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There is still a lack of in vitro human models to evaluate the chronic toxicity of drugs and environmental pol-
lutants. Here, we used a 3D model of the human bronchial epithelium to assess repeated exposures to xenobi-
otics. The Calu-3 human bronchial cell line was exposed to silver nanoparticles (AgNP) 5 times during 12 days, at
the air-liquid interface, to mimic single and repeated exposure to inhaled particles. Repeated exposures induced a
stronger induction of the metal stress response and a steady oxidative stress over time. A sustained translocation
of silver was observed after each exposure without any loss of the epithelial barrier integrity. The proteomic
analysis of the mucus revealed changes in the secreted protein profiles associated with the epithelial immune
response after repeated exposures only. These results demonstrate that advanced in vitro models are efficient to

investigate the adaptive response of human cells submitted to repeated xenobiotic exposures.

1. Introduction

The hazard assessment of chemicals is still mainly based on toxico-
logical studies in animals. However, New Approach Methods (NAMs)
are being developed to replace animal testing for ethical and economic
reasons, and because data from animals are not always applicable to
humans (Stucki et al., 2022). Regarding such methods, in vitro testing on
human cells has made considerable progress, particularly with the
introduction of validated tests for acute toxicity assessment, for
example, to assess skin irritation (Bas et al., 2021). By contrast, few
models are available to assess repeated exposures and long-term
toxicity, although repeated and long-term exposures represent the

* Corresponding author.

E-mail address: armelle.baeza@u-paris.fr (A. Baeza-Squiban).
equal contributions

ORCID: 0000-0002-7237-5931
ORCID: 0000-0003-0074-8644
ORCID: 0000-0001-7223-0559
ORCID: 0000-0003-2403-8823
equal contributions

ORCID: 0000-0002-1133-5223
ORCID: 0000-0002-4257-4104
ORCID 0009-0008-8848-4770

© ® N U AW N

https://doi.org/10.1016/j.etap.2023.104281

most common exposure pattern in environmental toxicology. The main
challenge to perform long-term toxicity studies in vitro is to maintain
differentiated cultures on a long enough period to allow repeated ex-
posures. This is not feasible with common 2D cultures, which favour
proliferation at the expense of differentiation, and require frequent
passages that can lead to cell selection (Xi et al., 2021). Moreover,
epithelial cells do not reproduce the architecture and barrier function of
a functional epithelium when they are cultured in 2D. As an alternative
to 2D models, 3D models have been developed using two-compartment
chambers with porous inserts to favour cell differentiation, cell-cell in-
teractions and the formation of a tight epithelial barrier at the
liquid-liquid or air-liquid interfaces (ALI) for intestinal, skin, or
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pulmonary models (Lenz et al., 2013; Bauer et al., 2022).

In the case of lung models, repeated exposure of A549 and NCI-H441
alveolar cell models to engineered nanomaterials (NMs) was studied
after 3 exposures at 24, 48, and 72 h by Meldrum et al. (Meldrum et al.,
2022). Long-term exposure is also critical to assess the carcinogenic
effect of NMs, from key molecular events to tumorigenesis. Yeyeodu
et al. (2019) evaluated the long-term effects 7 days after a single
exposure to Ag NMs of BEAS-2B (lung), MCF10AI (breast), and
CCD-18Co (colon) epithelia. Wang et al. (2011) successfully exposed
BEAS-2B lung epithelial cells to carbon nanotubes during 24 weeks and
observed malignant transformation of the cells in 2D proliferating cell
cultures (Wang et al., 2011). In vitro models of differentiated cells are
needed for the risk assessment of repeated and long-term exposure to
xenobiotics in order to fill the gap between acute in vitro toxicity tests
and in vivo chronic toxicity studies. The MucilAir™ model of the
differentiated primary bronchial epithelium was used by Di Cristo et al.
to study repeated exposure to silica nanoparticles 5 days per week
during 12 weeks to mimic occupational exposure (Di Cristo et al., 2020).
Their results showed efficient epithelial defense mechanisms in agree-
ment with in vivo data (Di Cristo et al., 2020). However, primary cultures
show donor-specific responses leading to high variability between
studies.

In this context, we have developed a 3D bronchial epithelium model
for the assessment of repeated and long-term exposure that could be
integrated into test batteries for the assessment of initiating molecular
event and key events in specific adverse outcome pathways (AOP) of the
respiratory system. Using the Calu-3 cell line cultured on inserts, we
obtained a functional human bronchial epithelium model at ALI (San-
chez-Guzman et al., 2021). Calu-3 is derived from human lung adeno-
carcinoma and forms an epithelial barrier with tight junctions. It also
produces mucus on the apical side (Grainger et al., 2006). Mucus hy-
persecretion or impaired mucus clearance are known in pulmonary
diseases such as COPD, asthma, and lung cancers (Fahy and Dickey,
2010). Mucus secretion can also be stimulated by inhaled pollutants
(Albano et al., 2022) and NMs such as titanium dioxide nanoparticles
(Chen et al., 2011). This potential NM effect can be assessed on the
Calu-3 bronchial epithelium model. Moreover, we showed that the
apical secretome of differentiated Calu-3 cells is very similar to the one
of human normal bronchial epithelial cells (NHBE) of healthy donors in
terms of composition (Sanchez-Guzman et al., 2021). Braakhuis et al.
also demonstrated the suitability of the Calu-3 cell line for repeated
exposures, in contrast to other human bronchial cell lines (Braakhuis
et al.,, 2020). The culture conditions were optimized to maintain a
functional epithelium in vitro for at least 25 days and demonstrating a
stable secretome composition over time (Sanchez-Guzman et al., 2021).
These characteristics make this model suitable to study the repeated
exposure to inhaled particles on a period of several weeks while keeping
a well differentiated epithelium and a stable secretome composition. In
this study, we exposed the bronchial epithelium to a model xenobiotic in
order to test and validate this 3D model for the assessment of repeated
toxicity. We chose silver nanoparticles (AgNPs) as a model NM in the
context of the European BIORIMA project for the development of NAMs
to assess the acute and chronic toxicity of NMs. Indeed, given the wide
variety of NMs, testing all of them in vivo is not possible. It is therefore
essential to develop relevant cellular models to go beyond the evaluation
of NM acute toxicity. AgNPs are widely used as bactericidal components
in numerous consumer products. They can be found in disinfectant
sprays, masks and nasal sprays to treat and prevent lung infections, and
in cosmetics (Raj et al., 2012). AgNPs are also used as fungicides to treat
crops (Servin et al., 2015). These applications of AgNPs could result in
repeated human exposure by inhalation. Several advanced in vitro
models of alveolar barrier have already been used to evaluate AgNP
toxicity but they were limited to single exposure (Herzog et al., 2014;
Herzog et al., 2013; Motta et al., 2023).

