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Abstract

Air pollution is a risk factor for respiratory infections, and one of its main components is particulate matter (PM), which is
comprised of a number of particles that contain iron, such as coal fly ash (CFA). Since free iron concentrations are extremely
low in airway surface liquid (ASL), we hypothesize that CFA impairs antimicrobial peptides (AMP) function and can be a
source of iron to bacteria. We tested this hypothesis in vivo by instilling mice with Pseudomonas aeruginosa (PA01) and CFA
and determine the percentage of bacterial clearance. In addition, we tested bacterial clearance in cell culture by exposing
primary human airway epithelial cells to PAOT and CFA and determining the AMP activity and bacterial growth in vitro. We
report that CFA is a bioavailable source of iron for bacteria. We show that CFA interferes with bacterial clearance in vivo and
in primary human airway epithelial cultures. Also, we demonstrate that CFA inhibits AMP activity in vitro, which we propose
as a mechanism of our cell culture and in vivo results. Furthermore, PAOT uses CFA as an iron source with a direct correlation
between CFA iron dissolution and bacterial growth. CFA concentrations used are very relevant to human daily exposures,
thus posing a potential public health risk for susceptible subjects. Although CFA provides a source of bioavailable iron for
bacteria, not all CFA particles have the same biological effects, and their propensity for iron dissolution is an important
factor. CFA impairs lung innate immune mechanisms of bacterial clearance, specifically AMP activity. We expect that
identifying the PM mechanisms of respiratory infections will translate into public health policies aimed at controlling, not
only concentration of PM exposure, but physicochemical characteristics that will potentially cause respiratory infections in
susceptible individuals and populations.

Citation: Borcherding JA, Chen H, Caraballo JC, Baltrusaitis J, Pezzulo AA, et al. (2013) Coal Fly Ash Impairs Airway Antimicrobial Peptides and Increases Bacterial
Growth. PLoS ONE 8(2): e57673. doi:10.1371/journal.pone.0057673

Editor: Olivier Neyrolles, Institut de Pharmacologie et de Biologie Structurale, France
Received November 5, 2012; Accepted January 24, 2013; Published February 28, 2013

Copyright: © 2013 Borcherding et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This publication was made possible by Grant Number UL1RR024979 from the National Center for Research Resources (NCRR), a part of the National
Institutes of Health (NIH). Its contents are solely the responsibility of the authors and do not necessarily represent the official views of the CTSA or NIH. This
publication was also supported by Center for Health Effects of Environmental Contamination (CHEEC) Seed Grants: FY 2010 and NIH Grant: KO1HL080966, and
NIH P30 ES005605. The funders had no role in study design, data collection and anlysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: alejandro-comellas@uiowa.edu

Introduction of these exacerbations are infectious in nature [7]. In addition, a
correlation between biomass fuels used for indoor cooking,
including coal, and acute respiratory infections in children has
been reported [8]. Therefore, due to the association between
respiratory exacerbations and increased pollution, further inves-
tigation needs to be conducted in order to understand the
mechanism of PM induced respiratory infections.

Coal is one of the most abundant sources of energy production
globally and continues to grow on an annual basis. In 2010, U.S.
coal consumption was 1,048.3 million short tons, an increase of
50.8 short tons from the previous year [1]. Coal Fly Ash (CFA), a
byproduct of coal combustion, is considered a poorly soluble
particle comprised of various transition metals such as iron, and
aluminum silicate as classified by ACGIH (American Conference microorganisms [10,11], such as Pseudomonas Aeruginosa (PAO1).
of Industrial Hygienists) [2]. The majority of CFA (99%) is The amount of soluble, and therefore potentially bioavailable iron
collected and deposited in landfills, therefore providing a potential in PM, specifically CFA, has been correlated with particle size

