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Adhesion of Streptococcus pneumoniae to human airway
epithelial cells exposed to urban particulate matter

Naseem Mushtaq, PhD,a Majid Ezzati, PhD,c Lucinda Hall, PhD,a Iain Dickson, BSc,a Michael Kirwan, PhD,a

Ken M. Y. Png, PhD,b Ian S. Mudway, PhD,d and Jonathan Grigg, MD, FRCPCHa London, United Kingdom
Background: Epidemiologic studies report an association
between pneumonia and urban particulate matter (PM) less
than 10 microns (mm) in aerodynamic diameter (PM10).
Streptococcus pneumoniae is a common cause of bacterial
pneumonia worldwide. To date, the mechanism whereby urban
PM enhances vulnerability to S pneumoniae infection is unclear.
Adhesion of S pneumoniae to host cells is a prerequisite for
infection. Host-expressed proteins, including the receptor for
platelet-activating factor (PAFR), are co-opted by S pneumoniae
to adhere to lower airway epithelial cells.
Objectives: To define whether inhalable urban PM enhances the
adhesion of S pneumoniae to airway epithelial cells.
Methods: A549 cells were cultured with PM10 from Leicester
(United Kingdom [UK]) and PM10 and PM less than 2.5 mm in
aerodynamic diameter (PM2.5) from Accra (Ghana), then
infected with S pneumoniae strain D39. Pneumococcal adhesion
to human primary bronchial epithelial cells was also assessed.
Bacterial adhesion was determined by quantitative culture and
confocal microscopy. The role of oxidative stress was assessed by
N-acetyl cysteine, and the role of PAFR was assessed by mRNA
transcript level, receptor expression, and receptor blocking.
Results: PM10 (UK) increased S pneumoniae adhesion to both
A549 airway epithelial cells and human primary bronchial
epithelial cells. PM10 (Ghana) and PM2.5 (Ghana) also increased
adhesion. Culture of A549 cells by PM10 (UK) increased PAFR
mRNA transcript level and PAFR expression. PM10 (UK)–
stimulated adhesion to A549 cells was attenuated by a PAFR
blocker and N-acetyl cysteine.
Conclusion: Urban PM increases adhesion of S pneumoniae to
human airway epithelial cells. PM-stimulated adhesion is
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Pneumonia is responsible for 1 in 5 deaths in young children in
low-income countries1 and is a cause of acute respiratory
morbidity in high-income countries.2 Strains of Streptococcus
pneumoniae (pneumococci) with the capacity to achieve firm
adherence to epithelial cells and invade the airway epithelial
barrier are responsible for the majority of cases of bacterial pneu-
monia.3,4 To adhere to airway cells, S pneumoniae co-opts host
proteins. For example, S pneumoniae lipoteichoic acid has phos-
phorylcholine modifications that are similar to that of the natural
ligand for platelet-activating factor.5 Thus, activation of platelet-
activating factor receptor (PAFR) expression on airway epithelial
cells leads to increased adhesion and invasion of S pneumoniae,6

blocking PAFR attenuates pneumococcal adhesion6,7 and PAFR-/-

mice are relatively resistant to pneumococcal pneumonia.8

Epidemiologic studies suggest that air pollution from cigarette
smoke and vehicular emissions increase vulnerability to bacterial
pneumonia.9-12 The component of air pollution responsible for
this association is unclear; however, animal and cell studies sug-
gest a major role for carbonaceous particulate matter (PM) in me-
diating adverse health effects.13,14 Potentially inhalable PM is
defined by mass (mg), volume of air (m3), and size (<10 mm or
<2.5 mm aerodynamic diameter; PM10 or PM2.5).

13 A common
component of urban PM, whether from vehicular emissions typ-
ical of high-income countries or from amix of vehicular and solid
fuels typical of low-income countries, is aggregates of elemental
carbon nanoparticles.15,16 Inhaled carbon nanoparticles have the
capacity to be retained by lung tissue,15 induce pulmonary oxida-
tive stress,17 and stimulate proinflammatory cytokine release
from airway cells.18 Because S pneumoniae is the major cause
of bacterial pneumonia, we hypothesized that urban PM, via ox-
idative stress, increases the vulnerability of lower airway cells to
pneumococcal infection.We therefore sought to determine the ef-
fect of urban PM on the prerequisite step for infection; ie, pneu-
mococcal adhesion to human airway cells.

