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Streptococcus pneumoniae is a leading cause of invasive bacterial infections, with nasal colonization an important first step in
disease. While cigarette smoking is a strong risk factor for invasive pneumococcal disease, the underlying mechanisms remain
unknown. This is partly due to a lack of clinically relevant animal models investigating nasal pneumococcal colonization in the
context of cigarette smoke exposure. We present a model of nasal pneumococcal colonization in cigarette smoke-exposed mice
and document, for the first time, that cigarette smoke predisposes to invasive pneumococcal infection and mortality in an animal
model. Cigarette smoke increased the risk of bacteremia and meningitis without prior lung infection. Mechanistically, deficiency
in interleukin 1o (IL-1at) or platelet-activating factor receptor (PAFR), an important host receptor thought to bind and facilitate
pneumococcal invasiveness, did not rescue cigarette smoke-exposed mice from invasive pneumococcal disease. Importantly, we
observed cigarette smoke to attenuate nasal inflammatory mediator expression, particularly that of neutrophil-recruiting
chemokines, normally elicited by pneumococcal colonization. Smoking cessation during nasal pneumococcal colonization res-
cued nasal neutrophil recruitment and prevented invasive disease in mice. We propose that cigarette smoke predisposes to inva-
sive pneumococcal disease by suppressing inflammatory processes of the upper respiratory tract. Given that smoking prevalence

remains high worldwide, these findings are relevant to the continued efforts to reduce the invasive pneumococcal disease

burden.

S treptococcus pneumoniae (pneumococcus) is a leading cause of
invasive infections, including bacteremia and meningitis (1-
3). S. pneumoniae colonizes the nasal mucosa of up to 18% of
adults as a commensal bacterium (4). While nasal pneumococcal
colonization alone is asymptomatic, it is considered a requirement
for the development of infectious disease (5). Cigarette smoking is
a strong risk factor for invasive pneumococcal disease (IPD) (6—
8), although the underlying mechanisms remain unclear. Recent
estimates indicate that over 1 billion people continue to smoke
worldwide (World Health Organization), placing a considerable
proportion of the global population at increased risk of IPD.
Nasal colonization with pneumococci induces rapid neutro-
phil recruitment, followed by prolonged macrophage accumula-
tion, ultimately leading to the control and clearance of colonizing
bacteria (9-11). Cigarette smoking impacts the respiratory host
defense in ways that may increase the risk of acquiring infection
(12). Smoke exposure has been documented to impair both mu-
cociliary flow and epithelial barrier integrity at the nasopharynx
(13). In addition, cigarette smoke suppresses the phagocytic activ-
ity of macrophages, contributing to impaired pneumococcal
clearance from the lower respiratory tract (14). Cigarette smoke
has also been shown to increase bacterial adherence to host cells
via the platelet activating factor receptor (PAFR) (15-17). Activa-
tion of host cells by cytokines, such as tumor necrosis factor alpha
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(TNF-a) and interleukin 1o (IL-1ax) further contributes to bacte-
rial invasion through the PAFR. Moreover, IL-1 administration to
rabbits increased the lung pneumococcal burden in a PAFR-de-
pendent manner (16). However, the effects of cigarette smoke on
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host responses to S. pneumoniae in the upper respiratory tract
remain to be elucidated.

The current study investigated the impact of cigarette smoke
exposure on pneumococcal nasal colonization in mice. Similar to
clinical observations, cigarette smoke exposure predisposed mice
to IPD, followed by sepsis and meningitis. To our knowledge, this
is the first report of cigarette smoke exposure predisposing to IPD
in mice. Mechanistically, we found cigarette smoke to suppress the
expression of nasal inflammatory mediators normally elicited by
pneumococcal colonization. The effects of cigarette smoke on the
host response may be reversible, as smoking cessation following
nasal colonization fully rescued mice from IPD. These data sug-
gest that compromised host responses in the nasopharynx predis-
pose to IPD following cigarette smoke exposure. These findings
have increased our understanding of the effects of cigarette smoke
on the nasal bacterial host defense and may help guide future
efforts to reduce the incidence of IPD.

(Part of this work has been previously presented in abstracts at
the American Thoracic Society Conference, San Diego, CA, May
2014, and the Upstate New York Immunology Conference, Bolton
Landing, NY, October 2015.)

