Eur Respir J 2011; 37: 299-309
DOI: 10.1183/09031936.00168509
Copyright©ERS 2011

Lung exposure to nanoparticles modulates
an asthmatic response in a mouse model

S. Hussain**"/, J.A.J. Vanoirbeek”"’, K. Luyts”, V. De Vooght”, E. Verbeken’,
L.C.J. Thomassen®, J.A. Martens", D. Dinsdale®, S. Boland*, F. Marano*,
B. Nemery” and P.H.M. Hoet”

ABSTRACT: The aim of this study was to investigate the modulation of an asthmatic response by
titanium dioxide (TiO,) 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 (AOO) on the dorsum of both ears (20 pL). On day 14, the mice were oropharyngeally
dosed with 40 pL of a NP suspension (0.4 mg-mL™" (~0.8 mg-kg™) TiO, or Au). 1 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 immunoglobulin E were assessed.

NP exposure in sensitised mice led to a two- (TiO,) or three-fold (Au) increase in AHR, and a
three- (TiO,) or five-fold (Au) 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. Histological
inflammation.

analysis revealed increased oedema,

epithelial damage and

In conclusion, these results show that a low, intrapulmonary doses of TiO, or Au NPs can
aggravate pulmonary inflammation and AHR in a mouse model of diisocyanate-induced asthma.
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diisocyanate

ccupational asthma accounts for an
o 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 consumer 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 diisocya-
nate (TDI) as sensitising agent [4-6]. In this
mouse model, we initiate sensitisation via dermal
application, which is followed by a single airway
challenge, resulting in asthma-like responses. In
obstructive asthma, it is generally assumed that
exposure in 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

For editorial comment see page 225.
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a focus on skin as a route of exposure [3, 7-9].
Recently, several animal models have shown
convincingly that skin exposure to chemical
sensitisers (predominantly isocyanates, but also
anhydrides and persulfate salts) can induce
systemic sensitisation, which may result in asthma-
like respiratory responses when the animal is
later challenged via the airways [5, 10-12].

Current estimates indicate that >800 nanomaterial-
containing products are commercially available,
according to the Woodrow Wilson Database [13].
These nanomaterials can affect health through
consumer products, and occupational and environ-
mental exposures [14, 15]. Both titanium dioxide
(TiO,) and gold (Au) nanoparticles (NPs) are
produced and used in substantial quantities, and
pose an emergent occupational and consumer risk
[13]. TiO, NPs are one of the most abundantly
produced and widely utilised nanomaterials [16],
with applications in sunscreens, cosmetics, tooth
pastes and food products [17, 18]. The biological
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applications of Au NPs have been recently reviewed [19]. Au
NPs are used medicinally 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 occupa-
tional and environmental factors has been a topic of interest in
the recent past. Previous knowledge of air pollution studies
confirm the role of NPs in aggravating pulmonary illnesses
[24]. A correlation between the use of asthma medication,
which has been linked to lung function disturbances, with
environmental NP exposure has been reported [25]. Indeed,
different types of engineered NPs have been shown to induce
pulmonary inflammation in experimental animals [26, 27] and
cell lines of respiratory origin in vitro [28-31].

We hypothesised that, like environmental particulate material,
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 TiO, or Au in a mouse model of diisocyanate-
induced asthma.

MATERIALS AND METHODS

NPs

TiO; NPs (99.9% anatase) of 15 nm 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,
Universite Paris-Sud, Orsay, France) by the Turkevich method.
Briefly, an aqueous solution of Au-tetrachloroauric acid
(82.8 mg of gold) was heated until boiling under vigorous
stirring. Then, an aliquot of a 1% aqueous trisodium citrate
solution was added, and the solution was stirred and kept at
boiling point for a further 45 min. Au NPs with average sizes
of 40 nm were prepared by adjusting the ratio of AuCly to
citrate from 0.4 to 1.3. After the introduction of the citrate
solution, a purple colour appeared, which then turned to ruby
red. The solution was then stirred and kept at boiling point for
a further 45 min to complete the reduction process.
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FIGURE 1. Dynamic light scattering analysis of gold (—) and titanium dioxide
(---) nanoparticles.
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In all experiments, NP suspensions (0.04 pg-mL™) stabilised in
2.5 mM trisodium citrate tribasic dehydrate (vehicle; Sigma—
Aldrich, Steinheim, Germany) were utilised to treat the mice.

