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Abstract
Context: Coal-fired power plant emissions can contribute a significant portion of the ambient air pollution in many
parts of the world.

Objective:We hypothesized that exposure to simulated downwind coal combustion emissions (SDCCE) may exacerbate
pre-existing allergic airway responses.

Methods: Mice were sensitized and challenged with ovalbumin (OVA). Parallel groups were sham-sensitized with
saline. Mice were exposed 6 h/day for 3 days to air (control, C) or SDCCE containing particulate matter (PM) at low
(L; 100 pg/m3), medium (M; 300 pg/m3), or high (H; 1000 pg/m?) concentrations, or to the H level with PM removed
by filtration (high-filtered, HF). Immediately after SDCCE exposure, mice received another OVA challenge (pre-OVA
protocol). In a second (post-OVA) protocol, mice were similarly sensitized but only challenged to OVA before air/
SDCCE. Measurement of airway hyperresponsiveness (AHR), bronchoalveolar lavage (BAL), and blood collection were
performed ~24 h after the last exposure.

Results: SDCCE significantly increased BAL macrophages and eosinophils in OVA-sensitized mice from the post-OVA
protocol. However, there was no effect of SDCCE on BAL macrophages or eosinophils in OVA-sensitized mice from
the pre-OVA protocol. BAL neutrophils were elevated following SDCCE in both protocols in nonsensitized mice.
These changes were not altered by filtering out the PM. In the post-OVA protocol, SDCCE decreased OVA-specific
IgG, in OVA-sensitized mice but increased levels of total IgE, OVA-specific IgE and OVA-specific IgG, and IgG,, in non-
sensitized animals. In the pre-OVA protocol, SDCCE increased OVA-specific IgE in both sensitized and non-sensitized
animals. Additionally, BAL IL-4, IL-13, and IFN-y levels were elevated in sensitized mice.

Conclusion: These results suggest that acute exposure to either the particulate or gaseous phase of SDCCE can
exacerbate various features of allergic airway responses depending on the timing of exposure in relation to allergen
challenge.

Keywords: Air pollution, coal, particulate matter, sulfur dioxide, nitrogen dioxide, nitrogen oxides, lung, respiratory,
allergy, asthma, inflammation

Intr ion . .
troductio pulmonary effects such as exacerbations of allergic

Emissions from coal-fired power (CPE) plants can con-
tribute significantly to ambient air pollution by releas-
ing sulfur dioxide (SO,), nitrogen oxides (NOx), carbon
dioxide, hydrocarbons, particulate matter (PM) and
secondary sulfates-nitrates, into the atmosphere (Chang
et al., 2004; Hao et al., 2007). Epidemiological data
and controlled clinical trials show strong associations
between exposure to ambient air pollution and adverse

symptoms (wheeze and cough), increased sensitization
to allergens, and increased hospital admissions for pul-
monary diseases (Brunekreef et al., 1997; van Roosbroeck
et al., 2006; Zanobetti et al., 2000). Further, childhood
asthma has been reported to have a significant associa-
tion with exposure to air pollutants (Sinclair et al., 2010).
While there is convincing evidence that acute expoure
to traffic-related air pollution has a detrimental effect
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on lung function and lung inflammation in asthmatics
(Morgenstern et al., 2008) the specific impact of CPE or
its components is less well-characterized with respect to
asthma exacerbation.

With regards to evaluating the health effects of CPE,
many epidemiology studies have utilized SO, levels and
proximity to a source as potential markers of exposure
to CPE or other industrial plant emissions. Short-term
episodes of increased SO, exposures from refinery stack
emissions have been associated with a higher number of
asthma episodes in children living nearby (Smargiassi
et al., 2009). Proximity to air pollution from a CPE station
in Israel had a negative effect on children’s lung function
development (Dubnov et al., 2007). Additionally, con-
trolled human exposures to SO, and/or NO, can induce
acute bronchoconstriction in asthmatic subjects at
concentrations well below those required to induce this
response in healthy subjects (Balmes et al., 1987; Devalia
etal., 1994; Horstmanetal., 1986; Linn etal., 1987; Rusznak
et al., 1996; Sheppard et al., 1980). However, more recent
analyses of studies that were able to better separate out
specific sources of emissions suggest that emissions from
CPE plants are not associated with adverse health effects,
but rather vehicular, industrial, and/or residual oil emis-
sions or urban masses are so associated (Grahame and
Schlesinger, 2005). Few studies, however, have specifi-
cally evaluated the effects of CPE on pre-existing asthma
symptoms.

There are limited experimental studies in animals that
have explored the effects of simulated downwind coal-
fired power plant emissions (SDCCE) on allergic airway
responses. Most studies have examined coal fly ash (CFA)
which consists of a primary particle, along with soot as a
solid from the power plant stack. Further, CFA exposure
would be considered more of an occupational rather
than an environmental concern. In general, these studies
have shown that exposure to CFA leads to CFA particles
being retained in the lung (Raabe et al., 1982), reduced
lung function (Chen et al., 1990), increased immune cell
activity (Dormans et al., 1999) and inflammation in the
lung (Gilmour et al., 2004; Smith et al., 2006). In contrast,
other studies did not find any effect of instilled CFA on
lung inflammation (Walters et al., 2001). None of these
studies addressed whether CFA exacerbated respiratory
allergic responses. Moreover, none exposed the animals to
the gas-phase components of SDCCE. A small number of
studies have evaluated the effects of SO, or NO, exposure
on allergic airway responses in various animal models of
allergic airways disease (Abraham et al., 1981; Park et al.,
2001; Poynter et al., 2006; Riedel et al., 1988). Those stud-
ies have shown that allergen-sensitized animals are more
sensitive to the effects of SO, and generally exhibited more
hyperresponsive airways following a range of exposure
levels (0.1-43.5 ppm) and exposure durations (4 h-5 days).

