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There is increasing evidence that inhaled multi-walled carbon nanotubes (MWCNTs) can have harmful effects on
the respiratory system. Rodent studies suggest that individuals with asthma may be susceptible to the adverse
pulmonary effects of MWCNTSs. Asthma is an allergic lung disease characterized by a Ty2 immune response that

?;l:rTg(:ens results in chronic airway disease characterized by eosinophilic lung inflammation, airway mucous cell meta-
Asthma plasia, and airway fibrosis. Signal transducer and activator of transcription 6 (STAT6) is a transcription factor

with multiple roles in Ty2 type inflammation. Herein we sought to examine the role of STAT6 in the exacerbation
of house dust mite (HDM) allergen-induced allergic airway disease by MWCNTs. Male wild type (WT) and STAT6
knockout (Stat6 KO) mice were dosed via intranasal aspiration on days 0, 2, 4, 14, 16 and 18 with either vehicle,
HDM extract, MWCNTSs, or a combination of HDM and MWCNTs. Necropsy was performed on day 21 to collect
bronchoalveolar lavage fluid (BALF), serum and lung tissue. MWCNTs exacerbated HDM-induced allergic end-
points, including eosinophilic lung inflammation, mucous cell metaplasia, and serum IgE levels. HDM-induced
eosinophilic lung inflammation, mucous cell metaplasia, and serum IgE and exacerbation of these endpoints
by MWCNTs were ablated in Stat6 KO mice. In addition, airway fibrosis was significantly increased by the
combination of HDM and MWCNTs in WT mice but not in Stat6 KO mice. These findings provide new mechanistic
insight by demonstrating a requirement for STAT6 in MWCNT-induced exacerbation of allergic respiratory
disease.

1. Background

The nanotechnology industry has undergone rapid growth in recent
years, resulting in a variety of different types of engineered nano-
materials (ENMs) with diverse applications in medicine, engineering,
and electronics (WHO, 2020). This growth has been accompanied by an
increasing concern over the potential toxic effects of ENMs, and there is
now strong evidence from rodent models that inhalation exposure to
ENMs can cause lung injury and systemic immunotoxicity (Ihrie and
Bonner, 2018). Nanoscale materials are defined as having at least one
dimension less than 100 nm, and include fiber-like ENMs such as multi-
walled carbon nanotubes (MWCNTSs) (Donaldson et al.,, 2006).
MWCNTs, typically 10-100 nm in diameter and microns in length, have
been of particular concern due to their fiber-like structure and small size,
which allows them to deposit and persist in the distal region of the lung

to cause injury, inflammation, and fibrosis (Donaldson et al., 2006).

Studies in mice have shown that pulmonary exposure to MWCNTSs
can cause fibrosis, altered immune responses, and exacerbation of
allergic endpoints (Duke and Bonner, 2018; Thrie and Bonner, 2018). It
is also important to consider that the toxicity of different types of
MWCNTs can vary greatly, as the pulmonary immune response to
MWCNTs depends on their physicochemical characteristics, including
size, surface coating and rigidity (Duke et al., 2017; Rydman et al.,
2014). While exposure to MWCNTs alone can result in pathological
outcomes, pre-exposure or post-exposure to MWCNTs has been shown to
exacerbate allergen-induced lung disease (Ihrie et al., 2019; Inoue et al.,
2009; Nygaard et al., 2009; Ronzani et al., 2014; Ryman-Rasmussen
et al., 2009; Shipkowski et al., 2015).

Asthma is a chronic inflammatory airway disease characterized by
airway hyperresponsiveness, eosinophilic inflammation, mucous cell
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metaplasia, and airway fibrosis (Holgate, 2009; Ozdoganoglu and
Songu, 2012). Together these characteristics lead to airway obstruction
and impaired lung function (Holgate, 2009). Asthma results from innate
and adaptive immune responses to environmental allergens from agents
such as mold, pollen, cockroaches, and house dust mites (Kim et al.,
2010). In the classic paradigm of allergic asthma, sensitization occurs
when inhaled environmental allergens are taken up and processed by
antigen presenting cells in the lung (e.g., dendritic cells and macro-
phages), which subsequently present the antigen to naive helper T cells
to initiate T2 cell polarization (Holgate, 2009; Kim et al., 2010). This
Tu2 environment is characterized by interleukin (IL)-4 and IL-13 pro-
duction, as well as antigen-specific immunoglobulin E (IgE) production
by B cells. Innate immune cells also play important roles in the patho-
genesis of asthma; allergic asthma is generally eosinophilic, although
exacerbation by factors such as ozone, cigarette smoke, or air pollution
particulates can result in mixed eosinophilic and neutrophilic inflam-
mation (Holgate, 2009). A variety of other lung cells also play vital roles
in asthma. For example, epithelial cells undergo mucous cell metaplasia
in response to the cytokine environment and over-produce mucus, while
sub-epithelial fibroblasts surrounding the airways produce collagen
causing fibrosis, contributing to airway wall remodeling in chronic
asthma (Holgate, 2009).

