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Abstract

The aim of this study was to investigate the modulation of an asthmatic
response by titanium dioxide (TiO2) or gold (Au) nanoparticles (NPs) in a murine
model of diisocyanate-induced asthma.

On days 1 and 8, BALB/c mice received 0.3% toluene diisocyanate (TDI) or
the vehicle acetone-olive oil (AOQO) on the dorsum of both ears (20 ul). On day 14,
the mice were oropharyngeally dosed with 40 ul of a NP suspension (0.4 mg/ml ~ 0.8
mg/kg TiO, or Au). One day later (day 15), the mice received an oropharyngeal
challenge with 0.01%TDI (20 pl). On day 16, airway hyperreactivity (AHR),
bronchoalveolar lavage (BAL) cell and cytokine analysis, lung histology and total
serum IgE were assessed.

NP exposure in sensitized mice led to a 2-fold (TiO2) and 3-fold (AU) increase
in AHR, and a 3-fold or 5-fold increase in BAL total cell counts, mainly comprising
neutrophils and macrophages. The NPs taken up by BAL macrophages were
identified by energy dispersive X-ray spectroscopy (EDX). Histological analysis
revealed increased oedema, epithelial damage and inflammation.

In conclusion, these results show that a low, intrapulmonary, dose TiO; or Au
NPs can aggravate pulmonary inflammation and AHR in a mouse model of

diisocyanate-induced asthma.
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Introduction

Occupational asthma accounts for an important percentage of work related
respiratory illnesses [1]. It has been reported that at least 9-15% cases of asthma in
adults are due to occupational exposures [2]. Isocyanates are widely used in various
industrial and consumers products and they are a major cause of chemical-induced
occupational asthma throughout the world [3].

We have previously described a mouse model of chemical-induced asthma
using toluene diisocyanate (TDI) as sensitizing agent [4-6]. In this mouse model we
initiate sensitization via dermal application, which is followed by a single airway
challenge, resulting in asthma-like responses. In OA it is generally assumed that
exposure to the respiratory tract is the key route and site for the initiation of the
immune responses. However, despite reductions in workplace respiratory exposures,
isocyanate asthma continues to occur, and this has prompted a focus on skin as a
route of exposure [3;7-9]. Recently, several animal models have shown convincingly
that skin exposure to chemical sensitizers (predominantly isocyanates, but also
anhydrides and persulfate salts) can induce systemic sensitization, which may result
in asthma-like respiratory responses when the animal is later challenged via the
airways [5;10-12].

Current estimations indicate that more than 800 nanomaterials containing
products are commercially available (Woodrow Wilson Database) [13]. These
nanomaterials can affect health through consumer products as through well as
occupational and environmental exposures [14;15]. Both titanium dioxide (TiO2) and
gold (Au) NPs are produced and used in substantial quantities and pose an emergent
occupational and consumer risk [13]. Nanoparticles of titanium dioxide (TiO;) are one
of the most abundantly produced and widely utilized nanomaterials [16] with
applications in sunscreens, cosmetics, tooth pastes, and food products [17;18]. The
biological applications of gold NPs have been recently reviewed [19]. Gold NPs are
medicinally used as drug delivery agents [20], in the treatment of rheumatoid arthritis

[21], for photodynamic therapy of cancer [22] and as antimicrobial agents [23].



Modulation of pulmonary illnesses by a variety of occupational and
environmental factors has been a topic of interest in the recent past. Previous
knowledge of air pollution studies confirm the role of ultrafine particles (nanoparticles;
NPs) in aggravating pulmonary illnesses [24]. A correlation between the use of
asthma medication - linked to lung function disturbances - with environmental
ultrafine particle exposure has been reported [25]. Indeed, different types of
engineered NPs have been shown to induce pulmonary inflammation in experimental

animals [26;27] as well as in cell lines of respiratory origin in vitro [28-31].

We hypothised that, in concordance to environmental PM, engineered NPs will
enhance the inflammatory response in asthmatic subjects. In the present study we
investigated the modulation of airway hyperreactivity and inflammatory response by

TiOz or Au in a mouse model of diisocyanate-induced asthma.



