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Cigarette smoking is the leading preventable cause of death, disease, and disability worldwide. It is well established that cigarette
smoke provokes inflammatory activation and impairs antimicrobial functions of human immune cells. Here we explore whether
cigarette smoke likewise affects the virulence properties of an important human pathogen, Staphylococcus aureus, and in partic-
ular methicillin-resistant S. aureus (MRSA), one of the leading causes of invasive bacterial infections. MRSA colonizes the naso-

pharynx and is thus exposed to inhalants, including cigarette smoke. MRSA exposed to cigarette smoke extract (CSE-MRSA) was

more resistant to macrophage killing (4-fold higher survival; P < 0.0001). CSE-MRSA demonstrated reduced susceptibility to
cell lysis (1.78-fold; P = 0.032) and antimicrobial peptide (AMP) (LL-37) killing (MIC, 8 M versus 4 pM). CSE modified the
surface charge of MRSA in a dose-dependent fashion, impairing the binding of particles with charge similar to that of AMPs by
90% (P < 0.0001). These changes persisted for 24 h postexposure, suggesting heritable modifications. CSE exposure increased
hydrophobicity by 55% (P < 0.0001), which complemented findings of increased MRSA adherence and invasion of epithelial
cells. CSE induced upregulation of mprF, consistent with increased MRSA AMP resistance. S. aureus without mprF had no
change in surface charge upon exposure to CSE. In vivo, CSE-MRSA pneumonia induced higher mouse mortality (40% versus
10%) and increased bacterial burden at 8 and 20 h postinfection compared to control MRSA-infected mice (P < 0.01). We con-
clude that cigarette smoke-induced immune resistance phenotypes in MRSA may be an additional factor contributing to suscep-

tibility to infectious disease in cigarette smokers.

igarette smoking is the leading preventable cause of death,

disease, and disability worldwide. In 2010, approximately 6
million deaths worldwide were attributed to cigarette smoking
and second-hand exposure (1). It is estimated that by 2020 and
2030, 7.5 and 8 million people, respectively, will be dying from
cigarette smoke annually (2). Worldwide, the prevalence of smok-
ing ranges from 19 to 51%. In the United States alone, the preva-
lence of smoking is 20% and costs an estimated $96 billion in
direct health care and $97 billion in lost productivity annually (3).
Forty percent of children worldwide are regularly exposed to sec-
ondhand cigarette smoke, and it is estimated that 600,000 people
die from secondhand smoke exposure every year (4).

Both direct and second-hand cigarette smoke exposures in-
crease the risk and severity of developing respiratory tract and
other invasive infections. Invasive pneumococcal disease is 2- to
4-fold more common in cigarette smokers, and increased suscep-
tibility to influenza and tuberculosis has also been documented (5,
6). The mechanistic relationship between increased susceptibility
to infection and cigarettes has yet to be elucidated; however, prior
studies have focused on changes induced in the host.

Cigarette smoking increases mucus production, impairs epi-
thelial elastic properties, decreases IgA production, and affects
phagocyte activities (6). These changes facilitate bacterial coloni-
zation and exacerbate inflammatory responses leading to epithe-
lial damage, further impairing host immunity and promoting bac-
terial colonization of the respiratory tract. This continuous loop
ultimately leads to chronic inflammation and increased bacterial
colonization of the lungs. Lastly, direct and second-hand cigarette
smoke exposures alter the normal composition of the nasopha-
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ryngeal microflora, opening the door to opportunistic pathogens
such as Staphylococcus aureus, Haemophilus influenzae, and Strep-
tococcus pneumoniae (5, 6).

S. aureus is a Gram-positive coccus that causes a broad range
of infections, including invasive disease such as pneumonia,
bacteremia, and endocarditis (7). Methicillin-resistant S. au-
reus (MRSA) is associated with a higher mortality rate in invasive
infections than methicillin-sensitive S. aureus (MSSA) (8-10).
Also, in severe staphylococcal pneumonia, MRSA outnumbers
MSSA as the pathogen, accounting for 57% of cases (11). There
were >75,000 cases of invasive MRSA infection, leading to nearly
10,000 deaths, in the United States in 2012 (3).
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Smokers have higher rates of MRSA colonization than non-
smokers, thus increasing their risk of serious and difficult-to-treat
infections (12). Smokers with acute and chronic sinusitis have a
higher incidence of S. aureus and MRSA as the pathogen than
nonsmokers (13). Children with cystic fibrosis exposed to second-
hand smoke more frequently have MRSA grow from respiratory
cultures (14). Smokers who are nasal swab positive for MRSA are
at high risk for postoperative MRSA infections (15). These clinical
data are further supported by in vitro findings by Kulkarni et al.
(16), who found that S. aureus exposed to cigarette smoke had
increased binding to human cells and biofilm formation, demon-
strating that cigarette smoke increases the ability of MRSA to col-
onize and persist in the human host.

