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Abstract

Background: With the increase in production and use of engineered nanoparticles (NP; < 100 nm), safety concerns
have risen about the potential health effects of occupational or environmental NP exposure. Results of animal
toxicology studies suggest that inhalation of NP may cause pulmonary injury with subsequent acute or chronic
inflammation. People with chronic respiratory diseases like asthma or allergic rhinitis may be even more susceptible
to toxic effects of inhaled NP. Few studies, however, have investigated adverse effects of inhaled NP that may
enhance the development of allergic airway disease.

Methods: We investigated the potential of polyethylene glycol coated amorphous silica NP (SNP; 90 nm diameter)
to promote allergic airway disease when co-exposed during sensitization with an allergen. BALB/c mice were
sensitized by intranasal instillation with 0.02% ovalbumin (OVA,; allergen) or saline (control), and co-exposed to 0O, 10,
100, or 400 ug of SNP. OVA-sensitized mice were then challenged intranasally with 0.5% OVA 14 and 15 days after
sensitization, and all animals were sacrificed a day after the last OVA challenge. Blood and bronchoalveolar lavage
fluid (BALF) were collected, and pulmonary tissue was processed for histopathology and biochemical and molecular
analyses.

Results: Co-exposure to SNP during OVA sensitization caused a dose-dependent enhancement of allergic airway
disease upon challenge with OVA alone. This adjuvant-like effect was manifested by significantly greater OVA-specific
serum IgE, airway eosinophil infiltration, mucous cell metaplasia, and Th2 and Th17 cytokine gene and protein
expression, as compared to mice that were sensitized to OVA without SNP. In saline controls, SNP exposure did cause a
moderate increase in airway neutrophils at the highest doses.

Conclusions: These results suggest that airway exposure to engineered SNP could enhance allergen sensitization and
foster greater manifestation of allergic airway disease upon secondary allergen exposures. Whereas SNP caused innate
immune responses at high doses in non-allergic mice, the adjuvant effects of SNP were found at lower doses in
allergic mice and were Th2/Th17 related. In conclusion, these findings in mice suggest that individuals exposed to SNP
might be more prone to manifest allergic airway disease, due to adjuvant-like properties of SNP.
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Background
Engineered nanoparticles (NP) have unique and desir-
able functional properties, due to their extremely small
size (< 100 nm). As a result, NP have an enormous eco-
nomic potential and are rapidly being introduced into
commercial products, such as textiles, cosmetics and food
packaging [1]. Recent reviews [2,3], however, have
presented compelling evidence that occupational exposure
during the production of NP might have significant health
risks. Due to their small size and potential for airborne dis-
persion, inhalation of NP may be a plausible route of hu-
man exposure in the workplace. Under certain conditions,
inhalation of NP could potentially exacerbate or contribute
to the onset of common respiratory diseases, such as
chronic bronchitis, asthma or allergic rhinitis [3,4].
Asthma and other allergic airway diseases are a world-
wide health problem. In the United States approximately
26 million people suffer from asthma (National Health
Interview Survey, National Center for Health Statistics,
CDC, 1980-2009). Asthma is characterized by reversible
airway obstruction, airway hyperresponsiveness (AHR),
increased production of immunoglobulin isotype IgE,
airway inflammatory cell infiltrates of eosinophils and
CD4" T helper type 2 (Th2) lymphocytes, mucus
hypersecretion, and airway remodeling (e.g., epithelial
mucous cell metaplasia, intramural interstitial fibrosis).
Various factors have been recognized to exacerbate
asthma such as indoor and outdoor allergens, tobacco
smoke and air pollution [5]. In urban air pollution, par-
ticulate matter (PM) is a well-recognized risk factor, caus-
ing exacerbation of asthmatic symptoms (e.g., dyspnea,
airway constriction, airway mucus hypersecretion). In
addition, results of recent animal toxicology studies have
demonstrated that exposure to intranasally aspirated
ultrafine PM (UFP; < 100 nm) during sensitization with
ovalbumin (OVA), a commonly used experimental aller-
gen, can enhance the development and severity of allergic
airway disease in mice [6,7]. UFP acted as adjuvants to
boost the secondary immune response upon subsequent
OVA challenge. In these studies, the adjuvant potential of
UFP was closely associated with their oxidant potential
[7]. These laboratory findings 1) suggest a plausible
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biological mechanism for epidemiological reports that PM
exposure caused enhancement of morbidity in humans
with allergic airway disease [8] and 2) provide a reprodu-
cible in vivo murine model to test the potentially adverse
adjuvant effects of other NP, such as engineered NP that
have distinctive physical and chemical characteristics.

In the present study, we used an OVA-induced murine
model of asthma to test the hypothesis that engineered
amorphous silica nanoparticles (SNP) may act as inhaled
adjuvants to enhance allergic airway disease. SNP are
used as additives to cosmetics, drugs, printer toners, var-
nishes and food [9]. It is well known that chronic inhal-
ation exposure of coarse-sized (2.5 to 10 um), crystalline
silica particles can lead to a debilitating fibrotic condi-
tion known as pulmonary silicosis [10]. In contrast, syn-
thetic amorphous silica particles are thought to be much
less toxic to the lung. Inhalation of engineered amorph-
ous silica causes only minimal and transient pulmonary
inflammation in laboratory rodents [11,12] and no fibro-
sis of the lungs [13,14] as compared to crystalline silica
particles. Few toxicology studies have been conducted to
examine the adverse effects of inhaled amorphous SNP
and, to the best of our knowledge, no studies have been
designed to investigate the potential of these NP to act
as adjuvants to enhance the development or exacerba-
tion of allergic airway disease.

The adjuvant potential of SNP was determined by
assessing the magnitude of OVA-induced histopatho-
logical and immunological responses in the lung of mice,
which were intranasally instilled with 0, 10, 100 or
400 pg SNP, at four distinct times, along with OVA (ie.,
antigen sensitization with or without SNP) and 14 days
prior to subsequent OVA challenge. Amorphous SNP
had a hydrodynamic diameter of 90 nm (Table 1) and
were coated with a polyethylene glycol (PEG) shell to
prevent them from agglomeration [15]. A scheme of the
study design is presented in Figure 1.

Results

OVA induced allergic airway disease

Animals that were treated with OVA without SNP
(OVA-mice) had a significant (p <0.05) 2-fold increase

Table 1 Grafting amount and size of SNP after different steps of synthesis: plain SNP (SNP) to amine-modified SNP
(aSNP), to alkyne-modified (aaSNP) and to final PEG-coated SNP

Sample Weight Loss (%)* Grafting amount (t, mmol/g)® Grafting density (group/nm?)? Size (nm)®
plain SNP 1.79 19" 81" 30°

aSNP 36 063 27 103¢
aaSNP 24 0.29 12 126¢
PEG-coated SNP 3.6 0.15 0.7 90°

Weight loss, grafting amount and density were calculated for each modification step, not for total modification. ° Size were measured by dynamic light scattering
as mono-distribution after sonication for 30-60 min. © Size was measured in H,0. ¢ Size was measured in dimethylformamide triethylamine (DMF-TEA) (3:1). © Size
was measured in DMF. 9 Weight loss of water from surface of bare silica particle. " Grafting amount and density of Si-OH available for modification on the surface

calculated from water loss.
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Figure 1 Study design and exposure scheme. Mice were sensitized intranasally (IN) on days 1, 3, 6 and 8 with 0.02% OVA or saline (SAL). SNP
were co-administered at intranasal doses of 0, 10, 100, or 400 pg with OVA or saline. On days 22 and 23, OVA-mice were challenged intranasally
with 0.5% OVA and SAL-mice with saline solution. Animals were sacrificed on day 24, 24 hours after the last intranasal challenge.
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in total BALF cells compared to saline-treated control
mice (SAL-mice; 68,750 + 14,372 and 135,833 + 21,337
for SAL- and OVA-mice, respectively). This increase
in total cells was due to a significant increase in neu-
trophils, eosinophils and lymphocytes (Figure 2).
Whereas no eosinophils or neutrophils were detected
in the BALF of SAL-mice, 2.2% and 39% of BALF cells
were eosinophils and neutrophils in the OVA-mice
(Figure 2B and C). In addition, lymphocytes were 7-fold

greater in OVA-mice, compared to SAL-mice, and
accounted for 11% of the BALF cells in these animals
(Figure 2D).

OVA sensitization and challenge also caused expres-
sion of OVA-specific IgG1 antibodies in serum, another
characteristic feature of a type II hypersensitivity im-
mune response to this foreign antigen (Figure 3A). How-
ever, no elevation of OVA-specific serum IgE antibodies
was detected in OVA-mice (Figure 3B).
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Figure 2 Differential BALF cell counts. Differential counts of macrophages (A), neutrophils (B), eosinophils (C) and lymphocytes (D) were
assessed in all study groups. «: Significant changes (p < 0.05) when compared to non-SNP exposed animals, *: significant changes when compared
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Figure 3 OVA specific IgE and IgG1 expression. Serum levels of
OVA specific IgG1 (A) are detected by an ELISA and presented as
total serum concentration. OVA-specific IgE levels (B) are measured
as optical density (OD). «: Significant changes (p < 0.05) when
compared to non-SNP exposed animals, *: significant changes when
compared to non-allergic controls.