MATERIALS AND METHODS

Animals. C57BL/6 mice were from The Jackson Laboratory (Bar Harbor,
ME). PAFR knockout (KO) mice from Elaine Tuomanen (18) and IL-1a
KO mice from Yoichiro Iwakura (University of Tokyo) (19) were also on
a C57BL/6 background. The Animal Research Ethics Board of McMaster
University approved all experimental procedures.

Bacterial preparation. S. pneumoniae P1547, a serotype 6A virulent
clinical isolate, was grown in tryptic soy broth (BD Biosciences, Franklin
Lakes, NJ) (20, 21).

Cigarette smoke exposure. Mice were exposed to the mainstream
smoke from 12 3R4F reference cigarettes (Tobacco and Health Research
Institute, University of Kentucky, Lexington, KY), with filters removed,
for 50 min, twice daily for 5 days per week (unless otherwise stated) using
a whole-body cigarette smoke exposure system (SIU-48; Promech Lab
AB, Vintrie, Sweden) as reported previously (22). Prior to cigarette smoke
exposure, the mice were acclimatized to the restrainers for the whole-body
cigarette smoke exposure system for 20 min on the first day, 30 min on the
second day, and 50 min on the third day. Control mice were exposed to
room air only.

Nasal colonization. One-week smoke-exposed mice were intranasally
inoculated with pneumococci (10 pl) in the absence of anesthesia and
continued to be exposed to smoke without interruption. The mice were
given HydroGel and placed on heating pads following daily cigarette
smoke exposure for the first 3 days post-nasal colonization.

Endpoint monitoring. According to the Canadian Council on Animal
Care Guidelines, the death of experimental animals is considered uneth-
ical. Therefore, the mice were subjected to endpoint monitoring as de-
scribed previously (23), and endpoint mice were immediately euthanized
during survival studies.

Determination of cellular inflammation and bacterial burden. Nasal
wash samples; bronchoalveolar lavage (BAL) fluid; and homogenates of
the lung, brain, and spleen were generated. BAL fluid cytospins and blood
smears were generated to determine the proportions of mononuclear cells
and neutrophils. Total cell numbers were determined using a hemocy-
tometer. The bacterial burden was quantified by plating on blood agar.

Pathology. Mice reaching endpoint were anesthetized and perfused
through the heart with lactated Ringer’s solution, followed by 10% for-
malin. Organs were collected and fixed in formalin. In a separate experi-
ment, the lungs were inflated with formalin at 30 cm H,O pressure. Tis-
sues were paraffin embedded, sectioned, and stained with hematoxylin
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and eosin (H&E). Gram staining was also performed based on the Brown
and Hopps method as described in the supplemental methods.

Serum cytokine measurement. Serum TNF-a and IL-6 levels were
determined by enzyme-linked immunosorbent assay (ELISA) (R&D Sys-
tems, Minneapolis, MN) according to the manufacturer’s instructions.

Real-time quantitative PCR. Nasal washes were performed with lysis
buffer RLT (Qiagen, Mississauga, ON, Canada) as described previously
(24). Lung tissue was homogenized in lysis buffer RLT. RNA was isolated
using an RNeasy minikit with DNase step (Qiagen, Mississauga, ON, Can-
ada). cDNA was synthesized with Superscript II reverse transcriptase (In-
vitrogen, Grand Island, NY) and TagMan real-time reverse transcription
(RT)-quantitative PCR (qPCR) was performed with the StepOnePlus
real-time PCR system (Life Technologies Inc., Burlington, ON, Canada).
Gene expression was determined using the AAC, method. Target gene
expression was normalized to the GAPDH (glyceraldehyde-3-phosphate
dehydrogenase) housekeeping gene and expressed as the fold change over
the relevant control group, as indicated in the figure legends.

Flow cytometry. Nasal wash samples were stained with fluorescent
antibodies by incubation at 4°C and assayed with a BD LSRII flow cytom-
eter on the same day. Data were gathered with FACSDiva software (BD)
and analyzed with Flow]Jo software (TreeStar).