The signal transducer and activator of transcription (STAT) family of
transcription factors consists of seven members that reside in the cyto-
plasm, awaiting activation by upstream signals (Hebenstreit et al., 2006;
Rawlings et al., 2004). In brief, the STAT signal cascade consists of the
ligand binding to its receptor followed by homo or heterodimerization.
Each receptor subunit is associated with a JAK tyrosine kinase, which
upon dimerization undergo trans-phosphorylation (Hebenstreit et al.,
2006; Rawlings et al., 2004). The activated JAKs then phosphorylate
both the receptor and the cytoplasmic STATs. Phosphorylated STATs
dimerize and translocate to the nucleus where they bind specific gene
sequences to activate target genes. STAT6 mediates the biological effects
of Ty2 cytokines (IL-4 and IL-13) and thereby plays an important role in
the pathogenesis of asthma (Walford and Doherty, 2013). STAT6 is
expressed in many different immune cell types involved in allergic lung
inflammation, and plays key roles in each of these cell types (Chapoval
et al., 2011). For example, STAT6 mediates Ig € chain expression in B
cells upon exposure to IL-4 or IL-13, causing Ig isotype switching and IgE
production. In T cells, Gata3 expression is induced via STAT6 which
leads to Ty2 polarization (Walford and Doherty, 2013). In airway
epithelial cells, STAT6 mediates the induction of mucin genes such as
Muc5ac by IL-4 or IL-13, leading to mucous cell metaplasia. STAT6 also
regulates airway smooth muscle contractility and macrophage polari-
zation. Stat6 knockout (KO) mice do not develop most of the phenotypes
associated with allergic airway disease, including eosinophilic lung
inflammation, mucous cell metaplasia, or airway hyperresponsivity to
allergens (Akimoto et al., 1998; Kuperman et al., 1998). However, the
role of STAT6 in the exacerbation of allergic airway disease by envi-
ronmental factors, including ambient or engineered nanoparticles, is
unknown.

Mouse models of asthma or allergic lung disease are achieved by
repeated sensitization and challenge to allergens such as ovalbumin
(OVA), or from environmentally relevant allergens such as those derived
from house dust mites (HDM), including Der p1l and Der p2 (Castaneda
and Pinkerton, 2016). We previously reported that MWCNT exposure
exacerbates either OVA- or HDM-induced allergen-induced airway
fibrosis in mice (Ryman-Rasmussen et al., 2009; Shipkowski et al.,
2015). Moreover, we reported that Stat] KO mice were susceptible to
exacerbation of OVA-induced airway disease by MWCNTs, demon-
strating that STAT1 plays a protective role that counteracts the allergic
inflammatory responses mediated by STAT6 (Thompson et al., 2015).
Stat6 KO mice display attenuated lung fibrosis upon oropharyngeal
aspiration of rod-like (Mitsui-7) MWCNTs in the absence of any allergen
(Nikota et al., 2017). However, Mitsui-7 MWCNTSs are not representative
of most commercially available MWCNTs, which have a tangled
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morphology, and alone do not directly activate STAT6, but rather
exacerbate allergen-induced Ty2 immune responses (Shipkowski et al.,
2015; Duke et al., 2017; Thrie et al., 2019). It is unknown whether STAT6
mediates exacerbation of allergen-induced lung disease in mice by
MWCNTs or any other type of ENM. Therefore, we sought to examine the
requirement of STAT6 in the exacerbation of HDM-induced allergic
airway disease by tangled MWCNTs using an intranasal aspiration co-
exposure protocol comparing WT and Stat6 KO mice. We observed
that MWCNTs significantly exacerbated HDM-induced allergic end-
points in WT mice, including eosinophilic lung inflammation, serum IgE
levels, and mucous cell metaplasia, while allergen induction of these
endpoints and exacerbation by MWCNTs in Stat6 KO mice was greatly
reduced. In addition, airway fibrosis was significantly increased by the
combination of HDM and MWCNTs in WT mice but not in Stat6 KO mice.
These findings demonstrate a requirement for STAT6 in MWCNT-
induced exacerbation of allergic respiratory disease.