Histopathologically, there was a conspicuous peribronchiolar
and perivascular mixed inflammatory cell influx, that was
principally located in the proximal aspect of the lung lobe
(G5 tissue section; Figure 4A-C). This airway inflamma-
tory response to OVA was most prominent around large
diameter pre-terminal bronchioles with occasional ex-
tension to the more distal terminal bronchioles. OVA
treatment also caused airway epithelial remodeling charac-
terized by mucous cell metaplasia, as identified with Alcian
Blue (pH 2.5)/Periodic Acid—Schiff (AB/PAS) staining for
intraepithelial neutral and acidic mucosubstances in pul-
monary bronchiolar epithelium (Figure 5). Normally the
bronchiolar epithelium of mice has no or very few such
secretory cells. This metaplastic epithelial response was re-
stricted primarily to large-diameter pre-terminal bronchi-
oles in the proximal G5 lung section of OVA-treated mice
(Figure 5A). Morphometrically, the volume density of
AB/PAS-stained mucosubstances in the proximal (G5)
axial airway of the left lung lobe did not reveal any signifi-
cant difference between SAL- and OVA-mice (Figure 5E).
However, lungs of OVA-mice also had an induced gene
expression of mucin 5 AC (MucSac) and chloride channel
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Figure 4 Pulmonary histopathology. A diagram illustrates the
locations of transverse tissue sections taken from the left lung lobe
for microscopic examination (A). Light photomicrographs of
representative lung sections taken at the level of the fifth axial
airway (AA) generation and stained with hematoxylin and eosin
(B-F). Representative light photomicrographs of a control animal
(SAL-mouse; B), OVA-mouse (C) and SNP/OVA-mice with
increasing SNP exposure doses (D-F) illustrating peribronchiolar
and perivascular mixed inflammatory cell infiltration in OVA- and
SNP/OVA-mice (arrows). Greater airway-associated inflammation is
present in SNP/OVA-mice exposed to concentrations of 100 and
400 pg SNP (E and F, respectively) compared to the SAL- and
OVA-mice. Scale bars=1 mm.

calcium activated 3 (Clca3, Gob5), both of which are asso-
ciated with goblet cell hyperplasia as well as airway mucus
secretion in allergic airway disease [16]. There was a sig-
nificant 4.6-fold increase in Muc5ac gene expression in
OVA-mice relative to SAL-mice (Figure 5F).

Adjuvant effects of SNP

The exposure of SNP during OVA sensitization (SNP/
OVA-mice) resulted in an exacerbation of allergic airway
disease after OVA challenge, hence implying an adjuvant
effect of SNP in the development of asthma. The adju-
vant effect observed in SNP/OVA-mice increased with
SNP dose (0, 10, 100, 400 pug SNP/animal).

Total BALF cells were significantly increased up to
2.5-fold in SNP/OVA-mice compared to OVA-mice
(135,833 + 21,337, 257,917 + 48,958, 323,333 + 40,284 and
345,833 + 66,476 for OVA- and SNP/OVA-mice with SNP
doses of 10, 100 and 400 pg, respectively). The adjuvant
effect was consistently demonstrated in the number of
BALF eosinophils. Significant, dose-dependent increases
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Figure 5 Airway epithelial mucus production. Increase in airway
epithelial mucus, as a feature of allergic airway disease, was analyzed
on lung tissue at the 5th generation of the intraepithelial AB/PAS
stained mucosubstances (arrows) in SNP/OVA-mice with increasing
SNP exposure dose are shown in figure A (0 ug), B (10 pug), C

(100 pg) and D (400 pg); AA = axial airway, e = airway epithelium, a
=alveoli, bv =blood vessel. Morphometric measurement of
intraepithelial AB/PAS mucosubstances are further shown in E and
changes in Muc5ac and Clca3 gene expression in F. «: Significant
changes (p < 0.05) when compared to non-SNP exposed animals, *:

significant changes when compared to non-allergic controls.

in lavaged eosinophils were present in SNP/OVA-mice
compared to OVA-mice (11-, 14- and 25-fold increases
for 10, 100 and 400 pg SNP/OVA co-exposures respect-
ively; Figure 2C). A significant increase was also observed
for BALF lymphocytes in SNP/OVA-mice relative to
OVA-mice (2.9-, 5.0- and 4.4-fold for 10, 100 and 400 pg
SNP/OVA, respectively; Figure 2D). No adjuvant-related
increases were found for macrophages and neutrophils
(Figure 2A and B).

Serum OVA-specific IgG1 antibody levels (Figure 3A)
were significantly elevated (1.6-fold) in 100 and 400 pg
SNP/OVA-mice compared to OVA-mice. A significant
increase in OVA-specific IgE antibodies levels was also
detected in 400 pg SNP/OVA-mice (Figure 3B), which
was not present in any other exposure group. A systemic
allergic response was observed only in mice exposed to
SNP during OVA sensitization at the highest SNP dose.

Microscopically there was a SNP dose dependent,
peribronchiolar and perivascular mixed inflammatory cell
influx in SNP/OVA-mice, that was principally located in
the proximal lung lobe (G5 tissue section), with some

Page 5 of 16

extension into the distal lung lobe (Figure 4C-F). The in-
flammatory cell influx was composed mainly of lympho-
cytes and lesser numbers of eosinophils (Figure 6). This
airway inflammatory response to OVA and SNP/OVA was
most prominent around large diameter pre-terminal bron-
chioles with extension to the more distal terminal bron-
chioles. Inflammatory cell infiltration was also evident in
the interstitial tissues surrounding pulmonary arteries ad-
jacent bronchiolar airways and pulmonary veins embed-
ded in the alveolar parenchyma.

Intracellular mucosubstances in epithelial cells lining
the proximal axial airway (G5) increased with increasing
SNP dose in the SNP/OVA-mice (Figure 5A-E). There
was a significant 6 to 7-fold increase in 100 and 400 pg
SNP/OVA-mice compared to OVA-mice. Gene expres-
sion analysis of Muc5ac and Clca3 revealed 5.5-fold
(p <0.001) overexpression of Muc5ac in 400 pg SNP/
OVA as compared to OVA-mice (Figure 5F).

SNP co-sensitization induces a Th2/Th17 cytokine
response in OVA-mice

To investigate the mechanisms of SNP adjuvancy in
the development of allergic airway disease, a gene ex-
pression array of lung tissue and BALF cytokine ex-
pression analysis were performed. For gene expression
analysis, 96 genes were chosen as part of different gene
clusters (i.e. chemokines, cytokines and other immune
responsive genes, mucus/surfactant production and

Figure 6 Immunohistochemistry of airway-associated
eosinophils. Light photomicrographs of peri-bronchiolar and -
vascular interstitium surrounding the proximal axial airway (AA) at
generation 5. Tissues were immunohistochemically stained for
eosinophils (murine-specific anti-major basic protein antibody; red
chromagen; arrows) and counterstained with hematoxylin. OVA-
induced inflammatory cell infiltrate composed of eosinophils and
mononuclear cells (lymphocytes and plasma cells) is dose-
dependently enhanced by SNP. Figures A-D are taken from OVA-
treated mice that were co-exposed to 0 (saline control), 10, 100 and
400 pg SNP, respectively. bv: blood vessel; e: airway epithelium; a:

alveolus; Scale bars =50 pm.
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secretion, growth factors and cell cycle, oxidative stress
and redox response as well as transcription factors). A
detailed list of all genes is available in the supplemental
information (Additional file 1: Table S1) as well as an
expression heat map of all analyzed genes (Additional
file 1: Figure S5). For BALF cytokine analysis, a panel
of acute phase, Thl, Th2 and Thl7 cytokines and
chemokines was used, including interleukin-1f (IL1p),
IL2, IL4, IL5, IL6, IL 13 and IL17, keratinocyte chemo-
attractant (KC; CXCL1), macrophage inflammatory
protein la (MIP-1a; CXCL3), monocyte chemoattract-
ant protein 1 (MCP-1; CCL2), tumor necrosis factor a
(TNFa), and interferon y (IFNy).

Gene expression analysis was first performed with
pooled ¢cDNA of all individuals within a study group
(n=6 animals/group). Relevant changes in gene ex-
pression levels (>2 fold of SAL-mice; calculated with
relative AAC; method) in OVA- and SNP/OVA-mice
were found in gene clusters of chemokines, cytokines
and inflammation as well as of mucus/surfactant pro-
duction and secretion. These results are presented as a
heat map in Figure 7. No elevated changes were found
in other gene clusters, such as those for cell cycle and
growth factors, oxidative stress or transcription factors
(Additional file 1: Figure S5). To confirm findings ob-
served in the aforementioned gene arrays, a full qPCR
analysis on non-pooled, individual samples of SAL-
mice, OVA-mice, 400 pg SNP-mice and 400 pg SNP/
OVA-mice was performed on genes with >2 fold
change compared to control.

