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The emergence of nanotechnology has produced a multitude of
engineered nanomaterials such as carbon nanotubes (CNTs), and
concerns have been raised about their effects on human health,
especially for susceptible populations such as individuals with
asthma. Multiwalled CNTs (MWCNTs) have been shown to exacer-
bate ovalbumin (OVA)-induced airway remodeling in mice. More-
over, cyclooxygenase-2 (COX-2) has been described as a protective
factor in asthma. We postulated that COX-2-deficient (COX-27/7)
mice would be susceptible to MWCNT-induced exacerbations of
allergen-induced airway remodeling, including airway inflamma-
tion, fibrosis, and mucus-cell metaplasia (i.e., the formation of gob-
let cells). Wild-type (WT) or COX-2"/" mice were sensitized to OVA
to induce allergic airway inflammation before a single dose of
MWCNTs (4 mg/kg) delivered to the lungs by oropharyngeal aspi-
ration. MWCNTs significantly increased OVA-induced lung inflam-
mation and mucus-cell metaplasia in COX-2"/~ mice compared with
WT mice. However, airway fibrosis after exposure to allergen and
MWCNTSs was no different between WT and COX-2~/~ mice. Con-
centrations of certain prostanoids (prostaglandin D, and thrombox-
ane B,) were enhanced by OVA or MWCNTs in COX-2"/~ mice. No
differences in COX-1 mRNA concentrations were evident between
WT and COX-2"/~ mice treated with OVA and MWCNTSs. Interest-
ingly, MWCNTs significantly enhanced allergen-induced cytokines
involved in Th2 (IL-13 and IL-5), Th1 (CXCL10), and Th17 (IL-17A)
inflammatory responses in COX-2"/~ mice, but not in WT mice. We
conclude that exacerbations of allergen-induced airway inflamma-
tion and mucus-cell metaplasia by MWCNTSs are enhanced by defi-
ciencies in COX-2, and are associated with the activation of a mixed
Th1/Th2/Th17 immune response.
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Asthma is a chronic airway disease affecting over 22 million peo-
ple in the United States, and is characterized by periodic acute
bronchospasm, accompanied by chronic airway inflammation
and remodeling (1, 2). Airway remodeling involves alterations
to the airway epithelium such as mucus-cell hyperplasia and the
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CLINICAL RELEVANCE

Our results demonstrate that cyclooxygenase-2 (COX-2)
deficiency constitutes a susceptibility factor to occupational,
consumer, or environmental exposure carbon nanotubes in
allergic airway disease. Our findings suggest that individuals
with asthma who manifest reduced concentrations of COX-2,
or those who demonstrate reduced COX-2 activity as a con-
sequence of treatment with COX-2 inhibitors, are at greatest
risk for exposure to certain engineered nanomaterials.

recruitment and/or activation of fibroblasts with accompanying
subepithelial fibrosis, as well as airway smooth muscle cell hy-
pertrophy and hyperplasia (3). The pathogenesis of asthma is
exacerbated by a variety of agents such as allergen exposure in
sensitized individuals, viral infections, and inhaled irritants (4).
Concentrations of airborne particulates have been epidemiolog-
ically linked to the incidence and severity of asthma attacks (5).
Ultrafine air-pollution particles (i.e., nanoparticles) have been
suggested to be the most important in asthma exacerbations, be-
cause these particles are capable of reaching the distal regions of
the lung, and have a greater surface area per unit mass for the
generation of reactive oxygen species (6, 7).

The rapid emergence of nanotechnology has led to the devel-
opment of a multitude of engineered nanoparticles, namely, those
defined as a particle intentionally designed or manufactured with
any dimension less than 100 nm. Carbon nanotubes (CNTs) rep-
resent an important family of emerging nanotechnologies because
of their many potential uses in engineering, electronics, and med-
icine, based on their small size, ease of functionalization, unusual
strength, and electrical conductivity. However, these novel engi-
neered nanostructures also represent a potential risk for the respi-
ratory tract because of the potential for inhalation exposure and
evidence that the lung is a key target organ for hazardous effects
(8, 9). We and others have previously demonstrated that the
inhalation of multiwalled CNTs (MWCNTs) exacerbates airway
remodeling in mice prechallenged with ovalbumin (OVA) (10,
11). In addition, MWCNTs delivered to mice by oropharyngeal
aspiration (OPA) impair pulmonary function (12). These studies
suggested that CNTs could pose a potential health concern for
individuals with asthma.

In addition to environmental factors such as inhaled nanopar-
ticles, the aberrant expression of multiple genes is thought to
contribute to the severity of asthma pathogenesis, including
IL-13, IL-5, and cyclooxygenase-2 (COX-2) (13-16). The over-
abundance or increased biological activity of certain gene products
(e.g., IL-13) mediates the pathogenesis of asthma (17-19). How-
ever, deficiencies in protective genes could be equally important.
For example, mRNA concentrations encoding the COX-2 enzyme
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are reduced in airway epithelial cells isolated from patients with
aspirin-sensitive asthma (20). Moreover, IL-13 has been shown to
reduce concentrations of COX-2 in human bronchial epithelial
cells from patients with asthma, and decreased COX-2 concentra-
tions were associated with decreased concentrations of prostaglan-
din E, (PGE,), a principal arachidonic acid metabolite generated
by the action of COX enzymes (21). Other research has demon-
strated that airway remodeling in murine asthma is correlated with
diminished COX-2 inducibility and reduced PGE, synthesis after
repeated allergen challenges (22). Furthermore, genetic deficien-
cies, as well as the pharmacological inhibition of COX-2, have
been shown to exacerbate lung inflammation in mice after OVA
allergen challenges (23-26). These observations suggest a pro-
tective role for COX-2 in the asthmatic lung during chronic
airway remodeling.

Because COX-2 has been implicated in the pathogenesis of
asthma and fibrosis, we investigated whether COX-2 plays a role
in allergic airway inflammation, mucus-cell hyperplasia, and
fibrosis in response to MWCNT exposure in OVA allergen—
challenged mice. We report that MWCNTs significantly increased
OVA-induced lung inflammation and mucus-cell metaplasia in
COX-2""" mice compared with wild-type (WT) mice, but that
airway fibrosis after exposure to allergen and MWCNTs was not
affected by the loss of COX-2. Our findings also indicate that
MWCNTs, coupled with allergen exposure, produce a mixed
Th1/Th2/Th17 immune response. We conclude that COX-2 defi-
ciency is a susceptibility factor in the exacerbation of allergen-
induced airway inflammation and mucus-cell metaplasia caused
by exposure to MWCNTs.

MATERIALS AND METHODS

Multiwalled Carbon Nanotubes

MWCNTs (Helix Material Solutions, Inc., Richardson, TX) were syn-
thesized by carbon vapor deposition with nickel and lanthanum cata-
lysts. Characterization of the size, purity, surface area, and elemental
composition provided by the manufacturer was verified independently
(Millennium Research Laboratories, Inc., Woburn, MA), and was pre-
viously reported by our laboratory (10, 27, 28). MWCNTSs were sus-
pended in 0.1% pluronic surfactant in PBS, and sonicated before the
delivery of OPA (see the online supplement for details).