METHODS

Cells and S pneumoniae
A549, a human type II pneumocyte cell line, was obtained from Sigma-

Aldrich (Poole, Dorset, United Kingdom [UK]) and maintained in Dulbecco

modified Eagle medium (Invitrogen Ltd, Paisley, UK) with 10% FBS and 1%

L-glutamine/penicillin-streptomycin (Lonza Ltd, Basel, Switzerland). Human

primary bronchial epithelial cells (HBEpC) were obtained from the main

bronchi of a healthy white male and were purchased from Promocell
1
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FIG 1. Effect of urban PM10 (UK) on the adhesion of S pneumoniae D39 to
PM10: P

A549 cells. PM10 dose was indexed to ultrafine carbon black by using the

21
articulate matter less than 10 microns in aerodynamic

diameter

optical absorbance of Brown et al. Cells were cultured with PM10 for 4
SEM: S
tandard error of the mean

hours, then infected with S pneumoniae for 2 hours. Adherence of bacteria
UK: U
nited Kingdom

was determined by quantitative culture and is expressed as CFU count/mL.

Incubation with PM10 (UK) at 50 mg/mL increases CFU count (*P < .001 by t

test). Data are represented as means and SEMs (n >_ 5) and are representa-

tive of >3 separate experiments.
(Heidelberg, Germany). The virulent type 2 S pneumoniae encapsulated strain

D39 (NCTC 7466) was purchased from the National Collection of Type Cul-

tures (Central Public Health Laboratory, London, UK) and grown to mid-

logarithmic phase (OD 600 5 0.5) before it was added to airway epithelial

cells at 200 mL 2.4 3 109 CFU/mL. Because D39 is a slow-growing strain,

infection dose was optimized at 4.8 3 108 per well (2400 bacteria per cell).

PM
PM10 (UK) was collected on TX40 Teflon-coated glass fiber filter car-

tridges (Air Monitors Ltd, Tewkesbury, UK) by a fixed tapered element oscil-

lating microbalance (Series 1400a TEOM Control Unit; Rupprecht and

Patashnick Co, Inc, East Greenbush, NY) in the central area of Leicester, a

medium-sized UK city where most ambient PM10 is from fossil fuel combus-

tion.19 Urban PM fromGhanawas collected, as previously reported,17 from an

area of Accra where air pollution is from amix of road traffic, charcoal smoke,

and wood smoke.20 PM10 and PM2.5 from Accra (Ghana) were collected on

polytetrafluoroethylene filters with rings (Pall Life Sciences, Ann Arbor,

Mich). Urban PM2.5 (Ghana) was sampled by using a ChemComb Model

3500 Speciation Sampling Cartridge (Thermo Fisher Scientific Inc, Waltham,

Mass) with an upper size cutoff of 2.5 mm, and urban PM10 (Ghana) was sam-

pled by a Harvard impactor with a cutoff of 10 mm. PM was extracted from

filters by sonication in PBS (Sigma-Aldrich, Gillingham, UK) for 5 minutes

and the extracted dose (mg/mL) indexed to the OD of known concentrations

of ultrafine carbon black in PBS (Printex 90, Degussa, Germany, a gift from

Professor Ken Donaldson, Edinburgh Medical School, UK) by using the opti-

cal absorbance method of Brown et al.21

Pneumococcal adhesion
Adhesion of pneumococci to airway cells was assessed by using a standard

bacterial adhesion assay.6,22 Briefly, airway cells at 2 3 105/mL were seeded

in 24-well plates (Costar; Sigma-Aldrich). Urban PM was added to cell mon-

olayers and incubated for 4 hours at 378C. Nonadherent PM was removed by

washing twice with Dulbecco modified Eagle medium and pneumococci

added and incubated for 2 hours.7 Cell monolayers were washed 5 times to re-

move loosely attached pneumococci. Cells were removed from the tissue cul-

ture plate by trypsin-EDTA and lysed with ice-cold sterile distilled water for

10 minutes. Serial lysate dilutions were plated for quantitative bacterial cul-

ture and assessment of colony-forming unit (CFU) count per mL.23 To assess

the fraction of pneumococci that had penetrated into cells, adherent cell sur-

face bacteria were first killed by gentamicin (200 mg/mL) and penicillin G

(10 mg/mL). Intracellular bacteria that were protected from antibiotics were

recovered by cell lysis using ice-cold sterile water.6,22 We established, as pre-

viously reported,24 that urban PM10 does not directly stimulate S pneumoniae

proliferation. In addition, we established that extract of blank filter matrix does

not stimulate adhesion. Pneumococcal adhesion was also assessed directly by
confocal microscopy. Briefly, A549 cells were stained with Hoescht stain (10

mg/mL, Invitrogen Ltd) for 45 minutes at 378C, and S pneumoniaewas stained
with bis-oxonal dye (Bis - (1,3 - dibutylbarbituric acid) pentamethine oxonol,