The results and evaluation of the selected genes are
presented in Table 2. SNP/OVA-mice showed a signifi-
cant elevation in gene expression of Th2 cytokines (/4
Il5, 1113) and Th17 cytokines and related genes (I/17a;
1l6; serum amyloid A3, Saa3) compared to OVA-mice.
Gene expression of monocyte and eosinophil chemokines
such as Mcp-1 (Ccl2), Mcp-2 (Ccl8), inflammatory protein
(Ip10, Cxcl10) and eotaxin (Cclll) were further signifi-
cantly increased in OVA- and SNP/OVA-mice, as well as
genes of proteins that are associated with tissue re-
modeling such as tissue inhibitor of metalloproteinase
1 (Timpl) and resistin-like molecule alpha (Retnla,
Fizzl). TIMP1 antagonizes tissue remodeling induced
by metalloproteinase 9 [17] and FIZZ1 is an early bio-
marker for tissue remodeling in asthma [18]. Though
all these genes were significantly elevated in both
OVA- and SNP/OVA-mice compared to SAL-mice, the
response was always greater in SNP/OVA-mice. This
was also the case for regulatory T cell (T-reg) cytokines
and transcription factor (I/10; forkhead protein P3,
Foxp3). The adjuvant Th2/Th17 cytokine response was
also confirmed in BALF analysis (Figure 8). Acute phase
cytokines (TNFa, IL1p), Th2 cytokines (IL4, IL5, IL13)
and Thl7 cytokines (IL17A, IL6) were significantly
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increased in SNP/OVA-mice at SNP doses of 400 pg and
IL4, IL5 and IL17A already in SNP/OVA-mice exposed at
100 pg SNP. OVA exposure, without SNP, did not induce
an increase in BALF cytokines, with the only exception of
KC, a neutrophil activation chemokine, which was ele-
vated in both OVA- and SNP/OVA-mice. Furthermore a
significant increase in Th1 cytokine IFNy was observed, as
evidenced by increased gene expression in lung tissue of
OVA- and SNP/OVA-mice and increased cytokine levels
in BALF of SNP/OVA-mice. However, there was no adju-
vant increase for the Thl cytokine IL2.

Effects of SNP in SAL-mice

In animals that were exposed to SNP only (SNP-mice), there
was a significant dose-dependent increase in neutrophils at
100 and 400 pg SNP with 3,210 + 1,583 and 5,400 + 1,999
neutrophils/mL BALF respectively, compared to non at 0 pg
SNP (Figure 2B). No increases in BALF eosinophils and
lymphocytes were detected (Figure 2C and D) and SNP ex-
posure was not associated mucus airway remodeling
(Figure 5E and F).

SNP exposure by itself, without OVA, resulted in sig-
nificant gene expression of neutrophil chemokines Kc
and Mip-2, as well as Tnfa, immunoresponsive gene 1
(Irgl) and intelectinl (/t/nI) (Table 2). In addition, there
were significant increases of BALF chemokines KC and
MIP-1a in SNP-mice (100 and 400 pg SNP) as compared
to SAL-mice (Figure 8). These findings corresponded to
the increase in BALF neutrophils in 100 and 400 pug SNP-
mice (Figure 2B).

Enhanced activation of tracheobronchial lymph node cells
from SNP/OVA -mice

To further investigate the effect of engineered SNP on
lymphocytes and myeloid cells, activation of immune
cell populations was assessed using tracheobronchial
lymph node (TBLN) preparations. CD69 is constitu-
tively expressed by platelets, mature thymocytes and
monocytes, while it is induced on cells of hematopoietic
lineages, including T and B lymphocytes, NK cells, murine
macrophages, neutrophils, and eosinophils [19,20]. There-
fore, CD69 was used as a marker to assess the activation
status of cells in TBLN. The data within a group was
concatenated and presented as a histogram (Figure 9). Sta-
tistically significant changes between OVA- and SNP/
OVA-mice were tested with an unpaired ¢-test, comparing
the percent CD69 expressing cells from individual ani-
mals. Apparent increases of CD69 expression on CD4" T
cells (Figure 9A) and Gr-1" cells (Figure 9B) from SNP/
OVA-mice (10 ug SNP) compared to OVA-mice, were not
statistically significant. However, a significant (p > 0.05)
increase for CD69 expression was observed on CD11c*
cells (Figure 9C). CD11c is expressed primarily on den-
dritic cells (DC) and macrophages, at lower levels on
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DN NHLNOO0OO0O0 mucus/surfactant genes. No changes greater than 2-fold were found
for oxidative stress response, growth factors and different transcription
Rantes (CCI5) factors (Additional file 1: Figure S5).
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Serpin1 expression, elevation of serum OVA-specific IgE and

= Clca3 IgG1 levels, as well as an enhanced manifestation of mu-
g ] Muc5ac cous cell metaplasia in pulmonary airways. The fact that
o8 Muc 5b SNP exposure during allergen sensitization enhanced
g E gpg the pulmonary allergic response to the secondary OVA
" Cgsp challenge indicates that SNP exhibits adjuvant-like char-

acteristics in the development of allergic airway disease.
Adjuvants are defined as compounds that are not im-
munogenic themselves, but increase and/or modulate
the intrinsic immunogenicity of an antigen. Adjuvants
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Table 2 Detailed gene expression analysis of responsive genes

Gene  Gene alias Gene function Saline/0 pg NP Saline/400 pg NP OVA/0 pg NP OVA/400 pg NP
symbol

Cxcll KC Neutrophil chemokine 1.00+/-0.05 2.80+/-0.78a 248+/-028b  6.29+/-0.38a,b
Cxel2 MIP-2 PMN chemokine 1.00+/-0.08 2.85+/-0.75a 4.22+/-0.76b  8.77+/-0.99a,b
Cxcl1o - IP10 T-cell chemokine 1.00+/-0.05 1.17+/-0.05 14.32+/-3.95b 44.84+/—-4.29,b
Ccl? MCP-1 Monocyte and T-cell chemokine 1.00+/-0.08 1.50+/-0.28 3.66+/-086b  13.84+/-1.71a,b
Ccl8 MCP-2 Monocyte chemokine 1.00+/-0.08 1.56+/—-0.25 15.484/-522b 105.12+/-32.47a,b
Ccl11 Eotaxin Eosinophil chemokine 1.00+/-0.05 1.32+/-0.11 2.50+/-0.71 11.474+/-2.84a,b
Itin1 ltina Pathogen-associated molecular pattern recognition 1.00+/-0.25 4.954+/-1.78a 6.14+/-095b  3865+/-13.92a,b
Irg1 Irg1 Toll like receptor response 1.00+/-0.14 4.70+/-1.15a 1545+/-4.36b 154.18+/—-16.97a,b
Chi3I3  YM1 Chitinase-like protein 1.00+/-0.07 1.01+/-0.12 1.30+/-0.26 1.94+/-0.28b
Chi3l4  YM2 Chitinase-like protein 1.00+/-0.35 461+/-2.98 9.13+/-3.96 33.10+/-12.56b
Saa3 Saa3 Acute phase protein 1.00+/-0.09 451+/-1.85 659+/-12.7b  157.884+/-19.38a,b
Tnfa TNFa Acute phase response cytokine 1.00+/-0.12 1.69+/-0.17a 220+/-023b  3.36+/-0.30b

ll6 IL6 Acute phase response cytokine 1.00+/-0.13 —1.14+/-0.13 2.00+/-040b  5.60+/-0.96a,b
g LB Acute phase response cytokine 1.00+/-0.13 1.01+/-0.05 1.26+/-0.03 1.714+/-0.13b
Il ILTrn IL1 receptor antagonist 1.00+/-0.04 1.13+/-0.07 1.70+/-0.23 462+/-0.71a,b
1”2 L2 Th1 cytokine 1.00+/-0.06 1.06+/-0.07 1.57+/-024b  1.37+/-0.09

Ifny IFNy Th1 cytokine 1.00+/-0.08 —1.06+/-0.14 167+/-028b  2.31+/-0.30b

114 L4 Th2 cytokine 1.00+/-0.15 1.01+/-0.12 1.40+/-0.26 3.77+/-0.77a,b
15 IL5 Th2 cytokine 1.00+/-0.10 —1.20+/-0.18 239+4/-059  7.17+/-144ab
3 IL13 Th2 cytokine 1.00+/-0.10 1.34+/-0.39 6.80+/-2.96b  44.23+/-1267a,b
Retnla  Fizz 1, HIMF  Th2 suppressor 1.00+/-0.12 1.32+/-0.37 6.88+/-1.78b  21.90+/-3.98a,b
n7za IL17A Th17 cytokine 1.00+/-0.16 2.52+/-0.69 834+/-232b  46.24+/-6.02a,b
Foxp3  Foxp3 T-reg transcription factor 1.00+/-0.08 1.49+/-0.18 2.08+/-0.19b  3.98+/-0.33a,b
o IL10 T-reg cytokine 1.00+/-0.09 1.09+/-0.17 297+/-0.76b  822+/-201a,b
Muc5ac  Mucbac Mucin production 1.00+/-0.19 1.61+/-061 4724/-144b  2597+/-4.70a,b
Clca3 Gob5 lon channel, mucus secretion 1.00+/-0.39 2.52+/-142 6.16+/-2.26 16.72+/-342b
Clca2 Clca2 lon channel, fibrosis development 1.00+/-0.12 1.40+/-0.16 3.25+/-0.78b  7.96+/—1.20a,b
Mmp12 Mmp12 Macrophage elastase 1.00+/-0.08 3.06+/-0.81 1.834/-0.22 7.91+/-0.59
Timpl — Timp1 Mmp inhibitor 1.00+/-0.05 —1.00+/-0.10 3.734/-087b  1240+/-1.68a,b

A gPCR analysis was performed on the genes that showed a >2 fold increase towards untreated controls in the gene array. a: Significant changes (p < 0.05)
towards non-SNP exposed animals, b: significant changes towards non-OVA mice. The analysis reveals that neutrophil chemokines (Kc, Cxcl1; Mip-2, Cxcl2) and
innate immune responsive genes (Tnfa; Irg1; Itin1) are significantly elevated by SNP exposure in both, SAL- and OVA-mice. A significant adjuvant SNP effect in
SNP/OVA-mice was measured for Th2 cytokines (//4; II5; 13) and Th17 associated genes (//17a; Il6; Saa3). Monocyte and eosinophil chemokines (Mcp-1; Mcp-2;
Eotaxin; Ip10) were further significantly increased in SNP/OVA-mice as well as other proteins which might be involved in tissue remodeling (Fizz1; Timp1). No

adjuvant SNP effect was measured in Th1 cytokines (Ifny; I12).

are used in vaccines to induce potent and persistent im-
mune responses, with the additional benefits that less
antigen and/or fewer injections are needed [25]. In this
study, however, SNP promoted the immunologic re-
sponse towards the allergen (OVA) and thereby potenti-
ated the adverse allergic responses in the pulmonary
airways.