2. Methods
2.1. Nanomaterials and house dust mite allergen

MWCNTs were purchased from Helix Material Solutions Inc.
(Richardson, TX) and suspended in 0.1% Pluronic in DPBS at a stock
concentration of 10 mg/ml and sonicated in a cup horn sonicator for 3
min. These MWCNTs have been previously used in studies of exacer-
bation of OVA allergen-induced lung disease in transgenic mice (Sayers
et al., 2013; Thompson et al., 2015). The physicochemical characteris-
tics of these MWCNTSs have been previously reported (Ryman-Rasmus-
sen et al., 2009). Moreover, we have also reported suspension
characteristics of these MWCNTs in aqueous media using dynamic light
scattering (Taylor et al., 2014). Briefly, the length ranged from 0.5 to 40
pm as determined by scanning electron microscopy (SEM), the average
diameter ranged from 10 to 30 nm as determined by transmission
electron microscopy (TEM), and residual nickel content was 5.53 +
3.92% as determined by energy-dispersive X-ray spectroscopy (EDX).
HDM extract was purchased from Greer Laboratories Inc. (Lenoir, NC).
Lyophilized HDM was dissolved in 0.1% Pluronic in DPBS at a stock
concentration of 1 mg/ml. The HDM extract contained 927.5 endotoxin
units (EU), determined by amoebocyte lysate test, according to the
manufacturer. This HDM extract was partially characterized by prote-
omic analysis using LC-MS/MS at NCSU, which qualitatively identified a
variety of proteases including alpha-amylase, cysteine proteinase-1,
serine protease LM-1, trypsin-like serine protease, Der p 1, Der p 2,
Der p 3, Der p 13, and Der p 20 (unpublished data).

2.2. Animals and experimental design

Pathogen free 8 to 10-week old male C57BL/6 (WT) mice and Stat6
KO mice were purchased from Jackson Laboratories (Bar Harbor, ME).
Animals were housed in an AALAC-accredited animal facility at NCSU.
All procedures were approved by the NCSU Institutional Animal Care
and Use Committee. Animals were acclimated for two weeks prior to
dosing, housed 5 per cage and provided water and LabDiet 5001 rodent
diet ad libitum. MWCNTs and HDM were prepared at working concen-
trations of 0.25 mg/ml and 0.5 mg/ml, respectively, in 0.1% Pluronic in
DPBS. Mice were anesthetized with isoflurane and dosed with 50 pl of
vehicle (0.1% Pluronic in DPBS), HDM, MWCNTs, or HDM and
MWCNTs by intranasal aspiration (25 pg of HDM and 12.5 pg of
MWCNTs per dose). As illustrated in Fig. 1, mice were dosed 3 times in
the first week (days 0, 2, and 4) and 3 times in the third week (days 14,
16, and 18) and were euthanized by an intraperitoneal injection of
pentobarbital (Fatal Plus, Vortech Pharmaceuticals, Dearborn, MI) 3
days after the last dose (day 21). The 6 doses yielded a total MWCNT
dose of 75 pg, approximately 3 mg/kg, and total HDM dose of 150 pg.
Treatment groups consisted of 4-6 mice.



M.D. Ihrie et al.

A)

B)
Intranasal Aspiration Necropsy
l l HDlM extract and/orMVl\ICNis l I
(.) é :1 1.4 1.6 1.8 2.1 Da)'/
WT and Stat6 KO mice
C)

D) [N wr - - | | statexo
.

'( 'I “‘i

Fig. 1. A) TEM images of the MWCNTs used in this study. B) Illustration of
exposure protocol timeline. Wild type (WT) and Stat6’~ mice were exposed
repeatedly to HDM extract and/or MWCNTSs by intranasal aspiration at days 0,
2 and 4, followed another round of repeated intranasal aspiration exposure at
days 14, 16 and 18. Necropsy was performed at day 21 to collect BALF, lung
tissue and serum. See the Methods section for details. C) Oil immersion (1000x)
images of alveolar macrophages isolated by Cytospin centrifugation from the
BALF of WT mice 21 days after exposure to MWCNTs using the protocol illus-
trated in panel B. Arrows indicate MWCNTs in the cytoplasm. D) Oil immersion
(1000x) images of MWCNTs in the lung tissue of WT and Stat6 mice in situ.
Arrows indicate macrophages with MWCNT inclusions.