Animals

Pathogen-free adult male and female WT C57BL/6J X 129/0Ola mice or
homozygous knockout (COX-27'") mice, 6 to 9 weeks of age, were
obtained from Taconic Laboratories (Germantown, NY). Numbers
of animals per experimental groups are indicated within the figures
and the online supplement. Mice were housed in a temperature-
controlled and humidity-controlled animal facility, and received food
and water ad libitum. The Institutional Animal Care and Use Commit-
tee at North Carolina State University approved all procedures involving
animal use.

Experimental Design

Details of the experimental design are provided in the text of the online
supplement and in Figure E1 of the online supplement.

Bronchoalveolar Lavage, Lactate Dehydrogenase,
and Cytology

Lungs were serially lavaged three times with 0.5 ml Dulbecco’s phosphate-
buffered saline. All three lavages were combined, and two 0.1-ml samples
were taken for lactate dehydrogenase (CytoTox 96 Non-Radioactive Cy-
totoxicity Assay; Promega, Madison, WI) and differential cell counts (see
the online supplement for details).

ELISA

Cytokines (IL-13 and IL-5) and IgE were measured in bronchoalveolar
lavage fluid (BALF) and serum, respectively, using commercial kits (see
the online supplement for details).

TagMan Real-Time RT-PCR

One-step, TagMan quantitative RT-PCR was used to quantify the ex-
pression of genes of interest in lung tissue collected 1 day after MWCNT
aspiration (see the online supplement for details).

Semiquantitative Airway Morphometry

Airway inflammation. The scoring of lung inflammation was performed
1 day after MWCNT exposure. Digitized photomicrographs of hematox-
ylin and eosin—stained lung sections were evaluated in a blinded fash-
ion, using a semiquantitative scoring system (10).

Mucus goblet-cell hyperplasia. The quantification of airway mucin pro-
duction was performed as described previously (29).

Airway fibrosis. The morphometry of airway collagen thickness was
performed using an airway-intersect method (10, 30) and an area/
perimeter ratio method (31) (see the online supplement for further
details on morphometry).

Transmission Electron Microscopy

Lung tissues were postfixed in 1% osmium tetroxide in 0.1 M sodium
phosphate buffer (pH 7.2), dehydrated through graded ethanol solu-
tions, cleared in acetone, and then infiltrated and embedded in Spurr resin
(North Carolina State University). Unstained thin sections (800-1,000
mm) were mounted on copper grids and then examined on a Philips
EM208S transmission electron microscope.

Sircol Collagen Assay

Soluble collagen was measured by Sircol assay (Biocolor Ltd, Carrick-
fergus, UK), as previously described (10).

Eicosanoid Measurement in BALF

Concentrations of eicosanoids were measured in BALF by liquid chro-
matography-tandem mass spectrometry (LC-MS/MS), as previously
described (32, 33).

Statistical Analysis

All graphs were constructed and statistical analysis was performed using
GraphPad Prism software, version 5.0 (GraphPad Software, Inc., San
Diego, CA). One-way ANOVA with a post hoc Bonferroni test was
used to identify significant differences among treatment groups. Two-
way ANOVA with the Bonferroni post hoc test was used to identify
significant differences between genotypes. Significance was set at P <
0.05, unless otherwise stated.

RESULTS

MWCNTs Accumulate within Macrophages Adjacent
to Inflamed Airways

After a 34-day allergen sensitization protocol, WT or COX-2~/~
mice were exposed to MWCNTSs by OPA, and lung tissue was
harvested 1 day or 14 days after exposure. We first sought to
determine the cellular localization of MWCNTs according to light
microscopy, and to confirm the nanotube structure within cells by
transmission electron microscopy (TEM). MWCNTs delivered to
the lungs of mice by OPA were found primarily within alveolar
macrophages, as determined by the oil immersion light micros-
copy of lung sections from WT mice stained with hematoxylin and
eosin (Figures 1A and 1B). Similar MWCNT localizations in lung
tissue and macrophages were observed in COX-2"'~ mice (data
not shown). TEM was performed in lung-tissue sections from
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Figure 1. Localization of multiwalled carbon nanotubes
(MWCNTSs) in mouse lungs, 1 day after oropharyngeal
aspiration. (A) Photomicrograph at X40 magpnification
of hematoxylin and eosin-stained lung section from
a wild-type (WT) mouse shows alveolar macrophages

containing MWCNTSs. Asterisk indicates inflammation.
Epi, epithelium; AL, airway lumen; a, alveolar region.
(B) Higher magpnification (X100) of inset from x40 pho-
tomicrograph in A. Asterisk indicates inflammation.
Arrows in X100 photomicrograph indicate alveolar mac-
rophages containing MWCNTs. Epi, epithelium. (C)
Transmission electron microscopy (TEM) shows localiza-
tion of alveolar macrophages containing MWCNTs
(arrows) adjacent to the airway basement membrane
(BM). The macrophage enclosed by the inset box frame
is shown at a higher magnification in D. AL, alveolus; LU,
airway lumen; VE, blood vessel; EP, airway epithelium.
(D) MWCNTs within a macrophage are indicated by
arrows. Inset box frame is shown at a higher magpnification
in E. CY, cytoplasm; NU, nucleus. (E) MWCNTSs within the
cytoplasm of a macrophage (arrows). (F) Arrows indicate
MWCNTSs visualized by high-resolution TEM before deliv-
ery to mice.

samples taken 1 day after MWCNT exposure. MWCNT aggre-
gates were clearly visible by TEM within the cytoplasm of alveolar
macrophages that accumulated beneath the airway epithelium
(Figure 1C). Individual and aggregated MWCNTSs within the al-
veolar macrophages were visible at higher magnifications (Figures
1D and 1E). MWCNTs were also observed in macrophages of
both genotypes at 14 days (data not shown). TEM of the MWCNT
sample before suspension in pluronic/saline delivery OPA in mice
showed the classic hollow-tube structures, with widths varying
from 30-50 nm (Figure 1F).

MWCNTs Exacerbate OVA-Induced Airway Inflammation
in COX-2~/~ Mice

Lung inflammation was not evident in mice exposed to MWCNTs
compared with control animals among either WT or COX-2~/~
mice (Figure 2A). However, inflammation was present in OV A-
sensitized mice, with or without MWCNT exposure, in both
genotypes (Figure 2A). The semiquantitative scoring of hema-
toxylin and eosin—stained lung sections (as described in MATE-
RIALS AND METHODS) revealed significant inflammation in both
genotypes after OVA sensitization with or without MWCNT
exposure, compared with respective control mice on Day 1. In
WT mice, the addition of MWCNTs did not increase airway
inflammation caused by OVA sensitization alone (Figure 2B).
However, in the COX-2~'~ mice, MWCNTs 1 day after exposure
significantly increased the inflammation associated with OVA
sensitization (Figure 2B). The effect of MWCNTSs on enhancing

OVA-induced inflammation was not observed 14 days after ex-
posure. Structural changes typical of allergic inflammation, such
as immune cell infiltration and alveolar wall thickening, were
evident at higher magnification in both WT and COX-2"'" mice
receiving combination OVA/MWCNT treatment. Alveolar mac-
rophages containing engulfed MWCNTs were evident at higher
magnification (Figure 2C). Cell differential counting showed that
MWCNTs after OVA sensitization caused a significant increase
in the numbers of macrophages and eosinophils recovered from
the BALF of COX-2~'~ mice compared with WT mice (Table 1).
However, OVA sensitization alone resulted in significantly more
macrophages and eosinophils in the BALF of WT mice com-
pared with COX-2""" mice.