PM which is rich in iron [9] can increase iron bioavailability to

source of transition metals into the water supply and redistributing [12], source of CFA [12] and amount of aluminum silicate present
itself into the atmosphere [3]. Due to the increased global demand within the particle [13]. Therefore, CFA can be an exogenous iron
and the limited regulations in growing economies such as China, source for bacteria in biological fluids, such as the airway surface
CFA released into the atmosphere continues to be a large liquid (ASL), that the body maintains at low iron concentrations
anthropogenic source of air pollution. (<107 M) [14] and thus become potentially detrimental to

Epidemiological studies show a strong correlation between human health. Although there have been significant studies of the
respiratory infections and PMy ;5 [4]. Ambient air pollution is effects of PM on the lung epithelium, there is a paucity of data on

associated with cystic fibrosis (CF) and chronic obstructive the effects of PM induced bacterial growth and pathogenicity that
pulmonary disease (COPD) exacerbations [4,5,6]. The majority can lead to respiratory infections.
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We hypothesize that CFA will impair airway bacterial clearance
by both promoting bacterial growth and impairing airway
epithelial antimicrobial peptide function. To test this hypothesis
we set out to determine the effects of CFA on Pseudomonas Aeruginosa
(PAOL) in vivo and wn vitro. Three CFA particles with different iron
content, that were previously characterized for iron solubility and
mobilization, were used for this study (Table 1) [11].

Methods

Ethics Statement

All animals (mice) used in this study were according to protocols
approved by the University of lowa Institutional Animal Care and
Use Committee (IACUC). Animals were anesthetized prior to
instillations and harvest in order to reduce animal distress.

X-Ray Photoelectron Spectroscopy (XPS)

Surface composition for all fly ash particles was performed using
a custom-designed Kratos Axis Ultra X-Ray photoelectron
spectrometer with a monochromatic Al Ka X-Ray source as
previously described [15]. The fly ash particles were pressed onto
indium foil which was fixed on a stainless steel bar or copper stub
for further analysis. The pressed particles were then transferred
into the XPS analysis chamber, which had a pressure that was
maintained in the 10~ Torr range during analysis. Charging was
prevented by using the following instrumental parameters: energy
range from 1200 to —5 eV, pass energy of 160 eV, step size of
1 eV, dwell time of 200 ms, and an X-ray spot size of
~700x300 um. Survey spectra were collected at three different
locations on the sample stub, and reported elemental compositions
represent the average and one standard deviation of the three
analyses. XPS data collected were analyzed using CasaXPS data
processing software.

Energy Dispersive X-Ray Spectroscopy (EDX)

The morphology and total elemental composition of fly ash
particles were examined using a Hitachi S-3400 N scanning
electron microscopy (SEM) coupled with energy dispersive X-ray
spectroscopy system. Particles were sprinkled onto carbon tape
that had been mounted on an aluminum stub and were
subsequently carbon coated. Elemental analyses used an integrat-

Table 1. Coal Fly Ash Particles.

Coal Fly Ash Exposure on Innate Immunity

ed IXRF System Inc. X-ray microanalysis system and an
accelerating voltage of 10 kV with a detection limit of 1 wt%.
SEM/EDX elemental maps were collected as well to examine the
distribution of Fe in fly ash particles. A resolution of 256 x200
pixels, and a dwell time of 1 second were used.

Experimental Preparation of Particles

Characterized coal fly ash from the National Institute of
Standards and Technology (NIST) were suspended in an iron
deficient media [BD Difco Minimal media (M9) with 2.2 mM
glucose, 0.002 M magnesium sulfate (MgSO,), 0.001 M calcium
chloride (CaCly) and 25 mM sodium succinate]. The particle
suspension was sonicated for ten minutes immediately prior to
conducting experiments.

Bacteria
Pseudomonas Aeruginosa (PAO1) was chosen as a model in our
studies due to its prevalence and importance in disease such as

COPD and CF.

In Vivo Mouse Instillation

Six to eight week Harlan C57/BL6 males (2025 g) were
intranasally instilled with 50 pl ODggo = 0.03 PAOlwith or without
10 pg/mL freshly dissolved and sonicated CFA. PAOl was
exposed to CFA for a minimal amount of time (~10 minutes).
After 24 hours, BAL was performed or lungs were removed and
homogenized in 2 ml PBS. In BAL performed mice, BALF
samples were used to determine cell count and differential by using
Wright-Geisma staining. Non-lavaged samples were plated on
lauria broth agar (LB) plates and CIFUs of PAO1 were recorded.

