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Research

Effects of Coal Fly Ash Particulate Matter on the Antimicrobial Activity of Airway
Surface Liquid

Luis G. Vargas Buonfiglio,’ Imali A. Mudunkotuwa,” Mahmoud H. Abou Alaiwa,” Oriana G. Vanegas Calderon,?
Jennifer A. Borcherding,! Alicia K. Gerke,! Joseph Zabner,! Vicki H. Grassian,*>% and Alejandro P. Comellas’

'Department of Internal Medicine, Roy J. and Lucille A. Carver College of Medicine,

Department of Chemistry, College of Liberal Arts and Sciences, and

3Department of Pediatrics, Roy J. and Lucille A. Carver College of Medicine, University of Iowa, Iowa City, Iowa, USA
“Department of Chemistry and Biochemistry,

5Department of Nanoengineering, and

SScripps Institution of Oceanography, University of California San Diego, La Jolla, California, USA

BACKGROUND: Sustained exposure to ambient particulate matter (PM) is a global cause of mortality. Coal fly ash (CFA) is a byproduct of coal com-
bustion and is a source of anthropogenic PM with worldwide health relevance. The airway epithelia are lined with fluid called airway surface liquid
(ASL), which contains antimicrobial proteins and peptides (AMPs). Cationic AMPs bind negatively charged bacteria to exert their antimicrobial activ-
ity. PM arriving in the airways could potentially interact with AMPs in the ASL to affect their antimicrobial activity.

OBJECTIVES: We hypothesized that PM can interact with ASL. AMPs to impair their antimicrobial activity.

METHODS: We exposed pig and human airway explants, pig and human ASL, and the human cationic AMPs B-defensin-3, LL-37, and lysozyme to
CFA or control. Thereafter, we assessed the antimicrobial activity of exposed airway samples using both bioluminescence and standard colony-
forming unit assays. We investigated PM-AMP electrostatic interaction by attenuated total reflection Fourier-transform infrared spectroscopy and
measuring the zeta potential. We also studied the adsorption of AMPs on PM.

RESULTS: We found increased bacterial survival in CFA-exposed airway explants, ASL, and AMPs. In addition, we report that PM with a negative
surface charge can adsorb cationic AMPs and form negative particle—protein complexes.

CoNCLUSION: We propose that when CFA arrives at the airway, it rapidly adsorbs AMPs and creates negative complexes, thereby decreasing the
functional amount of AMPs capable of killing pathogens. These results provide a novel translational insight into an early mechanism for how ambient

PM increases the susceptibility of the airways to bacterial infection. https://doi.org/10.1289/EHP876

Introduction

Worldwide, 3.7 million deaths were attributable to ambient air
pollution in 2012 [World Health Organization (WHO) 2014]. A
major constituent of ambient air pollution is particulate matter
(PM), a mixture of particles and liquid droplets. Coal combustion
generates 32.1% of the world's electricity supply, and demand for
it is growing (International Energy Agency 2013). A by-product
of coal combustion is coal fly ash (CFA), an anthropogenic
source of fine PM. In China, the world's largest coal burner, ex-
posure to high levels of coal-combustion PM has decreased life
expectancy by 5.5 y, partly because of respiratory diseases (Chen
et al. 2013). Moreover, a transboundary air pollution transport
simulation suggested that China could have contributed <11.5%
of the black carbon pollution in the western part of the United
States in 2006 (Lin et al. 2014). Therefore, this type of pollutant
is not confined to the place where it is produced and has global
health implications.

The airways are constantly exposed to pollutants and microbes.
Epidemiological data support the idea that continuous exposure to
ambient air pollution, including PM generated by coal combustion,
increases the risk of mortality and respiratory tract infections
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(Bruce et al. 2000; Maclntyre et al. 2014; Shen et al. 2009). The air-
way surface liquid (ASL) represents one of the first lines of defense
against invading organisms. This thin layer of liquid covering
the airways is rich in antimicrobial proteins and peptides (AMPs)
that kill pathogens within minutes (Pezzulo et al. 2012). Cationic
antimicrobial peptides, such as human B-defensins (HBDs) and
LL-37, can rapidly interact with the negatively charged bacterial
cell wall and permeabilize it (Ganz 2003; Lee et al. 2011; Travis
et al. 1999). Impairment of cationic antimicrobial peptides such as
HBDs has been linked with human airway bacterial colonization
(Nurjadi et al. 2013; Tesse et al. 2008). Airway colonization with
bacterial pathogens increases the risk of life-threatening airway
infections (Gillet et al. 2002; Huang and Platt 2003; Rocha et al.
2013). Several epidemiological studies link air pollution and
Staphylococcus aureus nasal carriage (Ataniiazova 2008; Kramar
2002; Leshchuk et al. 2011; Williams 1963). Given the major
impact of PM on the risk of respiratory infections, is important to
understand early mechanisms by which PM increases bacterial sur-
vival in the airways.

In addition to the size and concentration of ambient PM, other
particle characteristics are relevant to their health hazard.
Particles have intrinsic electrical charges dependent on their com-
position and on the surrounding medium. The presence of par-
ticles in the atmosphere can increase the atmosphere’s electrical
potential gradient. The Kew Observatory measured atmospheric
electrical potential, smoke, and sulfur dioxide (SO,) concentra-
tions during the London Fog epidemics of 1950-1958. These fac-
tors were statistically evaluated as predictors of excess mortality.
Atmospheric electrical potential, as a surrogate of inhalable aero-
sols in combination with SO,, proved to be a better predictor of
excess episodic mortality than smoke during these high-pollution
episodes (Fisher et al. 1977). Therefore, the number of particles
in the air and their electrical properties seem to relate to health
outcomes in human populations.

