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ABSTRACT: The increasing use of multiwalled carbon nanotubes Muttwalled Carbor e ton o

HDM-MWCNT
‘allergen corona’

(MWCNTs) could increase the risk of allergic lung disease in
occupational or consumer settings. We previously reported that
MWCNTs exacerbated allergic lung disease in mice induced by 7%\ ~
extract from house dust mites (HDM), a common cause of asthma (HDM) Extract
in humans. Because MWCNTs avidly bind biomolecules to form
protein coronas that can modify immunotoxicity, we hypothesized
that exacerbation of allergic lung disease in mice caused by
coexposure to MWCNTs and HDM extract was due to the
formation of an allergen corona. In a first set of experiments,
male and female C57BL/6] mice were coexposed to MWCNTs and Pulmonary Delivery
HDM extract over 3 weeks compared to MWCNTs or HDM extract
alone. In a second set of experiments, mice were exposed to pristine
MWCNTs or MWCNTs with an HDM allergen corona (HDM-MWCNTs). HDM-MWCNTs were formed by incubating
MWCNTSs with HDM extract, where ~7% of proteins adsorbed to MWCNTs, including Der p 1 and Der p 2. At necropsy,
bronchoalveolar lavage fluid was collected from lungs to assess lactate dehydrogenase, total protein and inflammatory cells,
while lung tissue was used for histopathology, qPCR, and Western blotting. Compared to MWCNTs or HDM extract alone,
coexposure to MWCNTs and HDM extract or exposure to HDM-MWCNTs increased pathological outcomes associated with
allergic lung disease (eosinophilia, fibrosis, mucous cell metaplasia), increased mRNAs associated with fibrosis (Col1A1, Argl)
and enhanced STAT6 phosphorylation in lung tissue. These findings indicated that exacerbation of HDM-induced allergic
lung disease by MWCNTs is due to an allergen corona.

Lung Isolation ;

Iergic Lung Disease
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Multiwalled carbon nanotubes (MWCNTS) are a widely used mechanisms through which coexposures to nanoparticles and
engineered nanomaterial (ENM) that are produced by allergens amplify allergic lung disease in mice is highly relevant
chemical vapor deposition to form concentric cylinders of to the exacerbation of asthma in humans.

graphene.! Their durability, high tensile strength, flexibility, Allergic asthma is a major human health issue worldwide
adsorption capability, and lightweight provide potential uses in that is due to a combination of genetic susceptibility and the

a variety of applications, including catalysts, coatings, and
additives to composite materials.”” Because they can easily
become airborne, the primary target organs for toxicological
effects following exposure to MWCNTSs are the lungs.”” In
experimental animal models, inhaled MWCNTSs have been
associated with a variety of disease outcomes including Received:  June 13, 2024
pulmonary fibrosis, cancer, and asthma.”’ With regards to Revised:  August 26, 2024
asthma, we recently reported that pulmonary exposure to Accepted: August 29, 2024
MWCNTSs exacerbated house dust mite (HDM) extract- Published: September 11, 2024
induced allergic lung disease, including eosinophilia, airway

fibrosis and mucous cell metaplasia.” Elucidating the

host immune responses to a variety of environmental allergens
derived from pollen, mold, or invertebrates, including the

HDM Dermatophagoides pteronyssinus.”~'' The immunologic
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basis of asthma involves the uptake of inhaled allergens by
dendritic cells, which then present the antigens to naive T
lymphocytes thereby causing polarization to a Th2 lympho-
cyte.”'" Th2 lymphocytes then produce the Th2 cytokines
interleukin (IL)-4, IL-S, IL-9, and IL-13 that promote cellular
and pathological outcomes associated with asthma, including
eosinophilic lung inflammation, mucous cell metaplasia, airway
fibrosis and airway hyperresponsiveness.'”'”> While allergens
are a central cause of asthma, the inhalation of airborne
particles from natural (e.g., wildfire smoke) or anthropogenic
sources (e.g., diesel exhaust) exacerbate allergic asthma.'®"
More recently, the emergence of nanotechnology has
generated a variety of ENMs that have also been shown to
exacerbate allergic lung disease in experimental animal models
of asthma.'®"” The mechanisms through which ENMs, or any
other inhaled nanoparticle in the environment, exacerbate
allergen-induced lung disease in a coexposure scenario remains
unclear, but could involve a physical interaction between the
nanoparticle and the allergen.

The adsorption of various proteins to nanoparticles to form
a “biocorona” has become a well explored topic in the field of
nanotoxicology and has been extensively reviewed.'*™*> When
exposed to proteins in biological fluids (such as blood, plasma,
or interstitial fluid), a protein corona forms on nanoparticles,
modulating the cellular responses.””” For example, the
formation of a stable biocorona on carbon nanotubes using
bovine serum albumin (BSA) as the protein source altered II6
mRNA levels in rat endothelial cells and murine macrophages
in vitro.”>*” In addition to endogenous proteins, exogenous
proteins and other biomolecules in the environment adsorb to
nanoparticles to form a biocorona. For example, several types
of allergens, including those from the HDM extract (e.g., Der p
1), form a corona on gold (Au) nanoparticles.28 Moreover, in
that study the proteolytic activity of the Der p 1 was enhanced
when bound to the Au nanoparticles.”® We recently reported
that a variety of HDM extract proteins adsorb to MWCNTs
and the dominant corona protein was Der p 2, an allergen
strongly associated with allergic asthma.”” Other studies have
explored strategies using ENMs as allergen carriers in
immunotherapy against allergies.”””" However, to our knowl-
edge no studies have investigated the toxicological con-
sequences of pulmonary exposure to ENMs with allergen
coronas.

In this study, we aimed to explore the effects of MWCNTs
with a HDM allergen corona (HDM-MWCNTs) on the
pathogenesis of allergic airway disease in male and female
mice. We hypothesized that the allergen corona is a
mechanism through which MWCNTSs exacerbate HDM
extract-induced allergic lung disease in mice. Our findings
demonstrate HDM proteins, including Der p 1 and Der p 2,
adsorb to MWCNTs to form an allergen corona that
significantly enhances allergic lung disease in mice similar to
that seen with coexposure to MWCNTSs and HDM extract.
This work could have significant implications for human health
due to the increasing use of MWCNTSs and potential for
exposure in occupational settings. Moreover, the data suggest
that exposure scenarios where workers are coexposed
MWCNTs and allergens could lead to the exacerbation of
allergic asthma.

RESULTS

Pulmonary Coexposure to MWCNTs and HDM Extract
Synergistically Enhance Allergic Lung Inflammation in

Mice. The physicochemical characteristics of the MWCNTs
used in this study (NC7000 from Nanocyl, Inc.) were
previously characterized.*” Selected physicochemical character-
istics of NC7000 MWCNTSs are summarized in Table 1.

Table 1. Selected Physicochemical Characterization of
NC7000 MWCNTs”

physicochemical characteristic

amorphous carbon 4.68%

carbon” 92.05% (EDX); 97.8% (XPS)
oxygen 3.19% (EDX); 1.4 (XPS)
trace metals (ICP—MS) 4.43%

Al 0.54%

TE®

avg. diameter (TEM) 12 nm

length (TEM, SEM) 1350 nm

BET surface area 24 m?/g

pore volume 61 mL/g

“Adapted with permission from ref 32. Copyright 2020, Springer-
Nature. “Carbon measured by EDX (energy dispersive X-ray analysis)
or XPS (X-ray Photoelectron spectroscopy). “TE = transition
elements (Co and Fe).