Our results suggest that workplace exposures to
engineered NP could have similar adverse health conse-
quences as those reported for UFP in outdoor air pollu-
tion associated with high traffic roadways. UFP collected
from the Los Angeles Air Basin have been shown to act

as adjuvants to enhance the development and severity of
allergic airway disease, using a similar OVA-induced
murine model of asthma [6]. In addition, epidemiologic
studies have reported an increased incidence of asthma
in children living in close proximity to highway traffic
[26,27], where ambient UFP concentrations are high
[28]. By comparison, relatively few studies have investi-
gated the exacerbation of allergic airway disease by other
types of NP exposures. Exacerbation in allergic airway
disease, with increased Th2 responses, have been
reported in OVA-sensitized and -challenged mice when
co-exposed with 50 pg multi-walled carbon nanotubes
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Figure 8 Expression of BALF cytokines and chemokines. Different BALF cytokine expression profiles were analyzed by an ELISA as for KC,
MIP-Ta, MCP-1, TNFa, IFNy and IL13, IL2, IL4, IL5, IL6, IL13, IL17A. «: Significant changes (p < 0.05) when compared to non- SNP exposed animals, *:
significant changes when compared to non-allergic controls.

(MWCNT) [29] or different sized carbon black NP [30].
Similar findings were reported by Hussain et al. in mice
sensitized with toluene diisocyanate (TDI) via skin and ex-
posed to TiO, NP and gold NP via instillation (0.8 mg/kg
body weight) [31]. Unlike our study design, mice in these
studies were co-exposed to NPs during both the
sensitization and challenge phases of the allergen adminis-
tration. In our study we found that inhaled SNP during
sensitization phase alone can act as adjuvants to markedly
increase the magnitude of the host’s secondary immune
response upon subsequent allergen challenge. A similar
effect was also found previously for nano-sized crystalline
silica particles [32]. However, a recent study by Ban and
colleagues [33] addressed the same question in a similar
OVA mouse model with iron oxide NP, and found that
iron NP exposure during sensitization with OVA results
in attenuation of OVA mediated allergic airway disease.
This suggests that the adjuvant effect of SNP in the devel-
opment of allergic airway disease, we observed in our
study, is likely to be particle specific. Further research,
however, is needed to understand the immune modulatory
effects of different NP and the impact of NP material, size
and surface coating.

In our study, SNP exposure alone, without the antigen,
caused a dose-dependent pro-inflammatory response in
non-allergic animals as indicated by a modest increase
in BALF neutrophils and elevations of neutrophil-related
chemokines and innate immune response genes, namely
Kc, Mip-1a, Mip-2, Itinl and Irgl. These effects were
evident at SNP exposure doses of 100 and 400 pg and
demonstrate that these engineered SNP at high dose
cause a minimal, yet sustained, innate immune responses
up to 16 days post-instillation. By comparison, many ro-
dent SNP toxicity studies describe airway neutrophilic
inflammation that is accompanied by overt toxicity and
tissue injury. For example, persistent pulmonary toxicity
[13,34], including neutrophilic inflammation, apoptosis,
tissue injury [13,35], the induction of pro-inflammatory
BALF cytokines such as IL1p, IL6 and TNFa [34] as well
as cardiovascular effects [36] have been reported. These
studies used smaller sized SNP (14 nm) at similar or
higher exposure doses (100 pg/mouse [13]; 3 mg/mouse
[35]). Compared to these in vivo studies, we used larger
SNP (90 nm), which appear to be less toxic than smaller
SNP reported by others [9]. The SNP used in ours study
were further modified with a PEG shell which prevents
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Figure 9 Activation of immune cells from TBLN. Cells from TBLN
of OVA- and SNP/OVA-mice (10 ug SNP) were stained for expression
of surface molecules, including CD4, CD69, CD11¢, CD11b, MHC I,
and Gr-1. Cells were gated on singlets using FSC-A/FSC-H,
lymphocytes, monocytes, or granulocytes using FSC-A/SSC-A, and
individual cell populations, including CD4™ cells, CD11c™, Gr-17,
CD11c"Gr-1"CD11b” pDC, CD11¢*Gr-1"CD11h” AM. More details on
the gating strategy are found in the supplementary information
(Additional file 1: Figure S6). Expression of CD69 on CD4™ cells (A),
Gr-1" cells (B), CD11c" cells (C), pDC (D), and AM (E), and expression
of MHC Il on CD11c* cells (F) are presented in histograms, with X
axis representing mean fluorescence intensity for CD69 or MHC I
and Y for % of particular gated cell population. Six samples from
OVA- (grey curve) or OVA/SNP- (black curve) mice were
concatenated for flow cytometric analysis. Statistical analysis of
percent values of CD69 expression from individual TBLN revealed a
significant difference in CD11¢*, AM, and pDC populations between

OVA and SNP/OVA-mice.

them from agglomeration and gives them the ability to
penetrate rapidly through airway mucus barriers [37].
PEG-coatings have been reported to decrease systemic
NP interactions and overall toxicity [38-40], which might
explain the less severe acute inflammatory response we
observed compared to those reported by others.
Adjuvant effects described in the current study had a
mixed Th2/Th17 cytokine response, similar to findings
by Li et al. who used ambient UFP in a similar OVA
model [6]. Mechanisms by which SNP may induce an
adjuvant Th2/Th17 cytokine response can only be spec-
ulated, since this study was not designed to investigate
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the underlying mechanisms of adjuvancy in detail. SNP
are known to induce oxidative stress [9], which plays
an important role in the pathogenesis of asthma [7,41].
This connection has been shown by Li et al. for ambi-
ent UFP where co-administration with the anti-oxidant
N-acetylcysteine in OVA challenged mice diminished
the adjuvant allergic airway response of UFP [7]. In an-
other study, oxidative stress, caused by diesel enriched
PM, was also shown to skew the immune response
from a Thl to a Th2 cytokine profile [42]. It has been
suggested that oxidative stress-induced activation of
transcription factor NF-E2-related factor 2 (NRF2),
during the sensitization phase with an allergen, can
down regulate the production of Thl cytokines IL12
and IFNy [43] and thereby leads to a Th1/Th2 imbal-
ance. Furthermore results from in vitro studies on
amorphous, colloidal SNP in a size range of 14 to
80 nm show a size- and dose-dependent cytotoxicity of
SNP with induction of oxidative stress and/or glutathi-
one (GSH) depletion [44,45]. At the time point after
challenge, however, we did not detect any signs of oxi-
dative stress. Further investigations are therefore
needed to assess oxidative stress and Th1/Th2 cyto-
kine balance during the sensitization phase of our
protocol in order to address these potential mecha-
nisms of SNP-associated adjuvancy.

Recently IL17 has been associated with more severe
forms of asthma, especially those cases complicated by
persistent airway neutrophils [46]. Th17 responses in al-
lergic airway disease are promoted by IL6, tumor growth
factor f (TGEp), IL23, SAA3 as well as IL1B [47,48]. In
our study we detected significant increases in allergic
SNP/OVA-mice of IL17A, IL6 and IL1( (cytokine and
gene expression) as well as Saa3 (gene expression). SAA3
has been shown to activate the NLRP3 inflammasome and
promote an allergic Th17 response in mice in com-
bination with other mediators [47]. The NLRP3
inflammasome is a protein complex required for spli-
cing pro-IL1p into its active form [49], and was re-
cently found to have an immuno-stimulatory function
for aluminum adjuvants in vaccination [50]. Though
we did not measure inflammasome activation in the
present study, SNP treatment caused a dose- dependent
increase in BALF IL1p, and a recent study has shown that
SNP can activate the inflammasome [51]. It is therefore
possible that the SNP-mediated adjuvant effects in allergic
models are related to inflammasome activation and/or
oxidative stress. However, further studies are needed to
elucidate their roles in the adjuvant effects of SNP in more
detail.

Besides Th2 and Thl7 cytokine responses, we also
detected an increase in TNFa and Thl cytokine IFNy in
the SNP/OVA-mice which was not detectable in SNP-
or OVA-mice. Therefore it may be possible that a Thl
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component is present as well in the adjuvant response of
SNP/OVA-mice. It has been shown previously, that Thl
cells do not attenuate Th2 cell-induced airway
hyperreactivity in OVA-immunized BALB/c mice, but
rather cause severe airway inflammation [52]. We there-
fore suggest that the increase in BALF cytokines TNF«
and IFNy are augmenting rather than attenuating the al-
lergic response in our model.