Imaging. Room air- or smoke-exposed mice were anesthetized by
intraperitoneal injection with ketamine/xylazine and nasally inoculated
with ?*™technetium-diethylene triamine penta-acetic acid (°*™Tc-
DTPA) (Lantheus Medical Imaging, North Billerica, MA) at a time point
corresponding to day 3 post-nasal colonization. Dynamic images of mice
were obtained by single-photon emission computed tomography
(SPECT) every 30 s for 20 min to observe the distribution of the radioli-
gand (X-SPECT system; GammaMedica-Ideas, Northridge, CA). The
mean count from the nasal region of interest was converted to a percent-
age of the highest count (obtained in the first frame) for each mouse and
expressed as percent maximal activity. A whole body scan was performed
at 30 min, followed by whole body computed tomography (CT). The
upper airway doses of *™TC-DTPA as a percentage of the whole body
distribution were compared between room air- and smoke-exposed mice.

Statistical analysis. Data are expressed as means and standard errors
of the mean (SEM). GraphPad Prism 5 (GraphPad Software Inc., San
Diego, CA) and SPSS software (IBM, Armonk, NY) were utilized for sta-
tistical analyses. Levene’s test for equality of variances was used to account
for differences in data variability between groups. Independent ¢ tests were
used for comparisons between two groups. A log rank test was used for
comparison of Kaplan-Meier survival curves. Differences with P values
of <0.05 were considered statistically significant.

RESULTS

Cigarette smoke exposure compromises the nasal host response
following pneumococcal colonization. We investigated the effect
of cigarette smoke exposure on day 2 post-nasal pneumococcal
colonization. While the nasal bacterial burden was comparable to
that of the room air-exposed control (Fig. 1A), we observed atten-
uation of nasal TNF-a, CXCL-1, and CXCL-2 expression in
smoke-exposed mice (Fig. 1B). Corresponding to this, room air-
exposed control mice had a significant increase in nasal neutro-
phils following pneumococcal colonization, as assessed by flow
cytometry (Fig. 1C). There was no significant increase in response
to pneumococcal colonization in smoke-exposed mice, suggest-
ing that the ability to recruit additional neutrophils may be im-
paired. Lastly, cigarette smoke did not impact nasal CCL2 expres-
sion (Fig. 1B) or the proportion of macrophages (Fig. 1C). Our
findings suggest that cigarette smoke may impair the host re-
sponse to S. pneumoniae at the nasal mucosa.

Cigarette smoke exposure predisposes mice to IPD and mor-
tality following nasal pneumococcal colonization. To investi-
gate the consequences of a compromised nasal host response, the
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FIG 1 Cigarette smoke exposure compromises the nasal host response following nasal S. pneumoniae colonization. Room air-exposed control mice or 1-week
cigarette smoke-exposed mice were nasally colonized with approximately 10° CFU of S. pneumoniae. The mice continued to be exposed to cigarette smoke and
were euthanized on day 2 postcolonization. (A) Nasal wash sample bacterial burden. n = 4 or 5 mice per group. The data are representative of 3 independent
experiments. (B) mRNA was isolated from lysis buffer RLT nasal wash samples. Gene expression was determined by real-time RT-qPCR and normalized to that
of the room air-exposed vehicle control group. #n = 3 to 5 mice per group. The Tnfa, Cxcll, and Cxcl2 data are representative of 3 independent experiments; the
Ccl2 data are representative of 2 independent experiments. (C) Neutrophil and macrophage proportions in the nasal wash samples were determined using flow
cytometry. Open bars, room air; solid bars, smoke; S.p., S. pneumoniae; PBS, phosphate-buffered saline. The data are shown as means = SEM. n = 4 or 5 mice

per group. ¥, P < 0.05 compared to the corresponding control as assessed by an independent ¢ test; NS, not significant.

health status of the mice was monitored for 16 days post-nasal
colonization. Cigarette smoke exposure increased the frequency
of mice reaching endpoint (60%) compared to room air-exposed
controls (10%) (Fig. 2A). Rapid weight loss was observed in end-
point mice (Fig. 2A). Additionally, mortality occurred in smoke-
exposed mice regardless of the initial bacterial-inoculation dose (see
Fig. S1 in the supplemental material). Although the low-bacterial-
dose group appeared to have higher mortality rates than the interme-
diate- and high-dose groups, the survival curves of cigarette smoke-
exposed mice at these three doses were not significantly different
from each other as assessed by a log rank test (P = 0.7294).