NP characterisation

NPs were thoroughly characterised for their purity, hydro-
dynamic diameters, { potentials, spectral characteristics,
electrophoretic mobility, and primary particle diameter and
behaviour in solution form (transmission electron microscopy
(TEM)).

TEM

TEM measurements were performed using a Philips CM30
TEM (Philips FEI, Eindhoven, The Netherlands) operating at
300 kV. Small volumes of sample (same concentration of NPs
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 a nitrogen
atmosphere in a glove box.

Dynamic light scattering

Au and TiO, 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 (DLS) measurements were performed with a
Brookhaven 90 Plus NanoParticle Size Distribution Analyser
(scattering angle 90°, wavelength 659 nm, power 15 mW;
Brookhaven Instruments Ltd, Redditch, UK). Correlation
functions were analysed using the Clementine package (maxi-
mum entropy method) for Igor Pro 6.02A (WaveMetrics,
Portland, OR, USA). This resulted in intensity-weighted
distribution functions versus decay times. By converting the
decay times with instrument parameters and physical para-
meters to hydrodynamic diameters, an intensity-weighted size
distribution is obtained. A log-normal fit was applied to each
population, resulting in the intensity-weighed average hydro-
dynamic diameter of the population. Note that the hydro-
dynamic 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-weighted
distributions were estimated using the Rayleigh scattering
approximation and a correction factor for the form-factor of
spherical particles [32].

{ potential measurements

{ 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 mg-L’l, respectively, in 2.5 mM
trisodium citrate solution (pH 6.95, ionic strength (I)=15 mM).
{ potential was measured with a Brookhaven 90Plus/ZetaPlus
instrument applying electrophoretic light scattering. A pri-
mary 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 { potential from the electro-
phoretic mobility.
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FIGURE 2. Airway hyperreactivity a) airway resistance (R) and ¢) compliance (C) to methacholine exposure was measured by the forced oscillation technique 22 h after
the toluene diisocyanate (TDI) challenge. Area under curve (AUC) of b) R and d) C are shown. Experimental groups were acetone (A)—olive oil (OO)/vehicle (Veh)/AOO), AOO/
Veh/TDI, TDI/Neh/TDI, AOO/titanium dioxide (TiO2)/A00, AOO/(TiO,)/TDI, TDI/TiOo/TDI, AOO/gold (Au)/AOO, AOO/Au/TDI and TDI/Au/TDI. The first abbreviation indicates the
agent used for dermal application on days 1 and 8, the second abbreviation indicates type of nanoparticle/Veh exposure on day 14 (oropharyngeal route) and the third
abbreviation indicates the TDI challenge on day 15 (oropharyngeal route). Data are presented as a, ¢) mean and b, d) individual values and group means (—). n=5-9.
*: p<0.05 compared with AOO/Neh/AQQ; **: p<0.01 compared with AOO/Neh/AQO; #: p<0.01 compared with the TDI/NVeh/TDI group.

Reagents

Toluene-2,4-diisocyanate (TDI; 98%; Fluka, CAS 584-84-9),
acetyl-B-methylcholine  (methacholine) and acetone were
obtained from Sigma-Aldrich (Bornem, Belgium). Pentobarbital
(Nembutal) was obtained from Sanofi Santé Animale (CEVA,
Brussels, Belgium) and Isoflurane (Forenew) from Abbott
Laboratories (SA Abbott NV, Ottignies, Belgium). The vehicle
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 sensitisation, and one volume of
acetone and four volumes of olive oil for the challenge.
Concentrations of TDI are given as % (volume/volume) in AOO.

Animals

Male BALB/c mice (~20 g, 6 weeks old) were obtained from
Harlan (Horst, The Netherlands). The mice were housed in a
conventional animal house with 12-h dark/light cycles. They
received lightly acidified water and pelleted food (Trouw
Nutrition, Ghent, Belgium) ad Iibitum. All experimental
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procedures were approved by the local Ethical Committee
for Animal Experiments (Katholieke Universiteit Leuven,
Leuvin, Belgium).