CFA is a diverse mixture of particles containing aluminum,
silicon, calcium, magnesium, and iron oxides that can readily
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adsorb ligands and proteins (Borcherding et al. 2013; Gieré et al.
2003; Vertegel et al. 2004; Vogler 2012). Therefore, we hypothe-
sized that CFA interacts with ASL AMPs and impairs their anti-
microbial activity. To test our hypothesis, we exposed pig and
human airway epithelia, ASL, and AMPs to either CFA or to a
control and assessed antimicrobial activity. We used pig airway
samples for screening because their anatomy, biochemistry, phys-
iology, and genetics are similar to those of humans (Rogers et al.
2008; Stoltz et al. 2010). To investigate the antimicrobial activity
of the samples, we measured live bacteria within minutes after
challenge. The short time points (<20 min) were used as a strat-
egy to control for any PM-induced bacterial growth (Borcherding
et al. 2013) We also studied the interaction between CFA and
AMPs by measuring the adsorption capacity of CFA and the sur-
face charge of PM and AMPs, and we determined how this inter-
action was modified by the use of ethylene glycol tetraacetic acid
(EGTA).

Methods
Ethical Statement

All animals were treated humanely, with due consideration for
the alleviation of distress and discomfort, according to National
Institutes of Health guidelines. The University of Iowa Institu-
tional Animal Care and Use Committee approved all animal
protocols.

The institutional review board at the University of lowa
approved the collection of human ASL (IRB No. 200607708),
and all participants signed a written informed consent. This study
is registered on ClinicalTrials.gov (NCT01967628).

Particulate Matter Sample Preparation

We used Standard Reference Materials® for CFA (2689, 2690,
2691) and urban PM (1648a) from the National Institute of
Standards and Technology (NIST). We also used previously
characterized volcanic ash from the Icelandic Eyjafjallajokull
eruption in 2010 (Monick et al. 2013). For the majority of the
experiments, we used CFA 2691 based on the results of prelimi-
nary studies in which we found increased Pseudomonas aerugi-
nosa growth in vitro and decreased lung sterility in vivo in
exposed mouse lungs challenged with Pseudomonas aeruginosa
(Borcherding et al. 2013).

To expose airway explants, ASL, and AMPs to PM we sus-
pended particles in sodium phosphate buffer 10 mM, pH 7.4
(NaPOy buffer) at 1000 pg/mL and sonicated the suspension for
one hour to increase solution homogeneity and to avoid particle
aggregation. We diluted the stock solution to the desired concen-
tration to expose the airway explants, ASL, and AMP samples.

To modify the CFA surface, we sonicated for 1 h a separate
stock of CFA 2691 particles (1000 pg/mL) suspended with
EGTA (25-100 mM; Sigma-Aldrich) or sodium citrate (25 mM)
in NaPOy buffer (pH 7.4).

Bacterial Strains

We chose S. aureus Xen29 (Caliper LifeSciences Bioware™)
because it is a human-isolated strain modified to integrate a single
copy of the Photorhabdus luminescens luxABCDE operon on the
bacterial chromosome, which allowed us to measure real-time lu-
minescence. Xen29 was grown overnight from a bacterial glyc-
erol stock on a tryptic soy agar plate containing kanamycin (0.2
mg/mL) (TSAga). On the next day, four to five colonies were
grown overnight in tryptic soy broth medium (TSB) (BD Difco).
Thereafter, a subculture of log-phase bacteria was centrifuged (1
min, 25 °C, 16 X g) and washed twice with phosphate-buffered
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saline with no calcium or magnesium (PBS-/-) (Gibco® Life
Technologies). The final bacterial pellet was suspended in mini-
mal medium consisting of NaPO, buffer supplemented with 100
mM NaCl and 1% TSB to sustain bacterial luminescence as pre-
viously described (Abou Alaiwa et al. 2014).

Antimicrobial Activity Assays

Bacterial killing by pig airway explants. Airway nasal septum
was excised from newborn pigs (Exemplar Genetics) anesthe-
tized with ketamine [20 mg/kg intramuscularly (IM)] (Phoenix
Pharm) and xylazine (2 mg/kg IM) (Lloyd Laboratories) and eu-
thanized with Euthasol® [90 mg/kg intravenous (IV)] (Virbac).
Samples of nasal septum epithelia were obtained with a 6-mm bi-
opsy punch (Miltex) and were placed in a 96-well plate
(Optiplate™-96; Perkin Elmer). The samples (surface area
=0.3cm?) were exposed to 1uL of CFA (0.3, 3, 30 ug/cm?),
CFA-EGTA (3 pg/cm*> mM EGTA), CFA-sodium citrate (3 ug/
cm?, 25 mM sodium citrate), or buffer control for 1 h in an incu-
bator at 37 °C and supplemented with 5% carbon dioxide (CO,).
Subsequently, the bacterial challenge was performed by injecting
10 uL of Xen29 solution [~5x10° colony-forming units
(CFUs)] onto the apical side using the precision peristaltic pump
in a luminometer (Spectra Max L, Molecular Devices). We main-
tained the samples at 37 °C and measured relative light units
(RLU) at 2 min at a wavelength of 527 nm.

We confirmed our luminescence findings using a conven-
tional CFU counting method. We exposed nasal septum samples
to 3 ug/cm2 of CFA, CFA-EGTA (25 mM), or control for one
hour. After 20 min of bacterial challenge, we added 100 pL of
PBS-/- at 4 °C to the wells containing the samples to prevent bac-
terial replication. Subsequently, we placed a sterile 96-well rub-
ber lid on top of the plate and vortexed for 1 min. We calculated
CFUs by standard methods. Briefly, the liquid harvested from the
samples was further diluted and plated on TSAy,, plates. The
plates were cultured at 37 °C, and the colonies were counted after
overnight incubation.

Bacterial killing by human airway explants. We used human
lung lobes (<12 hours of ischemia) from transplanted recipients,
donated by The University of Iowa Hospital and Clinics. A sec-
ondary bronchus was excised, and samples of the airways were
obtained with a 6-mm biopsy punch. The tissue (surface area 0.3
cm?) was placed in an OptiPlate-96 and then exposed to 1 pL of
CFA (3 pg/cm?), CFA-EGTA (3 pug/cm?, 25 mM EGTA), EGTA
(25 mM), or control for 1 h in an incubator at 37 °C and 5% CO,.
The bacterial challenge was performed by injecting 10 pL of
bacteria on the apical side, and RLU were registered after 2 min.

