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Type | hypersensitivity reactions against environmental entities, i.e. allergens, are an ever growing problem,
with increasing numbers of affected individuals in Western countries. In parallel, nanotechnology has been
growing during the past decades, entering more and more areas of application in everyday life. Exposure
to allergens may occur in a combined way with environmental particulate matter or (nano-)particles
potentially abundant at the workplace. Such combinations may thus affect workers and consumers alike.
The present study conceived a methodological and mechanistic approach based on recombinant allergen-
SiO, nanoparticle conjugates and the novel hAELVi cell line as two well-defined model systems to
investigate the effects of co-exposure towards allergens and nanoparticles. We applied pristine
nanoparticles, allergen-nanoparticle conjugates and unbound allergen under submerged and air-liquid
interface conditions. The uptake kinetics and mechanisms, cellular localization and resulting immune
responses were studied in hAELVi cells, a cell line derived from human alveolar epithelium showing the
characteristics of type | epithelial cells. Modification in the uptake kinetics as well as an increase in pro-
inflammatory cyto-/chemokine expression was observed under submerged conditions, but much less
under air-liquid interface conditions. While for mechanistic investigations the submerged culture system
still proved suitable, more robust and cost-effective, these culture conditions showed considerable
deviations in cellular susceptibility observed under more realistic conditions.

SiO, nanoparticles are among the most produced and widely used nanoparticles, leading to a high degree of environmental exposure. The release into the

environment can facilitate interactions with airborne allergens which are omnipresent. These interactions can modify the biological effect of the allergen

upon inhalation. Determination of such alterations upon inhalation may be relevant for individuals suffering from allergic disease. The present study

demonstrates that conjugate formation of allergens and nanoparticles modifies the uptake kinetics and mechanisms, which furthermore impacts the

biological response observed in alveolar epithelial cells.

1 Introduction

Allergy is an adverse reaction of the immune system against
stimuli tolerated by most people. During the past 50 years,
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allergic diseases have significantly increased in prevalence.'”
By now, more than 150 million people are suffering from
allergic diseases in Europe® and more than a billion
individuals on a worldwide scale." Environmental allergen
sources include pollen, animal saliva, insect venom and food.
Allergenic foods include nuts, eggs, shellfish and fish,
affecting about 6% of adults.” Occupational respiratory
disease has been described for the seafood industry, where 2-
36% of workers suffer from allergic asthma due to regular
inhalation of seafood-derived wet aerosols or allergen-loaded
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dusts resulting from surface treatment with wet jets or
compressed air.® Altogether, respiratory allergies show the
highest prevalence with around 235 million people suffering
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from allergic asthma.”® Moreover, due to climate change, the
exposure durations for seasonal allergens, like tree, grass and
weed pollen, seem to be increasing.'® Consequently, airborne
allergens represent major causes for pulmonary diseases.™
Concerning allergic sensitization, the dominant tree pollen
found in Central and Northern Europe is from birch and
other members of the Betulaceae family."> Their high
abundance leads to a high seasonal exposure to birch pollen
and to its major allergen Bet v 1, which is readily available as
a highly purified and well-characterized recombinant protein.

Production and use of engineered nanoparticles (NPs)
have increased significantly during the past decades. The
estimated production volume of NPs ranges from 60 000 tons
per year® to 11.5 million tons per year'* worldwide for the
ten most produced NPs (TiO,, ZnO, SiO,, FeO,, AlO,, CeO,,
carbon nanotubes (CNTs), fullerenes, Ag and quantum dots).
Out of these ten materials, SiO, NPs are among the most
produced particles by weight with an estimated 5500 tons
per year'® to 1.5 million tons per year."* The applications for
SiO, NPs include consumer products, cosmetics, food
additives, tyres, agriculture and medicine,'® > leading to a
higher exposure in the environment. The biological impact of
crystalline silica (0.5-10 pum) has been associated with
silicosis, lung cancer, pulmonary tuberculosis and
emphysema.>® In general, smaller amorphous SiO, NPs are
considered less toxic compared to their larger crystalline
counterparts. Studies in recent years have shown that SiO,
NPs can induce oxidative stress and cytotoxicity depending
on the tested material and cellular model.>>*® Due to the
wide use of SiO, NPs in industry and in consumer products,
human exposure extends from occupational settings to
everyday life. The major entry portal into the body at the
workplace is via inhalation. Due to their small size,
aerosolized NPs can reach and deposit in the deepest parts of
the lung, the alveoli.”””*® Aerosolized particles may represent
a vivid interaction partner for airborne allergen sources, such
as pollen fragments of trees, grass and weeds. Due to the
NPs' high surface energy and resulting activity to form a
protein corona,® allergenic proteins will coat NPs as soon as
they come into contact with the particle surface. It has been
shown previously that such interactions between gold NPs
and allergenic molecules can have an impact on the allergic
response of basophils derived from patients.** The authors
showed that basophil activation was modulated in basophils
from individual patients, when the allergens used were
bound to NPs, compared to the same amount of free
allergen. Moreover, an increased protease activity could be
measured for the dust mite allergen Der p 1 when it was
bound to NPs. These results indicate that the binding to NPs
might influence the protein and epitope
accessibility. A substantial donor variability may be explained
by recognition of different epitopes by the donors.

