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Abstract

Asthma is characterized by a T helper type 2 phenotype
and by chronic allergen-induced airway inflammation (AAI).
Environmental exposure to air pollution ultrafine particles
(i.e., nanoparticles) exacerbates AAI, and a concern is possible
exacerbation posed by engineered nanoparticles generated by
emerging nanotechnologies. Signal transducer and activator of
transcription (STAT) 1 is a transcription factor that maintains
T helper type 1 cell development. However, the role of STAT1
in regulating AAI or exacerbation by nanoparticles has not been
explored. In this study, mice with whole-body knockout of the
Stat1 gene (Stat12/2) or wild-type (WT) mice were sensitized
to ovalbumin (OVA) allergen and then exposed to multiwalled
carbon nanotubes (MWCNTs) by oropharygneal aspiration.
In Stat12/2 and WT mice, OVA increased eosinophils in
bronchoalveolar lavage fluid, whereas MWCNTs increased
neutrophils. Interestingly, OVA sensitization prevented MWCNT-
induced neutrophilia and caused only eosinophilic inflammation.
Stat12/2 mice displayed increased IL-13 in bronchoalveolar lavage
fluid at 1 day compared with WT mice after treatment with OVA
or OVA and MWCNTs. At 21 days, the lungs of OVA-sensitized
Stat12/2 mice displayed increased eosinophilia, goblet cell
hyperplasia, airway fibrosis, and subepithelial apoptosis.
MWCNTs further increased OVA-induced goblet cell

hyperplasia, airway fibrosis, and apoptosis in Stat12/2 mice at
21 days. These changes corresponded to increased levels of
profibrogenic mediators (transforming growth factor-b1,
TNF-a, osteopontin) but decreased IL-10 in Stat12/2 mice.
Finally, fibroblasts isolated from the lungs of Stat12/2 mice
produced significantly more collagen mRNA and protein
in response to transforming growth factor-b1 compared with
WT lung fibroblasts. Our results support a protective role for
STAT1 in chronic AAI and exacerbation of remodeling caused
by MWCNTs.
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Clinical Relevance

Our results demonstrate that deficiency in the signal transducer
and activator of transcription (STAT) 1 transcription factor
constitutes a susceptibility factor to occupational, consumer, or
environmental exposure to carbon nanotubes in allergic airway
disease. Our findings suggest that individuals with asthma who
manifest reduced expression of STAT1 are at increased risk
for exposure to certain engineered nanomaterials.

Asthma is a major health problem,
particularly in the United States and
developed countries. For example, in 2010,
it was estimated that more than 25 million

American adults and 7 million children
suffer from asthma, and these numbers
continue to grow (1). Asthma involves
chronic tissue remodeling of the airways of

the lung characterized by reversible and
varying degrees of bronchoconstriction,
hyperresponsiveness, inflammation,
and remodeling of the airways, often
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resulting in fibrosis (2, 3). These
multiple phenotypes that characterize
the pathology of chronic asthma are
driven partly by an imbalance of T helper
(Th) type 1 and Th2 cells (4–7).
Th2 cells are the primary cellular source
of IL-13, which mediates the phenotypic
changes that comprise airway remodeling
seen in patients with asthma,
including eosinophilic lung inflammation,
mucous cell metaplasia (MCM) and
mucus hypersecretion, airway smooth
muscle cell thickening, and airway
fibrosis (8).

In addition to the underlying
development of allergic asthma, a variety
of environmental agents exacerbate pre-
existing disease. For example, ultrafine
diesel exhaust particles in the nanometer
range are an important factor in the
exacerbation of asthma in individuals
living near major roadways in metropolitan
areas (9–14). A more recent concern is that
engineered nanoparticles generated from
emerging nanotechnologies could pose
a hazard for exacerbation of asthma
(15). Carbon nanotubes (CNTs) are
a prototypical engineered nanoparticle
composed of carbon atoms arranged in
a hexagonal lattice and rolled into a tube-
like structure (16). These nanomaterials
can be categorized as single-walled CNTs,
which consist of one tubular structure, or
multiwalled CNTs (MWCNTs), which are
composed of multiple layers of concentric
cylinders. CNTs have several unique
physical properties, including a high
aspect ratio, surface area, electrical
conductivity, and thermal conductivity, as
well as an incredible strength-to-weight
ratio, making them ideal candidates for
use in electronics, engineering, and
medicine (17). As they are used in
increasing quantities, the potential for
occupational and/or environmental
exposures is inevitable. Although little is
known about their ability to cause toxicity
in humans, there is increasing evidence
that CNTs may produce toxic effects in
the lungs of rodents (17, 18). Likewise,
inhalation studies in mice show that
MWCNTs cause neutrophilic lung
inflammation, interstitial pulmonary
fibrosis, pleural immune responses, and
exacerbate ovalbumin (OVA)-induced
airway fibrosis (15, 19).

The signal transducer and activator
of transcription (STAT) family of
transcription factors includes seven

family members. These transcription
factors remain latent in the cytoplasm
until activated by extracellular signaling
proteins, typically cytokines or growth
factors. STAT1 is a well-known regulator
of growth arrest and apoptosis (20, 21),
and functions in Th1 development and
maintenance (22). Moreover, mice
lacking the Stat1 gene (Stat12/2 mice) are
highly susceptible to mortality caused
by viral and bacterial infection due to
lack of IFN signaling (23). We previously
reported that Stat12/2 mice are
susceptible to bleomycin-induced lung
fibrosis, and this is due in part to
increased sensitivity of lung fibroblasts
to growth factors, such as platelet-derived
growth factor (PDGF) and epidermal
growth factor (24). We also demonstrated
that STAT1 opposes IL-13–induced
STAT6 activation to reduce PDGF
production by mouse lung fibroblasts
(MLFs) in vitro (25).

