in
alterations within innate host defense mechanisms and ineffective
bacterial clearance with age (1). Specifically, inhibitors of the
NE-kB pathway have been shown to be elevated at the respiratory
epithelium in old mice. This increase might be inhibiting the ini-
tiation of proinflammatory signaling pathways during bacterial
infection and could result in either a more tolerogenic response or
a delayed immune response in old mice (1).

Host-pathogen interactions within the nasopharyngeal niche
can impact resident microbes. Our data recapitulate experimental
models of S. pneumoniae competition or cooperation with other
members of the microbiome. We observe that the streptococci
appeared to have a competitive interaction with resident Staphy-
lococcus and a synergistic relationship with Haemophilus, as has
been described previously (16-18, 21). It is proposed that the in-
verse relationship with Staphylococcus is a form of bacterial inter-
ference (16, 17, 19). It has been suggested that the hydrogen per-
oxide produced by S. pneumoniae inhibits a variety of competing
organisms in the aerobic environment of the URT, including
Staphylococcus (16, 17, 20). Contrary to S. pneumoniae’s interac-
tion with Staphylococcus, Haemophilus facilitates S. pneumoniae’s
survival, as shown in previous studies using nasopharyngeal sam-
ples of children between 0 and 35 months of age (23). Although
the exact mechanisms are unclear, it has been suggested that this
phenomenon is related to the downregulation of pneumococcal
autolysis and fratricide genes, as well as an increase in pneumo-
coccal biofilm formation (19, 23, 24). As a result, there is de-
creased production of pneumococcal cell wall hydrolase and a
subsequent decrease in pneumococcal lysis during the presence of
Haemophilus influenzae. Our observations suggest that the com-
position of the natural mouse microbiome influences the effec-
tiveness of experimental colonization. Whether this is a factor
contributing to differences in susceptibility between mouse
strains is not known.

This study examined how age may affect the composition of
the microbial community during S. pneumoniae colonization and,
in turn, how this phenomenon can play a role in either the clear-
ance or proliferation of a pathogenic species. The overall trends
from this study revealed that the elderly mice were not able to clear
S. pneumoniae as effectively as the young mice, as they maintained
high levels of bacteria even 21 days postcolonization. Character-
izing the URT and determining factors driving pneumococcal col-
onization are important, as pneumonia is a frequently occurring
and costly disease in the elderly. Using these data, we can under-
stand the relationship between the aging system and its impact on
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bacterial colonization to help create alternatives to protect the
elderly from age-associated infections.
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