Materials and Methods
Nanoparticles (NP)

TiO2 NPs (99.9% anatase) of 15nm primary particle size were obtained from

Sigma-Aldrich (Saint Quentin Fallavier, France). Au NPs of 40 nm primary particle
size were prepared in the laboratory (Institut d'Electronique Fondamentale UMR
CNRS 8622, Universite Paris-Sud, 91405 Orsay, France) by Turkevich method.
Briefly, an aqueous solution of gold tetrachloroauric acid (82.8 mg of gold) was
heated until boiling under vigorous stirring. Then, an aliquot of a 1% trisodium citrate
aqueous solution was added and solution was then stirred and kept at boiling
conditions for another 45 minutes. Au NPs with average sizes of 40 nm were
prepared by adjusting the ratio [AuCI-4 Citrate] from 0.4 to 1.3. After the introduction
of the citrate solution, a purple color appeared which then turned to ruby red. The
solution was then stirred and kept at boiling conditions for another 45 minutes to
complete the reduction process.

In all experiments NP suspensions (0.04 pg/mL) stabilized in 2.5 mM trisodium
Citrate Tribasic dehydrate (Vehicle) (Sigma-Aldrich, Steinheim, Germany) were

utilized to treat the mice.

Nanoparticle characterization

NPs were thoroughly characterized for their purity, hydrodynamic diameters,
zeta potentials, spectral characteristics, electrophoretic mobility, and transmission
electron microscopic analysis (TEM) (primary particle diameter and behavior in
solution form).

Transmission Electron Microscopy (TEM)

Transmission Electron Microscopic (TEM) measurements were performed
using a Philips CM30 TEM operating at 300 kV. Small volumes of sample (same
concentration of NPs which was used to expose the mice, dissolved in trisodium
citrate) were deposited on copper mesh grids and covered with carbon coating films.
The samples were then dried under an N, atmosphere in a glove box.

Dynamic Light Scattering

Au and TiO2, NPs were diluted to concentrations of 40 and 8 mg/L,

respectively, in 2.5 mM trisodium citrate solution followed by ultrasonic treatment to

reduce agglomeration. Homogeneous suspensions were obtained. Dynamic light



scattering measurements were performed with a Brookhaven 90 Plus (scattering
angle: 90°, wavelength: 659 nm, power 15 mW). Correlation functions were analyzed
with the Clementine package (maximum entropy method) for Igor Pro 6.02A. This
resulted in intensity weighted distribution functions versus decay times. By converting
the decay times with instrument parameters and physical parameters to
hydrodynamic diameters, an intensity weighted size distribution is obtained. A
lognormal fit was applied on each population resulting in the intensity weighed
average hydrodynamic diameter of the population. Note that the hydrodynamic
diameter is the kinetic unit comprising the bare particles and a solvation layer. It is a
value that refers to how fast a particle diffuses within a fluid. It corresponds to the
diameter of a sphere that has the same translational diffusion coefficient as the
particle. Mass and number weighed distributions were estimated using the Rayleigh
scattering approximation and a correction factor for the form factor of spherical
particles [32].
Zeta Potential Measurements

Zeta potential measurements were performed on the same NP solutions as
used for DLS. Au and TiO, NPs were diluted to concentrations of 40 and 8 mgl/l,
respectively, in 2.5 mM trisodium citrate solution (pH = 6.95, ionic strength | = 15
mM). Zeta potential was measured with a Brookhaven 90Plus/ZetaPlus instrument
applying electrophoretic light scattering. A primary and reference beam (659 nm, 35
mW), modulated optics and a dip-in electrode system were used. The frequency shift
of scattered light (relative to the reference beam) from a charged particle moving in
an electric field is related to the electrophoretic mobility of the particle. The
Smoluchowski limit was used to calculate the zeta potential from the electrophoretic
mobility.

Reagents

Toluene-2,4-diisocyanate (TDI) (98%) (Fluka, CAS 584-84-9), acetyl-3-
methylcholine (methacholine) and acetone were obtained from Sigma Aldrich
(Bornem, Belgium). Pentobarbital (Nembutal) was obtained from Sanofi Santé
animale (CEVA, Brussels, Belgium) and Isoflurane (Forene®) from Abbott
Laboratories (S.A. Abbott N.V., Ottignies, Belgium). The vehicle (AOO) used to
dissolve TDI consisted of a mixture of two volumes of acetone (A) and three volumes

of olive oil (OO) (‘extra virgin’, Carbonell, Spain) for the dermal sensitization, and one
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volume of acetone and four volumes of olive oil for the challenge. Concentrations of

TDI are given as percent (v/v) in AOO.