The objective of this work was to set up an experimental strategy
using our 3D model of human bronchial epithelium to evaluate the
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cellular response to repeated exposure to AgNPs at ALL. We performed 5
exposures to AgNPs at a single concentration of 10 ug/cm? every 2-3
days during 12 days. The epithelial response and the translocation of
silver from the apical to the basal side were monitored after each
exposure. A set of noninvasive tests was chosen to assess the impact of
AgNPs on barrier integrity, pro-inflammatory response, and mucus
secretion over time. The evolution of the apical secretome was analyzed
after a single exposure and after 5 repeated exposures to AgNPs. This
noninvasive strategy was completed by the analyses of gene expression
after each exposure. The expression of genes involved in inflammatory
response, mucus secretion, oxidative and metallic stresses were inves-
tigated. In addition, transmission electron microscopy (TEM) observa-
tions and inductively coupled plasma mass spectrometry (ICP-MS)
assays were carried out to evaluate the internalization and translocation
following repeated exposure of the epithelium.

2. Materials and methods
2.1. Characterization of AgNPs

NM-300 K AgNPs were provided by the European Joint Research
Centre (JRC, Ispra, Italy). AgNPs are stabilized with 4% w/w polyoxy-
ethylene glycerol trioleate and polyoxyethylene sorbitan monolaurate
(European Commission et al., 2011). AgNP size and shape were char-
acterized by Transmission Electron Microscopy (TEM), Dynamic Light
Scattering (DLS), and Small Angle X-ray Scattering (SAXS). AgNPs
diluted in milliQ HoO were deposited on a C Formvar grid and observed
on a Jeol JEM-100S microscope (Jeol Ltd Tokyo, Japan) at 80 kV and 15,
000x. TEM images were acquired with Orius SC200 Gatan camera
(Gatan-Roper Scientific, Evry, France). AgNP size distribution was
measured by DLS in HBSS®32*/M82+ (Gibco, France) at 37 °C with a
Zetasizer Nano-ZS (Malvern Instruments, Ltd, Worcestershire, UK) at
0.01 mg/mL. This concentration is in the same range as the lowest
concentration used for cell exposure (1 ug/cm? which corresponds to 20
uL of solution at 50 pug/mL). Each measurement was repeated 3 times.
Two populations were identified with average hydrodynamic diameters
of 4.5 + 0.8 and 14.1 + 0.5 nm respectively, in agreement with JRC
results. The stability of AgNPs in Eagle’s Minimum Essential Medium
(MEM, Gibco, Life technologies, Courtaboeuf, France) supplemented
with 4% fetal bovine serum (FBS, Sigma-Aldrich, Saint-Quentin Fal-
lavier, France) was investigated in a previous study by Small X-Ray
Angle Scattering (SAXS) to determine if dissolution occurs during the
experiment time (Martin et al., 2022). An average diameter of 15.4 +
0.2 nm was measured by SAXS and no dissolution was observed after
incubation at 37 °C for 18 days. The acellular oxidative potential of
AgNPs was determined by measuring the depletion of a set of antioxi-
dants, uric acid (UA), ascorbic acid (AA), and reduced glutathione (GSH)
by HPLC following incubation of AgNPs in a simplified synthetic respi-
ratory tract lining fluid at 37 °C for 4 h according to (Crobeddu et al.,
2020) (see detailed methods in supplementary information (SI).

2.2. Calu-3 cells

Human adenocarcinoma epithelial cells (ATCC® HTB-55™, LGC
standard, Molsheim, France) were used from passage 27-34 according
to (Sanchez-Guzman et al., 2021) (see detailed methods in SI).

2.3. Repeated exposure to AgNPs

0.5 mg/mL AgNPs were sonicated in HBSS®*2+/M82* for 2 min x 2 on
ice using a cup horn sonicator (450 W, 60 Hz, Branson, Ultrasonics
corporation, Danbury, USA) at a sonication energy of 5.0 W. After
sonication, AgNPs were diluted in HBSS®2+/M82+ (o deliver 1-10 ug
AgNP per insert in the form of 4 x 5 pL droplets (20 uL total volume).
Control cultures received 20 pL buffer. The treatment was repeated 5
times at DO, D2, D4, D7 and D9. 48 h after each treatment, the apical
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surface was rinsed with 200 pL HBSS ®2+/M82+ 4 collect the apical
secretome for analysis and to remove remaining AgNPs from the pre-
vious treatment. The theorical nominal AgNPs concentrations were 5 x
1and 5 x 10 pg/cm? or 5 and 50 pg/cm? assuming that no AgNPs were
removed by the rinsing.