Bacterial killing by ASL from pig airway explants. To inves-
tigate the effects of CFA on the ASL from pig explants, we
exposed pig nasal explants with and without ASL to CFA. First,
we excised pig nasal epithelia with a biopsy punch (4 mm) and
washed the ASL three times by submerging samples in PBS-/-,
then drying the surface with sterile gauze. We exposed both
washed and unwashed epithelia to 1 uL of CFA (3 ug/cm?) or
control for 1 h in a 96-well plate. Subsequently, we performed a
challenge with an inoculum of ~ 125CFUs, and we harvested
bacteria 20 min later using 100 pL of PBS-/- (4 °C). We plated
the liquid on TSAy,, and counted the number of CFUs after over-
night incubation.

Bacterial killing by ex vivo ASL collected from pigs.
Tracheal secretions from pigs were collected as previously
described (Hoegger et al. 2014). Briefly, newborn pigs were anes-
thetized with ketamine and xylazine and maintained with propo-
fol (2 mg/kg IV) (Fresenius Kabe USA, LLC). Tracheas were
surgically exposed in a 5% CO,, 99% humidity incubator, ac-
cessed anteriorly and then stimulated using methacholine (2.5

077003-2



mg/kg IV) (Sigma-Aldrich). The secretions were collected with
0.5cmXx2 cm strips of thin lens paper (VWR Scientific
Products) fused to Parafilm M (Pechiney Plastic Packaging).
These papers were placed in the tracheal lumen for 30 s, dried
overnight, and stored at —80°C.

The day of the experiment, samples were obtained from the
strips with a 4-mm biopsy punch (Miltex), placed in an
OptiPlate-96, and rehydrated using 10 pL of NaPO, buffer or
CFA solution (100 pg/mL final concentration) at 37°C for 1 h.
We challenged the samples by injecting 90 pL of bacterial solu-
tion (see Figure S1) and measured RLU two minutes after the
challenge. We calculated the percentage of live bacteria using the
following formula:

Percent of live bacteria=

RLU from exposed ASL sample

100.
RLU from exposed control %

Bacterial killing by human ASL. To collect human ASL, we
recruited healthy nonsmoking participants as part of the trial
"Human lung response to respiratory pathogens," as previously
described (Gerke et al. 2014). The subjects were 18—60 y old and
were able to understand and sign a consent form. After providing
their informed consent, women of childbearing age underwent
urine pregnancy screening before each bronchoscopy.

A pulmonary physician performed a standard bronchoscopy
at the University of Iowa Hospitals and Clinics (Iowa City, lowa,
USA) as previously described (Gerke et al. 2014). To collect the
ASL, participants were premedicated with atropine (0.6 mg IM)
and either morphine (10 mg IM) or meperidine (12.5-25 mg IM).
Subsequently, the airways were numbed with topical 2-4% lido-
caine. Under standard clinical monitoring, a flexible broncho-
scope (model P160 or P180; Olympus) was introduced trans-
nasally or transorally into the right lung. To collect the ASL,
three sponges were placed on the airway for 30 s and were then
transferred to a 1-mL tube. Thereafter, we eluted the ASL in the
sponges by adding 1 mL of isotonic saline, vortexing for 1 min,
and centrifuging for another minute. We stored the ASL samples
at —80°C.

To perform the antimicrobial activity assay, we corrected the
ASL for protein loading. Briefly, we thawed the samples at 4°C
and measured the total protein concentration by Bradford assay
(Bio-Rad). We further diluted the samples with isotonic saline
for a total protein concentration of 100 pg/mL. Thereafter, we
exposed 10 pL of the human ASL to 1 puL of CFA (100 pg/mL)
or buffer for 1 h. We then injected 10 pL of Xen29 solution
(~5x%10° CFUs) and measured RLU after 20 min.

Bacterial killing by ASL from porcine cell cultures. We col-
lected ASL from airway epithelium cell cultures grown at the air—
liquid interface isolated from healthy newborn pig trachea and
bronchi as previously described, with modifications (Karp et al.
2002; Pezzulo et al. 2012). Briefly, we washed with 50 pL. of
PBS-/- by pipetting three times, the apical surface (area0.6 cm?)
of the cell cultures, which had been maintained in antibiotic-free
media for >2 wk. We exposed 10 pL. of the collected liquid to
1 pL of CFA (100 pg/mL), CFA-EGTA (100 pg/mL; 25 mM),
or buffer. We performed the bacterial challenge by injecting 10 pL.
of Xen29 solution (~5x 10° CFUs) into the ASL samples and
measured RLU at 2 min normalized to control.

Bacterial killing by cationic AMPs. Assays were performed
as previously described (Abou Alaiwa et al. 2014). Human
B-defensin 3 (HBD-3) (PeproTech) and LL-37 (Anaspec) were
diluted with the peptide diluent recommended by the manufac-
turer. We exposed 10 uL of HBD-3 (30 pg/mL) or peptide
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diluent to 1 pL. of CFA solution (100 pg/mL, final concentra-
tion), CFA-EGTA (100 pg/mL; 25 mM EGTA), or buffer in an
opaque white 96-well plate. The plates were sealed with a rubber
lid to avoid evaporation and incubated at 37°C for 1 h with con-
stant shaking (200 rpm). We then performed a challenge with
90 uL of Xen29 solution (~5X 10° CFUs). RLU were regis-
tered in the first 4 min, and a percentage was calculated using the
peptide diluent as the control. We also exposed recombinant
human lysozyme (80 pL, 1,000 pg/mL, >10,000 units/mg of
protein) (Sigma-Aldrich) to 10 pL. of CFA (10, 100, or 1000
pg/mL), CFA-EGTA (100 pg/mL; 25 mM EGTA), or buffer.
The samples were incubated for 1 h at 37°C with constant shak-
ing (200 rpm). Thereafter, we added 10 pL of Xen29 solution
(~5x10°CFUs) and measured RLU at 120 min. The percentage
of live bacteria was calculated using the exposed buffer as the
control.