Experimental protocol

On days 1 and 8, mice were dermally sensitised with 0.3% TDI
or vehicle (2:3 AOO) (20 pL) on the dorsum of both ears. On
day 14, 40 uL. NP suspensions (~0.8 mg-kg™ TiO, and Au) or
2.5 mM trisodium citrate (vehicle) were given via orophar-
yngeal aspiration under light isoflorane anaesthesia. 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 bronchoal-
veolar lavage (BAL), blood and lung tissue for histology.

Experimental groups were designated as AOO/Veh/TDI,
TDI/Veh/TDI, AOO/TiO,/TDI, TDI/TiO,/TDI, AOO/Au/
TDI and TDI/Au/TDI. The first abbreviation indicates the
agent used for dermal application on days 1 and 8, the second
abbreviation indicates type of NP/vehicle (Veh) exposure on
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FIGURE 3. Total and differential bronhoalveolar lavage (BAL) cell counts. BAL fluid was collected 24 h after the toluene diisocyanate (TDI) challenge. a) total cell, b)

macrophage, ¢) neutrophil and d) eosinophil counts are shown. Experimental groups are identical to figure 2. Data are presented as mean+sb. n=5-9 per group. A:
acetone; OO: olive oil; Veh: vehicle; TiO2: titanium dioxide; Au: gold. *: p<<0.05 compared with AOO/Veh/AOO; **: p<0.01 compared with AOO/Veh/AOO; ***: p<0.001

compared with AOO/NVeh/AOQ; #: p<0.001 compared with TDI/Veh/TDI.

day 14 (oropharyngeal route) and the third abbreviation
indicates the TDI challenge on day 15 (oropharyngeal route).

Airway hyperreactivity

Airway hyperreactivity (AHR) to methacholine was assessed
22 h after the TDI challenge, using a forced oscillation
technique (FlexiVent; SCIREQ, Montreal, Canada). As
previously described, airway resistance (R) and compliance
(C) were measured using a “‘snapshot”” protocol. For each
mouse, R and C were plotted against methacholine concentra-
tion (0-10 mg-mL™) and the area under the curve (AUC) was
calculated [34].

BAL

Cell counts

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

Endocytosis estimation

To estimate the extent of the phagocytosis of the particles,
>200 macrophages were randomly counted for the micro-
scopically visible presence or absence of NP aggregates inside
the cytoplasm at 1000 x magnification.

Electron microscopy and 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 polymerised block was removed from the slide and
sectioned. Ultrathin sections from BAL of mice exposed to Au
NPs were mounted on titanium grids, and sections from
control and TiO,-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, Miinster, Germany) in a Jeol 100-CXII electron

EUROPEAN RESPIRATORY JOURNAL
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1/-\:18 =5 B Bronchoalveolar lavage (BAL) cytokines
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Experimental group MMP-9 ng-mL™' MIP-2 pg-mL" MCP-1 pg-mL™" TNF-a pg-mL™* IL-6 pg-mL™
AOO/Veh/AOO 0.14+0.26 9.66+1.91 1717+7.75 371.0+170.9 220.4 1671
AOO/Veh/TDI 1.59+1.21 12.90+1.64 25.67+11.39 811.9+415.0 260.1+116.0
TDI/Veh/TDI 2.55+2.30* 15.45+6.74 24.38+8.55 524.3+226.1 136.9+74.8
AOO/TiO,/AOO 0.62+0.43 9.562+0.67 15.71+8.28 360.5+129.4 206.2+63.7
AOO/TiO,/TDI 1.81+2.06 10.62+2.14 26.37+13.37 1111.04+649.0** 265.3+119.4
TDI/TiO,/TDI 3.97+2.31** 18.65+9.87* 26.13+9.21 323.0+180.6 1356.1+£115.6
AOO/Au/AOO 1.34+1.59 10.10+1.29 14.90+4.87 304.2+114.8 307.5+90.8
AOO/Au/TDI 2.68+2.78 13.62+3.85 31.91+11.93 957.24490.5* 300.6+114.4
TDI/Au/TDI 4.56+1.57** 20.25+7.89** 29.89+17.96 189.8+127.1% 71.4+81.1*