To determine if mortality was associated with IPD, we cultured
for pneumococci in the lungs, spleen, and brain. Nasal wash cul-
tures indicated successful colonization (Fig. 2B and C). In addi-
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tion, we detected pneumococci in the BAL fluid, lungs, spleen, and
brain in endpoint mice (Fig. 2B). Interestingly, two endpoint mice
had pneumococci in the lung homogenate, but not the BAL fluid.
While surviving room air-exposed control mice remained nasally
colonized, no bacteria were cultured from other tissues (Fig. 2C).
Smoke-exposed mice surviving to day 16 had higher nasal bacte-
rial burdens than controls. Of note, some surviving smoke-ex-
posed mice also had pneumococci in the brain, and IPD might
have developed if the study had continued longer (Fig. 2C). Over-
all, these data provide evidence that cigarette smoke exposure fol-
lowing nasal pneumococcal colonization increases the incidence
of IPD and mortality in mice.

Endpoint mice showed characteristics of sepsis and menin-
gitis. Given the presence of pneumococcal bacteremia in endpoint
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FIG 2 Cigarette smoke exposure predisposes mice to IPD and mortality following nasal pneumococcal colonization. Room air-exposed control mice or 1-week
cigarette smoke-exposed mice were nasally colonized with approximately 10° CFU of S. pneumoniae. The mice continued to be exposed to cigarette smoke for
16 days post-nasal colonization and were euthanized as they reached endpoint. (A) (Left) Survival curve showing room air-exposed control mice (solid line) and
smoke-exposed mice (dotted line). (Middle and right) Individual weights of surviving and endpoint mice are shown as percentages of initial weights on the day
of bacterial colonization (day 0). Open circles, control mice; solid circles, smoke-exposed mice. (B and C) Bacterial burdens in various tissues of mice at endpoint
(B) and of mice surviving to day 16 (C). Open circles, control mice; solid circles, smoke-exposed mice. n = 10 per group of control or smoke-exposed mice. The
survival curves were compared by log rank test; a P value of <0.05 was considered significant. *, P < 0.05 compared to the corresponding control as assessed by

an independent ¢ test.

mice, we looked for abnormalities characteristic of sepsis. Total
blood leukocyte numbers were lower in all endpoint mice than in
both vehicle control and surviving mice (Fig. 3A). Differential cell
counting showed reduced numbers of mononuclear cells, but not
neutrophils (Fig. 3A). Moreover, we detected IL-6 in the sera of
endpoint mice (Fig. 3B). The presence of serum IL-6, combined
with blood leukopenia and evidence of bacteremia (Fig. 2B), in-
dicated that endpoint mice developed sepsis.

We next assessed the histopathology of endpoint mice and ob-
served neutrophilic inflammation at the meninges, characteristic
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of meningitis (Fig. 3C and F). Endomyocarditis was also noted,
with an area of intense neutrophil accumulation in one case (Fig.
3D and G). Notably, microlesions were present within the myo-
cardium (Fig. 3E), which stained Gram positive (Fig. 3H), likely
due to pneumococcal presence. Strikingly, the lungs of smoke-
exposed endpoint mice were without evidence of overt inflamma-
tion and tissue consolidation (see Fig. S2A in the supplemental
material) and comparable to those of surviving smoke-exposed
mice (see Fig. S2B in the supplemental material). The lack of in-
flammation was also reflected in the BAL fluid cell counts of end-
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FIG 3 Endpoint mice show features of sepsis and meningitis. Room air-exposed control mice or 1-week cigarette smoke-exposed mice were nasally colonized
with approximately 10° CFU of S. pneumoniae. The mice continued to be exposed to cigarette smoke post-nasal colonization and were euthanized as they reached
endpoint. (A) Blood leukocyte counts were determined in mice surviving to day 16, in endpoint mice, and in vehicle control mice. (B) IL-6 was measured by
ELISA in the sera of surviving and endpoint mice. Open circles, room air-exposed mice; solid circles, smoke-exposed mice. (C to H) Mice reaching endpoint were
perfused with 10% formalin. Tissues were fixed in formalin, sectioned, and stained with H&E. Representative images are shown. (C) Inflammatory cell infiltrate
at the meninges (arrow). Bar, 100 wm. (F) Higher magnification of panel C. Bar, 60 wm. (D) Endomyocarditis (arrow). Bar, 600 wm. (G) Higher magnification
of panel D. Bar, 60 pm. (E) Cardiac microlesion (arrow). Bar, 60 wm. (H) Gram-positive stain of cardiac microlesion (arrow). Bar, 60 pm. n = 5 to 10 per group

of control or smoke-exposed mice.

point mice (see Fig. S2C in the supplemental material). Our ob-
servations suggest that endpoint mice developed IPD in the
absence of pneumonia, leading to meningitis, sepsis, endomyo-
carditis, and cardiac damage.