Particle Analysis

Zeta potential measurement. To investigate the role of CFA in
particle—protein interactions, we assessed the zeta potential,
which is a measurement of the magnitude of the electrostatic
repulsion or attraction between particles. We mixed human lyso-
zyme (1 mg/mL, final concentration) or diluent with CFA solu-
tion (100 pg/mL, final concentration) at 25 °C for 1 h. We
pipetted the samples into disposable capillary cells (DTS1070;
Malvern) in a Zetasizer Nano ZS90 (Malvern). The Zetasizer
applies an electric field and calculates electrophoretic mobility
using phase analysis light scattering measurements. The zeta
potential is then calculated with the Smoluchowski equation
(Smoluchowski 1921). We used the automatic protein standard
operating procedure to measure lysozyme charge. In the CFA
samples, we set up the standard operating procedure to use 1.56
as the refractive index of CFA, as previously described (Jewell
and Rathbone 2009).

AMP adsorption measurement by attenuated total reflec-
tion Fourier-transform infrared spectroscopy (ATR-FTIR).
Experiments using ATR-FTIR were performed to determine if ly-
sozyme was adsorbed onto CFA particle surfaces and whether
the adsorption was inhibited by CFA pretreatment with EGTA.
The ATR-FTIR flow system, equipped with a horizontal ATR
crystal (AMTIR crystal element; Pike Technologies), was used in
all of the experiments and has previously been described in detail
(Borcherding et al. 2014). To perform these experiments, a thin
layer of CFA particles was deposited onto an ATR crystal from a
hydrosol suspension (6.4 mg CFA/mL) and dried overnight. This
process produced a uniform film of particles on the ATR crystal.
After the thin layer of particles was formed, a flow of water was
introduced into the ATR-FTIR cell to eliminate any loosely
bound particles. Next, a background spectrum was collected.
Then, a solution of lysozyme (1 mg/mL) was introduced into the
ATR-FTIR cell. The infrared spectrum was then recorded as a
function of time. Infrared absorption bands at 1,650 and
1,548 cm™', associated with amide I and amide II vibrational
modes, were monitored.

The reversibility of lysozyme adsorption was also investi-
gated. Following the adsorption experiments, ATR-FTIR spectra
were recorded after introducing a flow of pure water at approxi-
mately pH 7 over the CFA particles to determine whether the
infrared absorptions associated with lysozyme decreased.

We studied the inhibition of lysozyme adsorption by EGTA
in a separate experiment. A thin film of CFA particles on the
ATR crystal was exposed to a solution of EGTA (2.5 mM) and
allowed to equilibrate for 5 h. Following this incubation, the
EGTA solution was removed, and the CFA particles were then
exposed to the lysozyme solution. The absorption bands resulting
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from adsorbed lysozyme were recorded as a function of time. For
solution-phase measurements only (i.e., in the absence of CFA),
FTIR spectra were collected from the respective solutions in con-
tact with the ATR element.

AMP bulk adsorption assay. We examined the adsorption of
lysozyme onto CFA using a batch depletion technique. We coin-
cubated 500 pL of lysozyme (100 pg/mL) with 500 pL of CFA
in solution (10, 100, or 1,000 pg/mL) for 60 min at 37°C. A
sample of the solution was withdrawn, and the remaining sample
was centrifuged for 10 min at 51,517 X g, after which we took a
sample of the supernatant. The concentration of protein in both
the total sample and the supernatant was measured by Bradford
assay (Bio- Rad), interpolating from a lysozyme standard curve.
The percentage of free protein was calculated using the following
formula:

Percent of free protein =

Protein concentration in the uncentrifuged sample

- — - % 100.
Protein concentration in the centrifuged sample

AMP desorption assay. We also determined the amount of
protein attached to the particle using a desorption assay. We coin-
cubated 1 mL of lysozyme (100 pg/mL) with 1 mL of solution
containing 10, 100, or 1,000 pg of CFA for 1 h at 37°C. Tthe
sample was then washed three times with PBS-/- to remove the
nonadsorbed protein. The pellet was resuspended in 150 pL of
Laemmli buffer and heated for 10 min at 90°C to desorb the pro-
tein from the particle. The desorbed protein concentration was
measured by Bradford assay (Bio-Rad), interpolating from a ly-
sozyme standard curve.

To study the effects of EGTA on the CFA desorption of lyso-
zyme (1,000 pg/mL), we prepared the CFA suspension with
25 mM EGTA diluted in NaPOy buffer at pH 7.4 and followed
the abovementioned protocols.

Statistical analysis. Data are expressed as the mean +
standard error of the mean (SEM). We normalized data as a per-
centage of the control using the formulas described above.
Control conditions refer to samples with no antimicrobial activity
(e.g., buffer) exposed to CFA at the same concentration as the
sample with antimicrobial activity within the same experiment.
We used the Kolmogorov—Smirnov test to calculate the normal-
ity of the data. To determine the statistical significance between
two data sets, we used a paired Student z-test for parametric data
and the Mann—Whitney and Wilcoxon matched-pairs signed rank
tests for nonparametric data. We used analysis of variance
(ANOVA) with Dunnett’s multiple comparison test to compare
three or more groups for parametric data and the Kruskal-Wallis
test for comparison of three or more groups with nonparametric
distributions. Data analysis was performed using GraphPad
Prism 6.00 for Windows (GraphPad Software, Inc.).

Results

CFA Impairs Bacterial Killing in Airway Epithelia

Nasal passages, lined with ASL AMPs, function as the first
defense against inhalable particles and bacteria. We exposed
explants of pig nasal epithelium (6 mm diameter) to CFA (0.3, 3,
and 30 ug/cm?) for 1 h. After exposure, we loaded ~5x 10°
CFUs of a bioluminescent strain of S. aureus (Xen29) in 10 pL
of buffer onto the apical surface of the explants. This assay
allowed us to interrogate bacterial viability after bacterial chal-
lenge by measuring RLU after 2 min. We interpreted reduced lu-
minescence as a decrease in live bacteria due to killing (Travis
et al. 1999). Exposure to increasing concentrations of CFA
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correlated with impaired bacterial killing (Figure 1A). As a con-
trol, we coincubated bacteria with CFA and observed no increase
in bacterial luminescence (data not shown).