Data are presented as mean + sp. Concentrations of matrix metallopeptidase (MMP)-9, macrophage inflammatory protein (MIP)-2, monocyte chemotactic protein
(MCP)-1, tumour necrosis factor (TNF)-o and interleukin (IL)-6 were measured in BAL via standard ELISA. Experimental groups are identical to figure 2. n=5-9 per group.
A: acetone; OO: olive oil; Veh: vehicle; TDI: toluene diisocyanate; TiO,: titanium dioxide; Au: gold. *: p<<0.05 compared with AOO/Veh/AQO; **: p<0.01 compared with

AOO/Neh/AOO; #: p<0.05 compared with TDI/Veh/TDI.

microscope (Jeol UK Ltd, Welwyn Garden City, UK) equipped
with a PCXA-1186 energy-dispersive X-ray (EDX) spectro-
meter (Link Analytical Ltd, High Wycombe, UK).

Cytokine analysis

Levels of matrix metallopeptidase (MMP)-9, macrophage
inflammatory protein (MIP)-2 (both R&D Systems, Abingdon,
UK), tumour necrosis factor (TNNF)-o, monocyte chemotactic
protein (MCP)-1 and interleukin (IL)-6 (all Invitrogen SA,
Merelbeke, Belgium) were measured in undiluted BAL fluid
by a sandwich ELISA, according to the manufacturers’
instructions. Lower limits of detection were 0.007 ng-mL™,
1.5 pg'mL™, 3 pg'mL”, 9 pg'mL" and 3 pg-mL™, respectively.

Histological lesion scoring

After collection of BAL fluid, lungs were filled in situ with 4%
formaldehyde until all lobes were fully inflated, 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 haematoxylin and eosin (H&E)-stained slides.

Total serum immunoglobulin E

Total serum immunoglobulin (Ig)E concentration was mea-
sured using the OptEIA™ Mouse IgE set (Pharmingen; BD
Biosciences, Erembodegem, Belgium) after 1 in 70 dilution,
according to the manufacturer’s recommendations.

Statistical analysis

Data are presented as mean +5SD, except for the AUC data for
AHR, which is shown as individual mouse 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 normal-
ity test. Since our data were normally distributed, we applied
an ANOVA followed by Bonferroni test for multiple compar-
isons using Graphpad (Graphpad Prism 4.01; Graphpad
Software Inc., San Diego, CA, USA). A level of p<<0.05 (two-
tailed) was considered significant.

EUROPEAN RESPIRATORY JOURNAL

RESULTS

NP characteristics

NPs were thoroughly characterised before use, which we
described previously [28, 31]. The { potentials for Au and TiO,
NPs in 2.5mM trisodium citrate were -74 and -52 mV,
respectively, showing that electrostatic repulsions may be an
important factor in stabilising the suspensions. These large
negative { potentials of the particles in comparison with {
potentials in water (data not shown) demonstrate the stabilis-
ing effect of the citrate solution, particularly towards the Au
NPs. Analysis of homogeneous suspensions of the nanoparti-
cles in a 2.5 mM trisodium citrate solution by DLS showed a
single population of 40-nm Au particles and two populations
in the TiO, samples. Primary TiO, particles with a hydro-
dynamic diameter of 22 nm were detected next to agglomer-
ates or aggregates with a mean hydrodynamic diameter of
272 nm (fig. 1). On a number basis, <0.01% of the particles
were agglomerates or aggregates. On a 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.

AHR

Figure 2a (resistance) and c (compliance) show the airway
responsiveness to methacholine measured 22 h after the TDI
challenge (day 16). The mean AUC of each group is shown in
figure 2b and d, for resistance and compliance, respectively.
There were no differences between the six non-sensitised groups.
All TDI-sensitised and -challenged groups (TDI/Veh/TDI, TDI/
TiO,/TDI and TDI/Au/TDI) were significantly increased
compared to the complete control group (AOO/Veh/AQOO).
When comparing TDI-sensitised and -challenged mice, only
Au NP-exposed mice (TDI/Au/TDI) showed increased AHR
(resistance, but not compliance) compared to the TDI/Veh/TDI

group.