Animals

Male BALB/c mice (approximately 20 g, 6 weeks old) were obtained from
Harlan (the Netherlands). The mice were housed in a conventional animal house with
12h dark/light cycles. They received lightly acidified water and pelleted food (Trouw
Nutrition, Gent, Belgium) ad libitum. All experimental procedures were approved by

the local Ethical Committee for Animal Experiments.

Experimental Protocol

On days 1 and 8, mice were dermally sensitized with 0.3% TDI or vehicle (2:3
AOO) (20ul) on the dorsum of both ears. On day 14, 40 yl NP suspensions (0.8
mg/kg TiO, and Au) or 2.5 mM trisodium citrate (vehicle) were given through
oropharyngeal aspiration under light isoflorane anesthesia. On day 15, the mice were
challenged oropharyngeally with 0.01% TDI as described previously [33]. On day 16,
methacholine provocation was performed, with the collection of BAL, blood and lung
tissue for histology.

Experimental groups are designated as AOO/Veh/TDI, TDI/Veh/TDI, AOO/
TiOo/TDI, TDI/ TiO2/TDI, AOO/Au/TDI, TDI/Au/TDI. The first abbreviation indicates
the agent used for dermal application on days 1 and 8 (AOO: acetone/olive oil; TDI:
toluene diisocyanate), the second abbreviation indicates type of NP/vehicle exposure
on day 14 (oropharyngeal route) and third abbreviation indicates the TDI-challenge

on day 15 (oropharyngeal route).

Airway hyperreactivity (AHR)

Airway hyperreactivity (AHR) to methacholine was assessed 22h after the TDI-
challenge, using a forced oscillation technique (FlexiVent, SCIREQ, Montreal,
Canada). As previously described, airway resistance (R) and compliance (C) was
measured using a “snapshot” protocol. For each mouse, R and C was plotted against

methacholine concentration (from 0 to 10 mg/ml) and the AUC was calculated [34].

Bronchoalveolar lavage (BAL):
Cell Counts



On day 16 (22 h after the TDI-challenge — directly after the AHR), the mice
were sacrificed by an overdose (90 mg/kg, ip) of pentobarbital, blood was sampled
from the retro-orbital plexus and a bronchoalveolar lavage (BAL) was performed, as
explained previously [33]. Total and differential cell counts were performed and the
BAL supernatant was frozen (-80°C) until further
Endocytosis estimation

To estimate the extent of the phagocytosis of the particle at least 200
macrophages were randomly counted for the microscopically visible presence or
absence of NP aggregates inside the cytoplasm at 1000x.

Electron microscopy/microanalysis

Cytospin slides were rinsed in xylene, to remove immersion oil, and embedded
using an inverted gelatin capsule of Taab epoxy resin (Taab Laboratories Equipment
Ltd., Aldermaston, UK). The polymerized block was removed from the slide and
sectioned. Ultrathin sections from BAL of mice exposed to gold particles were
mounted on titanium grids and sections from control and titanium dioxide-exposed
animals were mounted on copper grids. All sections were examined using a
Megaview 3 digital camera and iTEM software (Olympus Soft Imaging Solutions
GmbH, Munster, Germany) in a Jeol 100-CXIl electron microscope (Jeol UK Ltd.,
Welwyn Garden City, UK) equipped with a PCXA-1186 energy-dispersive X-ray
spectrometer (Link Analytical Ltd., High Wycombe, UK).

Cytokine Analysis

Levels of matrix metallopeptidase-9 (MMP-9), macrophage inflammatory
protein-2 (MIP-2) (R&D Systems, Abingdon, UK), tumor necrosis factor alpha (TNF-
a), monocyte chemotactic protein-1 (MCP-1), and IL-6 (Invitrogen SA, Merelbeke,
Belgium) were measured in undiluted BAL fluid by a sandwich enzyme-linked
immunosorbent assay (ELISA), according to the manufacturer’s instructions Lower
limits of detection were 0.007 ng/ml, 1.5pg/ml, 3 pg/ml, 9 pg/ml, and 3 pg/mli,
respectively.

Histological Lesion Scoring
After collection of BAL fluid, lungs were filled in situ with 4% formaldehyde until
full inflation of all lobes, as judged visually. Blind scoring for lung injury was done by

an experienced pathologist, based on the presence of oedema, infiltrates of



macrophages and neutrophils, and epithelial damage, on hematoxyline and eosin
(H&E) stained slides.