We then investigated the effect of 3 pg/cm? of CFA on bacte-
rial killing on nasal epithelia using a standard bacterial dilution
assay. Consistent with the luminescence assay, we recovered (20
min after bacterial challenge) an average of 52% more CFUs
from the epithelia exposed to CFA than from the control (Fig.
1B). Finally, we tested the effects of CFA (3 pg/cm?) on human
bronchial airway epithelia and found that CFA exposure also
impaired S. aureus killing (Fig. 1C). These results suggest that
CFA impairs the antimicrobial activity of the airway epithelia.

CFA Impairs Bacterial Killing in ASL

We hypothesized that CFA would result in increased bacterial vi-
ability by impairing epithelial killing independently of bacterial
growth. To test this hypothesis, we stripped the nasal epithelium
from the cartilage and performed a bacterial challenge. We found
that nasal cartilage had significantly higher bacterial viability in
RLU (see Figure S2A) and CFU (see Figure S2B) than explants
with intact epithelium, suggesting decreased antimicrobial activ-
ity in the cartilage. We then exposed nasal cartilage explants to
CFA (3ug/cm?) and found that bacterial viability in RLU at 2
min was not significantly different from control without CFA
(7,150 + 809 vs. 6,474 +697RLU respectively, p=0.7791 by
paired t-test). These results suggest that in the absence of antimi-
crobial activity, CFA does not increase bacterial viability after
challenge.

The bacterial killing observed in the epithelium is most likely
due to ASL antimicrobial activity. We then investigated whether
CFA impaired the ASL of the explants. We used both intact pig
nasal explants and ASL-washed explants exposed to CFA
(3 pg/cm?) for 1 h, and we challenged them with bacteria. We
harvested bacteria 20 min after the challenge and counted CFUs
after overnight incubation. We found that only unwashed epithe-
lia significantly decreased the inoculum. We also found that
exposing intact epithelia to CFA increased the amount of bacteria
recovered from the explants, similar to washing away the ASL.
In addition, exposing washed epithelia to CFA did not increase
the number of bacteria recovered from the nasal explants. These
results suggest that CFA increased bacterial viability by impair-
ing the ASL antimicrobial activity of pig airway explants and not
by increasing bacterial growth (see Figure S2C).

To investigate whether CFA impairs isolated ASL antimicro-
bial activity, we collected pig and human tracheobronchial secre-
tions and the ASL from pig primary airway epithelia cultures
grown at the air-liquid interface as previously described. ASL
was incubated with CFA (100 pg/mL) for 1 h at 37°C and then
challenged with ~35X 10° CFUs of S. aureus Xen29 (10 pL).
After 20 min, we measured bacterial killing by luminescence. We
found that exposure to CFA significantly impaired bacterial kill-
ing by pig and human tracheobronchial ASL and by pig airway
ASL from cell cultures (Fig. 1D). These results suggest that CFA
might have a direct effect on ASL AMPs.

CFA Impairs Cationic AMP Activity

The rapid bacterial killing seen in airway explants and ASL is
consistent with the effect of ASL AMPs such as HBD-3 and LL-
37 (Ganz 2003; Lee et al. 2011; Travis et al. 1999). To investi-
gate whether exposure to CFA inhibited HBD-3 and LL-37 anti-
microbial activity, we coincubated HBD-3 (30 pig/mL) or LL-37
(100 pg/mL) for 1 h with three CFAs (100 pg/mL) from differ-
ent sources, challenged them with bacteria (~5 X 10° CFUs of
S. aureus Xen29), and measured RLU over time for 6 min. We
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found that similarly to explants and ASL, exposure to CFA
impaired the immediate antimicrobial activity of HBD-3 and LL-
37 (Fig. 1E and F). We also investigated the effects of CFA on ly-
sozyme antimicrobial activity because it is one of the most abun-
dant cationic AMPs present in human secretions, including in the
airways (Basbaum et al. 1990). We coincubated lysozyme (1 mg/
mL) with increasing concentrations of CFA (10, 100, or
1,000 pg/mL) for 1 h, performed a challenge with luminescent
bacteria, and measured antimicrobial activity. We found that
CFA also inhibited the antimicrobial activity of lysozyme in a
concentration-dependent manner (Figure 2A). These results sug-
gest that CFA impairs AMP activity.

CFA Particles Impair the Antimicrobial Activity

PM has several cationic elements on its surface that could leach
into the ASL, impairing its antimicrobial activity. Divalent cati-
ons such as calcium and magnesium require lower concentrations
to inhibit AMP activity compared with monovalent cations
(Travis et al. 1999). We investigated the surface composition of
three different CFA samples (2689, 2690, and 2691) by X-ray
photoelectron spectroscopy. Table 1 shows the relative abun-
dance of different elements on the particle surface, excluding car-
bon and oxygen (Chen et al. 2012). CFA 2691 had the highest
proportion of divalent cations on the surface among all CFA stud-
ied. We hypothesized that divalent cations that dissolve into the
ASL would impair HBD-3. However, the results did not prove

this hypothesis. First, all CFAs tested impaired HBD-3 bacterial
killing to the same extent (Figure 1E). Second, human ASL bac-
terial killing was not impaired when exposed to the supernatant
from CFA 2691 (Figure 1D). Third, these elements are present as
metal oxides and not as soluble salts; thus, they are less likely to
leach as free ions (Catalfamo et al. 1997). These results suggest
that the insoluble component (the CFA particle) is necessary to
impair ASL antimicrobial activity.

CFA Adsorbs Antimicrobial Peptides

Our results suggest that either particle—~AMP interaction or parti-
cle-bacterial interaction impaired the airway antimicrobial activ-
ity. The nature of particle-protein interactions can be governed
by particle charge and surface sites as well as by ligand charge
and exposed functional groups of the peptides and proteins
(Vogler 2012). To investigate CFA-AMP interaction, we
assessed the adsorption capacity of CFA through lysozyme
adsorption—desorption assays. When lysozyme (100 pg/mL) was
coincubated with several concentrations of CFA for 30 min, we
found a concentration-dependent decrease in the fraction of free
lysozyme (Figure 2B). Accordingly, via detergent-mediated de-
sorption, we also recovered more lysozyme from particles as we
increased CFA mass (Figure 2C).