BAL

Total cell counts are presented in figure 3a. TDI-sensitised,
-challenged and NP-exposed mice (TDI/TiO,/TDI and TDI/
Au/TDI) showed a significantly higher total BAL cell count

VOLUME 37 NUMBER 2 303
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FIGURE 4. Nanoparticle (NP) uptake by bronchoalveolar lavage macrophages and analysis of internalised particles. Representative images of one macrophage from
the a) toluene diisocyanate (TDI)/vehicle (Veh)/TDI, b) TDI/titanium dioxide (TiO,)/TDI and c) TDl/gold (Au)/TDI groups. Scale bars=2.5 um. d) Percentage of macrophages
with NPs in their cytoplasm. **: p<<0.01; ***: p<<0.01. Transmission electron micrographs showing clusters of electron-dense particles in the cytoplasm of a macrophage
from a mouse exposed to e) Au or f) TiO, NPs. Scale bars=5 pm. g) X-ray spectrum from the area indicated by the circle and arrow in e), showing the Mo Lo LB and LB,
peaks for Au together with the Ko and K peaks for titanium (Ti; grid) and background peaks for copper (Cu) and silicon (Si). h) X-ray spectrum from the area indicated by the
circle and arrow in f), showing the Ko and KB peaks for Ti together with the Ko and KB peaks for Cu (grid). Experimental groups are identical to figure 2. n=5-6. A: acetone;

OO0: olive ail.

compared with the complete control groups (AOO/Veh/
AOQO). TDI-sensitised and -challenged mice with NP (both
TiO, and Au) exposure showed a significantly higher
inflammation compared with TDI-sensitised mice without
NP exposure. Total macrophage counts are presented in

304 VOLUME 37 NUMBER 2

figure 3b, and show the same trends and significant differ-
ences as the total BAL cell count. Total neutrophil and
eosinophil counts are presented in figure 3c and d, respec-
tively. TDI sensitisation and challenge led to significant influx
of neutrophils and eosinophils in BAL compared with the

EUROPEAN RESPIRATORY JOURNAL
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FIGURE 5. Histological analysis of lung tissue. Lungs were isolated and fixed with formaldehyde. Semifine sections were cut after paraffin embedding. Slides were

stained with haematoxylin and eosin, and analysed for pathological lesions. Scale bars=400 um at 40 x magnification and 100 pm at 400 x magnification (inset).
Experimental groups are identical to figure 2: a) acetone (A)—-olive oil (OO)/vehicle (Veh)/AOO; b) AOO/titanium dioxide (TiO5)/AQO; ¢) AOO/gold (Au)/AOO; d) AOONeh/
toluene diisocyanate (TDI); d) AOO/NVeh/TDI; e) AOO/TiO,/TDI; f) AOO/Au/TDI; g) TDI/Neh/TDI; h) TDI/TiOo/TDI; i) TDI/Au/TDI.

complete control group. NP-exposed, TDI-sensitised and
-challenged mice had significantly higher neutrophil, but not
eosinophil, counts compared with the TDI/Veh/TDI group.

Table 1 shows the average levels of BAL cytokines. We found
significant increased levels of MMP-9 in all TDI-sensitised and
challenged mice, compare to the complete control group. MIP-2
levels were only increased in the NP-exposed, TDI-sensitised
and -challenged mice. TNF-a levels were increased in the NP-
exposed, nonsensitised but TDI-challenged groups, compared
to the AOO/Veh/AOO group. However, the level of TNF-o 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, b and ¢, representative images of BAL macro-
phages in the TDI-sensitised and -challenged mice with or

EUROPEAN RESPIRATORY JOURNAL

without NP exposure are shown. Figure 4d shows the
percentage of macrophages that had 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. In both the TiO,- and in the Au-exposed
groups, significant differences were found between the
nonsensitised and TDI-sensitised mice. We also find a
significantly higher percentage of macrophages with TiO,
uptake compared with Au uptake in the nonsensitised but
TDI-challenged control group (AOO/TiO,/TDI versus AOO/
Au/TDI).