As inhalation is the major entry route for both allergens
and NPs, we wanted to investigate the effect of co-exposure
via inhalation. The alveolar epithelium is composed of two
different cell types, the alveolar epithelial type I cells, which
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2074 | Environ. Sci.. Nano, 2020, 7, 2073-2086

View Article Online

Environmental Science: Nano

cover the majority of the surface and permit gas exchange,
and the alveolar epithelial type II cells, which can
differentiate into type I cells.*® The inside of the alveoli is
covered by a thin layer of alveolar surfactant, which is
produced by type II epithelial cells. Primary human alveolar
epithelial cells are not available for the type of study
performed here, so researchers rely on stable cell lines.
Nearly all in vitro studies investigating the impact of NPs on
the alveolar barrier have been performed using the
adenocarcinomic human alveolar basal epithelial cell line
A549, which was isolated from cancerous lung tissue from a
58-year-old male®* A549 cells resemble alveolar type II cells,*
while up to 95% of the alveolar surface is covered in alveolar
type I cells. The recently established human alveolar
epithelial cell line called human alveolar epithelial lentiviral
immortalized (hAELVi) cells was isolated from healthy lung
tissue and immortalized using a lentiviral vector.>* This cell
line shows characteristics of alveolar type I cells including
but not limited to the expression of ZO-1, the formation of
intercellular tight junctions and the expression of caveolin-
1.>* The hAELVi cells are currently considered as a highly
interesting new model that allows for better mimicking of
the bulk of the alveolar epithelial surface.

For modelling realistic situations in the human lung,
submerged cell culture conditions are not ideal since, in vivo,
alveolar cells are separated from the gas phase by a thin layer
of lung lining fluid, which contains a mix of phospholipids
and the surfactant proteins A-D. The advantages of a
submerged culture are ease of handling, lower price and better
suitability for high-throughput formats; for this reason, this
type of model still has its uses. However, studying cell exposure
at the air-liquid interface (ALI) closer mimics the in vivo
situation. Under ALI conditions, cells are grown on Transwell
inserts, receiving nutrients only from the basolateral side. So
far, very few studies have been conducted using hAELVi cells
cultured at the ALL>***® The exposure of ALI-cultured cells with
NPs requires special equipment, such as the ALICE-Cloud
system where NPs are aerosolized from the liquid state and tiny
droplets are deposited onto the confluent lung epithelial cell
layer. Due to the thin liquid layer on top of the cells under ALI
conditions, there are fewer problems with NP agglomeration,
diffusion, sedimentation, dissolution, etc., compared to a
submerged culture where the resulting differences between the
administered dose and the dose delivered to the cell surface
have to be taken into account.®>®

The present study was not designed to investigate risk to
humans, as it does not reflect an actual human exposure
situation, which may be addressed in follow-up studies. The
purpose of this methodological and mechanistic study was to
investigate the interactions of allergens and nanoparticles
and their consequences for initiation events or potential
adverse outcome pathways upon inhalation. We therefore
established a well-defined allergen-doped particulate model
system. The working hypothesis for the present study was that
non-covalent conjugation, i.e. surface attachment, of allergen
to nanoparticle impacts the uptake of the respective allergen

This journal is © The Royal Society of Chemistry 2020
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and the biological consequences inside the cells. Possible
mechanisms could be an increased delivery of the allergen to
the cells or the involvement of different uptake pathways. In
addition, the accessibility of allergen epitopes could be
changed due to non-random binding of the protein to the NP
surface or to changes in protein structure. The observation
that binding of a protease to gold NPs substantially increased
its enzyme activity supports this hypothesis.>* The
aforementioned model system consisted of the recombinant
birch pollen allergen Bet v 1 and SiO, NPs, which are
generally considered as biologically inert. Recombinant Bet v
1 was used as a very well-characterized allergen allowing
specific labelling strategies. To employ the most reliable and
realistic conditions we chose a strategic approach where
hAELVi cells were (i) cultured under submerged conditions
for broader profiling experiments followed by (ii) more
specific readouts when hAELVi cells were cultured at the ALL
The biological effects investigated included time-resolved
uptake of unbound vs. particle-bound allergen into the cells,
determination of the mechanisms involved in cell uptake,
and potential initiation of an immune response as monitored
by cyto-/chemokine expression profiling. Of note, inhaled
allergens arrive mainly bound to carriers like dander or pollen
fragments under real-life conditions.**™*>

2 Materials and methods
2.1 SiO, nanoparticle synthesis and characterization

Mesoporous silica nanoparticles were prepared as previously
described.”® A detailed description is included in the ESLi For
the quantification of the Si content of SiO, NPs in aqueous and
cell culture suspensions, the blue silicomolybdic assay was
used as previously described*® with a minor adaptation for
microtiter plates. For further details, see the ESLj The size
distribution of the SiO, NPs in the cell culture medium was
determined by nanoparticle tracking analysis (NTA). For NTA
measurements, the samples were diluted in pure water to a
final concentration of 1 ug mL ™" and the size was measured
using a NanoSight LM10 instrument (Malvern, Malvern, UK) by
capturing 10 videos of 20 seconds length per measurement.
Every measurement series was repeated 3 times. For primary
particle size determination, scanning electron microscopy
(SEM) was conducted upon drying, light manual grinding (to
break up large agglomerates) and mounting onto a conductive
double-sided carbon tape. The measurement was performed on
a Zeiss ULTRA Plus SEM operated at 2 kV accelerating voltage
using an in-lens detector.