TNF-o and IL- 18

R& D DuoSet ELISAs were conducted according to manufac-
turer’s instructions to determine TNF-o and IL-1f production in
BAL fluid.

Cell Culture

Briefly cells were isolated from donor lungs and plated on cell
culture inserts in an air liquid interface. Human airway epithelial
cells were obtained from the University of Iowa cell culture core
and changed to antibiotic free USG media two weeks prior to

Total Iron Content, Dissolved Iron %, and Elemental Composition of Coal Fly Ash [11]

FA 2689 FA 2690 FA 2691
Source Stilesboro, GA Criag, CO latan, MO
Size 1-50 um 1-50 um 1-50 um
Specific Surface Area (m? g™ ") 0.8+0.1 3.8+0.1 2.2+0.1
Total Fe Content (%) 9.32+0.06 3.57%+0.06 4.42+0.03
Dissolved Fe (%) pH 7.5 0.028 0.032 0.057
XPS/EDX Fe® 1.3%£0.2 14*03 0.6*0.2
XPS/EDX AIP 0.6*0.1 0.6+0.1 04+0.2
XPS/EDX Si® 1.0+0.1 0.7+0.1 0.7+0.3

2691).
XPS was used to determine surface composition.
EDX was used to determine bulk composition.

doi:10.1371/journal.pone.0057673.t001
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Total iron content, aluminum silicate content, dissolved iron, particle size, and specific surface area of three different coal fly ash particles (FA 2689, FA 2690 and FA

@XPS/EDX Ratio: High ratio of XPS/EDX indicates elemental enrichment at the surface, low ratio content (<1) indicates enrichment of element at inner core.
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experiments [16]. Cells were washed with PBS three times and
media was changed to antibiotic free USG media two weeks prior
to experiments. Media was changed every four days and
experiments were conducted day four post media change in order
to ensure adequate airway surface liquid levels. Sterility of cell
culture was determined as previously published (Phil H. Karp
2002). Briefly, a dose response of PAOlwas conducted to
determine inoculum of complete bacterial killing. 0.1 pL with
12 CFU PAO1 and 10 pg/mL CFA was placed on apical surface.
Growth was determined by washing epithelial apical surface with
50 ul PBS and growing in LB media for eight hours.

p-hydroxyphenylacetate Assay (pHPA)

H;0, was measured by adding 1.6 mM pHPA (Sigma), 95 pg/
mL Horseradish Peroxidase (HRP) (Sigma), 1 mM Hepes,
6.5 mM glucose and 6 mM NHCO; in Hanks balanced salt
solution (HBSS). Solution was added to cell culture and
fluorescence was measured over one hour. A standard HyO,
curve was generated and pHPA dimer concentration was
determined.

Transepithelial Electrical Conductance (Gt)

Airway cells were submerged in 500 pl of media and
transepithelial electrical resistance (R¢) was measured with Millicell
Electrical Resistance System (ERS) (Millipore Corporation, Bed-
ford, MA) and Gt was calculated as the reciprocal of Rt [17].

Antimicrobial Peptide Activity

PAO1 was grown overnight in M9 media, subcultured and
diluted to ODggg=0.45. The culture was then diluted and 13500
PAO1 was added to start experiment. Sodium phosphate buffer at
pH 7.8 was used and a cocktail of antimicrobial peptides (600 pg/
mL Lysozyme, 200 ug/mL Lactoferrin and 100 ng/mL -
Defensins 1&2) equaling 400 pl were added to a 96 deep well
plate. 10 pg/mL CFA was added with AMPs and PAO1. Mixture
was incubated for one hour at 37°C and 300 rpm. % diluted
Lauria Broth (LB) media was added to mixture and grown
overnight. ODgoo was measured to determine level of antimicro-
bial peptide activity. CFUs were determined by conducting the
above experiment, serially diluting and plating cultures on LB agar
plates at beginning and endpoints to determine exact colony
count.