2.4. Silver dosage by ICP-MS

Ag concentrations in the apical (Vyggss = 200 pL) and in the basal
(Vmem = 1.5 mL) medium were measured after acidic dissolution of the
samples after cell exposure to 1 and 10 pg/cm? at each time point. A
solution of silver nitrate was used for external calibration (1000 mg/L
Ag single element in 2% HNOj3, SPEX Certiprep, Horiba Jobin Yvon,
Longjumeau, France). Bismuth nitrate (1000 mg/L 2°°Bi single element
in 2% HNO3, SPEX Certiprep) was added as an internal standard at 1 pg/
L for Ag dosage by Inductively Coupled Plasma Mass Spectrometry (ICP-
MS). For the analysis of Ag in culture media, HBSS and MEM samples
corresponding to the apical and basal media respectively were homog-
enized using vortex shakers and diluted in 0.2 M nitric acid containing 1
ug/L Bi. A 100-fold dilution factor was applied to the MEM samples. A
500- and 50,000-fold dilutions were applied to the HBSS samples after
cell exposure to 1 and 10 ug/cm? AgNPs respectively. Ag solubilisation
was performed overnight at room temperature. The total Ag concen-
tration was determined by direct measurement of 3 dilutions of each
samples by ICP-MS (iCAP Q, Thermo Scientific, Courtaboeuf, France)
coupled to a 1 mL FAST 4DX autosampler (Elemental Scientific, Omaha,
Nebraska, USA) using both '%Ag and °°Ag. The external calibration
range was prepared in 0.2 M nitric acid for each medium (HBSS or MEM)
with the following 1%’ Ag concentrations: 0, 0.001, 0.05, 0.1 and 0.5 pg/
L. The results were expressed in counts per second and converted to pg.
L! of total Ag. Results are shown as mean =+ standard deviation of 3
biological replicates. The Ag translocation was calculated as the ratio
between the nominal silver concentration in the apical medium and the
silver concentration measured in the basal medium after each exposure.
Translocation was expressed in ug/L and as %. The cumulated Ag
translocation was calculated as the sum of the percentage of trans-
location after each exposure.

2.5. Epithelial barrier integrity and cell viability

Epithelial barrier integrity was measured using the Trans-Epithelial
Electrical Resistance (TEER) and Lucifer Yellow (LY) paracellular
permeability assay. Cell viability was measured using AlamarBlue™
assay and Lactate Dehydrogenase (LDH) release in the culture medium
using CytoTox 96® Non-Radioactive Cytotoxicity Assay (see detailed
methods in SI).

2.6. ELISA and ELLA assays

Pro-inflammatory IL-6 and IL-8 cytokines were measured in apical
and basal media using ELISA assays. The glycoprotein concentration in
the apical secretome was measured using Enzyme-Linked Lectin Assay
(ELLA) as described in a previous work (Sanchez-Guzman et al., 2021)
(see detailed methods in SI).

2.7. RT-gPCR

RNA collection of control and treated cells was performed using
Nucleospin RNA/Protein Mini kit (Macherey-Nagel, Hoerdt, France)
following manufacturer’s instructions (see Table S1 for the sequence of
primers and detailed methods in SI).

2.8. Proteomics

The apical secretomes of control cells were analyzed at D2 and D11.
The secretomes of treated cells were analyzed at D2 and D11 following
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single and repeated exposures to 10 ug/cm® AgNPs respectively. The
apical secretomes collected in 200 pL. HBSS were centrifuged at 14,000 g
at 4 °C for 20 min to pellet AgNPs and the supernatants stored at — 80 °C.
After trypsin digestion, samples were analyzed by quantitative LC-MS/
MS on Orbitrap Fusion Tribrid mass spectrometer as described before
(Sanchez-Guzman et al., 2021). Each analysis was performed in tripli-
cate. Proteins were identified using MaxQuant and Andromeda (Cox
et al., 2011). The search database used FASTA file on the Homo sapiens
and Bos taurus from NCBI database (2021). The maximum number of
missed cleavage and the false discovery rate were set to 2 and 0.01
respectively both for peptide and protein identification. Normalized
label-free quantification was obtained with MaxLFQ algorithm in Max-
Quant software. The proteomics data were analyzed with Perseus soft-
ware (Tyanova et al., 2016) to exclude false positives. 3 additional
selection criteria were applied to obtain the final protein list of human
secreted proteins that were identified in at least 2 replicates. Heat maps
were done with R software (v. 3.6.2) using the pheatmap feature (Kolde,
2019). The reactome pathway analysis was performed with g:Profiler
using g:GOSt and g:SCS for the functional enrichment with a threshold
of 0.5 (Raudvere et al., 2019). The complete list of proteins identified in
the apical secretome of Calu-3 cells following repeated exposure to
AgNPs or HBSS is available in the Excel file WS1.

2.9. TEM

Calu-3 cultures were fixed with 0.2 M sodium cacodylate, 2.5%
glutaraldehyde and 2% paraformaldehyde, post-fixed with 1% osmium
tetroxide and stained with 1% uranyl acetate according to San-
chez-Guzman et al. (2021). Semi-thin (500 nm) and ultrathin sections
(80 nm) cut with a Leica Ultracut S microtome (Vienna, Austria) fitted
with a diamond knife (Diatome ultra 45) were observed with a
JEM-100S microscope (Jeol LtD Tokyo, Japan) and analysed with
ImageJ software. Semi-thin sections were stained with toluidine blue
(1%).

2.10. Statistical analysis

Statistical analysis were performed with GraphPad Prism (v.8.0).
Data are expressed as mean + SEM. Data were tested for normality with
a Shapiro-Wilk test and multiple comparison two-way ANOVA corrected
with Benjamini, Krieger and Yekutieli test were used. P-values < 0.05
were considered as statistically significant.

3. Results and discussion

To explore the potential of the 3D Calu-3 model in assessing repeated
toxicity, we set up an original exposure protocol (Fig. 1) and used AgNPs
as model NMs. Experiments performed on 2D Calu-3 cell cultures
showed an inhibitory concentration (ICsp) of 20 ug/cm2 for these
nanoparticles, suggesting higher toxicity compared to other benchmark
NMs tested within the European BIORIMA program. The stabilizers have
no cytotoxic effect (Martin et al., 2022). AgNPs are thus a relevant
positive control for model validation in this study. 3D Calu-3 cultures
were grown at ALI for 7 days before the first treatment, as we have
previously shown that this lag time was necessary to obtain a well
differentiated mature bronchial epithelium (Sanchez-Guzman et al.,
2021). Cultures were exposed 5 times to 10 pg/cm? AgNPs every 2-3
days (DO, D2, D4, D7, D9) giving a cumulative nominal dose of 50
ug/cm?. The effects were analyzed 48 h after each exposure at D2, D4,
D7, D9, and D11. Before each new treatment, the apical surface of the
culture was rinsed with saline buffer (HBSS®*2*/M82%) to prevent AgNP
accumulation and mimic mucociliary clearance occurring in vivo.
However, not all the particles were removed because some are
embedded in the mucus layer sticking to the cells, and others may
interact with the cells. Exposure was performed by deposition of 4
droplets of a low volume of AgNP suspension (20 pL/insert) favouring
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Fig. 1. Experimental design. The experiments were performed on Calu-3 cells at the Air-Liquid Interface (ALI) with TEER > 300 Q.cm?. Cultures were exposed 5
times at DO, D2, D4, D7, D9 at ALI to 20 uL HBSS (control cells) or 20 uL. AgNPs at a concentration of 1-10 pg/cm? (treated cells). Before each exposure, the apical
surface was rinsed with 200 uL. HBSS €*2+/M&2* tq recover the apical secretome. The effects of AgNPs were studied 48-72 h after each treatment (from D2 to D11).
The barrier integrity was assessed by measuring the TEER and the LY permeability. The metabolic activity using the Alamar Blue assay. The apical secretome was
collected to measure the glycoprotein concentration and for proteomic analysis. LDH release, IL-6 and IL-8 proinflammatory cytokine secretion were measured in the
basal medium. Silver concentration was measured by ICP-MS in the apical and basal medium to evaluate Ag translocation. The cells were collected at D11 for mRNA
extraction and RT-qPCR analysis of the expression of genes of interest. Some inserts were kept for TEM observations at D2 and D11.