Total Serum IgE
Total serum IgE concentration was measured by OptEIA™ Mouse IgE set
(Pharmingen; BD Biosciences, Erembodegem, Belgium) after 1/70 dilution according

to the manufacturer's recommendations.

Statistical Analysis

Data are shown as means and standard deviations (SD), except for the Area
Under the Curve (AUC) data of the AHR, which is shown as mouse individual data
and group means. All groups were tested for normality using the Kolmogorov-
Smirnov normality test. Additionally, the larger TDI-groups (n=8-9) were tested using
the D'Agostino and Pearson omnibus normality test and the Shapiro-Wilk normality
test. Since our data were normally distributed, we applied an analysis of variance
(ANOVA) followed by Bonferroni test for multiple comparisons using Graphpad
(Graphpad Prism 4.01, Graphpad Software Inc, San Diego, USA). A level of p < 0.05

(two-tailed) was considered significant.



Results
NP Characteristics

NPs were thoroughly characterized before use, which we described previously
[28;31]. The zeta potentials for Au and TiO2 NPs in 2.5 mM trisodium citrate were -74
and -52 mV, respectively, showing that electrostatic repulsions may be an important
factor in stabilizing the suspensions. These large negative zeta potentials of the
particles in comparison with zeta potentials in water (data not shown) demonstrate
the stabilizing effect of the citrate solution, particularly towards the gold NPs. Analysis
of homogeneous suspensions of the nanoparticles in a 2.5 mM trisodium citrate
solution by dynamic light scattering showed a single population of 40 nm gold
particles and two populations in the TiO, samples. Primary TiO, particles with a
hydrodynamic diameter of 22 nm were detected next to agglomerates or aggregates
with a mean hydrodynamic diameter of 272 nm (Fig. 1). On number basis, < 0.01% of
the particles were agglomerates or aggregates. On mass basis, 23.8% of the mass
was in agglomerates or aggregates. We can conclude that the majority of TiO,

particles exist as isolated primary particles in the suspension.

Airway Hyperreactivity (AHR)

Figures 2A (resistance) and 2C (compliance) show the airway responsiveness
to methacholine measured 22 h after the TDI-challenge (day 16). The mean area
under curve (AUC) of each group is depicted in fig 2B and 2D, for resistance and
compliance, respectively. There were no differences between the six non-sensitized
groups. All TDI-sensitized and TDI-challenged groups (TDI/Veh/TDI; TDI/TiO,/TDI
and TDI/Au/TDI) were significantly increased compared to the complete control group
(AOO/Veh/AOO). When comparing of TDI-sensitized and challenged mice, only Au
NPs exposed mice (TDI/Au/TDI) showed increased AHR (resistance, but not

compliance) compared to the TDI/Veh/TDI group.

Bronchoalveolar lavage (BAL)

Total cell counts are presented in Figure 3A. TDI-sensitized, challenged and
NP exposed mice (TDI/TiO,/TDI and TDI/Au/TDI) showed a significantly higher total
BAL cell count as compared to the complete control groups (AOO/Veh/AOQO). TDI-

sensitized and TDI-challenged mice with NP (both TiO, and Au) exposure showed a

10



significantly higher inflammation as compared to TDI-sensitized mice without NP
exposure. Total macrophage counts are presented in Figure 3B and show the same
trends and significant differences as the total BAL cell count. Total neutrophil and
eosinophil counts are presented in Figure 3C and D, respectively. TDI-sensitization
and challenge led to significant influx of neutrophils and eosinophils in BAL compared
to the complete control group. . NP exposed TDI-sensitized and challenged mice had
significantly higher neutrophil, but not eosinophil, counts compared to the
TDI/NVeh/TDI group.

Table 1 shows the average levels of BAL cytokines. We found significant
increased levels of MMP-9 in all TDI-sensitized and challenged mice, compare to the
complete control group. MIP-2 levels were only increased in the NP exposed TDI-
sensitized and challenged mice. TNF-a levels were increased in the NP exposed
non-sensitized, but TDI-challenged groups, compared to the AOO/Veh/AOQO group.
On the other hand, the level of TNF-a in the TDI/Au/TDI group was significantly
decreased compared to the TDI/Veh/TDI group. IL-6 was significantly decreased in
the TDI/Au/TDI group compared to the AOO/Veh/AOO group. Levels of MCP-1 were
similar in all groups.