Growth Experiments

PAO1 was grown overnight in an iron deficient media BD Difco
Minimal media (M9) with 2.2 mM glucose, 0.002 M magnesium
sulfate (MgSOy,), 0.001 M calcium chloride (CaCly) and 25 mM
sodium succinate. 10 ug/mL CFA was added to three hour sub-
cultured overnight cultures to equal a volume of 250 pl and
growth was observed by measuring ODgqg at 37°C for nine hours.
25 uM iron chloride (FeCls) [18], a soluble source of iron was used
as a positive control. CFU experiments were conducted in a 5 mL
volume in same conditions as above. Samples were taken at time
T=0 and T=18, serially diluted and plated on LB plates to
determine exact colony count.

Fe-Dissolution

An inductively coupled plasma optical emission spectrometer
(ICP/OES) (Varian, 720-ES) was used to determine the concen-
tration of dissolved iron in PAO1 media (=5 ppb). Suspensions of
M9 media with particles were spun at 2950 rpm for 15 minutes
and filtered with 0.2 um filters to remove particles before ICP/
OES analysis. The concentration of dissolved iron in solution was
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calculated from the working calibration curve generated from iron
standard solution data. Blank samples were also analyzed using
ICP/OES to ensure that no significant iron was detected as ions in
blank solution. Gamble’s buffer was used for measurement of
pH 7.5 experiments and autosomal lysosomal fluid (ALF) was used
for pH 4.0 experiments.

Statistical Analysis

Data are presented as means = SEM. The program used for
data analysis was GraphPad Prism 5.00 (San Diego, CA). The
following information provides the analysis method for each figure
and panel. Fisher’s analysis of a contingency table of sterility was
used to determine significance in Figure 1A. In Figures 1B and
2A-D, One-way ANOVA using Dunnett’s Multiple Comparison
Test was used. Figure 3A, Fisher’s analysis of a contingency table
of sterility was used to determine significance. Figures 3B—C and
Figures 4A-B, One-way ANOVA using Dunnett’s Multiple
Comparison Test was used to determine significance. In
Figure 5, non-linear regression (curve-fit) with variable slope from
three independent experiments was used for statistical analysis.
Data was compared for all parameters of the growth curve using
the extra sum of squares F-test to detect differences throughout the
entire growth curve. A p value of <0.05 was considered statistically
significant.

Results

CFA Increases PAO1 Growth in vivo

In order to test our hypothesis of CFA induced PAO1 growth,
we used a mouse model to determine the effects on PAOI
clearance in the presence of CFA. Three CFA particles from
different sources that have been well characterized for size, surface
area and elemental composition were used in these experiments.
Before experiments were conducted, CFA particles were sonicated
for ten minutes in order to reduce aggregates. These three sources
are standard reference materials (SRM) from the National
Institute of Standards and Technology (NIST) and include FA
2689, FA 2690 and FA 2691 (Table 1) [11]. Six to eight week old
Harlen C57BL/6 male mice were instilled with PAOL (4.5 10°
PAO1/mouse) in the presence and absence of CFA (10 pg/mL) in
M9 media. According to the ACGIH, insoluble or poorly soluble
particles Threshold Limit Value (TLV) is 3 mg/m”® for respirable
particles and 10 mg/m® for inhalable particles [2]. Therefore, this
CFA dose is at the TLV for particles of this composition, which
translate our results into relevant daily human exposures.

Twenty four hours later, mice were sacrificed and lungs
harvested. None of the mice died over this time period nor were
there any significant weight changes (data not shown). After 24
hours, under control conditions, 62% of the mice were sterile.
Conversely, FA 2689 only exhibited 41% bacterial clearance
(p=10.0045) and FA 2690 and FA 2691 exhibited 33% bacterial
clearance (p<<0.0001) (Figure 1A). Among the non-sterile mice,
there was a significant amount of bacteria recovered in mice
instilled with PAOl and FA 2689 and FA 2690 (p<<0.05)
(Figure 1B). Therefore, it appears that CFA decreases or delays
PAOI clearance in lungs of healthy mice provides a source of iron
for bacterial growth or allows the bacteria to persist in the lungs.