MWCNTs Enhance OVA-Induced Mucus-Cell Metaplasia
in COX-27/~ Mice

Mucus-cell metaplasia was defined as the appearance of alcian
blue—periodic acid-Schiff (AB-PAS)-positive goblet cells within
the airway epithelium after exposure to allergen and/or MWCNTs.
Mucus-cell metaplasia was not evident in mice exposed to
MWCNTs, compared with control animals among either WT
or COX-2"'~ mice (Figure 3A). Goblet cells were evident at
1 day in OV A-sensitized mice, with or without MWCNT expo-
sure, in both genotypes (Figure 3A). The semiquantitative scor-
ing of AB-PAS-stained lung sections (as described in MATERIALS
AND METHODS) revealed significant increases in mucus-cell meta-
plasia (i.e., areas of AB-PAS—positive airway epithelium) in both
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genotypes after OV A sensitization, with or without MWCNT expo-
sure, compared with their respective control mice. In WT mice, the
addition of MWCNTs did not increase the mucus-cell metaplasia
caused by OVA sensitization alone (Figure 3B). However, in
COX-2""" mice, MWCNT exposure at 1 day significantly increased
this effect was not observed in WT mice (Figure 3B). Moreover,
MWCNTSs did not cause an enhancement of OV A-induced goblet-
cell metaplasia in COX-2~'~ mice at 14 days, indicating that the ob-
served effect of a single exposure to MWCNTs at 1 day was transient
and resolved by 14 days (data not shown). Structural changes typical
of allergic inflammation, such as immune cell infiltration and alveolar
wall thickening, were evident at higher magnification in both WT and
COX-2""" mice that received combination OVA/MWCNT treat-
ment. Alveolar macrophages containing engulfed MWCNTs were
observed adjacent to the airways in close association with goblet cells
in both WT and COX-2"'~ mice (Figure 3C).

MWCNTs Amplify OVA-Induced Th2, Th1, and Th17
Mediators in COX-2~/~ Mice

Cytokine protein concentrations were measured in lung BALF,
and mRNA concentrations of cytokines were measured in whole
lung extracts. Allergen challenges increased mRNA and protein
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Figure 2. Lung inflammation,
1 day after MWCNT exposure.
(A) Photomicrographs of repre-
sentative hematoxylin and eo-
sin—stained sections at low
magnification  (X10). Inset
boxes are shown in higher
magnification in C. Asterisks
denote areas of inflammation.
COX-2, cyclooxygenase-2. (B)
Lung pathology scoring in
mice, 1 day after MWCNT ex-
posure. Lungs were scored for
the number of inflammatory
cells (polymorphonuclear cells
and alveolar macrophages)
and the thickness of the alveo-
lar walls. Data are presented as
the means *= SEMs of scores
determined by three indepen-
dent observers. ***P < 0.001,
compared with control groups
of the respective genotypes.
***P < 0.001, compared with
wild-type (WT) ovalbumin
(OVA)/MWCNT. ###p < 0.001,
compared with COX-27/~
(COX-2 null) OVA. Numbers
in parentheses indicate the
number of animals in each
dosage group. (C) Higher
magnification (X40) of inset
from micrograph of OVA-
sensitized, WT, and COX-
27/~ mice exposed to
MWCNTs, as well as higher
magnification (X100) of in-
set from x40 micrographs
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concentrations of the Th2 cytokines, IL-13 and IL-5 (Figure 4).
In addition, a systemic allergic response was induced by OVA
allergen challenge, as determined by increased concentrations
of serum IgE (Figure 5). MWCNTs significantly amplified con-
centrations of allergen-induced IL-13, IL-5, and IgE at 1 day
after exposure in COX-2~'~ mice but not in WT mice. How-
ever, MWCNTs alone did not cause a significant increase in
these Th2 mediators. OVA challenge also increased mRNA
concentrations of interferon-inducible CXCL10, a mediator of
the Thl immune response, and increased mRNA concentrations
of IL-17A, a mediator of Th17 inflammation (Figure 6). MWCNTs
significantly enhanced OVA-induced mRNA concentrations of
CXCL10 and IL-17A in COX-2"'" mice, but not in WT mice,
on Day 1. However, MWCNTs alone did not significantly increase
concentrations of CXCL10 or IL-17A. Moreover, the enhancement
of OVA-induced CXCL10 and IL-17A by MWCNTs was not ob-
served at 14 days after exposure.

Effects of MWCNT on Allergen-Induced Airway Fibrosis
in WT and COX-2"/~ Mice

The histopathology of trichrome-stained lung sections at 14 days
after MWCNT exposure suggested differences in airway-
associated collagen between the dosage groups (Figure 7A).
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TABLE 1. NUMBERS AND CELL TYPES RECOVERED IN BRONCHOALVEOLAR LAVAGE FLUID FROM OVA-CHALLENGED, WILD-TYPE,
AND COX-27/~ MICE, 1 DAY AFTER MWCNT EXPOSURE
Genotype Pretreatment OPA Treatment Macrophages Neutrophils Eosinophils Lymphocytes
WT Saline Vehicle 19.26 = 8.83 3.20 = 1.47 0.32 £ 0.15 0.21 £ 0.10
(84) (14) m O
Saline MWCNT 38.45 = 2.21 6.25 + 0.36 1.84 = 0.11 0.12 = 0.01
(82) ‘ 13) 4) (0.3)
OVA Vehicle 108.65 * 35.2474% 29.97 = 9.72 102.13 = 33.12% 3.58 = 1.16
(45) 12) (42) ()
OVA MWCNT 41.62 = 14.35 13.92 = 4.80 36.83 = 12.70 2.79 = 0.96
(44) (14) (39) (3)
Cox-27"~ Saline Vehicle 26.17 = 5.75 1.38 = 0.30 0.91 = 0.20 0.53 £ 0.12
(90) (%) (3) 2
Saline MWCNT 12.61 = 3.70 4.10 = 1.20 2.89 £ 0.85 0.59 £ 0.17
(62) (20) (14) (3)
OVA Vehicle 29.67 * 12.49 7.04 = 2.96 58.67 £ 24.69* 4.18 = 1.76
30) @) (59) “
OVA MWCNT 81.28 = 16.75%1 13.71 = 2.82 98.04 + 20.20%¢ 6.53 = 1.34

4n

@ (49) 3

Definition of abbreviations: COX-2, cyclooxygenase-2; MWCNT, multiwalled carbon nanotubes; OPA; oropharyngeal aspiration; OVA, ovalbumin.
Data represent the mean + SEM for each dosage group of the total number of cells counted on three nonoverlapping bronchoalveolar lavage fluid cytospin images,
taken at X20 magnification for each animal. Numbers in parentheses refer to the average percentage of total cells. The vehicle consisted of saline/0.1% pluronic

solution.