Because IL-13 is a key Th2 cytokine
in allergic asthma, we hypothesized that
STAT1 plays a central role in allergen-
induced asthma and exacerbation of
airway remodeling by MWCNTs. To
address this issue, we investigated airway
remodeling in Stat12/2 mice sensitized
to OVA allergen and exposed to
a single dose of MWCNTs administered
by oropharyngeal aspiration. We found
that OVA-sensitized Stat12/2 mice
displayed increased eosinophilia, goblet
cell hyperplasia, airway fibrosis,
and apoptosis. Moreover, MWCNTs
specifically exaggerated OVA-induced
goblet cell hyperplasia and airway
fibrosis. We also related these pathologic
endpoints to cytokines and growth factors
known to play important roles in allergic
airway remodeling and found that Stat12/2

mice displayed increased IL-13 along
with elevated levels of IL-1b,
transforming growth factor (TGF)-b1,
TNF-a, and osteopontin (OPN).
Moreover, sensitization to OVA followed
by MWCNT exposure increased lung
mRNA levels of the antifibrogenic
cytokine IL-10 in wild-type (WT) mice,
but not in Stat12/2 mice. Finally,
fibroblasts isolated from the lungs of
Stat12/2 mice produced significantly
more collagen mRNAs and soluble
collagen protein in response to TGF-b1
compared with WT lung fibroblasts. These
results suggest that STAT1 plays
a protective role in allergen-induced

airway remodeling and exacerbation by
CNTs.

Materials and Methods

Animals
Male WT and Stat12/2 mice bred on
a 129SV background were purchased from
Taconic Laboratories (Germantown, NY)
(see the online supplement).

Experimental Design for OVA
Sensitization and MWCNT Exposure
The experimental design is illustrated in
Figure 1A. Mice were divided into four
groups for 1- and 21-day time points
(control, OVA, MWCNT, and OVA/
MWCNT). Control or OVA groups
contained a sample size of four and
MWCNT or OVA/MWCNT groups
contained a sample size of six for each
genotype at each time point. Mice were
sensitized to OVA on Study Days 0–32
(26) (see the online supplement for
details). MWCNTs (Helix Material
Solutions Inc., Richardson, TX) were
characterized previously (21, 25, 27).
Mice were exposed on Study Day 34 to
MWCNTs (4 mg/kg) in 0.1% pluronic
surfactant solution (Sigma-Aldrich, St.
Louis, MO) by oropharyngeal aspiration
while under isoflurane anesthesia
(28–30). Control mice received 0.1%
pluronic surfactant solution (see the
online supplement).

Necropsy and Sample Collection
Mice were killed 1 or 21 days after
exposure to MWCNTs or vehicle control
via intraperitoneal pentobarbital overdose.
Lungs were lavaged with two aliquots of
0.5 ml PBS and the bronchoalveolar lavage
fluid (BALF) saved for cell counts and
ELISA. The left lung was inflated and fixed
with neutral buffered formalin. The right
lung lobes were used for RNA analysis.

Cell Counts
Cells from BALF were fixed and stained
with the Diff-Quik Stain Set (Dade Behring
Inc., Newark, DE), and differential cell
counts as well as total cell counts were
performed for each animal (see the online
supplement).

Morphometric Analysis of Airway
Remodeling
Airway fibrosis was quantified on
Masson’s trichrome–stained lung
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Figure 1. Signal transducer and activator of transcription (STAT) 1 deficiency does not increase acute lung inflammation at 1 day after exposure to
allergen and multiwalled carbon nanotubes (MWCNTs) but increases chronic eosinophilia at 21 days. (A) Schematic illustration of mouse exposure
protocol for ovalbumin (OVA) sensitization by intraperitoneal injection (i.p.) and intranasal aspiration (i.n.) followed by oropharyngeal aspiration (OPA) of
MWCNTs. (B) Total cell counts and relative percentages of inflammatory cell types in bronchoalveolar lavage fluid (BALF) at 1 and 21 days after exposure
of mice to MWCNTs with or without OVA allergen sensitization. Open bars represent wild-type (WT) mice and solid bars represent Stat12/2 mice.
Data are the mean6 SEM (n = 4 animals control and OVA groups, n = 6 MWCNT and OVA/MWCNT groups). *P , 0.0.05, **P , 0.01, ***P , 0.001
compared with control, as determined by one-way ANOVA; #P , 0.05 and ###P , 0.001 between genotypes within a treatment group as determined by
two-way ANOVA. (C) Representative photomicrographs of hematoxylin and eosin–stained lung sections from each genotype and treatment group 1 and
21 days after MWCNT treatment. Scale bar, 200 mm. Arrows indicate inflammatory cell infiltration. (D) Transmission electron micrographs showing
MWCNTs in alveolar macrophages adjacent to airways (arrows indicate MWCNT).
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sections using the area:perimeter ratio
method (30, 31) or the Ashcroft scoring
method (32). MCM was quantified
on Alcian blue–periodic acid Schiff
(AB-PAS)–stained lung sections using
NIH ImageJ as previously described (30)
(see the online supplement).