2.3. Necropsy and tissue collection

Bronchoalveolar lavage fluid (BALF) was collected by lavaging the
lungs twice with 0.5 ml sterile DPBS via intratracheal cannulation. A
Thermo Scientific Cytospin 4 Cytocentrifuge (Thermo Fisher Scientific,
Waltham, MA) was used to isolate cells from 100 pl of BALF onto glass
slides. Cells were then fixed and stained with the Diff-Quik Stain Set
(Siemens, Newark, DE). The remaining BALF was stored at —80 °C. After
BALF collection, the middle and caudal lobes of the right lung were
placed in RNAlater (Ambion, Austin, TX), according to the manufac-
turer’s instructions and stored at —80 °C. The cranial lobe of the right
lung was flash frozen in liquid nitrogen and stored at —80 °C. The left
lung was infused with 10% neutral buffered formalin, fixed for 24 h,
dehydrated stepwise in 70% ethanol and then 100% ethanol, and
embedded in paraffin. Whole blood was collected from the jugular veins,
allowed to coagulate for 15 min in Serum Separator Tubes (BD Micro-
tainer, Franklin Lakes, NJ), then centrifuged to obtain serum. Serum was
stored at —80 °C.
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ELISA. DuoSet ELISA kits (R&D Systems, Inc.) were used to measure
total IgE in serum and interleukin (IL)-1p, IL-13, transforming growth
factor (TGF)-p1, and osteopontin (OPN) in BALF. Serum was diluted
1:10 in DPBS for the IgE ELISA. ELISAs were carried out according to the
manufacturer’s protocol.

2.4. Cell counting and histology

For evaluation of lung inflammatory cells, 100 pl of BALF was
centrifuged using a Cytospin 4 centrifuge (ThermoFisher, Waltham, MA)
to isolate cells on glass slides. The slides were then fixed and stained
with the Diff-Quik stain set (Siemens, Newark, DE). The average count of
all cell types was quantified by using an Olympus light microscope BX41
(Center Valley, PA) according to a previously published method (Ship-
kowski et al., 2015). Three representative photomicrographs were taken
per animal at 100x magnification, and every cell type counted using
ImageJ software with Fiji expansion (Eliceiri/LOCI group, University of
Wisconsin-Madison, Madison, WI). Cell differentials were quantified by
counting 500 cells per slide/animal to determine relative numbers of
macrophages, neutrophils, eosinophils and lymphocytes. Paraffin
embedded tissues were cut into three sections and stained with hema-
toxylin and eosin (H&E), Alcian blue/periodic acid-Schiff (AB/PAS)
and/or Gomori trichrome stain.

2.5. Semi-quantitative morphometric analysis

Mucous cell metaplasia and airway mucus production was assessed
by imaging all airways under approximately 500 x 500 pm (HxW) in
each AB/PAS-stained sample and quantifying the area of positive
staining in ImageJ (National Institutes of Health) as percent area.
Airway fibrosis was assessed by imaging Gomori’s trichrome stained
lung sections and obtaining area to perimeter ratios as described pre-
viously (Duke et al., 2017). Briefly, round to oval shaped airways under
500 x 500 pm (HxW) were imaged at 100x. The lasso tool in Adobe
Photoshop CS5 was used to surround trichrome positive collagen around
the airways, giving the outer area, and to surround the basement
membrane, giving the inner area and circumference (perimeter). The
difference between the outer and inner area was divided by the
circumference giving the area/perimeter ratio. All measurements were
performed in a blinded manner.

2.6. Western blotting

Protein concentrations from snap-frozen lung tissue were deter-
mined using the Pierce BCA Protein Assay Kit (ThermoFisher Scientific,
Waltham, MA). Samples were diluted, loaded on a Novex™ 4-12% Tris-
Glycine Mini Gel (Invitrogen, Carlsbad, CA) and separated by electro-
phoresis. Separated proteins were transferred to a PVDF membrane,
blocked, and incubated in primary antibody at a 1000x dilution. Rabbit
polyclonal STAT1, STAT3, STAT6 and f-actin primary antibodies and
anti-rabbit secondary antibody were purchased from Cell Signaling
Technology (Beverly, MA). After incubation with primary antibody,
membranes were washed and incubated in secondary antibody at a
2500x dilution. Enhanced chemiluminescent reagent (ThermoFisher
Scientific) was used to visualize antibody signals. Densitometry was
performed to quantify western blot signals. Briefly, high resolution scans
were analyzed in Adobe Photoshop CS5 by setting the white point to the
background, inverting the image, and measuring the mean grey value of
each band. For phosphorylated STAT proteins, this value was divided by
the total STAT protein value.

2.7. Statistical analysis
All data were graphed and analyzed using GraphPad Prism version 5

(GraphPad Software Inc., San Diego, CA). Significance between treat-
ment groups was determined by two-way ANOVA with a Tukey’s post-
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test, Student’s t-test, or Mann Whitney test. All data are represented as
the mean + SEM of four to six animal replicates.