Transmission electron microscopy (TEM) demonstrated
that these MWCNTs have a tangled morphology (Figure 1A).
Using the sensitization and challenge protocol illustrated in
Figure 1B, male and female C57BL/6 mice were exposed by
oropharyngeal aspiration (OPA) a total of 6 times over a
period of 3 weeks to the following treatments in 50 uL vehicle
each dosing session: Dulbecco’s phosphate buffered saline
(DPBS) solution as the vehicle control, 0.5 mg/kg of
MWCNTSs (12.5 ug), 0.02 mg/kg of HDM extract (0.5 ug),
or combination of MWCNTs and HDM extract. In this
experiment, the cumulative dose of MWCNTSs was 3 mg/kg
and the cumulative dose of HDM extract was 0.12 mg/kg. In
both male and female mice, coexposure to MWCNTs and
HDM extract significantly increased total protein, lactate
dehydrogenase (LDH) and total cell counts in BALF
compared to the vehicle control group (Figure 1C—E).
Photomicrographs of cytospin slides of BALF showed a
marked increase in lung inflammatory cells that were primarily
eosinophils (Figure 1F). Differential counting of BALF cells
from cytospin slides showed that coexposure to MWCNT's and
HDM extract significantly reduced the relative proportion of
macrophages (Figure 1G), and this was due primarily to a
marked increase in the numbers of eosinophils in both male
and female mice (Figure 1H). MWCNT exposure alone
produced a marginal yet significant increase in the number of
neutrophils in BALF in both sexes (Figure 1I). The absolute
numbers of macrophages, eosinophils, and neutrophils in each
treatment group from which the percentage of each cell type
was derived is shown in Figure SI1.

Coexposure to MWCNTs and HDM Extract Modulate
the Pathogenesis of Allergic Lung Disease in Mice. Lung
sections of male and female mice were prepared and stained
for histopathology. Lung sections were stained with hematox-
ylin and eosin (H&E) to assess inflammation in the lungs. The
relatively low dose of HDM extract used in this study did not
result in any significant increase in focal inflammation in either
male or females (Figure 2A). MWCNTs alone caused focal
inflammation in the alveolar region along with granuloma
formation (Figure 2A). Inflammation and granulomas were
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Figure 1. Cellularity and biomarkers of lung injury in BALF collected from mice exposed to HDM extract, MWCNTs or both. (A) TEM
image of NC7000 MWCNTs. (B) Illustration of the exposure protocol using oropharyngeal aspiration of MWCNT and/or HDM extract.
(C—E) Total protein, LDH and total cell counts in BALF. (F) Cytospin images from BALF showing eosinophilic inflammation after
coexposure to MWCNTs and HDM extract. Red arrows indicate macrophages with MWCNT inclusions. Black bars = 10 pm. (G-I)
Differential cell counts from cytospins showing macrophages, eosinophils, and neutrophils. **p < 0.01, ****p < 0.0001 compared to vehicle;
##p < 0.001, ¥ < 0.0001 compared to MWCNT; *p < 0.05, ¥%p < 0.01, ¥%%p < 0.001, ¥**%p < 0.0001 compared to HDM; ""p < 0.0001
compared to HDM + MWCNT; °p < 0.05, *p < 0.01, **p < 0.001 between sexes determined by two-way ANOVA with Tukey’s post hoc
analysis.
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Figure 2. Allergic lung disease in male and female mice exposed to HDM extract, MWCNTs or both. (A) Representative images of H&E-
stained lungs sections. Arrows indicate MWCNTSs. Black bars = 100 gm. (B) Inflammation scores derived from H&E-stained sections from
all animals. (C) Representative images of Masson’s trichrome-stained lung sections showing blue-stained collagen (arrowheads). Black
arrows indicate MWCNTs. Black bars = 100 gm. (D) Quantification of trichrome-positive airway collagen from all animals using area-
perimeter ratio method. (E) Representative images of AB-PAS -stained lung tissue sections showing purple PAS + mucins (arrowheads).

Arrows indicate MWCNTs. Black bars = 100 ym. (F) Morphometric
< 0.0001 compared to vehicle treatment; #p < 0.01, #p < 0.001, #

uantification of AB-PAS + airway mucin. *p < 0.0, **p < 0.01, *¥**%p
'p < 0.0001 when compared to MWCNT treatment; p < 0.05, **p <

0.01, ¥4 < 0.0001 when compared to HDM treatment as determined by two-way ANOVA with Tukey’s post hoc analysis.

further increased in the lungs of mice exposed to the
coexposures of MWCNTs and HDM extract (Figure 2A).
The inflammation score was increased in both male and female
mice treated with coexposure compared to MWCNTs alone,
HDM alone, or vehicle (Figure 2B). The evaluation of fibrosis
in the lungs of male and female mice was conducted using
Masson’s trichrome staining. Morphometric analysis of photo-
micrographs from trichrome-stained lung sections showed that
the coexposure of MWCNTs and HDM extract increased
airway fibrosis in the lungs of both male and female mice as

compared to MWCNTs alone, HDM alone, or vehicle (Figure
2C). Fibrosis was quantified by measuring the area-perimeter
ratio of trichrome-positive collagen around airways (Figure
2D). Photomicrographs of AB-PAS-stained lung sections
showed a marked increase in mucous cell metaplasia in the
airways of male and female mice after coexposure to HDM
extract and MWCNTs, but not any of the other treatment
groups (Figure 2E). Quantitative morphometry showed
significant increases in the percentage of AB-PAS positive
stained cells based on the area of respective airways in both

https://doi.org/10.1021/acsnano.4c07893
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Figure 3. qRT-PCR of cytokines and cell signaling mediators in the lungs of male and female mice exposed to MWCNTs with or without
HDM extract. (A) Arg-1 mRNA. (B) Collal mRNA. (C) Il6 mRNA.(D) Ccl11 mRNA. (E) 1113 mRNA. (F) I133 mRNA. #*p < 0.05, **p <
0.01, *#¥p < 0.001, **¥%p < 0.0001 compared to vehicle treatment; *p < 0.05, #p < 0.001, **p < 0.0001 when compared to MWCNT
treatment; “*p < 0.01, **%p < 0.001, ¥*%%p < 0.0001 when compared to HDM treatment; *p < 0.05 or **p < 0.01 when comparing sexes as

determined by two-way ANOVA with Tukey’s post hoc analysis.

male and female coexposure groups compared to the other
treatment groups (Figure 2F).

MWCNT and HDM Extract Coexposures Exacerbate
mRNA Expression of Pro-Inflammatory and Pro-Fibrotic
Mediators. Gene expression analysis via qRT-PCR revealed
significantly increased Arg-1 mRNA expression in male or
female mice coexposed to MWCNTs and HDM extract
(Figure 3A). Coexposure to MWCNTSs and HDM extract also
increased Collal mRNA, which encodes collagen proteins that
contribute to lung fibrosis (Figure 3B). Pro-inflammatory
cytokine mRNAs 116, Ccl11, 1113 and 1133 were also measured.
Coexposure to HDM extract and MWCNTSs significantly
increased 16 mRNA in male mice but not female mice (Figure
3C). Gene expression of Cclll, a primary eosinophil
chemokine, was significantly increased by coexposure to
HDM extract and MWCNTs in both male and female mice,

26219

yet no sex differences were observed (Figure 3D). Coexposure
to HDM extract and MWCNTs significantly increased I113
mRNA in female mice but not male mice (Figure 3E), whereas
coexposure did not significantly change 1133 mRNA (Figure
3F).