10 mg/mL; Sigma-Aldrich) for 10 minutes at room temperature. Fluorescent

pneumococci werewashed before adding to cell monolayers and adherent bac-

teria visualized by using a Zeiss LSM510 Meta confocal microscope (Carl

Zeiss, Welwyn Garden City, UK) with a 63x/1.4 NA Plan Apochromat objec-

tive and Zeiss software. Images were analyzed using the Cell Scoring plug-in

in Metamorph (MDS Analytical Technologies, Wokingham, UK). Pneumo-

coccal fluorescence was determined from 50 A549 cells from at least 5 ran-

domly selected high-power fields. PM10 and pneumococcal interactions

with A549 cells were visualized by both transmission and scanning electron

microscopy (see this article’s Methods in the Online Repository at www.

jacionline.org).

Cell viability
Cell viability was assessed by using lactate dehydrogenase (LDH) release

according to the manufacturer’s protocol (Sigma-Aldrich). LDH release was

expressed as a percentage of release from total cell lysis. Cell cytotoxicity was

assessed by the 3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium bro-

mide (MTT) assay.25 Briefly, 20 mL MTT (5 mg/mL; Sigma-Aldrich) in PBS

was added to cells, and incubated for 1 hour. Medium was removed and 100

mL of dimethyl sulfoxide (Sigma-Aldrich) added for 30 minutes. Absorbance

was read at 550 nm. Values are expressed as % MTT absorbance of medium

control.

Oxidative stress
To assess the role of oxidative stress, A549 cells were incubated with

N-acetyl cysteine (NAC; Sigma-Aldrich) 30 mmol/mL for 1 hour before incu-

bation with S pneumoniae. The effect of NAC on intracellular glutathione was

measured by reverse-phase HPLC with electrochemical detection (see this ar-

ticle’s Methods in the Online Repository).

PAFR
Platelet-activating factor receptor transcript levels were assessed by

quantitative RT-PCR. Briefly, 2 3 105 A549 cells were harvested for each

sample, and RNA was prepared by using the RNeasy mini kit (Qiagen,

Crawley, UK). Random hexamers (Qiagen) and Moloney murine leukemia

virus reverse transcriptase (Invitrogen Ltd) were used to synthesize first-

strand cDNA according to the manufacturer’s instructions. mRNA transcript

level of PAFR and the housekeeping gene glyceraldehyde-3-phosphate dehy-

drogenase (GAPDH) were determined by quantitative real-time PCR using an

http://www.jacionline.org
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FIG 4. Adhesion of D39 S pneumoniae to human primary bronchial epithe-

lial cells (HBEpC) cultured with 50 mg/mL PM10 (UK). PM10 increases pneu-

mococcal adhesion in primary cells. Basal and stimulated adhesion in

primary cells is lower than A549 cells. *P < .05, **P < .01 versus medium

control by t test. Data are represented as means and SEMs (n >_ 5) and are

representative of >3 separate experiments.

FIG 3. A549 cells cultured with PM10 (UK) 50 mg/mL and treated with antibi-

otics to kill cell-surface S pneumoniae leaving only intracellular bacteria.

CFU was determined by quantitative culture. Incubation of cells with

PM10 (UK) increases the intracellular CFU count. *P < .01 versus medium

control by t test. Data are represented as means and SEMs (n >_ 5) and are

representative of >3 experiments.

FIG 5. Effect of urban PM10 and PM2.5 (Ghana) on the adhesion of S pneu-

moniae to A549 cells. Urban PM10 and PM2.5 (Ghana) increases pneumo-

coccal adhesion. *P < .05, **P < .01 versus medium control by t test. PM

(Ghana)–stimulated adhesion is lower than PM10 (UK)–stimulated adhesion

(P < .05). Data are represented as means and SEMs (n >_ 5) and are represen-

tative of 3 separate experiments.