2.2 Stability of the NP suspension and determination of
delivered dose

A detailed description of the NP suspension stability testing
is provided in the ESLf Determination of the delivered NP
dose under submerged culture conditions was performed by
applying the in vitro sedimentation deposition dosimetry
(ISDD) model.* Size distribution data obtained by NTA were
used (for a description of the method, see above), and the

This journal is © The Royal Society of Chemistry 2020
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Harvard volumetric centrifugation method*® was applied in
order to determine the effective mesoporous particle and
agglomerate density required as input parameters for ISDD.

2.3 Protein expression/purification, labelling and SiO, NP
conjugate formation

Recombinant Bet v 1 was produced and purified according to
previously published protocols.””*° Fluorescence labelling of
Bet v 1 using pHrodo or FITC was performed as described."’
For the uptake quantification with flow cytometry pHrodo
was used, and for the microscopic quantification FITC was
used. A detailed description of the labelling procedure can be
found in the ESL{ Coupling of Bet v 1 to SiO, NPs was
performed as described by Grotz et al. (2018).*° For a detailed
description, see the ESLt Five ug mL™" Bet v 1 were bound to
50 ug mL™" SiO, NPs to avoid the presence of unbound Bet v
1 in the supernatant.

2.4 Cell culture

Human alveolar epithelial lentivirus immortalized (hAELVi)
InSCREENeX (Braunschweig,
Germany). For routine culture, cells were kept in 75 cm’
flasks, coated with huAEC coating solution, in cell culture
medium (CCM: 99% huAEC medium supplemented with 1%
penicillin/streptomycin) at 37 °C and 5% CO,. Cells were
sub-cultured every 3-4 days according to the protocol
described in the documentation provided by the -cell
distributor. For the experimental incubation, 1.5 x 10° cells
were seeded in 500 pul CCM per well in a 24-well plate and
grown for 48 h. Cells of passage numbers between 24 and 46
were used for the experiments. For confocal microscopy,
submerged and ALI-cultured cells seeded onto
transparent 24-well ThinCert™ cell culture inserts (Greiner,
Kremsmiinster, Austria) with a pore diameter of 0.4 um at a
density of 5 x 10" cells and grown for 14 days with regular
medium changes every 2-3 days. For incubations under ALI
conditions, 5 x 10* cells were seeded on Transwell inserts
with 200 pl CCM on the apical and 800 pl CCM on the
basolateral side. Proper cell growth and formation of a
functional epithelial barrier was monitored by regular

cells were obtained from

were

measurements of the transepithelial electrical resistance
(TEER) as previously described,** resulting in TEER values of
1500-2000 Q cm” within three weeks (Fig. S1t). After
reaching TEER values of >1500 Q cm? the cells were
transferred to ALI conditions by removing the medium from
both apical and basolateral sides and adding 450 pl of CCM
on the basolateral side. The presence of pulmonary
surfactant was determined via the DMP/O droplet test,
described in detail in the ESL}>°

2.5 Exposure conditions

For the exposure, the cells were taken out of the incubator,
the medium was aspirated and the cells were incubated in
cell culture medium containing either Bet v 1 only, SiO, NPs
only or Bet v 1/SiO, NP conjugates. For experiments analysed

Environ. Sci.: Nano, 2020, 7, 2073-2086 | 2075
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by flow cytometry, Bet v 1 was covalently labelled with
pHrodo; for experiments analysed by confocal laser scanning
microscopy, Bet v 1 was covalently labelled with FITC. After
the desired incubation time, the media were collected, and
the cells were washed twice with 1 mL PBS before further
investigation. For the inhibition study, the cells were pre-
incubated with CCM containing endocytosis inhibitors (Table
S2t) for 30 to 90 min, depending on the inhibitor. For ALI
exposure, the cells remained under ALI conditions, as
described above, for at least 24 h before exposure was started.
Cells were transferred to the metal base of a Vitrocell®
Cloud-24 system (Vitrocell®, Waldkirch, Germany) pre-heated
to 37 °C. Afterwards, the cells were exposed, with either
unbound or NP-bound Bet v 1 at a concentration of 4.44 ug
em™ in 0.5x PBS, for 20 min using an Aeroneb Pro®
(Aerogen, Ratingen, Germany) vibrating membrane nebulizer
in conjunction with the Vitrocell® Cloud-24 system. After 20
min, the majority of the nebulized compound had settled
onto the cells with a deposition efficiency of 50-80%."