To investigate the kinetics of lysozyme adsorption by CFA, we
used ATR-FTIR. Briefly, we deposited a thin layer of CFA par-
ticles on the ATR element and flowed a lysozyme solution over the
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Figure 1. Coal fly ash (CFA) impairs ASL antimicrobial activity. (A) Effects of CFA exposure on pig nasal epithelium explant antimicrobial activity assessed

by luminescence. Explants exposed to increasing concentrations of CFA (0.3,

3, and 30 pug/cm?) had increased live bacteria in relative light units (RLU)

(46.62%, 66.32%, and 112.9%, respectively) compared with control at 2 min after bacterial challenge (meaninoculum =2214.8 RLU; n=5). (B) Effecst of
CFA exposure on pig nasal epithelium explant antimicrobial activity assessed by standard colony-forming unit (CFU) counting. Explants exposed to CFA
(3 ng/cm?) that were harvested after 20 min of bacterial challenge had higher CFUs than the control (mean inoculum =35 x 10° CFU; n=7). (C) Effects of CFA
exposure on human airway bronchial epithelium explant (6 mm) antimicrobial activity assessed by luminescence. Explants exposed to 3 pg/cm? CFA had an
increased number of live bacteria in RLU after bacterial challenge (mean inoculum =2598.6 RLU; n=3). (D, E, F) Human B-defensin-3 (HBD-3) and LL-37
antimicrobial activity assessed by luminescence plotted as a function of time. CFAs 2689, 2690 and 2691 impaired (E) HBD-3 (n=3) and (F) LL-37 (n=3)
antimicrobial activity in vitro compared with control at 6 min [A, E, and F were compared with control by analysis of variance (ANOVA). B, C, and D pig
ASL ex vivo, and in vitro, were compared to control by paired Student’s z-test. D, human ex vivo samples were compared with each other by multiple compari-

sons ANOVA. * p<0.05; ** p<0.001; *** p <0.0001].
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Table 1. Surface composition of three CFA samples.

% Element CFA 2689 CFA 2690 CFA 2691
Si 43.8 34.2 19.6
Al 19.7 18.7 8.3
Fe 8.7 7.3 3.7
Mg 2.5 16.4 9.2
Ca 6 8.1 232
Na 15 3.8 8.8
K 1.9 2 3.7

S 15.9 72 14.5

p NA 2.3 4.7
F NA NA 43
Area (m?g™") 0.8+0.1 3.8+0.1 2.2+0.1

Note: Al, aluminum; Ca, calcium; CFA, Coal Fly Ash; F, fluorine; Fe, iron; K, potas-
sium; Mg, magnesium; NA, not available; Na, Sodium; P, phosphorus; S, sulfur; Si, sili-
con. We determined the surface composition of three CFA samples (CFA 2689, 2690,
2691) by X-ray photoelectron spectroscopy calculated the surface area (Chen et al.
2012).

CFA. The resulting spectra showed two strong absorption bands at
1,650 and 1,548 cm™!, corresponding to the amide I and II bands
of lysozyme (Figure 2D). The intensity of these amide bands
increased steadily in a time-dependent manner. Within 5 min, 50%
of the maximal lysozyme adsorption had occurred, consistent
with acute impairment of AMP. The intensities of the amide
bands plateaued after 60 min, suggesting that the CFA surface
was saturated with lysozyme (Figure 2E). Thereafter, particles
were flushed with an aqueous solution to remove weakly
adsorbed lysozyme. We then obtained spectra of lysozyme
adsorbed on the CFA particles. After 5 h of rinsing, the lysozyme
remained adsorbed to the CFA (data not shown), suggesting
that the adsorption was irreversible. These data demonstrate
that CFA can irreversibly adsorb lysozyme within minutes.
Immobilization of AMPs on the CFA surface might decrease the

amount of free protein capable of killing bacteria in the airway,
thus impairing its antimicrobial activity.

CFA Adsorbs Lysozyme, Creating a Negative Particle—
Protein Complex

Because CFA rapidly adsorbed cationic AMPs, we hypothesized
that electrostatic interactions would contribute to CFA adsorption
of AMP. To investigate this interaction, we studied zeta potential
as a surrogate of surface charge. We found that CFA 2691 had a
negative surface charge (—13.48 +0.06 mV) and that HBD-3 had
a positive charge (+2.6+0.1mV). Colloidal particles with a
tight layer of negative charges attract complementary positive
charges from the surrounding fluid (Hunter 1981). We hypothe-
sized that PM would attract cationic AMPs to its surface. When
we coincubated CFA with HBD-3, the average particle—protein
complex zeta potential was less negative (—7.14 +0.84 mV) than
that of CFA alone (Figure 3A). We also measured the zeta poten-
tial of other PM, such as CFA from two other sources (NIST
CFA 2690 and 2689), urban PM (NIST SRM 1648a), and vol-
canic ash from the Eyjafjallajokull eruption in 2010 (Monick
et al. 2013). We found that all of these particles had a negative
surface charge (Figure 3C-F). When different sources of PM
were coincubated with increasing concentrations of lysozyme,
we observed that they formed negatively charged complexes sim-
ilar to CFA 2691 (Figure 3B-F). These results suggest that elec-
trostatic interactions could contribute to the adsorption of cat-
ionic AMPs by CFA.