Clusters of electron-dense particles were evident in the
cytoplasm of macrophages in cytospin preparations from mice
exposed to either Au or TiO, NPs (fig.4e and f). The
composition of these particles was established by microanalysis
(fig. 4g and h). No particle clusters were found in control
samples.

VOLUME 37 NUMBER 2 305
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Histological lesion scoring

Figure 5 shows images of H&E stained lungs (50x and 400x
magnification) and a histological scoring of the different
groups is shown in figure 6. The complete control group,
AOO/Veh/AOQ, did not show any signs of oedema, epithelial
damage, or macrophage or neutrophil inflammation, either
perivascular or peribronchial. Since the semiquantitative score
for the AOO/Veh/AOO group was 0 overall, we could not
perform statistical comparisons with this complete control
group. The lungs of the TDI/Veh/TDI group showed a slight
neutrophilic inflammation, oedema and limited epithelial
damage. The lungs of the TDI/TiO,/TDI showed significantly
more macrophage infiltration compared with the TDI/Veh/
TDI group, while the TDI/Au/TDI group shows significantly
more macrophage and neutrophilic inflammation, oedema and
epithelial damage compared with the TDI/Veh/TDI mice.

Total serum IgE
Table 2 shows total serum IgE concentrations. TDI-sensitised

and -challenged mice, with or without NP exposure, have a
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significantly higher total serum IgE concentrations as com-
pared with their control groups. No difference was measured
between the TDI-sensitised and -challenged groups.

DISCUSSION

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

There are no reports available in the literature on the effects of
TiO, and Au NPs on AHR alone or in diseased animal models.
In our experiments, the AHR (increased R), was only
significantly enhanced by Au NPs in sensitised animals. This
is consistent with particle exposure (carbon black NPs and

b)

AOO/Neh/A0O

AOO/Neh/TDI -

TDINeh/TDI -
AOO/TIO,/AOO
AOO/TiO,/TDI
TDI/TIO,/TDI
AOO/AU/ACO
AOO/Au/TDI
TDI/AU/TDI

FIGURE 6. Semiquantitative scoring of lung histology. Lungs were isolated and fixed with formaldehyde. Semifine sections were cut after paraffin embedding. Slides
were stained with haematoxylin and eosin, and analysed for pathological lesions. A semiquantitative scoring, ranging from 0 (nothing) to 3 (substantial), of a) oedema
accumulation, b) epithelial damage, and c) macrophage and d) neutrophil infiltration was performed in a blinded manner. n=5-9. Experimental groups are identical to
figure 2. A: acetone; OO: olive oil; Veh: vehicle; TDI: toluene diisocyanate; TiO,: titanium dioxide; Au: gold. *: p<<0.05 compared with TDI/NVeh/TID; **: p<<0.01 compared with

TDINeh/TID; ***: p<<0.001 compared with TDI/Veh/TID.
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1:\: 808 Total serum immunoglobulin (Ig)E

Experimental group IgE ng-mL™"
AOO/Veh/AOO 272 +160
AOO/Veh/TDI 276+ 174
TDI/Veh/TDI 2359+ 1703*
AOO/TiO,/AOO 339+ 286
AOO/TiO,/TDI 2714255
TDI/TiO,/TDI 2548 +2237*
AOO/Au/AOO 315+193
AOO/Au/TDI 229+ 140
TDI/Au/TDI 2699 + 1844*

Data are presented as mean +sp. Total serum IgE levels were analysed 24 h
after the toluene diisocyanate (TDI) challenge. n=5-9. Experimental groups are
identical to figure 2. A: acetone; OO: olive oil; Veh: vehicle; TiO,: titanium
dioxide; Au: gold. *: p<0.05 compared with AOO/NVeh/AQQ.

diesel exhaust particles) in a mouse model of ovalbumin (OVA)-
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 C in response to methacholine provocation, suggesting
an influence of inflammation on the hypersensitivity rather
than structural changes of the lung tissue.