MWCNT and HDM Extract Coexposure Increases the
Phosphorylation of STAT6 in Lung Tissue. Lung protein
lysates were analyzed by Western blot analysis to measure
phosphorylated STAT6 and total STAT6 protein levels in mice
exposed to MWCNTSs, HDM extract, or a combination of both
(Figure 4). Western blots of 4 male or female mice for each
treatment group are shown in Figure 4A and semiquantitative
densitometry of the p-STAT6 signal from each group of mice
normalized to either total STAT6 or f-actin is shown in Figure
4B. The original uncropped Western blot data are shown in
Supporting Information Figure S2. Coexposures of HDM

https://doi.org/10.1021/acsnano.4c07893
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Figure 4. (A) Western blots of whole lung lysates from male and female mice exposed to vehicle, HDM extract, MWCNTSs, or both. Each lane
represents an individual animal. (B) Densitometry of p-STAT6 normalized against total STAT6 or f-Actin. **¥p < 0.001 compared to

vehicle treatment; #p < 0.001 compared to MWCNT treatment;

determined by two-way ANOVA with Tukey’s post hoc analysis.

&&&

<

0.001 compared to HDM treatment; *p < 0.01 comparing sexes as

extract and MWCNTs increased p-STAT6 compared to other
treatment groups (Figure 4A). Densitometric analysis showed
that male mice exhibited higher levels of p-STAT6 compared
to female mice when normalized to either total STAT6 or f-
actin (Figure 4B).

Key Allergenic Proteins Found in HDM Extract
Adsorb to the Surface of MWCNTs to form a HDM
Allergen Corona. To characterize the HDM-MWCNT
allergen corona, cell-free samples were prepared and evaluated
by BCA and Western blot analysis. Figure SA depicts the
process by which the HDM-MWCNTSs were formed, and
details are described in the Method section. We previously
reported the results of a proteomic analysis using liquid
chromatography with tandem mass spectrometry (LC—MS/
MS) to show the normalized abundance (% of total protein) of
the top 10 proteins identified in HDM extract and the HDM
corona formed on MWCNTs (HDM-MWCNTs).”” The same
lot number of HDM extract was used for proteomic analysis
and animal exposures. Figure SB shows the normalized
abundance (% of total protein) of the top 10 proteins
identified in HDM extract and the HDM-MWCNTs from the
proteomic analysis. The proteomic analysis identified both Der
p 1 and Der p 2 in the HDM-MWCNT corona and showed
that der p 2, but not Der p 1, was enriched (Figure SB). Total
protein quantification via BCA showed that approximately 7%
of original concentration of HDM extract was adsorbed on the
surface of the MWCNTs following incubation and rinsing
(Figure SC). Two well-known HDM proteins that are linked
to asthma in humans, Der p 1 and der p 2, were previously
identified in the HDM-MWCNTSs by proteomics™” and were
therefore measured and further quantified by Western blot
analysis (Figure SD,E). Compared to the initial concentration
of HDM extract, it was found that Der p 2 protein was
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significantly enriched upon the surface of MWCNTs (Figure
SD). Der p 1 was also identified as a corona protein but was
not enriched compared to the initial concentration in HDM
extract (Figure SE). Dynamic light scattering (DLS) was
performed to determine whether the HDM corona altered the
agglomeration and dispersion of MWCNTs in aqueous media
(DPBS). DLS showed that HDM-MWCNTSs had decreased
hydrodynamic diameter and polydispersity index (PDI)
compared to pristine MWCNTSs, but not to a significant
extent (Figure S3).

Pulmonary Exposure to HDM-MWCNT Allergen
Corona Mimics HDM Extract and MWCNT Coexposure
Treatment Responses in Mice. As illustrated in Figure 6A,
mice were exposed by OPA a total of 6 times over a period of 3
weeks to the following treatments in 50 uL vehicle for each
dosing session: DPBS solution as the vehicle control, 0.5 mg/
kg MWCNTSs (12.5 pug for males; 10 ug for females), or HDM-
MWCNTSs prepared by the incubation of MWCNTSs with
HDM extract described in Methods and Materials. Both male
and female mice had significantly higher total BALF protein
after exposure to the HDM-MWCNTSs compared to pristine
MWCNTs (Figure 6B). Female mice also had significantly
higher total BALF protein than male mice after exposure to
HDM-MWCNTs (Figure 6B). A significantly higher level of
LDH in the BALF of male mice was observed after exposure to
MWCNT's alone when compared to the vehicle treatment, yet
exposure to HDM-MWCNTs did not further increase LDH
levels compared to pristine MWCNTs (Figure 6C). Moreover,
female mice exposed to HDM-MWCNTSs had a significant
increase in LDH compared to control treatments and was also
significantly higher than male mice exposed to HDM-
MWCNTSs. Furthermore, both male and female mice exposed
to HDM-MWCNTSs had a significantly higher total BALF cell
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Figure 5. Characterization of the HDM-MWCNT allergen corona. (A) Schematic showing the preparation of MWCNT-HDM coronas (see
details in Methods). (B) Normalized abundance (% of total protein) of the top-10 proteins identified in HDM extract and the HDM corona
formed on MWCNTs (HDM-MWCNT) identified by proteomic analysis using liquid chromatography with tandem mass spectrometry (LC—
MS/MS). UC denotes uncharacterized protein. Adapted with permission from ref 29, Table S3. Copyright 2024, Royal Society of Chemistry.
(C) Total protein in HDM extract (HDM) or extracted from HDM-MWCNT corona with lysis buffer. (D,E) Western blots of Der p 2 and
Der p 1 extracted from HDM-MWCNTs along with densitometry from two replicates. **p < 0.01 between HDM extract and HDM-
MWCNTs.

count than either the MWCNT treatment group or the vehicle
control group, while treated female mice had significantly

the relative proportion of cell types showed that the percentage
of alveolar macrophages significantly decreased after exposure

higher cell counts than the male mice (Figure 6D). Cytospin
slide images of BALF cells revealed a marked increase in the
number of lung inflammatory cells after exposure to HDM-
MWCNTs (Figure 6E). Differential cell counting to quantify
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to the HDM-MWCNTs (Figure 6F) and this was due
primarily to an increase in the relative numbers of eosinophils
(Figure 6G). Neutrophil cell counts showed no differences
among treatment groups; however, there was a significant
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Figure 6. Cellularity analysis and biomarkers of lung injury in BALF collected from mice exposed to MWCNTs or HDM-MWCNTs. (A)
Schematic of the exposure protocol in mice using oropharyngeal aspiration (OPA) of MWCNTs or HDM-MWCNTs. (B—D) Total protein,
LDH and total cell counts in BALF. (E) Cytospin images from BALF from mice showing eosinophilic inflammation after exposure to HDM-
MWCNTSs. Red arrows indicate macrophages with MWCNT inclusions. Black bars = 10 gm. (F—H) BALF differential cell counts showing