Transmission Electron Microscopy
Transmission electron microscopy was
performed as described previously (25).

Terminal Deoxynucleotidyl
Transferase dUTP Nick End Labeling
Staining
Apoptotic cells in lung sections were
quantified using the DeadEnd
Fluorometric Terminal Deoxynucleotidyl
Transferase dUTP Nick End Labeling
(TUNEL) System (Promega, Madison, WI).
Numbers of apoptotic cells were
normalized for total 49,6-diamidino-2-
phenylindole (DAPI)–stained cells using
Image J (National Institutes of Health,
Bethesda, MD) (see the online
supplement).

ELISA
Cytokines (IL-13, IL-5, IL-1b, TGF-b1,
OPN, PDGF-AA) in BALF were measured
by commercially available ELISA kits (see
the online supplement).

RNA Extraction and Taqman
Real-Time PCR
RNA was collected from mouse lung tissue
or primary fibroblasts using the RNeasy
Mini Kit (Qiagen, Valencia, CA). Taqman
Gene Expression assays were performed on
a StepOnePlus Real-Time PCR System
(Applied Biosystems, Foster City, CA)
(see the online supplement).

Primary MLFs
Primary MLFs were isolated from
adult male WT and Stat12/2 mice as
previously published (33) (see the online
supplement).

Sircol Collagen Assay
Soluble collagen secreted by MLFs in culture
was measured by Sircol assay (Biocolor,
Carrickfergus, UK) according to the
manufacturer’s instructions (see the
online supplement).

Statistical Analysis
Statistical analysis was performed using
GraphPad Prism software v. 5.0

(GraphPad Software, Inc., San Diego, CA).
Both a one-way ANOVA with a Tukey
post hoc test and a Student’s t test were
performed to identify significant differences
among treatment groups. In addition, a two-
way ANOVA with Bonferroni post test was
used to identify significant differences
between genotypes.

Results

STAT1 Promotes the Resolution of
Eosinophilic Inflammation in OVA-
Sensitized Mice Treated with
MWCNTs
The experimental design for OVA
sensitization followed by MWCNT
exposure is shown in Figure 1A. To
characterize the acute inflammatory
response in the lungs of Stat12/2 or WT
mice, we analyzed hematoxylin and
eosin–stained tissue sections and
performed differential cell counts on
BALF. Total cell numbers in BALF were
significantly increased in OVA or OVA/
MWCNT groups, but were not different
between genotypes at 1 day (Figure 1B).
However, Stat12/2 mice had higher total
cell counts after OVA or OVA/MWCNT
at 21 days compared with WT mice.
Exposure to MWCNTs without OVA
presensitization caused an increase in
neutrophils in the BALF of both WT and
Stat12/2 mice at 1 day, which resolved by
21 days (Figures 1B and 1C). In contrast,
OVA sensitization or OVA sensitization
followed by MWCNT exposure caused
a robust increase in eosinophils in the
BALF of both WT and Stat12/2 mice at 1
day (Figures 1B and 1C). However,
numbers of eosinophils in BALF resolved
in WT mice by 21 days, but eosinophils
remained significantly elevated in Stat12/2

mice in these treatment groups at 21 days
(Figure 1B). Interestingly, OVA
sensitization prevented MWCNT-induced
neutrophilic inflammation (Figure 1B).
Lymphocytes were also significantly
elevated at 21 days after OVA sensitization
with or without MWCNT exposure, but
this chronic inflammation was seen in
both WT and Stat12/2 mice (Figure 1B).
MWCNTs were observed within alveolar
macrophages within the bronchoalveolar
region of the lung by light microscopy
(Figure 1C), and MWCNT structure in
macrophages verified by transmission
electron microscopy (Figure 1D).

STAT1 Suppresses Acute IL-13
Expression and Chronic IL-1b Levels
in Mice Sensitized with OVA and
Exposed to MWCNTs
To better understand the role of STAT1
in suppressing chronic airway
inflammation, we measured protein levels
of proinflammatory cytokines, IL-13 and
IL-1b. Levels of IL-13 in the BALF of
mice were increased by OVA at 1 day
after exposure, and significantly higher
levels were observed in Stat12/2 mice
compared with WT mice (Figure 2).
MWCNT exposure alone did not increase
IL-13, and treatment with MWCNTs after
OVA slightly reduced OVA-induced IL-
13 levels (Figure 2). IL-13 levels returned
to control levels in both genotypes by 21
days. IL-5 levels were induced similarly at
1 day in Stat12/2 and WT mice after
OVA sensitization with or without
MWCNTs and returned to control levels
by 21 day after exposure (data not
shown). IL-b levels were induced by
OVA, MWCNTs or the combination of
OVA and MWCNTs at 1 day after
exposure, and OVA-sensitized Stat12/2

mice exhibited significantly higher levels
of IL-1b at 1 day compared with WT mice
(Figure 2). Notably, IL-1b levels in
Stat12/2 mice treated with OVA or OVA
followed by MWCNT exposure were
significantly higher at 21 days compared
with WT mice (Figure 2). Collectively,
these data revealed that STAT1 functions
to suppress acute allergen–induced
expression of IL-13 and chronic
expression of IL-1b after allergen or
MWCNT exposure.