In figure 4A representative images of BAL macrophages in the TDI-sensitized
and challenged mice, with or without NP exposure are shown. Figure 4B shows the
percent macrophages which have taken up NPs. In the groups not exposed to NPs
no macrophages with NPs were found, therefore, these groups were not included in
the statistical analysis. Both in the TiO, and in the Au exposed groups, significant
differences are found between the non-sensitized and the TDI-sensitized and TDI-
challenged mice. We also find a significantly higher percent of macrophages with
TiO, uptake compared to Au uptake in the non-sensitized, but TDI-challenged control
group (AOO/TiO,/TDI vs AOO/Au/TDI).

Clusters of electron-dense particles were evident in the cytoplasm of
macrophages in cytospin preparations from mice exposed to either gold or titanium
dioxide nanoparticles (Fig. 4C-D). The composition of these particles was established

by microanalysis (Fig. 4E-F). No particle clusters were found in control samples.

Histological Lesion scoring
Figure 5 shows images of H&E stained lungs (50x and 400x) and an

histological scoring of the different groups is shown in figure 6. The complete control
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group, AOO/Veh/AOOQO, did not show any signs of oedema, epithelial damage, nor
macrophage or neutrophil inflammation, perivascular or peribronchial. Since the
semi-quantitative score for the AOO/Veh/AOO group was 0 overall, we could not
perform statistics compared to this complete control group. The lungs of the
TDI/Veh/TDI group show a slight neutrophilic inflammation, along with oedema and
limited epithelial damage. The lungs of the TDI/TiOx/TDI show significantly more
macrophage infiltration compared with the TDI/Veh/TDI group, while the TDI/Au/TDI
group shows significantly more macrophage and neutrophilic inflammation, along

with oedema and epithelial damage, compared to the TDI/Veh/TDI mice.

Total serum IgE

Table 2 shows total serum IgE concentrations. TDI-sensitized and TDI-
challenged mice with or without NP exposure have a significantly higher total serum
IgE concentrations as compared to their control groups. Further between the TDI-

sensitized and challenged groups no difference was measured.
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Discussion

A critical look at the available literature emphasizes the need for assessment
of NP induced effects in the occupationally exposed/sensitized individuals
[14;15;35;36]. Only a few studies investigated the modulation of disease by
nanoparticles [37;38]. This is the first study describing the aggravation of both
pulmonary function and the inflammation due to NPs exposure in a murine model of
diisocyanate-induced occupational asthma; as shown in an increase in airway
reactivity, BAL macrophages and neutrophils, along with increased oedema and

epithelial damage.

There are no literature reports available on the effects of TiO, and Au NPs on
AHR alone or in diseased animal models. In our experiments the AHR (increased
airway resistance), was only significantly enhanced by Au NPs in sensitized animals.
This is in line with particles exposure (carbon black NPs and diesel exhaust particles)
in @ mouse model of ovalbumin-induced asthma [39;40]. The increased sensitivity to
methacholine was probably the result of the increased lung inflammation and the
damage of the lung epithelium. Moreover, there was no effect on the compliance of
the lungs in response to methacholine provocation, suggesting an influence of the

inflammation on the hypersensitivity rather than structural changes of the lung tissue.

Airway inflammation plays a key role in different pathologies including asthma.
Some studies have demonstrated that TiO, NPs have potential to induce lung
inflammation in laboratory animals [26;41;42] but there is no information available for
Au NPs. In this study we have used a low dose of NPs, only inducing a minimal
pulmonary response. Previously published studies obtained inflammatory response
at much higher doses (usually about 5 mg/kg) while we have used only 0.8 mg/kg
(approximately 16 pg/mouse). At this particular dose we only found, in NP exposed,
non-sensitized animals, a mild cellular inflammatory response, mainly comprised of
macrophages, without a significant influx of neutrophils and/or eosinophils. Moreover,
the percentage, and therefore also the number, of macrophages in the BAL fluid that
were associated with NPs was significantly higher in sensitized animals. EDX
analysis of the particles in the macrophages revealed that these were the actual NPs

to which the mice were exposed, indicating that the NPs reached the lungs and were
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internalized by the macrophages. Also, the control mice that received NPs barely
responded to methacholine in resistance and compliance. This indicates that NP
exposure without TDI-sensitization, but with TDI-challenge does not induce

hypersensitivity, and only limited lung damage.