2.6 Cell viability

To determine the cell viability, both the neutral red (NR)>>
and the CellTiterBlue® (CTB)*® assays were used. The CTB
and NR assays performed according to the
manufacturer's instructions. Further details are described
in the ESL} Cell viability was calculated as percentage
viability compared to control cells (treated with CCM
only).

were
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2.7 Flow cytometry

For flow cytometry analysis, cells were seeded in 24-well
plates for submerged exposure or in 24-well Transwell inserts
for ALI exposure. After exposure, cells were trypsinized with
100 ul of trypsin-EDTA solution for 5 min at 37 °C. After
washing, the cells were resolved in 400 pl of PBS containing 3
mM EDTA and analysed using a FACS Canto II or an
LSRFortessa (BD Biosciences, San Jose, USA) analyzer. Uptake
of pHrodo-labelled protein was determined by measuring the
median fluorescence intensity (MFI) of the treated and
untreated cells.

2.8 Confocal microscopy

For a qualitative assessment of NP uptake and presence of
surfactant proteins A, B and C, confocal laser scanning
microscopy (CLSM) with Airyscan was applied using an LSM
880 microscope (Carl Zeiss Microscopy GmbH, Jena,
Germany), as described in detail in the ESL}

2.9 Cytokine expression analysis

The quantification of cytokine expression was performed
using quantitative real-time PCR as described in the ESLf

2.10 Statistical evaluation

The results represent the mean values and standard
deviations (SDs) of three experiments performed individually.
Different individually prepared passages of cells were used for
cell culture experiments. The unpaired t¢-test was used to
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Fig. 1 Characterization of SiO, NPs. (A) Size determination in media using NTA. (B) Size determination of primary particles using SEM. (C)
Suspension stability of NPs in different media over time. Silica content measured using the blue silicomolybdic assay. H,O: particles incubated in
milliQ water, huAEC SFM: particles incubated in huAEC medium without serum, huAEC full: particles incubated in huAEC medium containing
serum. (D) Delivered dose estimated by ISDD for submerged conditions (SC) and ALI for specific exposure times.
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analyse two sets of data, while ANOVA followed by a
Bonferroni post hoc test was used for analysis between groups.
A p >0.05 was considered as not statistically significant.

3 Results

3.1 Characterization of SiO, NPs and formation of allergen-
NP conjugates

Particle size analysis resulted in a distribution of the
mesoporous SiO, NPs with an average diameter of 203 + 4
nm in the CCM, as calculated from three individual
measurements using NTA (Fig. 1A). A primary particle size of
73 + 11 nm was determined by analysing SEM pictures
(Fig. 1B) which was done by measuring 100 particles using
Fiji ~ software.®® The suspension stability towards
sedimentation of the SiO, NPs was similar in the different
media, as the measured silica content of the sedimentation
samples remained constant for up to 60 min in H,O, serum-
free and serum-containing huAEC medium measured using
the blue silicomolybdic assay.** At incubation times of 2
hours and longer, the measured silica content decreased
rapidly (Fig. 1C); coinciding with the ISDD modelling data
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showing a gradual increase of NPs at the surface of the
adherent cells (Fig. 1D). For the deposited dose under
submerged conditions the ISDD calculations yielded NP
concentrations of 0.45 to 3.55 pg cm > for the different
exposure time points. The deposition efficiency of the
Vitrocell Cloud system has been estimated to be between
50% and 80%, leading to a deposited dose of NPs onto the
cells of between 2.22 to 3.55 ug cm >°' For both the SiO,
NPs and purified Bet v 1 the endotoxin contamination was
determined using the HEK-Blue TLR4 assay (Invivogen, San
Diego, USA). For the used concentrations of particles, the LPS
amount was below the detection limit of the assay; which is
0.02 ng mL™". The LPS amount of the recombinant Bet v 1
was also below the detection limit of the assay for the protein
concentration used for cell exposure.

3.2 Impact of NPs, allergen and conjugates on cell viability

Incubating hAELVi cells growing under submerged culture
conditions with SiO, NPs in concentrations ranging from 25
to 400 pg mL™' did not significantly affect the viability,
measured by both CTB and neutral red assays. We used
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Fig. 2 Viability of hAELVi cells incubated with SiO, NP concentrations from 400 to 25 ug mL™ (A) and after incubation with unbound Bet v 1 and
Bet v 1-NP conjugates (B). Control: cells incubated in CCM only, Triton X-100: cells incubated in CCM with 1% Triton X100, 400-25 pg mL™: cells
incubated in CCM with respective amounts of NPs, solvent control: cells incubated in CCM with NP solvent. NP + Bet v 1: cells incubated with 50
ug mL™ NPs together with 5 ng mL™ Bet v 1, NP + Bet v 1 high: cells incubated with 500 ug mL™ NPs together with 50 ug mL™ Bet v 1, Bet v 1
only: cells incubated with 5 pg mL™ Bet v 1, Bet v 1 only high: cells incubated with 50 pg mL™ Bet v 1. Statistical analysis was performed using

ANOVA with Bonferroni post hoc test.
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concentrations of 25 to 400 pg mL ™', which is far higher than
any realistic human inhalation exposure, since we wanted to
cover a wide dose range to study the principal mechanisms
of allergen/NP effects on hAELVi cells. However, even at the
highest dose, no significant decrease in cell viability could be
measured, demonstrating the lack of toxicity of the NPs used
under our conditions. Similarly, the viability of the hAELVi
cells was not affected by incubation with the allergen-NP
conjugates or the allergen alone (Fig. 2). By visual inspection,
similar confluence and morphology of hAELVi cells cultured
under submerged vs. ALI conditions were observed (Fig. 5).