STAT1 Reduces MCM and Airway
Fibrosis in OVA-Sensitized Mice and
Suppresses Exacerbation of MCM by
MWCNTs
MCM is a prominent characteristic of
allergic airway remodeling that can result
in airway obstruction. AB-PAS staining of
lung sections from WT and Stat12/2 mice
showed that OVA sensitization or OVA
followed by MWCNT exposure resulted
in MCM in small airways at 21 days after
exposure (Figure 3A). Semiquantitative
morphometric analysis revealed
significantly greater MCM in the lungs of
Stat12/2 mice exposed to OVA at 21 days
after exposure (Figure 3B). MWCNTs
significantly exacerbated OVA-induced
MCM in WT and Stat12/2 mice at 21 days
(Figure 3B), yet MWCNTs did not acutely
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exacerbate OVA-induced MCM at 1 day
after exposure (data not shown). MCM in
OVA or OVA/MWCNT groups was
significantly greater in Stat12/2 mice
compared with WT mice that received the
same treatments (Figure 3B). Airway
fibrosis is an important chronic feature
in the pathogenesis of asthma that
contributes to airway resistance and
impaired function. To determine the role
of STAT1 in chronic remodeling and
fibrosis, we assessed airway fibrosis in
Masson’s trichrome–stained lung sections
at 21 days after MWCNT exposure using
an area:perimeter ratio method (30).
Photomicrographs of trichrome-stained
lung sections from WT or Stat12/2 mice
showed that MWCNTs alone did not

cause airway fibrosis, yet MWCNT after
OVA increased airway fibrosis
(Figure 3C). Area:perimeter scoring
performed in a blinded manner showed
that OVA or MWCNT treatments caused
no significant fibrosis in WT mice, yet the
combination of OVA and MWCNTs
caused a significant increase in airway
fibrosis in WT mice (Figure 3D). Airway
fibrosis was significantly increased in
Stat12/2 mice sensitized with OVA or
sensitized with OVA then treated with
MWCNTs (Figure 3D). Moreover, airway
fibrosis in OVA or OVA/MWCNT groups
was significantly greater in Stat12/2 mice
compared with WT mice that received
the same treatments (Figure 3D). The
Ashcroft scoring method gave results

similar to those of the area:perimeter
scoring method (data not shown).

Stat12/2 Mice Display Increased
Cytokines That Mediate Fibrosis after
OVA Sensitization and Treatment with
MWCNTs
TGF-b1, TNF-a, PDGF-AA, and OPN are
all important mediators of fibrotic lung
disease that mediate myofibroblast
collagen production, growth, and
migration. TGF-b1 protein levels in BALF
were strongly induced by OVA or OVA
and MWCNTs in either WT or Stat12/2

mice at 1 day after exposure, yet TGF-b1
was significantly higher in OVA- or
OVA/MWCNT–exposed Stat12/2 mice
at 21 days after exposure compared with
WT (Figure 4A). Stat12/2 mice treated
with OVA or OVA/MWCNTs also
exhibited higher levels of TNF-a at 21
days compared with WT mice, and levels
of TNF-a were significantly higher in the
OVA/MWCNT group compared with
OVA group (Figure 4B). OPN protein
levels in BALF were significantly higher at
both 1 and 21 days in WT and Stat12/2

mice treated with OVA or OVA and
MWCNTs, and levels of OPN in the
OVA and OVA/MWCNT groups were
significantly higher in Stat12/2 mice
compared with WT mice at both 1 and
21 days (Figure 4C). PDGF-AA
protein levels in BALF were also increased
significantly at 21 days in Stat12/2 mice
compared with WT mice, although not
different between OVA and OVA/
MWCNT groups (see Figure E1 in the
online supplement). Collectively, these
data indicate that STAT1 plays an
important role in suppressing the chronic
expression of profibrogenic cytokines in
the lung after allergen and MWCNT
exposure.

STAT1 Suppresses Collagen mRNAs
and Soluble Collagen Protein in
Response to TGF-b1 in Primary
MLFs
To establish whether there is a relationship
between increased TGF-b1 protein
(Figure 4A) and increased collagen
deposition and fibrosis observed in the
Stat12/2 mice (Figures 3C and 3D), we
isolated and cultured primary fibroblasts
from the lungs of WT and Stat12/2 mice,
then treated confluent cultures of the
MLFs with 10 ng/ml recombinant
TGF-b1 protein for 48 hours. We then
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Figure 2. STAT1 deficiency increases levels of IL-13 at 1 day and IL-1b in the BALF at 21 days
after exposure to allergen and MWCNTs. IL-13 (upper panels) and IL-1b (lower panels) in BALF
were measured by ELISA. Open bars represent WT mice and solid bars represent Stat12/2 mice.
Data are the mean6 SEM (n = 4 animals control and OVA groups, n = 6 MWCNT and OVA/
MWCNT groups). *P , 0.05, **P , 0.01, ***P , 0.001 compared with control as determined by
one-way ANOVA; #P , 0.05, ##P , 0.01, ###P , 0.001 between genotypes within the same
treatment group as determined by two-way ANOVA.
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evaluated collagen (Col) 1A1 and Col1A2
mRNA levels by Taqman quantitative
real-time PCR and soluble collagen
protein at 72 hours by Sircol assay.