We evaluated the effect of short-term (3-day) exposure
to SDCCE and whether this exposure leads to increased
allergic airway responses in BALB/c mice that had been
pre-sensitized to albumin (OVA) and then exposed to

© 2011 Informa Healthcare USA, Inc.

Coal emissions and the allergic lung 793

SDCCE. We also evaluated the allergic airway response of
a separate group of mice who received a second OVA chal-
lenge following the SDCCE exposure. This study was part
of a larger investigation by the National Environmental
Respiratory Center (NERC; www.nercenter.org) of the
health effects of SDCCE (Mauderly et al., 2011).

Materials and methods

Animals

Male BALB/c mice (8-10 weeks old; 15-16 animals per
treatment group) were purchased from Charles River
Laboratories (Wilmington, MA, USA). Mice were housed
in wire rack cages inside whole-body exposure chambers
(H-2000; Hazleton Systems, Inc., Maywood, NJ, USA).
Chamber temperatures were maintained at 20-24°C and
lights were on a 12-h on/off cycle. Excreta trays in the
chambers were cleaned twice daily, and chambers were
washed weekly. Mice were fed Teklad certified rodent
diet (Harlan Teklad, Madison, W1, USA) ad libitum except
during the 6-h exposure period. Water was available ad
libitum throughout the duration of the study.

Experimental design

Mice were exposed to air, OVA, and SDCCE according
to two different protocols, one in which exposure to the
test atmospheres occurred after the initial OVA chal-
lenge (post-OVA) and one in which exposure to the test
atmospheres occurred before the final OVA challenge,
(pre-OVA). Separate whole-body exposure chambers
were used for the OVA challenge and SDCCE exposures.
In both protocols mice were sensitized by intraperitoneal
(IP) injection with OVA (10 pg) and aluminum hydroxide
(2mg) in sterile water or sham-sensitized by injection of
saline on days 0 and 7. In the post-OVA protocol (Figure 1A),
mice received an aerosolized OVA challenge on day 14,
1 day prior to 3 days (6h/day) of clean air (control, C) or
to SDCCE at three dilutions (low, L; medium, M; or high,
H) or to the H level with PM removed by filtration (high-
filtered, HF). Approximately 24 h after the last day of C or
SDCCE exposures, methacholine (MCh)-induced changes
in pulmonary function (PFT) were measured and the mice
were immediately sacrificed. In the pre-OVA protocol,
(Figure 1B), mice received an aerosolized OVA challenge
on day 14. On days 26-28 mice were exposed to clean air
(control, C) or to SDCCE. Immediately after SDCCE or
C exposures on day 28, mice were placed in a separate
whole-body exposure chamber and again challenged
with aerosolized OVA. Mice were tested for MCh-induced
changes in PFT 18-24h after the end of the SDCCE or C
exposures and then immediately sacrificed. All animal
procedures were reviewed and approved by the Institute’s
Institutional Animal Care and Use Committee.

Generation of simulated downwind coal emissions

Briefly, the SDCCE were created to simulate the com-
position of the major particle and gas-phase constitu-
ents present downstream (hundreds of miles) of a coal
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utility plant (McDonald et al., in press). The nature of
the NERC protocol and limited resources precluded
conducting exposures at an actual power plant or using
a pilot-scale coal combustor that accurately simulated
power plant operation. The intent to simulate key pol-
lutants contributed by coal combustion at locations
downwind from power plants precluded exposure solely
to fresh combustion emissions. General compositional
targets were established by a workshop of atmospheric
scientists, coal combustion experts, and other partici-
pants from academia, government, and industry. The
recommended mixture was not intended to reproduce
processed emissions from a single plant, type of plant,
or coal feedstock, but rather to include components in
ratios commonly present in downwind locations. The
exposure mixture was generated using a combination
of an electric drop-tube furnace to burn coal, a vapor-
ization-condensation method for generating sulfate
aerosol, and SO,, NO and NO, from compressed gas
tanks. Low-sulfur sub-bituminous coal from the Black
Thunder Mine in Campbell County, WY (Powder River
Basin), was selected to provide the small ash component
of the mixture because it proved in preliminary trials to
be more readily combusted than bituminous coal in the
system used. The coal was pulverized, sieved at 50 um,
and stored under nitrogen at room temperature. The
coal was fed by a screw feeder into a pre-heated stream
of air into the furnace which was maintained at 1400°C.

The furnace effluent was cooled to quench reactions
and routed through a primary ash mixing chamber and
a cyclone to remove any large particles. After mixing the
coal emissions, sulfate, and gases in a 1 m® chamber, the
mixture was diluted in parallel with filtered, conditioned
air to target PM mass concentrations of nominally 1000,
300, and 100 pg/m?® (Table 1). The PM mass concentra-
tions were chosen to match the levels used in previous
similarly designed NERC studies (diesel engine exhaust,
hardwood smoke and gasoline engine exhaust) in order
to allow for future detailed statistical analyses that will
try to disentangle the complex exposure (mixtures)-
response relationships.