3.3 hAELVi cells express pulmonary surfactant under ALI
conditions

hAELVi cells cultured at the ALI showed growth parameters
regarding formation of a functional epithelial barrier as
previously described.** A difference of the hAELVi cell growth
behaviour under ALI vs. submerged culture conditions was

20 pm 20 pm

20 um

20 pm

Fig. 3 Determination of surfactant on hAELVi cells. (A) DMP/O droplet
test on cells grown under submerged conditions. (B) DMP/O droplet
test on cells grown under ALI conditions. (C-F) Confocal microscopy
pictures of cells grown under ALl conditions for determination of
surfactant proteins A (D), B (E), and C (F). (C). Second antibody control,
actin (red), nuclei (blue), surfactant proteins (green).
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observed regarding secretion of surfactant using the DMP/O
droplet test. For the cells cultured under submerged
conditions no droplet is formed and the added DMP/O
collects around the edge of the well (Fig. 3A), while a stable
droplet of DMP/O can be seen on the cells cultured under
ALl conditions (Fig. 3B). To determine the presence of
surfactant proteins, antibodies for surfactant protein A-C
were used. All three antibodies showed a green fluorescent
signal in the hAELVi cells (Fig. 3D-F), while in the secondary
antibody control no fluorescent signal can be seen (Fig. 3C).
Out of the three different tested surfactant proteins the most
pronounced green fluorescence was observed for surfactant
protein C with an even distribution of the signal across the
cytosol. For surfactant protein A the signal was also
distributed across the cytosol but with lower intensity than
for surfactant protein C. The signal for surfactant protein B
is the least pronounced of the three.

3.4 Time-resolved uptake of free vs. SiO, NP-bound Bet v 1

To investigate the uptake kinetics of free and SiO, NP-bound
Bet v 1, hAELVi cells were incubated for 30 min, 1, 2, 4, 6 and
24 h with 5 ug mL™ Bet v 1 alone or with 5 ug mL™ Bet v 1
coupled to 50 pg mL™" SiO, NPs. hAELVi cells accumulated
both free and NP-coupled Bet v 1 under submerged
conditions, as indicated by the increase in cellular
fluorescence for both conditions (Fig. 4). During the first 6 h
of incubation, the fluorescence of cells incubated with Bet v 1
only increased linearly and was always lower than the
fluorescence of cells incubated with SiO, NP bound Bet v 1.
However, after 24 h of incubation, cells treated with Bet v 1
alone showed a significantly higher fluorescence than cells
treated with SiO, NP-bound Bet v 1 (Fig. 4B). The fluorescence
of cells incubated with SiO, NP/Bet v 1 conjugates increased
fast, reaching a plateau after 2 h of incubation. Similar results
were observed for hAELVi cells incubated under ALI
conditions; here the fluorescence was also lower for cells
incubated with unbound Bet v 1 for 2 h. Contrary to the
results for the submerged exposure after 24 h, the cells
incubated with unbound Bet v 1 reached a lower fluorescence
than the cells exposed to SiO, NP-bound Bet v 1. To determine
whether different substrates display a potential influence on
the uptake kinetics, control experiments with hAELVi cells
were performed. Control cells were grown on Transwell
inserts and were incubated under submerged conditions (Fig.
S37). These experiments yielded similar uptake kinetics to the
results obtained with cells grown in 24-well plates (Fig. 4).

3.5 Localization of taken up Bet v 1 and SiO, NPs

For qualitative analysis of the uptake of free Bet v 1 vs. SiO,
NP-bound Bet v 1, confocal laser scanning microscopy was
used. A higher fluorescence signal was observed from the
cells incubated with SiO, NP-bound Bet v 1 than for cells
incubated with free Bet v 1 incubated under submerged
conditions (Fig. 5A and B). Comparable results were observed
for ALI-exposed cells. The samples incubated with NP-bound

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Time-resolved uptake of free Bet v 1-pHrodo and SiO, NP-bound Bet v 1-pHrodo measured using flow cytometry. (A) Dot plots of hAELVi
cells; control: cells without NPs or Bet v 1, Bet v 1 only: cells incubated with labelled Bet v 1 only, SiO, Bet v 1. cells incubated with NP-bound
labelled allergen. (B) Bar chart of mean fluorescence intensity for different time points of cells incubated under submerged conditions. (C) Bar
chart of mean fluorescence intensity at 2 h and 24 h of cells incubated under ALI conditions. **p < 0.01, ***p < 0.001.