FIG 2. Adhesion of D39 S pneumoniae to A549 cells assessed by confocal

microscopy. A549 cells were stained by Hoescht stain, then cultured with

medium or PM10 (UK) 50 mg/mL, then cultured with S pneumoniae (n 5 5

for each data point). Culture of cells with PM10 (UK) increases mean S pneu-

moniae fluorescence. Data are represented as means and SEMs (n 5 50

cells) and are representative of 3 separate experiments. *P < .01 by t test.

Left panel shows a representative image of A549 cells cultured in medium.

Adherent S pneumoniae are red. Right panel shows cells cultured with 50

mg/mL PM10 (UK) then cultured with S pneumoniae.
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ABI 7500 real-time PCR system (Applied Biosystems, Warrington, UK) with

TaqMan primer and probe sets HS00265399_S1 (PAFR) andHs99999905_m1

(GAPDH), respectively. mRNA transcript level was normalized to GAPDH

and the relative change in expression between samples calculated by using

the comparative cycle time (Ct) method according to the manufacturer’s in-

structions (Applied Biosystems, Paisley, UK). PAFR expression was assessed

by using confocal microscopy. Control cells and cells treated with PM10 (UK)

for 4 hours were fixed with 4% paraformaldehyde, blocked by using 10%

BSA, and incubated with a dilution of 1/1000 mouse antihuman PAFR mAb

(Cayman Chemical, Ann Arbor, Mich). Immunostaining of PAFR was

achieved by incubation for 1 hour with Hoescht stain (10mg/mL) and anAlexa

488-labeled antimouse secondary antibody at a dilution of 1/500 (Invitrogen

Ltd). Cells were imaged by confocal microscopy as described. PAFR fluores-

cence was determined by an operator blind to treatment from at least 50 cells

from 5 randomly selected high-power fields of each treatment, and expressed

as mean fluorescence per cell. We established that neither the primary anti-

body alone nor the secondary antibody alone increased fluorescence. The

functional importance of PAFR was assessed by co-incubation of PM10
(4 hours) with a PAFR blocker (10 mmol/mLWEB 2086; Tocris Bioscience,

Avonmouth, UK)26,27 previously reported to attenuate cytokine-stimulated ad-

hesion of S pneumoniae to A549 cells.6

Statistical analysis
Data are summarized as means (SEMs) and analyzed by using GraphPad

Prism version 5.03 (GraphPad Software Inc, La Jolla, Calif). Analyses were

performed by 1-way ANOVA, then unpaired t test. Results were validated by

at least 3 separate experiments performed at different times. For mRNA tran-

script number, the mean of raw data of control samples (n5 5) was assigned

100% and the SEM converted to a percentage of the raw value. A P value <.05

was considered significant.
RESULTS
Culture of A549 cells with urban PM10 (UK) increased adhe-

sion of S pneumoniae assessed by quantitative culture (P < .001
vs medium control at 50 mg/mL; Fig 1). Confocal microscopy
of fluorescent S pneumoniae confirmed that PM10 (UK) stimu-
lated a dose-dependent increase in pneumococcal adhesion to
A549 cells (P <.01 vs medium control; Fig 2). Increased pneumo-
coccal adhesion to A549 cells resulted in increased intracellular
penetration of bacteria (P < .01; Fig 3). The same pattern of



FIG 6. A, Transmission electron microscopy (TEM) image of an A549 cell cultured with PM10 (UK). Black

electron-dense material represents PM. Bar 5 2 mm, 37000. B, TEM of an A549 cell under higher magnifi-

cation showing PM10 (UK) both within intracellular vesicles and free in the cytoplasm. Bar 5 2 mm,

310,000. C, Scanning electron microcopy image of A549 cells after culture with PM10 (UK) and S pneumo-

niae. The white irregular surface material is PM, and adherent pneumococci are beadlike structures in cell-

surface depressions (arrow). Bar 5 50 mm, 31200.

FIG 7. Effect of the antioxidant NAC (30 mmol/mL) on PM10 (UK)–stimu-

lated adhesion of S pneumoniae to A549 cells. The number of adherent bac-

teria was determined by quantitative culture and expressed as CFU/mL.