OVA exposure

Exposure to aerosolized OVA was carried out using
whole-body pleythsmographs as exposure chambers
(Buxco Electronics, Sharon, CT, USA). OVA aerosols were
generated for 10 min by ultrasonic nebulization (DeVibiss
Pulmosonic®, Model 5500) of 1% heat-aggregated OVA
(chicken egg, grade V; Sigma, St. Louis, MO, USA) in
water, passed through a 25-cm diffusion dryer, and then
distributed to the plethysmograph exposure chambers.
OVA aerosols were sampled directly from the exhaust
port of the exposure chambers at a flow rate of 0.45 L/min
(the total flow through the chambers was maintained
at 0.85L/min) onto 47-mm Zeflour (Pall-Gelman, Port
Washington, NY) filters. The mass concentration of OVA

A
(Post OVA)
Day: 0 7 14 15 16 17 18
(—A—\euthanasia
BALE/c micel 1 1 1 | 1 J

IPOVA1Opg+alum2mg — » QVA Air

IPOVA10ug+alum2mg ——» QVA SDCPE ( L, M, H, or HF PM pg/m?3)

Inhalation Toxicology Downloaded from informahealthcare.com by University of Liverpool on 11/08/14
For personal use only

IP Saline ————— OVA Air
IP Saline —— » OVA SDCPE ( L, M, H, or HF PM pg/m?3)
B
(PreOVA)
Day: 0 7 14 26 27 28 29
euthanasia
BALB/c mice | 1 | [— J
IP OVA 10 pg + alum 2 mg > OVA > Air-OVA
IP OVA 10 pg + alum 2 mg > OVA » SDCPE ( L, M, H, or HF PM pg/m?3)-OVA
IP Saline > OVA » Air-OVA
IP Saline > QOVA » SDCPE ( L, M, H, or HF PM pug/m?)-OVA

Figure 1. Mice (15-16 animals per treatment group) were immunized by intraperitoneal (IP) injection with ovalbumin (OVA) and
aluminum hydroxide (alum) or saline only (no OVA). Mice were than exposed to air, OVA and simulated downwind coal-fired power plant
emissions (SDCCE) according to two different protocols, (A) post-OVA and (B) pre-OVA. Post-OVA mice received an aerosolized OVA or air
challenge on day 14, 1 day prior to 3 days (6h/day) of filtered air or SDCCE (L, M, H or HF PM/m?®) exposure. Approximately 24 h after the
last day of SDCCE or air exposure, MCh-induced changes in PFT were measure and the animals were euthanitized. Pre-OVA mice received
an aerosolized OVA or air challenge on day 14. On days 26-28, groups of mice were exposed to filtered air or SDCCE (C, L, M, H or HF
particulate matter [PM]/m?) 6 h/day. Immediately after SDCCE exposure on day 28 mice were challenged with aerosolized OVA or air. After
24h, mice were tested for MCh-induced changes in pulmonary function (PFT) 24h and then immediately euthanitized.
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Table 1. Composition of SDCCE exposure atmosphere composition.
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Control Low Mid High filtered High unfiltered
Analyte Units Mean + SE Mean + SE Mean + SE Mean + SE Mean + SE
PM Mass pg/m? 7.2+6.8 117.2£20.02 313.4+38.9 3.6%£3.6 1014.7+104.2
PM number #/cm? 3.8x10? 2.3x10° 5.9x10° 3.0x10? 14.8x10°
Non-methane VOC pg/m? 86.54 61.21 65.45 101.10 85.71
SO, pg/m® (ppm)  2.02+3.3(0.001) 39.2+13.04(0.02) 126.4+26.9 (0.06) 465.0+68.8(0.21) 477.9+70.1(0.2)
Co pg/m? (ppm) 20+0.2 (0.02) 70+0.2(0.07) 10+0.2 (0.01) 40+0.2 (0.04) 20+0.2 (0.02)
NO pg/m? (ppm)  0.41+1.1(~0) 64.7+£12.7 189.1+24.4 623.6+59.8 603.8+82.1

(0.06) (0.18) (0.61) (0.59)

NO, pg/m? (ppm) 1.3+£2.3(~0) 59.6+12 (0.04) 157.6+23.1(0.1) 487.5+65.4(0.31) 461.9+62.6 (0.29)

was determined by gravimetric analysis of filter samples
taken during test runs. The average mass concentration
of OVA was ~225mg/m?® during a 10-min exposure. OVA
particle size was measured directly from the exposure
chamber with a Mercer-style impactor (size range 0.6-12
pm) operating at a flow rate of 2 L/min. The mass median
aerodynamic diameter (um) and geometric standard
deviation were 1.1 +2.0.

Airway hyperresponsiveness

Airway Hyperresponsiveness (AHR) to increasing con-
centrations of aerosolized MCh was measured using
the forced oscillation technique (FlexiVent, SCIREQ,
Montreal, Canada) 24 h following the last particle expo-
sure. Briefly, each mouse was anesthetized with an IP
injection of Avertin (250 mg/kg; 0.02mL/g). The trachea
was cannulated and attached to the FlexiVent appara-
tus. Ventilation was performed through the cannula by
positive pressure maneuvers and recorded on a personal
computer. Mice received an IP injection of pancuro-
nium (0.5mg/kg) to stop respiration and the heart rate
was monitored. Following baseline measurements of
resistance, aerosolized saline (0.9%) or increasing MCh
concentrations (6, 12, 25, and 50 mg/mL) were nebulized
and delivered to the animals for 10 s. Changes in airway
resistance were recorded for 3min after each challenge
and were used to compare responses between treatment
groups.