CFA-induced Increased PAO1 Recovery is not due to
Inflammatory Response in vivo

PM has been linked to acute exacerbations of COPD
(AECOPD) through neutrophil recruitment and cytokine release
[5,6,19,20]. In conjunction with this, air pollution has been shown
to inhibit bacterial clearance by increasing inflammation. More
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Figure 1. CFA increases bacterial grown in vivo. Panel A. Total
mouse lung sterility in vivo. After 24 hours, CFUs were determined after
homogenizing lungs and plating to determine growth. In the presence
of CFA, lung sterility was decreased by 20-30% **p<0.01, ***p<<0.0001.
PAO1 alone N=26, PAO1+ FA 2689 N=22, PAOT+ FA 2690 N=21, and
PAO1+ FA 2691 N =24. Panel B. Growth in non-sterile mice. Log CFU/
mouse was determined. FA 2689 and FA 2690 increased growth more
than control (p<<0.05).

doi:10.1371/journal.pone.0057673.g001

specifically, Harrod et al. reported that diesel exhaust particles
(DEP) increase infection through an inflammatory response [21].
In order to determine whether the effect of decreased PAOIL
clearance in our mouse model was due to an increased
inflammatory response, we instilled five mice in each condition
as stated above and measured neutrophil recruitment and cytokine
release. Although the PAOl groups had higher bronchoalveolar
lavage (BAL) cell count, the presence of CFA (10 pg/mlL, FA2690)
did not affect BAL total cell count in the control and PAOI treated
group (Figure 2A). In addition, PAOI induced a higher amount of
neutrophils (p<<0.05) when compared to control, but as shown in
Figure 2B, the presence of CFA did not change the neutrophil
count significantly more than PAOl alone. After measuring two
inflammatory cytokines, TNF-o and IL-1p, it appears that PAOI
in the presence of FA 2690 does not increase IL-1p nor TNF-a
when compared with PAOI alone (Figures 2C&D).
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CFA on Human Airway Epithelia Increases PAO1 Growth
without Disrupting Epithelial Barrier Integrity

Since it appears that the decreased airway clearance of PAO1 in
the presence of CFA i vivo is not due to an inflammatory
response, we set out to determine if bacterial proliferation in the
presence of CFA was due to structural abnormalities at the cellular
level. Reactive oxygen species (ROS) production in the airway had
been linked to the presence of PM [22] which can generate ROS
through oxidation on the surface of the particles, including CFA,
which is shown to elicit ROS damage to DNA [23]. It has been
reported that in cell culture, at concentrations of 100 ug/mlL,
CFA with LPS increases ROS [24]. Therefore, using the same
cultures for all of the following experiments, we exposed primary
human airway epithelial cells cultured in an air-liquid interface
[16] to PAO1 (12 CFU in 0.1 pL) in the presence of 10 pg/mL
CFA and tested growth, trans-epithelial electrical conductance (G?)
and hydrogen peroxide (HyOs) production. As shown in Figure 3A,
human airway epithelial cells were 100% sterile after 24 hours of
incubation with PAO1, while the presence of CFA impaired airway
bacterial clearance or increase bacterial growth (p<<0.0001).
Specifically, the percentage of growth in cell cultures treated with
FA 2689 and FA 2691 was 11% (95% CI 0 to 37%) whereas in the
presence of FA 2690, growth was present in 22% (95% CI 0 to
56%) of the cultures (n =3 in triplicates from two different human
donors).