Invasive infection occurred rapidly in the blood and brain of
cigarette smoke-exposed mice. To characterize the pattern of
bacterial dissemination from nasal colonization, we euthanized
smoke-exposed mice daily post-nasal colonization and assessed
the pneumococcal burden in the BAL fluid, spleen, and brain.
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Mice reaching endpoint outside the indicated time points were
excluded from the study. Widespread bacterial dissemination oc-
curred on days 3 and 4, as shown by the percentage of mice with
pneumococci in various tissues (Fig. 4A). Of note, the majority of
mice showed no obvious change in health status (Fig. 4A). In some
mice, bacteria were detected in the spleen only, the brain only, or
simultaneously in the brain and spleen without presence in the
BAL fluid (Fig. 4B). Interestingly, there was no case of pneumo-
coccal detection in the BAL fluid only, and we observed no in-
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FIG 4 Invasive infection occurred rapidly in the blood and brain of cigarette smoke-exposed mice. Room air-exposed control or 1-week cigarette smoke-exposed
mice were nasally colonized with approximately 10° CFU of S. pneumoniae. The mice continued to be exposed to cigarette smoke, and the bacterial burden was
assessed daily for 4 days in the indicated tissue samples. (A) Percentages of cigarette smoke-exposed mice with detectable S. pneumoniae in each tissue sample over
4 days. The health status of the mice was also assessed prior to euthanization each day. (B) Breakdown of bacterial dissemination patterns in cigarette
smoke-exposed mice by day. (C) Breakdown of bacterial dissemination patterns in room air-exposed mice by day. n = 8 mice per time point.

creased BAL fluid cellular inflammation in mice with detectable
BAL fluid bacteria compared to mice without bacterial dissemina-
tion (see Fig. S3A in the supplemental material). In addition, the
nasal bacterial burden was not increased despite widespread bac-
terial dissemination (see Fig. S3B in the supplemental material).
Finally, we observed no bacterial dissemination in room air-ex-
posed control mice, except in one case (Fig. 4C). Overall, these
data suggest that more bacterial dissemination occurs in smoke-
exposed mice than in control mice and that the point of dissemi-
nation may be the nasopharynx, rather than the lungs.

Cigarette smoke exposure did not compromise nasal clear-
ance or epithelial barrier integrity. To investigate whether cig-
arette smoke exposure predisposed to IPD by compromising
nasal clearance or epithelial barrier integrity, we administered
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9mTc-DTPA intranasally to room air- and smoke-exposed
mice at a time point corresponding to day 3 post-nasal coloni-
zation, when bacterial dissemination is first observed. Dynamic
images were obtained by SPECT to observe nasal clearance of
the radioligand (see Fig. S4A in the supplemental material).
The activities of ™ Tc-DTPA in the upper airways, measured
every 30 s, were comparable between room air- and smoke-ex-
posed mice (Fig. 5). To determine whether cigarette smoke ex-
posure compromised nasal epithelial barrier function, we
assessed the upper airway dose of ™ TC-DTPA as a percentage
of the whole body distribution (outlined in Fig. S4B in the
supplemental material). At 30 min post-nasal delivery, the
99mTc-DTPA was still mainly confined to the upper respiratory
tract (see Fig. S4C in the supplemental material), and there was
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FIG 5 Cigarette smoke exposure did not compromise nasal clearance of
9mTc-DTPA. Room air-exposed control mice or cigarette smoke-exposed
mice were anesthetized and nasally inoculated with **™Tc-DTPA at a time
point corresponding to day 3 post-nasal colonization. Dynamic images were
acquired every 30 s using SPECT to observe the distribution of the radioligand.
A standard region of interest was positioned in the nasal region, and the activ-
ity of ®™Tc-DTPA was measured every 30 s and expressed as percent maximal
activity (obtained in the first frame). The data are shown as means = SEM.
Open circles, control mice; solid circles, smoke-exposed mice. n = 5 or 6 mice

per group.

no significant difference between the upper airway doses of
MTC-DTPA in room air-exposed (75.2% = 1.3%) and
smoke-exposed (73.9% = 0.34%) animals as a percentage of
the whole body distribution. These data suggest that short-
term cigarette smoke exposure alone did not impact either na-
sal clearance or epithelial barrier integrity in the upper airways.