Colonization by MRSA is as common in the community as in
the hospital setting (17, 18). All skin and mucosal surfaces can be
colonized by MRSA, with nasal carriage being the most common
(19-21). It is estimated that 20% of the general population is per-
sistently colonized in the nasopharynx by S. aureus, and an addi-
tional 30% are transiently colonized (22). MRSA from the naso-
pharynx can travel to the lungs to cause pneumonia. In addition,
MRSA may be transferred onto other epithelial surfaces, where
upon epithelial compromise (cuts or breaks) the MRSA may in-
vade deeper tissues, leading to necrotizing fasciitis or sepsis.

As an alternative hypothesis to the current paradigm that cig-
arette smoke causes disease primarily via changes to the host, we
turned to the other side of the host-pathogen dynamic to deter-
mine whether cigarette smoke promotes bacterial virulence. Be-
cause MRSA causes severe pneumonia more often than MSSA and
because MRSA commonly colonizes the nasopharynx and airways
and thus is exposed to inhaled substances, we examined the effect
of cigarette smoke on MRSA resistance to host innate immune
killing mechanisms and the ability to cause pneumonia in mice.

MATERIALS AND METHODS

CSE preparation. We conducted a literature review of in vitro cigarette
smoke studies and based our design on the most accepted methods of
cigarette smoke extract (CSE) preparation. We added 20% Todd-Hewitt
broth (THB) to the base mammalian medium, RPMI plus 10% fetal bo-
vine serum (FBS), as bacterial growth kinetics are stunted in its absence. A
60-ml syringe (BD) containing 10 ml base medium was connected to a
research cigarette (University of Kentucky, 3R4F), and 50 ml smoke was
aspirated, agitated for 15 s, and expelled. This process was repeated until 1
cm remained. The 10 ml of medium exposed to 1 cigarette is referred to as
100% CSE medium, in keeping with prior literature. Absorbance (at 320
nm) and pH were recorded to document consistency between batches,
and medium was filtered (0.45 wm) and used immediately. The solid
portion (CSE sediment) was acquired by spinning at 4,000 rpm for 30 min
and resuspending the pellet in 10 ml. For 24-h-old CSE, CSE was stored at
4°C for 24 h to allow gases to escape.

Cultures. Overnight cultures of MRSA USA300 were grown in THB at
37°C with shaking. Same-day subcultures were prepared in concentra-
tions of CSE from 0 to 100% and grown to mid-log phase (optical density
at 600 nm [ODg,], 0.6 to 0.8) before centrifugation (3,000 rpm, 10 min)
and resuspension at 1 X 10® CFU/ml (ODyy, 0.4) prior to dilution in
assay medium to the final CFU/ml. MRSA growth was halted by 100%
CSE; therefore, 75% CSE was utilized as the maximum concentration.
This concentration is similar to those used in mammalian cell studies,
which led to carcinogenic and immune response findings that were con-
firmed by human subject studies. For enumeration, MRSA was serially
diluted and plated on Todd-Hewitt agar (THA). For MH-S (ATCC CRL-
2019) phagocytosis, MRSA USA300 TCH 1516 pcm29 (MRSA-green flu-
orescent protein [GFP]) was utilized. Wild-type (WT) SA113 and SA113
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AmprF, the knockout of mprF, were used in some surface charge studies.
MH-S cells were cultured in RPMI plus 10% FBS plus 0.05 mM beta-
mercaptoethanol. HaCaT (CLS) and A549 (ATCC CCL-185) cells were
cultured in RPMI plus 10% FBS.

Macrophage killing of bacteria. Alveolar macrophages (MH-S) were
plated at 1 X 10° cells/well in RPMI plus 2% FBS the day prior to the assay
and were prestimulated for 45 min with 16 pM phorbol myristate acetate
(PMA). Prior to macrophage infection with bacteria, 1 X 10° CFU MRSA
were opsonized via incubation at 37°C with gentle shaking in 90% mouse
serum (Applied Biosystems) for 30 min. MH-S cells were infected with
preopsonized MRSA at a multiplicity of infection (MOI) of 1 and placed
back at 37°C with 5% CO,. Starting at 100 min postinfection, total sur-
viving bacteria were harvested from each well at 40-min intervals. In par-
allel, MH-S cells were harvested hourly and evaluated for eukaryotic cell
death via trypan blue exclusion.