Besides stimulation of Th2 response, NP have also
been shown to influence maturation, antigen presenta-
tion and co-stimulation of DC [53], and the analysis of
TBLN cell populations in our study confirmed these
findings. In response to DNA and RNA viruses, pDC se-
crete large amounts of IFN-a and IFN-P that play im-
portant roles in activating other cells in the immune
system. For example, IFN-a and IFN-f produced by
pDC have been shown to increase CD69 expression and
[FN-y production from CD4" T cells [54,55], and also
activate CD8" T cells upon influenza challenge [56]. Up-
regulation of CD69 on pDC in response to influenza in-
fection has been found to cause down-regulation of
sphingosine-1-phosphate (S1P) on pDC, resulting in
elongated transit time of pDC and their accumulation in
LN [57]. An OVA-induced CD69 up-regulation on pDC
might therefore lead to retention of pDC in TBLN
where they could interact with lymphocytes and stimu-
late an immune response. The CD69 expression on pDC
was further increased by co-exposure with SNP. Although
AM have been suggested to prevent development of air-
way hyperresponsiveness upon OVA challenge [58], AM
are also known to produce proinflammatory cytokines
that enhance Th2 cytokine production by pulmonary
CD4" T lymphocytes [59]. In our study, the activation
of AM was further increased in the presence of SNP
and an increase in BALF Th2 cytokines was measured.
In addition, OVA-induced maturation of CD11c" cells,
including APC, such as DC and macrophages, was also
exaggerated by SNP. Koike et al. further confirmed
that effects on APC parallel those on allergic pathology
in vivo in their overall trend [60]. These mechanisms
might partly explain the SNP-mediated immune en-
hancement; however, further research is still required
to understand interaction of NPs with the immune sys-
tem, which could include additional surface markers to
further refine effects of NPs on various myeloid
subpopulations.

In our treatment protocol, mice were IN instilled with
a wide range of SNP doses (0, 10, 100 or 400 pg SNP
per instillation). The applied doses of SNP used in our
study are comparable to those used in similar studies
performing intratracheal (IT) or IN administration
[13,29,30,32,33]. IN has been shown to be an easily ap-
plicable and efficient method to administer particle sus-
pensions in murine models [61]. Nevertheless, particle
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inhalation represents a more realistic model for NP
workplace exposure. Intrapulmonary NP delivery and
distribution might differ between inhalation and instilla-
tion exposure which may result in different dose re-
sponses. The potential workplace exposure levels for
SNP, however, are currently not known and it is there-
fore difficult to estimate a realistic dosing regimen. It
has been reported that airborne, crystalline silica parti-
cles may reach as high as 0.28 mg/m® in some workplace
conditions such as cement mason/concrete finisher [62].

In summary, the results of our study indicate that
engineered SNP can act as adjuvants to enhance the de-
velopment of allergic airway disease in mice. This find-
ing further suggests that individuals exposed to SNP
might be more prone to develop allergic airway diseases,
establishing a new aspect of NP toxicity that has particu-
lar relevance to occupational NP exposure. More re-
search, however, is needed to clarify the potential risks
of NP exposure in the development of allergic airway
diseases in humans. Nevertheless, the murine allergic
OVA model we used in our study, which involved IN in-
stillation of allergen and SNPs during sensitization
followed by IN challenge with allergen only, may be used
to test the adjuvant potential of other NPs in allergic air-
way disease.

Material and methods

Particle preparation and characterization

Plain SNP (LUDOX°® TM-40 colloidal silica, 40 wt% sus-
pension in H,O), aminopropyltriethoxysilane (APTES),
propargyl chloroformate and sodium azide were purchased
from Sigma-Aldrich. Anhydrous dimethylformamide
(DMF) was freshly distilled from powered BaO. Cu
(PPh3)Br and 1-azido-2-(2-(2-(2-methoxyethoxy)eth
oxy)ethoxyethane (PEG-N3) were prepared as previ-
ously described in detail [63,64]. PEG-modified SNP
were synthesized from commercially available LTM40
SNP in three steps (shown in Additional file 1: Figure S1).
To avoid aggregation, the modified SNP were purified by
several steps of washing the NP with solvent, followed by
centrifugation. Resulting particles were used directly
to the following step and aggressive drying such as
drying under vacuum was avoided [65]. First, APTES
was condensed on plain SNP. The resulting amine-
modified SNP (aSNP) were washed twice with reagent
grade DMF, and then three times with anhydrous
DMF to remove ethanol and water. aSNP were
reacted with propargyl chloroformate to afford the
alkyne-modified particles (aaSNP) which were purified
by centrifugation. The resulted particles were clicked
with PEG-Nj; catalyzed by 10% of Cu(PPhs)Br in
DMF. The resulted SNP were purified by centrifuga-
tion to receive the PEG-coated SNP. Note that the
SNP suspension was not tested for endotoxin content.
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It has been shown previously that LPS exposure during
sensitization with OVA might suppress the development
of a Th2 cytokine response [66], which was not the
case in our study.

Dynamic Light Scattering (DLS) was performed with a
Malvern NanoZS ZetaSizer to measure the particle
hydrodynamic size and intensity average diameters. The
particle samples for DLS analyses were sonicated prior
to DLS measuring. Particle size, surface grafting amount
at different step of synthesis are shown in Table 1. The
final SNP used for the animal exposure study had a
hydrodynamic diameter of 90 nm. Zeta potential of the
particles was not measured, however, the size distribu-
tion measurements of the particles (Additional file 1:
Figure S4) only shows a single peak at 90 nm and there-
fore suggesting single SNP dispersion. A more detailed de-
scription of particle synthesis and characterization can be
found in the supplementary information (Additional file 1).

Experimental protocol

Female BALB/c mice (~20 grams body weight; 6—8 weeks
old) were obtained from Charles River (Portage, MI).
Mice were maintained at the Michigan State University
(MSU) animal housing facilities at room temperature of
21°C-24°C and relative humidity of 45-70%, with a 12 h
light/dark cycle starting at 7:30 A.M. All animal proce-
dures and experimental protocols were approved by the
MSU Institutional Animal Care and Use Committee;
MSU is an AAALAC accredited institution.

On days 1, 3, 6 and 8, BALB/c mice were intranasally
sensitized with 0.02% OVA (allergen; Sigma-Aldrich) in
saline or saline alone (vehicle control) at a volume of
15 pL per nostril (total intranasal volume of 30 uL)
(n = 6 animals/group). SNP were co-administered with in-
tranasal doses of 0, 10, 100, or 400 pg (Figure 1). On days
22 and 23, OVA-sensitized mice were challenged intrana-
sally with 30 pL of a 0.5% OVA in saline solution. All mice
were anesthetized with 4% isoflurane prior to each intra-
nasal aspiration. Animals were sacrificed 24 hours after
the last intranasal challenge (Day 24).

Necropsy, lavage collection and tissue preparation

Mice were anesthetized with an intraperitoneal injection
of sodium pentobarbital (60 mg/kg body weight). A mid-
line laparotomy was performed and approximately
0.5 mL of blood was drawn from the vena cava and col-
lected in heparinized tubes (BD Microtainer, Franklin
Lakes, NJ) for separation of plasma. Animals were
exsanguinated via the abdominal aorta. Immediately
after death, the trachea was exposed and cannulated and
the heart and lungs were excised en bloc. A volume of
0.8 mL sterile saline was instilled through the tracheal
cannula and withdrawn to recover bronchoalveolar lav-
age fluid (BALF). A second intratracheal saline lavage
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was performed and the collected BALF was combined
with the first sample for analysis.

After the BALF was collected, the right lung lobes were
ligated, removed and placed in RNAlater (Qiagen, CA).
Samples were kept at — 20°C until further processing for
RNA isolation. The left lung lobe was intratracheally fixed
with neutral-buffered formalin at a constant pressure
(30 cm H,O) for 2 h and then stored in a large volume of
the same fixative until further tissue processing for light
microscopy.

Twenty-four hours later, two sections were excised at
the level of the 5th and 11th airway generation along the
main axial airway (G5 and G11), to sample proximal and
distal bronchiolar airways, respectively [67]. Tissue blocks
were then embedded in paraffin and 5- to 6-um-thick
sections were cut from the anterior surface. Lung
sections were stained with hematoxylin and eosin
(H&E) for routine light microscopic examination and
with Alcian Blue (pH 2.5)/Periodic Acid—Schiff (AB/PAS)
for identification of intraepithelial neutral and acidic
mucosubstances in pulmonary bronchiolar epithelium.
To detect eosinophils, slides were immunostained using a
polyclonal rabbit antibody directed against murine
eosinophil-specific major basic protein (MBP; 1:500; Mayo
Clinic, AZ).

In OVA- and OVA/SNP-mice (10 pug SNP), TBLN
were removed en bloc from the mice, and homogenized
in 1x PBS. Single-cell suspensions were prepared, and
1x10° cells from each sample were collected in a 96
well round-bottom plate for flow cytometric analysis.

BALF cytometry

Total number of cells in the collected BALF was esti-
mated using a hemocytometer. All intact cells were
counted, but no trypan blue exclusion test of dead cells
was performed. Cytological slides were prepared by cen-
trifugation at 400 g for 10 min using a Shandon cytospin
3 (Shandon Scientific, PA) and stained with Diff-Quick
(Dade Behring, DE). Differential cell counts for neutro-
phils, eosinophils, macrophages/monocytes, and lym-
phocytes were assessed from a total of 200 cells.
Remaining BALF was centrifuged at 2400 g for 15 min
and the supernatant fraction was collected and stored
at —80°C for later biochemical analysis.