TGF-b1 treatment increased Col1A1 and
Col1A2 mRNAs in WT MLFs (Figures 5A
and 5B) and levels of soluble collagen
protein in supernatants from WT

MLFs (Figure 5C). However, Stat12/2

MLFs exhibited increased basal
expression of Col1A1 and Col1A2
mRNAs, and, importantly, the induction

A C

B

# **

***
#

1.0 WT
Stat1–/–

WT WTStat1–/– Stat1–/–

Contro
l

MW
CNT

OVA

OVA/M
W

CNT

0.8

0.6

0.4

%
 P

A
S

+
/T

ot
al

 A
re

a
O

V
A

/M
W

C
N

T
O

V
A

M
W

C
N

T
C

on
tr

ol

O
V

A
/M

W
C

N
T

O
V

A
M

W
C

N
T

C
on

tr
ol

0.2

0.0

D

#

*
*

**

#40 WT
Stat1–/–

Contro
l

MW
CNT

OVA

OVA/M
W

CNT

30

20

10

0

A
re

a/
P

er
im

et
er

 R
at

io

Figure 3. STAT1 deficiency increases mucous cell metaplasia (MCM) and airway fibrosis after allergen sensitization and exposure to MWCNTs. (A)
Representative photomicrographs of Alcian blue–periodic acid Schiff (AB-PAS) staining mucus (arrows) in lung sections fromWT and Stat12/2 mice 21 days after
MWCNT exposure and presensitization to OVA allergen. Scale bars, 500 mm. (B) Quantification of MCM showing the percentage of epithelial area positive for
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mice and solid bars represent Stat12/2 mice. Data are the mean6 SEM (n=4 animals control and OVA groups, n=6 MWCNT and OVA/MWCNT groups).
**P, 0.01, ***P, 0.001 compared with control for each genotype as determined by one-way ANOVA; #P, 0.05 between genotypes as determined by two-way
ANOVA. (C) Representative photomicrographs of trichrome-positive airway fibrosis (arrows) in the lungs of mice from each genotype and treatment group 21 days
after MWCNT treatment. Scale bars, 500 mm. (D) Quantification of airway fibrosis by area:perimeter ratio method described in MATERIALS AND METHODS. Data
are the mean6 SEM (n=4 animals control and OVA groups, n=6 MWCNT and OVA/MWCNT groups). *P , 0.05, **P , 0.01 compared with control
for each genotype as determined by one-way ANOVA; #P , 0.05 between genotypes within the same treatment group as determined by two-way ANOVA.
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of these mRNAs at 48 hours, as well as
consequent secretion of soluble collagen
into cell culture supernatants at 72 hours,
was significantly increased by TGF-b1

in Stat12/2 MLFs compared with WT
MLFs (Figure 5). Together, these data
support our hypothesis that STAT1
suppresses airway fibrosis after exposure

to allergen and nanoparticles by
inhibiting TGF-b1–induced collagen
mRNA and protein expression in lung
fibroblasts.

Stat12/2 Mice Display Reduced Lung
IL-10 mRNA, but Increased Foxp3
mRNA after OVA Sensitization and
MWCNT Exposure
STAT1 could also regulate T-regulatory cells
(Tregs) through altered production of
soluble mediators (e.g., IL-10) and
transcription factors (e.g., Foxp3).
Therefore, we measured mRNA levels of
IL-10 and Foxp3 in lung tissue. IL-10
mRNA levels were increased in OVA and
OVA/MWCNT groups in Stat12/2 mice
compared WT mice, yet this effect was not
significantly different between genotypes
at 1 day. However, exposure of mice to
OVA and MWCNT significantly increased
IL-10 mRNA at 21 days in WT mice,
but not in Stat12/2 mice (Figure 6A). In
contrast to IL-10, Foxp3 mRNA levels were
significantly induced by OVA or OVA/
MWCNT treatments at 21 days in Stat12/2

mice, but not in WT mice (Figure 6B). We
also measured lung mRNA levels of T-bet,
a transcription factor that is required for
Th1 development. Although there was
a trend for T-bet mRNA levels to increase
with OVA or OVA/MWCNT treatment at
1 day, this effect was not significant, nor
was there a significant difference between
genotypes. T-bet mRNA levels in lung
tissue returned to control levels by 21 days
after exposure to MWCNT (Figure E2).
Finally, we measured levels of T-bet and
Foxp3 mRNAs in WT and Stat12/2 MLF
treated with recombinant IL-13 (10 ng/ml),
MWCNTs (10 mg/cm2), or both. Foxp3
mRNA levels in WT MLF were
approximately 50% higher than in Stat12/2

MLF with or without IL-13 or MWCNTs,
albeit not to a significant extent (data not
shown). In contrast, T-bet mRNA levels
were detectable in WT MLF, but not in
Stat12/2 MLF, and were induced by IL-13,
but not MWCNT or the combination of
IL-13 and MWCNT (data not shown).

Stat12/2 Mice Display Increased
Apoptosis after OVA Sensitization and
Treatment with MWCNTs
Due to the well-established relationship
between apoptosis and lung fibrosis, we
quantitated apoptosis in paraffin-embedded
lung tissue from control and treated animals
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using TUNEL staining. Representative
images are shown in Figure 7A, and
Figure 7C shows green fluorescent TUNEL
cells around the airways that are
predominantly interstitial cells. Although
the identity of these cells has not been
clarified, the location of these cells beneath
the airway epithelium and their irregular
nuclear profiles suggest that they are
infiltrating inflammatory cells. Quantitation
of apoptosis was accomplished by the
Image J program described in MATERIALS

AND METHODS, wherein TUNEL-positive
fluorescent cells were counted relative to
the total number of DAPI-stained cells
within the same microscopic field. Very
few TUNEL-positive cells were observed
in control and MWCNT-treated mice
(Figure 7B). However, statistically
significant increases were found after
OVA sensitization and OVA sensitization
with MWCNT treatment (Figure 7B).
Interestingly, among these treatment
groups, the Stat12/2 mice displayed
significantly more apoptotic cells than
similarly treated WT mice (Figure 7B).