*P < 0.01, compared with same cell type in the saline/0.9% pluronic group of the respective genotype.
P < 0.001, compared with same cell type in the saline/0.9% pluronic group of the respective genotype.

*P < 0.001, compared with the COX-2~/~ OVA/0.9% pluronic group.
§p < 0.001, compared with the wild-type OVA/MWCNT group.
1P < 0.05, compared with the wild-type OVA/MWCNT group.

Therefore, we performed semiquantitative morphometry, as de-
scribed previously (10, 30). An approximately 2-fold increase in
airway-associated collagen deposition was observed after OVA sen-
sitization alone, compared with control mice, in both genotypes
(Figure 7B). The combination of exposure to OVA and MWCNTs
resulted in less airway-associated collagen compared with OVA
exposure alone in either WT or COX-2"'~ mice, although not to
a significant extent. A similar pattern of collagen deposition was also
found in the area/perimeter ratio scoring method (Figure E2). To
assess total lung collagen, we measured collagen mRNA and soluble
collagen protein in whole lung tissue at 1 day and 14 days after
MWCNT dosing, respectively. Collagen 1A2 (CollA2) mRNA, as
measured by quantitative RT-PCR, was slightly elevated in both
genotypes after OVA sensitization. The combination of OVA sen-
sitization and MWCNTs increased lung Coll A2 mRNA concentra-
tions approximately 2-fold in COX-2~"~ mice compared with OVA
sensitization alone, but not in WT mice (Figure 7C). Soluble colla-
gen protein in whole lung tissue measured by Sircol assay was not
significantly different between genotypes after the combination of
OVA sensitization and MWCNT exposure, 14 days after MWCNT
treatment (Figure E3). Transforming growth factor (TGF)—31 pro-
tein measured in BALF by ELISA at 1 day was significantly in-
creased in both genotypes after OVA sensitization, compared with
the respective control mice (Figure 7D). After combined OVA
sensitization and MWCNT exposure, TGF-B1 total protein concen-
trations in WT mice were decreased, compared with WT mice that
received only OV A sensitization. In contrast, combined OVA sen-
sitization and MWCNT exposure in COX-2"'~ mice resulted in
TGF-B1 total protein concentrations similar to concentrations mea-
sured in the COX-2""~ mice that received OV A sensitization alone.
Furthermore, after combined OVA sensitization and MWCNT ex-
posure, TGF-B1 total protein concentrations were significantly in-
creased in COX-2~'~ mice compared with WT mice.

MWCNTs Modulate OVA-Stimulated Production
of Prostanoids via COX-2

Prostanoid concentrations were measured according to LC-MS/
MS in BALF collected from mice, to evaluate the effects of OVA

and MWCNT exposure (Table 2). OV A-stimulated PGE, was
increased by approximately 2-fold, 1 day after MWCNT exposure
in WT or COX-2""" mice, and MWCNT exposure enhanced
OVA-induced PGE, concentrations another approximate two-
fold in both genotypes. The concentration of OV A-induced
6-keto prostaglandin Fy, (6-keto PGF,,; the stable metabolite of
prostacyclin) was increased more than twofold, 1 day after expo-
sure to MWCNT in WT mice, but not in COX-2"'" mice. OVA-
induced ;)rostaglandin F,. was slightly elevated in both WT and
COX-2""" mice at 1 day after exposure to MWCNTs. Throm-
boxane B, (TXB,) was significantly increased by OVA sensitiza-
tion in WT, but not in COX-2"'" mice. Moreover, MWCNTs
reduced OVA-stimulated TXB, at 1 day after exposure in WT
mice, and yet MWCNTs increased OV A-induced TXB, in COX-
27/~ mice at 1 day after exposure. MWCNTs amplified OVA-
induced concentrations of Prostaglandin D2 (PGD2), a major
mediator of asthma, at 1 day after exposure in COX-2~'" mice
but not WT mice (Table 2). Furthermore, MWCNTs alone sig-
nificantly increased PGD, at 14 days after exposure in COX-2~"~

mice. To address whether altered prostanoid concentrations
could be attributed to a change in COX-1 expression between
WT and COX-2"'" mice, TagMan real-time RT-PCR was per-
formed to measure total lung concentrations of COX-1 mRNA
after combined OVA/MWCNT exposure. Although a combined
exposure to OVA and MWCNTs reduced lung COX-1 mRNA
concentrations by approximately 25%, compared with control
samples (saline/pluronic treatment), no differences in COX-1
mRNA concentrations were observed between WT and COX-
27" mice (Figure E4).

DISCUSSION

The emergence of nanotechnology has generated a wide variety
of engineered nanoparticles that could pose potential health
risks for individuals with allergic asthma. We investigated the
effects of CNT exposure on OVA-induced airway remodeling
in WT and COX-2"'" mice. The rationale for determining the
effects of MWCNT exposure after allergen sensitization in mice
involved modeling the response to nanoparticles in individuals
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posure. (A) Photomicrographs of
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(AB-PAS)-stained sections of lung
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Arrows indicate AB-PAS-positive
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ways. (B) Semiquantitative scor-
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sections from mice, 1 day after
exposure, shows that airway
goblet cells (arrows) are signifi-
cantly increased in the lungs of
COX-27/~ mice after com-
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set from x40 micrographs of OVA-sensitized, WT, and COX-2"/~ mice exposed to MWCNTs. Arrows indicating alveolar macrophages
containing MWCNTs are depicted in the photomicrographs at xX100.

with preexisting asthma. Furthermore, we sought to investigate
the role of COX-2, an enzyme that has been reported to exert
protective effects in asthma. We observed that MWCNTs sig-
nificantly enhanced OVA-induced airway inflammation and
mucus-cell metaplasia in COX-2~'~ mice but not WT mice.
Moreover, these enhanced airway remodeling effects in COX-
27~ mice caused by MWCNTSs and allergen coexposure were
associated with a mixed Th1/Th2/Th17 immune response and
enhanced concentrations of PGD, and TXB,.

The most significant airway remodeling endpoint observed in
this study comprised mucus-cell metaplasia, which resulted in in-
creased numbers of goblet cells that were readily detectable by
AB-PAS staining, and that were quantifiable by morphometric
analysis. Mucus-cell metaplasia and subsequent mucus hyperse-
cretion by goblet cells comprise a hallmark feature of asthma and
a major problem in individuals with asthma, causing occlusion of
the airways with mucus plugs. IL-13, a key Th2 cytokine, has
been shown to mediate mucus-cell metaplasia and mucus hyper-
secretion by goblet cells after allergen challenge in mice (18, 34,
35). In the present study, the pattern of IL-13 mRNA and pro-
tein expression correlated with increased mucus-cell metaplasia
at 1 day after exposure to MWCNTs in COX-2"'~ mice that
were prechallenged with OVA. A systemic endpoint of allergic
Th2 inflammation involves increased serum IgE. We observed
that OVA sensitization increased serum IgE concentrations in
WT and COX-2""" mice by approximately 2-fold. MWCNTs
have been previously demonstrated to exacerbate OVA