NP deposition. This limited volume prevented detrimental effects of
excessive apical liquid on the barrier integrity (SI Fig. S1). We selected a
set of noninvasive endpoints to monitor the cellular effects of repeated
exposure of the bronchial epithelium to AgNPs without collecting or
sacrificing cells (Fig. 1). This noninvasive strategy was completed with
the analysis of gene expression from D2 to D11, and cell fixation at D11
for TEM observation.

3.1. Repeated exposure to AgNPs did not alter the permeability and
viability of the Calu-3 barrier

Noninvasive assays were performed to evaluate the cytotoxicity and
the alteration of the barrier integrity induced by AgNPs during repeated
exposure. The Alamar Blue (AB) assay, which measures the cell meta-
bolic activity, did not show any significant difference in cell viability as a
function of time in control cultures (Fig. 2A). AgNPs did not induce a
significant decrease in cell viability regardless of the number of treat-
ments. A moderate but significant stimulation of metabolic activity was
observed after treatment, except at D7 for which a 72 h recovery period
was observed before analysis, as opposed to 48 h for the other time
points. This increase could be due to an hormesis effect, that is a stim-
ulation of the biological response following exposure to a low concen-
tration of a chemical that is reducing the cell activity at higher
concentrations. A similar hormesis effect has been described for a 3D
tetraculture of the alveolar barrier exposed to 20 nm AgNPs (Fizesan
etal., 2019) and for A549 cell culture exposed to AgNPs, and was related
to increased expression of heme oxygenase 1 (ho1) (Sthijns et al., 2017).
The release of lactate dehydrogenase (LDH), which is an indicator of
membrane damage, was measured in the basolateral culture medium
and no significant increase of LDH was observed in exposed cells
compared to controls (Fig. 2B). These results show that 5 repeated

exposures to AgNPs at 10 pg/cm? did not induce cytotoxicity in the
Calu-3 bronchial epithelium model.

Then, we controlled the barrier integrity by measuring the Trans-
Epithelial Electric Resistance (TEER) (Fig. 2C) and Lucifer Yellow (LY)
permeability (Fig. 2D). In controls, a decrease of the TEER was observed,
but values remained above 300 Q.cm® throughout the experiment,
which corresponds to TEER values of a tight epithelium. In treated cells,
a slight and significant increase of TEER was observed at D2, D4, and D9.
The LY permeability assay confirmed that no damage or loss of barrier
integrity was observed, as LY values remained < 2% in all conditions.
The threshold values of 300 Q.cm? and 2% LY permeability were pre-
viously established for these culture conditions (Sanchez-Guzman et al.,
2021). The same experiments were performed after 5 repeated expo-
sures to 1 ug/cm? AgNPs. No cytotoxicity or alteration of the barrier
integrity was observed (SI Fig. S2).

3.2. AgNPs were internalized by epithelial cells without inducing
ultrastructural alteration and Ag was translocated

Cultures were fixed at D2 and D11 to determine whether AgNPs were
internalized and induced ultrastructural modifications. Observations of
semi-thin sections stained with toluidine blue allowing an overview of
the barrier structure did not show any major alteration of the epithelial
barrier (Fig. 3A), as suggested by cell viability and membrane perme-
ability assays. Surprisingly, some cells were observed on the basal side of
the insert membrane, a phenomenon that we did not observe when we
established the model (Sanchez-Guzman et al., 2021). Due to a
manufacturing disruption of Corning inserts, we moved from Trans-
well® to Millicell® inserts for this study. Their analysis by Raman mi-
croscopy showed that both inserts share the same chemical composition,
polyethylene terephthalate (PET). The porosity of the inserts was further
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Fig. 2. Effect of 5 repeated exposures to AgNPs at 10 ug/cm? on Calu-3 viability and epithelial barrier integrity. Calu-3 epithelial barrier was exposed to HBSS €22/
Mg2+ (control, white) or AgNPs (treated, black) from DO to D9. The different endpoints were measured from DO to D11. (A) Metabolic activity measured by the
AlamarBlue assay (N = 6). Dotted lines represent the metabolic activity of the control culture during 12 days. (B) Cell membrane integrity measured by LDH release
(N = 6). (C) Trans-epithelial electric resistance (TEER) (N = 2 D2-D9, N = 3 D0, D11). Minimal value for a tight barrier is indicated by a dotted line (TEER > 300 Q.
cm?). (D) Lucifer Yellow (LY) permeability (N = 2 D2-D9, N = 3 DO, D11) of controls (white), treated cells (black), and empty insert (grey). Maximal value for a tight
barrier is indicated by a dotted line (LY < 2%). *p < 0.05, ** p < 0.01, *** p < 0.001, significantly different from the control at the same time point.

characterized by Raman microscopy to analyze the pore morphology
and to evaluate the percentage of single and fused pores in each insert
(SI Fig. S3A-C). A significant percentage of fused pores with a diameter
> 3 um pore size was observed for each insert type (40% and 38% fused
pores for Transwell® and Millicell® inserts respectively). These larger
pores may facilitate cell crossing. A similar pore density was measured
for both inserts with 16,000 and 14,000 pores/mm? for Transwell® and
Millicell® inserts respectively. Raman microscopy as well as observa-
tions of semi-thin sections revealed that the pore wall of Millicell® in-
serts was smoother, while it is more irregular and crenelated for
Transwell® (SI Fig. S3D-E), a feature that could favour cell crossing in
Millicell® inserts. However, cell crossing seems limited after epithelial
cell differentiation.