3. Results

3.1. Alveolar macrophage uptake of MWCNTs delivered by intranasal
aspiration

TEM images of bulk MWCNTs that were used in this study are shown

A)
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in Fig. 1A. MWCNTs, with or without HDM extract, were delivered by
intranasal aspiration according the protocol illustrated in Fig. 1B. This
protocol resulted in the delivery of well-dispersed MWCNTs to the distal
airways and alveoli where they were taken up by alveolar macrophages.
Macrophages isolated from the lungs of mice by bronchoalveolar lavage
post-exposure contained MWCNTs within their cytoplasm (Fig. 1C).
Moreover, MWCNTs were observed within the macrophages in the
alveolar region in situ (Fig. 1D).
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Fig. 2. Analysis of inflammatory cells in the BALF of WT and Stat6 KO mice after exposure to MWCNTSs with or without HDM allergen. A) Representative photo-
micrographs of BALF cells isolated by Cytospin centrifugation from WT and Stat6 KO mice after exposure to vehicle or HDM extract and MWCNTs (Bars = 20 pm). B)
Total cell counts from Cytospin slides in each treatment group from WT and Stat6 KO mice. Three microscopic frames per slide were counted at 100 x magnification
for each animal. *p < 0.05 vs. vehicle, Mann-Whitney test. C) Numbers of macrophages per 500 cells in the BALF of animals from each treatment group. *p < 0.05 vs.
vehicle of same genotype. D) Numbers of eosinophils per 500 cells. *p < 0.05 or **p < 0.01 compared to vehicle in WT mice. #p < 0.05 or ##p < 0.01 between
genotypes. One-way ANOVA. E) Numbers of neutrophils per 500 cells. F) Numbers of lymphocytes per 500 cells. *p < 0.05 or **p < 0.01 vs. vehicle of same ge-
notype. #p < 0.05 between genotypes, one-way ANOVA. N = 4 to 6 animals per group for panels B-F.
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3.2. STAT6-dependent enhancement of HDM-induced eosinophilic lung
inflammation by MWCNTs

Microscopic images of BALF cells fixed to glass slides by Cytospin
centrifugation showed that MWCNTs enhanced HDM-induced cellu-
larity in the lungs of WT mice (Fig. 2A). Quantification of total cell
counts and differential cell counts showed that the increase in cellularity
in the BALF of WT mice exposed to HDM or combined HDM and
MWCNTs was due to eosinophils. However, significantly greater
numbers of lymphocytes were observed in the BALF of Stat6 KO mice
compared to WT mice (Fig. 2B-F).

3.3. STAT6-dependent mucous cell metaplasia by HDM and MWCNT co-
exposure

AB/PAS staining showed mucosubstances in the airway of WT mice
exposed to HDM and treatment of WT mice with a combination of
MWCNTs and HDM extract caused enhanced airway mucosubstances
compared to HDM treatment alone (Fig. 3A). Virtually no mucosub-
stances were observed in the lungs of any Stat6é KO mice exposed to
either HDM extract alone or the combination of HDM and MWCNTs
(Fig. 3A). Quantification showed that HDM extract alone or HDM and
MWCNT co-exposure significantly increased mucin production in WT
mice, but not Stat6 KO mice (Fig. 3B).

3.4. STAT6-dependent enhancement of HDM-induced serum IgE by
MWCNTs

Serum IgE was synergistically enhanced by exposure to HDM extract
and MWCNTSs in WT mice, whereas HDM extract or MWCNTs alone did
not significantly increase serum IgE levels (Fig. 4). In contrast, Stat6 KO
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Fig. 4. Serum IgE is increased by combined HDM and MWCNT exposure in the
lungs of WT mice but not in Stat6 KO mice. Blood was collected from mice at
necropsy and serum IgE was measured by ELISA. N = 4 to 6 animals per group.
*p < 0.05 vs. vehicle of same genotype, ##p < 0.01 between WT and Stat6 KO
mice, one-way ANOVA.

mice did not display increased serum IgE levels in response to combined
HDM extract and MWCNT treatment.

3.5. Airway fibrosis induced by HDM and MWCNTs in WT and Stat6 KO
mice

Trichrome staining revealed peribronchiolar fibrosis in WT mice
exposed to HDM extract and MWCNTs (Fig. 5A). Quantitative
morphometry of trichrome-positive lesions assessed by an area/perim-
eter ratio method revealed a significant increase in airway fibrosis in WT
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Fig. 3. Requirement of STAT6 for HDM-induced mucous cell metaplasia and exacerbation by MWCNTs in mice. A) Representative photomicrographs of Alcian blue
periodic acid Schiff (AB/PAS) stained lung sections in WT and Stat6 KO mice after exposure to vehicle, HDM, MWCNTs or MWCNTs with HDM allergen (Bars = 200
pm). B) Quantification of AB/PAS-positive mucosubstances in the airways of WT and Stat6 KO mice. N = 4 to 6 animals per group. *p < 0.05 vs. vehicle of same
genotype, Student’s t-test. #p < 0.05 between WT and Stat6 KO mice, Mann-Whitney test. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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Fig. 5. Airway fibrosis is increased by combined HDM and MWCNT exposure in the lungs of WT mice but not in Stat6 KO mice. A) Representative photomicroscopic
images of Gomori’s trichrome-stained lung sections from animals in each of the treatment groups in each genotype (Bars = 200 pm). B) Area to perimeter analysis of
trichrome stained lung sections showed a significant increase in airway fibrosis caused by the combination of MWCNTs and HDM extract in WT mice. N =4 to 6

animals per group for each genotype. *p < 0.05 vs. vehicle, one-way ANOVA.