Flow cytometric analyses for inflammatory cytokines

BALF supernatants were assayed for the inflammatory
cytokines IL-1fB, IL-2, IL4, IL-5, IL-6, IL-13, IL-17A,
TNFa, IEN-y, MCP-1, MIP-1a and KC. All cytokine kits
were purchased as either Flex Set reagents or as
preconfigured cytometric bead array kits (BD Biosci-
ences, San Jose, CA). Cytokine analysis was performed
using a FACSCalibur flow cytometer (BD Biosciences).
50 pL of BALF was added to the antibody-coated bead
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complexes and incubation buffer. Phycoerythrin-conjugated
secondary antibodies were added to form sandwich com-
plexes. After acquisition of sample data using the flow
cytometer, cytokine concentrations were calculated based
on standard curve data using FCAP Array software (BD
Biosciences).

Flow cytometric analyses for surface markers

Cells from TBLN were incubated with purified rat
anti-mouse CD16/CD32 (Fc block; BD Pharmingen,
San Diego, CA) in FACS buffer (1x HBSS, 1% bovine
serum albumin (BSA), 0.1% sodium azide, pH 7.6).
Cells were then stained for surface markers using fol-
lowing antibodies from Biolegend (San Diego, CA):
phycoerythrin (PE)/cy7-conjugated anti-mouse CD4
(clone RM4-5), Pacific Blue-conjugated anti-mouse
CD11b (clone M1/70), allophyeocyanin (APC)/cy7-
conjugated anti-mouse CD1lc (clone N418), fluores-
cein isothiocyanate (FITC)-conjugated anti-mouse MHC
II (I-A/I-E, clone M5/114.15.2), APC-conjugated anti
mouse Gr-1 (granulocyte differentiation antigen 1, clone
RB6-8C5), and PE-conjugated anti-mouse CD69 (clone
H1.2 F3). Cells were fixed with Cytofix (BD Pharmingen)
and analyzed using a FACSCanto II flow cytometer (BD
Biosciences, San Jose, CA). A graph, explaining the ap-
plied gating strategy, is presented in the supplementary in-
formation (Additional file 1: Figure S6). Samples were
concatenated (n=6) and further analyzed using Kaluza
1.1 software (Beckman Coulter, Miami, FL). The fluores-
cence intensity values for CD69 or MHC II expression by
different populations were presented in histograms. To
determine the statistically significant changes between
OVA and SNP/OVA groups, an unpaired t-test was
performed on non-concatenated data. The percent values
of CD69 expression by CD4", CD11c", Gr-1', AM, and
pDC populations, respectively, or the percent values of
MHC 1II expression by CD11c" population from individual
animal were transformed and analyzed using GraphPad
Prism v4.0 (Graphpad Software, San Diego, CA).

ELISA assay OVA- IgE/lgG1

OVA-specific IgE and IgG1 expression in serum was an-
alyzed with an ELISA kit (BD PharMingen, CA) as de-
scribed previously [6]. 96 well plates (Costar, NY) were
coated overnight with 50 pg/mL OVA. After washing
with phosphate buffered saline (PBS) and blocking with
10% fetal bovine serum (FBS)/PBS, samples and stan-
dards were loaded and incubated overnight. Following
additional washing steps, detection antibody (biotin-con-
jugated rat anti-mouse IgGl or IgE Antibody (BD
PharMingen, CA) was applied and incubated for 4 h. Fi-
nally, streptavidin-horseradish peroxidase mixture was
added for 30 min, followed by 20 min incubation with
reaction substrate. Optical density (OD) was read at

Page 13 of 16

405 nm wave length with a Spectra Max Gemini plate
reader (Molecular Devices, CA). The OVA-IgG1 stand-
ard was a monoclonal anti-chicken egg albumin (Sigma-
Aldrich, MO). Since no standard was available for IgE,
OVA-specific IgE was determined only by OD. All sam-
ples were loaded and measured on the same 96-well
plate, therefore a standard was not essential for compar-
ing relative increases in IgE concentrations.

Real-time PCR of pulmonary tissues

Total RNA was isolated from right lung lobes using RNeasy
Mini Kit (Qiagen, CA) according to the manufacturer’s
instructions. Briefly, tissues were homogenized in lysis
buffer (Buffer RLT) containing 2-mercaptoethanol with a
5 mm rotor-stator homogenizer (PRO Scientific, CT).
During RNA purification, DNase digestion was performed
on-column using Qiagen RNase-Free DNase Set. Purified
RNA was quantified using a GeneQuant Pro spectropho-
tometer (BioCrom, England). CDNA was generated from
2 pg of total RNA using the High-Capacity cDNA Reverse
Transcription Kit. The reaction mixture was incubated at
25°C for 10 min and then 37°C for 2 h. PCR array analysis
was performed by pooling aliquots of cDNAs from samples
in each experimental group. Quantitative gene expression
analysis was performed using 7TagMan Gene Expression
Assay reagents on the ABI PRISM 7900 HT Sequence
Detection System. The PCR cycling parameters were
48°C for 2 min, 95°C for 10 min, and 50 cycles of 95°C
for 15 s followed by 60°C for 1 min. Relative gene expres-
sion levels were reported as fold-change using the AAC;
method where FC=27"%“, The mRNA expression of
each gene was normalized by subtracting the geometric
mean of the Cis from four endogenous controls (Actb,
Arbp, Gapd, Gusb). Selected genes that had expression
levels at least 2-fold greater in experimental groups
relative to the control group were confirmed by rela-
tive quantitative real-time RT-PCR using individual
animal ¢cDNAs as described above. Statistical differ-
ences between AC; values of different groups were
determined with two-way ANOVA (SigmaStat, Ashburn,
VA; P<0.05).

Airway morphometry

Morphometric estimation of the amount of intraepithelial
AB/PAS mucosubstances was conducted as previously de-
scribed [68]. These quantitative analyses were performed
using Scion Image (Scion Corporation, MD), to estimate
the volume density (VD) of AB/PAS stained
mucosubstances stored in mucus-secreting cells of the
bronchiolar epithelium lining the axial airways G5 and
G11 and using the equation below. The area of
mucosubstance (A, in the respiratory epithelium
lining the cross-sections of selected axial airways was
sampled within a random field of interest and
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correlated to the corresponding length of basal lamina
(Lgr) (Equation 1.)

Amuc

VD —_—
muc Lp. X 4 /]_[

(1)

Statistics

Each study group consisted of 6 mice and all data were
reported as group means * standard error of the mean
(SEM). Grubbs outlier test was performed and recog-
nized outliers were removed from the analysis. Differ-
ences among groups were analyzed by a two-way
ANOVA followed by a pair-wise comparison (Student-
Newman-Keuls). When normality or variance equality
failed, a Kruskal-Wallis ANOVA on ranks was performed.
All analyses were conducted using SigmaStat software
(SigmaStat; Jandel Scientific, San Rafael, CA). Significance
was assigned to p values less than or equal to 0.05.

Additional file

Additional file 1: Additional information on material and methods.
Further information on the design of engineered silica nanoparticles and
on the gene expression analysis of the lung tissue are provided in the
Additional file 1, as well as more detailed information on the gating
strategy for FACS.
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1. Design of Engineered Silica Nanoparticles
Materials

Plain SNP (LUDOX® TM-40 colloidal silica, 40 wt% suspension in H,0), aminopropyltriethoxysilane (APTES),
propargyl chloroformate and sodium azide were purchased from Sigma-Aldrich and used as received. Anhydrous
dimethylformamide (DMF) was freshly distilled from powered BaO. Cu(PPh;)Br [1] and 1-azido-2-(2-(2-(2-
methoxyethoxy)ethoxy)ethoxyethane (PEG-N;) [2] were prepared as previously described in detail. Other reagents
and solvents were used as received from the supplier.

Instruments and characterization

"H nuclear magnetic resonance (NMR) and BC NMR spectra were recorded in NMR solvent CDCl; on a Varian 300
MHz or VXR-500 MHz instrument. The CDCl; resonance was used as the internal standard for BC NMR (6 =770
ppm) and residual CHCl; for *H NMR (8 = 7.24 ppm). Fourier transform infrared (FTIR) spectra were recorded on a
Mattson Galaxy series FTIR 3000. Thermogravimetric analyses (TGA) were obtained in air from a Perkin-Elmer TGA
7. Samples were held at 120 °C for 30 min to remove absorbed water from particle surfaces and then heated to
850 °C at a rate of 10 °C/min. All samples for FTIR and TGA were vacuum dried at room temperature for 24 h.

Dynamic Light Scattering (DLS) was performed in a Malvern NanoZS ZetaSizer with a 178 degree backscattering
detection. Intensity average diameters were calculated from the autocorrelation function using Malvern’s
Zetasizer Software 6.12. The samples for DLS analyses were sonicated prior to measuring the particle size (FS20H
sonicator, Fischer Scientific). Centrifugation was performed at 6000 rpm on KuPrima-18R (Composite Rotor Inc.).