The ultrastructural observations of control and treated cells by TEM
(SI Fig. 3B, S4) did not show any visible effect after repeated exposure to
AgNPs. Tight junctions, desmosomes, and microvilli were well visible in
both conditions. Cells contained mucus granules and normal organelle
ultrastructures were observed. In treated cells, AgNPs embedded in the
mucus were observed extracellularly on the apical side of the culture,
suggesting that some particles may be trapped in the mucus layer.
Particles were also observed inside cells, often in vesicles, suggesting
AgNP endocytosis (Fig. 3B) as previously shown by Herzog et al. in a
triple cell co-culture model (Herzog et al., 2014). As several membranes
were observed in these vesicles, they could be autophagosomes.

The translocation of AgNPs through the epithelial barrier was
investigated using cultures on TW (demonstrating no passage of cells to
the basal side of the insert) by measuring total Ag concentration in the

apical and basal medium after each exposure by ICP-MS (SI Fig. S5).
Because the analysis requires acidic dissolution of the sample, both Ag™
and AgNPs contribute to the total Ag concentration measured. Ag con-
centration in the apical medium increased between D2 and D9, sug-
gesting that silver accumulated possibly due to decrease in cell uptake
related to changes in mucus properties. The sum of the measured Ag
concentration in the apical medium (163 mg/L) was lower than the
nominal concentration (275 mg/L) corresponding to 5 repeated expo-
sures at 10 ug/cm? (SI Table S2), confirming partial consumption of
AgNPs between treatments by cell uptake. Significant Ag concentrations
were detected in the basal medium from D2 to D9, which demonstrates
Ag translocation after each exposure. The highest Ag concentration was
measured at D2 (51 pg/L) in the basal compartment, showing that silver
(in ionic or particulate form) could translocate through the epithelium
following the first treatment. The cumulated translocation was evalu-
ated to 103 pg/Lafter 4 exposures, corresponding to 0.09%, 0.03%,
0.05% and 0.01% of the nominal silver concentration applied to the
apical compartment after 1, 2, 3 and 4 exposures respectively and a
cumulated percentage of 0.19%. Even if the amount of silver inside cells
could not be measured in this study, these data suggest that a fraction of
AgNPs accumulate in the mucus layer where they could potentially be
removed by mucociliary clearance especially as the concentration in-
creases. Translocation results are also shown for 4 repeated exposures to
1 |,lg/crn2 (SI Fig. S5). A similar trend was observed with Ag trans-
location observed after the first exposure. A cumulated translocation of
19 pg/L (0.34%) was measured. This decrease by a factor 5 compared to
the experiment at high AgNP concentration is consistent with the
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Fig. 3. Microscopy observations of Calu-3 sections. (A) Semi-thin sections of control cultures observed by optical microscopy, a: culture on Transwell insert, b:
culture on Millicell insert. (B) Thin sections of treated cultures observed at D11 by TEM. Cells were exposed 5 times to AgNPs at 10 ug/cm?. TJ: tight junctions, D:
desmosome, MG: mucus granules, pV: microvillosities. Red arrows indicate AgNPs in cells. Blue arrows indicate AgNPs in mucus.

measured Ag concentration in the apical compartment (SI Table S2).
These results clearly show that silver can cross the epithelial barrier. As
the epithelium integrity is not compromised by AgNPs — tight junctions
are preserved as shown by TEER and LY permeability — it suggests that
translocation occurs by endocytosis of AgNPs followed by the release of
Ag" and/or AgNPs on the basal side of the cells within 48 h.

The translocation of Ag measured on Calu-3 bronchial epithelium
model is similar to values reported in vitro after a single exposure to
AgNPs of human Caco-2 intestinal epithelium (0.5%) (Bouwmeester
et al.,, 2011) and of human co-culture model of lung Calu-3 epithelial
and EA.hy926 endothelial cells (1%) (Zhang et al., 2019). The pene-
tration of AgNPs in the human nasal epithelium was also reported ex
vivo, as well as Ag translocation through nasal epithelium model in vitro
(Falconer et al., 2018), suggesting that a risk of silver translocation ex-
ists in case of exposure to AgNPs by inhalation at the different airway
levels. We have shown that sustained silver translocation occurred
without damage to the epithelial cells in vitro. However, other cell types
present at the bronchial barrier could be affected due to possible inter-
cellular trafficking of the particles, especially endothelial cells or den-
dritic cells which are in close contact with the epithelial cells.

3.3. AgNPs induced a pro-inflammatory response without mucus
hypersecretion

In order to evaluate whether AgNPs induced a proinflammatory
response, IL-6 and IL-8 proinflammatory cytokines were measured in the
apical and basolateral media after each exposure. For an accurate

interpretation of these data, the evolution of the constitutive release of
these cytokines was first analyzed during the experimental time (12 days
from DO to D11) (Fig. 4). IL-8 was released in greater amount than IL-6
(15,000 pg and 600 pg respectively at DO) (Fig. 4A). Both apical and
basal releases were observed for IL-6 and IL-8 (Fig. 4B-C). The release of
IL-6 was polarized towards the apical side (70% of total secretion),
whereas the release of IL-8 was equivalent in both orientations (Fig. 4B-
C). The concentrations of IL-6 and IL-8 tended to increase with time in
the apical medium in control cells, but they remained stable, except at
D2, in the basal medium (SI Fig. S6).