Bet v 1 (Fig. 5D) appeared similar to cells incubated under
submerged conditions (Fig. 5B), while the free Bet v 1
incubation showed a higher signal under ALI exposure
(Fig. 5C) than under submerged exposure (Fig. 5A). The
results obtained for incubation times of 2 h correlate with
the results shown above by flow cytometry (Fig. 4). z-Stacks
revealed that free and NP-bound allergens were found
adherent both to the surface and inside the cells, but no
quantitative assessment about the distribution inside vs.
outside the cell could be made.

This journal is © The Royal Society of Chemistry 2020

3.6 Uptake mechanism of unbound vs. SiO, NP-associated
allergen

For the investigation of the uptake mechanisms of Bet v
1/SiO, NP conjugates and free Bet v 1 by hAELVi cells, cells
were pre-incubated with four different inhibitors (Table S27)
under submerged conditions and the uptake was analysed
as described above. The viability test revealed that only
methyl-p-cyclodextrin caused a decrease in cell viability,
while the incubation with the other three inhibitors still
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allowed a viability of between 80% and 90% for the
concentrations used, as summarized in Table S2.f When
comparing the inhibitors in their functions to reduce the
uptake of the conjugates or the protein alone, a significant
difference in the median fluorescence intensity could be
observed for the conjugates, but not for the free Bet v 1. All
three inhibitors used decreased the fluorescence intensity of
free Bet v 1 compared to the control. Even though the
highest decrease could be observed for CPZ, the difference
between the three inhibitors did not reach significance. For
the uptake of the allergen-NP conjugates, both CytoD and
Noco lowered the median fluorescence intensity significantly
compared to CPZ (Fig. 6).

3.7 Cytokine expression after incubation

The impact of NP, allergen, and conjugate exposure on
hAELVi cells was investigated by determining a panel of
pro- and anti-inflammatory cytokines and chemokines. As
representatives for a pro-inflammatory response, IL-1a, IL-
1B, IL-8 and TNF-a were determined, while 1L-25 and IL-37
were measured for anti-inflammatory profiling. Under
submerged conditions, cells incubated with SiO, NPs
displayed an increased expression of IL-1a, IL-1f, IL-8, IL-25
and IL-37 (Fig. 7) compared to cells incubated in CCM

alone. When Bet v 1-NP conjugates were used for
incubation, the expression was further increased compared
to the NPs alone. However, statistically significant

Unbound Betv 1

View Article Online

Environmental Science: Nano

differences were found only for the pro-inflammatory cyto-/
chemokines IL-1a, IL-1f and IL-8 when compared to the
expression with Bet v 1. For TNF-o, no differences in
expression could be observed at all different incubation
conditions. The pro-inflammatory markers were significantly
upregulated under submerged culture conditions, while
under ALI conditions no significant difference in the
expression patterns could be observed. Overall, the cyto-/
chemokine expression was lower at ALI compared to
submerged conditions (Fig. 7).

4 Discussion

4.1 Characterization of SiO, NPs and allergen-NP conjugates
under test conditions

In the incubation media used the SiO, NPs formed small
agglomerates as NTA detected entities of around 200 nm, even
though the primary NP size of 80 nm was determined by SEM.
For all tested media the particles formed stable colloidal
dispersions for up to 45 min as shown by sedimentation
analysis (Fig. 1C). At incubation periods of 1 h and longer, the
particles start to sediment and the silica content measured in
the topmost fraction gradually decreases and reaches almost
zero at 24 h. Dosimetry modelling using the ISDD model*’
was conducted to determine the delivered doses for the
different exposure time points under submerged -culture
conditions (Fig. 1D). While at the ALI small microgram
amounts of NPs were deposited within a short time period,

NP bound Betv 1

Submerged

ALl

Fig. 5 Uptake of allergen-NP conjugates or free Bet v 1 by hAELVi cells determined by confocal microscopy. Shown are representative sections
from a z-stack of cells incubated for 2 h with free (A) and NP-bound (B) allergen under submerged conditions and free (C) and NP-bound (D)
allergen under ALl conditions. Bet v 1 labelled with FITC (green), actin stained with rhodamine (red) and nuclei stained with DAPI (blue).
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Fig. 6 NP uptake inhibition in hAELVi cells. (A) Dot blots of unbound Bet v 1-pHrodo (upper), NP-bound Bet v 1-pHrodo (lower), control: without
inhibitors, CPZ: chlorpromazine, CytoD: cytochalasin D, Noco: nocodazole. (B) Bar charts of median fluorescence intensity of the different

conditions. **p < 0.01.

corresponding amounts of NPs required more than 24 h to be
delivered to the cell surface under submerged -culture
conditions. This delay results in a low comparability of these
two exposure systems regarding kinetic assessments
combined with a higher expected sensitivity of the ALI
towards NP deposition. A future study may investigate the
comparability employing other ALI exposure scenarios based
on different mechanisms of aerosol delivery onto the cells
such as diffusion, impaction or electrostatic deposition.>”