Macrophage phagocytosis. MH-S cells were plated at 1 X 10° cells/
well in a 24-well plate (Corning). MRSA-GFP was added at an MOI of 10
and cells incubated at 37°C with 5% CO, for 1 h. Macrophages were
washed with 1 ml phosphate-buffered saline (PBS) three times to remove
adherent bacteria. Cells were trypsinized and run on a fluorescence-acti-
vated cell sorter (FACS) (BD) to quantify internalized MRSA-GFP.

Bacterial growth curves and H,0, sensitivity. Overnight MRSA cul-
tures were diluted 1:100 in 0%, 25%, 50%, 75%, and 100% CSE and
incubated at 37°C with shaking. The ODy,, was recorded at 30-min inter-
vals until the control reached the plateau phase. For H,O, sensitivity
testing, MRSA was grown in 0% and 75% CSE to an OD, of 0.6 to 0.8
and then treated with 0.04% H,O, for 30 min at room temperature, with
surviving bacteria plated for enumeration.

Bacterial cell lysis. Bacteria were grown in medium plus 1 M NaCl to
an OD, of 1.7 to 1.9 (late log phase). MRSA cells were spun at 3,200 rpm
for 10 min at 4°C, washed twice with 4°C water, and resuspended to an
ODg of 2.0 in 50 mM Tris-HCI (pH 7.2) with 0.05% Triton X-100.
Absorbance at ODq, was recorded every 30 min throughout incubation
at 30°C with shaking.

Antimicrobial peptide (AMP) (LL-37) resistance assays. MRSA was
added to plates at 2 X 10° CFU per ml of RPMI plus 5% tryptic soy broth.
MIC plates were incubated at 37°C overnight with shaking, and then 675
pg resazurin (Sigma) was added and left for 8 h to evaluate metabolic
activity. Bacteria were plated on agar to determine the minimum bacteri-
cidal concentration (MBC). Killing kinetic plates were incubated with
shaking at 37°C, with samples taken every hour to monitor bacterial
growth.

Surface charge of MRSA. MRSA was grown in 0%, 25%, 50%, and
75% CSE, as well as 24-h-old CSE, CSE precipitate, and 3 mg and 6 mg
nicotine, to an ODy, of 0.6 to 0.8. For hereditary studies, MRSA were
exposed to THB or 75% CSE daily for 4 days, 3 days, or 24 h prior to
evaluation. After each exposure, bacteria were spun down and resus-
pended in regular THB for incubation at 37°C overnight with shaking. On
the day of evaluation, bacteria were not reexposed to CSE. SA113 and
SA113 AmprF strains were grown in 0% and 75% CSE to an ODy, of 0.6
to 0.8, with ampicillin in the medium for the AmprF strain to select for
mprF knockouts. Bacteria were washed three times in 0.02 M HEPES (pH
7.5) and resuspended to an ODy, of 0.3, and 2 WM poly-L-lysine (PLL)-
fluorescein isothiocyanate (FITC) (Sigma) added. Tubes were vortexed
every 5 min for 15 min in the dark. Cells were pelleted and resuspended,
and PLL-FITC binding was quantified via FACS.

Bacterial hydrophobicity. MRSA was resuspended in PBS to an
ODg of 0.7. In 1.5-ml tubes, cells were vortexed for 2 min with 25%
n-hexadecane. After 30 min of incubation, a sample was taken from the
lower aqueous layer to enumerate the bacteria.

Adherence and invasion of human skin cells. HaCaT (human kera-
tinocyte) cells were plated at 2 X 10° cells/well in RPMI plus 2% FBS in
24-well plates. MRSA was grown to stationary phase and added at an MOI
of 10. For adherence, cells were incubated for 30 min at 37°C with 5%
CO,. Cells were washed three times, harvested with trypsin-EDTA, and
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lysed by pipetting up and down in the presence of 0.025% Triton X-100.
For invasion, infected cells were incubated for 2 h at 37°C with 5% CO,.
Supernatants were aspirated, and 100 U/ml penicillin, 100 pg/ml strepto-
mycin, and 10 pwg/ml gentamicin were added to kill extracellular bacteria
for 2 h. Cells were washed five times with PBS, harvested with trypsin-
EDTA, and lysed with 0.025% Triton X-100. In parallel, at both time
points, additional wells were harvested and evaluated for eukaryotic cell
death via trypan blue exclusion.

qRT-PCR of MRSA. Total RNA was extracted from MRSA grown to
an ODy, of 0.7. cDNA was made using SuperScript III first-strand syn-
thesis SuperMix (Life Technologies). Primers for the atl, lytM, walK/R,
mprF, and 16S rRNA genes (23, 24) were used for reverse transcription-
quantitative PCR (qRT-PCR) with SYBR Fast (KAPA Biosystems). Rela-
tive quantification (RQ) scores were calculated through comparative
threshold cycle (AAC,) analysis with control MRSA expression set at 1.