challenges and increase serum IgE concentrations (11). In the
present study, MWCNT exposure significantly enhanced OVA-
induced serum IgE only in COX-2~'~ mice, but not in WT mice,
and elevated serum IgE concentrations in COX-2"'" mice ex-
posed to MWCNTs after OV A sensitization closely mirrored the
increased concentrations of the Th2 cytokines, IL-5 and IL-13.
A Th2 immune response is typical of allergic airway inflam-
mation in asthma. However, more recent findings suggest that
a Th17 inflammatory response is more typical of severe experi-
mental allergic asthma (36). Moreover, inflammatory cytokine
profiles from patients with mild and severe asthma support the
hypothesis that a Th2 inflammatory response is typical of mild
asthma, whereas a mixed Th2/Th17 inflammatory response is
more typical of severe asthma (37). Our data showed that
MWCNTs exacerbate allergen-induced airway inflammation
and mucus-cell metaplasia in COX-2"'" mice and increase the
Th17 cytokine IL-17A as well as the Th2 cytokines, IL-5 and IL-
13, thereby supporting the hypothesis that a more severe aller-
gic airway remodeling event is mediated by a mixed Th2/Th17
response. Significant differences in Th2 cytokines (IL-13
and IL-5) were not observed between WT and COX-2~'~ mice
that received OVA sensitization without MWCNT exposure.
This finding is in agreement with an earlier study showing that
COX-2""" mice do not have different concentrations of IL-13
in BALF after OVA sensitization (38). Therefore, MWCNT
exposure after OVA sensitization is required to augment
a Th2 response in COX-2~'~ mice. COX-2 regulates Th17 cell
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Figure 4. Th2 cytokines in the lungs of mice after
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! by TagMan quantitative real-time RT-PCR, 1 day
after exposure to MWCNTSs. **P < 0.01, compared
with COX-2~/~ control mice. ***P < 0.001, com-
pared with wild-type (WT) OVA/MWCNT mice. (B)
@) IL-13 protein concentrations were measured in
bronchoalveolar lavage fluid (BALF), using ELISA.
***p < 0.001, compared with COX-2"/~ control
mice. “*TP < 0.001 compared with WT OVA/
MWCNT mice. (C) IL-5 mRNA concentrations
were measured in whole lung tissue by TagMan
quantitative real-time RT-PCR. ***P < 0.001, com-
pared with COX-27/~ control mice. *"*p <
0.001, compared with WT OVA/MWCNT mice.
(D) IL-5 protein concentrations were measured in
|l| BALF using ELISA.

differentiation during allergic lung inflammation, and lower
concentrations of IL-17A have been reported in the BALF re-
covered from the lungs of COX-2"'~ mice compared with WT
mice after OVA challenge (32). We observed a slight increase
of IL-17A in the BALF of COX-2"'~ mice compared with WT
mice after OVA exposure. The difference in IL-17A regulation
observed in the present study could be attributed to a much
longer OVA sensitization protocol (see Figure E1 compared
with the findings of Li and colleagues) (32). Significant increases
in IL-17A measured in BALF were only seen in COX-2"'~
mice treated with MWCNTSs after OVA sensitization.

We showed that the expression of the Thl cytokine CXCL10
was enhanced by MWCNTs and OV A sensitization in COX-2~/~
mice, but not WT mice. CXCL10 is an interferon-inducible cyto-
kine that is increased in patients with asthma, but is most
dramatically increased in individuals with sarcoidosis, a Thl in-
flammatory disease (39). In addition, CXCL10 has been identified
as a biomarker of virus-induced asthma exacerbation (40). In the
present study, MWCNTs alone did not induce CXCLI10, and
OVA alone marginally increased CXCL10 to a similar extent in
either WT or COX-2"'" mice. However, the combination of
OVA and MWCNTs significantly induced CXCL10 in COX-
27" mice, suggesting that COX-2 plays a role in suppressing
Th1 inflammation in the exacerbation of allergic airway inflam-
mation. In general, our findings show that the convergent effects
of MWCNTs, which induce a Thl response, and OVA, which
induces a Th2 response, result in a mixed Th1/Th2 response that
also features the activation of the Th17 immune response.

The role of COX in the pathogenesis of asthma is complex, in
that some of the prostaglandin (PG) metabolites produced dur-
ing COX activity are beneficial in asthma, whereas others are
detrimental. Both PGE, and prostacyclin are bronchoprotec-
tive, whereas PGD, and TXB, are bronchoconstrictors (41,
42), and have been shown to mediate enhanced eosinophilic
lung inflammation after OVA challenge in mice (43). In the
present study, lung concentrations of OVA-induced PGD,

and TXB, in BALF were enhanced by MWCNTs in COX-
27/~ mice but not in WT mice, which supports a pathogenic
role for these mediators. PGD, in particular has been linked
to airway inflammation and mucus-cell metaplasia in asthma
(44, 45). PGD,, a product of mast cells, is produced in large
amounts by individuals with asthma, and antagonists of PGD,
receptors have been proposed for the treatment of allergic air-
way disease (46). Importantly, mice deficient in PGD2 receptor
type 2 (DP2), the receptor for PGD,, demonstrate reduced
eosinophilia and do not develop airway mucus-cell metaplasia
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Figure 5. Serum IgE protein concentrations after ovalbumin (OVA) al-
lergen and multiwalled carbon nanotube (MWCNT) exposure. IgE con-
centrations were measured in serum, using ELISA. ***P < 0.001,
compared with COX-27/~ control mice. ***P < 0.001, compared
with wild-type (WT) OVA/MWCNT mice. One-way ANOVA with a post
hoc Bonferroni test was used to identify significant differences among
treatment groups. Two-way ANOVA with the Bonferroni post hoc test
was used to identify significant differences between genotypes.
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Figure 6. Lung Th1 and Th17 cytokines after allergen and MWCNT
exposure. (A) Interferon-inducible chemokine (CXCL10) mRNA con-
centrations were measured in whole lung tissue by TagMan quantita-
tive real-time RT-PCR, 1 day after exposure to MWCNTs. **P < 0.01,
compared with COX-27/~ control mice. *P < 0.05, compared with
wild-type (WT) OVA/MWCNT mice. (B) IL-17A mRNA concentrations
were measured in whole lung tissue by TagMan quantitative real-time
RT-PCR, 1 day after exposure to MWCNTs. *P < 0.05, compared with
COX-2"'~ control mice. *P < 0.05, compared with WT OVA/MWCNT
mice.