4.2 Uptake of SiO, NPs and SiO, NP-allergen conjugates

4.2.1 Behaviour of hAELVi cells at the air-liquid interface.
The formation of a stable drop of DMP/O on the ALI-cultured
hAELVi cells indicates the presence of pulmonary
surfactant,’®® in contrast to the same cells cultured under
submerged conditions, where no droplet was formed. These
results were supported by immunostaining against surfactant
protein A-C that show the presence of the analysed protein by

This journal is © The Royal Society of Chemistry 2020

a green fluorescence signal for all three antibodies. This is in
contrast to previous reports,®® which applied, however,
different experimental conditions. There are so far only 2
publications available providing data on hAELVi cells,**?* so
experience on this interesting cell line still needs to be gained.
4.2.2 Time-resolved uptake. The allergen in the particle
bound form was taken up with faster kinetics than that in
the unbound allergen. This may, under submerged
conditions, be due to faster gravitational sedimentation of
the conjugates compared to the free allergen. Contrary to
this expectation, the NPs seemed to not sediment for up to
45 minutes in CCM as experimentally evidenced by
sedimentation studies. In vitro sedimentation dosimetry
calculations further elucidated that after 2 h of incubation
only approx. 7.1% of the administered NPs and after 24 h
approx. 27.0% had deposited onto the cells. In contrast, it
takes only 20 min until 50-80% of the material deposits
onto the surface of the cells growing at the ALL®" We
observed maximal MFIs for taken up NP-bound allergen

Environ. Sci.: Nano, 2020, 7, 2073-2086 | 2081


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9en01353a

Open Access Article. Published on 29 May 2020. Downloaded on 2/3/2026 8:29:11 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

IL-1a

View Article Online

Environmental Science: Nano

IL-8

-

44 . bl . 5+ i 3+ —_—
9 t - . 2 —_— o
1%
g 3 ] g 4 g
5 S S 2-
< £ 34 k=
T, T i)
£ e, e
g 2 21
s 1 B 4] s
[ 2 e
0 T 0- 0 T
> >
(\\& O(@ o(@ ; ,Qf'\ (\é° oo\* O(@ i ,Q;’\ (\\‘o\ oo\‘\ o&* . 97'\
(9 ~ ()
¢ & K3 A3 < & K3 A3 &* " X =
IL-25 IL-37
5 54 3+
o o o
@ 44 @ 4 4
@ G) o
S 7] S 2
£ 34 £ 34 £
T T z
) S ]
‘o 2] ‘o 27 ©
2 2 z "
< 14 < 1 ©
s s' E
0- 0- 0 T
> X > X > X
oéo 0&* o&* < ‘ee, &‘o (§ o(\\* < 9z oéo o&* oo\‘\ g ,QP
\9 "9
° & & ~ o & X ™ o F N =
IL-1a IL-1B IL-8
31 164
14
A 8 144 @
3 S 124 g 121
5 2- S 101 S 101
5 s ol S ol N
8 & 37 e 37
21 S 2 S 2
g g 5
e e ™ s
0 0- 0
N N N N > N
& O&* o(g\ o o\(o o‘@ °§\ 00\* fb“‘\ &‘o o\‘o o“\* °§\ g,e} o‘@
oo‘\ & Q ‘\Q o o & Q ‘gl' o o' x Q g 9
&S S S S d S g & & ¢
QS Qoa &

Fig. 7 Relative expression levels of pro- and anti-inflammatory markers after incubation under submerged and ALl conditions. hAELVi cells were
incubated with either 50 ng mL™ SiO, NPs, 5 ug mL™* recombinant Bet v 1 or a combination of both. (A) Cytokine expression for incubation under
submerged conditions. (B) Cytokine expression for incubation under ALl conditions. Expression levels of markers compared to housekeeping gene

GAPDH. *p < 0.1, **p < 0.01.

already between 1 and 6 h under submerged conditions,
while freely diffusing allergen was taken up much more
slowly. These results differ from findings published earlier
for A549 cells, where the allergen NP conjugates showed a
maximum uptake after 24 hours and low uptake for
incubation times of one and four hours.” At the ALI
however, where similar amounts of unbound and NP-
associated allergen have been deposited onto the cells
within a short time (approx. 20 min), a similar difference
between these two states was observed. This suggests that
NP/cell interactions are more relevant here than the culture
conditions and that sedimentation might not be the main
driving force behind the observed increased uptake.
Additionally, the control experiment where hAELVi cells

were seeded on Transwell inserts but exposed under

2082 | Environ. Sci.: Nano, 2020, 7, 2073-2086

submerged conditions (Fig. S3t1) showed similar results to
hAELVi cells seeded in 24-well plates. This further
emphasizes that NP/cell interactions represent the relevant
factor for the modulation in the time kinetics. The
difference in uptake of allergen between unbound and NP-
associated allergen was higher at 2 h than later.
Surprisingly, we observed a significant discrepancy between
the maximum MFIs of unbound vs. NP-associated allergen
under submerged conditions. A possible explanation may be
the pH sensitivity of the pHrodo signal, which depends on
the subcellular localization, which could be explained by
different uptake mechanisms based on the size and kinetics
of uptake. Particle-bound allergen may circumvent locations
with low pH due to possible endosomal particle escape,’”
while unbound allergen becomes degraded in the

This journal is © The Royal Society of Chemistry 2020
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lysosomes, causing an accumulation of released fluorescent
dye in this acidic compartment.