Then, we checked whether cytokines adsorbed on AgNPs, which
could interfere with the measurement of their concentration in treated
cultures (SI Fig. S7). The results showed that AgNPs interfered with the
ELISA assay. Therefore, we analyzed IL-6 and IL-8 release by treated
cells only in the basal medium. Repeated exposures to 10 ug/cm?® AgNPs
induced a significant increase of IL-8 release in the basal medium
regardless of the number of exposures, whereas no increase was
observed following repeated exposure to 1pg/cm? (Fig. 5A). It is
interesting to note that other studies on ZnO toxicity showed that the
addition of monocytes in the basal compartment could increase the
release of cytokines (Bengalli et al., 2017). However, in a model of tri-
culture including monocyte-derived macrophages and dendritic cells in
addition to alveolar cells, Herzog et al. have not observed an increase in
IL-8 release after ALI exposure to AgNPs at 3 ug/cm? (Herzog et al.,
2014). Neither adaptation nor exacerbation of the pro-inflammatory
response was observed after repeated exposures compared to single
exposure to AgNPs. This may be due to the induction of protective
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Fig. 4. Constitutive secretion of IL-6 and IL-8 cytokines by Calu-3 untreated cells. The apical and the basolateral secretomes were recovered from DO to D11 to
measure IL-6 and IL-8 secretions by ELISA. (A) Total secretion of IL-6 (left axis, pg, grey and round) and IL-8 (right axis, ng, black and square). (B-C) Percentage of

apical and basal secretions of IL-6 (B) and IL-8 (C). (N = 3).

proteins such as metallothioneins and antioxidant proteins (see 2.4).
Similar results were observed for IL-6 release in the basal medium to a
lesser extent (Fig. 5B). The RT-qPCR results showed no increase in
mRNA expression of these two cytokines (Fig. 5C-D).

Finally, mucus secretion was analyzed to determine whether AgNPs
induced mucus hypersecretion. This potential NM effect was indirectly
assessed using the ELLA assay that quantifies the glycoprotein content
(as mucins are the most abundant glycoproteins in the secretome). The
constitutive release of glycoproteins in the apical secretome remained
constant during 12 days (Fig. 6). In treated cultures, a significant
decrease of the glycoprotein concentration was observed after 3 and 4
exposures (17% and 14% decrease respectively). In order to determine
whether this decrease was consistent with a reduction of mucin mRNA
expression, MUC5AC expression that corresponds to mucin5ac, one of
the main mucins, was analyzed. No significant change of MUC5AC
expression was observed regardless of the number of treatments (SI
Fig. S8). Repeated exposure to AgNPs resulted in decreased glycoprotein
secretion either as a direct effect, as a result of upstream effects of AgNPs
on gene expression, or due to recovery of the cultures between
treatments.

3.4. AgNPs induced antioxidant and metal stress responses of the
epithelial cells

To determine if oxidative stress is a toxicity pathway of AgNPs, we
first evaluated the intrinsic oxidative potential of the particles by
measuring the depletion in antioxidant molecules, ascorbic acid (AA),
uric acid (UA), and gutathione (GSH), of a simplified lung lining fluid
(Crobeddu et al., 2017). Little or no depletion of AA, UA, GSH (< 10%)
was observed after 4 h incubation with AgNPs at concentrations up to
10 pg/mL at 37 °C (Online Resource Fig. S9). By contrast, high depletion
of AA and GSH (100%) was observed for copper nanoparticles in the
same conditions (SI Fig. S9). These results suggest that AgNPs used in
this study have limited short term acellular oxidant effects compared to
other metallic nanoparticles. To evaluate the cellular oxidative stress
response, we measured after each exposure, the expression of heme
oxygenase 1 (HO-1), an antioxidant enzyme expressed by Calu-3 cells
and regulated by the Nrf2 (Nuclear factor erythroid 2-related factor 2)
transcription factor (Fig. 7A). A significant induction of HO-1 was
observed 48 h after each treatment, while no induction was observed
72 h after the 3rd treatment, suggesting a transient induction of HO-1
that is restored 72 h after exposure. HO-1 transient expression, which
is typical of adaptive oxidative stress response, was previously observed
in bronchial epithelial cells exposed to ambient particles (Val et al.,
2011) as well as in a model of alveolar barrier exposed once to different
types of AgNPs (Fizesan et al., 2019).

In the case of metal stress, the adaptive cell response involves the
activation of the metal regulatory transcription factor 1 (MTF1) that
controls the expression of metallothioneins 1X (MT1X) and 2 A (MT2A)
which will bind the metals that led to the activation of the transcription
factor. MT1X and MT2A expressions were significantly induced in
treated cells both 48 and 72 h post exposure (Fig. 7B-C) supporting
observations done in a 3D tetraculture model of alveolar barrier exposed
to different types of AgNPs at 5 ug/cm? for 6-24 h (Fizesan et al., 2019).
The increase of metallothionein expressions following consecutive ex-
posures with a 48 h interval (D4 > D2, D11 > D9 > D7) and the lower
level of induction observed after 72 h (D7 < D4) suggests that the in-
duction of metallothioneins in epithelial cells leads to the successful
sequestration of Ag" ions when the period between two successive
treatments is long enough. As the induction of MT1X and MT2A was still
significant at D7 compared to controls, we conclude that 72 h were not
sufficient for cells to completely deal with the metal stress. Because the
activation of MTF1 transcription factor requires binding of Ag™ to MTF1
(Luther et al., 2012), this effect could be due to the slow dissolution
kinetics of AgNPs after endocytosis.