mice exposed to HDM extract and MWCNTSs, but not with either HDM
extract or MWCNTs alone (Fig. 5B). Moreover, there was no significant
increase in airway fibrosis in Stat6 KO mice.

3.6. Cytokines in BALF of WT and Stat6 KO mice after treatment with
HDM extract in the absence or presence of MWCNTs

A panel of cytokines (IL-13, IL-1p, TGF-p1, OPN) were measured by
ELISA in BALF at 21 days (Fig. 6). IL-13 was suppressed by MWCNTs in
the absence or presence of HDM extract in WT but not Stat6 KO mice. IL-
1p was suppressed by MWCNTs in WT mice but increased by HDM
extract in Stat6 KO mice. No significant changes were observed in TGF-
f1 or OPN among treatment groups or between genotypes.

3.7. STAT1 and STATS3 in lung tissue from WT and Stat6 KO mice after
treatment with HDM extract in the absence or presence of MWCNTs

STAT1 and STAT3 proteins were measured by Western blotting in
lung lysates collected at 21 days after exposure to HDM with or without
MWCNTs (Fig. 7). Representative Western blots are shown in Fig. 7A. As
expected, Stat6 KO mice contained no STAT6 protein in lung tissue.
STAT1 protein in lung tissue was significantly higher in untreated WT
mice compared to Stat6 KO mice, but was not significantly altered by
exposure to HDM with or without MWCNTs (Fig. 7A and B). Phospho-
STAT3 normalized to total STAT3 in lung tissue was increased by co-
exposure to HDM and MWCNTs in WT mice compared to vehicle, but
not by HDM or MWCNTs alone (Fig. 7C). Stat6é KO mice co-exposed to
HDM and MWCNTs also had an elevated pSTAT3/STATS3 ratio, but not
to a statistically significant level, and there was no significant difference
between WT and Stat6 KO mice co-exposed to HDM and MWCNTs. Total
STAT3 normalized to p-actin was not altered by exposure to HDM and/
or MWCNTs (Fig. 7D).

4. Discussion

This study demonstrated a requirement for STAT6 in the exacerba-
tion of allergic lung inflammation by MWCNTSs, an ENM that is produced
in high volume and therefore represents a potential hazard for human
exposure. Stat6 KO mice exhibited loss of phenotypic endpoints of
allergic airway disease (eosinophilic lung inflammation, mucous cell
metaplasia, IgE production) induced by HDM exposure and exacerbated
by MWCNTSs. Seminal work over twenty years ago, using Stat6 KO mice,
demonstrated a pivotal role for STAT6 in mediating allergen-induced
lung disease in mice (Akimoto et al., 1998; Kuperman et al., 1998).
These studies showed that Stat6 KO mice sensitized and challenged with
OVA, compared to WT mice, had fewer numbers of eosinophils in BALF,
reduced Ty2 cytokines (IL-4 and IL-13) and serum IgE, suppressed mu-
cous cell metaplasia, and reduced airway hyperreactivity (AHR). Simi-
larly, we observed that Stat6 KO mice had fewer numbers of eosinophils
in BALF, reduced serum IgE and loss of airway mucous cell metaplasia in
response to HDM allergen sensitization and challenge. We did not assess
AHR in the current study. This work extends knowledge of the role of
STATS6 in allergic airway disease and is novel because it demonstrates
that MWCNTs exacerbate components of HDM allergen-induced lung
disease in WT mice (i.e., enhanced serum IgE, mucous cell metaplasia,
airway fibrosis) through a STAT6-dependent mechanism.