Incubation of A549 cells with N-acetyl cysteine (NAC) before infection partly

attenuates the PM10 (UK)–stimulated increase in CFU count. *P <.05 versus

PM10 without NAC by t test. NAC has no significant effect on CFU count in

medium control cells (P5NS versus cells without NAC). Data are shown as

means and SEMs (n 5 5) and are representative of 3 separate experiments.
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adhesion was observed in human primary bronchial epithelial
cells cultured with PM10 (UK; P < .05 vs medium control; Fig
4) and in A549 cells cultured with urban PM10 and PM2.5 from
Ghana (P < .01 vs control; Fig 5). However, stimulation of adhe-
sion by PM (Ghana) was reduced compared with PM10 (UK; Fig
5).

Electron microscopy showed PM10 (UK) both firmly attached
to the surface of A549 cells and penetrating into cells (Fig 6, A
and B). Pneumococci were seen in cell surface depressions (Fig
6, C) with no direct binding of bacteria to PM10. PM10 (UK) at
50 mg/mL did not increase LDH release (see this article’s Fig
E1 in theOnlineRepository atwww.jacionline.org) and did not re-
duce cell metabolic stability (MTT 99 6 11% of control level;
P 5 NS vs control).

Treatment of A549 cells with NAC increased intracellular
glutathione (mean glutathione [95% CI], 233 [187-278] vs 505
[430-579] mmol/mg protein), and NAC partly attenuated pneu-
mococcal adhesion stimulated by PM10 (UK; P < .05; Fig 7).

http://www.jacionline.org


FIG 8. A, PAFR transcript level in A549 cells cultured with PM10 (UK) 50 mg/mL for 4 hours. Transcript level

was assessed by quantitative RT-PCR and normalized for the housekeeping gene GAPDH. The relative

change in expression was calculated by using the comparative Ct method, and data expressed as % of

control. Data show means and SEMs (n 5 5 in triplicate wells). PM10 (UK) increased PAFR transcript level.

*P < .01 versus control by t test. B, PAFR expression on A549 cells assessed by confocal microscopy. A549

cells were cultured with PM10 (UK) 50 mg/mL for 4 hours. Mean fluorescence per cell was determined for 100

cells. PM10 (UK) increases PAFR expression. Data are represented as means and SEMs (n5 50 cells) and are

representative of 3 separate experiments. *P < .001 by t test. C, Effect of PAFR blockerWEB2086; 10 mmol/mL

on PM10 (UK)–stimulated adhesion of S pneumoniae to A549 cells. The amount of adherent bacteria is

expressed as CFU. Blocking PAFR attenuates both basal adhesion and the PM10 (UK)–stimulated increase

in CFU count. *P < .05 versus PM10 without PAFR blocker, by t test. Data are represented as means and

SEMs (n 5 5) and are representative of >3 separate experiments.
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Culture of A549 cells with PM10 (UK) increased PAFR transcript
level (P <.01; Fig 8, A) and increased surface expression of PAFR
(P < .001; Fig 8, B). PM10 (Ghana) also increased PAFR surface
expression (data not shown). Pneumococcal adhesion stimulated
by PM10 (UK) was attenuated by co-incubation with a PAFR
blocker, WEB 2086 (Fig 8, C)
DISCUSSION
In this study, we found that inhalable PM from urban areas in

both the developing world and the developed world increases the
adhesion of pneumococci to human airway epithelial cells.
Pneumococcal adhesion stimulated by urban PM is associated
with enhanced vulnerability to cellular infection.We excluded the
possibility that increased pneumococcal adhesion is due to cell
death or injury by the absence of LDH release and MTT expres-
sion. Electron microscopy of PM-exposed cells showed PM at-
tached to the A549 cell surface and in intracellular vesicular
structures. Similarly, Calcabrini et al18 reported that electron mi-
crocopy of A549 cells exposed to urban PM2.5 showed ‘‘firm ad-
hesion’’ of PM to the cell surface and PM in ‘‘vesicular
structures’’ and free within the cytoplasm.