The current TWA values for a single shift for TiO, varies between 15 and 1.5
mg/m? (http://www.cdc.gov/niosh/review/public/tio2/pdfs/TIO2Draft.pdf) [43]. When
we re-calculate the dose used in the mice (0.8 mg/kg), for a human of 70 kg, it is 56
mg. This means that a worker exposed to 6 mg/m3, inhaling averagely 10 m* per
workday is approximately inhaling 60 mg TiO,. Of course, we are aware that only a
fraction of this inhaled dust reaches and remains in the lung, but this illustrates very
well that the dose used is relatively realistic. Certainly when taking into account that

workers are exposed daily to particles in the air.

Our results demonstrate the aggravation of pulmonary inflammation (both
cellular as at the level of cytokine and chemokines production) by NPs even at the
low doses used. We observed a 4-fold increase in neutrophil counts in case of
sensitized animals exposed to Au and a 2.5-fold increase in sensitized animals
exposed to TiO, NPs. Studies in ovalbumin asthma model have described the
potency of carbon black [38] and diesel exhaust particles to increase the allergen
induced pulmonary inflammation [39;40]. A recent study with latex NPs has shown
the inability of NPs to increase eosinophilic lung inflammation in the ovalbumin model
of asthma [44]. Modulation of OVA induced asthma in mouse model by TDI [45] or
bakery flour has also been reported [46]. Particle exposures in the lung leads to
macrophage recruitment and during concomitant challenged with TDI a significant
augmentation of neutrophilic chemo-attraction is observed. It has been shown that
activated alveolar macrophages can lead to the recruitment of neutrophils [47] and
macrophage products (MIP-2, CNIC/gro) play a direct role in neutrophil recruitment in
infected lungs [48]. Furthermore, it has been shown that macrophages release a
neutrophil chemoattractant, macrophage-derived neutrophil chemotactic factor
(MNCF), when incubated with LPS, IL-8, TNF-a and INF-y [49]. In our experiments,
we found the highest levels of TNF-a in the non-sensitized, NP exposed and TDI-

challenged mice, and not in the NP exposed, TDI-sensitized and TDI-challenged
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mice, suggesting that other pathways are activated in sensitized mice, compared to

non-sensitized mice.

In our study NPs did not affect the IgE levels. Previously in an ovalbumin
model of respiratory allergy, modulating effects of ambient air particles, diesel
exhaust and wood smoke particles have been observed [50-52]. In our study, the
presence of total IgE in serum serves as a good marker of prior sensitization in mice,
but has limited functional consequences. This confirms the hypothesis of a non-IgE
mediated cellular mechanism involved in the development of chemical-induced

asthma.

Histological lesions consisted of perivascular and peribronchial neutrophilic
and macrophage infiltration, shedding and necrosis of the epithelium and eodema.
Histological lesion scoring further indicated that severity of pathological response in
sensitized mice was significantly increased in case of Au NPs exposure.
Macrophages readily engulfed these particles, apparent as pigmentation in the

histological sections.

The mechanism behind NPs induced modulation of asthma is still unclear. NP
induced oxidative damage could be one of the leading factor as oxidative stress
plays an important role in the pathogenesis of asthma and we have already shown
the abilities of these NPs to produce oxidative stress in cultured bronchial epithelial
cells [28;31;53]. Other possible mechanism might be the particle induced epithelial
damage to respiratory barrier which leads to increased susceptibility to allergens [54-
56]. In line with this, it has also been shown that MMP-9 modulates the tight junction
integrity of airway epithelium, thereby initiating lung tissue remodeling [57].
Furthermore, NP also have directly an influence on the maturation, antigen
presenting and co-stimulation of antigen presenting cells (APC), as reported by
Palomaki et al. [58].

We expected some substantial differences between the two particles, in
sensitized mice. The findings are a little counter intuitive because we anticipated that
the crystalline TiO; particles [59] would induce a more severe inflammatory response

compared to the colloid gold which is supposed to be less inflammatory [60].
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Notwithstanding the significant differences between the two particles in chemistry,
physical appearance, size ...), both induced a strong influx of inflammatory cells in
the lung, a significant increase in MMP-9 and MIP-2, but a relative low pro-
inflammatory signal (TNF-a and IL-6) in TDI-sensitized mice. In conclusion, we have
demonstrated that both Au NPs aggravate the airway hyperreactivity as well as the
inflammatory response in TDI sensitized animals, while TiO, NPs only significantly
increases the inflammatory response in TDI sensitized animals. These results
indicate the possibility of aggravation of chemical induced occupational asthma in the
presence of NP exposure. Further studies are warranted to understand the

mechanisms underlying this aggravation of asthmatic responses.
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Table 2: Total serum IgE (ng/ml)