Murine pneumonia infection model. Six- to 10-week-old female
CD-1 mice (Charles River) were sedated with ketamine-xylazine and in-
fected intranasally with 1 X 10® CFU MRSA in 100 pl. Mice were kept
upright for 1 min and recovered with heads elevated at 30°. Mice were
weighed at 0, 8, and 24 h. For bacterial burden studies, 5 mice per group
were sacrificed at 8 and 20 h via CO, asphyxiation. Left lungs were inflated
with 10% formalin for histology. Right lungs were weighed and then ho-
mogenized using 1.0-mm zirconia-silica beads (Bio Spec Products) and
MagNA Lyser (F. Hoffmann-La Roche). Lung homogenates were serially
diluted and plated on THA to enumerate surviving bacteria. Experiments
were repeated twice. All methods were approved by the VA IACUC, pro-
tocol 11-017, and all efforts were made to minimize animal suffering.

Statistical analyses. All in vitro experiments were done in triplicate
and repeated three times. Phagocytosis, hydrophobicity, and PLL binding
were analyzed via one-way analysis of variance (ANOVA) with Dunnett’s
multiple comparisons. MH-S killing and PLL binding of 24-h-old CSE,
CSE sediment, and nicotine, as well as 24-h exposure and SA113 strain
treatments, were analyzed via two-way ANOVA with Bonferroni’s multi-
ple comparisons. LL-37 killing kinetics were analyzed via two-way
ANOVA with Sidak’s test for multiple comparisons. Growth curves were
analyzed with the Friedman test. Resistance to H,O, and CFU recovered
from mouse lungs were analyzed with the Mann-Whitney test. For adher-
ence and invasion assays, unpaired two-tailed ¢ tests with equal standard
deviations were used. Mouse pneumonia (n = 20 per group) survival
analyses was done with the Mantel-Cox log rank test.

RESULTS

Cigarette smoke increases MRSA resistance to killing by alveo-
lar macrophages. Alveolar macrophages are the most common
cell type within airways and are the front line of defense in pulmo-
nary bacterial infections (25). These innate immune cells have
multiple mechanisms by which they clear bacteria from airways:
phagocytosis, respiratory burst (26), AMP production (27), and
extracellular trap formation (28). MRSA is a frequent colonizer of
nasal and lower respiratory tract passages and is thus exposed to
cigarette smoke when a patient smokes. In vitro exposure of MRSA
to CSE decreased its overall susceptibility to killing by murine
alveolar macrophages (MH-S cells) relative to the control. Start-
ing froman MOI of 1 X 10°, control MRSA was killed over the first
100 min, while MRSA exposed to CSE (CSE-MRSA) resisted mac-
rophage killing and grew, leading to a 4-fold higher level of total
CSE-MRSA surviving versus control MRSA at 220 min (P <
0.0001) (Fig. 1A). Macrophage cell death was evaluated during the
assays, and no difference was found between macrophages in-
fected with control MRSA and CSE-exposed MRSA (5.5% versus
5.9%, respectively). To evaluate whether the increase in MRSA
resistance to macrophage killing from CSE exposure was mediated
by decreased phagocytosis, we infected MH-S cells with MRSA-
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GFP. Phagocytosis of CSE-exposed MRSA-GFP by MH-S cells
was no different than that of control MRSA-GFP (P = 0.5) (Fig.
1B). These data suggest that although CSE-MRSA is phagocytosed
at the same rate as control MRSA, the CSE-MRSA bacteria are less
susceptible to intracellular killing.

Cigarette smoke dose-dependently inhibits growth of
MRSA. Increased survival of CSE-treated MRSA in the face of
macrophage killing could reflect increased growth of the pathogen
following smoke exposure. To exclude this possibility, we grew
MRSA in control bacteriologic medium as well as increasing con-
centrations of CSE. CSE inhibits MRSA growth in a dose-depen-
dent manner compared to the case for MRSA grown in control
medium (P < 0.0001) (Fig. 1C). Thus, increased resistance of
CSE-MRSA to macrophage killing is not due to accelerated bacte-
rial growth. In fact, the suppression of bacterial growth by ciga-
rette smoke may be protective, as multiple antimicrobial mecha-
nisms require bacterial cell division (29). In particular, Kristian et
al. demonstrated that Staphylococcus aureus becomes more resis-
tant to AMPs when growth is suppressed via antibiotic treatment
(30).

Cigarette smoke exposure may reduce MRSA susceptibility
to oxygen species. Another mechanism by which macrophages
kill bacteria is via oxygen radical exposure in the phagolysosome.
We evaluated resistance to oxygen species by incubating MRSA
with H,0, for 30 min. MRSA exposed to 75% CSE trended toward
increased resistance to killing compared to control MRSA (P =
0.05) (Fig. 1D).