HiHH

macrophages, eosinophils and neutrophils. *p < 0.05, ****p < 0.0001 compared to vehicle treatment; """p < 0.0001 when compared to
MWCNT treatment; “**"p < 0.0001 when compared to MWCNT-HDM corona treatment; “p <0.05 when comparing sexes as determined by
two-way ANOVA with Tukey’s post hoc analysis.
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Figure 7. Allergic lung disease in mice exposed to MWCNTs or HDM-MWCNTs. (A) Representative images of H&E-stained lungs sections.
Arrows indicate MWCNTs. Black bars = 100 gm. (B) Inflammation scores derived from H&E-stained lung sections from all animals. (C)
Representative images of Masson’s trichrome-stained lung sections showing blue-stained collagen (arrowheads). Black arrows indicate
MWCNTSs. Black bars = 100 gm. (D) Quantification of trichrome-positive airway collagen from all animals using area-perimeter ratio
method. (E) Representative images of AB-PAS- stained lung tissue sections showing purple PAS + mucins (arrowheads). Arrows indicate

MWCNTs. Black bars = 100 pgm. (F) Morg#hometric quantification of AB-PAS + airway mucin. *p < 0.0S, **p < 0.01, ¥**p < 0.001, **¥*p <

0.0001 compared to vehicle; #p < 0.01,
with Tukey’s post hoc analysis.

p < 0.0001 compared to MWCNT; °p < 0.05 comparing sexes as determined by two-way ANOVA

increase when comparing male mice to female mice after
HDM-MWCNT exposure (Figure 6H). The absolute numbers
of macrophages, eosinophils, and neutrophils in each treatment
group from which the percentage of each cell type was derived
is shown in Figure S4.

HDM-MWCNT Allergen Corona Mediates the Patho-
genesis of Allergic Lung Disease in Mice. Lung
histopathology sections from male and female mice were
prepared and stained with hematoxylin and eosin (H&E) to

26223

highlight inflammation in the lungs. Pristine MWCNTs or
HDM-MWCNTSs caused focal inflammation in the alveolar
region along with some granuloma formation, with HDM-
MWCNTs producing more severe pathology (Figure 7A).
Semiquantitative scoring of inflammation scoring on a scale of
1—5 showed that both male and female mice treated with
MWCNTs had a significant increase in lung inflammation that
was further increased by HDM-MWCNTs (Figure 7B). The
evaluation of fibrosis in the lungs of mice was conducted using
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Figure 8. qRT-PCR of cell signaling mediators in the lungs of male and female mice exposed to MWCNTs or HDM-MWCNTs. (A) Argl
mRNA. (B) Collal mRNA. (C) Il6 mRNA. (D) Cclll1 mRNA. (E) Il13 mRNA. (F) II133 mRNA. *p < 0.05, **p < 0.01, ***p < 0.001
compared to vehicle treatment; *p < 0.05, #p < 0.01, **p < 0.001 compared to MWCNT treatment as determined by two-way ANOVA with

Tukey’s post hoc analysis.

Masson’s trichrome staining followed by morphometry of
trichrome-positive airway collagen using the area-perimeter
ratio method. Photomicrographs of trichrome-stained lung
sections are shown in Figure 7C. Semiquantitative morphom-
etry using the area-perimeter method revealed that exposure to
HDM-MWCNTs increased airway fibrosis in the lungs of both
male and female mice as compared to pristine MWCNTSs or
vehicle (Figure 7D). Photomicrographs of AB-PAS-stained
lung sections showed a marked increase in mucous cell
metaplasia in the airways of male and female mice exposed to
HDM-MWCNTs, but not pristine MWCNTSs or vehicle
control (Figure 7E). Quantitative morphometry showed that
both male and female mice exposed to HDM-MWCNTSs had
greater airway mucin compared to pristne MWCNTSs or
vehicle (Figure 7F).

The HDM-MWCNT Allergen Corona Mediates Pro-
Fibrotic and Pro-Inflammatory Mediator Gene Expres-
sion. Lung lysates were collected from male and female mice
that were exposed to a vehicle solution, pristine MWCNTS, or
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MWCNT-HDMs. The level of Argl mRNA was not
significantly increased by pristine MWCNTs compared to
the vehicle control in either male or female mice. However,
Argl mRNA expression in male and female mice exposed to
HDM-MWCNTs was significantly increased by > 20-fold
(Figure 8A). Collal mRNA was also significantly increased in
the lungs of male and female mice exposed to the HDM-
MWCNTs (Figure 8B). In addition, mRNAs encoding the
pro-inflammatory mediators II6 and Cclll were significantly
increased after exposure to HDM-MWCNTs in lung tissue
from male and female mice, but not with pristine MWCNTs
(Figure 8C—D). HDM-MWCNTs significantly increased 1113
mRNA in female mice but not male mice (Figure 8E).
Additionally, HDM-MWCNTs increased 1133 mRNA in female
mice but not in male mice (Figure 8F).

The HDM-MWCNT Allergen Corona Increases the
Phosphorylation of STAT6 in the Lungs of Mice. Protein
samples were also collected from the lung lysates from male
and female mice after exposures to a vehicle control,
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Figure 9. (A) Western blots of p-STAT6, STAT6 and [3-actin in lung lysates from mice exposed to MWCNTs or HDM-MWCNTs. (B)
Quantitative densitometry of pSTAT6 normalized against total STAT6 or p-actin. *¥p < 0.01, ¥¥¥¥p < 0.0001 compared to vehicle; *p <
0.05, "p < 0.01, ¥ p < 0.0001 when compared to MWCNT treatment; “’p < 0.01 when comparing sexes as determined by two-way ANOVA

with Tukey’s post hoc analysis.

MWCNTs, or HDM-MWCNTs and evaluated by Western
blot analysis for phosphorylation of STAT6 relative to total
STAT6. Western blots from 4 male and 4 female mice
evaluated from each treatment group are shown in Figure 9A.
The original uncropped Western blots are shown in Figure SS.
HDM-MWCNTs increased p-STAT6 in lung tissue from both
male and female mice whereas pristine MWCNTSs did not
(Figure 9A). Semiquantitative densitometry confirmed that
HDM-MWCNTs caused a significant increase in p-STAT6
protein compared to a vehicle or pristine MWCNTSs in female
mice when normalized to total STAT6 or f-actin. Male mice
also had elevated p-STAT® after exposure to HDM-MWCNTs
when normalized to f-actin and was nearly significant (p =
0.06) when normalized to total STAT6 (Figure 9B).

DISCUSSION

We previously reported that the allergic lung response to
relatively low doses of HDM extract is highly amplified by
coexposure to MWCNTs in male C57BL6 mice.® The allergic
lung response was characterized by eosinophilic lung
inflammation, airway fibrosis and mucous cell metaplasia. In
the present study, we first confirmed that coexposure to
MWCNTs and HDM extract synergistically increased
eosinophilic lung inflammation compared to MWCNTSs or
HDM extract alone in both male and female mice. However,
the underlying mechanism through which MWCNTs
exacerbated HDM extract-induced allergic lung disease
remained unknown. Recently, we demonstrated that a variety
of HDM proteins adsorb to MWCNTSs to form an allergen
corona and Der p 2 was identified as a dominant protein that
was enriched in the allergen corona.”” In the current study, we
discovered that all aspects of allergic lung disease, including
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eosinophilia, airway fibrosis and mucous cell metaplasia, were
significantly enhanced by HDM-MWCNTs compared to
pristine MWCNTs. Therefore, our findings demonstrate that
the allergen corona is a key mechanism through which
MWCNTSs exacerbate HDM extract-induced allergic lung
disease in mice. To our knowledge, the current study is the
only report assessing the pathological consequences of a
nanoparticle-HDM allergen corona delivered to the lungs of
mice.