After 24 hours, HyO, production was measured by determining
p-hydroxyphenylacetate (pHPA) oxidation [25]. CFA (10 ug/ml)
in the presence of PAO1 does not increase HoOy production when
compared with PAO1 alone, which is consistent with other reports
[24] (Figure 3B). Also, Gt was measured to determine the effect on
the epithelial barrier integrity. Exposing primary human airway
epithelial cells to CFA and PAO1 at the above concentrations did
not disrupt airway epithelial barrier integrity (Figure 3C), nor
increased cell death as determined by propidium iodide staining
(data not shown).

CFA Decreases Antimicrobial Peptide Activity

The above results led to the hypothesis that CFA impairs airway
innate immunity mechanisms. The lung has various mechanisms
to protect itself against pathogens and one of the primary defense
systems are AMPs, which are present in the airway surface liquid
(ASL). This is comprised primarily of lactoferrin, lysozyme and -
Defensins 1&2, which behave synergistically but also have specific
functions. Specifically, lysozyme degrades the bacterial cell walls
via its muramidase activity, lactoferrin sequesters iron and inhibits
microbial respiration, therefore limiting iron availability, and B-
defensins have broad antibacterial activity [26].

In order to test whether CFA inhibits AMP activity, we
combined physiologically relevant concentrations of AMP present
in the lung [27] (600 pg/mL Lysozyme, 200 pg/mL Lactoferrin
and 100 ng/mL B Defensins 1&2) with 10 pg/mL CFA and
determined the effect on PAO1 growth by measuring ODgqq after
18 hours. As shown in Figure 4A, PAO1 grew in the absence of
AMP. In the presence of a positive control, FeCl; (25 uM), and
CFA (10 pg/mlL) there was an increase in bacterial growth,
although not statistically significant. When PAO1 was treated with
AMP, there was significant growth inhibition. Conversely, as
shown in Figures 4B & C, AMP activity was impaired when PAOI
cultures (determined by measuring CFU and ODgg) were treated
with all three forms of CFA and FeCls.
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Figure 2. CFA (10 ug/mL) in the presence of PA01 does not significantly increase neutrophil recruitment or cytokine production in
BAL. Panel A. When C57/BI6 mice were exposed to 10 ug/mL CFA in the presence and absence of PA01 (4.5 10° PAO1/mouse), total BAL cell count
was not significantly different between Ct and PAO1 but there was an increase in neutrophil percentage in the presence of PA01. However, there
were no significant cell count differences between PAOT and PAOT with FA2690. Panel B. Although neutrophil recruitment in mice BAL was higher,
there was no statistically significant difference between control and PA01 nor PAO1 and PAO1 with FA2690. Panel C. IL-18 in the presence of PAO1
and CFA increased production more than PA0O1 alone but was not significantly different. Panel D. TNF-a in the presence of PAO1 and CFA does not

significantly increase compared with PAO1 alone. N =5.
doi:10.1371/journal.pone.0057673.g002

CFA Provides a Bioavailable Source of Iron for PAO1

Due to the increase in bacterial growth (Figure 4A), we set out
to determine if there were growth differences between the three
different CFA particles. Before conducting our experiments, we set
out to create a media with non-detectable iron levels (<5 ppb;
M9) in order to mimic as much as possible the ASL iron content.
To test our hypothesis of CFA induced bacteria growth and the
role of dissolved iron, 10 ug/mL of CFA particles (FA 2689, 2690,
2691) were added to three hour sub-cultured PAO1 cultures in M9
media and growth was observed by measuring ODggg at 37°C for
nine hours while correcting for particle absorbance effects. FeCls
(25 uM), a soluble source of iron, was used as a positive control
(data not shown). All CFA particles induced bacteria growth
compared to control (p<<0.0001). In addition, FA 2691 appeared
to contribute to PAOlgrowth more than FA 2689 and FA 2690
(Figure 5) (p<<0.0001). When iron dissolution in M9 media was
measured, using an inductively coupled plasma optical emission
spectrometer (ICP-OES), FA 2691 had 0.057 mg/L of dissolved
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iron compared with 0.028 and 0.032 mg/L in FA 2689 and 2690
respectively (Table 1).