MRSA exposed to cigarette smoke is resistant to cell lysis.
Bacteria that are harder to destroy, i.e., those that have cell walls
that are resistant to penetration by detergents, may be better at
persisting/colonizing and thus more likely to successfully cause
invasive infection. We exposed control and CSE-MRSA to a com-
mon detergent (Triton X-100) and found that there were similar
rates of death for the two until 1.5 h, when the death rate of CSE-
MRSA leveled off with higher numbers of surviving bacteria than
for the control (P < 0.01) (Fig. 1E). This supports the hypothesis
that cigarette smoke induces stress on bacteria, leading to cell wall
changes, which make it less amenable to insertion of detergents
and thus cell lysis.

Cigarette smoke exposure increases resistance of MRSA to
AMPs. AMPs are important elements of innate immunity and
are produced by a variety of cells, including macrophages, neu-
trophils, and epithelial cells. Without AMPs, macrophages are
less able to kill bacteria, and when bacterial growth is sup-
pressed, bacteria are more resistant to AMP killing (30). Thus,
we hypothesized that our slower-growing CSE-MRSA would
have decreased susceptibility to AMPs and that this would be
the mechanism by which macrophages are less able to kill CSE-
MRSA. Utilizing the human AMP LL-37, we found a 2-fold
increase in LL-37 MIC upon exposure of MRSA to CSE (8 pM
versus 4 wM) (Fig. 2A). Metabolic activity was also inhibited at
a 2-fold-higher level of LL-37 (Fig. 2A), which corresponded
with an elevated MBC for CSE-exposed MRSA (see Fig. S1 and
Table S2 in the supplemental material). These changes in sus-
ceptibility to AMPs were not due to differences in growth, as
MRSA grew at the same rate as the control once CSE was re-
moved from the medium (Fig. 2B). We evaluated the killing
kinetics of LL-37 at the MBC (16 uM), and control MRSA was
rapidly killed while CSE-MRSA was resistant (Fig. 2C). When
bacteria were exposed to both the MIC (8 wM) and a sub-MIC
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FIG 1 Cigarette smoke exposure reduces MRSA susceptibility to macrophage killing and lysis while suppressing bacterial growth. (A) Starting with an MOI of
1 X 10°, control MRSA was killed by alveolar macrophages over 100 min, while MRSA exposed to 75% CSE resisted killing and overgrew. By 220 min, CFU of
control MRSA were 4-fold lower than those of CSE-MRSA. (B) CSE exposure did not change the rate of MRSA-GFP phagocytosis by macrophages. (C) The
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*, P <0.05; %, P < 0.01; ***, P < 0.001; ****, P < 0.0001.

(2 pM), CSE-MRSA was able to escape LL-37 killing while
control MRSA was not (P < 0.0001) (Fig. 2D and F). This
resistance was CSE dose dependent (Fig. 2E and G). Thus, cig-
arette smoke induced changes to MRSA in a dose-dependent
fashion, which led to protection from AMP killing.

Cigarette smoke exposure alters MRSA surface charge. AMP
binding is strongly influenced by surface charge (31, 32). In gen-
eral, bacteria have negatively charged surfaces, which are targeted
by positively charged AMPs. Thus, one virulence mechanism is to
make the surface charge more positive to decrease the attraction
and attachment of AMPs (33, 34). The binding of cationic PLL to
the surfaces of MRSA and CSE-MRSA was utilized as a measure-
ment of surface charge change. A dose-dependent (5- to 11-fold)
decrease in PLL-FITC binding was observed in CSE-MRSA, dem-
onstrating that the surface charge of MRSA became more positive
upon smoke exposure (P < 0.0001) (Fig. 3A). Background fluo-
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rescence, with no PLL-FITC added, was equivalent among groups
(Fig. 3B).

To evaluate which components of CSE induced the surface
charge change, MRSA was exposed to CSE precipitate alone,
which had no effect on surface charge (P = nonsignificant). This
suggested that larger, less-soluble CSE components did not play a
role. We stored CSE for 24 h at 4°C to allow gases to escape and
found that exposure to 24-h-old CSE made the surface of MRSA
more positive (P < 0.001) (Fig. 3B). However, 24-h-old CSE did
not induce as potent of a surface charge change as fresh CSE (P <
0.01) (Fig. 3B). This suggests that of the >4,000 components of
cigarette smoke, gases such as carbon monoxide and oxygen rad-
icals may be contributing to surface charge changes. Upon incu-
bation with nicotine alone, a soluble component that would be
present in 24-h-old CSE medium, the MRSA surface charge be-
came 5-fold and 11-fold less negative (3 mg and 6 mg nicotine,
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respectively), suggesting that nicotine also contributes to surface
charge change (P < 0.01) (Fig. 3C).