A unique approach used in this study is the exposure method for
delivering MWCNTs to the lungs of mice. To our knowledge, this is the
first study that used intranasal aspiration exposure to deliver MWCNTs
into the lungs of mice. This method is commonly used to deliver aller-
gens to the pulmonary immune system and represents a more real-world
exposure compared to oropharyngeal aspiration, which delivers a bolus
dose of MWCNTs suspended in medium directly to the proximal trachea,
bypassing the nasal cavity entirely. Though we did not histologically
evaluate the nasal cavities in this study, it is likely that a large propor-
tion of MWCNTs were retained in that region. The total intranasal
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Fig. 6. Cytokine levels in the BALF of WT and Stat6 KO mice after exposure to HDM extract in the absence or presence of MWCNTSs. BALF was collected from mice at
necropsy. Cytokines in BALF (IL-13, IL-1p, TGF-p1, OPN) were measured by ELISA as described in the Methods section. N = 4 to 6 animals per group. *p < 0.05 vs.
vehicle of same genotype, #p < 0.05 between WT and Stat6 KO mice, one-way ANOVA.
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MWCNT dose that mice received over 6 consecutive exposures was
approximately 3 mg/kg, which is similar to a high dose (4 mg/kg) used
previously in our studies (Duke et al., 2017; Sayers et al., 2013;
Thompson et al., 2015). However histopathological evaluation clearly
showed that the dose delivered to the lungs was much lower than that
seen in our previous studies with oropharyngeal aspiration, where ag-
glomerates of MWCNTs in lung tissue are clearly visible by light mi-
croscopy (Sayers et al., 2013; Thompson et al., 2015). In the present
study, we did not observe extracellular agglomerates of MWCNTs in the
lungs of either WT or Stat6 KO mice after repeated intranasal aspiration.
We did, however, observe small intracellular agglomerates and singlet
MWCNTs within alveolar macrophages in lung tissue sections stained
with hematoxylin and eosin (Fig. 1C), demonstrating that MWCNTs
were delivered to professional phagocytes in the distal lung. The absence
of lung inflammation with exposure to MWCNTs alone was likely due in
part to this relatively low pulmonary dose.

While this study demonstrates that STAT6 plays a role in exacerba-
tion of HDM allergen induced lung disease by MWCNTs, the underlying
mechanism(s) through which MWCNTs amplify the allergic response
remains to be elucidated. It is possible that the strong adjuvant-like ef-
fects observed with co-exposure to MWCNTs and HDM could be due to
heightened systemic inflammation, with elevated serum IgE, which then
promotes greater lung inflammation upon further HDM exposure.
Indeed, we observed a synergistic effect of MWCNTs and HDM on
increasing serum IgE, where MWCNTs or HDM exposure alone did not
significantly increase IgE levels above vehicle control (Fig. 4). The lack
of increase in serum IgE by HDM alone is likely due to the relatively mild
sensitization and challenge protocol used (Fig. 1), since we previously
reported that a more robust treatment protocol using daily intranasal
aspiration (5 days a week for two weeks) resulted in significantly
elevated serum IgE (Shipkowski et al., 2015). The synergistic increase in
serum IgE caused by MWCNTs and HDM suggests that MWCNTs amplify
the adaptive immune response, which is required for synthesis of IgE by
B cells.

Another intriguing potential mechanism for MWCNT exacerbation of
allergic airway disease is the formation of an ‘allergen corona’ on the
MWCNTs. The corona (or biocorona) refers to proteins, nucleic acids, or
lipids, typically from the host, that adhere to the surface of the MWCNTs
(Bhattacharya et al., 2016). Foreign biomolecules, including allergens,
also bind to nanoparticles. For example, the proteolytic activities of
several major allergens, birch pollen (Bet v 1), timothy grass pollen (Phl
p 5) and house dust mite (Der p 1), were increased when bound to the
surface of gold nanoparticles (Radauer-Preiml et al., 2016). We have
recently discovered, using a proteomics approach, that a variety of
proteins in HDM extract, including the allergen Der p 1, bind to
MWCNTs to form an allergen corona (unpublished data). Through
allergen corona formation, MWCNTs might increase the proteolytic
activity of HDM allergens or facilitate delivery, uptake or presentation of
allergens to immune cells.

We observed that WT mice, but not Stat6 KO mice, had significant
airway fibrosis, measured by morphometry of histopathology sections,
after co-exposure to HDM and MWCNTSs by intranasal aspiration, yet
exposure to the MWCNTs or HDM alone did not significantly increase
airway fibrosis (Fig. 5). The lack of lung fibrosis in WT mice exposed to
MWCNTs in the present study is likely due to the relatively low dose
achieved in the lungs using intranasal aspiration (discussed in detail
above). The degree of lung fibrosis also could be due to the type of
MWCNTs used in the present study. In experiments with mice using
oropharyngeal aspiration exposure, the tangled MWCNTs used in the
present study produced minimal lung fibrosis compared with with rod-
like MWCNTs (Mitsui-7) (Duke et al., 2017). Other studies have shown
that relatively high doses of the same MWCNTs used in the present
study, by inhalation (30 mg/m5, 6 h) or by oropharyngeal aspiration (4
mg/kg), did not produce significant lung fibrosis in WT mice (Duke
etal., 2017; Ryman-Rasmussen et al., 2009). Pulmonary fibrosis induced
by the rod-like Mitsui-7 MWCNTs delivered by oropharyngeal aspiration
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was significantly reduced in Stat6 KO mice (Nikota et al., 2017). How-
ever, it is important to note that Mitsui-7 are not typical of most
commercially available types of MWCNTSs, which are tangled rather than
rod-like, and do not stimulate Ty2 type immune responses, including
STAT®6 activation, in the absence of allergen exposure (Shipkowski et al.,
2015; Duke et al., 2017; Thrie et al., 2019). In another study, Stat6 KO
mice also display reduced airway fibrosis in response to Alternaria, a
fungal allergen (Doherty et al., 2012a, b). Collectively, these in-
vestigations show that STAT6 plays an important role in pulmonary
fibrogenesis induced by allergens and nanoparticles.