4.2.3 Uptake mechanism. The conjugate uptake appears to
be mainly facilitated by macropinocytosis since the inhibitors
for this mechanism led to the highest degree of uptake
inhibition. Even though CPZ also decreased the uptake of the
conjugates, both CytoD and Noco led to a significantly higher
decrease of the uptake of conjugates compared to CPZ. No
statistically significant differences in the uptake of free Bet v
1 could be observed between the used inhibitors but there
was a trend suggesting that the free Bet v 1 is mainly
mediated by clathrin-dependent uptake. This has to be
interpreted with caution, since the inhibitors are not always
specific in inhibiting only the intended pathway.”®° Keeping
all that in mind, the data still strongly suggest different
uptake pathways for the free and NP-bound form of allergen.
This correlates with the literature stating that
macropinocytosis favours the uptake of bigger entities like
NP and conjugates thereof, while the clathrin-mediated
mechanism favours smaller entities such as free allergen.®*

well

4.3 Immune responses

4.3.1 Cytokine secretion. No discernible impact on the
viability of subjected cells was observed after NP exposure,
but immune markers were affected. An increase in pro-
inflammatory cytokine expression was observed under
submerged but not under ALI culture conditions. The pro-
inflammatory effects of NPs can be an artefact due to
contamination with LPS,°> but our tests showed that
endotoxin levels of the NPs at the used concentrations were
determined to be <0.02 ng mL™". LPS concentrations as low
as 0.02 ng mL™" can activate immune cells such as primary
dendritic cells and monocytes,63 but not epithelial cell lines,
as they usually lack the specific LPS receptor component
TLR4. The absence of TLR4 receptor on the surface of hAELVi
cells was shown by control experiments using flow cytometry
(Fig. S21). In addition, an LPS concentration of 2 ng mL™"
directly onto the «cells did not induce -cytokines or
chemokines, so we can rule out LPS effects.

When the cells were incubated with NPs, conjugates and
unbound allergen under ALI conditions, they were protected
from the pro-inflammatory effects observed under submerged
culture conditions. Notably, this effect was still detectable
even though a much higher amount of material had been
deposited within a short time onto the cells. A similar effect
of lower sensitivity towards silica NPs has been previously
reported for A549 cells at the ALL®® The differing
susceptibilities of hAELVi cells grown under submerged vs.
ALI conditions suggest the application of the simpler, more
robust, and cost-effective submerged culture system only for
studies where immune responses are not relevant, whereas
the evaluation of specific immune endpoints requires the
more elaborate and sophisticated ALI format, which also
closer mimics the human situation. In consequence, the
lower susceptibility of cells towards noxious stimuli that was

This journal is © The Royal Society of Chemistry 2020
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observed under ALI conditions does not necessarily mean
that the hAELVi cells are not a sensitive model. Rather, we
assume that under those conditions, as resembling the
context of inhalation, a lower observed susceptibility more
closely relates to the in vivo situation. One possible reason
for the difference in effect observed between free and NP-
bound Bet v 1 could be the increased uptake. For the 4 hours
of incubation, the signal for internalized NP-bound Bet v 1
was twice as high compared to that of the free form.
Allergens usually have no effect while outside of cells, unless
they bind IgE antibodies bound to high-affinity IgE receptors
on the cell membrane. We suggest that the biological effects
observed are mediated after internalisation, which can occur
via different mechanisms for bound and unbound allergen.

Conclusions

We conducted a methodological mechanistic study using a
well-defined allergen-doped particulate system and found
that the non-covalent conjugation of allergen to NPs does
modify their uptake into epithelial cells while the biological
consequences inside the cells varied depending on the cell
conditions applied. We found that particle
association accelerated and intensified the uptake of allergen
by human alveolar lung epithelial cells using the currently
most relevant cellular model, the hAELVi cells. A two-stage
approach was used: (i) submerged culture conditions
representing a simpler and more cost-effective setup that
allowed a broader range for time-resolved uptake conditions
(30 min-24 h) to be tested; it furthermore enabled a
mechanistic elucidation and pro- vs. anti-inflammatory cyto-/
chemokine expression profiling; (ii) this stage was followed
by more elaborate and sophisticated exposure conditions of
ALI-cultured hAELVi cells employing the Vitrocell-Cloud
system. Selected specific readouts were measured, i.e. 2 and
24 h for uptake, 4 h for pro-inflammatory cyto-/chemokine
profiling. In comparison to the submerged conditions, we
observed a lower susceptibility of the cells at the ALI, as no
inflammatory cyto-/chemokine responses were induced under
these conditions. In summary, hAELVi cells cultured under
ALI conditions represent a realistic model for studying the
immune effects of NPs and substances associated with them.
Nevertheless, potential further interactions, as shown here
with environmental allergens, should be considered when
assessing the biological impact of nanoparticles.

culture
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