(45). Furthermore, the pharmacologic blockade of DP2 inhibits
cigarette smoke-induced mucus-cell metaplasia in mice (44). In the
present study, MWCNTs enhanced OV A-induced concentrations
of PGD, on Day 1 in COX-2"'" but not WT mice, and lung PGD,
concentrations closely corresponded to the enhanced mucus-cell
metaplasia observed in COX-2~"~ mice after MWCNT exposure.
However, the possible link between PGD, and enhanced mucus-
cell metaplasia after MWCNT exposure in OV A-challenged mice
is associative and not causative. Future investigations should ad-
dress this putative link by crossing COX-2"'" mice with DP2 mice
to determine whether the high level of mucus-cell metaplasia seen
in COX-2™"" mice after coexposure to MWCNT and allergen is
ablated or reduced in mice lacking both COX-2 and DP2.
Airway fibrosis constitutes an important component of the
chronic remodeling process in asthma. TGF-B1 is a central me-
diator of fibrosis that stimulates collagen production by fibro-
blasts, and IL-13 has been shown to induce tissue fibrosis by
stimulating the production and activation of TGF-B1 (47). In
the present study, OVA challenge increased 1L-13 and TGF-B1
in both WT and COX-2""" mice, whereas MWCNTSs caused
a significant decrease in IL-13 and TGF-B1 in WT mice, but

not COX-2"'~ mice. Similarly, MWCNTs caused a significant
increase in OVA-induced collagen (CollA2) mRNA concen-
trations in COX-2"'" mice but not WT mice, suggesting that
COX-2 plays a role in reducing collagen mRNA concentra-
tions in this model system. However, a morphometric analysis
showed that OVA challenge increased airway collagen thick-
ness similarly (2- to 3-fold) in both WT and COX-2~'~ mice,
and that MWCNTs suppressed OV A-induced airway collagen
thickness in both WT and COX-2~'~ mice, although this effect
was not statistically significant. Why increased collagen mRNA
expression in COX-2~'~ mice treated with OVA and MWCNTs
did not translate into increased airway fibrosis remains un-
known. The collagen mRNAs that we measured were obtained
from whole lung tissue, whereas morphometric measurements
were performed only in airway collagen. However, total lung
collagen, as measured by Sircol assay, indicated no significant
increase in overall lung fibrosis in any of the treatment groups.
Collagen-degrading proteinases may also be increased in mice
exposed to OVA and MWCNTs, resulting in a net decrease in
airway collagen. We and others previously reported that airway
fibrosis is increased by combined OVA and MWCNT exposure
(10, 11). However, these previous studies used different mouse
strains (C57BL/6 and ICR), compared with the present study
(a C57BL/6 X 129/Ola strain). Genetic strain variation has been
reported for lung physiologic and pathologic outcomes in mice,
including fibrosis (48). Therefore, future studies should focus on
genetic variation as a factor in predicting the pathologic response
to CNTs.

COX-2""" and COX-1"'" cells were previously reported to
exhibit substantially enhanced concentrations of the remaining
functional COX gene, and cells with the genetic ablation of
either COX isozyme have the ability to overcome defects in
PG biosynthesis (49, 50). Moreover, others have reported that
PG concentrations in BALF are not significantly altered in
COX-2""" mice during allergic lung inflammation, relative to
WT mice (32). In addition, our data suggest that the compen-
satory production of certain PGs is regulated differently. For
example, PGE, concentrations were similarly increased by
MWCNTs and OVA in WT and COX-2"'" mice, and yet
PGD, concentrations were increased by MWCNTs and OVA
in COX-2"'~ mice but not in WT mice. To determine whether
the increase in PGs produced by COX-2"'" mice after coexpo-
sure to MWCNTs and/or OVA in the present study was attrib-
utable to a compensatory increase in COX-1, we measured
concentrations of COX-1 mRNA in lung tissue from WT and
COX-2""" mice after exposure to OVA and MWCNTs. Expo-
sure to OVA and MWCNTs mildly suppressed COX-1 mRNA
concentrations in lung tissue at 1 day after exposure, and no
differences were observed between genotypes. This finding sug-
gests that enzymes downstream of COX-1, such as PGD synthase
and thromboxane A (TXA) synthase, might be regulated differ-
ently in WT versus COX-2~"~ mice.

The findings in our study are consistent with the hypothesis that
COX-2 is protective during asthma. Several lines of experimental
evidence support this hypothesis. First, a deficiency of cyclooxy-
genase transcripts has been reported in cultured primary bronchial
epithelial cells of aspirin-sensitive patients with asthma (20). Sec-
ond, allergic airway inflammation is increased in COX-2~'~ mice
(24, 26). Third, selective COX-2 inhibitors increase allergic air-
way inflammation in mice (23). Collectively, these studies provide
strong evidence that COX-2 deficiency is an important suscepti-
bility factor in the pathogenesis of allergic asthma.

The exacerbation of allergen-induced airway inflammation
and mucus-cell metaplasia that we observed in the present study
is likely not specific to MWCNTs. Ultrafine particulate matter
(i.e., air pollution particles in the nanoscale range) is well-known
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Figure 7. Airway fibrogenic response after allergen and MWCNT exposure. (A) Photomicrographs of trichrome-stained sections depict representa-
tive airways (with collagen staining in blue) at low magnification (X10). (B) Quantitative morphometry was used to measure collagen deposition
around the airways between 100 and 200 pm at 14 days (see the online supplement for details). *P < 0.05, compared with COX-2"/~ control mice.
***P < 0.001, compared with wild-type (WT) control mice. Numbers in parentheses indicate the number of animals in dosage groups. (C) Collagen
1A2 (Col1A2) mRNA concentrations, 1 day after MWCNT exposure. Concentrations of mMRNA were measured in whole lung tissue, using Tagman
quantitative real-time RT-PCR. *P < 0.05, compared with COX-2"/~ control mice. **P < 0.01 compared to WT. (D) Transforming growth factor-g1
(TGF-B1) protein concentrations were measured in BALF, using ELISA, 1 day after MWCNT exposure. ***P < 0.001, compared with control mice of
the respective genotype. *P < 0.01, compared with WT OVA/MWCNT mice. P < 0.01, compared with WT OVA/MWCNT mice.

to exacerbate asthma in humans and experimental animals demonstrated COX-2 deficiency as a susceptibility factor in the
(5, 51). However, our work is important in that we used exacerbation of allergen-induced airway inflammation and
a well-characterized source of a specific type of engineered mucus-cell metaplasia by MWCNTs. A wide variety of other
nanomaterial that could pose a human health risk during types of engineered nanomaterials could also present a possible
occupational or consumer exposure scenarios. Moreover, we health risk by exacerbating preexisting asthma or by acting as
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TABLE 2. EFFECTS OF MWCNT EXPOSURE AND OVA SENSITIZATION ON PROSTANOID CONCENTRATIONS DETECTED BY LIQUID
CHROMATOGRAPHY-TANDEM MASS SPECTROSCOPY IN BRONCHOALVEOLAR LAVAGE FLUID FROM WILD-TYPE AND COX-2"/~ MICE

PGE, 6-keto PGFq,, PGF3, TXB, PGD,
Genotype  Pretreatment OPA 1d 14 d 1d 14 d 1d 14 d 1d 14 d 1d 14 d
WT Saline Vehicle 47 =16 38=*6 1M1 +5 4+2 171 10 =1 21 +7 7*1 107 + 26 72 =15
Saline MWCNT 56 14 59 +*4 1M1 +7 72 122 131 143 11 +1 72 =11 85+6
OVA Vehicle 88 +13 917 16 =5 61 39=x8 26 £5 102 *28 42=x13 106 = 32 118 + 23
OVA MWCNT 161 =68 85+ 12 39 = 16* 6*+1 49=*16 15=1 63 + 20 25+7 96 + 32 131 19
cox-27/~ Saline Vehicle 76 £ 9 60 =8 125 104 20=*4 132 26 £ 6 175 106 = 17 120 + 25
Saline MWCNT 98 £12 9132 14=*5 1MM+=8 19=x2 18 =3 24 = 4 23 £3 137 £ 20 170 = 12*
OVA Vehicle 94 43 63+10 5+1 31 308 13+1 38 =12 21 +9 169 =104 112 =10
OVA MWCNT 175 +42 62=+7 9+3 73 66*13 141 120=*36* 20=1 227 =97 87 =11