The enhanced allergic lung inflammatory response to
MWCNTSs with HDM corona in mice was almost as robust
as that achieved with coexposure to HDM extract and
MWCNTSs, even though only a small fraction of the HDM
extract protein (~7%) adsorbed to MWCNTs to form a
corona. We previously reported that Der p 2 is enriched on the
surface of HDM-MWCNTs as part of the allergen corona.””
For example, Der p 2 comprised ~25% of the total protein in
HDM extract yet made up ~52% of the total protein in the
HDM-MWCNTs (Figure SB). This finding has important
implications for allergic airway disease since Der p 2 is the
major human allergen in HDM extract that is linked to the
pathogenesis of asthma.” Studies with mice also support a role
for Der p 2 as a causative agent of HDM extract that produces
pathological outcomes of allergic lung disease. For example,
the intratracheal instillation of Der p 2 into the lungs of mice
produced eosinophilic inflammation, mucous cell metaplasia
and airway fibrosis.”* All of these pathological outcomes were
observed in the present study after oropharyngeal aspiration of
HDM-MWCNTSs or coexposure to HDM extract and
MWCNTSs. Moreover, der p 2-derived peptide immunotherapy
abrogates asthma-related features in mice exposed to HDM
extract.” These findings support Der p 2 as a major allergen in
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HDM extract that mediates allergic lung disease. The reason
for enrichment of Der p 2 in HDM-MWCNTs is unknown but
could be due, at least in part, to the hydrophobicity of
MWCNTSs. We previously reported that the MWCNTS used in
this study have a negative zeta potential in aqueous media.’”
Hydrophobicity has been linked to negative zeta potential and
is a major factor that mediates cellular uptake of pristine
MWCNTS.*® Der p 2 also binds to hydrophobic molecules.
For example, Der p 2 has been identified as a major cholesterol
binding protein.”” Der p 1 is another major human allergen in
HDM extract yet was identified in the HDM-MWCNT
allergen corona at relatively low abundance.” In the present
study, we were able to demonstrate both Der p 1 and Der p 2
in the HDM-MWCNTSs by Western blot analysis. It is
noteworthy that we used the same source and lot number of
HDM extract as described previously.”” This is an important
issue, since the pathologic and physiologic response to HDM
extract exposure in mice is dependent on lot characteristics.’®
While Der p 2 is likely the most important HDM allergen
identified in the HDM-MWCNTs, other proteins that we
previously identified by proteomic analysis such as der p 30
(ferritin), der p 36 (C2 domain containing protein), and Der p
1 (cysteine protease), could be contributory allergic lung
disease.

The mechanism through which HDM-MWCNTs amplify
allergic lung disease in mice remains to be elucidated. As
mentioned above, Der p 2 was previously identified as the most
abundant HDM protein in the allergen corona and this may
provide an explanation for the increased inflammatory
responses in mice exposed to the HDM-MWCNTs.”” Der p
2 is a functional mimic of the toll-like receptor 4 (TLR4)
cofactor MD-2 that drives lung conventional DC activation
and airway inflammation.”” TLR4 is a highly conserved
receptor found on macrophages, monocytes, endothelial cells,
and monocyte-derived dendritic cells that recognizes patho-
gen-associated molecular patterns (PAMPs), such as LPS.**~*
Moreover, low doses of LPS have been shown to enhance Th2
responses and allergic airway inflammation via TLR4 in mice
after intranasal ovalbumin administration.*> Both Der p 1 and
Der p 2 have previously been reported to bind to the endocytic
receptor, promoting endocytosis of the allergen.”* TLR4 is
unique among other toll-like receptors due to its ability to
activate signaling from the cell—surface as well as intracellularly
due to functional TRAM-TRIF signaling following endocytosis
of the receptor.**® This could be a potential mechanism of
action, where HDM-MWCNT's are taken up by macrophages
and the engulfed MWCNTSs could interact with TLR4
intracellularly. LPS is a ubiquitous contaminant in many
types of biomaterials and has been found to bind to the surface
of nanoparticles.””~° Relevant to the current study, LPS is a
constituent of HDM extract and therefore macrophages could
interact directly with MWCNT-bound LPS via cell-surface
TLR4.

Another potential mechanism through which HDM-
MWCNTs could exacerbate allergic lung disease is lysosomal
membrane permeabilization (LMP) after phagocytosis and
compartmentalization of the HDM-MWCNTs within lyso-
somes. LMP is the loss of membrane integrity, which allows
the release of luminal contents of the lysosome into the
cytosol.”" Lysosomes also act as signaling hubs in apoptosis
and in different forms of regulated necrosis; these play a critical
role in cellular responses to nanoparticles.sz’53 For example,
exposure to carbon black nanoparticles induced cathepsin B-

dependent pyroptosis with LMP in alveolar and RAW264.7
macrophages.”®> It has also been suggested that distinct
cathepsins control necrotic cell death mediated by pyroptosis
inducers and lysosome destabilizing agents.”® It should be
noted that the intrinsic property of the MWCNT may
influence LMP. Rigidity, which is described as the ability of
an MWCNT to resist deformation, may refute the idea that
NC7000 MWCNTs used in the present study can elicit the
same effect as long and rod-like MWCNTSs on lysosomal-
dependent inflammation. For example, previous studies found
that long and rigid MWCNTSs (NM401) triggered pyroptosis
in macrophages with gasdermin D-dependent IL-1/ secretion,
as compared to tangled MWCNTs (NM400 and NM402) that
are more similar to the tangled NC7000 MWCNTs used in the
present study.’” Similarly, it was found that while both tangled
and rod-like MWCNTs both trigger acute inflammation, only
rod-like MWCNTs caused frustrated phagocytosis by macro-
phages and chronic inflammation in mice.”” It is argued that
the strong toxicity of these rod-like MWCNTSs could be due to
cellular “piercing”, in which MWCNT-containing phago-
lysosomes (i.e., frustrated phagocytosis) result in physical
damage to cell membranes.”® LMP has also been shown to
trigger activation of the NLRP3 inflammasome, where the
assembled inflaimmasome complex within the cytoplasm
generates active caspase-1 to cleave pro-IL-1 and pro-IL-18
to mature forms that stimulate pyroptosis, resulting in
inflammation.””®" Additionally, NLRP3 downre§u1ation has
also been found to inhibit phagocytosis in vitro.' However,
our previous work with tangled MWCNTSs suggests that the
NLRP3 inflammasome and consequent IL-1f release by
macrophages would not likely play a role in the exacerbation
of allergic lung disease observed in the present study, since pre-
exposure of mice to HDM extract suppressed MWCNT-
induced IL-1 in BALF.°”> Further study is needed to
determine whether HDM-MWCNTSs trigger LMP more
effectively than pristine MWCNTs.

Regarding allergic lung disease, it is important to make the
distinction between tangled and rigid MWCNTSs. The NC7000
MWCNTs used in the present study are tangled and alone did
not produce an asthma-like phenotype when delivered to the
lungs of mice by oropharyngeal aspiration, yet these MWCNTs
strongly exacerbated allergic lung disease induced by HDM
extract. This is consistent with other tangled MWCNTs that
have been reported to exacerbate allergen-induced lung
inflammation and fibrosis.”> Also, as demonstrated in the
present study, tangled MWCNTs produce neutrophilic
inflammation in the lungs of mice yet exacerbate eosinophilic
lung inflammation initiated by allergen exposure. In contrast,
rigid MWCNTSs (most notably Mitsui-7) produce an asthma-
like phenotype in the lungs of mice, includin% mucous cell
metaplasia, in the absence of any allergen.””** However,
tangled MWCNTSs such as NC7000 are representative of
products currently on the market that are being sold in bulk
quantities, whereas rigid MWCNTs are either are being phased
out due to their carcinogenic potential or are no longer in
production.