Pathologic analysis

Following AHR measurements, animals were eutha-
nized by injection of a lethal dose of pentobarbital-
based euthanasia solution. Blood was collected from a
renal artery, and serum was prepared. Bronchoalveolar
lavage (BAL) fluid cells were obtained by inserting a
catheter into the trachea and lavaging the lungs three
times with 0.8 mL of PBS. Total BAL cells were deter-
mined using a hemacytometer. BAL cells were spun
onto slides by cytocentrifugation and stained with a
modified Wright-Giemsa stain. Four hundred cells
were counted and the percentage of specific cell types
was determined for each animal.

On animals designated for histopathologic examina-
tion, lungs were instilled via the trachea with 10% neutral
buffered formalin (NBF) followed by immersion in NBF
for atleast 48 h. Lungs were processed routinely, paraffin
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embedded, sectioned at a nominal 5 pm, stained with
hematoxylin and eosin (H&E), and examined by a board
certified pathologist (AG). Alcian blue/Periodic acid
Schiff (AB/PAS) staining was performed on a serial sec-
tion to evaluate mucous metaplasia of bronchial epithe-
lium. A “read-down” approach was employed in which
tissues from the control and high exposure groups were
examined, and tissues from other exposure groups were
to be examined only if abnormalities were found at the
high level.

Analysis of OVA-specific IgG, and IgG,,
Anti-OVA-specific immunoglobulin (Ig) G, and IgG,,
antibody levels in serum were measured with an
enzyme-linked immunosorbent assay (ELISA). Briefly,
96-well plates were coated with 5 pg/mL heat-aggre-
gated OVA (Sigma) in PBS and incubated overnight at
4°C. Plates were washed three times (0.1% Tween 20
in PBS) and then blocked with 2.5% skim milk for 1h.
Samples diluted (IgG, [1:500, 1:2500 and 1:12500] and
IgG,, [1:100, 1:500, and 1:2500) in skim milk were added
(100 pL) and incubated for 1h at 37°C. Plates were
washed three times and goat anti-mouse IgG,-HRP
or IgG, -HRP (Pharmingen, San Diego, CA, USA) was
added (1:2000; incubation 30 min at 37°C). Next, plates
were washed five times and ABTS peroxidase substrate
(KPL, Gaithersbury, MD, USA) was added (incubation
30min 37°C). Finally, peroxidase stop solution (KPL)
was added and the plates were read in a microplate
reader at 410nm. Results are presented as units per
milliliter, where the relative units represent the optical
density of a sample multiplied by the sample dilution
factor.

Analysis of OVA-specific IgE

OVA-specific IgE antibody levels in serum were measured
by ELISA. Briefly, 96-well plates were coated overnight at
4°C with 2 pL/mL anti-mouse IgE (Pharmingen). Plates
were washed 3 times (0.1% Tween 20 in PBS) and then
blocked with 10% fetal bovine serum (Hyclone, Logan,
UT, USA) in PBS for 1h. Plates were washed three times
and then 100 pL of sample at multiple dilutions (1:15, 1:30,
and 1:60) was added and incubated for 2h at room tem-
perature. Again, plates were washed five times and then
100 pL of OVA conjugated with biotin (4 pg/mL; EZ-link
Biotinylations Kit; Pierce Biotechnology, Rockford, IL,
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USA) plus avidin-horseradish peroxidase (HRP) (1/1000;
Pharmingen) was added to each well and incubated at
room temperature for 1h. Plates were washed seven
times and 100 pL of TMB substrate (Pharmingen, San
Diego, CA) was added (incubation for 30min in the
dark at room temperature). Finally, stop solution (2 N
H,SO,) was added and the plates were read at 450 nm on
a microplate reader. Results are presented as units per
milliliter. Total IgE in serum samples was measured using
an ELISA kit (IgE BD OptEIA; Pharmingen) following the
manufacturer’s protocol. Antibody measurements were
compared between treatment groups.

Cytokine analysis

Cytokine levels for IL-2, -4, and -5, and IFN-y in the
BAL(n=8-11/group based on availability of sufficient
lavage fluid) were measured using an ELISA kit following
the manufacturer’s protocol (OptEIA; Pharmingen). Levels
of IL-13 in BAL fluid were determined using monoclonal
anti-mouse IL-13, biotinylated anti-mouse IL-13, and
recombinant murine IL-13 in an ELISA following the
manufacturer’s recommended protocol (R&D Systems,
Minneapolis, MN, USA).

Statistical analysis

One-way analysis of variance (ANOVA) was used to evalu-
ate SDCCE-related effects on BAL parameters, cytokines,
and antibody measurements. When an ANOVA indi-
cated significant (p < 0.05) differences in mean responses
across experimental groups, Dunnett’s multiple com-
parison procedure (Dunnett, 1955, 1980) was performed
to compare SDCCE-exposed group means with those of
controls the linear term of the ANOVA (with equal dose
spacing) was used to assess evidence of exposure-related
trends in response across control and exposed groups.
Because of differing variance structures, four separate
ANOVAs were applied for each endpoint, corresponding
to the two different allergen challenges (OVA and air) in
the two protocols (pre- and post-OVA).

AHR measurements, which were repeated on each
animal at differing levels of MCh, were analyzed using
a repeated measures ANOVA model in which slope esti-
mates for increasing MCh response in treated groups
were compared to controls. ANOVA calculations were
performed using the general estimating equations
approach with an autoregressive (order 1) correlation
matrix for random errors. The appropriateness of the
autoregressive correlation assumption was verified by
examination of correlations among model residuals.