Definition of abbreviations: COX-2, cyclooxygenase-2; d, days; MWCNT, multiwalled carbon nanotubes; OPA; oropharyngeal aspiration; OVA,

ovalbumin; PGD2,

prostaglandin D2; PGE,, prostaglandin E; PGF,,, prostaglandin F,,; 6-keto PGF;,, 6-keto prostaglandin F;,; TXB,, thromboxane B,; WT, wild-type.
Data are expressed as pg/ml (mean * SEM). The vehicle consisted of saline/0.1% pluronic solution.

*P < 0.05, compared with the corresponding genotype group.

allergens themselves. Therefore, addressing the vast array of
emerging engineered nanomaterials as potential health risks
for individuals with asthma poses an important future challenge.

Finally, our findings may have some clinical implications, and
suggest that individuals with asthma who also have reduced con-
centrations of COX-2, or individuals with reduced COX-2 activ-
ity as a consequence of treatment with COX-2 inhibitors, are at
greater risk for exposure to MWCNTs. COX inhibitors are very
commonly used medications. Therefore, individuals with under-
lying allergic airway inflammation who are taking a COX inhibitor
would likely demonstrate a more severe airway inflammatory re-
sponse and enhanced mucus production if exposed to an inhala-
tion dose of CNTs.

Author disclosures are available with the text of this article at www.atsjournals.org.
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Supplementary Methods and Materials

Multiwalled Carbon Nanotubes (MWCNTS)

MWCNTSs (Helix Material Solutions, Inc., Richardson, TX) were synthesized by carbon
vapor deposition (CVD) with nickel and lanthanum catalysts. Characterization of the
size, purity, surface area and elemental composition provided by the manufacturer was
verified by independently (Millennium Research Laboratories Inc., Woburn, MA)and has
been previously reported by our laboratory (10, 27, 28). MWCNTs were not further
characterized after suspension in vehicle (0.1% Pluronic surfactant in PBS), although
TEM was used to confirm that MWCNTs maintained their tube-like structure in lung
tissues as we have reported previously (10). MWCNTSs tested negative for endotoxin
(LPS) contamination. The presence of LPS was determined using a Limulus amebocyte
lysate (LAL) assay kit according to manufacturer's specifications (Associates of Cape
Cod, East Falmouth, MA). MWCNTSs were sonicated in vehicle (0.1% Pluronic
surfactant in PBS) for 60 min at RT prior to performing LAL. The maximum sensitivity of
the LAL assay is 0.005 EU/m.

Experimental Design

Wild type (WT) mice and knock-out (COX-27) mice were randomly assigned to the
following four treatment groups where the values in parenthesis indicate the numbers of
animals in each group at 1 and 14 day necropsy time points: Control Group: WT (5,5)
or COX-2" (5,5). MWCNT Group: WT (5,6) or COX-2" (6,5). OVA Group: WT (5,5) or
COX-2" (5,5). OVAIMWCNT Group: WT (6,8) or COX-2" (6,7).Mice were sensitized to
ovalbumin (OVA) (98% pure, grade V; Sigma-Aldrich, St. Louis, MO) via intraperitoneal

injection on Study Days 0 and 12 with 20 mg OVA absorbed onto 2 mg of alum
(Accurate Chemical and Scientific Corporation, Westbury, NY) in 0.5 ml of sterile saline
as previously described (29). Control mice received 0.5 ml of saline only via
intraperitoneal injection. On Study Days 26, 28 and 32, mice were challenged
intranasally with 0.1 ml of saline containing 20 mg OVA while under isoflurane
anesthesia. Control mice received 0.1 ml of saline intranasally. On Study Day 32, mice

were challenged intranasally with 0.1 ml of 1% OVA in saline or saline alone while



under isoflurane anesthesia. On Study Day 34, mice were exposed to MWCNTSs by
oropharyngeal aspiration (OPA) at 4 mg/kg in 0.9% Pluronic (Sigma-Aldrich, St. Louis,
MO) surfactant solution diluted in saline (vehicle) or vehicle alone while under isoflurane
anesthesia as previously described (30, 31). Mice were euthanized via intraperitoneal
injection of Fatal Plus (Vortech Pharmaceuticals, Dearborn, MI) on day 1 (Study Day
35) or day 14 (Study Day 48) after MWCNT challenge.

Sample Collection

At necropsy, the lungs were lavaged with Dulbecco’s Phosphate Buffered Saline and
bronchoalveolar lavage fluids (BALFs) were collected for cell differential counts, lactate
dehydrogenase (LDH), and enzyme-linked immunosorbent assay (ELISA). Whole
blood was collected from the jugular vein and allowed to coagulate for approximately 15
minutes in Serum Separator Tubes® (BD Microtainer, Franklin Lakes, NJ) prior to
centrifugation for serum collection. Serum was then stored at -80°C. The middle and
caudal lobes of the right lung as well as the heart, spleen and a section of the liver were
all collected and stored in RNAlater® as per manufacturer's instructions (Ambion,
Austin, TX). The cranial lobe of the right lung was collected and flash frozen in liquid
nitrogen and then stored at -80°C. The left lungs were intratracheally infused with 10%
neutral buffered formalin and fixed for 14 days and then transferred to 70% ethanol. The
left lung was cross-sectionally cut into three portions, embedded in paraffin and
sectioned and stained with either hematoxylin and eosin (H&E), Masson’s trichrome or
Alcian Blue and Periodic Acid Schiff (AB/PAS) stain.

Differential Cell Count

A Thermo Scientific Cytospin 4 (Thermo Electron Corporation, Waltham, MA) was used
to pellet cells from the BALF sample onto glass slides followed by fixation and staining
with the Diff-Quik® Stain Set (Dade Behring Inc, Newark, DE). Differential cell counts
were performed for each sample. Total cell numbers were determined by counting the
cells on three non-overlapping images taken at 20X magnification for each sample.

Total cell numbers were then averaged for each dose group and represented as



meantSEM. The percentage of cell type per total cell population was determined with a

maximum of 500 cells counted per sample.

ELISA

Quantikine ELISA kits (R&D Systems, Minneapolis, MN) were used to assay BALF for
IL-5 and IL-13 1 day after MWCNT aspiration. Assays were performed as per protocol
included with the kit. Total serum IgE was measured by ELISA (BD Biosciences,
Bedford, MA) and performed according to the protocol described in the technical data
sheet supplied with the IgE Standard (Cat# 557079). Absorbance values were
measured on a Thermo Scientific Multiskan FC spectrophotometer microplate reader
(ThermoFisher Scientific, Waltham, MA). All ELISA assays were performed in duplicate
and the results pooled for each animal. Values were expressed as mean + SEM for the

numbers of mice indicated in the experimental design for each group.