PAFR or IL-1a deficiency did not rescue smoke-exposed
mice from mortality following nasal pneumococcal coloniza-
tion. S. pneumoniae is known to bind several host receptors, in-
cluding the PAFR (16, 25, 26), which may facilitate bacterial inva-
sion independently of epithelial barrier function. Of particular
interest, S. pneumoniae has been shown to adhere to and invade
host cells activated by thrombin or cytokines, such as TNF-a and
IL-1a, in a PAFR-dependent manner (16). Moreover, both PAFR
and IL-1la are increased in the lungs of smokers and chronic ob-
structive pulmonary disease (COPD) patients (17, 27, 28). There-
fore, cigarette smoke exposure may predispose to IPD by inducing
PAFR expression in an IL-1a-dependent manner. In support of
this, we found that cigarette smoke exposure significantly upregu-
lated lung mRNA expression of both PAFR and IL-1a. Further-
more, the smoke-induced increase in lung PAFR mRNA expres-
sion was IL-1a dependent (Fig. 6A). In contrast, cigarette smoke
exposure attenuated PAFR and IL- 1« expression at the nasophar-
ynx (Fig. 6B). Functionally, IL-1ac or PAFR deficiency did not
rescue smoke-exposed mice from mortality following nasal pneu-
mococcal colonization (Fig. 6C). PAFR or IL-1a deficiency did
not significantly affect the survival of corresponding room air-
exposed controls compared to wild-type (WT) mice following
nasal pneumococcal colonization (data not shown). Our findings
show differential regulation of PAFR and IL-1a by cigarette
smoke between the upper and lower respiratory tracts. Fur-
thermore, the increased susceptibility to IPD from nasal pneu-
mococcal colonization caused by cigarette smoke occurs inde-
pendently of PAFR and IL-1a.
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Smoking cessation fully protected mice from mortality fol-
lowing nasal pneumococcal colonization. Notably, mice were
completely rescued from IPD if cigarette smoke exposure was
stopped following nasal pneumococcal colonization, suggesting
that smoking cessation may be the most effective intervention
strategy (Fig. 7A). The increased survival rate was associated with
an increase in nasal neutrophils in the cessation group (Fig. 7B).
Although smoking cessation did not impact the nasal expression
of TNF-a compared to smoke-exposed mice, we did observe an
increase in CXCL-1 and CXCL-2 expression (Fig. 7C). These data
suggest that the increased incidence of IPD following cigarette
smoke exposure is reversible and that smoking cessation may re-
cover nasal CXCL-2 expression and neutrophil recruitment.

DISCUSSION

Despite the well-documented association between cigarette smok-
ing, as well as exposure to secondhand smoke, and IPD (6-8), no
animal models to date have investigated the underlying mecha-
nisms by which cigarette smoke predisposes to the progression of
IPD from nasal colonization, an asymptomatic carrier state.
Moreover, there are multiple reports that secondhand smoke in-
creases the incidence of nasal pneumococcal colonization in chil-
dren (29-31), further emphasizing the need for additional mech-
anistic studies (6). In the current study, we sought to establish a
mouse model of nasal pneumococcal colonization and cigarette
smoke exposure. Doing so has allowed us to characterize the ex-
tent of bacterial dissemination following cigarette smoke expo-
sure while providing a tool to investigate the mechanisms that
drive IPD.

Mice were exposed to cigarette smoke using an established
whole-body smoke exposure system (22). Cigarette smoke is well
tolerated, with carboxyhemoglobin and cotinine levels compara-
ble to those of human smokers (22, 32). The mice were colonized
nasally with S. pneumoniae as previously described (33, 34). By
using a volume of 10 pl in the absence of anesthesia, bacteria were
delivered to the nose only, as shown previously by Southam et al.
(35) and Miller et al. (36). Our imaging data using **"Tc-DTPA
confirm that nasal delivery of the bacteria was limited to the upper
respiratory tract. Similar to nasopharyngeal carriage in humans,
colonization is asymptomatic in adult mice and lasts several weeks
with few cases of IPD (33, 37). Mice continued to be exposed to
smoke postcolonization without interruption to mimic the fact
that smokers continue smoking during asymptomatic nasal pneu-
mococcal colonization.