Discussion

The World Health Organization (WHO) reports that acute
respiratory infections (ARIs) are the leading cause of acute illnesses
worldwide and remain one of the most important causes of death,
especially in the very young, the elderly, and the immunocom-
promised. In addition, the WHO and the Environmental
Protection Agency (EPA) recognize ambient air pollution as an
mmportant risk factor for ARIs. Despite the magnitude of this
problem, the ambient air pollution mechanism responsible for the
development of respiratory infections is not well known. One of
the main components of ambient air pollution is particulate matter
(PM), thus PM must play an important role in this mechanism.
Since respiratory infections are in part the consequence of
mechanisms that will promote bacterial growth and will impair
innate immunity, we initially hypothesize that PM will increase
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Figure 3. CFA increases PAO1 growth in isolated human airway
epithelia. Panel A. After 24 hours, PAOT (12 CFU) growth in the
presence of CFA (10 pg/mL) on isolated human airway epithelia was
measured. CFA increases PAOT growth in cell culture. FA 2689 and FA
2691 increased PAO1 growth more than CT by 11% and FA 2690
increased PAO1 growth 22% **p<<0.0001. Panel B. Hydrogen peroxide
(H,0,) production in the presence of PAO1 and CFA does not
significantly increase more than PAO1 alone. Panel C. Transepithelial
electrical conductance (Gt) across primary human airway epithelia does
not significantly decrease in the presence of PAO1 and CFA when
compared with PAO1 alone. N=3 in triplicates from two different
human donors.

doi:10.1371/journal.pone.0057673.g003

nutrient bioavailability for bacteria, and will impair airway
antimicrobial peptide function.

Our results show that CFA reduces or delays bacterial clearance
i vivo and in vitro as well as provides a source of iron for bacterial
growth. The reduced bacterial clearance is consistent with reports
of rats and mice exposed to PM [21,28], where one mechanism
implicated in bacterial clearance impairment is an increase
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Figure 4. CFA inhibits antimicrobial peptide activity. Panel A.
PAO1 in the presence of FeCl; (25 uM) and three different types of CFA
(FA 2689, FA 2690 and FA 2691) increased growth at 10 ng/mL without
AMP cocktail more than control, however the growth increase is not
statistically significant. Panel B. PAO1 growth in the presence of AMP
cocktail (600 ug/mL Lysozyme, 200 pg/mL Lactoferrin and 100 ng/mL
B-Defensin 1&2) inhibits PAOT growth. FeCl; (25 uM) and FA 2690
(10 ug/mL) inhibit AMP activity *p=0.05, **p<0.0001. Panel C. CFU
count of PAO1 after 18 hours in the presence of AMPs. N=3 in
triplicates. SEM reported.

doi:10.1371/journal.pone.0057673.g004
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Figure 5. CFA increases PAO1 growth. Subcultured PAOT was
grown in M9 with FeCls (25 uM), three different CFA particles (10 ug/
mL) or no particles (CT). Growth was recorded over nine hours. CFA
increased growth more than CT (p<<0.0001 for all three CFAs), FA 2691
increased PAO1 growth more than FA 2689 or FA 2690 ***p<<0.0001.
N =3 in triplicates.

doi:10.1371/journal.pone.0057673.g005

inflammatory response in the lung. However, the overall
inflammatory response in the presence of CFA and PAOl was
not significantly increased over PAO1 alone. This discrepancy
when compared with previous studies reporting a correlation
between neutrophil recruitment and increased infection is perhaps
due to differences in dose, 50 ug reported versus 500 ng in our
study [29,30]. Another potential mechanism of reduced bacterial
clearance could be due to macrophage function impairment. This
mechanism has been shown in models where PM exposure, at
high doses, inhibits phagocytosis. However, the relevance of this
inhibition in people exposed to ambient air pollution has been
raised recently in a review by Miyata et al. [31]. Part of the
argument lies in regard to the experimental doses that show this
effect, and its relevance to actual ambient air pollution exposures.
In contrast, our m vivo and n vitro models, with much lower PM
doses, suggest other mechanisms of increased infection suscepti-
bility, specifically the impairment of AMP function. Our results of
reduced AMP activity in the presence of CFA provide insight into
diseases with persistent colonization, which is consistent with a
recent report that showed AMP activity impairment in a cystic
fibrosis model [32]. Also, Parameswaran et al. reported that AMP
levels in COPD subjects likely affect pathogen clearance and
clinical outcomes of infection [33].