For most endpoints, there was significant heterosce-
dasticity, with exposure group variances functionally
related to their associated sample means. Logarithmic
transformation of these data after application of an
estimated offset constant (Rocke and Durbin, 2003)
was employed prior to analysis to stabilize variances
and satisfy the homogeneity of variance assumption
underlying the ANOVA regression model. Data are
summarized and plotted as mean * standard error

(SE), and all reported p values are two-sided. Statistical
computations were performed with SAS software sys-
tem (Cary, NC, USA).

Results

Post-OVA

Sensitization and challenge with OVA in the post-OVA
model led to an allergic airways phenotype that was
generally characterized by an increase in BAL eosino-
phils (Figure 2), AHR (Figure 3), tissue inflammation-
pathology (Figure 4) and serum OVA-specific antibody
levels (Figure 5) when compared to non-sensitized con-
trols. SDCCE exposures led to a dose-dependent increase
in BAL total cells in OVA-sensitized and non-sensitized
animals (Figure 2A). More specifically, SDCCE exposure
led to a significant dose-dependent increase in BAL
neutrophils-macrophages in non-sensitized mice and an
increase in eosinophils-macrophages in sensitized mice
(Figure 2B-D). None of the increases in BAL cell numbers
were impacted by filtering out the particulate fraction
(e.g. Hvs. HF groups; Table 1) suggesting the increases in
BAL cell numbers were due to the gaseous components.
While there were apparent increases in AHR in OVA-
sensitized mice at the H and HF levels these increases did
not reach the level of statistical significance (Figure 3).
Additionally, there was no effect of SDCCE exposure
on AHR in non-sensitized animals (data not shown).
Histopathology demonstrated differences between non-
sensitized (Figure 4A and B) mice vs. OVA-sensitized
mice Figure 4C and D), primarily an expected peribron-
chovascular inflammation with eosinophils and mucous
metaplasia of the bronchial epithelium. However, there
were no substantive light microscopic differences
between H SDCCE exposure animals and their respective
controls (Figure 4E-F).

OVA sensitization and challenge led to an expected
increase in serum antibody levels (Figure 5A-D; Total E
and OVA-specificIgE, IgG,, and IgG,, ). In sensitized mice,
SDCCE exposure did not have a significant effect on total
IgE, OVA-specific IgE, or OVA-specific IgG,, (Figure 5A,
B, and 5D). However, SDCCE at the L, M, and H levels
led to a significant decrease in serum OVA-specific IgG,
(Figure 5C). Interestingly, when the PM fraction was
filtered out (HF vs. control or H)) SDCCE led to a sig-
nificant reduction in total IgE, OVA-specific IgG,, and
OVA-specific IgG,, in the sensitized animals. In contrast,
SDCCE exposure led to an increase in total IgE (H), OVA-
specific IgE (L, M, and H) and OVA-specific IgG, (H) and
IgG,, (H) in non-sensitized animals. However, when the
PM fraction was filtered out the increase was no longer
present suggesting the PM fraction may be mediating
this response. Levels of IL-2, IL-4, IL-5 and IFNYy were
negligible in the BAL fluid from OVA-sensitized and non-
sensitized animals regardless of SDCCE exposure and
there were no significant differences (results not shown).
Levels of IL-13 in the BAL fluid were detectable in OVA-
sensitized animals and were decreased following SDCCE
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Figure 2. Bronchoalveolarlavage (BAL) cell numbers following post-OVA exposure protocol: (A) total cells, (B) neutrophils, (C) eosinophils,
and (D) macrophages (mean + SE). Asterisk indicates significant at ¥p<0.05 or **p<0.01 vs. control. Results of linear trend analyses
examining dose-dependent trends are indicated below each treatment group; arrow sign indicates the direction of the trend.
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Figure 3. Changes in airway hyperresponsiveness from post-OVA-sensitized exposed to SDCCE according to the post-OVA protocols (mean
+ SE). Pulmonary function was measured by the forced oscillation technique in response to MCh.

© 2011 Informa Healthcare USA, Inc.

RIGHTS LI MN Kiy



Inhalation Toxicology Downloaded from informahealthcare.com by University of Liverpool on 11/08/14
For personal use only

798 E.G.Barrettetal.

Post OVA

Total IgE

A 2019 "

ug/ml

OVA-sensitized Non-sensitized

OV A-specific IgG 4

(@

OD units/ml

OVA-sensitized

Non-sensitized

OVA-specific IgE

B 104
8-
E =
@ 6 -
|§ E
a 4 = 2
o — %%
= 7
B = 4
— 7%
0 = %
> SO 0D > B O D
O o O o
ST EE FO TSI
d S <&
N 5
& <
OVA-sensitized Non-sensitized
OVA-specific IgG,,
D 200+
150+

OD units/ml

OVA-sensitized

Non-sensitized

Figure 4. Serum antibody levels following post-OVA exposure protocol: (A) Total IgE, (B) OVA-specific IgE, (C) OVA-specific IgG,, and (D)
OVA-specific IgG,, (mean + SE), Asterisk indicates significant at p < 0.05 or p < 0.01 vs. control or H vs. HF as indicated. .

exposure C (21.1+11.1ng/mL), L (2.18+1.32ng/mL),
M (*0.35+0.35ng/mL), H (*1.10+1.10ng/mL), and HF
(14.0+13.5ng/mL) (*p<0.05 vs. C).