Discussion

In this study we showed that STAT1 is
a key regulator of allergen-induced
airway inflammation and exacerbation by
MWCNTs in mice. We previously reported
that Stat12/2 mice are susceptible to
bleomycin-induced pulmonary fibrosis
(24). However, this is the first study, to our
knowledge, that addresses mechanisms of
susceptibility to allergen-induced airway
inflammation or nanoparticle exposure in
Stat12/2 mice. We observed that Stat12/2

mice developed more severe airway
chronic remodeling (MCM, airway fibrosis,
apoptosis) compared with WT mice
after OVA sensitization, and all of these
components of OVA-induced airway
remodeling were further exacerbated by
exposure to MWCNTs in Stat12/2 mice
compared with WT mice. Profibrogenic
cytokines (TGF-b1, TNF-a, OPN) were
exaggerated in the lungs of Stat12/2 mice
by OVA and further increased 21 days after
MWCNT exposure. The mechanism of

susceptibility to OVA and MWCNTs in
Stat12/2 mice not only involved increased
production of profibrogenic cytokines, but
also increased responsiveness to cytokines,
because we demonstrated that MLFs
isolated from Stat12/2 mice exhibited
elevated collagen mRNA and protein
after stimulation with TGF-b1 in vitro.
Collectively, these novel findings support
a protective role for STAT1 in chronic
allergen–induced airway remodeling and
exacerbation of airway remodeling by
nanoparticles.

Allergen-induced lung inflammation
is characterized by eosinophilic lung
inflammation. We observed that the relative
percentages of eosinophils were similar in
Stat12/2 and WT mice at 1 day after OVA
or OVA/MWCNT exposure, indicating that
acute eosinophilia was STAT1 independent.
However, a significantly greater percentage
of eosinophils were observed in Stat12/2

mice compared with WT at 21 days after
OVA sensitization with or without
MWCNT exposure. These data indicate
that chronic eosinophilia induced by
allergen challenge is STAT1 dependent, but
that MWCNTs do not exacerbate allergen-
induced eosinophilia. Alternatively, there
might be a delay in clearance or resolution
of eosinophils in Stat12/2 mice, rather than
a chronic sustained increase in eosinophils.
MWCNTs caused neutrophilic lung
inflammation as we have reported
previously (15, 30). Interestingly, OVA
sensitization completely prevented
MWCNT-induced neutrophilia in
either WT or Stat12/2 mice, while not
affecting OVA-induced eosinophilia. The
STAT1-independent inhibition of
MWCNT-induced neutrophilia by OVA
sensitization suggests that individuals with
allergic asthma exposed to MWCNTs
would not mount a neutrophilic
inflammatory response in the lung. This
could be significant for understanding
the exacerbation of allergen-induced
airway remodeling by MWCNTs, as
neutrophils play an important role in
host defense and resolution of
inflammation (34).

Many of the chronic phenotypic
changes that define airway remodeling
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Figure 5. Primary lung fibroblasts from Stat12/2

mice display increased collagen mRNAs and
soluble collagen protein after treatment with
recombinant TGF-b1. Confluent, quiescent
primary WT or Stat12/2 mouse lung fibroblasts
(MLFs) were treated with recombinant TGF-b1
for 48 or 72 hours before collecting RNA from
cells and harvesting cell supernatants,
respectively. Collagen mRNAs (collagen [Col]
1A1 and Col1A2) were measured by Taqman
real-time RT-PCR at 48 hours, and collagen
protein levels were measured by Sircol assay at
72 hours. Open bars represent WT MLF and
solid bars represent Stat12/2 MLF. (A) Col1A1
mRNA levels at 48 hours in WT and Stat12/2

MLF. (B) Col1A2 mRNA levels at 48 hours in WT
and Stat12/2 MLF. (C) Soluble collagen levels in
supernatants from WT and Stat12/2 MLF 72
hours after treatment with 10 ng/ml TGF-b1 or
medium alone (control). Collagen mRNA data are
the mean6 SEM of four separate dishes of cells

Figure 5. (Continued). from two experiments, and collagen protein data are the mean6 SEM from
three separate dishes from a single experiment. *P, 0.0.05, **P, 0.01, ***P, 0.001 compared with
control as determined by one-way ANOVA; #P , 0.05 and ###P , 0.001 between genotypes as
determined by two-way ANOVA.
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in asthma, particularly MCM and airway
fibrosis, are driven by IL-13 (35).
Semiquantitative morphometry of AB-
PAS–stained lung sections demonstrated
that MCM was significantly increased in
the airways of Stat12/2 mice compared
with WT mice after OVA sensitization.
Moreover, MCM was further enhanced by
MWCNT exposure after OVA sensitization
in WT mice, and even more so in Stat12/2

mice. Therefore, our data show that STAT1
suppresses both MCM and eosinophilia,
yet MWCNTs only exacerbated MCM.
Eosinophilia has been reported as a marker
of airway epithelial cell damage, but is
unrelated to MCM (36). Our data
support this concept, because MWCNTs
exacerbated OVA-induced MCM, but

not OVA-induced eosinophilia. Most
importantly, our findings show that STAT1
plays a key role in suppressing allergen-
induced MCM as well as in the exacerbation
of allergen-induced MCM by MWCNTs. IL-
13 has also been shown to play a prominent
role in the development of airway fibrosis.
Transgenic mice that overexpress IL-13
develop nearly all of the chronic remodeling
phenotypes present in patients with severe
asthma, including MCM and airway fibrosis
(37). IL-13 likely mediates its profibrogenic
effects by serving as an upstream regulator
of TGF-b1 (38) and PDGF-AA (39) to
promote collagen deposition and fibroblast
proliferation, respectively.