RT-PCR

Total RNA was extracted from the right cranial and caudal lobes of each lung using the
RNeasy ™ Fibrous Tissue Mini Kit (Qiagen, Valencia, CA). RT-PCR was performed on
an Applied BiosystemsStepOnePlus Real-Time PCR System (Applied Biosystems,
Foster City, CA) using 62.5 ng of total mMRNA per reaction, TagMan Master Mix, ROX
dye, TagMan enzyme and TagMan Gene Expression Assays for Collagen 1A2
(Mm00483888_m1), COX-1 probe (Mm00477214_m1),COX-2 (Mm01307329_m1), IL-4
(Mm00445259 m1), IL-5 (Mm00439646_m1), IL-13 (Mm00434204 _m1), Mucin 5Ac
(Mm01276718_m1), and TGF-f1 (Mm03024053_m1). Gene expression of the target
genes was measured relative to the vehicle-treated control groups and all samples were
normalized to (-2 Microglobulin (Mm00437762_m1) endogenous control. Relative

quantitation values (272

were expressed as fold-change over controls. All PCR
assays were performed in duplicate and the results pooled for each animal. Values
were expressed as mean + SEM for the numbers of mice indicated in the experimental

design for each group.



Semi-Quantitative Airway Morphometry

Airway Inflammation: Digitized images were evaluated for number of inflammatory cells

(polymorphonuclear cells and alveolar macrophages) and the thickness of the alveolar
walls. Inflammation scores for the images were assigned by three independent
observers using the following scale: 1 - normal lung tissue as seen in the WT control
group, 2 - minimal change, 3 - mild change, 4 - moderate change, and 5 - marked
change. Data were presented as the mean + SEM of the inflammation score for each
dose group in both genotypes.

Mucous Goblet Cell Hyperplasia: Digitized photomicrographs were taken from Alcian

Blue — Periodic Acid-Schiff (AB-PAS) stained sections. Images were imported into
ImageJ® version 1.440 (National Institutes of Health). The cells that were positively
stained for AB-PAS were identified by the deconvolution module using a threshold
method. Images were calibrated in ImageJ® for measurements in microns and data
expressed as the percentage of epithelial area positively stained for AB-PAS divided by
the total epithelial area.

Airway Fibrosis: Quantification of the thickness of collagen surrounding airways was

performed according to a previously published airway intersect method (10,33). Briefly,
photomicrographs of trichrome-stained sections of lung tissue containing circular to
oval-shaped small or medium-sized airways were captured using a 10X objective on an
Olympus BX41 microscope (Olympus America Inc., Center Valley, PA) and digitized.
The thickness of the collagen layer surrounding the airways was measured using the
ruler tool in Adobe photoshop CS3 extended program (Adobe Systems, InC., San Jose,
CA) at eight equidistant points and averaged. To validate the airway intersect
measurements, a second independent method similar to a previously published method
(34) was used to measure the airway collagen area corrected for length of basement
membrane (i.e., area/perimeter ratio). Briefly, the lasso tool in Adobe photoshop was
used to surround the trichrome-positive collagen around an airway (outer area), then a
second area measurement was made by surrounding the basement membrane of the
same airway (inner area) and the length of the airway circumference (i.e., perimeter)
was also derived from this measurement. The difference between the outer and inner

area was defined as the ‘area’ and divided by the ‘perimeter’ to derive area/perimeter



measurements. Both methods were performed in a blinded manner, where the
treatment group was unknown to the observer scoring the sections. Five airways per
animal were analyzed in a random, blinded manner, and the data were expressed as

the mean + SEM of five animals per treatment group per time point.

Sircol Assay for Soluble Collagen

Soluble collagen was measured by Sircol assay as previously described.'® Between 50
and 100 mg of the right lung of each mouse was suspended in 1 ml of DPBS and
homogenized with a Tissuemiser homogenizer (Fisher Scientific, Hampton, NH).
Following the addition of Triton X-100 (Sigma-Aldrich, St. Louis, MO) to 1% the samples
were incubated at room temperature for 18 hours. Acetic acid was added (0.5M) and
the samples were incubated for 90 minutes at room temperature. Cellular debris was
separated from supernatant by centrifugation and the total protein content of the
supernatant was measured with the BCA Assay kit (Pierce/ThermoFisher Scientific,
Rockford, IL) according to the manufacturer’'s instructions. Soluble collagen was
extracted from 20 pl of duplicate samples by the Sircol Soluble Collagen Assay kit
(Biocolor Ltd., Carrickfergus, UK) using 1 ml of Sircol Dye Reagent according to the
manufacturer’s instructions. Samples were centrifuged and collagen pellets were
washed twice with denatured alcohol and dried prior to re-suspension in Alkali reagent.
Sample absorbance was determined at 540 nm by a Thermo Scientific Multiskan FC
spectrophotometer microplate reader (ThermoFisher Scientific, Waltham, MA).
Absorbance values from similarly prepared collagen standards were used to determine
soluble collagen content. Data were expressed as ug of soluble collagen per mg of total

protein.



Supplementary Figure Legends

Fig. S1. Timeline of OVA challenge and MWCNT exposure in WT and COX-2"
mice. Ovalbumin sensitization protocol: Intraperitoneal (i.p.) injection (ovalbumin
absorbed onto alum) on study Days 0 and 12. Intranasal (i.n.) challenge (ovalbumin) on
study Days 26, 28, 32. MWCNT exposure protocol: Oropharyngeal aspiration (OPA) of
MWCNT (4 mg/kg) on study Day 34. Prior to OPA exposure the MWCNT were
suspended in 0.1% Pluronic solution in PBS and water bath-sonicated for at least one

hour.

Fig. S2. Morphometry of the airway fibrotic response to OVA with or without
MWCNT exposure as determined by the area/perimeter method.OVA exposure
caused an approximate two-fold increase in airway collagen thickness compared to
control (saline/pluronic treatment) but no difference was observed between genotypes.
MWCNTs reduced OVA-induced airway fibrosis in both genotypes. The area/perimeter
method produced results similar to the airway intersect method (see Fig. 7B). Numbers
in parentheses indicate number of animals in dose group.’ P<0.05 compared with control

of respective genotype.

Fig. S3.Soluble collagen measured in whole lung tissue from WT and COX-2"
mice.Collagen was measured by Sircol assay as described in the supplementary
methods. Data are presented as ug of soluble collagen per mg of total lung protein.
OVA with or without MWCNT exposure did not produce a significant increase in total

lung collagen.

Fig. S4. COX- 1 mRNA levels in whole lung tissue from WT and COX-2" mice
exposed to OVA and MWCNTs. Mice were sensitized to OVA and then exposed to
MWCNTs as described in Fig. S1. COX-1 mRNA levels were measured in whole lung
tissue by Tagman quantitative real-time RT-PCR. Combined exposure to OVA and
MWCNTs suppressed COX-1 mRNA levels compared to control (saline/pluronic

treatment) but no difference was observed between genotypes.



Fig. S1

MWCNT
OPA Dosing
OVAi.n.
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