The bronchial epithelium was exposed to silver nitrate (AgNO3) to
compare the effects of exposure to silver ions and AgNPs. Only one or
two exposures were performed at DO and D2 following the same pro-
tocol with an equivalent Ag concentration of 10 ug/cm?. No effects after
single or two repeated exposures to AgNO3 on Calu-3 cell viability and
barrier integrity were observed (SI Fig. S10A-C). We did not observe any
induction of the expression of IL-6, IL-8, and MUC5AC (SI Fig. S10D-F).
However, a significant induction of HO-1, MT1X, and MT2A expressions
was observed (SI Fig. SI0G-I). Our results are supporting those obtained
in a model of tri-culture exposed for 24 h to AgNOs for IL-8 and HO-1
(Herzog et al., 2014). A stronger induction of metallothionein genes
was observed following a single exposure to AgNO3 compared to AgNPs.
A lower induction was observed after the second exposure to AgNOs in
contrary to AgNPs, which suggests that AgNP dissolution is involved in
the delayed metal stress response observed in epithelial cells following
multiple exposures. We have shown previously by SAXS analysis that
AgNP dissolution in MEM is very limited after incubation for 18 days at
37 °C (Martin et al., 2022). Therefore, it is likely that AgNP dissolution
occurs after endocytosis in the phagolysosomes observed by TEM, where
dissolution would be favoured by low pH. The dissolution of AgNPs in
lysosomes after endocytosis has been reported for different cell types in
vitro. However, the dissolution kinetics of AgNPs depends on the particle
shape, surface area, and capping or stabilizing agent, which in turn
modulates the antioxidant and metal stress response of the cells (Graf
et al., 2018; Smith et al., 2018; Gonzalez et al., 2015). It would be
interesting to further study the respective contribution of Ag ions and
particles in the toxic effects of AgNPs and the kinetics of their dissolution
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Fig. 5. Effect of 5 repeated exposures to AgNPs on the expression and secretion of IL-6 and IL-8 cytokines. Calu-3 epithelial barrier was repeatedly exposed to HBSS
Ca2+/Mg2+ (white), 1 ug/cm? AgNPs (grey) or 10 pg/cm? AgNPs (black) from DO to D9. Concentrations of IL-8 (A) and IL-6 (B) in the basolateral secretome were
measured by ELISA. (N = 4 for 1 pg/cm? N = 3 for 10 pg/cm?). mRNA expression of IL-8 (C) and IL-6 (D) (N = 3). The dotted lines indicate fold changes considered

significant. * p < 0.05, ** p < 0.01, *** p < 0.001, ****

in cells. This study aims to provide a suitable in vitro model for such
studies on AgNPs toxicity as well as for other NPs.

3.5. Single and repeated exposure to AgNPs induced different changes in
secretome composition

In addition to cytokines and mucins, Calu-3 cells secrete numerous
proteins on their apical side, which contribute to the immune response
and cell-to-cell communication of the bronchial epithelium (San-
chez-Guzman et al., 2021; Gupta et al., 2019). We analyzed the
composition of the apical secretome of Calu-3 cells by quantitative
proteomics to determine whether single and repeated exposure to AgNPs
modulate the secretome composition, and whether these secreted pro-
teins are involved in the cellular defense. The secretome composition
was analyzed at D2 after a single exposure (‘D2 AgNP’) and at D11 after
5 repeated exposures (‘D11 AgNP’), and compared to the secretomes of

p < 0.0001, significantly different from control at the same time point.

control cells at the same time points (‘D2 Control’, ‘D11 Control’)
(Fig. 8). More than 500 extracellular proteins were identified in the
apical secretome of Calu-3 cells, which is comparable to our previous
results on the long-term evolution of the bronchial epithelium secretome
(Sanchez-Guzman et al., 2021). The Principal Component Analysis
(PCA) performed on the 4 conditions showed two separate clusters for
D2 AgNP and D11 AgNP respectively, suggesting differences in the
secretome after single or repeated exposure to AgNPs (Fig. 8A). The
comparison with the secretome of control cells is shown as a Venn di-
agram (Fig. 8B). The secretomes of D2 Control and D2 AgNP share 432
common extracellular proteins, while 62 proteins are specifically
secreted by cells exposed to AgNPs (12%), and 9 proteins are secreted by
control cells only (2%). The secretomes of D11 Control and D11 AgNP
share 463 common extracellular proteins, while 29 proteins are specif-
ically secreted by cells exposed to AgNPs (6%), and 12 proteins are
secreted by control cells only (2%). We conclude that AgNPs induced
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Fig. 6. Effect of 5 repeated exposures to AgNPs on the glycoprotein secretion
and expression. Calu-3 epithelial barrier was repeatedly exposed to HBSS ¢22+/
Me2+ or 10 ug/cm? AgNPs from DO to D9. The apical secretomes were recovered
from DO to D11 to quantify glycoproteins by ELLA assay (N = 3). * p < 0.05, **
p < 0.01, ***p < 0.001, **** p < 0.0001, significantly different from control
at the same time point.

secretion of specific proteins by epithelial cells at D2 and D11. The
evolution of the secretome composition with time for control cells shows
that 87% of the secreted proteins are common at D2 and D11 (SI
Fig. S11A). Interestingly, when comparing proteins that are secreted by
exposed cells only, we can see that 47 proteins are secreted at D2 AgNP
only (62%), 14 proteins are secreted at D11 AgNP only (18%), and 15
proteins are common to D2 AgNP and D11 AgNP (20%) (Fig. 8C). The
secretion of specific proteins following single exposure at D2 versus
repeated exposure from D2 to D11 suggests adaptation of the epithelial
cell response to AgNPs with time. This conclusion is supported by the
observed difference between the secretome profiles of treated and un-
treated cells at D2 and D11 respectively (Fig. 8). The evolution of the
epithelial secretion is indeed a combination of the cellular response to
AgNPs at each time point, the adaptation of the cell layer to repeated
exposures and the evolution of the proteome with time of culture (SI
Fig. S11).

To further investigate this effect, the reactome enrichment pathways
of the secretomes were analyzed after selecting proteins that were spe-
cifically expressed in treated cells at D2 and/or at D11 compared to
control cells (Fig. 8D). The reactome enrichment pathways of the
secretomes of untreated cells are shown for comparison at D2 and D11 in
SI Fig. S13. Significant pathways (p > 0.5) identified in D11 AgNP were
not expressed in D2 AgNP, namely apoptosis, programmed cell death,
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and suppression of autophagy. As no loss of cell viability was observed
during AgNP exposure, it suggests that these processes could be related
to the cellular turnover of the cellular layer by anoikis, which has
already been observed with this model (Sanchez-Guzman et al., 2021).
Secreted proteins involved in neutrophil degranulation were strongly
expressed at D2, but not at D11, suggesting a stronger immune response
after a single exposure.