Studies with mice have shown that
STAT1 is protective in suppressing lung

fibrogenesis. For example, we previously
reported that Stat12/2 mice are susceptible
to bleomycin-induced lung fibrosis (24).
Enhanced susceptibility to bleomycin-
induced lung fibrosis was due in part to
increased epidermal growth factor– or
PDGF-induced proliferation of fibroblasts
isolated from the lungs of Stat12/2 mice.
In the present study, we discovered that
Stat12/2 lung fibroblasts also have
increased responsiveness to recombinant
TGF-b1, and these cells produced
significantly higher levels of collagen
mRNAs as well as more soluble collagen
protein than WT MLFs treated with
TGF-b1. Therefore, STAT1 suppresses
lung fibrosis at least in part by reducing
the activity of several growth factors that
mediate fibroblast proliferation and
collagen production. It has also been
reported that Stat12/2 mice are highly
susceptible to severe acute respiratory
syndrome coronavirus infection, which
results in end-stage lung disease that
features pulmonary fibrosis (40). In that
study, the absence of STAT1 impaired
viral clearance, but also stimulated the
development of alternatively activated
macrophages that mediated a
profibrogenic microenvironment within
the lung. Although Stat12/2 mice
sensitized with OVA and exposed to
MWCNTs had increased profibrogenic
cytokines (e.g., OPN, TGF-b1), we also
showed that mRNA encoding IL-10, an
antifibrogenic cytokine, was completely
suppressed in Stat12/2 mice after OVA
sensitization and MWCNT exposure.
These data are in agreement with previous
work showing that STAT1 promotes IL-10
production in CD41 T cells from naive
mice (41). In contrast to our findings of
suppressed IL-10 in lung tissue from
Stat12/2 mice, mRNA levels of the
transcription factor Foxp3 were
significantly enhanced in lung tissue from
Stat12/2 mice compared with WT mice.
Others have shown that STAT1 deficiency
in donor splenocytes from mice correlated
with expansion of CD41/Foxp31 Tregs
(42). Two major subsets of Tregs are
Foxp31 Tregs and IL-10–producing Tregs
(43). Although our study only evaluated
mRNA levels of IL-10 and Foxp3 in total
lung tissue and not Treg populations,
our data suggest that STAT1 serves to
suppress Foxp31 Tregs induced by
allergen and MWCNTs while enhancing
IL-101 Tregs.
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Figure 6. STAT1 mediates IL-10 mRNA expression but suppresses Foxp3 mRNA levels in lung
tissue after OVA sensitization and exposure to MWCNTs. Levels of IL-10 and Foxp3 mRNA in
lung tissue from WT mice (open bars) or Stat12/2 mice (solid bars) were measure by Taqman
real-time RT-PCR. (A) IL-10 mRNA levels at 1 and 21 days after exposure to MWCNT after OVA
sensitization. (B) Foxp3 mRNA levels at 1 and 21 days after exposure to MWCNT after OVA
sensitization. Data are the mean6 SEM (n = 3 animals for each group). *P , 0.0.05, **P , 0.01
compared with control as determined by one-way ANOVA; ##P , 0.01, ###P , 0.001 between
genotypes within the same treatment group as determined by two-way ANOVA.
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A significant body of work has explored
the relationship between apoptosis and
fibrotic lung disease. Not only is it well
documented that increased apoptosis of
airway epithelial cells can contribute to
fibrosis, but analysis of human lung biopsies
and small animal models of lung
fibrogenesis also reveal apoptotic cells
associated with fibrotic foci (44, 45). It is
notable, then, that we observed significant
increases in apoptosis in Stat12/2 animals
sensitized to OVA and/or sensitized to
OVA and treated with MWCNTs
(Figure 7). However, very few airway or
alveolar epithelial cells were TUNEL
positive, suggesting that another cell type
was undergoing cell death in the lungs of
Stat12/2 mice. Although the identity of the
TUNEL-positive cells has not been clarified,
the location of these cells beneath the
airway epithelium and nuclear profiles
suggest that they are most likely infiltrating

inflammatory cells, such as neutrophils or
eosinophils. This is also consistent with
observations that some TUNEL-positive
cells were observed within and surrounding
the pulmonary vasculature (data not
shown). It remains unclear whether it is the
absence of STAT1 that directly results in
this increase in apoptosis, or whether
increased apoptosis in Stat12/2 mice is due
to an increase in secondary factors, such
as increased levels of cytokines, growth
factors, or oxidants, which then serve to
increase the fibrotic response.