To date, the most convincing evidence that urban PM increases
vulnerably to pneumococcal pneumonia is from epidemiologic
studies. For example, Barnett et al10 reported a 2.4% (95% CI,
0.1-4.7) increase in hospital admissions for doctor-diagnosed
‘‘pneumonia or bronchitis’’ in young children for each interquar-
tile increase in urban PM2.5, and Neupane et al11 reported that
long-term exposure to urban PM2.5 is associated with hospitaliza-
tion of adults with community-acquired pneumonia. Increased
vulnerability to pneumonia has also been reported with exposure
to solid and biomass fuel emissions and tobacco smoke.28,29 It is
unclear why Ghana PM (a mix of fossil fuel, solid fuel, and bio-
mass fuel emissions) is less effective in stimulating adhesion
compared with predominately fossil fuel PM from the UK. We
speculate that combustion source is an important determinant of
the capacity of PM to stimulate adhesion. Indeed, a recent expo-
sure study in healthy volunteers reported that wood smoke is less
toxic to the airway cells than diesel exhaust emissions.30 Further
adhesion studies are therefore required using PM from single
sources such as diesel, wood, tobacco, and charcoal.

The ability of combustion PM to induce oxidative stress in
airway cells is considered to be an important factor in the
initiation of adverse health effects.31We have previously reported
that PM from biomass and fossil fuels depletes antioxidants in vi-
tro.32 In the current study, increasing intracellular glutathione by
NAC partly attenuates PM-stimulated adhesion. Similarly, NAC
pretreatment of rats exposed to urban air PM attenuates pulmo-
nary free radical formation and reduces lung edema.33 The com-
ponents of urban PM responsible for oxidative stress in the current
study remain unclear. Potential sources of oxidative stress are
carbon nanoparticles per se and metals adsorbed onto the carbon
surface.32,34 It is unlikely that endotoxin contamination of PM is a
major stimulus for adhesion because endotoxin-free ultrafine car-
bon black (14 nm) also increases pneumococcal adhesion to A549
cells (data not shown).

Platelet activating factor receptor is a putative receptor for
PM-stimulated pneumococcal adhesion to airway cells. In
A549 cells, increased pneumococcal adhesion is stimulated
by IL-1 and is attenuated by a PAFR blocker.6 In human tra-
cheal cells, Ishizuka et al7 reported that acid stimulates pneu-
mococcal adhesion, and this is associated with upregulation of
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PAFR mRNA and increased PAFR surface expression. Simi-
larly, we found that PM10 (UK) increased the PAFR transcript
level and PAFR surface expression in A549 cells and that
co-incubation with a PAFR blocker (WEB 2086) attenuated
adhesion. These data suggest that PAFR is a host receptor
mediating PM-stimulated pneumococcal adhesion to lower
airway cells.

There are limitations to our study. First, exposure of epithelial
cells to PM in vivo is via deposition at an air-tissue interface and
not via deposition from an aqueous suspension. Second, it is un-
clear whether a PM dose of 50 mg/mL reflects exposure of airway
cells in vivo. Delfino et al35 reported personal PM exposure peaks
of over 150 mg/m3 in urban children. In Accra (Ghana), we have
previously reported PM10 concentrations as high as 100 mg/m

3.36

In homes burning biomass fuels, peak carbonaceous PM exposure
is much higher—reaching thousands of mg/m3.37 Over the long
term, biomass smoke exposure results in visible black staining
of the bronchial surface.38 Another factor that increases exposure
of airway cells is turbulent air flow—which results in ‘‘hot spots’’
of greatly increased PM deposition.39 Third, our model does not
assess compensatory effects of other cells of the human airway in-
nate immune defense system—for example, alveolar macro-
phages. However, PM effects have been reported in a fully
functional inmate immune system. For example, S pneumoniae
infection is increased in mice exposed to 50 mg concentrated ur-
ban PM.40 Finally, the A549 cell line may not fully reflect re-
sponses of lower airway cells in vivo. Increased adhesion is
likely to be common feature of lower airway epithelial cells be-
cause we also found increased adhesion in human primary bron-
chial epithelial cells. Compatible with a previous study,41

pneumococcal adhesion to primary cells tended to be lower
than A549 cells.

In conclusion, urban inhalable PM from both the UK and
Ghana stimulates pneumococcal adhesion to human lower airway
cells. Increased pneumococcal adhesion is associated with in-
creased invasion of cells by bacteria. Oxidative stress mediates
the adhesive response of airway epithelial cells, and PAFR is a
receptor co-opted by pneumococci to facilitate PM-stimulated
adhesion.

We thank Mr Simon Pollard (Leicester City Council) for supplying the

PM10 (UK) filters.