The composition of the 20 most abundant proteins in the secretome
of control and exposed cells was compared using a heat map to highlight
differences in secreted protein abundancy and identify depleted or
enriched proteins in the secretome after exposure to AgNPs (SI
Fig. S11B). The heatmap of the full secretome is also provided in SI
Fig. S12. al-antichymotrypsin (serpina3) and galectin-3 binding protein
(Igals3bp) proteins were enriched in the secretome of D2 AgNPs, sug-
gesting enhanced enzymatic activity and immune response of the
epithelium after exposure to AgNPs, while mucin 5AC (muc5ac) was
depleted compared to control cells, in line with our observation on
glycoprotein secretion. Polymeric immunoglobulin receptor (pigr) and
immunoglobulin G (fcgbp) were both enriched in the secretome of D11
AgNPs, suggesting that epithelial immune response was also triggered
after repeated exposure to AgNPs. The absence of pigr enrichment at D2
AgNP after a single exposure could be explained by the long-term evo-
lution of the epithelium in vitro, as we observed before that this protein
becomes more abundant in the mature secretome of Calu-3 cells (San-
chez-Guzman et al., 2021). By contrast, al-antitrypsin (serpinal) was
depleted in the secretome of D11 AgNP compared to D11 Control and D2
AgNP, suggesting that the enzymatic balance between proteases and
protease inhibitors in the secretome may change after repeated exposure
to AgNPs. The analysis of the secretome revealed changes in the secreted
protein profiles associated with the epithelial immune response after
multiple exposures to AgNPs that were unseen after a single exposure to
the toxic compound of interest.

3.6. Advantages and limits of Calu-3 models for chronic toxicity studies

In this study, we used Calu-3 cell line to generate a human bronchial
epithelial barrier. Calu-3 cells are commercially available, which is an
advantage compared to NHBE (normal human bronchial epithelial
cells), especially for screening different compounds or conditions. Pri-
mary cells from donors are available at higher cost and present high
variability between individuals, which requires repeating the experi-
ments with epithelia from different donors. In the context of the
development of Integrated Approaches to Testing and Assessment
(IATA), a low cost model present advantages when used in the first tier
of tests to identify toxicity mechanisms, which can then be confirmed
using NHBE models. The Calu-3 model was also used by Braakhuis et al.
to study particle toxicity following aerosol exposure using a continuous
airflow and an automated exposure system (Braakhuis et al., 2020). This
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Fig. 7. Effect of 5 repeated exposures to AgNPs on the expression of heme oxygenase 1 and metallothioneins 1X and 2 A. Calu-3 epithelial barrier was repeatedly
exposed to HBSS 2+/M82+ or 10 ug/cm?> AgNPs from DO to D9. mRNA were extracted 48 h after each treatment (72 h for D7) to study (A) HO-1, (B) MT1X and (C)
MT2A expression (N = 3). * p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, significantly different from control at the same time point.
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device reproduces realistic exposure conditions, but it requires expen-
sive equipment. The aerosolization method is not applicable to all
inhaled contaminants due to the heating process, which is not compat-
ible with some organic materials or plastic particles. It proved to be
possible for AgNPs (Fizesan et al., 2019; Herzog et al., 2013) but was
only demonstrated for single exposure. The nebulisation system will
lead to a thin liquid layer on top of the epithelium of about 10 ym after a
single exposure compared to around 180 um with our exposure scenario.
However, we demonstrate here that the pseudo-ALI method we used
allowed 5 repeated exposures without any damage to the epithelial
barrier. One experiment was performed with 12 repeated exposures
during 28 days to reproduce in vitro the sub-acute toxicity experiments
performed during 28 days in vivo (data not shown). Our results also
highlight the importance of the insert membrane choice to limit cell
crossing. This simple and low-cost model compared to primary cell
cultures can be easily used by laboratories to address the issue of chronic
toxicity.

Using this model, we assessed the toxicity of AgNPs on the bronchial
epithelium following repeated exposures during 12 days. Our study
completes previous studies performed using single exposure with AgNPs
either with 2D or advanced 3D co-culture models mimicking the alve-
olar barrier (Fizesan et al., 2019; Herzog et al., 2013; Motta et al., 2023).
Primary bronchial epithelial cells in 3D cultures could also be used to
perform repeated exposures but these commercially available models
present huge donor variability. Organoids using primary cells also allow
long-term cultures and hepatic organoids have been succesfully used for
repeated exposure to AgNPs (Kermanizadeh et al., 2014) but present the
same difficulty of donor variability. Other studies on chronic toxicity of
NPs have thus used cell lines by subculturing the cells once a week
(Comfort et al., 2014; Vales et al., 2015). The advantage of our culture
model using Calu-3 is that this cell line proliferates very slowly and does
not grow in layers (Sanchez-Guzman et al., 2021). This cell line was also

10

recently used for 3D bioprinting to study NP toxicity (Gerbolés et al.,
2023). In a previous study we compared the secretome profile of Calu-3
cell line model and primary human bronchial epithelial cells (Muci-
lair™) during 18 days, corresponding to a time-window compatible with
repeated exposures to any type of xenobiotic (Sanchez-Guzman et al.,
2021). We identified more than 400 extracellular proteins in the apical
secretome of Calu-3 and primary cells and observed a high degree of
similarity in the epithelial cell secretome in the Calu-3 and Mucilair™
models. We observed a pro-inflammatory, antioxidant and metal stress
responses in vitro that is consistent with in vivo data. Neutrophil infil-
tration of the bronchoalveolar lavage of mice (Stebounova et al., 2011)
or rats (Braakhuis et al., 2014) was observed after AgNP inhalation for 2
weeks and 4 days respectively. Moderate inflammation with lung
damage and transient neutrophil infiltration was already shown after a
single intratracheal instillation of mice to AgNPs (Kaewamatawong
et al., 2014). It was associated to oxidative stress and metal stress with
the induction of superoxide dismutase and metallothioneins in alveolar
cells, in a transient manner which is consistent with the results obtained
in this study. AgNP internalization observed here was also reported in
vivo in lung epithelial cells (Braakhuis et al., 2014; Sung et al., 2009).

Our model allowed us to observe in vitro transient effects and
epithelial cell responses that are increased with multiple exposures. This
model is thus well adapted to study the adaptive response of the
epithelium to repeated and long-term exposure to pollutants. As in vitro
responses after repeated exposure to AgNPs are consistent with in vivo
observations, it demonstrates the suitability and reliability of this model
for toxicology studies.
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