We detected few significant changes in pro-fibrotic cytokines in
BALF after exposure to HDM, MWCNTs or the combination of HDM and
MWCNTs (Fig. 6). IL-13 was suppressed by MWCNTs in the absence or
presence of HDM extract in WT mice, but not Stat6 KO mice. IL-13 is
typically induced by allergen exposure in the lungs of mice, so it is
possible that this Ty2 cytokine was induced earlier and returned to a
baseline level (or below) the time of necropsy. IL-1p in BALF was
constitutively lower in Stat6 KO compared to WT but was induced in
Stat6 KO mice by HDM extract. We previously reported that IL-1p pro-
duction, mediated through inflammasome activation, was increased in
the lungs of mice 21 days after oropharyngeal aspiration of MWCNTs
(Shipkowski et al., 2015). The lack of induction of IL-1p by MWCNTs in
the present study, or other pro-fibrotic cytokines (TGF-p1 and OPN)
could be due to the relatively low dose of MWCNTs delivered to the
lungs by intranasal aspiration.

There is abundant evidence that STAT6 promotes allergic lung dis-
ease (Walford and Doherty, 2013), and our work shows that STAT6 also
contributes to exacerbation of allergic lung disease by MWCNTSs. Other
STAT family members also play important regulatory roles in allergic
lung disease. For example, STAT3 enhances the actions of TGF-f1
through crosstalk with Smad3 to promote fibroblast to myofibroblast
differentiation, thereby contributing to fibrosis (Pedroza et al., 2018).
STAT3 and STAT6 are phosphorylated by canonical cytokines binding to
their cognate receptors; IL-6 or PDGF binding activates STAT3, while IL-
4 or IL-13 activates STAT6 (Bonner, 2010). Our Western blotting data
showed that co-exposure of WT mice to HDM and MWCNT by intranasal
aspiration induced a significant increase in the phosphorylation of
STAT3, whereas HDM or MWCNTs alone did not increase STAT3
phosphorylation (Fig. 7). Moreover, STAT3 phosphorylation in Stat6 KO
mice was also increased by co-exposure to HDM and MWCNTs, albeit
not significantly, and was not significantly different from WT mice co-
exposed to HDM and MWCNTSs. In contrast to STAT3, which could
complement the actions of STAT6 in promoting allergic airway inflam-
mation, STAT1 is involved in Tyl immune responses and opposes the
Ty2 immune responses mediated via STAT6 (Bonner, 2010). For
example, we previously reported that Statl KO mice are susceptible to
OVA-induced lung inflammation and exacerbation of OVA-induced
airway fibrosis by MWCNTs (Thompson et al., 2015). In the present
study, we did not detect the phosphorylation of STAT1 in lung tissue
from either WT or Stat6 KO mice. However, our previous work with
Stat] KO mice clearly shows that STAT1 plays a protective role in the
exacerbation of allergic airway disease by MWCNTs, while the current
work shows that STAT6 promotes the exacerbation of allergic airway
disease by MWCNTs. Therefore, STAT1 and STAT6 play opposing roles
in the exacerbation of allergic lung disease in mice by MWCNTs.

5. Conclusions

The findings presented in this report support a role for STAT6 in the
exacerbation of HDM-induced allergic airway disease in mice by
MWCNTs. Stat6é KO mice were protected from allergic airway disease
induced by co-exposure to HDM and MWCNTs. The role of STAT6 in
promoting the exacerbation of allergen-induced lung disease in mice is
in direct opposition to the role of STATI1, since our previous work
showed that Statl KO mice were susceptible to allergic airway disease
induced by co-exposure to HDM and MWCNTSs. Therefore, the balance
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between STAT6 and STAT1 signaling is likely important in determining
the severity of exacerbations caused by nanoparticle exposure in in-
dividuals with asthma.
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