To evaluate whether changes induced by cigarette smoke ex-
posure are persistent and potentially heritable, MRSA was ex-
posed to CSE once, transferred to THB overnight, and grown
again in THB on the day of surface charge evaluation. MRSA ex-
posed to CSE 24 h prior had decreased surface charge, similar to
the case for MRSA exposed to CSE for only 3 h immediately prior
to surface charge evaluation (Fig. 3D). These findings demon-
strate persistence of changes induced by the stress of cigarette
exposure. When bacteria were exposed to CSE daily (to model
exposure of colonizing MRSA of the nasopharynxes of cigarette
smokers), surface charge changes became more pronounced (Fig.
3D). These data suggest that changes in MRSA induced by ciga-
rette smoke may be heritable and that multiple smoke exposures
may induce greater changes.

MRSA USA300 is one of many strains of S. aureus. To evaluate
whether the effects of cigarette smoke are limited to this strain or
are more broadly applicable, we exposed S. aureus strain SA113 to
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CSE. After CSE exposure, SA113 had surface charge modifications
similar to those found in MRSA USA300 (Fig. 3E).

Cigarette smoke exposure increases MRSA hydrophobicity
while increasing MRSA adherence and invasion. Another mech-
anism by which S. aureus avoids AMP killing is by expressing
proteins that decrease cell surface hydrophobicity (35). However,
we observed that CSE increased hydrophobicity in a dose-depen-
dent manner, with fewer MRSA bacteria remaining in the aqueous
layer (P < 0.0001) (Fig. 3F). Interestingly, increased hydropho-
bicity has been linked to bacterial interactions with epithelial cells
(36-38). Bacterial adherence to epithelial cells leads to coloniza-
tion and is also the first step in developing invasive infections.
MRSA commonly colonizes keratinocytes in the nasopharynx, ax-
illa, and inguinal regions (39). Human keratinocyte cell line
HaCaT is a well-established model for adherence and invasion by
bacteria (40, 41). Therefore, we infected HaCaT cells and found
increased adherence by CSE-MRSA (52% of CSE-MRSA adhered
versus 28% of control cells; P < 0.05) (Fig. 3G). By infecting for
longer periods of time, we determined that CSE-MRSA better in-
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FIG 3 Cigarette smoke exposure induces MRSA surface changes, including a less negative surface charge and increased hydrophobicity, leading to increased
adherence and invasion of epithelial cells. (A) CSE-MRSA binds less of cationic PLL-FITC, consistent with alteration in surface charge (less negative = more
positive surface charge) in response to CSE exposure, in a dose-dependent manner. (B) Background fluorescence (no PLL added) was equal among groups. CSE
precipitate alone had no impact on surface charge, with equivalent surface binding of 2 uM PLL as control MRSA. However, 24-h-old CSE induced a 2-fold shift
in surface charge, but not the 12-fold shift induced by freshly made CSE. (C) Nicotine alone induced shifts in MRSA surface charge leading to less PLL-FITC
binding (5-fold by 3 mgand 11-fold by 6 mg), consistent with nicotine contributing to CSE-induced surface charge changes. (D) Surface charge changes induced
by CSE exposure persisted after passage into THB two times, for 24 h after exposure, and repetitive daily exposures for 3 and 4 days further enhanced surface
charge changes. (E) S. aureus strain SA113 had similar changes in PLL-FITC binding upon exposure to CSE. (F) Exposure to CSE induced increasing hydro-
phobicity in a dose-dependent manner, as evidenced by fewer bacteria recovered from the aqueous phase as the CSE concentration was increased. (G and H) CSE
exposure increased adherence of MRSA to epithelial cells (G) and increased MRSA invasion of and persistence within epithelial cells (H). *, P < 0.05; **, P < 0.01;

B P < 0.001; ¥4, P < 0.0001.

vaded and persisted within HaCaT cells (7.2% CSE-MRSA versus
2.9% control; P < 0.01) (Fig. 3H). There were no differences in
cell death between control- and CSE-MRSA-infected cells. Thus,
one pathway by which cigarette smoke increases MRSA pathoge-
nicity may be via increasing the ability to adhere to, colonize, and
initiate infection of epithelial cells.