Key messages

d Urban particulate matter increases the adhesion and in-
vasion of S pneumoniae in human lower airway cells in
vitro.

d Stimulation of pneumococcal adhesion by urban PM is
mediated partly via oxidative stress.

d PAFR is co-opted by S pneumoniae to adhere to airway
cells stimulated by urban PM.
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Glutathione assay
A total of 450mL of supernatant from freeze-thawedA549 cells maintained

on wet ice was acidified with 50 mL of 50%metaphosphoric acid (48C) before
the addition of 100 mL heptane (48C). The acidified sample was then vortexed

for 30 seconds before centrifugation at 13,000 rpm for 5 minutes at 48C to

remove the protein and lipid components. The supernatant was then removed

from beneath the heptane interface and transferred to an amber HPLC vial.

Glutathione concentration was determined by using reverse-phase HPLCwith

an EG&G amperometric electrochemical detector (Jones Chromatography,

Hengoed, UK) operated at a 1000-mV electrode voltage, a 5-second time

constant, and a cathodic output sensitivity of 0.2 milliampres. A total of 20mL

of each sample and standard was injected by using a Gilson model 231 auto-

sampler (Gilson Inc, Middleton, Wis; 48C) onto a 10 3 300-nm, 5-mm C18

column that was eluted at a flow rate of 1.5 mL/min with 0.2 mmol/L

K2HPO4-H3PO4 mobile phase containing 0.25 mmol/L octanesulfonic acid

(pH 2.1). Sample concentrations were calculated according to standard curves

of glutathione ranging from 0 to 50 mmol/L.
Transmission electron microscopy
A549 cells cultured on coverslips were culturedwith PM10 (UK), then fixed

in 2.5% glutaraldehyde in 0.1 mol/L sodium phosphate buffer (pH 7.3) and

subjected to buffers, 2 3 5 minutes in 0.067 mol/L sodium phosphate buffer

with 0.25 mol/L sucrose, 15 minutes in 1% osmium tetroxide in 0.13 mol/L

Millonig phosphate buffer with 0.3 mol/L glucose (pH 7.3), 10 minutes
each in 10%, 50%, and 70% ethanol, 4 3 15 minutes in 100% ethanol, then

3 hours in TAAB medium resin (TAAB Laboratories Equipment Ltd, Alder-

maston, UK). For each coverslip, 1 drop of TAAB resin was placed on a glass

slide; the coverslip was placed cell side up on top of the drop of resin; a second

drop of resin was placed on top of the coverslip; and a resin-filled BEEM cap-

sule (Agar Scientific, Stansted, UK) was inverted, placed on top, and polymer-

ized at 708C overnight. The sample was removed and allowed to cool at room

temperature. Each slide was placed on a 908C hotplate for 30 seconds and the

BEEM capsule pulled rapidly away from the coverslip. Each block was then

cut into 2 sections, 1 of which was sectioned en face and the other re-

embedded in an orientation to allow transverse sectioning. Ultrathin sections

were cut by using a Reichert Ultracut E ultramicrotome (Reichert, Depew,

NY). Sections were stained for 15 minutes in Reynold lead citrate. Examined

images were recorded using a Hitachi H7600 transmission electron micro-

scope (Hitachi High-Technologies Europe GmbH, Krefeld, Germany) fitted

with a digital camera system (Advanced Microscopy Techniques Corp, Dan-

vers, Mass).

Scanning electron microscopy
A549 cells were adhered to coverslips and cultured with PM10 (UK) and S

pneumoniae inmedium.Cellswere cryogenicallyfixedbyplunge-freezing in liq-

uid nitrogen slush. Frozen samples were vacuum transferred into a Gatan Alto

2500 cryopreparation chamber (Gaton Inc,Pleasanton,Calif),where icewas sub-

limed off the surface at –908C for 3minutes, coatedwith platinum for 30 seconds

at –1308C, and transferred directly into a Quanta 3D FEG dual-beam scanning

electron microscope (Fei Company, Hillsboro, Ore) via an airlock.



FIG E1. Lactate dehydrogenase (LDH) release from A549 cells cultured with

PM10 (UK). LDH release is indexed to maximum possible LDH release deter-

mined after cell lysis (total 5 100%). Cells were cultured for 4 hours with ei-

ther medium alone (control) or with PM10 (UK) at 50 mg/mL. Data are given

as means and SEMs (n 5 5). LDH release is low from both control and PM-

stimulated cells with no significant difference between control and PM10

(UK)–exposed cells (P 5 NS by t test control vs PM10 treated cells).
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