Pre-OVA

Sensitization and challenge with OVA in the pre-OVA
model led to an allergic airways phenotype that was
generally characterized by an increase in BAL eosino-
phils and neutrophils (Figure 6), AHR (Figure 7), tis-
sue inflammation-pathology and serum OVA-specific
antibody levels (Figure 8) when compared to non-
sensitized controls. SDCCE exposure in OVA-sensitized
animals did not have any effect on BAL inflamma-
tory cell numbers. However, SDCCE exposure did
lead to a significant increase in BAL total cells, mac-
rophages (M, H and HF) and neutrophils (increasing

dose-dependent linear trend) in non-sensitized mice
(Figure 6). These increases were not inhibited by fil-
tering out the particulate fraction. While there was
an apparent increase in AHR in OVA-sensitized mice
at the H and HF levels, only the HF group increase
reached statistical significance (p<0.05) (Figure 7).
Additionally, there was no effect of SDCCE exposure
in non-sensitized animals (data not shown). As in the
post-OVA group, histopathology demonstrated differ-
ences between non-sensitized mice vs. OVA-sensitized
mice, primarily the expected peribronchovascular
inflammation with eosinophils and mucous metapla-
sia of bronchial epithelium. However, there were no
substantive light microscopic differences between high
SDCCE exposure animals and their respective controls
(data not shown).
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of

Figure 5. Representative pulmonary histopathology of post-OVA group animals: (A) Non-sensitized (IP saline), high SDCCE-exposed
animal. Low power view of unremarkable lung. (B) High power view from same animal as in “A”. As in normal, untreated lungs (not shown),
only rare mononuclear cells are present adjacent to airways or vessels (arrowheads). (C) OVA-sensitized, air control animal. Low power
view with mild peribronchovascular inflammatory infiltrates (arrows). (D) High power view of same animal as in “C”. Note prominent
contribution of eosinophils to peribronchovascular inflammation (arrowheads). (E) OVA-sensitized, High SDCCE-exposed animal. Low
power view with mild peribronchovascular inflammatory infiltrates (arrows). Histopathologic appearance is similar to that of “C”. (F) High
power view of same animal as in “E” Note prominent contribution of eosinophils to peribronchovascular inflammation (arrowheads).
Note: similar findings were observed in the pre-OVA animals (data not shown).

In sensitized mice, SDCCE exposure at the L and
M levels led to a significant decrease in serum total IgE
(Figure 8). In contrast, serum OVA-specific IgE levels were
increased in the H group. As in the post-OVA model filter-
ing out the PM fraction (HF vs. H) appeared to lead to a
reduction in antibody levels, although only the differences
in OVA-specific IgG, were statistically significant. In non-
sensitized animals, levels of serum OVA-specific IgE and
OVA-specific IgG, were increased in a dose-dependent
manner. In contrast to the post-OVA model removing
the PM fraction did not have an effect on the increase in
antibodies in the non-sensitized animals. SDCCE expo-
sure in OVA-sensitized animals led to a dose-dependent
increase in IL-4, IL-13 and IFNy levels in the BAL fluid
(Table 2). The increases in BAL cytokines were attenuated
when the particulate fraction was removed. (H vs. HF).

© 2011 Informa Healthcare USA, Inc.

Similar increases in BAL fluid IL-13 and IFNy levels in
non-sensitized animals following SDCCE exposure were
also present.

Discussion

In the present study, we found that exposure to SDCCE led
to an increase in some allergic airway responses depend-
ing on the timing of the exposure with respect to allergen
challenge. Some changes (BAL inflammation and AHR)
were independent of the presence of the particulate frac-
tion (HF) while some (serum antibody changes) were
dependent on the particulate fraction. Also, SDCCE led
to an increase in BAL inflammation (macrophages and
neutrophils) in naive (non-sensitized) animals that was
independent of the particulate fraction being present.
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Figure 6. Bronchoalveolar lavage cell numbers following pre-OVA exposure protocol: (A) total cells, (B) neutrophils, (C) eosinophils, and
(D) macrophages (mean + SE). Asterisk indicates significant at *p <0.05 or **p < 0.01 vs. control. Results of linear trend analyses examining
dose-dependent trends are indicated below each treatment group; arrow sign indicates the direction of the trend.
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Figure 7. Changes in airway hyperresponsiveness from pre-OVA-sensitized exposed to SDCCE according to the post-OVA protocols (mean
+ SE). Pulmonary function was measured by the forced oscillation technique in response to MCh. *p <0.05 vs. Control.
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Table 2. Pre OVA BAL cytokine levels.

C L M H HF

Analyte Units Mean = SE Mean = SE Mean = SE Mean = SE Mean + SE
OVA

IL-4 ng/mL 8.14+5.09 1.16%0.73 5.83+2.45 38.5+19.0%* 1.52+0.61%

IL-5 ng/mL 7.72+5.86 1.06+1.02 4.36+1.65 19.6+16.1 0.00+0.00°

IL-13 ng/mL 90.3+45.4 10.7+£9.28 128+18.5 197 £42.8%%# 72.2+21.8*

IFNy ng/mL 0.00+0.00 0.00+0.00 32.6+£5.00%* 28.0+5.61% 19.0+5.90%
No OVA

IL-4 ng/mL 0.02+0.01 0.01+0.00 0.03+0.01 0.03+0.007 0.01+0.00¢

IL-5 ng/mL 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00"

IL-13 ng/mL 0.00+0.00 8.89+8.89 84.2+4.40%* 84.2+3.59%F%# 0.00+0.00¢

IFNy ng/mL 0.00+0.00 5.18+5.18 31.2+5.14%* 24.2+5.,93%% 8.97+8.97

“Significantly different from control group (p <0.05).
“Significantly different from control group (p<0.01).