Cigarette smoke had profound effects on the development of
IPD; we observed increased mortality in mice associated with
meningitis and bacteremia. Pneumococci were cultured from
brain tissue associated with neutrophilic inflammation at the me-
ninges. Pneumococcal bacteremia in mice was also associated
with leukopenia, an observation that is consistent with the lym-
phopenia and splenic lymphocyte apoptosis described in septic
patients and mouse models of sepsis (38—40). Moreover, all end-
point mice had detectable serum IL-6, which is thought to predict
organ dysfunction and mortality in sepsis (41, 42). These findings
mirror clinical observations of cigarette smoking as a risk factor
for IPD; smokers are overrepresented in the population of IPD
patients at 58%, compared to 24% for control subjects (6). To our
knowledge, we are the first to describe, in the context of cigarette
smoke, the progression from an asymptomatic carrier state to IPD
in mice. Clinically, cardiac complications occur frequently with
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cigarette smoke post-nasal colonization. (A) Lung mRNA expression of PAFR (Ptafr) and IL-1a at day 3 post-nasal colonization. Lung PAFR mRNA expression
was also assessed in IL-1ae KO mice following 4 days of cigarette smoke exposure. Gene expression was determined by real-time RT-qPCR and normalized to that
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of PAFR and IL-1a at day 2 post-nasal colonization. Gene expression was determined by real-time RT-qPCR and normalized to that of the room air-exposed
vehicle control group. Open bars, room air-exposed mice; solid bars, smoke-exposed mice. The data are shown as means = SEM. n = 3 to 5 mice per group. The
data are representative of 2 independent experiments. ¥, P < 0.05 compared to the corresponding control as assessed by an independent ¢ test. (C) Survival curves
of smoke-exposed IL-1a KO and PAFR KO mice post-nasal pneumococcal colonization. Solid lines, wild-type mice; dashed lines, KO mice. # = 9 or 10 mice per
group. The data are representative of 2 independent experiments. The survival curves were compared by log rank test. A P value of <0.05 was considered

significant.

IPD (43). We observed bacterial endocarditis, where 15% of all
cases were associated with pneumococcal infection in the pre-
antibiotic era (44). In addition, we found microlesions in the
heart, likely as a consequence of bacteremia, filled with Gram-
positive bacteria, as recently described by Brown et al. (45). These
microlesions were reported to correlate with markers of cardiac
damage and collagen deposition, which may lead to cardiac scar-
ring over time (45). Taken together, our model presents multiple
characteristics of IPD, validating the use of our animal model to
investigate disease mechanisms in the context of cigarette smoke.

Mechanistically, we found that cigarette smoke exposure pre-
disposes to IPD in association with attenuated nasal expression of
TNF-a and the neutrophil-recruiting chemokines CXCL-1 and
CXCL-2. While neutrophils do not directly impact the nasal bac-
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terial burden, they play a role in antigen priming of the adaptive
immune response, which impacts later macrophage-mediated
clearance of colonizing pneumococci (10, 11). Although the base-
line proportion of nasal neutrophils was high in smoke-exposed
mice, we did not see a significant increase in neutrophils in re-
sponse to pneumococcal colonization compared to room air-ex-
posed control mice. Hence, we postulate that the impaired ability
to recruit additional neutrophils in response to S. pneumoniae
may predispose to IPD in smoke-exposed mice. In support of this,
the effect of cigarette smoke is similar to previous observations of
neutrophil depletion, which had no immediate impact on the na-
sal bacterial burden but predisposed mice to IPD (11). Further-
more, we show that increased survival in nasally colonized mice
following smoking cessation was associated with an increase in
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neutrophils. Cigarette smoke may thus predispose to IPD by im-
pairing the neutrophilic response induced by nasal pneumococcal
colonization.

S. pneumoniae has been shown to adhere to and enter host cells
through the PAFR in an IL-la-dependent manner (16). Both
PAFR and IL-1a are increased with cigarette smoke exposure (17,
28) and may facilitate bacterial invasion. Here, we show that defi-
ciency in PAFR or IL-1a did not rescue smoke-exposed mice from
higher rates of IPD. This may be due to differential regulation of
PAFR and IL-1a in the upper and lower respiratory tracts. Our
findings confirm an increase in lung PAFR due to cigarette smoke
exposure consistent with previous findings in both human smok-
ers and our mouse model (17). While it is possible that PAFR
contributes to pneumococcal infection and bacterial dissemina-
tion in the lungs of smokers, it may have little effect in the upper
respiratory tract, since expression of both nasal PAFR and IL-1a is
decreased by cigarette smoke exposure. Thus, although PAFR may
potentially be involved in pneumococcal dissemination from the
lungs following cigarette smoke exposure, and in heart microle-
sion formation and translocation across the blood-brain barrier
(45, 46), it played little role in promoting IPD from nasal coloni-
zation.