Lastly, as we previously found, Der p 2 is the most abundant
protein from HDM extract that was adsorbed to MWCNTs.”
As a lipid-binding family protein,”® Der p 2 was found to
preferentially bind to cholesterol in a dose-dependent
manner.*® Lipid cargo of other lipid binding allergens, like
the potential cholesterol bound to der p 2, have been found to
affect allergenicity via the suppression or exacerbation of host
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Th2 responses.””~* Cholesterol itself has been shown to
enhance allergic responses in sensitized individuals, with
increases in IgE, reduction in Thl cytokines, and promotion
of Th2 cytokine production.”””" It is possible that native Der p
2 could contain bound cholesterol that originates from the
dietary sources of D. pteronyssinus or inhaled Der p 2 may
interact with extracellular murine cholesterol and promote
allergic responses. Further studies may provide clarity on the
potential involvement of Der p 2 in the allergen corona as a
lipid-binding protein that may exacerbate inhaled MWCNT
responses.

An important aspect of the current study was the evaluation
of potential sex differences in the exacerbation of HDM
extract-induced lung disease by MWCNTSs. There were no
significant differences in pathological outcomes between sexes
(inflammation scores, mucous cell metaplasia, airway fibrosis).
However, female mice had higher numbers of total BALF cells
after coexposure to HDM extract and MWCNTSs or HDM-
MWCNTs and this was due to higher absolute numbers of
eosinophils in BALF after coexposure to MWCNTs and HDM
extract or after exposure to HDM-MWCNTSs. Moreover,
female mice exhibited higher levels of LDH and total protein in
BALF after exposure to HDM-MWCNTSs but not after
coexposure to HDM extract and MWCNTs. Female mice
also had a significantly higher level of I113 mRNA compared to
male mice after coexposure to HDM extract and MWCNTs,
although we did not observe a significant difference in I/13
mRNA expression between sexes after exposure to HDM-
MWCNTs. IL-13 is a central mediator of allergic asthma that
activates the STAT6 pathway to cause eosinophilic inflamma-
tion and mucous cell metaplasia.”””* Overall, the data in the
present study suggests that female mice could be more
susceptible than males in terms of cellular inflammatory
responses to HDM extract and MWCNTs or HDM-
MWCNTSs. We previously reported that male C57BL6 mice,
the same strain used in current study, were more susceptible to
lung inflammation induced by oropharyngeal aspiration of
nickel nanoparticles and LPS.”* Others have reported that
allergic airway lung inflammation was higher in female mice
than male mice upon exposure to OVA sensitization and
challenge, due to higher eosinophilic count, OVA-specific IgE,
and production of Th2 cytokines, while having lower
percentages of regulatory CD4(+)/CD25(+) T cells than
males.”® Another study concluded that airway inflammation
was greater in female mice than males in response to OVA and
IL-33 exposure, which is a well-known marker for a Th2
microenvironment.”® IL-33 has been shown to amplify IL-13-
induced M2a phenotype development and eotaxin 2 (CCL24)
production in vitro and MWCNT's were demonstrated to also
induce greater eosinophil recruitment in female mice upon
both IL-33 and IL-13 signaling.””~* We did not observe any
major changes in II33 mRNA expression in either male or
female mice after coexposure to HDM extract and MWCNTs
or exposure to HDM-MWCNTs in the present study.

The occupational and commercial exposures of MWCNTs
have yet to be determined to exacerbate asthma in humans.
While our findings do support the exacerbation of allergic lung
disease in mice, a lack of epidemiological data hinder the
potential reflection of these findings in real world applications.
Humans are exposed to MWCNTs through inhalation and
dermal exposure, and potentially through contaminated food
and water.®’ It has also been reported that about 35% of
patients with allergic diseases are sensitized to HDM.*” In

occupational settings, it has been reported that concentrations
of 1050 ug/m® of MWCNTs were found during secondary
manufacturing processes such as packaging and bagging of
them, while also being detected in the air of manufacturing
plants ranging from 0.002 to 24.9 ug/m>.**** Moreover, a
cross-sectional study of 12 U.S. facilities producing carbon
nanotubes and nanofibers (CNT/F) showed that 18% of
participants had CNT/F in induced sputum and respiratory
allergy development was positively associated with inhalable
elemental carbon and number of years worked.*> Exposure to
HDM allergens can also occur in the workplace. Matuka and
colleagues reported that the percentage sensitization among
workers referred to the National Institute for Occupational
Health (NIOH) Occupational Allergy clinic in South Africa
was 41.6% for D. farinae and 33.8% for D. pteronyssinus.*°
Moreover, 19% of patients who reported work-related sickness
tested positive for HDM allergens, suggesting that workplace
sensitization is plausible. To our knowledge there are no
reports of coexposures to MWCNTs and HDM in the
workplace, although it is likely that such coexposures occur.
Further epidemiological studies should provide clarity on the
significance of MWCNTSs in exacerbating allergic asthma in
humans.

CONCLUSION

The current study explored the mechanism through which
MWCNTSs exacerbate HDM extract-induced allergic lung
disease in mice. We discovered that the HDM-MWCNT
allergen corona mediates the exacerbation of HDM-induced
allergic lung disease by MWCNTs in a coexposure scenario.
Our findings demonstrated that even in trace amounts,
allergenic proteins from HDM extract (e.g,, der p 2) adsorb
on the surface of MWCNTSs forming an allergen corona that
amplifies biochemical, cellular and pathological aspects of
allergic lung disease (STAT6 activation, induction of pro-
inflammatory cytokines, eosinophilic inflammation, airway
fibrosis, and mucous cell metaplasia). The increasing use of
MWCNTSs could increase the risk of occupational or consumer
exposures, including the exacerbation of allergic asthma in
environments where individuals are coexposed to nanomateri-
als and allergens.

MATERIALS AND METHODS

House Dust Mite Extract. HDM extract from D. pteronyssinus
was purchased from Greer Laboratories Inc. (Lenoir, NC).
Lyophilized HDM extract was dissolved in DPBS to achieve a stock
total HDM extract protein concentration of 1 mg/mL, with a total
yield of 4.57 mg, as measured by Bradford assay. The HDM extract
[item #XPB91D3A2.S; lot #390991] contained 1610 endotoxin units,
measured by amoebocyte lysate test, according to the manufacturer.
Stock solution was further diluted in DPBS to achieve the necessary
working concentrations for dosing.

Multiwalled Carbon Nanotubes. NC7000 MWCNTs were
purchased from Nanocyl, Inc. (Sambreville, Belgium). We previously
performed a thorough physicochemical characterization of these
MWCNTSs.>* The physicochemical characteristics of the MWCNTs
from this previous analysis are summarized in Table 1 and a TEM
image is shown in Figure SI. MWCNTs were suspended in DPBS
(Sigma, St. Louis, MO) to achieve a stock concentration of 3.3 mg/
mL. Prepared stock of MWCNTSs suspension was sonicated in a cup
horn sonicator (QS00, Qsonica, Newtown, CT) for 10 min at 60 A.
Stock solution was further diluted with DPBS to achieve the necessary
working conditions for dosing. The dosing strategy for delivering
MWCNTs to the lungs of mice by oropharyngeal aspiration in the
absence or presence of HDM extract is illustrated in Figure 1.
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Dynamic light scattering (DLS; Zetasizer, Malvern Instruments,
Worcestershire, England) was used to measure the hydrodynamic
diameter and polydispersity index of MWCNTs (500 mg/mL in
0.01X PBS in water) and HDM-MWCNT protein coronas (500 mg/
mL of HDM incubated with 500 mg/mL MWCNT in 0.01X PBS in
water). Measurements were carried out in triplicate with three distinct
samples. Average and standard deviation are reported for all
measurements. The DLS results are shown in Figure S3.