IgE (ng/ml)

AOO/Neh/AOO | 272 + 160

AOO/Neh/TDI | 276 £ 174

TDI/Veh/TDI 2359 £ 1703 *

AOO/TiOo/AOO | 339 + 286

AOQO/TIO/TDI | 271 £ 255

TDI/TiO2/TDI 2548 + 2237 *

AOO/AU/AOO | 315+ 193

AOO/Au/TDI 229 + 140

TDI/Au/TDI 2699 + 1844 *

Total serum IgE levels were analyzed 24 h after the TDI-challenge. Experimental
groups are identical to figure 2. n=5-9. * p<0.05 compared to the AOO/Veh/AOO

group.
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Legends

Figure 1: Dynamic light scattering analysis of gold and titanium dioxide NPs
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Figure 2: Airway hyperreactivity (AHR).

A) Airway resistance (R) and B) compliance (C) to methacholine exposure
was measured by forced oscillation technique (FlexiVent) 22 hours after the
TDI-challenge. C) Area under curve (AUC) of the R and D) AUC of C.
Experimental groups are AOO/Veh/TDI, TDI/Veh/TDI, AOO/TiO,/TDlI,
TDI/TiO2/TDI, AOO/Au/TDI, TDI/Au/TDI. The first abbreviation indicates the
agent used for dermal application on days 1 and 8 (AOQO: acetone/olive oil;
TDI: Toluene diisocyanate), the second abbreviation indicates type of
NP/vehicle exposure on day 14 (oropharyngeal route) and third abbreviation
indicates the TDI-challenge on day 15 (oropharyngeal route). Data are
presented as means in fig A and B and as individual values and group
means in fig C and D. n=5-9; * p<0.05, ** p<0.01compared to the
AOO/Veh/AOO group; ++ p<0.01 compared to the TDI/Veh/TDI group.
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Compliance: AHR
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Figure 3: Total and differential BAL cell counts.
BAL fluid was collected 24 h after the TDI-challenge. Experimental groups
are identical to figure 1. A) BAL total cell count, B) BAL total macrophage
count, C) BAL total neutrophil count, D) BAL total eosinophils count.
Experimental groups are identical to figure 2. Data are presented as mean +
S.D. n=5-9 per group. * p<0.05, ** p<0.01, *** p<0.001 compared to the
AOO/Veh/AOO group; +++ p<0.001 compared to the TDI/Veh/TDI group.
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Figure 4: NP uptake by BAL Macrophages and analysis of internalized

particles.

A) Representative images of one macrophage from each group. B) Percent

macrophages with NPs in the cytoplasm. Transmission electron micrograph
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showing clusters of electron-dense particles,

macrophage from a mouse exposed to gold nanoparticles (C) or titanium
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dioxide nanoparticles (D). X-ray spectrum from the area indicated in panel A
(white circle and arrow) showing the Ma La LBiand LB, peaks for gold
together with the Ka and K@ peaks for titanium (grid) and background peaks
for copper and silicon (E). X-ray spectrum from the area indicated in panel
B (white circle and arrow) showing the Ka and KB peaks for titanium
together with the Ka and KB peaks for copper (grid) (F). Experimental
groups are identical to figure 2. Magnification 1000x; n=5-6; *** p<0.001.
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Figure 5: Histological analysis of lung tissue.
Lungs were isolated and fixed with formaldehyde. Semi fine sections were
cut after paraffin embedding. Slide were stained with H&E staining and
analyzed for pathological lesions. Magnification of 50x and 400x are
presented. Experimental groups are identical to figure 2.
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Figure 6: Semi-quantitative scoring of lung histology.

Lungs were isolated and fixed with formaldehyde. Semi fine sections were
cut after paraffin embedding. Slide were stained with H&E staining and
analyzed for pathological lesions. A semi-quantitative scoring, ranging from
0 (nothing) to 3 (substantial) of the lungs was performed in a blinded
manner. A) eodema accumulation, B) epithelial damage, C) macrophage
infiltration, D) neutrophil infiltration. Experimental groups are identical to
figure 2. n=5-9. + p<0.05, ++ p<0.01 +++ p<0.001 compared to the
TDI/Veh/TDI group.
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