Cigarette smoke increases MRSA expression of genes linked
to cell surface changes. The mprF gene encodes a membrane pro-
tein that mediates the change of staphylococcal surface charge
from negative to positive. mprF was upregulated in MRSA during
exposure to CSE (2 h). CSE exposure led to 1.8-fold-increased
expression of mprF compared to control results. Increased expres-
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sion of mprF may be one mechanism by which CSE exposure leads
to the surface charge of MRSA becoming cationic and to the cor-
responding increase in MIC and MBC to LL-37. Interestingly, dlt
expression was unchanged (0.7 mRNA copy compared to con-
trol), suggesting that mprF-driven changes in surface charge may
act through another pathway. Confirmation of mprF involvement
in CSE-induced changes in S. aureus was obtained via experiments
in the SA113 strain lacking mprF (SA113 AmprF). The surface
charge of CSE-exposed SA113 AmprF was unchanged compared
to that of nonexposed SA113 AmprF (see Fig. S3 in the supple-
mental material). These data suggest that mprF plays a significant
role in the CSE induction of changes in S. aureus.
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FIG 4 MRSA exposed to CSE has increased virulence in a mouse model of pneumonia. (A) Lungs harvested at 8 and 20 h postinfection had higher numbers of
CSE-MRSA (**, P < 0.01). (B) In a mortality model of pneumonia, 40% of mice infected with CSE-MRSA died, whereas 10% of controls survived (P = 0.021;
n = 20 mice per group). (C) Histology of lungs from mice with MRSA pneumonia demonstrated more bacteria and inflammation in CSE-MRSA-infected mice
at both the 8- and 20-h time points (n = 5 per group at each time point) (inflammation scores shown in white).

Cigarette smoke exposure increases virulence in a mouse
model of pneumonia. To evaluate the effect of cigarette smoke
exposure on MRSA virulence in a physiologic model, we infected
CD-1 mice intranasally with control MRSA and CSE-MRSA in a
mouse model of pneumonia. The initial inoculum of bacteria was
identical for control MRSA- and CSE-MRSA-infected mice;
therefore, bacterial counts in the lungs at time zero were equal
between groups. CSE-MRSA-infected mice had CFU counts
2-fold higher than those in controls at 8 h (9.9 X 10° versus 4.2 X
10% P = 0.0079) and 4-fold higher at 20 h (18.5 X 10* versus 4.3 X
10* P = 0.0087) (Fig. 4A). These differences in CFU at 8 and 20 h
demonstrate that CSE-exposed MRSA was better able to survive in
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mouse lungs. These data are consistent with our in vitro findings in
which CSE exposure increased MRSA resistance to macrophage
killing and antimicrobial killing, thus conferring a significant ad-
vantage to CSE-MRSA in vivo. When we increased the initial in-
oculum, 40% of CSE-MRSA-infected mice died within 48 h of
infection, while only 10% of control MRSA-infected mice died
(n = 20 per group; P = 0.023) (Fig. 4B). The difference in mor-
tality is consistent with CSE-MRSA being more resistant to killing
and ultimately able to overwhelm the mouse immune system,
while control MRSA is successfully cleared by the alveolar macro-
phages and other host defenses. Reduced clearance of CSE-MRSA
compared to control MRSA led to higher bacterial counts and
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increased inflammation in the lungs of CSE-MRSA-infected mice
histologically (Fig. 4C). Higher numbers of CSE-MRSA led to a
greater influx of immune cells, increased inflammation, and fi-
nally death. The host inflammatory response does contribute to
lung damage and risk of mortality in the clinical setting of pneu-
monia, but in our model we saw no evidence of an out-of-propor-
tion increase in immune responses to CSE-MRSA. The inflamma-
tory infiltrate increased in proportion with bacterial numbers.
Therefore, we conclude that the exposure of MRSA to CSE in-
creases the ability of this organism to survive in the host, via en-
hanced resistance to killing by innate immune mechanisms, and
ultimately leads to increased disease pathology.