Preparation and Characterization of HDM-MWCNT Aller-
gen Corona Samples. Concentrations of 10 yg/mL MWCNTSs and
1.84 pg/mL HDM extract were incubated in DPBS on an Aliquot
Mixer (Ames model #4651) in 10 mL collection tubes for 30 min.
Following rocking, samples were vortexed for 10 s at highest speed
and centrifuged at 12,000 rpm for 20 min. Supernatant was replaced
with equal volume of DPBS. The pellets were vortexed for 10 s at
highest speed and centrifuged at 12,000 rpm for 20 min. The cycle
was completed for a total of 3 times. The pristine MWCNTs used as a
comparison to the HDM-MWCNTSs went through the same washing
and resuspension protocol after centrifugation. The final samples were
resuspended in S0 yL of DPBS for dosing mice. We previously
conducted a thorough proteomic analysis of the HDM-MWCNT
corona proteins using liquid chromatography with tandem mass
spectrometry (LC—MS/MS) to identify proteins in HDM extract and
the HDM corona formed on MWCNTs (HDM-MWCNTs).>’
Moreover, the same lot of HDM extract that was used in our
previous proteomic analysis was used in the present study. The
normalized abundance (% of total protein) of top 10 proteins in
HDM extract and in the HDM-MWCNT corona from this analysis
are shown in Figure SB.

Analysis of Total Protein and der p Allergens in HDM-
MWCNT Coronas. HDM-MWCNTSs were prepared as described
above, with concentrations of 1.84 ug/mL of HDM extract and 10
pg/mL of MWCNTs. After the final centrifugation step, samples were
resuspended in 1 mL of lysis buffer (20 mM Tris—HCI, 150 mM
NaCl, 1 mM EDTA, 1 mM EGTA, 1% triton X-100, 1 mM Na;VO,,
1X halt protease inhibitor cocktail, in DPBS). The resulting mixture
was centrifuged at 2000 rpm for S min. The resulting supernatant was
removed from the pelleted MWCNTs. 1.84 ug/mL of HDM extract
was diluted in lysis buffer for HDM-alone positive control. The
protein concentration of the supernatant and HDM positive control
was determined using the Pierce BCA Protein Assay Kit (Thermo-
Fisher Scientific, Waltham, MA). Absorbance was read at 450 nm with
a correction at 540 nm using the Multiskan EX microplate
spectrophotometer (ThermoFisher, Waltham, MA). Samples were
loaded onto a Criterion TGX stain-free precast 4—15% SDS-PAGE
gel (Bio-Rad Laboratories Inc.,, Hercules, CA), and separated by
electrophoresis and transferred onto PVDF membranes. Membranes
were blocked for 1 h and incubated overnight in 1:1000 dilution of
primary antibodies purchased from RayBiotech (Norcross, GA) der
P1, #130-10,020 and antibodies-online.com (Limerick, PA) (der P2,
#ABIN7141165). Following primary antibody incubation, transferred
membranes were washed and incubated in 1:2500 dilution (Cell
Signaling Technology, Danvers, MA) with horseradish peroxidase-
conjugated secondary antirabbit antibody. Enhanced chemilumines-
cence (ECL) Prime Western Blotting Detection Reagent (Cytiva,
Marlborough, MA) was used to facilitate HRP-induced chemilumi-
nescence according to the manufacturer’s instructions. Resulting
signals were captured using Amersham Imager 680 (GE Life Sciences,
Marlborough, MA) and semiquantitative densitometry was performed
using ImageQuant software (GE Life Sciences, Marlborough, MA).

Animal Care. Wildtype (WT) male and female CS7BL/6] mice
(8-10 weeks) were purchased from The Jackson Laboratory (Bar
Harbor, ME). Mice were housed in an AAALAC (association for
assessment and accreditation of Laboratory Animal Care) accredited
animal facility, which was humidity/temperature controlled, patho-
gen-free, and supplied with food and water ad libitum. All animal
procedures were approved by the NC State University Institutional
Animal Care and Committee (IACUC). Mice were housed S per cage
according to their respective treatment groups and sex—vehicle

control, MWCNTs, HDM extract, MWCNTs + HDM extract, and
MWCNT-HDM allergen corona.

Exposure of Mice to MWCNTs and HDM Extract. Mice were
exposed by oropharyngeal aspiration (OPA) to 50 uL of the following
treatments: vehicle solution control, MWCNTs, HDM extract, both,
or by MWCNT-HDM allergen corona. Dosing strategy included
exposure strategies in both the sensitization phase (days 1, 3, and 5)
and the challenge phase (days 15, 17, and 19). All treatments were
prepared in a DPBS (Sigma) vehicle solution and were vortexed
immediately before delivery to mice by oropharyngeal aspiration
(OPA) under isoflurane anesthesia. For the first experiment using
MWCNTs in the presence or absence of HDM extract, male and
female WT mice were exposed to vehicle or 0.02 mg/kg body weight
of HDM per dosing session (0.4 ug/female mouse; 0.5 ug/male
mouse) with or without 0.5 mg/kg body weight of MWCNTs (10 pg/
female mouse; 12.5 pg/male mouse). In the second experiment
introducing the MWCNT-HDM allergen corona, male and female
WT mice were exposed to vehicle or 0.5 mg/kg body weight (10 ug/
female mouse; 12.5 pug/male mouse) MWCNTSs with or without
0.092 mg/kg body weight (1.84 ug/female mouse; 2.3 pg/male
mouse) of HDM extract per dosing session.

Necropsy and Sample Collection. Necropsy was performed on
day 22 following euthanization with an intraperitoneal injection of
pentobarbital. Bronchoalveolar lavage fluid (BALF) was collected
from each mouse by cannulating the trachea and conducting lavages
of the lungs with 0.5 mL of chilled DPBS two times. 100 yL of the
BALF was collected for differential cell counts and 10 uL was
collected for total BALF cell counts. The remaining BALF was
centrifuged at 2000 rpm for S min and the resulting supernatant was
transferred to a separate set of tubes and utilized for analysis of
protein, LDH, and cytokines/chemokines. The cell pellet was
resuspended in 200 uL DPBS and used to analyze inflammatory
cells. For histopathology, the left lung lobe was fixed in neutral
buffered formalin (VWR, Radnor, PA) for 24 h, then transferred to
70% ethanol for a week before being embedded in paraffin. For
mRNA analysis, a right superior lung lobe was stored in RNAlater
(Fisher Scientific, Waltham, MA) and stored at —80 °C. For protein
analysis, the right medial and inferior lung lobes were snap frozen in
liquid nitrogen and stored at —80 °C.