*p (<0.01)-Value and direction 1 of trend in exposure groups C-H.
“Group HF mean differs from Group H mean (p<0.05).

*Group HF mean differs from Group H mean (p<0.01).

Finally, regardless of whether animals were sensitized Exposure for 3 days to SDCCE immediately following
or not, all the observed changes were generally dose- OVA challenge (post-OVA) led to a greater increase in
dependent. BAL inflammatory cells (eosinophils and macrophages)

© 2011 Informa Healthcare USA, Inc.
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than if exposure preceded OVA challenge (pre-OVA).
These differences may be due to several factors includ-
ing (1) presence of active allergen-induced inflamma-
tion at the time of SDCCE exposure, and (2) timing of
euthanasia with respect allergen/SDCCE exposure.
We have previously shown in the same OVA challenge
model that there is a greater increase in BAL neutrophils
in the pre-OVA protocol and conversely a larger increase
in eosinophils in the post-OVA protocol that are due to
the timing of the animal sacrifice after OVA challenge
(Barrett et al., 2006; Day et al., 2008). Following acute
(single) OVA exposure, BAL neutrophils typically peak
at 24-48h and eosinophils peak at 48-72h. Thus, there
were minimal eosinophils present at the time of BAL
collection in the pre-OVA model at ~ 16-18 h post chal-
lenge. It is possible that waiting for 72h post-OVA chal-
lenge would have shown an SDCCE exposure effect on
BAL cells in the pre OVA model.

Another possible explanation for the SDCCE-induced
inflammation in the post-OVA model may be related to
the nature of the SDCCE exposure itself and the require-
ment for the presence of robust allergen-induced
inflammation. The effects of SDCCE may be driven more
by the gas-phase components as is evident by the fact
that filtering out the PM fraction had no effect on the
increase in BAL cells. The effects of gas-phase constitu-
ents are likely more transient and only persist as long
as the exposure and inflammation are present together.
Whereas an exposure that is comprised of a significant
nonsoluble particulate fraction may have a longer resi-
dence time in the lung and thus greater potential for
impact even after the end of exposure (e.g. pre-OVA
exposure scenario). In the case of SDCCE, the PM frac-
tion is comprised of approximately 95% neutralized
sulfate that is readily soluble in the lung and which has
previously been shown to have relatively low toxicity in
studies of inhaled sulfate aerosols (Schlesinger, 2007). In
contrast, we have previously shown that NERC exposures
with a significant nonsoluble PM fraction (diesel engine
emissions and hardwood smoke) increase BAL inflam-
matory cells regardless of pollutant-OVA exposure order
(Barrett et al., 2006; Barrett et al., 2002).

Interestingly, SDCCE exposure in naive (non-sensi-
tized) animals resulted in a dose-dependent increase
in BAL neutrophils and macrophages regardless of
exposure protocol (pre-OVA vs. post-OVA) that was
independent of the presence of the PM fraction (HF=H
group). However, this effect was not clearly observed
in the OVA-sensitized animals. In the case of the neu-
trophilia this may be the result of background levels in
the OVA-sensitized animals masking the lesser effect
of the SDCCE exposure. It was not abundantly clear
why there was not an increase in BAL macrophages in
the pre OVA sensitized animals despite an increase in
the corresponding non-sensitized controls. In contrast,
naive F344 rats exposed for 1 week or 6 months as part
of the broader NERC SDCCE studies did not show any
increase in BAL inflammatory cells (Mauderly et al.,

2011). Whether species differences or exposure timing
explain these differential responses is not known.

Besides changes in inflammatory cells there were also
SDCCE-induced effects on serum antibody levels in both
naive and OVA-sensitized animals. The effects varied
depending on the exposure timing, presence of the PM
fraction, or whether the animals were OVA-sensitized. It
was apparent that the PM containing fraction seemed to
beimportantinincreasing antibodylevelsin the non-sen-
sitized animals (Post-OVA model). When the PM fraction
was filtered out, antibody levels were reduced (sensitized
animals) or did not increase (non-sensitized animals).
There is limited evidence in the literature to suggest a spe-
cific mechanism whereby SDCCE might be interacting
with the different exposure protocols to drive divergent
responses (e.g. increase vs. attenuation). However, there
is evidence from other environmental pollutants, such
as diesel exhaust, indicating that PM can have adjuvant
properties and can enhance/induce allergic responses in
rodents/humans (Saxon and Diaz-Sanchez, 2000; Suzuki
et al., 1996). Whether similar mechanisms are involved
with SDCCE is not clear especially since the character-
istics of the PM fractions are different. The PM fraction
of SDCCE (~95% neutralized sulfate) has relatively low
toxicity as previously mentioned, although we acknowl-
edge that the ash component of the PM fraction could be
involved. The current experimental design did not allow
for the evaluation of whether the PM fraction played an
independent or synergistic role with other components
of the exposure.