CFA Passivation by EGTA

We originally speculated that divalent cations present in solution,
particularly calcium, were responsible for the impairment of ASL
bacterial killing by CFA. We used EGTA on human bronchial
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Figure 2. Coal fly ash (CFA) adsorbs lysozyme and inhibits its antimicrobial activity. (A) Effect of CFA exposure on lysozyme antimicrobial activity assessed
by luminescence. CFA 2691 inhibited lysozyme antimicrobial activity in a concentration-dependent manner (n=3). (B) CFA bulk adsorption assay of lyso-
zyme. CFA, coincubated with lysozyme, decreased the percentage of available free protein in a concentration-dependent manner (n = 3). (C) CFA desorption
assay. We recovered more lysozyme from the particles as we increased the amount of CFA in micrograms (n=3). (D) Attenuated total reflection Fourier-trans-
form infrared spectroscopy (ATR-FTIR) spectra of lysozyme on CFA. A lysozyme solution was flowed over the surface of a thin layer of CFA. Every 5 min,
the surface was washed with water and spectra of the lysozyme amide groups were obtained using ATR-FTIR. Each line on the graph represents the spectra of
lysozyme on the CFA particles every 5 min. The lysozyme absorbance on CFA increased as a function of time. (E) Integrated lysozyme absorbance
(1,460 — 1,800 cm™") plotted as a function of time. Lysozyme adsorption onto CFA particles increased as a function of time. [A, B, and C were compared with
the control by multiple comparison analysis of variance (ANOVA). * p <0.05, ** p <0.001, *** p <0.0001].
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Figure 3. Coal fly ash (CFA) creates a negative particle-protein complex. (A) Zeta potential measurements of CFA 2691, human B-defensin-3 (HBD-3), and
HBD-3-CFA suspensions. CFA 2691 had a negative zeta potential, HBD-3 had a positive zeta potential. When they were coincubated, HBD-3 + CFA 2691
formed a less negative complex compared with CFA alone (n=6). (B—F) Zeta potential measurements of several ambient particulate matters (PMs). (B) CFA
2691, (C) CFA 2690, (D) CFA 2689, (E) urban PM, and (F) volcanic ash all had a negative surface charge and formed negatively charged complexes when

coincubated with increasing concentrations of lysozyme (n=3).

explants to chelate divalent cations, in the presence or absence of
CFA. We found that EGTA, at the concentration used, did not
enhance bacterial killing of human bronchial explants alone
(EGTA, 1,621 = 357RLU vs. control, 1,548 +220RLU; p=
0.6250). However, when CFA 2691 was pretreated with EGTA, we
prevented the airway antimicrobial activity impairment by CFA
(Fig. 4A). We found similar effects of EGTA on pig airway
explants, in vitro ASL, HBD-3, and lysozyme (Figure 4B, C). We
also pretreated CFA particles with a different calcium chelator, so-
dium citrate, to investigate the role of calcium in CFA impairing the
antimicrobial activity of the airways. When we exposed pig airway
explants to CFA pretreated with sodium citrate and challenged
them with bioluminescent bacteria (~ 5 x 10° CFU), we found
no difference compared with CFA alone (2,230 + 199.7 RLU vs.
2,161 + 231.5RLU; p=0.8636).

Because we found that the soluble component of CFA did not
impair AMP activity in ASL (Figure 1D) and that sodium citrate
did not prevent the antimicrobial activity impairment by CFA in
airway explants, we hypothesized that EGTA was passivating the
CFA surface and was not necessarily related to calcium. EGTA
can adsorb onto the particle surface and block binding sites,
which limits particle—protein interaction. It has also been reported
that organic zwitterionic coatings can reduce particle—protein
interaction (Choi et al. 2007).

CFA treated with EGTA showed a concentration-dependent
increase in CFA zeta potential (Spearman’s r=1; p=0.0833)
(Figure 4D). Furthermore, we found that EGTA treatment of
CFA greatly decreased the adsorption of lysozyme, as assessed
by desorption assays (Figure 4E). Finally, we investigated the
adsorption kinetics of the system using ATR-FTIR and found
decreased integrated absorbance and slower kinetics in the CFA
pretreated with EGTA compared with untreated CFA (Figure
4F). These results suggest that EGTA decreased the interaction
of CFA with AMPs, preventing the impairment of AMP activity
by CFA.

Environmental Health Perspectives

Discussion

Ambient air pollution is a worldwide environmental problem that
affects human health. CFA is a relevant component of anthro-
pogenic air pollution and accounts for some of the mass and tran-
sition metals present in PM (Zibret et al. 2013). Sources of CFA
include construction sites, smokestacks, and landfills. Aerosol-
ization of these deposits can be generated by wind erosion, trans-
portation, and handling procedures. In the United States, it is esti-
mated that populations near landfills are exposed to CFA levels
that exceed the U.S. National Ambient Air Quality Standards for
heavy metals exposure, raising concerns about its impact on
human and ecological wellbeing (U.S. Environmental Protection
Agency 1998).

A wide variety of health effects have been reported as a con-
sequence of CFA exposure (Borm 1997). In this study, we pro-
vide evidence that acute exposure to CFA can decrease airway
antimicrobial activity. We propose that when PM is inhaled into
the airway, the negative charge initially interacts with cationic
AMPs via electrostatic forces, forming a particle-protein com-
plex with negative charge. It has been reported that cationic AMP
surface charge density is a major determinant of its ability to kill
bacteria (Bai et al. 2009). We speculate that a decrease in the cat-
ionic AMP surface charge will decrease its incorporation into the
negatively charged bacteria, thereby impairing this innate
immune mechanism.

Impairment of ASL antimicrobial activity is essential in the
development of airway infections in diseases such as cystic fibro-
sis (Pezzulo et al. 2012). We propose that decreased ASL antimi-
crobial activity by PM will increase the bacterial inoculum and
will theoretically increase the likelihood of developing an airway
infection (Camberlein et al. 2015). Nevertheless, we acknowl-
edge that bacterial survival, as indicated by increased CFU/RLU
after bacterial challenge, may not correlate with infectivity in
humans. The development of an infection is multifactorial and
does not only depend on the inoculum.
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Figure 4. Ethylene glycol tetraacetic acid (EGTA) prevents the adsorption and the antimicrobial activity impaired by coal fly ash (CFA). (A) Effects of CFA
exposure on the antimicrobial activity of human explants (mean inoculum=2598.6 relative light units (RLU); n=6), (B) pig explants (meaninoculum=35

x 10°CFU, n=6), (C) pig in vitro airway surface liquid (ASL) and antimicrobial

proteins and peptides (AMPs) [human B-defensin-3 (HBD-3) and lysozyme].