DISCUSSION

Cigarette smoke extract induces a general stress response in
MRSA, leading to increased resistance to killing by macrophages
and AMPs, as well as reduced lysis, culminating in increased vir-
ulence in vivo. CSE-induced MRSA resistance to killing may be
due to surface charge changes in which the surface of MRSA be-
comes more positive in the presence of cigarette smoke, thus de-
creasing the affinity of cationic AMPs for their surface. Although
in vitro cigarette smoke exposure reduced bacterial growth, when
smoke was removed the growth returned to normal. Thus, sup-
pressed bacterial growth as a mechanism by which MRSA avoids
LL-37 killing does not play a role in our models. LL-37 is expressed
in the airways, digestive tract, genitourinary system, circulating
blood and, skin and thus acts at both the front line of defense
(epithelial surfaces) and centrally for invasive infections. LL-37
has both direct and indirect antimicrobial properties (42, 43). S.
aureus strains, including MRSA and SA113, are effectively killed
by LL-37. The murine homologue of LL-37, cathelicidin-related
AMP (CRAMP), requires higher MICs to kill S. aureus due to the
positive-charge modifications to S. aureus cell walls (44). Even
with this mild resistance to CRAMP at baseline, cigarette smoke
exposure leads to further positive-charge modifications to the cell
walls of MRSA, induced partially by nicotine content and partially
by gases produced by cigarette smoke. These modifications ulti-
mately make MRSA more aggressive and pathogenic when intro-
duced into the airways of mice, leading to increased mortality and
increased bacterial burden in our murine model of pneumonia.
The stress induced on MRSA by cigarette smoke increased hy-
drophobicity, leading to increased adherence (consistent with
studies by Kulkarni et al. [16]) and subsequent invasion of epithe-
lial cells. MRSA also became resistant to lysis and partially resis-
tant to killing by oxygen radicals. These changes, i.e., hydropho-
bicity and resistance to lysis and oxygen radicals, are consistent
with multiple changes induced in MRSA via the stress of being
exposed to some of the >4,000 chemicals present in cigarette
smoke, which are transferred to medium via our in vitro model.
Our base medium was designed to take up cigarette smoke com-
ponents to a similar degree as the layer of mucus which coats
epithelial cells along the upper and lower airways. We found that
the changes in MRSA induced by cigarette smoke exposure per-
sisted even after the stress was removed, suggesting that cigarette
smoke exposure induces heritable changes in MRSA. It has been
shown that cigarette smoke and secondhand smoke exposures
cause heritable changes in mice and rats (45-48). The data in
humans are less vigorous, but one study demonstrated higher
rates of asthma in children and grandchildren of women who
smoked during pregnancy (49). Knowing that tobacco smoke
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causes long-standing changes to mammalian cells, it is consistent
that smoke exposure could also lead to heritable, persistent
changes in bacterial cells.

Previous work has shown that cigarette smoke modulates
MRSA expression of genes involved in surface adhesion and bio-
film formation (16). In our qRT-PCR studies, we found that CSE
exposure induced mild upregulation of MRSA genes atl, lytM,
walK/R, and mprF. The atl, lytM, and walK/R genes are directly
involved in autolysis of the staphylococcal cell wall; however, our
studies showed CSE-MRSA to have less autolysis (Fig. 1E). Atland
LytM are two peptidoglycan hydrolases that are regulated by the
two-component regulatory system WalK/R. The predominant au-
tolysin Atl plays an essential role in cell division (50), biofilm
formation (50-52), and excretion of cytoplasmic proteins (53).
Therefore, the mild increases in atl and lytM expression in CSE-
MRSA either do not play a significant role in this system or are
involved in nonautolysis functions in CSE-MRSA. These data also
suggest that another, unknown, pathway may reduce autolysis in
CSE-MRSA. MprF mediates an introduction of positive charges to
MRSA phospholipids, membrane lipids which are normally an-
ionic. Through MprF-mediated lysinylation, MRSA can become
more resistant to human AMPs (54). Knocking out mprF in S.
aureus removed all effects of CSE on surface charge, consistent
with CSE inducing increased mprF expression in WT USA300,
leading to surface charge modifications and, most likely, the resis-
tance to LL-37.

Iron acquisition via binding of hemoglobin is necessary for S.
aureus virulence. Smokers are known to have higher levels of car-
boxyhemoglobin (6.1 to 6.8%) than nonsmokers (1.3%) (55). S.
aureus binds free hemoglobin (at nanomolar concentrations in
the blood) via the surface-exposed iron-regulated surface deter-
minant (Isd) system. Heme is extracted, brought inside the cell,
and degraded within the cytoplasm to access the iron (56). IsdB in
particular is one member of the Isd family that binds hemoglobin.
Changes in the conformation of hemoglobin may change the af-
finity of IsdB for the protein. If IsdB is more efficient at extracting
and transferring heme from carboxyhemoglobin, this may in-
crease the virulence of S. aureus in the setting of the host smoking
cigarettes and prove detrimental to the host. Therefore, the pro-
cess of increased virulence in MRSA USA300 induced by cigarette
smoke exposure may not be limited to the mucosal interactions
that we have studied here.

Cigarette smoke changes the surface charge and hydropho-
bicity of the staphylococcal cell wall, which confers resistance
to killing by AMPs. These changes may be a contributing factor
to increased MRSA virulence in vivo and the increased risk of
invasive MRSA infections in cigarette smokers. This increased
risk is not isolated to lung infections, as MRSA exposed to
cigarette smoke in the nasopharynx can be spread to any part of
the body, and since we have demonstrated that the changes
induced by cigarette smoke persist for 24 h and may be herita-
ble, the specter of more virulent MRSA from the nasopharynx
spreading to other parts of the body to cause disease is greater.
We hope that these data act as a further impetus to cigarette
smokers to quit; as the knowledge that cigarette smoke causes
cancer, heart disease, and stroke has not been enough, possibly
the concept of driving this antimicrobial resistant “superbug”
to be more aggressive will be.
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