It's of particular interest to note that many of the effects
of SDCCE (inflammation, airway function, antibodies
and cytokines) were not dependent on the PM fraction
of the exposure. This is similar to the findings using other
response models in the broader NERC SDCCE studies
(Mauderly et al., 2011). This suggests that gas-phase
constituents, which are dominated by oxides of sulfur
and nitrogen, may have caused the observed effects. The
exposure levels of NO, and SO, in the current study were
within the realm of previous studies with asthmatics (up
to 6h of 0.1-2ppm) and allergen-sensitized animals (4
h-5 days of 0.1-43.5ppm) that showed some exposure
effects (reviewed in (Environmental Protection Agency
(EPA), 2008b) and (Environmental Protection Agency
(EPA), 2008a)). However, except in a few studies, most
did not evaluate the combined effects of NO, and SO,,
making specific comparisons with the even more com-
plex mixture of SDCCE even more complicated. The
combination of exposure to 0.2ppm SO, and 0.4ppm
NO, for 6h in human asthmatics led to an enhanced
airway responsiveness to an inhaled allergen challenge,
whereas, exposure to the single gases showed no signifi-
cant effect (Devalia et al., 1994; Rusznak et al., 1996).

As many of the observed results occurred in the
absence of the PM fraction it is important to consider
the results in the context of relevant human SO, and
NO, exposure levels. Since the SDCCE exposures in the
present study occurred over several days for 6h/day it
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may be most appropriate to compare the exposure con-
centrations to the annual average National Ambient Air
Quality Standards (NAAQS) for SO, (0.03ppm) and NO,
(0.053ppm). If the daily exposures are averaged over
24h, the SO, and NO, exposures at the H level in this
study were ~1.7 and 1.4 times the NAAQS levels, respec-
tively. Whereas the M (0.06 ppm SO, and 0.1ppm NO,)
and L (0.02ppm SO, and 0.04ppm NO,) levels in the
study would be below the NAAQS levels if averaged over
24 h. Thus, exposure levels in the present study covered
a range of plausible exposures that might be observed in
short- and long-term environmental setting.

Exposure to NO, or SO, alone in allergen-sensitized
animals has been associated with various effects on
the allergic response. OVA-sensitized mice (C57BL/6)
exposed to 25ppm but not 5ppm NO, (6h/day; 1, 3, or
5 days) exhibit enhanced eosinophilic inflammation and
terminal bronchial lesions (Poynter et al., 2006). In the
same study, naive mice exposed to 25 ppm NO, exhibited
acute lung injury that peaked after 3 days and was char-
acterized by increases in BAL protein, LDH, and neutro-
phils as well as lesions within the terminal bronchioles.
This is a similar response pattern (sensitized and naive
animals) albeit at much higher NO, levels than in the
SDCCE exposures. Exposure to 5ppm NO, for 3h after
both immunization and challenge procedures in Brown
Norway rats results in significantly higher levels of anti-
gen-specific serum IgE, local IgA, IgG, and IgE antibody
than air controls, and increased numbers of inflamma-
tory cells in the lungs (Gilmour et al., 1996). In contrast,
while 20ppm NO, in OVA challenged BALB/c mice
induced a significant increase in airway hyperreactivity
there was no effect on BAL eosinonphils (Proust et al.,
2002). A reduction in BAL eosinophils was unexpectedly
observed at 5ppm NO, in the same study.

Exposure to SO, alone in allergen-sensitized animals
shows a similar response pattern as NO, exposures.
OVA-sensitized guinea pigs exposed to 0.1 ppm SO, for
5h per day for 5 days led to increases in enhanced pause
(Penh), increases in BAL eosinophils, and tissue inflam-
mation (Park et al., 2001). Similar increases in airway
hyperreactivity were observed in ascaris-sensitized
sheep exposed to 5ppm SO, for 5h (Abraham et al,,
1981). Thus, there is reasonable evidence to suggest that
NO, and/or SO, may be causing the observed effects
with SDCCE although we acknowledge that other gas-
phase constituents or PM may be also contributing to
the responses.

The OVA-allergen challenge model used in the pres-
ent study has been used for over 100 years as a standard
approach for inducing allergic airway responses. At the
time of the initial NERC studies it was decided that all
exposure atmospheres (diesel engine, SDCCE, wood
smoke and gasoline engine) would be utilized in the
context of the same allergen challenge model in order
to allow for comparisons across studies. We understand
that as time has gone by there is a growing apprecia-
tion for the shortcomings of the acute OVA-challenge

© 2011 Informa Healthcare USA, Inc.
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models (reviewed (Stevenson and Birrell, 2011). While
the various perturbations of the model can replicate a
number of the features that are consistent with asthma
the model is not always indicative of the clinical situa-
tion. In fact, models using more relevant allergens, such
as house dust mite, in more chronic challenge scenarios
provide a more robust model that may be more translat-
able to the human (Stevenson and Birrell, 2011). These
chronic models may be more susceptible to the subtle
effects of SDCCE. However, in reality, the strength of the
overall NERC approach is not necessarily in the direct
translation of the results to human health endpoints but
rather the ability to ultimately determine the relative
contribution of different components of the exposure
mixture.

In comparison to previous NERC exposures, the pres-
ent exposure resulted in a moderate number of signifi-
cantendpoint responses (diesel engine > SDCCE >wood
smoke > gasoline engine). It is interesting to note that
in the previous NERC gasoline engine emissions study
that utilized the same animal model described herein
there was a significant contribution of SO, (0.6 ppm)
and NO, (0.9 ppm) to the gas phase components of the
exposure but no significant effects (Day et al., 2008).
However, caution should be taken in directly compar-
ing the relative health hazards of these exposures based
on any one exposure constituent because the complex
interplay amongst components of the mixture likely
drives the ultimate response.
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