Together, our results suggest that the
presence of STAT1 is critical in tempering
the immediate and long-term severity of
allergic airway remodeling. There are likely
multiple explanations for these findings.
One explanation involves the lack of STAT-1
resulting in a Th1/Th2 imbalance, toward
a Th2 phenotype. This explanation is
consistent with our data that show

prolonged presence of eosinophils and
increased levels of IL-13, a key cytokine
responsible for many of the pathologic
abnormalities that are characteristic of
asthma. An additional explanation and/or
contributor to the increased sensitivity of
Stat12/2 mice to airway remodeling after
allergen sensitization may be that the lack of
STAT1 results in increased activity of
STAT6 (46). STAT6 is often seen increased
in the lung epithelium of patients with
severe asthma (47), and is known to be
downstream of several Th2 cytokines,
including IL-13. IL-13 signals to STAT6 in a
pathway leading to increased TGF-b1 by
epithelial cells and macrophages, which
stimulates fibroblast collagen production in
a paracrine manner (37, 38). Past studies
have revealed a function for STAT1 in the
negative regulation of STAT6 through its
ability to up-regulate the suppressor of
cytokine signaling protein 1 (46).

MWCNTs were found to exacerbate
only some allergen-induced phenotypic
endpoints of chronic airway remodeling;
namely, MCM and airway fibrosis.
Moreover, exacerbation of OVA-induced
MCM and airway fibrosis by MWCNTs
was enhanced in Stat12/2 mice. Although
several mediators in the BALF of Stat12/2

mice were increased after allergen challenge
(IL-13, IL-1b, TGF-b1), we found that
OPN and TNF-a were significantly induced
by MWCNTs in the OVA-sensitized
animals at 21 days. OPN is a matricellular
protein that has numerous associations
with various pathologic processes, such
as inflammation, tissue repair/fibrosis, and
angiogenesis (48). OPN contributes to the
pathogenesis of airway remodeling, as
well as lung fibroblast activation and
differentiation in allergen-induced asthma.
When OPN-deficient mice were sensitized
to OVA, they were found to have a
reduction in eosinophils, a known cellular
source of TGF-b1 as well as Th2 cytokines
(49). In addition, these mice were found
to produce less TGF-b1 and have less
subepithelial fibrosis. TNF-a also promotes
fibroblast activation for collagen production
via TGF-b1 production (50). Collectively,
our data show that STAT1 suppresses the
production and activity of a network of
profibrogenic cytokines. Deficiency in
STAT1 results in susceptibility to chronic
airway remodeling by increased
production of profibrogenic cytokines
and enhanced collagen production by
fibroblasts.
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Figure 7. Stat12/2 mice display significant increases in apoptosis compared with WT mice after
OVA sensitization and treatment with MWCNTs. (A) Representative photomicrographs of terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining in lung tissue of mice from
each genotype and treatment group at 21 days after MWCNT exposure (203 magnification).
Arrows indicate TUNEL-positive cells. Scale bars, 500 mm. (B) Quantification of the percentages of
TUNEL-positive cells relative to total number of 49,6-diamidino-2-phenylindole (DAPI)–positive cells 21
days after MWCNT exposure using the Image J protocol described in MATERIALS AND METHODS. Open
bars represent WT mice and solid bars represent Stat12/2 mice. Data are the mean6 SEM (n = 4
animals, control and OVA groups; n = 6 animals, MWCNT and OVA/MWCNT groups). Significant
differences compared with controls were determined by one-way ANOVA (*P , 0.05, **P , 0.01,
***P , 0.001). Significant differences between genotypes were determined by two-way ANOVA
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In the present study, we used
a relatively high dose of MWCNTs
(4 mg/kg). However, we previously reported
that this dose of MWCNT did not cause
significant fibrosis in mice in the absence
of allergen challenge (30). Porter and
colleagues (28) used an MWCNT dose
range of 10–80 mg/mouse. Our
dose approximates the high end of this
dose range (i.e., 80 mg delivered to a 20 g
mouse = 4 mg/kg). Furthermore, it has been
estimated that a dose of 10 mg in mice
approximates human deposition for
a person performing light work for between
9 months and 7.5 years, based on average
daily MWCNT workplace exposure data
(28). Therefore, the dose used in our study
would likely represent a relatively high
occupational exposure. It is important to

note that even the relatively high dose of
MWCNTs used in our study did not cause
pathology in the lungs of WT or Stat12/2

mice in the absence of allergen.
Nevertheless, further investigation should
focus on lower dose, repeated exposures
to MWCNTs.

In summary, we report that OVA-
sensitized Stat12/2 mice have increased
chronic eosinophilia, MCM, airway
fibrosis, and apoptosis, and also produce
higher levels of cytokines and growth
factors that are known to mediate asthma
and fibrosis. The enhancement of
chronic eosinophilia in OVA-sensitized
Stat12/2 mice was not further increased
by MWCNT exposure. However,
MWCNTs significantly enhanced OVA-
induced MCM and airway fibrosis,

suggesting that STAT1 is also important
in the exacerbation of allergic airway
inflammation by inhaled nanoparticles.
The mechanism of susceptibility of
Stat12/2 mice to exacerbation of
allergic airway remodeling by MWCNTs
appears to be due to both increased
production of profibrogenic cytokines
in the lung and increased collagen
production by lung fibroblasts. Our
findings identify STAT1 as an important
protective factor in allergic airway
remodeling, and suggest that deficiency
of STAT1 is a susceptibility factor
to allergic airway disease and exposure
to MWCNT. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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