Surface Modification of Colloidal Silica Nanoparticles

As shown in figure S1, PEG-coated SNP were synthesized from plain SNP (commercially available LUDOX" TM-40
SNP) in three steps. To avoid aggregation, the modified SNP were purified by several steps of washing the
nanoparticles with solvent, following by centrifugation. The intermediate particles (aSNP and aaSNP) were
immediately further processed according the protocol and aggressive drying such as drying under vacuum [3] was
avoided.
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Figure S1. Process of SNP PEG coating. PEG-coated SNP were synthesized from commercially available LTMA40 silica
nanoparticles in three steps. First, aminopropyltriethoxy silane (APTES) was condensed on the plain silica particles,
resulting amine-modified SNP (aSNP). Then, particles were reacted with propargyl chloroformate to afford the
alkyne-modified particles (aaSNP). Finally, particles were clicked with PEG-N; catalyzed by 10% of Cu(PPh;)Br
diisopropylenamine to achieved PEG-coated SNP.

(1) Synthesis of amine-modified SNP (aSNP:. Commercially available plain SNP (LUDOX® TM-40 colloidal silica; 4.8 g
in H,0) were diluted with 100 mL of a 1:1 solution of EtOH/H,0 (v/v), and then aminopropyltriethoxy silane (APTES)
(5 mL, 20 mmol) was drop wise added to the silica suspension. The mixture gradually evolved to a turpid
suspension due to the formation of silane oligomers. After stirring for 3 days, the suspension was washed with
EtOH and centrifuged (6000 rpm) for 20 - 40 min to remove the silane oligomer and any other impurities by. The
purified product was kept in ethanol.

(2) Synthesis of alkyne-modified SNP (aaSNP): To remove ethanol and water, aSNP were washed and recovered by
centrifugation (30 min) twice with reagent grade DMF, followed by washing three times with anhydrous DMF. The
aSNP (30 mg, 1 equiv. of amine) were re-dispersed in a mixture of anhydrous DMF and triethylamine (3:1) by
sonication (40 min) to obtain a homogenous solution. After cooling in an ice bath for 30 min, propargyl
chloroformate (2 mL, 1000 equiv.) was added drop wise and the solution turned to slight yellow. After addition of
propargyl chloroformate, the ice bath was removed and the mixture was stirred for 24 h. The product was purified
by several cycles of washing with CH,Cl, and recovery by centrifugation, until the solvent was colorless and no sign
of residual amine salts. The product was stored in CH,Cl, till further modification.

(3) Synthesis of PEG-coated SNP by “Click” modification of aaSN: estabished aaSNP (38 mg, 1 equiv. of alkyne) were
dispersed in 50 mL of DMF, followed by sonication for 30 min. An excess of PEG-N; (3.4 equiv.) and 0.2 mL of N,N-
diisopropylethylamine were added to the suspension, followed by three freeze-pump-thaw processes to remove
0,. Solid Cu(PPh;)Br (10% equiv.) was added followed by a final freeze-pump-thaw process. After purging with N,
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the suspension was stirred at RT for 24 h. The suspension was centrifuged to recover the PEGylated SNP (2x10 mL).
The purified particles were kept in distilled water. The nanoparticle concentration was measured by drying fixed
amounts of the aqueous solution.

Changes in the SNP surface chemistry were tracked by FTIR and figure S2 shows the normalized FTIR spectra of SNP
after each modification step. Since the IR band at 806 cm™ is characteristic for silica, IR data were normalized
allowing semi-quantitative comparison of the nanoparticles during the syntheses. For example, the spectrum of
aSNP shows increased absorption at 2900-3300 cm™ and a new band at 1431 cm™’, corresponding to the alkyl and
amine groups of APTES. After treating aSNP with propargyl chloroformate, new absorption bands are seen at 1700
cm™ due to C=0 stretching, and triple bond stretching at 2127 em™, confirming successful alkyne functionalization
on the particle surface (aaSNP) [4]. IR is less useful for determining PEGylation; the characteristic C-O bands are
obscured by the strong IR bands of the particles, but bands from C-H bending and stretching increased.

—— 1 plain SNP
—— 2 aSNP

—— 3 aaSNP

—— 4 PEG-coated SNP

Absorbance

4000 3000 2000 1000
Wave number / c:m'1

Figure S2. FTIR spectra of PEG-coated SNP and its precursors. The spectra are normalized by the absorbance at
888cm'1, a band characteristic of SiO,.

The TGA data in figure S3 and table 1 (main manuscript) confirm the step-by-step modification of silica particles.
Since the TGA mass losses correspond to oxidation of the organic layer on the nanoparticles, the grafting density
on the particle surface can be calculated. Table 1 in the article shows a 3.7% weight loss for amine-modified
nanoparticles (aSNP), which corresponds to a grafting density of 2.7 group/nmz. After the alkyne modification
(aaSNP), the additional mass loss (2.4%) indicate that about half of the amines were converted to the triple bonds,
and the pegylation step (3.6%) corresponds to a grafting density of 0.7 PEG chain/nm? and successful synthesis of
water-soluble nanoparticles (PEG-coated SNP).
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Figure S3. TGA data for PEG-coated SNP and its precursors. All samples were held at 120 °C for 30 min to remove
absorbed water from particle surfaces, and then heated in air to 850 °C at a rate of 10 °C/min.

The DLS analysis shows that all nanoparticles have monomodal (Figure S4), but their size and size distribution
depend on the surface chemistry of the particles, and the solvent used for the analysis. The average diameter of
commercially available plain SNP is 30 nm (Table 1, article), showing a narrow particle distribution. Adding the
amine to the particle surface increased the average diameter to 103 nm (DMF-NEt; 1:3) and after alkyne
modification (hydrophobic) the average particle size was 126 nm (DMF). PEGylation made the particles water

soluble, the average diameter decreased to 90 nm and the distribution narrowed as indicated by figure S4 and
table 1.

15 —o—1 plain SNP
1 2 —4—2aSNP

—o—3 aaSNP
—&—4 PEG-coated SNP

0 100 200 300 400 500
Diameter (D) / nm

Figure S4. DLS data (size distribution by intensity) for PEG-coated SNP and its precursors.
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2. Supplementary Information Gene Expression Analysis
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Figure S5. Heat map of gene expression array. Gene expression in lung tissue was analyzed with a 96-gene array.
Relative increased gene expression towards control is indicated in red (>2 fold expression) and relative decreased
gene expression in green (<2 fold). Black labels indicate no differences in gene expression. Increased gene
expression in allergic and SNP exposed animals was found for various cytokines, chemokines and immune
responsive genes as well as secretory mucus/surfactant genes. No changes greater than 2-fold were found for
oxidative stress response, growth factors and different transcription factors.
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Table S1. TagMan Gene Expression analysis. Detailed list of all genes and primers used for gene expression

analysis with the TagMan Gene Expression Assay from Applied Biosystems.