Airway inflammation plays a key role in various pathologies,
including asthma. Some studies have demonstrated that TiO,
NPs have the 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, inducing only a minimal pulmonary response. Previously
published studies obtained inflammatory response at much
higher doses (usually ~5 mg-kg™), while we have used only
0.8 mg~l<g'1 (~16 ug~mouse'1). At this particular dose we only
found a mild cellular inflammatory response in NP-exposed,
nonsensitised animals, which was 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 sensitised
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
internalised by the macrophages. Also, the control mice that
received NPs barely responded to methacholine in R and C.
This indicates that NP exposure without TDI sensitisation, but
with TDI challenge, does not induce hypersensitivity, and
induces only limited lung damage.

The current time-weighted average values for a single shift for
TiO, vary between 15 and 1.5 mg-m’3 [43]. When we
recalculate the dose used in the mice (0.8 mgkg™) for a
human of 70 kg, it is equivalent to 56 mg TiO,. This means that
a worker exposed to 6 mg-m~, inhaling on average 10 m® per
work day, is 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
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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 at the cellular level and at the level of
cytokine and chemokine production) by NPs even at the low
doses used. We observed a four-fold increase in neutrophil
counts in the case of sensitised animals exposed to Au and a
2.5-fold increase in sensitised animals exposed to TiO, NPs.
Studies in an OVA 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 OVA model of asthma
[44]. Modulation of OVA-induced asthma in mouse model by
TDI [45] or bakery flour has also been reported [46]. Particle
exposure in the lung leads to macrophage recruitment and,
during concomitant challenge with TDI, a significant augmen-
tation of neutrophilic chemoattraction was observed. It has
been shown that activated alveolar macrophages can lead to
the recruitment of neutrophils [47] and macrophage products
(MIP-2 and cytokine-induced neutrophil chemoattractant/
growth-regulated oncogene) 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, when
incubated with lipopolysaccharide, IL-8, TNF-o and
interferon-y [49]. In our experiments, we found the highest
levels of TNF-a in the nonsensitised, NP-exposed and TDI-
challenged mice, and not in the NP-exposed, TDI-sensitised
and TDI-challenged mice, suggesting that other pathways are
activated in sensitised mice, compared to nonsensitised mice.

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

Histological lesions consisted of perivascular and peribron-
chial neutrophilic and macrophage infiltration, shedding and
necrosis of the epithelium, and eodema. Histological lesion
scoring further indicated that the severity of pathological
response in sensitised mice was significantly increased in Au
NP exposure. Macrophages readily engulfed these particles,
which was apparent as pigmentation in the histological sections.

The mechanism of NP-induced modulation of asthma is still
unclear. NP-induced oxidative damage could be one of the
leading factors, as oxidative stress plays an important role in
the pathogenesis of asthma, and we have already shown the
ability of these NPs to provoke oxidative stress in cultured
bronchial epithelial cells [28, 31, 53]. Another possible
mechanism might be particle-induced epithelial damage to
the respiratory barrier, which leads to increased susceptibility
to allergens [54-56]. Consistent with this, it has also been
shown that MMP-9 modulates the tight junction integrity of
the airway epithelium, thereby initiating lung tissue remodel-
ing [57]. Furthermore, NPs also have a direct influence on the
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maturation, antigen presentation and costimulation of antigen
presenting cells, as reported by PALOMAKI et al. [58].

We expected some substantial differences between the two
particles in sensitised 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 with the colloidal Au, which is supposed
to be less inflammatory [60]. Notwithstanding the significant
differences between the two particles in chemistry, physical
appearance, size, efc.,, both induced a strong influx of
inflammatory cells in the lung, and a significant increase in
MMP-9 and MIP-2, but a relative low proinflammatory signal
(TNF-o and IL-6) in TDI-sensitised mice.

In conclusion, we have demonstrated that Au NPs aggravate
airway hyperreactivity and the inflammatory response in TDI-
sensitised animals, while TiO, NPs only significantly increase
the inflammatory response in TDI-sensitised animals. These
results indicate the possibility of aggravation of chemically
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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