There are approximately 90 pneumococcal serotypes, with the
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invasive potential and bacterial dissemination pattern highly de-
pendent on both the serotype and the clonal type (47—49). There-
fore, cigarette smoke exposure may affect IPD, depending on the
virulence potential and organ-specific propensity of the nasally
colonizing S. pneumoniae strain. The current study used a clinical
blood isolate of serotype 6A (20, 21), which has been associated
with a higher risk of acquiring meningitis (50). Since invasive
infection had already progressed to the lungs, blood, and brain in
the majority of cigarette smoke-exposed mice examined in our
time course, we cannot rule out the possibility that we might have
missed the very early phase of disease and that bacterial dissemi-
nation from the lungs did occur. However, the propensity of the S.
pneumoniae strain we utilized and the observation that some mice
acquire pneumococci only in the spleen or brain post-nasal pneu-
mococcal colonization suggest there may be a predisposition to-
ward bacteremia and meningitis, rather than pneumonia, in our
model. Similarly, Basilico et al. recently reported that cigarette
smoke exposure predisposed mice to ear infection following pul-
monary delivery of a clinical isolate of S. pneumoniae from a pa-
tient with otitis media (51). Of note, occult pneumococcal bacte-
remia, the direct spread of S. pneumoniae from the nasopharynx
into the blood, as well as direct S. pneumoniae translocation to the
brain from the nasopharynx, is well documented (52, 53). Our
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data suggest that, in addition to pneumonia, smokers may be at
increased risk of occult bacteremia, which warrants further atten-
tion.

Importantly, we found smoking cessation post-nasal coloniza-
tion fully rescued mice from mortality. This observation likely
explains why nasal colonization with a clinical isolate of the same
serotype (6A) did not cause IPD or attenuate nasal inflammation
in a recent study by Voss et al. (54), where mice did not continue
to be exposed to smoke following colonization. These differences
in experimental approach should be taken into consideration
when investigating mechanisms of nasal pneumococcal coloniza-
tion and IPD, especially given how quickly nasal CXCL-1 and
CXCL-2 expression, as well as neutrophil recruitment, increased
following smoking cessation in colonized mice. Our data suggest
that the immunosuppressive effects of smoke at the nasopharynx
are highly reversible. Epidemiological studies also support a re-
versible effect in that the odds ratio of acquiring IPD is lower in
former smokers than in current smokers (6, 55). Our findings
suggest that smoking cessation may be the most effective interven-
tion strategy to reduce the incidence of IPD.

Our model demonstrates that cigarette smoke exposure pre-
disposes to IPD by suppressing nasal inflammatory mediator ex-
pression. A similar effect of cigarette smoke was observed in hu-
mans, where nasal IL-6 expression was decreased in young healthy
smokers following nasal inoculation with live attenuated influ-
enza virus (56). In contrast, we have previously shown that alve-
olar macrophage responses to nontypeable Haemophilus influen-
zae (NTHi) in the lungs are skewed by cigarette smoke,
suppressing the expression of some inflammatory mediators while
augmenting that of others, including IL-1a, which contributed to
excessive lung neutrophilia in response to bacterial infection (57).
This could be attributed to differential regulation of inflammatory
processes by cigarette smoke in the upper and lower respiratory
tracts, as suggested by Huvenne et al. (58).

In conclusion, we present a novel animal model of cigarette
smoke-associated IPD. Our data suggest that cigarette smoke ex-
posure may increase the risk of not only pneumonia, but also
occult pneumococcal bacteremia. Mechanistically, we propose
that cigarette smoke attenuates a proinflammatory environment
at the nasopharynx normally induced by S. pneumoniae, which
hinders recruitment of crucial cellular effectors required for the
prevention of IPD. Smoking cessation may be the most effective
intervention strategy to reduce the incidence of IPD, emphasizing
the need for more supportive smoking prevention and cessation
programs. However, given the addictive nature and high preva-
lence of cigarette smoking, future studies are also warranted to
understand and restore inflammatory processes at the nasal mu-
cosa.
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