CFA treated with EGTA prevented the impairment of antimicrobial activity by CFA. (D) Effects of increasing concentrations of EGTA on the zeta potential of
CFA. Treatment of CFA with EGTA increased its surface charge in a concentration-dependent manner. (E) Lysozyme desorption assay for CFA treated with
EGTA. CFA treated with EGTA bound less lysozyme per microgram (n=3). (F) Integrated absorbance of lysozyme (1,480 cm™" to 1,800 cm™') on CFA pre-
treated with EGTA, plotted as a function of time. CFA treated with EGTA showed decreased lysozyme uptake as a function of time (4, B, C, and E were com-

pared with CFA 2691 by paired Student’s #-test. * p < 0.05).

We found that different particles with different compositions
had similar effects on antimicrobial peptides. Mortality from PM
exposure is uniform, despite its chemical heterogeneity, suggest-
ing that other general physicochemical characteristics, such as
particle charge, might contribute to its toxicity. It has been
reported that negative particle charge correlated with the release
of interleukin 6, an inflammatory marker, in a cell line of bron-
chial epithelial cells exposed to PM, including CFA (Veronesi
et al. 2002). In our study, all PM samples studied were negatively
charged and formed negatively charged complexes when exposed
to cationic AMPs. We did not find a correlation between the
degree of AMP impairment and the charge of the particle. We
propose that it is the differential surface charge between the

cationic AMPs and CFA that influences the formation of these
complexes. Once the AMPs are negatively charged, their function
is affected. However, the kinetics of AMP adsorption might differ
depending on the charge of the particle.

The formation of this PM—cationic AMP complex appears to
be irreversible and cannot be explained solely by initial electro-
static interactions. Therefore, we propose that protein adsorp-
tion onto PM can also cause changes in protein structure or
conformation that result in loss of activity. It has been reported
that lysozyme adsorption onto silica nanoparticles results in
loss of its activity owing to the loss of a—helices in its structure
compared with that of "free" lysozyme (Vertegel et al. 2004).
Conversely, for small peptides such as HBD-3 and LL-37,

Particulate Matter

7T Bacterial Survival
Adsorption

Figure 5. Proposed mechanism of particulate matter (PM) impairment of airway

surface liquid (ASL) antimicrobial activity. (A) Airborne bacteria are killed

by the ASL cationic antimicrobial proteins and peptides (AMPs). (B) Inhaled PM can adsorb cationic AMPs, creating a negatively charged particle—protein
complex. (C) The airway, with a decreased concentration of functional AMPs, has an increased probability of bacterial survival.
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adsorption can impair their electrophoretic mobility into the
bacterial cell wall.

We observed that treatment of PM with EGTA resulted in
reduction of its negative charge, decreased protein adsorption,
and restoration of airway antimicrobial activity that had been
impaired by PM. One potential mechanism of EGTA is passiva-
tion of PM, resulting in more "free" and active cationic AMPs.
We speculate that endogenous molecules such as alveolar surfac-
tant proteins and the airway surfactant palate, lung, nasal epithe-
lium clone (PLUNC) protein (Bartlett et al. 2011; Schleh and
Hohlfeld 2009) could function as passivators in the lung.

Another mechanism by which PM increases the susceptibility
of the lungs to pathogens is by decreasing the gene expression
and protein abundance of antimicrobial peptides such as HBD-2
and HBD-3 (Rivas-Santiago et al. 2015). However, this mecha-
nism is unlikely in our model given the short-term exposure and
assessment of antimicrobial activity.

It is also possible that bacteria interact with PM to increase
infectivity. We have previously described that PM can be used as
a source of iron to promote P. aeruginosa growth and biofilm for-
mation (Borcherding et al. 2014; Borcherding et al. 2013). In the
present study, we did not find an effect on bacterial growth
because most of our experiments were performed before the gen-
eration time of S. aureus. In addition, it has been shown that PM
can harbor bacterial DNA, varying from nonpathogenic soil bac-
teria to antibiotic-resistant bacteria (Cao et al. 2014; McEachran
et al. 2015). However, it is not known whether airborne microbes
attached to PM continue to be infectious. We presume that bacte-
rial species capable of sporulation may have higher chances of
using PM as a carrier to cause infection. Therefore, further stud-
ies are needed to elucidate whether PM increases the infectivity
or virulence of pathogens.

One limitation of our study is the sole use of Gram-positive
bacteria (S. aureus). However, the proposed interaction is likely
reproducible in other pathogens because cationic AMPs are also
effective against Gram-negative bacteria (Travis et al. 1999).
Another limitation is that most of the experiments were per-
formed with CFA, which does not necessarily model the carbona-
ceous components of other PMs. However, we used CFA as a
model to demonstrate a mechanism that could be applicable to
other PMs. We found that when we exposed urban and volcanic
ash to lysozyme, they had similar zeta potential changes to those
of CFA. Furthermore, given the highly heterogeneous nature of
CFA with regard to its particle size, shape, and elemental content,
it is important to emphasize that measurements such as zeta
potential only represent an ensemble measurement of the average
of many different particle types. Therefore, it is challenging to
identify which physical and chemical elements in PM are neces-
sary, sufficient, or both to cause the observed effect. Neverthe-
less, the airway is always exposed to highly complex particles
and not to a single particle type. To elucidate a more precise
mechanism of impairment, future investigation is warranted to
dissect these complex particle—protein interactions. The findings
of this study will merit further confirmation with epidemiological
studies that correlate particle charge and protein adsorption with
their impact on human health.

Conclusion

In summary, we propose that an acute exposure to ambient PM
can impair airway antimicrobial activity by adsorption of cationic
AMPs. This decrease of functional antimicrobial peptides will
increase bacterial survival and potentially increase the risk of air-
way infections (Figure 5). Our results provide a novel transla-
tional insight into the initial mechanisms underlying ambient
PM-induced respiratory infections.
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