Determining the mechanism of CFA impairment on AMP
function is challenging since these particles are physicochemically
complex. However, it seems that PM could potentially decrease
lysozyme activity. For example, a small cohort of peat dust
exposed workers showed decreased lysozyme positive macrophag-
es, indicating increased macrophage phagocytosis and a potential
effect on lysozyme activity [34]. Also Noble et al. reported that
cigarette smoke and dust decreased human nasal lysozyme
concentrations [35]. Other studies that have attempted to
understand the mechanism of lysozyme inhibition has shown that
lysozyme activity is inhibited by cations [36] thus CFA particles
could leach certain cations, such as Fe (III), Fe (II) or Al (ITI) and
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inhibit AMP activity. PM not only can affect lysozyme, but B-
Defensins, as it has been reported that oil fly ash, a byproduct of
oil-fired power plants with a composition of carbon, silicates, and
iron oxides can impair B-Defensin synthesis in epithelial cells [37].
Furthermore, lactoferrin can be inhibited by its complete iron
saturation, which in turns, impairs it ability to sequester iron.
Therefore, several mechanisms impairing AMP function can
potentially play a role in PM induced decrease bacterial clearance.

CFA not only decreased AMP activity, but increased bacterial
growth. CFA is known to be an iron containing particle, thus CFA
can be an important nutrient for bacteria growth. In addition, a
recent report correlated iron mobilization in CFA with iron
associated within aluminosilicate glass phases [13]. Therefore, it
appears the effect of CFA on bacterial growth is more complex
than just total iron content alone, since FA 2689 had the largest
amount of iron, but it did not translate into the highest dissolved
iron [11], nor in the highest growth curve. As shown in Table 1,
the propensity for iron to be mobilized and thus dissolved is due in
part to its enrichment within the aluminum silicate phase,
specifically iron in FA 2691 is to a large extent associated with
the aluminum silicate content (XPS/EDX ratio range: 0.4-0.8 for
Al Fe and Si) (Table 1) compared with FA 2689 (XPS/EDX ratio
range: 0.6-1.3) and FA 2690 (XPS/EDX ratio range: 0.6-1.4).
CFA spheres commonly contain aluminosilicate-phase iron in the
mner core with iron oxide aggregate on the surface (see Chen,
Laskin et al. 2012) Therefore, due to the decreased XPS/EDX
ratio and thus high iron content in aluminosilicate phase, we
propose that one mechanism of PM induced bacteria growth is
dependent on the iron dissolution from the aluminum silicate glass
content (Table 1).

In summary, our results show the following: i) the CFA
concentrations used in this study are potentially very relevant to
human daily exposures, thus posing a potential public health risk
for susceptible subjects living in urban areas and for those exposed
to Fe-containing anthropogenic particles; i) although CFA
provides a source of bioavailable iron for bacteria, not all CFA
particles have the same biological effects, and their propensity for
iron dissolution can be an important factor on susceptible subjects
and populations; iii) CFA impairs lung innate immune mecha-
nisms of bacterial clearance, specifically AMP activity.

These results provide a potential mechanism to explain the
epidemiological data that associates ambient air pollution and
bacterial infections. However, we recognize that PM is very
complex and requires the design of experiments that will control
for different physicochemical characteristics such as size, shape,
presence of other transition metals, aluminum silicate content, and
iron species. We expect that identifying the PM mechanisms of
respiratory infections will translate into public health policies
aimed at controlling, not only concentration of PM exposure, but
physicochemical characteristics that will potentially cause respira-
tory infections in susceptible individuals and populations.
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