Gene NCBI Gene
Symbol | Gene name Gene Alias Array Group Assay ID Reference
18S 18S rRNA Endogenous Mm03928990_g1 NR_003286.1
Actb Actin, beta Endogenous MmO00607939_s1 NM_001101.3
Arbp Acidic ribosomal phosphoprotein P0 ARBP (Endog) Endogenous MmO01974474 gH NM_203736.1
Glyceraldehyde-3-phosphate
Gapd dehydrogenase GAPDH Endogenous Mm99999915 g1 NM_017008.3
Gush Glucuronidase, beta Gus Endogenous MmO00446953 m1 NM_010368.1
Hypoxanthine guanine phosphoribosyl
Hprt1 transferase Hprt Endogenous MmO00446968_m1 NM_013556.2
Ccl2 Chemokine (C-C motif) ligand 2 MCP-1, Scya-2 Chemokine Mm00441242_m1 NM_011333.3
Ccl3 Chemokine (C-C motif) ligand 3 MIP1-alpha Chemokine MmO00441258 m1 NM_011337.2
Ccl4 Chemokine (C-C motif) ligand 4 MIP1-beta Chemokine MmO00443111_m1 NM_013652.2
Ccl5 Chemokine (C-C motif) ligand 5 RANTES Chemokine Mm01302427_m1 NM_013653.3
Ccl8 Chemokine (C-C motif) ligand 8 MCP-2 Chemokine Mm01297183_m1 NM_021443.2
Ccl11 Chemokine (C-C motif) ligand 11 Eotaxin, Scya11 Chemokine MmO00441238_m1 NM_011330.3
Ccl12 Chemokine (C-C motif) ligand 12 MCP5 Chemokine Mm01211783_g1 NM_011331.2
Cxcl1 Chemokine (C-X-C motif) ligand 1 KC/CINC-1//IL8 Chemokine MmO00433859_m1 NM_008176.3
Cxcl2 Chemokine (C-X-C motif) ligand 2 MIP-2 Chemokine Mm00436450_m1 NM_009140.2
Cxcl3 Chemokine (C-X-C motif) ligand 3 MIP-2b,Dcip1, Chemokine Mm01701838_m1 NM_203320.2
Cxcl9 Chemokine (C-X-C motif) ligand 9 CMK, MIG, crg10 Chemokine MmO01345157_m1 NM_008599.4
Cxcl10 Chemokine (C-X-C motif) ligand 10 Ig.]FI)P11% o Chemokine Mm00445235 _m1 NM_021274.1
Ifng Interferon gamma IFN-g Cytokine MmO00801778_m1 NM_008337.3
Il1a Interleukin 1 alpha Cytokine Mm00439620 m1 NM_010554.4
111b Interleukin 1 beta Cytokine MmO00434228 m1 NM_008361.3
2 Interleukin 2 Cytokine MmO00434256_m1 NM_008366.2
114 Interleukin 4 Cytokine Mm00445259 m1 NM_021283.2
115 Interleukin 5 Cytokine MmO00439646_m1 NM_010558.1
6 Interleukin 6 Cytokine MmO00446190_m1 NM_031168.1
110 Interleukin 10 Cytokine MmO00439616_m1 NM_010548.1
113 Interleukin 13 Cytokine MmO00434204_m1 NM_008355.3
I117a Interleukin 17A Ctla8 Cytokine MmO00439618 m1 NM_010552.3
1123a Interleukin 23 p19 Cytokine Mm00518984 m1 NM_031252.2
Tgfb1 Transforming growth factor, beta 1 TGF-beta1 Cytokine Mm01178820_mA1 NM_011577.1
Tnfa Tumor necrosis factor alpha TNF alpha Cytokine Mm00443258_m1 NM_013693.2
11 Interleukin 1 receptor antagonist ?eyéglgltrc]ﬁ MmO01337566_m1 NM 031167.5
Transforming growth factor, beta Cytokine
TgfbR1 receptor | ThetaRI receptor MmO00436971_m1 NM_009370.2
Cytokine
Timp1 Tissue inhibitor of metalloproteinase 1 receptor MmO00441818_m1 NM_001044384.1
Irg1 Immunoresponsive gene 1 Inflamatory Mm01224529 m1 NM_008392.1
Itin1 Intelectin 1 (galactofuranose binding) Itina Inflamatory MmO00843942 sH NM_010584.2
Nirp3 NLR family, pyrin domain containing 3 | FCAS, FCU Inflamatory MmO00840904_m1 NM_145827.3
Ptafr Platelet-activating factor receptor PAFR Inflamatory Mm02621061_m1 NM_001081211.1
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Gene NCBI Gene
Symbol | Gene name Gene Alias Array Group Assay ID Reference
Retnla Resistin like alpha Fizz-1 Inflamatory Mm00445109_m1 NM_020509.3
Radical S-adenosyl methionine
Rsad2 domain containing 2 Inflamatory Mm00491265_m1 NM_021384.4
Saa3 Serum amyloid A3 Saa-3 Inflamatory Mm00441203_mA1 NM_011315.3
Serpint Serine peptidase inhibitor PAI-1 Inflamatory Mm01204469 m1 NM_008871.2
Tipi2 Tissue factor pathway inhibitor 2 Inflamatory MmO00436948_m1 NM_009364.3
Chi3I1 Chitinase 3-like 1 Brp39, Gp39 Chitinase MmO00801477_m1 NM_007695.3
Chi3I3 Chitinase 3-like 3 YM1,ECF-L Chitinase MmO00657889_mH NM_009892.2
Chi3l4 Chitinase 3-like 4 YM2 Chitinase MmO00840870_m1 NM_145126.2
Chia Chitinase, acidic AMCase Chitinase Mm00458221 m1 NM_023186.3
Ccend1 Cyclin D1 CD1,Cyl-1 Cell Cycle Mm03053889_s1 NM_007631.2
Cdkn1a Cyclin-dependent kinase inhibitor 1A P21 Cell Cycle MmO01303209 _m1 NM_007669.4
Gas1 Growth arrest specific 1 Gas-1 Cell Cycle MmO01700206_g1 NM_008086.1
Pcna Proliferating cell nuclear antigen Pcna Cell Cycle Mm00448100_g1 NM_011045.2
Fgf10 Fibroblast growth factor 10 FGF-10 Growth factor Mm00433275_m1 NM_008002.4
Tif2 Trefoil factor 2 (spasmolytic protein 1) | SP, mSP Growth factor MmO00447491_mA1 NM_009363.3
Vegfa Vascular endothelial growth factor A VPF, Vegf Growth factor Mm01281447_mA1 NM_001025250.3
Growth factor
Egfr Epidermal growth factor receptor Egfr receptor Mm00433023_m1 NM_207655.2
Platelet derived growth factor Growth factor
Pdgfrb receptor, beta Pdgfr receptor Mm01262489 _m1 NM_001146268.1
Accn3 Amiloride-sensitive cation channel 3 ASIC3 lon channel MmO00805460_m1 NM_183000.2
Clca2 Chloride channel calcium activated 2 lon channel MmO00661630_m1 NM_030601.2
Clca3 Chloride channel calcium activated 3 Gob-5 lon channel Mm00489959 m1 NM_017474.1
Coagulation factor Il (thrombin)
F2r receptor Par1, ThrR Coagulation MmO00438851 _m1 NM_010169.3
Gja1 Gap junction protein, alpha 1 Cell adhesion MmO00439105_m1 NM_010288.3
Icam1 Intercellular adhesion molecule 1 Cell adhesion MmO00516023 _m1 NM_010493.2
Arg2 Arginase type Il Oxidoreductase MmO00477592_mA1 NM_009705.3
Cat Catalase Cas1,Cs-1 Oxidoreductase Mm00437992_m1 NM_009804.2
CypZ2e1 Cytochrome P450, family 2e1 Oxidoreductase | Mm00491127_m1 NM_021282.2
Mt1 Metallothionein 1 Oxidoreductase MmO00496660 g1 NM_013602.3
Nqo1 NAD(P)H dehydrogenase, quinone 1 Nmo-1, Ox-1 Oxidoreductase Mm00500821_m1 NM_008706.5
Sod1 Superoxide dismutase 1, soluble Oxidoreductase Mm01344233 g1 NM_011434.1
Superoxide dismutase 2,
Sod2 mitochondrial MnSOD Oxidoreductase Mm00449726_m1 NM_013671.3
Hmox Heme oxygenase (decycling) 1 HO-1 Oxidoreductase | Mm00516004_m1 NM_010442.2
Mmp12 Matrix metallopeptidase 12 Protease MmO00500554_m1 NM_008605.3
Mucbac | Mucin 5, subtypes A& C Secretory MmO01276725_g1 NM_010844.1
Muc5b Mucin 5, subtype B Secretory MmO00466376_m1 NM_028801.2
Scgb1a
1 Clara cell secretory protein CCSP, CC10 Secretory Mm00442046_m1 NM_011681.2
Sftpc Surfactant protein C SP-C Surfactant MmO00488144_m1 NM_011359.1
Sftpd Surfactant protein D SP-D Surfactant Mm00486060_m1 NM_009160.2
Nos2 Nitric oxide synthase 2, inducible iINOS Synthase Mm00440485_m1 NM_010927.3
Prostaglandin-endoperoxide synthase
Ptgs2 2 COX2 Synthase MmO00478374_m1 NM_011198.3
Glutamate-cysteine ligase, catalytic
Gclc subunit Synthase MmO00802655_m1 NM_010295.1
Gstm1 Glutathione S-transferase, mu 1 Gstb1 Transferase MmO00833915_g1 NM_010358.5
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Gene NCBI Gene
Symbol | Gene name Gene Alias Array Group Assay ID Reference
Gstp1 Glutathione S-transferase, pi 1 GstpiB Transferase Mm00496606_m1 NM_013541.1
Transcription
Egri1 Early growth response 1 Egr factor MmO00656724_m1 NM_007913.5
Transcription
Gata3 GATA binding protein 3 factor MmO00484683 m1 NM_008091.3
SAM pointed domain containing ets Transcription
Spdef transcription factor PDEF, Pse factor Mm00600221_m1 NM_013891.4
Signal transducer and activator of Transcription
Stat3 transcription 3 Aprf factor Mm01219775_m1 NM_213659.2
Signal transducer and activator of Transcription
Stat6 transcription 6 factor MmO01160477_m1 NM_009284.2
Transcription
Thx21 T-box 21 T-bet, TBT1 factor Mm00450960_m1 NM_019507.2
Transcription
Tslp Thymic stromal lymphopoietin factor MmO00498739 m1 NM_021367.1
Transcription termination factor, RNA Transcription
Tif1 polymerase | factor Mm00657017_mA1 NM_009442.2
Transcription
Atf4 Activating transcription factor 4 factor Mm00515324_m1 NM_009716.2
Transcription
Foxa2 Forkhead box A2 HNF3-beta factor MmO00839704 mH NM_010446.2
Transcription
Foxp3 Forkhead box P3 JM2 factor MmO00475165_m1 NM_054039.1
Nuclear factor, erythroid derived 2, Transcription
Nfe2l2 like 2 Nrf2 factor Mm00477784_m1 NM_010902.3
Peroxisome proliferator activated Transcription
Pparg receptor gamma PPAR-g factor MmO00440945 m1 NM_001127330.1
Transcription
Socs1 Suppressor of cytokine signaling 1 SSI-1 factor MmO00782550 s1 NM_009896.2
Transcription
Socs3 Suppressor of cytokine signaling 3 SOC3 factor MmO00545913_s1 NM_007707.2
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3. Gating Strategy for FACS
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Figure S6. Cells from TBLN were stained for expression of surface molecules, including CD4, CD69, Cd11c, CD11b,
MHC Il, and Gr-1. Cells were first gated on singlets using FSC-A/FSC-H, then gated on total cells, including
lymphocytes, monocytes, and granulocytes, using FSC-A/SSC-A. Subsequently, the total cell population was gated
on CD4", Gr-1%, CD11c’, or CD11c’CD11b population, respectively. The CD11c'CD11b” population was further gated

on Gr-1" for AM and Gr-1" for pDC.
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