BALF Inflammatory Cell Counts. Total BALF cell counts were
performed using a hemocytometer. For differential cell counts, 100 uL
of BALF was centrifuged onto glass slides using a Cytospin 4
centrifuge (ThermoFisher, Waltham, MA) and the slides were then
fixed and stained with the Diff-Quik stain set (Epredia, Kalamazoo,
MI). Cell differentials were quantified by counting up to S00 cells per
slide using an Olympus light microscope BX41 (Center Valley, PA) to
determine relative numbers of macrophages, neutrophils, eosinophils,
and lymphocytes. Data was presented as a proportion of total cells on
slide.

Cytokine Analysis in BALF. DuoSet enzyme-linked immuno-
sorbent assay (ELISA) kits (R&D Systems, Minneapolis, MN) were
used according to the manufacturer’s protocol to quantify protein
levels of cytokines C-X-C motif chemokine ligand 2 (CXCL2),
interleukin 1 beta (IL-1/3), interleukin 33 (IL-33), and tumor necrosis
factor alpha (TNF-a) from BALF. Concentrations of cytokines were
resulting from the absorbance values measured at 450 nm with a
background correction at 540 nm using the Multiskan EX microplate
spectrophotometer (ThermoFisher, Waltham, MA). Standard curves
were used to derive cytokine concentrations based on the
manufacturer’s protocol (GraphPad Prism, version 10.0, La Jolla,
CA).

Cytotoxicity and Total Protein in BALF. LDH activity in BALF
was assayed as an indicator for pulmonary cytotoxicity with the
“pierce LDH Cytotoxicity Assay Kit” (ThermoFisher, Waltham, MA),
according to the manufacturer’s instructions. Absorbance values were
measured at 450 nm using a Multiskan EX microplate spectropho-
tometer (ThermoFisher). Total protein concentration in BALF was
determined using the “Pierce BCA Protein Assay Kit” (Thermo-
Fisher), according to the manufacturer’s instructions.
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RT-PCR. The right superior lungs were frozen and stored in
RNAlater (Fisher Scientific, Waltham, MA). Frozen lung samples
were thawed to 4 °C. Thawed lung samples were moved to 1.5 mL
centrifugation tubes containing RNA lysis buffer (Zymo Research,
Irvine, CA). Two 35 mm stainless steel beads were inserted into each
1.5 mL collection tube containing lung sample and RNA lysis buffer
to facilitate tissue homogenization. Mini Bead Mill Homogenizer
(VWR International) was used with a speed setting of 4 for 1 min.
The resulting mixture was centrifuged at 5000 rpm for S min. Applied
Biosystems high-capacity cDNA reverse transcription kit (Thermo-
Fisher Scientific, Waltham, MA) was used to create cDNA from the
mRNA isolated from the right lung lobe using Quick-RNA MiniPrep
(Zymo Research, Irvine, CA) according to the manufacturer’s
instructions. The FastStart Universal Probe Master (Rox) (Roche,
Basel, Switzerland) was used to run Tagman qPCR on the Applied
Biosystems QuantStudio3 Real-Time PCR System Thermal Cycling
Block (ABI, Foster City, CA) to determine the comparative Cr
(AAC) fold change expression of specific mRNAs (Collal, Argl, IL-
6, Ccl-11) normalized to B2M as the endogenous control.

Immunoblotting. Snap-frozen right lung lobe samples were
transferred to 1.5 mL centrifugation tubes containing lysis buffer (20
mM Tris—HC], 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1%
triton X-100, 1 mM Na;VO,, 1 X halt protease inhibitor cocktail, in
DPBS). Two 35 mm stainless steel beads were inserted into each 1.5
mL centrifugation tube containing right lung sample and lysis buffer
to assist tissue homogenization. Mini Bead Mill Homogenizer (VWR
International) was used with a speed setting of 4 for 1 min. The
resulting lysate was spun down at 2000 rpm for 5 min. The protein
concentration of the supernatant was determined using the Pierce
BCA Protein Assay Kit (ThermoFisher Scientific, Waltham, MA).
Absorbance was read at 450 nm with a correction at 540 nm using the
Multiskan EX microplate spectrophotometer (ThermoFisher, Wal-
tham, MA). Samples were loaded onto a Criterion TGX stain-free
precast 4—15% SDS-PAGE gel (Bio-Rad Laboratories Inc., Hercules,
CA), and separated by electrophoresis and transferred onto PVDF
membranes. Membranes were blocked for 1 h and incubated
overnight in 1:1000 dilution of rabbit or mouse primary antibodies
purchased from Cell Signaling Technology (phosphorylated STAT6
at Tyr640, #56554S; STAT6, #5397S; and f-actin, #4967L).
Following primary antibody incubation, transferred membranes
were washed and incubated in 1:2500 dilution (Cell Signaling
Technology, Danvers, MA) with horseradish peroxidase-conjugated
secondary antirabbit antibody. Enhanced chemiluminescence (ECL)
Prime Western Blotting Detection Reagent (Cytiva, Marlborough,
MA) was used to facilitate HRP-induced chemiluminescence
according to the manufacturer’s instructions. Resulting signals were
captured using Amersham Imager 680 (GE Life Sciences, Marl-
borough, MA) and semiquantitative densitometry was performed
using ImageQuant software (GE Life Sciences, Marlborough, MA).

Histopathology. The left lung was cut into three cross sections,
which were embedded in paraffin, and S ym histologic sections were
mounted on charged glass slides. Sections were stained with the
following: Hematoxylin and eosin (H&E) to assess pro-inflammatory
tissue reactions, Masson’s trichrome for collagen deposition, and
Alcian blue/periodic acid-Schiff (AB/PAS) for mucus production.

Quantitative Scoring of Airway Inflammation. Microscope
slides with lung tissue sections stained with hematoxylin and eosin
were evaluated for inflammation using a 4X objective (inflammatory
cells and thickness of the alveolar walls). Inflammation scores 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.

Quantitative Morphometry of Airway Fibrosis and Mucous
Cell Metaplasia. Airway fibrosis, based on Gomori’s trichrome-
stained slides, was assessed by measuring thickness of the collagen
layer, surrounding the airways, using an area/perimeter ratio method,
as described previously.*”*”> Approximately 10 airways per lung cross
sections per mouse (3 cross sections per mouse, resulting in a total of

26229

30 photomicrographs per mouse) that fit to our criteria (circular
airways that fit in the field of view) were photographed at 100X
magnification using an Olympus BX41 light microscope (Center
Valley, PA). To determine the area/perimeter ratio, round to oval
shaped airways under 500 X 500 ym (H X W) were imaged at 100 X.
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. Mucous
cell metaplasia and airway mucus production assessed by imaging all
airways under approximately S00 X S00 ym (H X W) in each AB/
PAS-stained sample and quantifying the area of positive staining in
Image] (National Institutes of Health) as a percent area.

Statistical Analysis. One-way ANOVA with Tukey’s post hoc test
or Student’s t-test was used to evaluate differences between treatment
groups (GraphPad Prism, version 10.0, La Jolla, CA). Two-way
ANOVA with a Tukey’s post hoc test was utilized to evaluate
differences among treatment and sex groups. All data represent the
mean + SEM of five animal replicates.
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ABBREVIATIONS

MWCNT multiwalled carbon nanotubes
HDM house dust mite
HDM-MWCNT MWCNTs with HDM corona
BALF bronchoalveolar lavage fluid
LDH lactate dehydrogenase

ENM engineered nanomaterial
CCL11 eotaxin-1

IL-6 interleukin-6

ARG-1 arginase-1

NF«xB nuclear factor kB

OPA oropharyngeal aspiration
STAT-6 signal transducer and activator of tran-

scription 6
TLR4 toll-like receptor 4
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